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PREFACE 
 
 
Agricultural waste, which includes both natural (organic) and non-natural wastes, is a 

general term used to describe waste produced on a farm through various farming activities. 
These activities can include but are not limited to dairy farming, horticulture, seed growing, 
livestock breeding, grazing land, market gardens, nursery plots, and even woodlands. 
Agricultural and food industry residues, refuse and wastes constitute a significant proportion 
of world wide agricultural productivity. It has variously been estimated that these wastes can 
account for over 30% of world wide agricultural productivity. The boundaries to 
accommodate agricultural waste derived from animal agriculture and farming activities are 
identified in this book. Examples will be provided of how animal agriculture and various 
practices adopted at farm-scale impact on the environment. When discharged to the 
environment, agricultural wastes can be both beneficial and detrimental to living matter and 
the book will therefore also address the pros and cons of waste derived from animal 
agriculture in today’s environment. Given agricultural wastes are not restricted to a particular 
location, but rather are distributed widely, their effect on natural resources such as surface and 
ground waters, soil and crops, as well as human health, will also be addressed. 

Chapter 1 - Agricultural waste, which includes both natural (organic) and non-natural 
wastes, is a general term used to describe waste produced on a farm through various farming 
activities. These activities can include but are not limited to dairy farming, horticulture, seed 
growing, livestock breeding, grazing land, market gardens, nursery plots, and even woodlands 
that are used as ancillary to the use of the land for other agricultural purposes. Given 
‘agricultural waste’ encompasses such a broad class of biodegradable and non-biodegradable 
components, the focus of this chapter is first to identify and narrow down the boundaries to 
accommodate agricultural waste derived from animal agriculture and farming activities. 
Examples are provided of how animal agriculture and various practices adopted at farm-scale 
impact on the environment. When discharged to the environment, agricultural wastes can be 
both beneficial and detrimental to living matter, and the review therefore also addresses the 
pros and cons of waste derived from animal agriculture in today’s environment. Given 
agricultural wastes are not restricted to a particular location, but rather are distributed widely, 
their effect on natural resources such as surface and ground waters, soil and crops, as well as 
human health, are addressed.  

Chapter 2 - The animal sector of agriculture has undergone major changes in the last 
several decades: organizational changes within the industry to enhance economic efficiency 
have resulted in larger confined production facilities that often are geographically 
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concentrated. These changes, in turn, have given rise to concerns over the management of 
animal wastes and potential impacts on environmental quality.  

Federal environmental law does not regulate all agricultural activities, but certain large 
animal feeding operations (AFOs) where animals are housed and raised in confinement are 
subject to regulation. The issue of applicability of these laws to livestock and poultry 
operations — especially the Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA, the Superfund law) and the Emergency Planning and Community 
Right-to-Know Act (EPCRA) — has been controversial and recently has drawn congressional 
attention.  

Both Superfund and EPCRA have reporting requirements that are triggered when 
specified quantities of certain substances are released to the environment. In addition, 
Superfund authorizes federal cleanup of releases of hazardous substances, pollutants, or 
contaminants and imposes strict liability for cleanup and injuries to natural resources from 
releases of hazardous substances.  

Superfund and EPCRA include citizen suit provisions that have been used to sue poultry 
producers and swine operations for violations of those laws. In two cases, environmental 
advocates claimed that AFO operators had failed to report ammonia emissions, in violation of 
Superfund and EPCRA. In both cases, federal courts supported broad interpretation of key 
terms defining applicability of the laws’ reporting requirements. Three other cases in federal 
courts, while not specifically dealing with reporting violations, also have attracted attention, 
in part because they have raised the question of whether animal wastes that contain 
phosphorus are hazardous substances that can create cleanup and natural resource damage 
liability under Superfund. Two of these latter cases were settled; the third, brought by the 
Oklahoma Attorney General against poultry operations in Arkansas, is pending.  

These lawsuits testing the applicability of Superfund and EPCRA to poultry and livestock 
operations have led to congressional interest in these issues. In the 109th Congress, legislation 
was introduced that would have amended CERCLA to clarify that manure is not a hazardous 
substance, pollutant, or contaminant under that act and that the laws’ notification 
requirements would not apply to releases of manure. Proponents argued that Congress did not 
intend that either of these laws apply to agriculture and that enforcement and regulatory 
mechanisms under other laws are adequate to address environmental releases from animal 
agriculture. Opponents responded that enacting an exemption would severely hamper the 
ability of government and citizens to know about and respond to releases of hazardous 
substances caused by an animal agriculture operation. Congress did not act on the legislation, 
but similar bills have been introduced in the 110th Congress (H.R. 1398 and S. 807).  

Agricultural and food industry residues, refuse and wastes constitute a significant 
proportion of worldwide agricultural productivity. It has variously been estimated that these 
wastes can account for over 30% of worldwide agricultural productivity. These wastes 
include lignocellulosic materials, fruit, vegetables, root and tuber wastes, sugar industry 
wastes as well as animal/livestock and fisheries operations wastes. They represent valuable 
biomass and potential solutions to problems of animal nutrition and worldwide supply of 
protein and calories if appropriate technologies can be deployed for their valorization. 
Moreover, reutilization of these vast wastes should help to address growing global demands 
for environmentally sustainable methods of production and pollution control.  

Various technologies are potentially available for the valorization of these wastes. In 
addition to conventional waste management processes, other processes that may be used for 



Preface ix

the reprocessing of wastes include solid substrate fermentation, ensiling and high solid or 
slurry processes. In particular, the use of slurry processes in the form of (Autothermal) 
Thermophilic Aerobic Digestion (ATAD or TAD) or liquid composting is gaining 
prominence in the reprocessing of a variety of agricultural wastes because of its potential 
advantages over conventional waste reprocessing technologies. These advantages include the 
capacity to achieve rapid, cost-effective waste stabilization and pasteurization and protein 
enrichment of wastes for animal feed use.  

TAD is a low technology capable of self heating and is particularly suited for use with 
wastes being considered for upgrading and recycling as animal feed supplement, as is 
currently the case with a variety of agricultural wastes. It is particularly suited for wastes 
generated as slurries, at high temperature or other high COD wastes. Reprocessing of a 
variety of agricultural wastes by TAD has been shown to result in very significant protein 
accretion and effective conversion of mineral nitrogen supplement to high-value feed grade 
microbial/single-cell protein for use in animal nutrition. The application of this technology in 
reprocessing of wastes will need to take account of the peculiarities of individual wastes and 
the environment in which they are generated, reprocessed and used. The use of thermopiles in 
the process has significant safety benefits and may be optimized to enhance user confidence 
and acceptability. 

Chapter 4 - Fly ash has a potential in agriculture and related applications. Physically, fly 
ash occurs as very fine particles, having an average diameter of <10 mm, low- to medium-
bulk density, high surface area and very light texture. Chemically, the composition of fly ash 
varies depending on the quality of coal used and the operating conditions of the thermal 
power stations. On average, approximately 95 to 99% of fly ash consists of oxides of Si, Al, 
Fe and Ca, and about 0.5 to 3.5% consists of Na, P, K and S. The remainder of the ash is 
composed of trace elements. In fact, fly ash consists of practically all of the elements present 
in soil except organic carbon and nitrogen (Table 1). Thus, it was discovered that this material 
could be used as an additive or amendment material in agricultural applications. 

In view of the above, some agencies, individuals, and institutes at various locations 
conducted some preliminary studies on the effect and feasibility of fly ash as an input 
material in agricultural applications. Some amount of experience was gained in the country 
and abroad regarding the effect of fly ash utilisation in agriculture and related applications.  

Chapter 5 - Modern farming employs many chemicals to produce and preserve large 
quantities of high-quality food. Fertilizers, pesticides, cleaners and crop preservatives are the 
major categories that are now abundantly used in agriculture for increasing production. But 
each of these chemicals poses a hazard—most of the pesticides are degraded very slowly by 
atmospheric and biological factors, leading to the development of resistant strains of pests, 
contamination of the environment and food chain, thereby causing serious ecological 
imbalance. However, in many countries, a range of pesticides has been banned or withdrawn 
for health or environmental reasons, and their residues are still detected in various substances 
such as food grains, fodder, milk, etc. The majority of chemical insecticides consist of an 
active ingredient (the actual poison) and a variety of additives that improve efficacy of their 
application and action. All of these formulations degrade over time. The chemical by-
products that form as the pesticide deteriorates can be even more toxic than the original 
product.  

Often stockpiles of pesticides are poorly stored and toxic chemicals leak into the 
environment, turning potentially fertile soil into hazardous waste. Once a pesticide enters soil, 
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it spreads at a rate that depends on the type of soil and pesticide, moisture and organic matter 
content of the soil and other factors. A relatively small amount of spilled pesticide can, 
therefore, create a much larger volume of contaminated soil. The International Code of 
Conduct on the Distribution and Use of Pesticides states that packaging or repackaging of 
pesticides should be done only on licensed premises where staff is adequately protected 
against toxic hazards. Now, many agencies have come forward to prevent the contamination 
and accumulation of pesticides in the environment—for example, the issuing of the 
International Code of Conduct on the Distribution and Use of Pesticides by the United 
Nations Food and Agriculture Organization (FAO). In addition, the organization works to 
improve pesticide regulation and management in developing countries. In order to prevent 
accumulation of pesticides, the WHO works to raise awareness among regulatory authorities 
and helps to ensure that good regulatory and management systems for the health sector are in 
place. The United Nations Industrial Development Organization (UNIDO) is supporting 
cleaner and safer pesticide production with moves toward less hazardous products based on 
botanical or biological agents. Wider use of these products will result in reductions in the 
imported chemicals that contribute to obsolete pesticide stockpiles. The World Bank has 
established a binding safeguard policy on pest management that stipulates that its financed 
projects involving pest management follow an Integrated Pest Management (IPM) approach.  

Chapter 6 - An attempt was made to convert the agricultural waste of rice husk (RH) into 
an adsorbent to remove the offensive odor released from livestock waste and compost. The 
ammonia gas adsorption of the RH carbonized at 400°C was much faster than those of several 
commercial deodorants as well as those of carbonized wood wastes. Acidic functional groups 
remaining at 400°C were useful to promote adsorption of basic ammonia gas. The actual 
compost was covered with or mixed with the RH carbonized at 400°C. The covering method 
reduced the concentration of ammonia gas emitted from the compost much faster than the 
mixing method, which was connected to volatilization of ammonia gas lighter than ambient 
air. Wetting the carbonized RH was also effective in reducing the ammonia gas concentration. 
An assorted feed to which was added the RH carbonized at 400°C at the level of 2 mass% 
was given to growing pigs. The addition of the carbonized RH reduced about 80% of the 
concentrations of hydrogen sulfide and mercaptans emitted from the pig dung. The removal 
of acidic gases of hydrogen sulfide and mercaptans was suggested to result from basic 
inorganic matter of K, Ca and P, which were intrinsically composed in RH. The testing 
results showed that the RH carbonized at 400°C was a promising material for removing the 
offensive odor produced by the livestock industry. 

Chapter 7 - The alarming rate of population growth and a regular depletion in food 
production and food resources are important factors in the present dire need to find new 
viable options for food and feed sources. Based on scientific developments, particularly in 
industrial microbiology, one feasible solution could be the consumption of microorganisms as 
human food and animal feed supplements. Humans have used microbial-based products—like 
alcoholic beverages, curd, cheese, yogurt, and soya—even before the beginning of 
civilization. Due to research developments in the scientific arena in the last two decades, 
(Bio) single cell protein (SCP) has drawn new attention towards its use as supplement in 
human food, animal feed or staple diet. There are several benefits to using SCP as food or 
feed, viz. its rapid growth rate and high protein content. The microorganisms involved as SCP 
have the ability to utilize cheap and plentiful available feedstock for their growth and energy, 
making them an attractive option. However, in spite of laboratory-based success stories, only 
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a limited number of commercial SCP production plants have been seen worldwide. This 
review analyzes the possibility of SCP production, various raw materials for its production, 
available microorganisms with cultivation methods, toxicity assessment and their removal. 
Also, new developments and risk assessment using SCP along with worldwide industrial SCP 
production are discussed. 

Chapter 8 - The term “coffee” is applied to a wide range of coffee processing products, 
starting from the freshly harvested fruit (coffee cherries), to the separated green beans, to the 
product of consumption (ground roasted coffee or soluble coffee). Coffee processing can be 
divided into two major stages: primary processing, in which the coffee fruits are de-hulled 
and submitted to drying, the resulting product being the green coffee beans. This is the main 
product of international coffee trade, and Brazil is the largest producer in the world with 
production values ranging from 2 to 3 million tons in the years from 2003 to 2007. During 
this primary processing stage solid wastes are generated, which include coffee husks and 
pulps, and low-quality or defective coffee beans. Secondary processing includes the stages 
that comprise the production of roasted coffee and soluble coffee. The major solid residue 
generated in this stage corresponds to spent coffee grounds from soluble coffee production. 
These solid residues (coffee husks, defective coffee beans and spent coffee grounds) pose 
several problems in terms of adequate disposal, given the high amounts generated, 
environmental concerns and specific problems associated with each type of residue. Coffee 
husks, comprised of dry outer skin, pulp and parchment, are probably the major residues from 
the handling and processing of coffee, since for every kg of coffee beans produced, 
approximately 1 kg of husks are generated during dry processing. Defective beans correspond 
to over 50% of the coffee consumed in Brazil, being used by the roasting industries in blends 
with good-quality coffee. Unfortunately, since to coffee producers they represent an 
investment in growing, harvesting, and handling, they will continue to be dumped in the 
internal market in Brazil, unless alternative uses are sought and implemented. Spent coffee 
grounds are produced at a proportion of 1.5kg (25% moisture) for each kg of soluble coffee. 
This solid residue presents an additional disposal problem, given that it can be used for 
adulteration of roasted and ground coffee, being practically impossible to detect. In view of 
the aforementioned, the objective of the present study was to present a review of the works of 
research that have been developed in order to find alternative uses for coffee processing solid 
residues. Applications include direct use as fuel in farms, animal feed, fermentation studies, 
adsorption studies, biodiesel production and others. In conclusion, a discussion on the 
advantages and disadvantages of each proposed application is presented, together with 
suggestions for future studies and applications. 

Chapter 9 - There are environmental concerns associated with industrial sludge disposal, 
apart from other issues like logistics of disposal, treatment options, cost of disposal, etc. A 
customary disposal option for many industries is secure landfilling, but more and more 
industries are now looking at the possibility of recycling and bioconversion of the solid 
wastes to value-added products. Agro-based industries have often resorted to composting, 
vermicomposting or biogas generation from their wastes due to their biological substrate 
value and negligible toxicity. However, this has not been the case with other types of 
industries like pharmaceuticals, chemicals/petrochemicals, power plants, iron and steel and 
many others, where the sludge is may be unsuitable due to the presence of harmful chemicals, 
volatiles, persistent organic pollutants (POPs), antibiotics, etc. Sludge generated from water 
treatment plants in the industrial sector forms a major portion of solid waste requiring 
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disposal, and has been used in some reported cases for culturing earthworms and 
vermicomposting and could be explored for vermicomposting on case-by-case basis. An 
acceptable approach would be an initial evaluation of the sludge for screening of known 
harmful agents and factors to earthworms and then conducting proxy vermicomposting trials 
on these sludges with prior addition of known substrates of earthworms, such as cured animal 
manures or crop residues or a combination of both. The quality of the final product—or 
vermicompost—holds great importance, as the end product may not qualify as good manure. 
But, it is still not clear as to how one could solve the entire sludge disposal problem only by 
vermicomposting, as it is time-consuming and industries generate sizeable quantities of 
sludge every day. It appears that vermicomposting could only supplement the normal disposal 
practices of an industry. This chapter attempts to shortlist the suitable industrial and 
agricultural wastes for vermiconversion, explores the feasibility of their vermiconversion, and 
looks at various factors influencing the possible implementation of such a practice in industry. 

Chapter 10 - While recycling of low added-value residual materials constitutes a present 
day challenge in many engineering branches, attention has been given to low-cost building 
materials with similar constructive features as those presented by materials traditionally 
employed in civil engineering. Bearing in mind their properties and performance, this chapter 
addresses prospective applications of some elected agroindustrial residues or by-products as 
non-conventional building materials as means to reduce dwelling costs. 

Such is the case concerning blast furnace slag (BFS), a glassy granulated material 
regarded as a by-product from pig-iron manufacturing. Besides some form of activation, BFS 
requires grinding to fineness similar to commercial ordinary Portland cement (OPC) in order 
to be utilized as hydraulic binder. BFS hydration occurs very slowly at ambient temperatures 
while chemical or thermal activation (singly or in tandem) is required to promote acceptable 
dissolution rates. Fibrous wastes originated from sisal-banana agroindustry as well from 
eucalyptus cellulose pulp mills have been evaluated as raw materials for reinforcement of 
alternative cementitious matrices, based on ground BFS. 

Production and appropriation of cellulose pulps from collected residues can considerably 
increase the reinforcement capacity by means of vegetable fibers. Composite preparation 
follows a conventional dough mixing method, ordinary vibration, and cure under saturated-air 
condition. Exposition of such components under ambient conditions leads to a significant 
long-term decay of mechanical properties while micro-structural analysis has identified 
degradation mechanisms of fibers as well as their petrifaction. Nevertheless, these materials 
can be used indoors and their physical and mechanical properties are discussed aiming at 
preparing panel products suitable for housing construction whereas results obtained thus far 
have pointed to their potential as low-cost construction materials. 

On its turn, phosphogypsum rejected from phosphate fertilizer industries is another by-
product with little economic value up to now. Phosphogypsum may replace ordinary gypsum 
provided that radiological concerns about its handling have been properly overcome as it 
exhales 222Rn (a gaseous radionuclide whose indoor concentration should be limited and 
monitored). Some phosphogypsum properties of interest (e.g., bulk density, consistency, 
setting time, free and crystallization water content, and modulus of rupture) have suggested 
its large-scale exploitation as surrogate building material. 

Chapter 11 - In a time when a foreseeable complete transmutation from a petroleum-
based economy to a bio-based global economy finds itself in its early infancy, agricultural 
wastes, in the majority currently seen as low-valued materials, are already beginning their 
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own transformation from high-volume waste disposal environmental problems to constituting 
natural resources for the production of a variety of eco-friendly and sustainable products, with 
second generation liquid biofuels being the leading ones. Agricultural wastes contain high 
levels of cellulose, hemicellulose, starch, proteins, and, some of them, also lipids, and as such 
constitute inexpensive candidates for the biotechnological production of liquid biofuels (e.g., 
bioethanol, biodiesel, dimethyl ether and dimethyl furan) without competing directly with the 
ever-growing need for world food supply. Since agricultural wastes are generated in large 
scales (in the range of billions of kilograms per year), thus being largely available and rather 
inexpensive, these materials have been considered potential sources for the production of 
biofuels for quite some time and have been thoroughly studied as such. In the last decades, a 
significant amount of information has been published on the potentiality of agricultural 
wastes to be suitably processed into biofuels, with bioethanol as the main research subject. 
Thus, it is the aim of this chapter to critically analyze the current situation and future needs 
for technological developments in the area of producing liquid biofuels from solid biowastes. 
The state-of-the-art in producing bioethanol, bio-oil and biodiesel from agricultural wastes 
will be discussed together with the new trends in the area. The emerging biowaste-based 
liquid biofuels (e.g., biogasoline, dimethyl ether and dimethyl furan) currently being studied 
will also be discussed. 
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Chapter 1 
 
 
 

POTENTIAL RISK AND ENVIRONMENTAL BENEFITS 
OF WASTE DERIVED FROM ANIMAL AGRICULTURE  

 
 

Ajit K Sarmah* 
Soil Chemical and Biological Interactions, Soils and Landscape Team,  

Landcare Research New Zealand, Private Bag 3127, Hamilton 3240, New Zealand 
 
 

ABSTRACT 
 

Agricultural waste, which includes both natural (organic) and non-natural wastes, is a 
general term used to describe waste produced on a farm through various farming activities. 
These activities can include but are not limited to dairy farming, horticulture, seed 
growing, livestock breeding, grazing land, market gardens, nursery plots, and even 
woodlands that are used as ancillary to the use of the land for other agricultural purposes. 
Given ‘agricultural waste’ encompasses such a broad class of biodegradable and non-
biodegradable components, the focus of this chapter is first to identify and narrow down 
the boundaries to accommodate agricultural waste derived from animal agriculture and 
farming activities. Examples are provided of how animal agriculture and various practices 
adopted at farm-scale impact on the environment. When discharged to the environment, 
agricultural wastes can be both beneficial and detrimental to living matter, and the review 
therefore also addresses the pros and cons of waste derived from animal agriculture in 
today’s environment. Given agricultural wastes are not restricted to a particular location, 
but rather are distributed widely, their effect on natural resources such as surface and 
ground waters, soil and crops, as well as human health, are addressed.  
 
 

INTRODUCTION 
 
Agricultural waste can be defined as the residues from the growing and first processing of 

raw agricultural products such as fruits, vegetables, meat, poultry, dairy products, and crops. 
Although agricultural waste is a general term used to describe waste that is produced on a farm 
through various farming activities, these activities can include other activities such as seed 
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growing, nursery plots, and even woodlands that are used as ancillary to the use of the land for 
other agricultural purposes. Agricultural wastes can be in the form of solid, liquid or slurries, 
depending on the nature of agricultural activities in a farm or agricultural field, and can be both 
natural (organic) and non-natural wastes. 

Although the quantity of wastes produced by the agricultural sector is significantly low 
compared with wastes generated by various industries, the pollution potential of agricultural 
wastes is high on a long-term basis. For example, the land spreading of manures and slurries 
can cause nutrient and organic pollution of soils and waters. Given animal excreta also 
contains a plethora of organic chemicals, and pathogens, the risk of surface and groundwater 
contamination as a result of waste being applied onto the soil can be high. Agricultural waste 
encompasses a broad class of biodegradable and non-biodegradable components, and the 
major components of agricultural solid wastes (Table 1) are biodegradable organics. These are 
unlikely to result in hazardous conditions except when there are inadequate oxygen resources 
to assimilate the wastes. When this occurs in streams, inadequate dissolved oxygen and high 
concentrations of ammonia can cause fish kills.  

Throughout many developed and developing countries, large quantities of food and crop 
processing, forestry, and animal solid and liquid wastes are generated each year. Although the 
majority of these wastes are readily biodegradable, they also contain significant quantities of 
nutrients (e.g., nitrogen, phosphorous), human and animal pathogens, and various medicinal 
products and feed additives used in livestock operation. Excretion by grazing livestock and 
application of effluent onto land as a supplement to fertiliser can cause damage to the receiving 
environment through surface run-off and/or leaching of many of these pollutants associated 
with agricultural waste. 

Given the broad connotations associated with the term ‘agricultural waste’, the focus in 
this chapter is placed mainly on those agricultural wastes derived through animal farming 
practices and on the environmental implications of applying the waste onto land. In addition, 
utilization of agricultural waste to obtain environmental and economic benefits is also briefly 
discussed.  

 
 

Definition of Agricultural Waste  
 
A general definition of ‘agricultural waste’ is not available in the literature. According to 

the United States Environmental Protection Agency (USEPA), agricultural waste is the by-
products generated by the rearing of animals and the production and harvest of crops or trees. 
Animal waste, a large component of agricultural waste, includes waste (e.g., feed waste, 
bedding and litter, and feedlot and paddock runoff) from livestock, dairy, and other animal-
related agricultural and farming practices. Organisation for Economic Cooperation and 
Development (OECD) defines ‘agricultural waste’ as waste produced as a result of various 
agricultural operations including manure and other wastes from farms, poultry houses and 
slaughterhouses; harvest waste; fertilizer run-off from fields; pesticides that enter into water, 
air or soils; and salt and silt drained from fields. In the context of this chapter, agricultural 
waste is defined as waste in the form of the crop residues in the farm, manure from livestock 
operations, including dairy and piggery effluent, and poultry litter. 
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Table 1. Characteristics of agricultural solid waste (Source: Loehr 1978) 
 

Agricultural activity Types of waste Method of disposal 
Crop production and harvest Straw, stover Land-application, burning, 

plowing under 
Fruit and vegetable 
processing 

Biological sludges, 
trimmings, peels, leaves 
and stems, soil, seeds and 
pits 

Landfill, animal feed, land 
application, burning 

Sugar processing Biological sludges, 
bagasse, pulp, lime mud, 
filter mud 

Landfill, burning, 
composting animal feed 

Animal production Blood, bones, feather, 
litter, manures, liquid 
effluent 

Land-application, fertiliser 

Dairy product processing Biological sludges Landfill, land spreading 
Leather tanning Fleshings, hair, raw and 

tanned hid trimmings, lime 
and chrome sludge, grease 

Rendering, by-product 
recovery, landfill, land-
spreading 

Rice production Bran, straw, hull Feeds, mulch/soil 
conditioner, packaging 
material for glass and 
ceramics 

Coconut production Stover, cobs, husk trunk, 
leaves, coco meal 

Feeds, vinegar, activated 
carbon, coir products 

 
 

POTENTIAL HAZARDS ASSOCIATED WITH AGRICULTURAL WASTE 
 
Given the sources of agricultural wastes are diverse, agricultural solid wastes can often be 

potentially hazardous and detrimental to the terrestrial and aquatic eco-systems. Uncontrolled 
and improper handling can often lead to many situations where agricultural waste can become 
an environmental issue. The following sections discuss some of these issues and provide a 
perspective on the agricultural waste as potential hazards. 

Over-application of agricultural waste in the form manure to crop land and pasture can 
result in a decrease in crop production due to inhibitory amounts of ammonia of nitrite 
nitrogen (NO2-N) or salts in the soil. Application of dairy effluent or feedlot manure to 
permeable loam and clay loams soils can also reduce the permeability of these soils and thus 
adversely affecting the crop growth. Excess loadings of nitrogen and phosphorus from 
agricultural waste applied to land that cause eutrophication of water bodies or contamination of 
drinking water have been well documented in the literature (Sharpley et al. 1984; Sharpley and 
Halvorson 1994; Anderson et al. 2002). Apart from excessive nitrogen, phosphorus and other 
nutrients, salts, pathogens, livestock waste also contain significant amounts of steroid 
hormones (naturally released by animals of all species in urine and faeces) and their 
metabolites. Veterinary antibiotics that are fed to the animals during their life period are also 
excreted in the faeces and urine, which eventually end up in the oxidation effluent pond and 
finally onto the land as supplement to fertiliser or as disposal option (Boxall et al. 2004). The 
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newly emerging group of chemicals such as steroid hormones and a range of veterinary 
antibiotics have been detected in various environmental media (e.g., soil, water, manure, 
sludge) across the globe and concerns are growing because of their potential impact on the 
terrestrial and aquatic eco-systems (Sarmah et al. 2006). Steroid hormones such as 17β-
estradiol (E2) and its metabolite estrone (E1) are known endocrine disrupting chemicals 
(EDCs) capable of causing adverse effects on terrestrial and aquatic organisms (Jobling et al. 
1998).  

 
 

Natural Steroid Hormones  
 
Livsetsock wastes can be termed as natural agricultural waste and can act as potential 

sources of EDCs (Figure 1) to the environment. Compounds such as E2, its metabolites E1 and 
estriol (E3), and male androgen testosterone and its derivative androstenedione are excreted by 
animals of all species. These hormones are present in faeces and/or urine and reach the 
environment through the release of animal wastes to receiving waters, animal waste 
application onto land, or by direct excretal input while grazing (Sarmah et al. 2006). While all 
species of farm animals excrete these hormones, different species excrete different types and 
proportions of estrogens. For example, in cattle (Bos Taurus) ≥ 90% of estrogens are excreted 
as 17α-estradiol, 17β-estradiol, and estriol as free and conjugated metabolites, while pigs (Sus 
scrofa) and poultry (Gallus domesticus) excrete estradiol, estriol and estrone, and their 
respective conjugates (Erb et al. 1977). The amounts of hormones excreted by various animals 
depend on their reproductive stage and the route of excretion, fecal or urinary (Hanselman et 
al., 2003). Table 2 summarizes the estimated amount of EDCs excreted by a dairy cow of 
typical weight of 640 kg at different stages in its reproductive cycle. 

 

 

Figure 1. Molecular structures of steroid hormones and their degradation products. The numbers 
represent carbon position. 
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Dairy cattle and other animals excrete steroid hormones as free and conjugated 
compounds. Conjugation of steroid hormones to their respective glucuronides (addition of 
glucose) and/or sulphate form (by addition of sulphate) neutralises their activity and enhances 
their removal from the bloodstream via the kidneys. To date, very limited data are available on 
the proportion of steroid hormones excreted by dairy cattle as free and conjugated metabolites, 
and how this may be affected by their oestrous cycle, pregnancy, and lactation. It is generally 
accepted that conjugated forms of steroid hormones are rapidly converted to their respective 
free and active forms on excretion and release into receiving environments. Many micro-
organisms have the ability to rapidly de-conjugate a wide range of organic compounds, and it 
is reasonable to assume this occurs for steroid hormones. However, studies investigating these 
processes are limited due to the significant analytical challenges inherent in the analysis of 
conjugated steroid hormones.  

The concentration of 17β-estradiol in various dairy wastes ranges from below detectable 
limits (BDL) to hundreds of µg/kg, and is comparable to levels measured in other animal 
wastes (Table 2). Typical levels of steroid hormones in waste from dairy cows are reported as 
39 µg/kg of estrone and about 18 µg/kg of 17β-estradiol. Typical slurry pit concentrations of 
1.5 µg/L were obtained for 17β-estradiol, while the concentration of estrone was 3-fold higher 
(Raman et al. 2004). 

 
Table 2. Estimated rates of fecal and urinary estrogen excretion from dairy cattle 

(Source: cited by Hanselman et al. 2003) 
 

Reproductive stage No of 
animals 

Excretion rate/ 
1000 kg LAMa (µg/d) 

Measured 
estrogens 

Non-pregnant 21 600 ± 200 E2α 
Non-pregnant 7 400 ± 10 E1, E2α, E2β 
0–80 d pregnant  10 300 ± nd E1, E2α, E2β 
0–84 d pregnant 7 400 ± 20 E1, E2α, E2β 
80–210 d pregnant 10 1500 ± nd E1, E2α, E2β 
140–200 d pregnant 7 11400 ± 1200 E1, E2α, E2β 
210–240 d pregnant 10 5400 ± nd E1, E2α, E2β 
Non-pregnant 7 500 ± 40 E1, E2α, E2β 
55–81 d pregnant 5 700 ± 60 E1, E2α, E2β 
101–123 d pregnant 13 14400 ± nd E1, E2α, E2β, E3 
111 d pregnant 3 34300 ± nd E1, E2α, E2β, E3 
107–145 d pregnant 4 3400 ± 1200 E1, E2α, E2β 
165–175 d pregnant 5 28800 ± nd E1, E2α, E2β, E3 
205–209 d pregnant 4 22300 ± 2500 E1, E2α, E2β 
250–254 d pregnant 5 86800 ± 28000 E1, E2α, E2β, E3 
271–285 d pregnant 13 163000 ± 20000 E1, E2α, E2β, E3 

a = live animal mass; nd = no data; E1 = estrone; E2 = 17β-estradiol; E3 = Estriol. 
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Table 3. Examples of levels of steroid hormones (µg/kg) reported in dairy wastes 
(Source: Hanselman et al. 2003) 

 
Waste type 17α-estradiol 17β-estradiol Estrone References 
Press-cake solids, 
Dry-stack (semi-solid), 
Dry-stack (solid), 
Holding ponds 

139 (± 7) 
603 (± 358) 
289 (± 207) 
370 (± 59) 

BDL 
236 (± 216) 
113 (± 67) 
239 (± 30) 

426 (± 78) 
349 (± 339) 
203 (± 176) 
543 (± 269) 

Raman et al. (2001) 
Williams (2002) 
 

BDL = below detection limit. 
 
The concentration of steroid hormones in dairy waste and sludge is dependant on the level 

of waste effluent treatment and storage and this is reflected in the concentration ranges shown 
in Table 2. Furthermore, analysis of total estrogens within a pile of dairy cow manure 
demonstrated estrogen levels as high as 1000 µg/kg at the surface of the heap, but only about 
3% of that within the heap (Möstl et al. 1997).  

The variability in concentrations of steroid hormones measured in dairy waste effluents 
suggests the composition of the waste entering treatment systems varies considerably over 
time. The relatively high concentrations of steroid hormones measured in diary waste effluents 
and lagoons can be several orders of magnitude higher than that typically encountered in 
municipal wastewater treatment plants. Furthermore, the measured levels are significantly 
higher than the nanograms per litre (ppt) levels at which feminisation of fish has been observed 
to occur (Jobling et al. 1998). 

 
Steroid Hormones Associated with Animal Waste in New Zealand 

New Zealand is a small country with numerous lakes, rivers and streams, a rapidly 
expanding dairy industry, and established beef, sheep, pig and poultry production. Pasture 
grass and farm animals dominate more than half the country’s land surface, and affect nearly 
all catchments. For many years, wastes from New Zealand dairy farms were largely treated in 
oxidation ponds before discharge to nearby waterways. However, in recent years, application 
of animal wastes to the land has become a permitted activity allowing farmers to apply effluent 
directly to the land without resource consent as long as they follow prescribed conditions set 
out by their respective regional councils (Sarmah and Northcott 2004).  

It has been reported that the New Zealand livestock population excretes about 40 times 
more waste than the human population (Sarmah 2003; Sarmah et al. 2008). Within the 
Waikato region, animal waste is now applied to pasture by 70% of dairy farms and this 
proportion is steadily growing (Ministry for the Environment 1997). This proportion is higher 
in some other regions of New Zealand where land application of dairy effluents predominates 
as a means of disposal, for instance in Canterbury. In addition to the application of the effluent 
onto land by irrigation, a significant quantity of waste is excreted directly onto land by grazing 
animals. The potential therefore exists for contamination of surface and groundwater by EDCs 
sourced from diary operations due to run-off and/or leaching processes within receiving soils.  

Steroid hormone levels measured in 5 dairy farms randomly selected within the Waikato 
region showed that significant amounts of steroid hormones were present in the dairy effluent 
samples collected from the point of discharge from oxidation ponds. The combined load for 
these natural excreted estrogens varied from 60 ng/l to > 4000 ng/l in the analysed effluents, 



Potential Risk and Environmental Benefits of Waste Derived from Animal Agriculture 7

and estriol was not detected in any of the collected samples (Table 4). The α epimer of 
estradiol was more prevalent in dairy effluent compared with the β epimer.  

 
Table 4. Concentration of estrogens (µg/l) in dairy effluent across selected 

dairy farms within the Waikato region, NZ 
 

ND = not detected. 
 
A comparison of levels of estrogens concentrations in animal waste effluents reported in 

overseas literature and in New Zealand (Table 2 and 3) shows that the concentration of these 
compounds varies significantly depending on the number of animals and their reproductive 
stages. For example, a studies conducted in the USA demonstrated the highest average 
concentrations of estradiol and its metabolites were observed in effluents from dairy holding 
ponds (Williams 2002; Raman et al. 2001).  

In the New Zealand study, dairy effluent samples were collected from either 1- or 2-stage 
oxidation pond systems. The number of cattle on each farm may have had a significant 
influence on the concentration of estrogens found in these samples. For instance, some samples 
showed much higher values than others, such as the sample in Farm 4, where the total load of 
estradiol (α and β epimers) was a few orders of magnitude higher than the sample collected 
from Farm 5. Farms 2 and 4 had greater numbers of animals (250 and 262 dairy cows, 
respectively) than other farms, and this was reflected in the total estrogens present in the 
effluent. The ratio of steroid hormones excreted in faeces and urine can dramatically change 
during pregnancy and lactation periods (cited by Hanselman et al. 2003). The 17α-estradiol 
epimer is reportedly more prevalent in dairy cattle than its β-epimer (Hanselman et al. 2003) 
and it was therefore not surprising to find greater values of 17α-estradiol in dairy farm 
effluents. The α and β stereochemical distinction of estradiol might be useful for identifying 
the livestock species contributing to waterway contamination (cattle vs pig or poultry); 
however, this possibility has yet to be investigated.  

 
 

Bacterial Pathogens from Animal Waste 
 
Animal wastes applied to soil may be a potential source of pathogens and parasites. 

Besides, heavy loads of faecal pollution are common from outdoor feedlots where storm runoff 
may be equivalent to the discharge of raw sewage from a city (Geldreich 1990). Once drainage 
or runoff from animal production unit reach a watercourse, a potential chain for the spread of 
disease is initiated (Loehr, 1978). According to reports, the severity of diseases may be 
increased following manure application (Osunlaja 1990). Land application of animal effluent 
is associated with bacteria such as salmonella and Escherichia coli, while other organisms 

 Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 
17α-estradiol 40.0 592 458 1028 18.8 
17β-estradiol 28.8 289 147 331 ND 
Estriol ND ND ND ND ND 
Estrone 66.9 3123 696 3057 40.9 
Total 135.7 4004 1301 4416 59.7 
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such as Bacillus anthracis, Mycobacterium tuberculosis, Clostridia spp. and Lptospira spp. 
can survive and be spread in effluent (Kelly and Collins 1978; Thurston-Enriquez, 2005; Unc 
and Goss, 2003). 

It has been reported that there are an estimated 376,000 livestock operations in the United 
States, generating about 58 million tons of manure each year (Guber et al. 2007). According to 
the 1998 National Water Quality Inventory produced by the United States Environmental 
Protection Agency (USEPA), approximately 60% of the pollution in rivers and 45% in lakes 
come from agricultural sources (EPA, 2001). Sixty-five outbreaks of human infections linked 
to water have been reported in the United Kingdom between 1991 and 2000 (Hunter, 2003), 
while 230 outbreaks have been reported in the United States between 1991 and 1998 (Croun et 
al. 2002). 

Many bacteria in solid and liquid wastes from farm animals have been screened for 
resistance to antibiotics commonly used as growth promoters and/or therapeutically to treat 
diseases (Sarmah et al. 2006). In one study, 80% terramycin resistance was exhibited by solid 
waste isolates, with 30% terramycin and 100% sulfamethazine resistance shown by liquid 
waste isolates (Bromel et al. 1971). However, the risk from animal to human being is minimal, 
with the exception of those personnel of agriculture or slaughterhouses who are in close 
contact with the animals and may develop resistant strains of bacteria of animal origin. It must 
be noted, however, that clear evidence of development of antibiotic resistance transfer from 
animal to humans has not yet been reported.  

 
 

AGRICULTURAL WASTE UTILIZATION 
 
Agricultural waste utilization is of comparatively recent origin. Agricultural solid wastes 

are widely recognized as potential sources of nutrients for direct or indirect use in animal 
agricultural production. Based on the nutrient status of the wastes, some portion of animal 
wastes is used as a feed supplement for livestock; however, caution is warranted for some 
unknown compounds that are likely to be present in the wastes in trace amounts, such as drugs 
fed to animals through feed additives or administered to the body of the animals during 
production to treat them during diseases. Agricultural waste derived from animal production 
facilities around the world can act as various sources for renewable energy, carbon 
sequestration, and reduction of emission of greenhouse gases. In the following section various 
benefits of agriculturally derived waste are briefly discussed.  

 
 

Production of Bioethanol  
 
Ethanol is an alternative fuel derived from biologically renewable resources and can be 

employed to replace octane enhancers such as methylcyclopentadienyl manganese tricarbonyl 
(MMT) and aromatic hydrocarbons such as benzene or oxygenates such as methyl tertiary 
butyl ether (MTBE) (Champagne, 2008). A potential source for low-cost ethanol production is 
the utilization of ligonocellulosic materials (e.g., crop residues, grass, livestock manure); 
however, the high cost of biethanol production using current technologies does not make this a 
feasible option. There has been considerable effort from various research groups to produce 



Potential Risk and Environmental Benefits of Waste Derived from Animal Agriculture 9

bioethanol from lignocellulosic waste material using crop residues (Kim and Dale, 2004) and 
animal manure (Chen et al. 2003, 2004; Wen et al. 2004). For instance, a research group at 
Washington State University developed a process for hydrolyzing lignocellulosic materials 
from cattle manure into fermentable sugars (Chen et al. 2003, 2004). According to the authors, 
when raw dairy manure was pretreated with 3% H2SO4 (at 110 oC) for an hour, hemicellulose 
was degraded to form arabinose, galactose and xylose, which were then treated with celluloytic 
enzymes to hydrolysze the cellulose. While these recent preliminary studies using agricultural 
wastes as lignocellulosic feedstock for ethanol production seem promising, more work is 
required to develop the technology on a larger scale. Nevertheless, this laboratory-based 
research will help develop an innovative waste management approach that uses agriculturally 
derived wastes as a renewable resource both for the extraction of value-added product, 
cellulose, and for its conversion to bioethanol (Champagne 2008).  

 
 

Energy Production from Agricultural Waste  
 
Although it is clear from above discussion that ethanol production through fermentative 

methods from crops and other renewable biomass sources has received much attention 
recently, crop-based feed-stocks are subject to seasonal fluctuations in supply, ultimately 
limiting ethanol generation (Kasper et al. 2001). The energy cost in harvesting these feed-
stocks (e.g., corn stubble) as well as their lost value as soil amendments can make ethanol 
production costly for farmers (Pimental, 1992). Animal manures avoid many of these problems 
because they are a truly renewable feedstock. Production of ethanol from animal waste through 
the process of gasification is another new technology that has been trialed (Kaspers et al. 
2001).  

Gasification of biomass has received much attention as a means of converting waste 
materials to a variety of energy forms such as electricity, combustible gases, synfuels, various 
fuel alcohols, etc. Gasification is a two-step, endothermic process in which solid fuel is 
thermo-chemically converted into a low or medium Btu gas. In the first step, pyrolysis of the 
biomass takes place; in the second step either direct or indirect oxygen-deprived combustion 
takes place during the gasification process. This process converts raw biomass into a 
combustible gas, retaining 60–70% of the feedstock's original energy content. A recent cost 
and performance analysis of biomass (i.e. wood) gasification systems for combined power 
generation indicated that such a steam system (Battelle Columbus Laboratory) had the lowest 
capital cost and product electricity cost (Craig and Mann 1997).  

Huge amounts of swine waste are produced annually in many parts of the world. For 
instance, the quantity of swine manure produced in the USA is estimated to be 5 billion kg dry 
matter per year, sufficient to contribute substantially to ethanol supplies. Assuming a 
conversion efficiency of 40%, this is a theoretical ethanol yield of 500 million gallons per year 
(Kaspers et al. 2001).  
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Figure 2. Flow diagram of poultry litter fuelled power plant (Source: Staff report, Modern Power 
System, 2000). 

In the UK, poultry litter has been used for large-scale off-site electricity generation and 
on-farm space heating of broiler houses using two separate stages-gasification and combustion 
(Dagnell 1992). Figure 2 shows a flow diagram of poultry litter fuelled power plant. The size 
of poultry litter production in many countries worldwide indicates a sustained and increasing 
trend. For example, in the UK, the poultry farming industry produces nearly 1.5 million tons of 
litter annually per year (Fibrowatt). If land-application of litter is not a viable option due to the 
potential contamination of aquatic bodies through the run-off of nutrients associated with litter, 
an alternative mean of disposal is the production of energy, as has been demonstrated in the 
USA. Many promising projects are under way, both in the USA and Europe, researching the 
environmental effects and economic benefits of poultry litter biomass combustible. One such 
example of power generation, the Fibrowatt has built three power plants in the UK, consuming 
800000 t of litter annually to generate approximately 64 MW of electricity (Fibrowatt; 
Morisson 1997). In one of the three plants, nearly 400000 t of poultry litter per year is used to 
produce enough electricity to power about 93,000 homes in Thetford, UK. The facility at 
Thetford has a maximum feed rate of 55 tonnes per hour. Feedstock is delivered from 
surrounding operations by covered trucks from nearby farms. The poultry litter is fed to boilers 
using spiral screw augers blown into the combustion chamber and burnt at 850oC. Water in the 
boiler is heated to 450oC and steam from the process turns the turbine connected to an 
electrical generator. This process is continued, steam is cooled, and water is recycled for boiler 
use, while ash from combustion is conditioned through the precise addition of nutrients to 
create a fertiliser product (Fibrophos), marketed as a concentrated organic fertiliser (ECW, 
2006). Dávalos et al. (2002) recently evaluated the usefulness of poultry litter as a feasible fuel 
and found that the calorific values or the massic energy combustion of dry-poultry litter was 
14 447 kJ/kg. The authors also reported that if the water content is < 9%, it can burn without 
extra fuel.  
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Biogas Production  
 
Biogas is generated when bacteria degrade biological material in the absence of oxygen, in 

a process known as anaerobic digestion. Biogas consists of about 50–75% methane and about 
25–50% carbon dioxide. According to the United Nations' Food and Agricultural Organization 
(FAO), there are about 1.3 billion cattle worldwide (one for every five people), slightly more 
than 1 billion sheep, around 1 billion pigs, 800 million goats and 17 billion chickens. The total 
fecal matter produced by these animals is around 13 billion tons per year according to various 
estimates. It has been estimated that one cubic foot of biogas can be produced from one pound 
of cow manure (heated at around 28o C, or 82.4o F), which is enough to cook one day's worth 
of meals for four to six people in India (Ecofriend 2005). One cow in one year can produce 
enough manure, which when converted into methane can meet the fuel needs equivalent to 200 
liters-plus (about 53 US gallons) of gasoline. According to a report from the University of 
Alberta, Canada, around 7,500 cattle can produce 1 megawatt (MW) of electricity (1 MW can 
power the average home in the developed world). The manure of 6 million cows can fulfill the 
needs of 1 million homes or about six cows per home. Table 5 shows the annual biogas energy 
potential in Alberta, Canada, with all feed material contributing to > 50% of methane 
production.  

 
Table 5. Inventory of livestock materials and biogas energy potential in Alberta, 

Canada (Source: Alberta Agriculture and Rural Development) 
 

Feed 
material 

Total 
Solids  
(%) 

Volatile 
solids (%) 
of total 
solids 

Biogas 
yield 
(m3/tonne) 

Annual 
biomass 
production 
(tonnes) 

Annual 
energy 
potential 
(PJ) 

Methane 
content  
(%) 

Beef cattle 
manure 

8–12 80–85 19–46 51890736 20–48 53 

Hog manure-
(grower- finisher) 

9–11 80–85 28–46 2452800 1.4–2.3 58 

Dairy manure 12 80–85 25–32 3994195 2.0–2.6 54 
Poultry manure 25–27 70–80 69–96 1728987 3.3 60 

 
New Zealand has a relatively large primary agricultural industry with many opportunities 

for producing biogas from animal manure. Potential methane resource generated from piggery 
waste alone at farm scale could potentially provide up to 0.05PJ (14G Wh) a year, equivalent 
to the amount of electricity used by around 1,700 houses (EECA 2005). There is also further 
potential for biogas from the poultry and dairy industry in New Zealand. The potential 
production of biogas and energy output from various fresh feedstocks in New Zealand has not 
yet been evaluated. The yield of biogas, however, varies significantly from one feedstock to 
another due to the percentage of dry matter (or solids) and, in turn, to the percentage of volatile 
solids within the feedstock. However, given New Zealand has an estimated cattle population of 
> 5 million cattle, the total amount of waste that can be converted to produce biogas energy is 
enormous. Therefore it would be prudent to explore opportunities for biogas production and its 
utilization for energy supply especially within the rural sectors in New Zealand. 
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The production and use of biogas as an alternative fuel in many developing countries is 
fast growing, with India currently leading the way. Biogas digesters to produce methane for 
cooking, lighting and heating have become widespread in China and India following 
progressive national policies to aid their adoption (Ministry of Agriculture 2000, 2001; 
Somashekhar et al. 2000; Wenhua 2001). Animal waste and plant material are added to the 
digester to produce methane, and the remaining sediment, which is high in organic matter, is 
returned to the soil. There are 8.48 million biogas digesters in China, up from 4.5 million in 
1990, with projections for an additional million per year for 2010 (Shuhong 1998; Ministry of 
Agriculture 2000). 

In India, there are some 2.5 million family-sized biogas plants, constructed by the National 
Project on Biogas Development, plus another 500 larger community biogas systems 
(Ravindranath and Ramakrishna 1997; Shukla 1998; Somashekhar et al. 2000). Shukla (1998) 
estimated that nationwide there are 60% are functioning well (1.5 million units). Depending on 
the size of these domestic digesters, and their efficiency and productive period during the year, 
each can save the annual combustion of 1.5–4.0 tonnes of fuelwood, equivalent to an avoided 
emission of 0.75–2.0 tC per digester (Shuhong 1998; Shukla 1998; Wenhua 2001).  

 
 

Production of Biochar 
 
The term ‘Biochar’, or more appropriately ‘biocarbon’, refers to all products made from 

the process of pyrolysis that decomposes organic materials at temperatures generally between 
350 and 500°C in the absence of oxygen or with limited oxygen. During pyrolysis, an average 
of 50% of feedstock carbon content is converted to char; however, this percentage varies by 
feedstock and pyrolysis conditions. Due to the environmental and agronomic values of 
biochar, production of biochar from agricultural wastes (e.g., green plant material, feedlot 
manure, poultry litter, wood waste, bagasse, etc.) has recently been trialled in many countries 
(Figure 3). Although various types of feedstock can be used to produce biochar (Figure 4), not 
all chars produced from different feedstock have similar characteristics.  

 
Benefits from Biochar 

A range of environmental benefits can be obtained from biochar: reduction in greenhouse 
gas emissions; reduction in nutrient leaching; improvement in soil structure; water retention; 
and higher crop productivity. In NZ, most soils have > 3% carbon; however, pH can range 
from around 4.5 to 6.5, so liming is often required. The application of biochar could reduce 
lime use as well as provide other benefits. NZ soils also have a finite ability to store nitrogen, 
and nitrogen-saturated soils create the risk of nitrogen leaching into waterways. Soils with high 
carbon:nitrogen ratios usually have a greater capacity to store nitrogen and thereby reduce 
nitrous oxide emissions and nitrate leaching. Locking carbon in soil through the application of 
biochar (70–80% carbon level) seems a novel idea to reduce both greenhouse gas emissions 
and nitrate leaching. Preliminary results indicate that biochar amendments to soil appear to 
decrease emissions of nitrous oxide as well as methane, which is a greenhouse gas 23 times 
more potent than CO2. In greenhouse and field experiments in Colombia, nitrous oxide 
emissions were reduced by 80% and methane emissions were completely suppressed with 
biochar additions to a forage grass stand (Lehmann and Rondon 2006).  
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Figure 3. Range of biomass feedstocks derived from agricultural activities used in the production of 
biochar (Source: Best Energies Australia). 

 

 

Figure 4. Biochar produced from agricultural waste through pyrolysis process (Photo: Best Energies 
Australia). 

Biochar can influence the global carbon cycle in two main ways. If biochar is produced 
from material that would otherwise have oxidized in the short to medium term, and the 
resultant carbon-rich char can be placed in an environment in which it is protected from 
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oxidation, it may provide a means to sequester carbon that would otherwise have entered the 
atmosphere as a greenhouse gas (Woolf 2008). In addition, the gaseous and liquid products of 
pyrolysis may be used as a fuel that can offset the use of fossil fuels (Lehman 2007). Biochar 
can potentially be used as a soil amendment for improving the quality of agricultural soils 
(Glaser et al. 2002a, 2002b; Lehmann et al. 2003). For example, Chan et al. (2007) observed 
that while there were significant changes in soil quality, including increases in pH, organic 
carbon, and exchangeable cations as well as reduction in tensile strength at higher rates of 
biochar application (>50 t/ha), long-term field experiments are required to confirm and 
quantify the eventual long-term benefits from biochar use. 

Beneficial effects of biochar in terms of increased crop yield and improved soil quality 
have been reported (e.g., Iswaran et al. 1980; Glaser et al. 2002a, 2002b). However, review of 
previous research showed a huge range of biochar application rates (0.5–135 t/ha of biochar) 
as well as a huge range of plant responses (29–324%) (Glaser et al. 2002a). Recently, the use 
of poultry litter biochar applied at 10 t/ha as soil amendments on an Australian hard-setting 
soil showed significant increases in the dry matter yield of radishes. These yield increases were 
largely due to the ability of this biochar to increase nutrient availability, particularly nitrogen.  

It must be noted that in much of the research undertaken so far, the properties of the 
biochar used in the investigations were not reported. Biochar can be produced from a range of 
organic materials and under different conditions resulting in products of varying properties 
(Baldock and Smernik 2002; Nguyen et al. 2004; Guerrero et al. 2005). However, little 
research has been published elucidating the mechanisms responsible for the reported benefits 
of the biochar on crop growth, production, and soil quality, and such understanding is essential 
for the development both of agricultural markets for biochar and of technology for the 
production of biochar products with improved quality and value. Although research on biochar 
is still in its infancy, and the various benefits that it can offer to the environment are yet to be 
fully demonstrated through long term field trials, the effectiveness of the use of ‘agricultural 
waste’ as a potential source for alternative energy needs greater appreciation by regulatory 
authorities for managing agricultural wastes. 
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ABSTRACT 
 

The animal sector of agriculture has undergone major changes in the last several 
decades: organizational changes within the industry to enhance economic efficiency have 
resulted in larger confined production facilities that often are geographically concentrated. 
These changes, in turn, have given rise to concerns over the management of animal wastes 
and potential impacts on environmental quality.  

Federal environmental law does not regulate all agricultural activities, but certain 
large animal feeding operations (AFOs) where animals are housed and raised in 
confinement are subject to regulation. The issue of applicability of these laws to livestock 
and poultry operations — especially the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA, the Superfund law) and the Emergency 
Planning and Community Right-to-Know Act (EPCRA) — has been controversial and 
recently has drawn congressional attention.  

Both Superfund and EPCRA have reporting requirements that are triggered when 
specified quantities of certain substances are released to the environment. In addition, 
Superfund authorizes federal cleanup of releases of hazardous substances, pollutants, or 
contaminants and imposes strict liability for cleanup and injuries to natural resources from 
releases of hazardous substances.  

Superfund and EPCRA include citizen suit provisions that have been used to sue 
poultry producers and swine operations for violations of those laws. In two cases, 
environmental advocates claimed that AFO operators had failed to report ammonia 
emissions, in violation of Superfund and EPCRA. In both cases, federal courts supported 
broad interpretation of key terms defining applicability of the laws’ reporting 
requirements. Three other cases in federal courts, while not specifically dealing with 
reporting violations, also have attracted attention, in part because they have raised the 
question of whether animal wastes that contain phosphorus are hazardous substances that 
can create cleanup and natural resource damage liability under Superfund. Two of these 
                                                        

* This is an edited, reformatted and augmented version of a Congressional Research Service publication, Report 
RL33691, dated April 11, 2007. 
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latter cases were settled; the third, brought by the Oklahoma Attorney General against 
poultry operations in Arkansas, is pending.  

These lawsuits testing the applicability of Superfund and EPCRA to poultry and 
livestock operations have led to congressional interest in these issues. In the 109th 

Congress, legislation was introduced that would have amended CERCLA to clarify that 
manure is not a hazardous substance, pollutant, or contaminant under that act and that the 
laws’ notification requirements would not apply to releases of manure. Proponents argued 
that Congress did not intend that either of these laws apply to agriculture and that 
enforcement and regulatory mechanisms under other laws are adequate to address 
environmental releases from animal agriculture. Opponents responded that enacting an 
exemption would severely hamper the ability of government and citizens to know about 
and respond to releases of hazardous substances caused by an animal agriculture 
operation. Congress did not act on the legislation, but similar bills have been introduced in 
the 110th Congress (H.R. 1398 and S. 807).  
 
 

INTRODUCTION 
 
The animal sector of agriculture has undergone major changes in the last several decades, 

a fact that has drawn the attention of policymakers and the public. In particular, organizational 
changes within the industry to enhance economic efficiency have resulted in larger confined 
production facilities that often are geographically concentrated.1 Increased facility size and 
regional concentration of livestock and poultry operations have, in turn, given rise to concerns 
over the management of animal wastes from these facilities and potential impacts on 
environmental quality, public health and welfare.  

Animal manure can be and frequently is used beneficially on farms to fertilize crops and 
add or restore nutrients to soil. However, animal waste, if not properly managed, can adversely 
impact water quality through surface runoff and erosion, direct discharges to surface waters, 
spills and other dry-weather discharges, and leaching into soil and ground. It can also result in 
emission to the air of particles and gases such as ammonia, hydrogen sulfide, and volatile 
organic chemicals. According to the U.S. Department of Agriculture (USDA), in 1997, 66,000 
operations had farm-level excess nitrogen (an imbalance between the quantity of manure 
nutrients produced on the farm and assimilative capacity of the soil on that farm), and 89,000 
had farm-level excess phosphorus.2 USDA believes that where manure nutrients exceed the 
assimilative capacity of a region, the potential is high for runoff, leaching of nutrients, and 
other environmental problems. Geographically, areas with excess farm-level nutrients 
correspond to areas with increasing numbers of confined animals.  

Federal environmental law does not regulate all agricultural activities. Some laws 
specifically exempt agriculture from regulatory provisions, and others are structured so that 
farms escape most, if not all, of the regulatory impact. Still, certain large animal feeding 
operations (AFOs) where animals are kept and raised in confinement are subject to 
environmental regulation. The primary regulatory focus on environmental impacts has been on 
protecting water resources and has occurred under the Clean Water Act. In addition, facilities 
that emit large quantities of air pollutants may be regulated under the Clean Air Act. Some 
livestock operations also may be subject to requirements of the Comprehensive Environmental 
Response, Compensation, and Liability Act (CERCLA, the Superfund law) and the Emergency 
Planning and Community Right-to-Know Act (EPCRA).3 The issue of applicability of these 
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laws to livestock and poultry operations — especially CERCLA and EPCRA — has been 
controversial and has drawn congressional attention.  

This chapter describes the provisions of Superfund and EPCRA, and enforcement actions 
under these laws that have increasingly been receiving attention. Congressional scrutiny in the 
form of legislative proposals and a House hearing in the 109th Congress are discussed. Bills 
intended to exempt animal manure from the requirements of Superfund and EPCRA were 
introduced in the 109th Congress, but no legislation was enacted. Similar bills have been 
introduced in the 110th Congress (H.R. 1398 and S. 807). Issues raised by the legislation are 
analyzed.  

 
 

CERCLA AND EPCRA 
 
Both the Comprehensive Environmental Response, Compensation, and Liability Act (the 

Superfund law, 42 U.S.C. §§9601-9675) and the Emergency Planning and Community Right-
to-Know Act (42 U.S.C. §§11001-11050) have reporting requirements that are triggered when 
specified quantities of certain substances are released to the environment.4 Both laws, which 
are administered by the Environmental Protection Agency (EPA), utilize information 
disclosure in order to increase the information available to government and citizens about the 
sources and magnitude of chemical releases to the environment. In addition to reporting 
requirements, CERCLA includes provisions authorizing federal cleanup of releases of 
hazardous substances, pollutants, or contaminants that may present an imminent and 
substantial danger to the public health or welfare (Section 104), and imposing strict liability for 
cleanup and damages for injury to, destruction of, or loss of natural resources resulting from 
releases of hazardous substances (Section 107). At issue today is how the reporting 
requirements and other provisions of these laws apply to poultry and livestock operations.  

Superfund authorizes programs to remediate uncontrolled or abandoned hazardous waste 
sites and assigns liability for the associated costs of cleanup. Section 103(a) of CERCLA 
requires that the person in charge of a facility (as defined in Section 101(9)) that releases a 
“reportable quantity” of certain hazardous substances must provide notification of the release 
to the National Response Center.  

EPCRA establishes requirements for emergency planning and notification for storage and 
release of hazardous and toxic chemicals. Section 304(a)(1) of EPCRA requires the owner or 
operator of a facility (as defined in Section 329(4)) to report to state and local authorities any 
releases greater than the reportable quantity of substances deemed hazardous under Superfund 
or extremely hazardous under EPCRA. Under Superfund, the term “release” (Section 101(22)) 
includes discharges of substances to water and land and emissions to the air from “spilling, 
leaking, pumping, pouring, emitting, emptying, discharging, injection, escaping, leaching, 
dumping, or disposing into the environment.” Under EPCRA, the term “release” (Section 
329(8)) includes emitting any hazardous chemical or extremely hazardous substance into the 
environment. Superfund excludes the “normal application of fertilizer” from the definition of 
release, and EPCRA excludes from the definition of hazardous chemicals any substance that is 
“used in routine agricultural operations or is a fertilizer held for sale by a retailer to the 
ultimate customer.”  
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The CERCLA definition of “hazardous substance” (Section 101(14)) triggers reporting 
under both laws. Among the reportable substances that may be released by livestock facilities 
are hydrogen sulfide, ammonia, and phosphorus. The reportable quantity (RQ) for both 
hydrogen sulfide and ammonia is 100 pounds per day, or 18.3 tons per year; the RQ for 
phosphorus is 1 pound per day. Section 109 of Superfund and Section 325 of EPCRA 
authorize EPA to assess civil penalties for failure to report releases of hazardous substances 
that equal or exceed their reportable quantities (up to $27,500 per day under CERCLA and 
$27,500 per violation under EPCRA).  

 
 

ENFORCEMENT AGAINST AFOS 
 
EPA has enforced the Superfund and EPCRA reporting requirements against AFO release 

of hazardous pollutants in two separate cases. The first involved the nation’s second largest 
pork producer, Premium Standard Farms (PSF) and Continental Grain Company. In November 
2001, EPA and the Department of Justice announced an agreement resolving numerous claims 
against PSF concerning principally the Clean Water Act, but also the Clean Air Act, 
Superfund, and EPCRA. More recently, in September 2006, the Department announced 
settlement of claims against Seaboard Foods — a large pork producer with more than 200 
farms in Oklahoma, Kansas, Texas, and Colorado — and PIC USA, the former owner and 
operator of several Oklahoma farms now operated by Seaboard. Like the earlier PSF case, the 
government had brought complaints for violations of several environmental laws, including 
failure to comply with the release reporting requirements of CERCLA and EPCRA.  

Both Superfund and EPCRA include citizen suit provisions that have been used to sue 
poultry producers and swine operations for violations of the laws (Section 310 of CERCLA 
and Section 326 of EPCRA). In two cases, environmental advocates claimed that AFO 
operators had failed to report ammonia emissions, putting them in violation of Superfund and 
EPCRA. In both cases, federal courts supported broad interpretation of key terms defining 
applicability of the laws’ reporting requirements.  

In the first of these cases, a federal district court in Oklahoma initially ruled in 2002 that a 
farm’s individual barns, lagoons, and land application areas are separate “facilities” for 
purposes of CERCLA reporting requirements, rather than aggregating multiple emissions of 
pollutants across the entire site. This court held that Superfund’s reporting requirements would 
only apply if emissions for each individual facility exceed 100 pounds per day. However, the 
district court’s ruling was reversed on appeal (Sierra Club v. Seaboard Farms Inc., 387 F.3d 
1167 (10th Cir. 2004)). The court of appeals ruled that the whole farm site is the proper entity 
to be assessed for purposes of CERCLA reporting and determining if emissions of covered 
hazardous substances meet minimum thresholds.  

In the second case, a federal district court in Kentucky similarly ruled in 2003 that the 
term “facility” should be interpreted broadly to include facilities operated together for a single 
purpose at one site, and that the whole farm site is the proper entity to be assessed for purposes 
of the Superfund and EPCRA reporting requirements (Sierra Club v. Tyson Foods, Inc., 299 F. 
Supp. 2d 693 (W.D. Ky. 2003)). While Superfund provides that a continuous release is subject 
to reduced reporting requirements, and EPCRA provides an exemption for reporting releases 
when the covered substance is used in routine agricultural operations or is used on other farms 
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for fertilizer, the court found that these exemptions did not apply to the facts of this case. The 
ruling was not appealed.  

EPA was not a party in either of these lawsuits. The U.S. Court of Appeals for the 10th 
Circuit invited EPA to file an amicus brief in the Seaboard Farms case in order to clarify the 
government’s position on the issues, but EPA declined to do so within the time frame specified 
by the court.  

Three other cases in federal courts, while they do not include reporting violations, also 
have drawn attention, in part because they raised the question of whether animal wastes that 
contain phosphorus are hazardous substances that can create cleanup and natural resource 
injury liability under Superfund.5 Animal wastes typically contain low levels of phosphorus, 
and animal wastes are beneficially used as fertilizer on farms. Over the long term, however, 
the application of animal waste fertilizers may result in phosphorus buildup in soils which may 
be released to watersheds through surface runoff. In 2003, a federal court in Oklahoma held 
that phosphorus contained in poultry litter in the form of phosphate is a hazardous substance 
under Superfund and thus could subject poultry litter releases to provisions of that law (City of 
Tulsa v. Tyson Foods, Inc., 258 F. Supp. 2d 1263, (N.D. Okla. 2003)). This ruling was later 
vacated as part of a settlement agreement, but some observers believe that the court’s 
reasoning may still be persuasive with other courts. The second case, City of Waco v. Schouten 
(W.D. Tex., No. W-04-CA-118, filed April 29, 2004), was a suit by the city against 14 dairies 
alleging various causes of action based on disposal of wastes from those operations. It was 
resolved by a settlement agreement early in 2006.  

The third case, State of Oklahoma v. Tyson Foods, Inc. (N.D. Okla, No. 4:05-cv00329, 
filed June 13, 2005), is still pending. This suit, brought by the Oklahoma Attorney General, 
asserts various claims based on the disposal of waste from 14 poultry operations in the Illinois 
River Watershed. The state principally seeks its past and present response costs and natural 
resource injuries under CERCLA due to release of wastes from these facilities.  

The net result of these lawsuits is growing concern by the agriculture community that 
other legal actions will be brought and that the courts will continue to hold that the Superfund 
and EPCRA reporting requirements and other provisions apply to whole farm sites, thus 
potentially exposing more of these operations to enforcement under federal law.  

In 2005, a group of poultry producers petitioned EPA for an exemption from EPCRA and 
CERCLA emergency release reporting requirements, arguing that releases from poultry 
growing operations pose little or no risk to public health, while reporting imposes an undue 
burden on the regulated community and government responders.6 While the agency has not 
formally responded to this petition, early in 2007 EPA formed an internal workgroup to review 
information on animal waste as it relates to CERCLA and to possible exemptions from 
emissions reporting. Further, EPA Administrator Stephen Johnson told congressional 
committees that the agency will propose a rule to exempt routine animal waste air releases 
from emergency notification requirements. He did not provide details on how broad a waiver 
might be proposed. While such a regulatory exemption might satisfy many agriculture industry 
groups, environmental advocates and others oppose the exemption. Some argue that an 
exemption is premature, since EPA is moving forward with research on emissions levels (see 
CRS Report RL32947, Air Quality Issues and Animal Agriculture: EPA’s Air Compliance 
Agreement). State air quality officials have said that they oppose blanket regulatory or 
legislative exemptions, and they have recommended that if the agency considers any action, it 
should only be a narrow exemption, such as one based on a size threshold for farms.7  
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CONGRESSIONAL INTEREST 
 
The court cases testing the applicability of Superfund and EPCRA to poultry and livestock 

operations have led to congressional interest in these issues. In March 2004, a number of 
senators wrote to the EPA Administrator to ask the agency to clarify the reporting 
requirements of the two laws so as to limit their impact on poultry operations. The senators’ 
letter said that because of unclear regulations and a lack of scientific information about 
emissions, poultry and livestock producers are uncertain about the laws’ requirements and are 
vulnerable to enforcement actions.8 In report language accompanying EPA’s FY2006 
appropriations, the House Appropriations Committee urged EPA to address the issues.  

 
The Committee continues to be concerned that unclear regulations, conflicting court 

decisions, and inadequate scientific information are creating confusion about the extent to 
which reporting requirements in [CERCLA] and [EPCRA] cover emissions from poultry, dairy, 
or livestock operations. Producers want to meet their environmental obligations but need 
clarification from the Environmental Protection Agency on whether these laws apply to their 
operations. The committee believes that an expeditious resolution of this matter is warranted.9  
 
Also in 2004, some in Congress considered proposing legislation that would amend the 

definition of “release” in Superfund (Section 101(22); 42 USC §9601(22)) to clarify that the 
reporting requirements do not apply to releases from biological processes in agricultural 
operations and to amend EPCRA to exclude releases of hazardous chemicals produced through 
biological processes in routine agricultural operations. For some time, there were indications 
that an amendment containing these statutory changes would be offered during debate on 
FY2005 consolidated appropriations legislation, but this did not occur.10  

Some Members sought to amend the FY2006 Agriculture appropriations bill, H.R. 2744, 
with a provision exempting releases of livestock manure from CERCLA and EPCRA. The 
proposal was promoted by Senate conferees on the bill, but it was not accepted by House 
conferees. Proponents, including Senator Larry Craig, contended that the proposed language 
was consistent with current law, because in their view CERCLA and EPCRA were never 
intended to apply to agriculture. Environmentalists objected to the language, arguing that it 
could prevent public health authorities from responding to hazardous substance releases from 
AFOs, would block citizen suits against agriculture companies for violations of reporting 
requirements, and would create an exemption from Superfund liability for natural resource 
injuries that might result from a large manure spill. EPA’s congressional affairs office released 
an unofficial analysis criticizing the bill. It argued that, by eliminating federal liability for 
manure releases under Superfund and EPCRA, the provision could interfere with EPA’s Air 
Compliance Agreement, because companies would have much less incentive to participate in 
the agreement. The agreement is a plan that EPA announced in January 2005 to collect air 
quality monitoring data on animal agriculture emissions.11 The House and Senate gave final 
approval to H.R. 2744 in November 2005 (P.L. 109-97), without the language that Senate 
conferees had proposed.  

Also in November 2005, legislation was introduced that would amend CERCLA to clarify 
that manure is not a hazardous substance, pollutant, or contaminant under that act and that 
CERCLA’s notification requirements would not apply to releases of manure (H.R. 4341). The 
bill was similar to the legislative language that Senator Craig had proposed to conferees as a 
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provision of the FY2006 Agriculture appropriations bill with a broad definition of “manure” 
that includes, for example, bedding commingled with animal waste.  

H.R. 4341 was introduced the same day that a House Energy and Commerce 
subcommittee held a hearing on animal agriculture and Superfund. The Subcommittee on 
Environment and Hazardous Materials heard from agriculture industry witnesses who urged 
Congress to provide policy direction on the issue that has developed as a result of recent and 
potential litigation. Other witnesses testified that the reporting and notification requirements of 
Superfund and EPCRA provide a safety net for making information on releases available to 
government and citizens, and that other environmental laws, such as the Clean Air Act, cannot 
function in that manner. An EPA witness said that the agency is considering ways to reduce 
the paperwork burdens for large AFOs to report their emissions, but has not yet formalized a 
proposal. Similar legislation was introduced in the Senate (S. 3681). No further action 
occurred on either bill. Similar legislation has been introduced in the 110th Congress (H.R. 
1398 and S. 807).  

 
 

POLICY ISSUES 
 
Supporters and opponents of the 109th Congress and 110th Congress legislation have raised 

a number of arguments for and against the proposals. For example, proponents of the 
exemption proposed in these bills, representing the agriculture industry, especially livestock 
and poultry producers, say that animal manure has been safely used as a fertilizer and soil 
amendment by many cultures all over the world for centuries and thus should not be 
considered a hazardous substance. Opponents — including environmental activists, public 
health advocates, and state and local governments — agree that when properly managed, 
manure has beneficial uses. Superfund’s reporting and cost recovery requirements do not 
threaten responsible operators who manage manure as a valuable fertilizer, they say. However, 
these groups say that when improperly managed and in the massive amounts produced at 
today’s large feedlot operations, animal waste can release a number of polluting substances to 
the environment. Releases to surface water, groundwater, and the atmosphere may include 
nutrients, organic matter, solids, pathogens, volatile compounds, particulate matter, antibiotics, 
pesticides, hormones, gases that are associated with climate change (carbon dioxide and 
methane), and odor.  

Proponents of the legislation argue that neither Superfund nor EPCRA was intended by 
Congress to apply to agriculture and that the pending legislation would simply clarify 
congressional intent. CERCLA exempts “normal application of fertilizer” from the definition 
of “release” and also exempts releases of “naturally occurring organic substances.” Animal 
waste arguably was intended to be covered by these existing exemptions, they say. Opponents 
respond that there is little firm evidence either way on this point, as there is limited legislative 
history concerning this language. The exemption for “normal application of fertilizer,” enacted 
in CERCLA in 1980, applies to application of fertilizer on crops or cropland for beneficial use, 
but does not mean dumping or disposal of larger amounts or concentrations than are beneficial 
to crops.12  

EPA has not issued guidance to interpret what constitutes “normal application of 
fertilizer,” and the only court decision so far addressing this issue (the vacated 2003 City of 
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Tulsa case discussed above) held that neither plaintiffs nor defendants in that case had 
presented evidence sufficient for a fact-based determination of what constitutes “normal 
application.” Opponents of the legislation also argue that animal manure consists of a number 
of substances that are nutritional and pharmaceutical elements of the feed provided to animals 
(trace elements, antibiotics, nutrients), and releases are the result of inadequate waste disposal, 
not “naturally occurring” substances and activities.  

Proponents argue that enforcement and regulatory mechanisms exist under the Clean 
Water Act (CWA) and other media-specific statutes, such as the Clean Air Act (CAA), making 
it unnecessary to rely on Superfund or EPCRA for enforcement or remediation. In particular, 
both the Clean Water Act and Clean Air Act require that regulated facilities obtain permits that 
authorize discharges or emissions of pollutants. Enforcement of permit requirements has been 
an important tool for government and citizens to address environmental concerns of animal 
agriculture activities.  

Opponents respond that enforcement under Superfund fills critical gaps in these other 
environmental laws, because not all pollutants are covered by other laws. For example, 
releases of ammonia and hydrogen sulfide are listed under CERCLA but are not currently 
regulated as hazardous pollutants under the CAA. Clean Water Act AFO permits primarily 
address discharges of nutrients, but not other components of manure waste (e.g., trace 
elements, metals, pesticides, pathogens). Moreover, neither of these laws provides for recovery 
of costs for responding to or remediating releases, nor for natural resource injuries. Opponents 
also argue that, while “federally permitted releases” are exempt from CERCLA’s reporting 
requirements, CWA and CAA permit requirements apply only to facilities that meet specified 
regulatory thresholds (for example, CWA permit rules apply to about 14,000 large AFOs, less 
than 6% of all AFOs in the United States).13  

Finally, proponents of the legislation argue that if animal manure is considered to be a 
hazardous substance under Superfund, farm operations both large and small potentially could 
be exposed to costly liabilities and penalties. Opponents note that the purpose of release 
reporting is to keep federal, state, and local entities informed and to alert appropriate first 
responders of emergencies that might necessitate response, such as release of hazardous 
chemicals that could endanger public health in a community. The exemption proposed in 
pending legislation, they point out, U.S. Environmental Protection Agency, “National Pollutant 
Discharge Elimination System Permit Regulation and Effluent Limitation Guidelines and 
Standards for Concentrated Animal Feeding Operations (CAFOs); Final Rule,” 68 Federal 
Register 7179, February 12, 2003. would apply not only to CERCLA and EPCRA reporting 
requirements but also to other provisions (such as Superfund’s authority for federal cleanup of 
releases, cleanup liability, and liability for natural resource injuries).  

According to states and some other interest groups, liability, which arises when manure is 
applied in amounts that exceed what is beneficial to support crops, is necessary to bring about 
improvements in waste handling practices of large AFOs. Enacting an exemption would 
severely hamper the ability of government to appropriately respond to releases of hazardous 
substances and pollution caused by an animal agriculture operation, they argue. On the issue of 
penalties, opponents note that penalties are not available under Superfund for removal or 
remedial actions (except for failure to comply with information gathering and access related to 
a response action), regardless of whether initiated by government or a private party. CERCLA 
does authorize civil penalties for violation of the Section 103 reporting requirements (up to 
$27,500 per day), but neither of the two key citizen suit cases decided thus far (Sierra Club v. 
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Tyson Foods, Inc., and Sierra Club v. Seaboard Farms Inc.) involved penalties for failure to 
report releases.  

 
 

CONCLUSION 
 
Issues concerning the applicability of Superfund and EPCRA to animal agriculture 

activities have been controversial and have drawn considerable attention. Bills in the 109th 
Congress gained much support (when the 109th Congress adjourned in December 2006, H.R. 
4341 had 191 co-sponsors, and S. 3681 had 35 co-sponsors), but were not enacted. They also 
drew opposition from environmental advocacy groups and state and local governments. The 
Bush Administration did not present an official position on the legislation. Continuing interest 
in the issue is evident from the fact that similar legislation has been introduced in the 110th 
Congress.  
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ABSTRACT 
 

Agricultural and food industry residues, refuse and wastes constitute a significant 
proportion of worldwide agricultural productivity. It has variously been estimated that 
these wastes can account for over 30% of worldwide agricultural productivity. These 
wastes include lignocellulosic materials, fruit, vegetables, root and tuber wastes, sugar 
industry wastes as well as animal/livestock and fisheries operations wastes. They represent 
valuable biomass and potential solutions to problems of animal nutrition and worldwide 
supply of protein and calories if appropriate technologies can be deployed for their 
valorization. Moreover, reutilization of these vast wastes should help to address growing 
global demands for environmentally sustainable methods of production and pollution 
control.  

Various technologies are potentially available for the valorization of these wastes. In 
addition to conventional waste management processes, other processes that may be used 
for the reprocessing of wastes include solid substrate fermentation, ensiling and high solid 
or slurry processes. In particular, the use of slurry processes in the form of (Autothermal) 
Thermophilic Aerobic Digestion (ATAD or TAD) or liquid composting is gaining 
prominence in the reprocessing of a variety of agricultural wastes because of its potential 
advantages over conventional waste reprocessing technologies. These advantages include 
the capacity to achieve rapid, cost-effective waste stabilization and pasteurization and 
protein enrichment of wastes for animal feed use.  

TAD is a low technology capable of self heating and is particularly suited for use with 
wastes being considered for upgrading and recycling as animal feed supplement, as is 
currently the case with a variety of agricultural wastes. It is particularly suited for wastes 
generated as slurries, at high temperature or other high COD wastes. Reprocessing of a 
variety of agricultural wastes by TAD has been shown to result in very significant protein 
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accretion and effective conversion of mineral nitrogen supplement to high-value feed 
grade microbial/single-cell protein for use in animal nutrition. The application of this 
technology in reprocessing of wastes will need to take account of the peculiarities of 
individual wastes and the environment in which they are generated, reprocessed and used. 
The use of thermopiles in the process has significant safety benefits and may be optimized 
to enhance user confidence and acceptability. 
 
 

INTRODUCTION 
 
Waste treatment by microbiological methods is probably as old as the generation of waste 

itself. In spite of this, scientific knowledge of the processes involved in biological waste 
treatment is relatively recent. Traditionally, wastes have been treated to remove them from 
areas in which they are not wanted (Bewely et al., 1991). Hence, early methods of waste 
treatment were essentially waste relocation or disposal processes, inspired by man’s desire to 
protect his immediate environment. The processes of disposing of wastes applied to both 
human and agricultural wastes, and therefore did not discriminate between wastes that were 
potentially reusable with only minor reprocessing and, those that needed to be disposed of on 
account of their limited reuse value. An increase in the scale of the problems of environmental 
pollution, as well as changes in social attitude, have led to multidisciplinary approaches to the 
problems of waste management and pollution control (Grainger, 1987a). Increasing pressures 
on resources also mean that the vast quantities of organic materials that remain from human 
productive activities can no longer be seen strictly as wastes that need disposal.  

The ever-increasing world population, with the attendant food supply problems, as well as 
the lessons of the energy crisis of the 1970s, combined to force a change in the global attitude 
towards waste. Wastes, particularly organic and agricultural wastes, are progressively being 
seen as resources in the wrong location and form that should be recycled, rather than as refuse 
that must be disposed of. Thus, biomass, reprocessing, recycling and reuse are progressively 
gaining increased importance in discussions on waste management, at the expense of refuse, 
disposal and waste treatment, which can no longer be seen solely as exercises in pollution 
control.  

Conventional treatment processes are rarely linked to any form of reprocessing, recycling 
or reuse. Where reuse occurs, it is almost solely as organic fertiliser, as a means of disposal 
rather than the target. The need to recycle waste is most relevant in the food, agricultural and 
related industries (Grainger, 1987a,b), where biomass estimated to be in excess of 1017 tonnes 
are generated annually, on a worldwide basis (Bath, 1991). Refuse amounting to up to 40% of 
world food production is generated following diverse agricultural and food industry processes. 
These are very important energy-rich resources, the reprocessing and recycling of which offer 
the possibility of returning them to more beneficial use than is currently possible. The key to 
successful processes of this nature is an economical “no loss” process, in which the cost of 
processing should be offset, at least in part, by the possibility of producing a valuable product, 
with the added benefit of stabilising the otherwise environmentally hazardous waste. Such a 
process should be satisfactory if it causes the overall cost of waste management to be 
significantly less than the classical approach (Loehr, 1977). Today, agricultural and food 
industry residues, refuse and wastes constitute a significant proportion of worldwide 
agricultural productivity. The continued disposal of these “wastes” constitutes significant loss 
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of agricultural productivity and calories which, if properly harnessed, can impact positively on 
worldwide food supply, animal production and global food security. 

Traditional subsistence agriculture led to the production of only limited agricultural refuse, 
which was generally disposed of untreated to land at zero cost, or actually at a credit because 
of its use as farmyard manure and soil conditioner. Introduction of cheap inorganic fertiliser 
obviated much of the need for farmyard manure. Increasing world population and 
industrialisation led to the introduction of intensive agricultural practices, the latter resulting in 
accumulation of large quantities of agricultural refuse in small land areas. Recent advances in 
the field of food technology, and the increasing demand for factory processed foods have led 
to a considerable increase in the quantity of food industry / processing waste. Additionally, the 
tendency to locate food processing factories close to food producing areas has led to a 
concentration of agricultural refuse disposal problems in limited land areas.  

An associated problem of waste disposal on land is concern over the survival of pathogens 
on pasture land, and pollution of underground waters at areas of high water tables. The 
introduction of various noxious/man-made chemicals into agriculture has also introduced new 
requirements and pressures that conventional treatments are not able to handle. This is in 
addition to new needs to utilise agricultural products that are not conventionally used due to 
their natural content of toxins. Thus, waste management has progressed through the stages of 
disposal and treatment, beginning with the time when the only wastes that attracted attention 
were municipal solid wastes and sewage, to one of reprocessing and recycling. 

 
 
OVERVIEW OF CONVENTIONAL WASTE DISPOSAL PROCESSES 

 
Incineration, Overland Disposal and Sea Disposal 

 
Traditional methods of waste disposal include disposal to sea (Rees, 1985), incineration 

and burning (Gandolla and Aragno, 1992; Bath, 1991) and overland disposal. These methods 
have little future due to increasingly stringent legislation for the protection of the environment. 
Consequently, they will not be discussed further in this review. 

 
 

Landfilling 
 
Archaeological records indicate that landfills have been around since the stone-ages 

(White-Hunt, 1980; 1981a,b). It is unlikely though, that the stone-age communities dug pits 
specifically for the disposal of wastes. Such landfills may have developed because a natural pit 
was available, hence traditional processes of landfilling simply involved dumping of refuse. It 
is not known whether such landfills were used specifically for the disposal of agricultural 
wastes or other types of wastes. Currently, a variety of agro-industrial wastes and sludge are 
disposed of to landfills, in addition to its established use for disposal of municipal solid waste 
and wastewater sludge, a variety of hazardous and other industrial and domestic wastes 
(Nguyen et al., 2007; Monte et al., 2008). In 1993, landfills were used to dispose 62% of all 
municipal solid wastes generated in the United States (Barlaz, 1997). Landfilling has the 
advantage of reclaiming devastated and ruined lands, and also has viable recycling potential, 
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because of its capacity to generate usable off gas as methane. In addition to conventional 
landfilling which is an anaerobic process, aerobic landfilling has been reported to offer rapid 
waste stabilization and to have potential for long term use in the management of municipal 
solid waste, particularly where the principal objective is waste stabilization and reuse as soil 
amendment and manure rather than for biogas generation (Erses et al., 2008). 

Limited availability of sites and the risk of contamination of underground waters are the 
major impediments to the wide applicability of landfills. To contain the latter problem, and 
also prevent the biogas from escaping into the atmosphere, has necessitated intensive research 
into the engineering of landfill for environmentally sound procedures. The fact that some 
wastes may not be recycled using other available technologies and are therefore technically 
non reusable at the moment, in addition to its comparatively low cost, assures landfill a future 
that can only be limited by the availability of land. However, this potential long term value is 
constrained by increasing stringent concerns for the safety of environment and possible 
contamination of underground waters. In addition, the very long life span of a landfill requires 
that the process or site is continually monitored. It is on account of these that various 
legislations exist that seek to constrain the use of landfills (Council of European Union 1999; 
Erses et al., 2008). Sound landfill processes also involve complex and often expensive 
engineering procedures that may constrain the use of the process in less developed countries. 

 
 

Biochemical and Microbiological Changes in Landfill 
 
Waste decomposition in a landfill is typically an anaerobic process involving the co-

ordinated activity of several groups of micro-organisms. Based on laboratory scale 
experiments, the microbiological processes that occur in a landfill have been delineated into 
four phases viz.: (1) aerobic phase; during which both oxygen and nitrates are consumed using 
sugars and organics. (2) anaerobic acid phase; (3) accelerated methanogenic phase; and (4) 
decelerated methanogenic phase. In the anaerobic acid phase, carboxylic acids accumulate, the 
pH drops and degradation of complex polymers sets in. However, the level of methane remains 
low. In phase three, methane production is extensive, and rapid consumption of acids leads to a 
rise in pH, while degradation of polymers, like cellulose, also increases. In the deceleration 
phase, methane production remains at levels similar to, or less than in phase three, while 
degradation of cellulose and hemicellulose increases again (Erses et al., 2008; Kulikowska and 
Klimiuk 2008; O’Sullivan et al., 2008).  

It is not known whether this is a cyclic process in which phases 2–4 repeat until waste 
mineralisation is complete, as none has been monitored scientifically, long enough for waste to 
be completely stabilised (Barlaz, 1997), and the boundaries between the phases are also not 
clearly defined. Biochemical changes associated with the different phasesmay take place 
simultaneously. The processes involved in phases 1–4 take several years to occur, and 
complete stabilisation of the waste, even longer and may only be slightly improved by the 
inoculation of the landfill with select microbial innoculant (O’Sullivan et al., 2008). 
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OVERVIEW OF CONVENTIONAL WASTE TREATMENT PROCESSES 
 

Composting 
 
Composting is the controlled aerobic process carried out by successive microbial 

populations, combining both mesophilic and thermophilic activities, leading to the production 
of carbon-dioxide, water, minerals and stabilised organic matter (Subba-Rao, 1987; Chang et 
al., 2006; Huang et al., 2006). It is an age-old and well established process, which has been 
applied to agricultural waste management and utilisation, particularly for production of 
manure. It probably evolved following the heaping of agricultural refuse prior to overland 
dispersal. Wastes amenable to composting vary from highly heterogeneous organic mixtures, 
including polymers in urban refuse, to the more homogeneous agricultural wastes and residues, 
and sewage sludge (Maso and Blasi 2008; Sellami et al., 2008; Li et al., 2008; Lu et al., 2008; 
Chang et al., 2006; Huang et al., 2006; Yun et al., 2000; Bhamidimarri and Pandey, 1996; 
Mergaert and Swings, 1996; Thambirajah et al., 1995; Shuval et al., 1991).  

 
 

Development of Compost 
 
The development of compost has been delineated into four stages viz. (a) Latent; (b) 

Growth; (c) Thermophilic; and (d) Maturation phases (Saludes et al., 2008; Abouelwafa et al., 
2008; Sanchez-Arias et al., 2008; Raut et al., 2008; Yu et al., 2008; Cayuela et al., 2008; 
Alfano et al., 2008). The latent phase is associated with the acclimatisation of the 
microorganisms in the waste. During the growth phase, microbial population and the 
temperature of the digesting mass rise rapidly. This stage is mostly associated with the activity 
of mesophilic microorganisms. In the thermophilic phase the temperature rises to peak level, 
often in excess of 60oC and rapid stabilisation of waste takes place. Pathogen destruction is 
highest at this stage, depending on the peak temperature and its duration (Turner 2002; 
Nakasaki et al., 1985a,b). The maturation phase is associated with a drop in temperature to 
mesophilic and then ambient levels. Nitrification and humification reactions are extensive at 
this stage (Metcalf and Eddy, 1991). 

 
 

Microbiology of Compost 
 
Composting is a complex and dynamic biological process, resulting from the activities of a 

succession of mixed populations of microorganisms (and perhaps also some higher 
organisms). The activity of each microbial group is often limited by narrow and exacting 
environmental requirements (mostly temperature and oxygen tension). At the early stages of 
composting mesophilic bacteria and fungi multiply rapidly, by metabolising easily degradable 
compounds. Bacterial populations of up to 108-109 g-1 of moist compost have been reported 
(Abouelwafa et al., 2008; Raut et al., 2008; Saludes et al., 2008; Heerden et al., 2002; Andrews 
et al., 1994; Davis et al., 1992; Strom, 1985). As metabolism continues the temperature rises to 
thermophilic range of up to 60oC and higher. Mesophilic organisms, including most of the 
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non-spore forming bacteria are rapidly inactivated, (or at least cease to be active at this 
temperature (Droffner et al., 1995ab)).  

During the thermophilic stage, most of the biological activity is due to spore forming 
thermophiles (Elango et al., 2008; Fujio and Kume, 1991) and actinomycetes (Durak and 
Ozturk, 1993; Singh et al., 1991). The majority of the microbial activity at this stage is directed 
towards the breakdown of high molecular weight polymers, including cellulose, 
hemicelluloses, proteins, lipids and starch. As readily degradable compounds are exhausted, 
the temperature begins to drop leading to the re-establishment of mesophiles in the final or 
maturation stage. At this stage, actinomycetes and fungi continue to breakdown the high 
molecular weight polysaccharides and formation of humic acid takes place.  

 
 

Environmental Requirements for Composting 
 
The rate of composting is believed to depend on a number of rate limiting steps, which 

include production and release of hydrolytic enzymes needed for the breakdown of substrates; 
diffusion of solubilized substrate molecules, and oxygen transport and availability within the 
composting mass (Huang, 1980). Optimisation of the composting process depends on the 
management of a number of variables such as; (a) nutrient balance; an important component of 
which is the carbon/ nitrogen balance. A ratio of 25–30:1 is believed to be optimal, in addition 
to the presence in adequate amounts of all other macro- and micro- nutrients needed by the 
vast array of micro-organisms that take part in composting (Jimenez and Perez 1991); (b) 
particle size; the optimum particle size in compost varies with the aeration rate employed, but 
sizes of 12–50mm are considered appropriate for most processes (Biddlestone and Gray, 
1985); (c) moisture content; levels of 50–70% are considered optimum (Inaba et al., 1996). 
Moisture content influences oxygen transfer and attainable temperature in compost (Tiquia et 
al., 1996; Nakasaki et al., 1985a,b). Airflow rates of 0.6–1.8 m3 air day-1 kg-1 volatile solids are 
considered adequate. More recently, composting is being considered as a means of developing 
inocula for the bioremediation of contaminated soils (Laine and Jorgensen, 1996), in addition 
to its established use for growing edible mushrooms (Miller et al., 1990). 

 
 

ANAEROBIC DIGESTION (AD) 
 
This is the treatment of organic wastes of solid, liquid or slurry consistency in the absence 

of molecular oxygen (Ward et al., 2008). The ability of this process to produce biogas as 
methane has helped to improve its appeal and economic acceptability, particularly since the 
energy crises of the 1970s, and increasing concern over greenhouse gas emission and global 
warming. Mass reduction, methane production and improved dewatering are considered to be 
some of the principal attractions of AD (Ferrer et al., 2008). On the other hand, slow digestion 
leading to long retention times is a draw back, particularly at mesophilic temperatures. It has 
been in use since the middle or late nineteenth century, but its application in wastewater 
treatment did not grow rapidly, due to a lack of fundamental understanding of the process 
(Wheatley, 1990). It is currently the principal method for treatment of waste sludge, 
particularly following the invention and success of the up-flow anaerobic sludge blanket 
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(UASB) (Lettinga, 1995; Lettinga et al., 1980), and variants thereof. It has consequently been 
extensively studied (Verstreate et al., 1996; Luostarinen et al., 2009), and is in use in many 
parts of the world, for the treatment of a variety of wastes and effluents including those from 
food, fermentation, brewery, beverage and paper pulp industries, in addition to domestic, 
agricultural and municipal wastes and waste water (Ortega et al., 2008; Marcias-Corral et al., 
2008; Forster-Carneiro et al., 2008abc; Fezzani and Cheikh 2008; Alvarado-Lassman et al., 
2008; Yilmaz et al., 2008; Zupancic et al., 2007), and farm animal house slurries, effluents and 
wastes (Tricase and Lombardi 2008; Cantrell et al., 2008) as well as slaughter house and meat 
process wastes (Luostarinen et al., 2009; Buend et al., 2008; Cuetos et al., 2008;).  

Continuing research effort has resulted in improved understanding and optimisation of 
anaerobic digestion and methanogenesis (Cantrell et al., 2008; Forster-Carneiro et al., 
2008abc). A number of AD plants currently operate worldwide as means of (centralised) waste 
treatment and biogas production (Ahring, 1995). Also, a number of small scale household/ 
farm digesters are being built for dual purpose of gas generation and waste treatment in many 
developing, warm climate countries. It is estimated that over 5 million cottage digesters 
operate producing methane and treating wastes in China and India (Poh and Chong 2009; 
Lansing et al., 2008; Zhao et al., 2008; Coombs, 1994). The use of AD offers a number of 
other advantages including low cost, low technology, ease of scaling up/ down; considerable 
stability and ease of start up. It is not energy intensive (if it is operated at mesophilic 
temperatures), and since anaerobes conserve less energy than aerobes, AD results in less 
sludge (Schink, 1997). It also achieves reliable waste stabilisation, if it is recognised that AD 
cannot be used alone for complete waste treatment (Verstreate et al., 1996). 

 
 

Fundamentals of Anaerobic Digestion 
 
The operation of AD requires the co-operation of fermentative bacteria, hydrogen 

producing acetogenic bacteria, hydrogen consuming acetogenic bacteria; carbon-dioxide 
reducing methanogens and aceticlastic methanogens (Appels et al., 2008; Lee et al., 2008; 
Montero et al., 2008; Zinder, 1986; Archer and Kirsop, 1990). Organic polymers are first 
hydrolysed to simple soluble substrates which are then fermented to yield various organic 
acids including acetate, formate and reduced organics such as propionate and butyrate 
(Cantrell et al., 2008; Siller and Winter, 1998; Sarada and Joseph, 1993a,b). These acids are 
then metabolised to methanogenic precursors, hydrogen and carbon-dioxide (Montero et al., 
2008; Tatara et al., 2008; Forster-Caneiro et al., 2008abc; Stams, 1994). About 76% of the 
metabolisable organics are degraded via reduced intermediate. Acetogenic bacteria metabolise 
long chain fatty acids to acetate, hydrogen and carbon-dioxide, assisted by hydrogen 
consuming methanogens. The latter helps to keep hydrogen concentration at a low level, thus 
making acetogenesis a key process in anaerobic digestion (methanogenesis) (Montero et al., 
2008; Tatara et al., 2008; McHugh et al., 2003). 

The synthrophic interaction of the variety of anaerobes that operate in the process is 
essential for methanogenesis, and success of the reaction. By this interaction, several 
anaerobes can share the energy available in the metabolism of a compound to methane and 
carbon-dioxide, and so drive endergonic reactions that would have been mechanistically/ 
energetically difficult under standard conditions (McHugh et al., 2003; Schink, 1997; Dolfing, 
1992;). This synthrophy, which is the principal strength of AD, is also the major source of its 
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weakness since various organisms with differing growth rates and requirements have to grow 
in a synchronised fashion. As a result, the pace of AD is determined by the growth rate of the 
slowest growing organism in this “symbiosis”, which may be as low as 0.08–0.15 d (Verstreate 
et al., 1996). Pace of digestion and methanogenesis are also influenced by the flux of 
metabolites, and efficiency of transfer between producing and consuming partners.  

AD often has retention times of more than seven days, but usually up to 30 days or more, 
to avoid washout of methanogens. Effective operation requires retention of viable sludge, and 
the maintenance of sufficient contact between sludge and wastewater. The system is very 
sensitive to drop in pH, hence acid consumption must be balanced with generation to avoid 
failure (Cantrell et al., 2008). This need for growth synchronisation sometimes makes AD 
precarious and unreliable, requiring highly trained personnel for its operation (Zinder, 1986). 
This also makes the multi-stage digesters preferred option to the single stage batch processes. 

A variety of complex engineering designs have been developed to be able to uncouple 
biomass from hydraulic retention, and so reduce system fragility and stabilisation time, 
including anaerobic contact processes with sludge recycle. Some prominent variants of this are 
AD-ultra filtration, anaerobic filters and fluidised beds (Wheatley, 1990; Coombs, 1990; 
Hobson, 1990; Noone, 1990; Zinder, 1986;). By far the most popular variant is the upflow 
anaerobic sludge blanket, UASB (Lettinga et al., 1980), which involves slow upward pumping 
of fluid waste in a reactor under anaerobic conditions. Selection takes place resulting in the 
microorganisms growing as granules, which then act as the catalyst, converting organic waste 
to biogas (Verstreate 1996; Lettinga 1995; Lettinga and Hulshoff Poll 1991). Since its 
introduction, improved modifications of UASB have been developed, including expanded 
granular sludge blanket (EGSB), internal circulation reactor (ICR), tubular reactors, etc.  

Anaerobic digestion requires careful and close monitoring and control, and usually 
produces effluents that require further aerobic polishing. This is because individual anaerobes 
have low substrate affinity (high Ks), resulting in high residual volatile fatty acid content in the 
effluent, even when stable synthrophic associations have developed. This tends to restrict the 
use of AD to treatment of highly concentrated wastes as a pre-process to be followed by 
aerobic polishing. AD cannot be relied upon to detoxify noxious chemicals being often 
poisoned by them, and has poor pathogen kill capacity (Verstreate et al., 1996; Lettinga, 1995), 
except when they are operated as thermophilic processes (Aitken et al., 2007; Ahn and Forster, 
2000). Attempts to reduce the stabilisation time and increase process efficiency have led to the 
development of thermophilic anaerobic digestion. 

 
 

Thermophilic Anaerobic Digestion 
 
Thermophilic anaerobic digestion evolved as an attempt to harness the intrinsic advantages 

of AD on the one hand, and of bioprocessing with thermophiles on the other (Ahn and Forster 
2000; Mackie and Bryant, 1995). Thermophilic anaerobic digesters are relatively new (Zinder, 
1990; Rimkus et al., 1982). However, a lot of research efforts have been made to understand 
and optimise the processes, in studies that have employed a variety of wastes, mostly in 
laboratory and pilot processes (Espinoza-Escalante et al., 2008; Forster-Carneiro et al., 
2008ab; Kaparaju et al., 2008; Montero et al., 2008; Linke 2006; Angelidaki et al., 2006; 
Bouallagui et al., 2004; Ahring et al., 2001; Solera et al., 2001; Ahn and Forster 2000; 2002ab; 
Lier, 1996; Lier et al., 1993a,b; 1994; 1995;). More recently, attempts are being made to apply 
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it to digestion of real wastes in full scale processes, particularly wastes discharged at elevated 
temperatures. In general, wastes that have been subjected to this form of treatment include 
sugar beet waste, coffee, brewery, distillery and other beverage wastes as well as slaughter 
house and fish process effluents, vegetable / potato wastes and paper pulping wastes as well as 
organic fraction of municipal wastes and household wastes (Forster-Carneiro et al., 2008abc; 
Koppar and Pullammanappallil 2008; Lee et al., 2008; Ortega et al., 2008; Yilmaz et al., 2008; 
Zupancic et al., 2007; Linke 2006; Angelidaki et al., 2006; Hartmann and Ahring 2005; 
Bouallagui et al., 2004).  

Temperatures that have been investigated range from 35° to 65oC (Lee et al., 2008; Zinder, 
1986), and various temperature optima have been reported during thermophilic digestions 
(Perez et al., 2001; Ahring et al., 2001; Lier, 1996;). For instance, whereas 70°C is the highest 
temperature recorded for anaerobic fermentation of cellulose, anaerobic metabolism of soluble 
sugars have been reported at 80°C (Maden, 1983; Zeikus et al., 1979). So far, 65°C is the 
highest temperature at which stable methanogenesis has been reported in waste treatment 
(Zinder, 1990), even though methanogenesis has been reported at 100°C in microbial 
communities sampled from super heated deep sea waters (Baross et al., 1982; Baross and 
Deming, 1983). Ahring (1995), reported methanogenesis during waste treatment at up to 75°C, 
though most of the processes were adjudged unstable, above 60°C. Recovery of thermophilic 
process following temperature shift-up induced deterioration often involve slow re-growth of a 
new populations, with growth optima in the new temperature range (Ahring, 1994). However, 
following temperature shift-downs the thermophiles retain considerable activity, often enough 
to drive the process, albeit sub-optimally, until a new population with optima at the new 
temperature is established (Lettinga, 1995; Waigant et al., 1986). By far the most thermophilic 
processes have been run in the temperature range 55°- 65°C (Kaparaju et al., 2008; Lee et al., 
2008; Ortega et al., 2008). In comparison to mesophilic process, thermophilic AD has the 
advantage of pathogen destruction and reduced retention time (Aitken et al., 2007). However, 
it is energy intensive, being incapable of self-heating. Its products also require aerobic 
polishing prior to disposal (Lier, 1996). The reported instability of the process is aided by poor 
granulation of thermophiles, due to their often low content of extracellular polysaccharides and 
low viscosity (Schmidt and Ahring, 1994), leading to dispersed growth. Thermophilic 
processes are also easy to washout due to high turbulence during active gas formation (Uemera 
and Harada, 1993, 1995; Soto et al., 1992).  

Thermophilic anaerobic waste processing has proved to be sensitive to slight upward shifts 
in temperature and requires precise temperature and pH control (Cecchi et al., 1993ab). Its 
temperature sensitivity is such that even slight upward shifts can cause death of active 
microbial populations. If acid consumers are affected, the process may take many days to 
recover due to their slow growth rate (Zinder, 1986) or fail completely, due to significant drop 
in pH. It is also adversely affected by slight increases in the concentration of ammonia, 
hydrogen sulphide and other toxic reaction by-products, particularly at the upper ranges of 
temperature (Schink, 1997; Ahring, 1994; Angelidaki and Ahring, 1993, 1994). For these 
reasons, thermophilic anaerobic digestions have remained slow in gaining acceptability for use 
in rural communities since successful operation of reactors will require the services of highly 
trained and often expensive labour.  
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Overview of Silage Making (Ensiling) 
 
Although ensiling is not a conventional process for the management of waste, it has found 

significant application in the reprocessing/ treatment and preservation of a variety of 
agricultural residues for use in animal feeding. Silage making is the (lactic) 
fermentation/storage of (forage) for use in animal (ruminant) feeding. Ensiling is a multistage 
process which ultimately results in low pH (< 4.0) products that have extended resistance to 
spoilage (and often having appealing flavour to ruminants). During ensiling, some bacteria are 
able to break down some cellulose and hemicellulose to their components sugars which are 
subsequently metabolized to low molecular weight acids, mostly lactic acid. This can also be 
encouraged by the use of appropriate mix of enzymes and microbial (lactic acid bacteria) 
silage inoculants (Okine et al., 2005; Aksu et al., 2004; Zahiroddini et al., 2004; Colombatto et 
al., 2004abc; Gardner et al., 2001). The lactic acid bacteria are also believed to produce 
bacteriocins that discourage the growth of and spoilage by unwanted populations. Efficient 
fermentation ensures a palatable and digestible feed. Production of good quality silage requires 
that anaerobiosis be achieved quickly to enable the lactic acid bacteria to develop and 
predominate, and in the process further bring down the pH of the mass. This discourages 
spoilage of the silage by putrefactive aerobic populations and ensures the retention of the most 
nutrients in the final product (Arvidsson et al., 2008). 

Silage making starts with the impounding of the biomass and is initiated by aerobic 
populations. During this stage the aerobic organisms scavenge oxygen and bring about 
anaerobiosis. This phase is undesirable, because the aerobic bacteria consume soluble 
carbohydrates that should otherwise be available for the beneficial lactic acid bacteria. It also 
leads to the production of moisture, and heat generation, which if not properly managed are 
capable of destroying the process. Proteinaceaous materials may also be rapidly broken down 
during this phase and this can lead to loss of nutrients and the accumulation of ammonia 
(Slottner and Bertilsson, 2006). This phase may not be completely avoided but must be 
reduced to the minimum for successful silage making. To encourage rapid acidification during 
ensiling, fermentable sugars and lactic acid bacteria inoculants are often added to the silage 
(Okine et al., 2005; Yang et al., 2006). This is common during ensiling of protein rich feeds 
such as manure, slaughter house and fish wastes as well as many agricultural residues such as 
wheat straw, tomato or apple pomace and citrus waste (Santana-Delgado et al., 2008; Vazquez 
et al., 2008; Bampidis and Robinson, 2006; Denek and Can, 2006; Pirmohammadi et al., 2006; 
Yang et al., 2006; Volanis et al., 2006; Vidotti et al., 2003; Oda et al., 2002; Scerra et al., 
2001; Chaudhry et al., 1998; Shaw et al., 1998).  

In the anaerobic stage of ensiling, mixed populations of lactic acid bacteria predominate 
and metabolize fermentable sugars, producing lactic acid and reducing the pH of the mass to 
acidic levels. As the pH drops, minor acetic fermentation (if present) ends. This process 
continues until most of the available sugars have been consumed, and the pH has dropped to a 
level low enough to discourage bacterial activity. The duration of this stage varies with the 
nature of the biomass being ensiled, particularly, the initial concentration of fermentable 
sugars and the population of lactic acid bacteria. Ensiling by itself hardly leads to protein 
enrichment of the biomass except if mineral nitrogen such as urea is included. However, its 
capacity to achieve conservation of waste protein for use in animal feeding makes it important 
in schemes for the reuse of agricultural refuse. 
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THERMOPHILIC AEROBIC DIGESTION 
 
TAD is a process in which the metabolic heat of aerobically growing microbial cells is 

conserved in an insulated system, leading to the elevation of the temperature of the digesting 
mass to thermophilic range (Gomez et al., 2007; Coulthard et al., 1981; Surucu et al., 1975, 
1976; ). It arose as a modification of the conventional activated sludge process (Adav et al., 
2008). Given efficient aeration, microbial metabolism leads to production of sufficient heat to 
cause a rise to, and maintenance of thermophilic temperatures in the digesting mass, provided 
that heat loss is minimised by good insulation of the digestion vessel and control of 
evaporative cooling. It is believed that achievable temperature may be manipulated by varying 
the concentrations of oxygen, and biodegradable organic materials in the waste (Messenger et 
al., 1990 Hamer and Bryers, 1985). 

Like all waste treatment processes, TAD is a mixed culture process. During start-up, a 
variety of mesophilic and thermotolerant bacteria interact, metabolising readily available waste 
components to generate heat (Yun et al., 2000). As the temperature increases, microbial 
succession and selection takes place until, at thermophilic temperatures, only a few species of 
micro-organisms remain active. The selection process results in the inactivation of sensitive 
mesophiles (including most vegetative and non spore-forming organisms which include, 
luckily, all important animal pathogens). And, at thermophilic temperatures, hydrolysis of 
complex and otherwise recalcitrant molecules (hopefully, including noxious and xenobiotic 
compounds) is enhanced. Considering the limitation of competing biomass reprocessing 
technologies, particularly anaerobic digestion in the handling of noxious compounds, the 
ability of TAD to achieve the degradation of xenobiotics and noxious compounds makes it 
attractive for the treatment of a variety of wastes that have recycling potentials (Adav et al., 
2008). TAD resembles composting in many respects and has been described as liquid (slurry) 
composting (Yun et al., 2000; Jewell, 1991).  

The process is considered to be very flexible and versatile, for which reason it may be 
adaptable, not just to waste treatment, but also as a means of generating useful by-products (as 
animal feed supplements and biochemicals) from wastes. The use of TAD in the protein 
enrichment of a variety of agricultural and food industry refuse for animal feed 
supplementation has been studied and continues to attract a lot of research interest (Ugwuanyi 
et al 2009; Ugwuanyi 2008; Ugwuanyi et al., 2006; 2008ab; Couillard and Zhu, 1993). The 
high temperature of operation of TAD, and metabolic versatility of thermophiles, ensures that 
the processes take place very rapidly, and under conditions that may require less control than 
conventional bioprocessing (Lee and Yu, 1997). A striking advantage of TAD is its ability to 
achieve the pasteurisation of processes waste. This has implication for the use of the 
technology for the reprocessing of a variety of biomass intended for reuse in animal nutrition 
and also for land application (Ugwuanyi et al., 1999). 

Compared to older and more established biomass handling and processing techniques 
TAD is still poorly understood as a biotechnological process. However, work has continued 
into the optimization of various aspects of this process including aeration efficiency of 
equipment used in TAD, and its use in replacement of conventional waste biomass 
management methods. Considerable efforts are also being expended to achieve improved 
understanding of the microbiology and biochemistry of the process to enhance its ultimate 
applicability (Cibis et al., 2006, 2002; Heinonen-Tanski et al., 2005; Agarwal et al., 2005; 
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Ugwuanyi et al., 2004ab; 2005ab; Kosseva et al., 2001;). Although thermophilic microbiology 
has a fairly long history, the application of thermophiles in biotechnology is only just 
beginning to attract attention, and application of thermophiles in biomass management such as 
in TAD, has received even less attention. Consequently few large scale operations currently 
employ this potentially versatile process.  

 
 

Aeration of TAD Processes 
 
TAD uses the metabolic heat generated from microbial oxidation of organic compounds to 

raise and maintain the temperature of digesting biomass at thermophilic levels. To achieve this, 
the metabolism of the microbial population has to be strongly oxidative, and rapid. Heat 
evolution is enhanced as the reaction temperature increases, particularly if uncoupling of 
metabolism occurs, leading to reduced cell yield, and dissipation of a greater amount of the 
energy content of the substrate as heat (Birou et al., 1987; Hamer and Bryers 1985). The 
process requires efficient transfer of oxygen into solution, to be able to sustain the rapid 
metabolism of thermophiles (Burt et al., 1990a). Conventional sparged, impeller agitated 
reactors are considered unsatisfactory for the level of aeration required for auto-thermophilic 
aerobic digestions (Messenger et al., 1990), particularly as oxygen solubility decreases with 
increase in temperature.  

The problem of oxygen transfer has had profound impact on the economics, applicability, 
and development of this process. The result is that early development works on TAD were 
centred on the development of aeration processes, with little attention paid to the potentially 
versatile application of the process and the associated population in waste biomass handling 
and processing. Another implication of this was that most of the early studies on the process 
were directed at its application in the pasteurisation of sewage sludge prior to treatment by 
anaerobic digestion and disposal to agricultural land. In the early stages of development of 
TAD, it was believed that thermophilic temperatures could only be achieved if pure oxygen 
(Gould and Drnervich, 1978) or oxygen enriched air (Bruce 1989) was used. Aeration with 
pure oxygen was employed in pilot plant studies for thermophilic treatment of sewage sludge 
at Ponthir Water Works UK, where a temperature of 63°C was easily obtained (Morgan and 
Gumson, 1981). Although the process was uneconomic, it provided a basis for studies on TAD 
leading to the development of alternative aeration system to achieve thermophilic temperatures 
with air (Jewell et al., 1982). Unfortunately, some of the processes were considered 
uneconomic because significant proportion of the heat was of mechanical origin from 
agitators.  

A variety of aeration devices have been developed for use in TAD. The Venturi Aerator 
was shown to aerate sewage sludge to thermophilic temperature inexpensively (Morgan et al., 
1986). It was based on a nozzle type aerator which has been applied to a variety of 
biochemical processes (Jackson, 1964), and achieves aeration (and mixing) by having the 
digesting mass pumped through an external recirculation loop and back into the reactor, 
through a nozzle. The air/ liquid mixture emerging from the nozzle is then discharged at the 
base of the reactor vessel, where large quantities of oxygen are forced into solution in a well-
mixed mass. These self-aspirating aerators were used to achieve over of 20% oxygenation with 
air. Oxygenation efficiency equal to or greater than 10% (i.e., capable of solubilising at least 
10% of the available oxygen) has been recommended as the minimum needed to maintain 
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thermophilic temperatures (Jewell, 1991). It has also been suggested that the reduced amount 
of nitrification (if any), taking place at high temperatures, means that TAD may have 
significantly lower oxygen requirement than aerobic mesophilic digestion for the same amount 
of solid material destroyed (Hawash et al., 1994; Jewell and Kabrick, 1980). 

Additional problems associated with the aeration of TAD are the limited solubility of 
oxygen at elevated temperatures (50°C and above), and the high solids content often desired in 
such operations. However, in spite of the low solubility of oxygen at high temperatures, the 
molecular diffusivity of oxygen increases with temperature (Surucu et al., 1975). This 
compensates for the low solubility, leading to comparable or better oxygen transfer at the 
higher temperatures. In fact, oxygen-transfer efficiencies comparable to, or better than that 
obtainable at mesophilic temperatures have been demonstrated during the fermentation of 
some caldoactive organisms, including Pyrococcus furiosus, and Sulfolobus shibatae at 90oC 
(Krahe et al., 1996). Oxygen transfer at high temperature is also aided by the decrease in 
viscosity of the reaction medium with increase in temperature. 

Various levels of aeration have been applied to TAD with different results. Following pilot 
trials in Canada, Kelly (1991) and Kelly et al. (1993) recommended that aeration rate in the 
digester should be maintained at 0.5 to 2.0vvh (volume air per volume medium per hour) 
depending on the organic load. Hawash et al. (1994) reported increase in efficiency of TAD 
(destruction of volatile suspended solids (VSS) and reduction of biochemical oxygen demand 
(BOD)) with increase in aeration rate up to 0.5vvm (the highest employed to minimise 
evaporation and frothing). Frost et al. (1990) reported oxygen consumption rates between 1–2 
kg-1 kg-1 VSS destroyed in sewage sludge. Vismara (1985) proposed that the aeration rate 
required for TAD would be midway between that needed in classical aerobic systems, and that 
of typical anaerobic mesophilic digestions. Sonnleitner and Fiechter (1983ab) reported aeration 
rates of 0.02 to 0.3vvm (volume air per volume medium per minute), leading to stable final 
temperatures between 50oC and 67oC, during a two-year study of TAD. In studies that 
employed CSTR, Ugwuanyi et al. (2004ab) demonstrated that destruction of VSS and soluble 
COD, as well as development of critical microbial enzymes increased with the aeration rate of 
TAD process from 0.1vvm to a peak at 0.5vvm, before declining with further increase in the 
aeration rate applied to the process. Microbial population however, did not decline with the 
increase in aeration rate to 1.0vvm. 

As the main cost of TAD is that of aeration, running it at microaerophilic rates should 
make it more economical (Ugwuanyi et al., 2004ab; Carlson 1982). However, a highly aerobic 
system will be desirable if TAD is to find a role in highly aerobic oxidations such as may be 
required in detoxification of aromatic and haloaromatic chemicals. Since heat generation in 
microbial systems is a function of oxygen consumption, at least to a point, it follows that 
highly aerobic systems will be more efficient in heat generation than less aerobic ones 
(Messenger et al., 1990; Williams et al., 1989; Birou et al., 1987; Cooney et al., 1967). An 
additional advantage of extensive aeration could be located in increased evaporation of waste 
liquid, if this is desired to reduce the amount of waste available for disposal, provided of 
course, that it does not lead to evaporative cooling of the waste. Achievement and maintenance 
of thermophilic conditions should also benefit from effective insulation, and where possible 
the use of heat exchangers between effluent and influent waste, particularly in very cold 
climates. This has led to various modification being made to different digesters that have been 
employed for TAD (Messenger et al., 1990; Morgan et al., 1986). These modifications include 
the use of stainless steel tanks with insulation cladding, as well as concrete tanks with plastic 
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or fibre glass interior. Insulation of digesters will enable the operation of TAD with the 
minimal amount of aeration necessary to achieve thermophilic temperature. 

 
 

Operational Temperatures Employed in TAD 
 
There is as yet, no consensus on what constitutes or optimal temperatures, for the 

operation of TAD. The fact of the fluidity of definition of thermophilic temperatures as applied 
to microbial processes has complicated its application in aerobic thermophilic digestion. 
Difficulties in setting temperature standards arise from the subjective and imprecise definition 
of thermophily (Brock, 1986), and also from the heterogeneity of microbial population likely 
to operate in TAD, which will result in a wide band and overlaps of growth temperature 
optima. Thermophily applied to waste treatment has also been considered in relation to 
mesophilic treatment, or the differential between the reactor and feed temperatures. In 
temperate countries feed temperatures may vary from under 5°C to more than 20°C depending 
on the season (Vismara, 1985), while approaching 40°C in some tropical countries. The 
implication of this for the definition of thermophilic digestion as applied to TAD is 
considerable. Surucu et al. (1976, 1975) consider that TAD would be a process that operates 
between 50° and 60°C. Vismara (1985) considered a process that operates in a range of 40°–
50°C as TAD, while Frost et al. (1990), defined TAD as a digestion which operates above 
35°C, and up until temperature becomes the limiting factor (at about 70°C). Matsch and 
Drnevich (1977) consider TAD as that operating above 45°C, while Jewell (1991), defined it 
as that which achieves 43°C or above. 

Notwithstanding the seeming requirement for temperatures of up to 45°C and above, the 
relationship, if any, between operational temperature and stabilisation efficiency in TAD is 
subject of considerable controversy. This has led to the imposition of mesophilic digestion 
standards on TAD (Koers and Marvinic, 1977; Vismara, 1985). In their simulation studies, 
Kambhu and Andrew (1969) considered 45°–60°C as acceptable range for TAD, and believed 
that the highest reaction rate constant would be achieved at 55°C while decreasing to zero at 
75°C. Carlson (1982), reported increase in sludge degradation, as the temperature increased to 
57°C. Hawash et al. (1994) also reported increase in the rate of waste stabilisation with 
temperature, with the kinetic parameters of stabilisation nearly doubling with each 10°C 
increase in temperature within the permissible range. Tyagi et al. (1990) reported an increase 
in digestion efficiency between 45°and 55°C, followed by a gradual decline thereafter. 
Ugwuanyi et al. (2004b) reported increase in the digestion and stabilization efficiency during 
TAD as the temperature increased from 45°C to 55°C, followed by slight decline thereafter. 
However, above 55°C, waste pasteurisation and consumption of soluble COD increased up to 
60°C before declining drastically thereafter. On the other hand the degradation and 
solubilization of particulate waste matter increased as the temperature decreased to 45°C. The 
implication of these variations in the response of different waste components to changes in the 
temperature of the process is significant, and suggests that the choice of operation temperature 
will vary with the nature of the waste and the principal reason for the operation. It has also 
been demonstrated that the level of accumulation and quality of protein achieved during the 
protein enrichment of agro-food waste by TAD vary with the temperature of digestion of waste 
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(Ugwuanyi et al., 2006; Ugwuanyi, 1999). This is expected to impact significantly on the 
choice of temperature for digestion, particularly if protein enrichment is intended in the 
process. 

Temperatures so far reported as optima for TAD correspond to the approximate optimum 
for growth of a range of common aerobic thermopiles (Brock, 1986). By comparison, in 
various studies of thermophilic anaerobic digestion, different optimum temperatures have been 
reported in the range of 50°–65°C, and these appear to also vary considerably with the waste 
type (Verstreate et al., 1996; Lettinga, 1995; Ahring, 1994). Sonnleitner (1983), Sonnleitner 
and Fiechter (1985, 1983bc), in some of the few studies on the microbiology of TAD to date, 
consider that extreme thermopiles (caldoactive organisms) are relatively fastidious with 
respect to their nutritional requirements for growth, and hence are poorly suited for application 
in TAD. Thus, only thermotolerant and moderately thermophilic organisms are likely to play a 
role in TAD. These organisms have been classified by Hamer and Bryers (1985) as those 
growing optimally at 40°–50°C and 50°–65°C respectively, thus giving a wide temperature 
range of 40°–65°C within which TAD may be operated efficiently. This has been 
demonstrated to be the case during the digestion of vegetable waste (Ugwuanyi et al., 2007). 

Although there are only few full or even pilot scale experiences with TAD to check these 
projections, Kelly et al. (1993) and Edginton and Clay (1993) successfully operated pilot scale 
digesters within this range for over one year. Ponti et al. (1995ab) reported that TAD could be 
efficiently run at 65°C, particularly if the primary motive is to achieve waste pasteurisation. 
The requirement for pasteurisation is also the basis upon which Messenger et al. (1993ab) and 
Messenger and Ekama (1993ab) operated dual TAD-AD system at 65°C and above. Since the 
TAD was designed principally for pasteurisation, the waste was subsequently stabilised in the 
mesophilic AD system. They however, reported progressive loss of stabilisation efficiency in 
the TAD phase as the temperature approached and exceeded 65°C. Although no reason was 
advanced for the decline in efficiency, the high temperature could have robbed the system of 
its metabolic versatility by restricting the variety of active microbial population. This has been 
demonstrated to be the case (Ugwuanyi et al., 2008b). The implication of this population 
selection and restriction are considerable and dependent on the target of the digestion process. 
For instance, very high temperatures may not be an asset if TAD is to be used as a stand alone 
waste treatment process. In self heating systems, precise control of temperature is unlikely, and 
the emphasis will continue to be on a range which gives acceptable performance. The preferred 
range of temperature within the band at which efficient treatment have been reported will 
depend on a variety of factors, such as system design and treatment target, type and organic 
loading of waste, pathogen content and the need for pasteurisation among others. 

 
 

Effect of Waste Load on Process Heating 
 
The nature of the waste determines the amount of biodegradable chemical oxygen demand 

(COD), which directly affects heat evolution. As the biodegradable organic load increases, the 
amount of material removed increases and so does heat evolution, not least because the amount 
of ballast water present per unit mass of organic matter decreases. Jewell and Kabrick (1980), 
and Jewell (1991), have related heat evolution to COD removal by the expression: ΔF= 
3.5ΔCOD;  
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• Where ΔF is the heat released in kilocalories per litre and  
• ΔCOD is the measured change in COD in gl-1.  
• One kilocalorie per litre is equal to 1°C change in temperature. 
 
The maximum temperature reached depends on the balance between heat loss and heat 

input. This equilibrium state is facilitated by two prominent factors, 
 
a) as the biodegradable organic load increases the system soon becomes mass transfer 

limited, a situation accelerated by reduction in oxygen solubility with increase in 
waste (solid) load, and rapid consumption of oxygen by the proliferating microbial 
populations, putting more pressure on the available oxygen.  

b) as the temperature of the digesting mass increases to 60°C and above, the number of 
viable thermopiles gradually starts to decline leading to decrease in organic matter 
removal, and consequently a decrease in heat production (Matsch and Drnevich, 1977; 
Ugwuanyi et al., 2004b). This self-regulation is very similar to what obtains in 
classical composting. 

 
Within the permissible range, increase in temperature will be accompanied by an increase 

in digestion rate, following the classical van Hoff Arrhenius relationship, provided that care is 
taken to account for transition from growth of mesophiles to that of thermophiles if such 
temperature transition is involved. Hisset et al. (1982) reported less respiration in piggery 
slurry at 50°C than at 35–40°C. And Ponti et al. (1995ab) reported that respiration is greater at 
60°C than at 50°C. Also, Surucu et al. (1975) reported greater activity at 55° and 58°C than at 
50°C. This supports the presence of transition temperature (range) between upper limits of 
thermotolerant mesophiles and the lower limits of facultative thermophiles at which neither of 
the two groups of organisms is at a metabolic advantage (Ugwuanyi et al., 2004b). This 
particular range does not take account of the behaviour of the more obligate thermophiles. As 
of now however, the choice of temperature seems to be a matter of trial and error, and varies 
widely with the process and the operator. 

 
 

Effect of Substrate Load on Process Development 
 
The solids content (biodegradable solids/chemical oxygen demand (COD) and 

biochemical oxygen demand (BOD)) required to achieve and maintain thermophilic 
temperatures in TAD is not well defined. In sewage sludge treatment, it has been 
recommended that a high solids content is essential to achieve thermophilic temperature, hence 
the slurry nature of TAD (Hamer and Bryers, 1985). This draws from the experience of 
composting, in which high temperature is aided by high solids content and reduced moisture. 
However, as sewage sludge consists essentially of partially degradable microbial cells (within 
the context of the duration of digestion), the solid content of sludge cannot be used as a direct 
index of biodegradable COD. Theoretically, since the principal source of energy of the process 
is the enthalpic content of organic matter, the temperature reached in the reactor depends on 
the concentration of biodegradable material in the waste (Ugwuanyi 1999; Vismara, 1985; 
Wolinski and Bruce, 1984; Jewell and Kabrick, 1980). 
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In the absence of heat loss, the minimum theoretical concentration of biodegradable solids 
needed to produce a 50°C rise in temperature has been reported to be 3 g l-1 (Vismara, 1985). 
Jacob et al. (1989) recommended a minimum solid content of 2.5% for the attainment of 
thermophilic temperature in sewage sludge, while Jewell and Kabrick (1980) recommended 
5%, to be able to sustain thermophilic temperatures for long enough to achieve waste 
pasteurisation. Successful treatment of wastes whose concentrations range between 2% and 
6% have been reported at different thermophilic temperatures (Ugwuanyi et al., 2004b; 
Hawash et al., 1994; Tyagi et al., 1990; Kelly et al., 1993; Edginton and Clay, 1993; Morgan 
and Gumson, 1981). Because of the importance of degradable organic load in heat evolution in 
TAD, Surucu et al. (1975) recommended it for treatment of high strength agro-food wastes 
with potential for protein recovery, especially in warm climate countries and in particular for 
the treatment of wastes generated at high temperatures.  

 
 

Microbiology of Aerobic Thermophilic Digestion 
 
There have been only a few studies on the microbiology of TAD, mainly because the 

process is relatively new. Besides, application of thermophilic organisms in bioprocesses was 
essentially unknown before the 1970s (Brock, 1986). And studies with thermophiles have 
since concentrated on the caldoactive thermophiles (mostly Archaea), with a view to pure 
culture biotechnological application (Krahe et al., 1996), particularly the extraction of high 
value biochemicals, rather than biotransformation. This is in addition to their limited use in 
biogasification of organic wastes. As a result, the microbiology of TAD is poorly understood, 
and its potentials have remained largely unexploited (Fiechter and Sonnleitner, 1989). As in 
the case with composting, the micro-organisms responsible for TAD develop from the 
proliferation of thermophiles and facultative thermophiles indigenous in the waste, whose 
growth would have been suppressed at the mesophilic or ambient temperature of the influent 
waste.  

The stability, or otherwise, of microbial populations during the operation of TAD is not 
well understood, neither is the effect of different substrate types and waste load on the 
(selection of) populations, since the few studies on microbiology of TAD have employed 
sewage sludge. An unstable thermophilic population, or one with a long doubling time, would 
require long retention times for waste processing, as in the case with thermophilic anaerobic 
digestion (Verstrate et al., 1996). On the other hand, a rapidly metabolising population with 
short doubling time will have the advantage of rapid waste stabilisation, short retention time 
and greater process stability. Sonnleitner and Bomio (1990), Sonnleitner and Fiechter (1983ab) 
studied the microbiology of TAD of sewage sludge at temperatures ranging from 50° to 67°C. 
They characterised at least 95% of the isolates as members of the genus Bacillus with maximal 
growth temperatures in excess of 70°C. The balance of 5% would have been so classified but 
for their inability to produce endospores in culture. The isolates showed very rapid growth 
rates (μm =0.7–2.2 h-1), but low final biomass yield (0.2 to 0.3g g-1) when grown in 
carbohydrate medium in shake flask cultures. In pilot studies they exhibited rapid adaptation at 
various retention times. The authors concluded that the thermophilic population responsible for 
heat generation in TAD consists entirely of members of the extremely thermophilic B. 
stearothermophilus group. Loll (1976, 1989) also reported that thermophilic and 
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thermotolerant Bacillus spp. were responsible for the stabilisation of continuously treated 
model wastewater. 

During TAD of swine waste, Beaudet et al. (1990), counted microbial populations at 55°C, 
varying from 104 to 107 ml-1 of waste. The organisms were identified as Bacillus spp., 
including B. licheniformis. Peak population was shown to vary with the final pH of the 
digesting waste, which seemed to vary with the COD load. During TAD of sewage sludge, 65° 
and 55°C thermophiles in excess of 106 and 108 ml-1 respectively were reported (Burt et al. 
1990b). These were approximately 102 fold greater than the thermophilic population in feed 
sludge. It was considered that the 65°C population was made up of obligate thermophiles since 
their population did not rise significantly above that of feed sludge until waste temperature 
exceeded 54°C, unlike the 55°C population. Malladi and Ingham (1993) reported thermophilic 
aerobic spore-former population of up to 109 ml-1 during TAD of potato process waste water. 
They also identified Lactobacillus spp. during digestion at 55°C. 

The paucity of information on the microbiology of TAD has left room for speculations on 
the diversity of microorganisms in the process. Even the limited information that exists has 
been based on reactions that employed sewage sludge (Sonnleitner and Fiechter, 1983ab). This 
waste type has limitations as the basis for projection to other more diverse and potentially 
reusable (particularly in animal nutrition) wastes (Ugwuanyi et al., 2006; Couillard and Zhu 
1993). The possibility of upgrading and recycling of wastes by TAD requires that further 
studies on the microbiology of the process be implemented, particularly using such wastes that 
have potential for reuse in animal nutrition. In a study on the microbiology of TAD using 
potato process wastes, Ugwuanyi et al., (2008b) reported that the principal populations that 
drive the process include facultative thermophiles identified as B. coagulans and B. 
licheniformis (which predominated when the temperature was below 55°C) as well as obligate 
thermophiles identifies as B. stearothermophilus. These populations developed rapidly and 
fluctuated with changes in temperature, with the obligate thermophiles predominating as the 
temperature increased to beyond 55°C, such that at above 60°C they were present as nearly 
pure cultures. The predominant populations did not change in response to waste type, load, 
operational pH or aeration rate but changed in response to temperature. It is safe to state then, 
that a eurythermal population of thermotolerant and thermophilic organisms carry out TAD, 
with selection and succession responding to the local environment, particularly temperature. 

 
 

Physiological Features of Thermophiles Important in TAD 
 
Within each microbial group, thermophiles that have a wide growth temperature range are 

known as eurythermal, while those with more restricted range are stenothermal. Generally, 
thermophiles have been considered as those organisms able to grow in the temperature range 
of 55°C and above. This range is selected for ecological reasons. For instance, while 
temperatures below 50°C are common on earth surfaces, associated with sun heated habitats, 
temperatures above 55°C are rare as biological/ natural habitats. Additionally, 60°C is the 
maximum for most eukaryotic life. However, a temperature continuum exists within and 
between groups, making sharp delineation impracticable (Wolf and Sharp, 1981). Suutari and 
Laakso (1994) adopted a liberal delineation of thermophiles, in which thermotolerant 
organisms were defined as those with optimum growth temperature ≤45°C and Tmax >45°C, 
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and thermophiles as those with Topt >50°C and Tmax >60°C. They also defined as extreme 
thermophiles or caldoactive, those organisms with Topt >65°C and Tmax >90°C, and 
hyperthermophiles as the more exotic isolates able to grow at 100°C and above. 

Thermophiles are mostly heterotrophic, nutritionally versatile, and capable of utilising a 
wide variety of organic carbon sources, including simple sugars, alcohols, organic acids, and 
polysaccharides. Many are able to utilise more recalcitrant and exotic compounds such as 
phenols, cresols, benzoates and hydrocarbons (Mutzel et al., 1996). Some may grow 
prototrophically, or exhibit a requirement for growth supplements such as vitamins, amino 
acids or complex organic mixtures (Sundaram, 1986). Oxygen is an important nutrient for the 
growth of aerobic thermophiles, but the low solubility of oxygen at high temperatures, makes 
supply difficult during large scale cultivation of thermophiles, and may impose severe 
limitations on the attainable cell density (Krahe et al., 1996). Thermophiles grow optimally in 
either acidic environment of pH 1.5–4.0 (thermoacidophiles), or in neutral to moderately 
alkaline pH of 5.8 and above (neutrophiles). There are also thermophilic alkalophiles, although 
these appear to be more restricted in abundance. The ability of thermophiles to play important 
roles in the process of valorisation of waste biomass (particularly of the genre of TAD) derives 
from some of their intrinsic biochemical features that make bioprocessing with them attractive. 
Some of these interesting features of thermophiles that enhance their appeal in bioprocessing 
are highlighted briefly below. 

 
 

Growth Rate, Yield and Maintenance of Thermophiles 
 
Thermophiles are remarkable for their ability to grow rapidly at their optimum 

temperature (Couillard et al., 1989). Several thermophiles with temperature optima between 
55° and 70°C have generation times of the order of 11 to 16min as compared to 26min for 
mesophilic B. subtilis (Brock, 1967). However, based on theoretical expectations (of growth 
rate) from their high growth temperatures, it is believed that thermophiles do not grow 
efficiently when compared to mesophiles (Sonnleitner and Fiechter, 1983a). Thus biomass 
accumulation, particularly in batch cultures of thermophiles is low. This may be due to an 
inability to sustain their growth rate or due to low catalytic efficiency of some key thermophile 
enzymes, or high substrate affinity (Ks) constant of the thermophiles for their principal carbon 
sources (Brock, 1967). They exhibit very short exponential growth phases, due perhaps to 
inadequate oxygen supply at high temperature, and cell density, particularly in batch culture 
(Kuhn et al., 1980,1979). It is also possible that thermophiles exhibit enhanced susceptibility to 
toxic metabolites at high temperatures. During growth of thermophilic Bacillus spp isolated 
from TAD of potato process waste in glucose mineral medium Ugwuanyi (2008) reported peak 
specific growth rate of B. stearothermophilus as 2.63µh-1 at 1.0vvm aeration rate and 60°C, 
declining with decrease in aeration rate and with increase or decrease in growth temperature. 
B. coagulans had maximum specific growth rate of 1.98µh-1 at 55°C and 1.0vvm while B. 
licheniformis had its peak of 2.56µh-1 at 50°C and 1.0vvm. For both organisms also, the 
specific growth rates declined as the aeration rates decreased. 

Growth, yield and maintenance requirements of a variety of thermophiles have been 
studied in batch and continuous culture. A yield of 65g cells mole-1 glucose was reported for B. 
stearothermophilus nondiastaticus growing optimally at 55° to 58°C in batch conditions. This 
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value is lower, than the range of 70 to 95g mole-1 glucose reported for a variety of mesophilic 
aerobes (Payne, 1970). The lower yield is believed to be due to the high maintenance 
requirement of thermophiles (Sundaram, 1986). Low yield of thermophiles has also been 
reported during TAD of slaughterhouse effluent (Couillard et al., 1989). In continuous cultures 
however, thermophiles exhibit yields similar to mesophiles. Thus, B. caldotenax yielded 89g 
mole-1 glucose at 65° and 70°C (Kuhn et al., 1980), while B. acidocaldarius gave 83.5g mole-1 
glucose at 51°C pH 4.3 (Farrand et al., 1983). Thermophilic populations isolated from TAD of 
potato process waste namely B. licheniformis, B.coagulans and B. stearothermophilus have 
been studied for their yield under conditions similar to waste digestion (Ugwuanyi, 2008). 
Peak biomass yield of 72.72gmol-1 was obtained at 50°C for batch culture of B. 
stearothermophilus growing in glucose mineral medium. 

There is also variability in yield of thermophiles based on oxygen uptake. For instance, B. 
caldotenax has a yield of 50g mole-1 at 65° and 70°C compared to 56g mole-1 at 30°C, and 28g 
mole-1 at 35°C for E. coli, or 52g mole-1 at 35°C for Klebsiella aerogenes, suggesting that 
thermophiles may be more efficient than mesophiles within their permissive temperature in 
continuous culture (with regards to yield on oxygen). Similar variability based on oxygen 
supply was reported in respect of TAD associated Bacillus spp growing in glucose mineral 
medium (Ugwuanyi, 2008). Some thermophiles, particularly Bacillus spp have high 
maintenance requirement, which has been postulated as the reason, in addition to high decay 
rate, for their low yield in batch culture (Couillard et al., 1989). For instance, B. caldotenax has 
a maintenance requirement of 4.1 and 20 mmoles g -1 h-1 of glucose and oxygen respectively at 
70°C and 3.8 and 20 mmoles respectively at 65°C. These figures are up to ten times the 
maintenance need of mesophiles. However, wide variations in maintenance requirements exist 
among thermophiles and this may be influenced by the environment. 

 
 

Effect of Temperature on Growth Yield and Maintenance 
 
Reports on the effect of temperature on the yield of thermophiles seem somewhat 

contradictory. During batch cultivation of B. stearothermophilus, Coultate and Sundaram 
(1975) found that yield on glucose decreases with increase in temperature. They proposed that 
this was due to inefficient co-ordination of oxidative and non-oxidative phases of metabolism, 
leading to accumulation of incompletely utilised glucose carbon as organic acids. Acetate 
accumulation has also been reported in mesophiles (Holms and Bennett, 1971), where yields 
seem to remain constant over a wide temperature range, but drop sharply above the optimum 
temperature (Sundaram, 1986). However, incomplete utilisation of glucose does not seem to be 
significant during continuous culture of B. acidocaldarius, particularly if it is glucose limited 
(Farrand et al., 1983). During culture of thermophilic Bacillus spp. isolated from TAD process 
in glucose mineral medium, decrease in biomass yield with increase or decrease in temperature 
away from the optimum, was associated with increased accumulation of overflow metabolites 
as volatile fatty acids, with acetate being the predominant metabolite (Ugwuanyi, 2008).  

A Bacillus sp. studied by Matsche and Andrew (1973) gave constant yield on glucose 
between temperature of 45° and 60°C. However, for B. caldotenax, yield increased with 
temperature between 50° and 70°C (Kuhn et al., 1980). In spite of contradictions relating to 
yield, maintenance coefficient and death rates of thermophiles increase consistently with 
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increase in temperature (Brock, 1986). It is envisaged that high growth rates and maintenance 
requirements, and low yield will lead to enhanced breakdown of organic materials, thus 
combining the low sludge production advantage of anaerobic digestion with the efficiency of 
aerobic processes. This is in addition to the accumulation of useful metabolic products at rates 
higher than would be expected of their mesophilic counterparts (Sonnleitner and Fiechter, 
1983c), and could be the foundation for the exploitation of thermophiles in waste treatment, 
biotransformation and production of biochemicals. 

 
 

DETERMINANTS OF MINIMUM AND MAXIMUM GROWTH 
TEMPERATURE 

 
All bacteria have characteristic minimum (Tmin) and maximum (Tmax) temperatures for 

growth. The determinants and regulators of these limits are not well understood, but extensive 
research efforts go into determining the mechanism of thermophily, particularly with regards 
to the nature of thermophile proteins and membranes (Lieph et al., 2006). The observations 
that heat sensitive mutations lead to a lowering of Tmax but not Tmin suggests that both are 
independent, single genome traits (Sundaram, 1986). Membrane lipids of thermophiles tend to 
have a greater abundance of high melting point (saturated long chain) fatty acids than their 
mesophilic counterparts (Suutari and Laakso, 1994). These can be further adjusted, depending 
on the growth temperature. Bacterial phospholipid bilayer membranes undergo a 
thermotrophic reversible transition between an ordered rigid gel (solid phase), and a fluid 
(liquid crystalline) phase. This transition involves the melting of the hydrocarbon chains in the 
interior of the bilayer. The temperature at which this takes place depends on the nature 
(melting point) of the membrane fatty acids (Cronan and Gelman, 1975).  

The heterogeneity of membrane lipid composition implies that phase changes take place 
over a range of temperature, rather than at a discrete point, with liquid crystalline and solid gel 
phases existing simultaneously. Above the upper boundary, liquid crystals obtain while solid 
gels exist below the lower boundary. Depending on the type of organism, membrane bound 
proteins may, or may not, have any effect on the phase transition temperature (McElhany and 
Souza, 1976; Lipowsky, 1991). The quantity and quality (ratio and types) of membrane lipids 
and proteins of thermophiles have also been shown to vary with the growth temperature 
(Suutari and Laakso, 1994). In the eubacterium B. stearothermophilus this manifests as a 
decrease in total lipid, and an increase in membrane protein, whereas in the archae T. 
aquaticus the quantity of lipid increases with temperature. In B. stearothermophilus and E. 
coli, the existence of membranes in liquid crystalline phase is believed to be essential for 
performance of membrane functions. This implies a role for the membrane transition point in 
setting Tmin and Tmax. Changes in conformation of essential enzymes, leading to loss or 
reduction of catalytic activity, or alteration of important regulatory characteristics, which may 
lead to arrest of growth below certain temperature (Tmin), may also affect minimum 
temperature of thermophiles. Additionally, ribosomal assembly in thermophilic bacteria has 
been shown to be energy intensive and may thus contribute in setting a high minimum 
temperature for growth (Suutari and Laakso, 1994). 

As for Tmin, determinants of Tmax are not well understood. Early suggestions were that the 
membrane lipid phase transition temperature may be important in setting the upper 
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temperature. This position was prompted by observations in some thermopiles that increase in 
growth temperature led to an increase in the melting point of membrane lipids. It is 
contradicted however, by observations that the phase transition temperature may be varied by 
manipulating the lipid composition without affecting the Tmax, while (in B. 
stearothermophilus) mutations which lowered Tmax did not affect the lipid transition 
temperature (Kawada and Nosoh, 1981). In spite of these observations, membrane stability 
may be a major determinant of Tmax in so far as cell death may be accelerated by heat damage 
to the membrane above its optimum temperature (Kuhn et al., 1980). The fluidity of membrane 
lipid (transition phase) will therefore be an index of stability at a given temperature. 
Membranes of thermophiles have been shown to be more stable than that of mesophiles, and to 
increase in stability with temperature (Suutari and Laakso, 1994). 

It is also believed that there is a limit to the gap that can exist between the transition 
temperature and Tmax, i.e., a limit to the level of fluidity of membranes in growing bacteria. 
Mutants of E. coli defective in lipid synthesis were unable to grow under conditions that led to 
the incorporation of very low melting point lipids. It is presumed that incorporation of such 
lipids in the membrane led to production of membranes that were too fluid and therefore 
unstable at the Topt. A similar observation was made in the growth of heat sensitive B. 
stearothermophius (Sundaram, 1986). This organism could not adjust its membrane phase 
transition point beyond 41°C, and rapidly lost the ability to grow beyond 58°C, which became 
the Topt and Tmax, as well as the upper limit for membrane stability. The wild type organism 
could adjust its upper phase transition point to 65°C, and could grow at 72°C. The Tmax of 
microbes may also be affected by temperature stability of various macromolecules, particularly 
enzymes (Lindsay, 1995). 

 
 

TURNOVER OF MACROMOLECULES IN THERMOPHILES 
 
Early theories of thermophily suggested that high temperatures led to a rapid turnover of 

macromolecules, particularly proteins. This, however, has not been demonstrated in B. 
stearothermophilus nondiastaticus, which does not turn over its proteins and RNA (other than 
mRNA) faster than do mesophiles (Sundaram, 1986). Low protein turnover has also been 
reported in T. aquaticus (Kenkel and Trela, 1979). It has been reported that thermophile 
proteins are more stable than their mesophile counterparts, hence the low turnover at high 
temperatures (Moat and Foster, 1995). However, turnover of macromolecules in thermophiles 
may be significantly affected by medium composition (Sundaram, 1986). Macromolecule 
stability may be due to their association with high concentrations of carbohydrates and their 
ability to bind certain ions more strongly (Bergquist et al., 1987). Increased stability of 
proteins has also been attributed to strategic substitutions in their amino acid sequence. 
Enhanced DNA stability has been attributed to a higher G+C content in thermophiles than in 
mesophiles (Lindsay, 1995). Enhancement of tRNA stability with growth temperature has been 
reported in T. thermophilus in which the ribothymidylate, a normal component of tRNA is 
replaced with 5-methyl.2-thiouridylate, and the level of substitution increases with 
temperature. The higher growth and decay rate reported in thermophiles from the TAD of 
slaughterhouse waste, than mesophiles indicate that there are differences in the stability and 
turnover of macromolecules between thermophiles and mesophiles (Couillard et al., 1989). 
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Development, Adaptation and Stability: Thermophiles in TAD 
 
Thermophiles responsible for TAD of sewage sludge develop from the proliferation of 

populations naturally present in the sewage (Ugwuanyi et al., 2008b; Sonnleitner and Fiechter, 
1983a). As with compost (Abouelwafa et al., 2008; Raut et al., 2008; Yu et al., 2008; Cayuela 
et al., 2008; Adams and Frostic 2008; Li et al., 2008; Cunha-Queda et al., 2007; Mari et al., 
2003; Heerden 2002; Hassen et al., 2001; Thambirajah et al., 1995), these remain dormant 
during startup while mesophiles, and then facultative thermophiles, build up the temperature 
until a thermophilic range is reached, when they begin to grow (Yun et al., 2000; Burt et al., 
1990b). Although Sonnleitner and Fiechter (1983a) observed up to 5-log orders in the 
fluctuations of populations of thermophiles, washout was never observed. Over a two-year 
observation of a pilot scale continuous TAD, the viable thermophilic population remained at or 
greater than 105 g-1 of sludge even when hydraulic retention time (HRT) was reduced to as low 
as 10h, at aeration rates ranging between 0.02 and 0.3vvm. Extreme thermophiles (growth at ≥ 
60°C) were particularly well maintained. Rapid and comparable development of different 
thermophiles was observed during the TAD of potato process waste at aeration rates ranging 
from 0.25vvm to 1.0vvm and different temperatures (Ugwuanyi et al., 2008b). Similar stability 
was reported in the thermophilic biofilm responsible for the stabilisation of swine waste 
(Beaudet et al., 1990). This has led to suggestions that TAD should be operated at the highest 
possible temperature, since that could result in substantial reduction in HRT without 
compromising efficiency of waste stabilisation and pasteurisation.  

Although high thermophilic populations are maintained during TAD, Beaudet et al. (1990) 
however, reported a drop in treatment efficiency as the temperature of the waste exceeded 
60°C due to a restriction in the diversity (and population) of the digesting thermophiles. The 
persistence and stability of thermophiles in TAD has been attributed to the selection of 
populations with very rapid growth rate (Ugwuanyi et al., 2008b; Sonnleitner and Fiechter, 
1983a,b). Unlike (thermophilic) anaerobic digestion where the overall pace of the process is 
determined by the growth rate of the slowest growing populations in a synthrophic interaction, 
the fastest growing populations in TAD determines the stability and pace of digestions. 

 
 

Development of Hydrolytic Enzymes During TAD 
 
The development of enzyme activities during TAD has not been actively investigated, 

even though it is believed that this may aid the development of control parameters for the 
process (Ugwuanyi 1999; Bomio et al., 1989). This is unlike the case with composting in 
which hydrolytic enzyme development has been studied in considerable detail and has been 
used variously to characterise and monitor process development (Abouelwafa et al., 2008; 
Raut et al., 2008; Yu et al., 2008; Cayuela et al., 2008; Adams and Frostic 2008; Li et al., 
2008; Mari et al., 2003; Heerden et al., 2002; Hassen et al., 2001; Thambirajah et al., 1995). 
Protease was been reported as the major activity present in sewage sludge during TAD (Ponti 
et al., 1995a,b; Bomio et al., 1989). Bomio et al. (1989) also detected low activity of lysozyme, 
and concluded that other macromolecules whose corresponding enzymes were not detected 
were either not present (hence did not induce activities) or passed out of the system with only 
minor modifications.  
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However, Burt et al. (1990b) recorded considerable degradation of lipids in sludge during 
TAD, and suggested that lipases are probably produced during the process but may be easily 
degraded by proteases in the digesting waste (and so not readily measured). Grueninger et al. 
(1984) also suggested that amylases produced by the Bacillus spp. in TAD may be degraded 
by protease. During TAD of potato process waste, Ugwuanyi et al. (2004ab) demonstrated 
rapid development of hydrolytic enzymes including amylases, cellulose, proteases and 
xylanases. These enzymes were constitutive but their activities also responded to the dynamics 
of substrate concentration and population development in the digesting waste. 

Microorganisms associated with TAD have shown considerable capacity to degrade 
various organics in the treated wastes, and have been considered as a possible reservoir of 
organisms capable of producing thermostable, industrially useful enzymes (Ugwuanyi et al., 
2004ab; Malladi and Ingham, 1993). The elaboration of a variety of the hydrolytic enzymes is 
probably repressed in the presence of easily metabolisable waste components (Ugwuanyi 
1999; Sonnleitner and Fiechter, 1983b). It is reasonable to expect that enzymatic activities 
associated with TAD will vary with the composition of waste, and knowledge of these may be 
employed to improve the digestion efficiency in the process (Kim et al., 2002). 

 
 

Efficiency and Performance of TAD 
 
Standards for comparing the efficiency of TAD processes are non-existent or at best 

discordant, apparently due to the variety in the type of wastes to which TAD may be applied as 
well as the potential products of the digestion processes. Performance of processes designed to 
achieve protein enrichment of waste for reuse in animal nutrition will need to be assessed 
differently from those intended to pasteurise waste prior to treatment by another method. 
These may also be assessed differently from those in which the process is employed to achieve 
waste stabilization, prior to disposal. Where TAD is used for waste treatment, prior to disposal, 
the desired performance depends on whether the process is used alone for complete treatment, 
or as a pre/ post treatment step (Frost et al., 1990; Loll, 1989).  

Matsch and Drnevich (1977) recorded 30–40% volatile suspended solids (VSS) removal at 
50°C and 4.2d retention time, while treating waste secondary sludge. Similar degradation was 
obtained by Jewell and Kabrick, (1980), while Burt et al. (1990a,b) achieved over 60% COD 
removal and 45% destruction of soluble solids during continuous operation of a pilot scale 
sewage sludge digestion at just under 50°C. Loll (1989), reported that TAD at over 50°C, and 
HRT of 0.5-3d when used in conjunction with a mesophilic anaerobic process led to a 
reduction in overall treatment time required in the anaerobic process by up to 10 days, in 
addition to pasteurisation of the sludge. TAD results in enhanced solids destruction, because of 
the high maintenance energy requirements of thermophiles (Brock, 1986). It has been reported 
that the settleability of sludge increases with increase in treatment temperature due to reduction 
in viscosity (Kambhu and Andrews, 1969). TAD also achieves odour reduction (resulting in 
sludge with acceptable odour) in sewage works at various retention times and loading rate 
(Murray et al., 1990). 
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Monitoring and Control of Aerobic Thermophilic Digestion 
 
In spite of the advantages of TAD, comparatively little has been done to achieve good 

understanding of the process, particularly in the area of process monitoring and control 
(Maloney et al., 1997; Sonnleitner and Fiechter, 1983b). This is due, both to the relative 
newness of the process, and the diversity of possible applications, resulting in poorly defined 
process objectives and end points. Consequently, control of the process is still subject of trial 
and error, with no TAD specific control parameters in use. As a waste treatment process, 
control parameters have largely been based on those applied to activated sludge (from which it 
has evolved). Besides, much of the work carried out on the process have been limited to 
sewage sludge treatment (and hygeinisation), where classical control parameters have been 
conveniently, though inadequately applied (Kelly et al., 1993). 

Based on the “degree-day” control process for activated sludge process (Koer and 
Marvinic (1977), Vismara (1985) recommended that treatment may be considered satisfactory 
if the product of operation temperature and time equal or exceed 250. As a complete waste 
treatment process applied to sewage sludge, EPA suggests that 40% of volatile suspended 
solids of sludge should be removed, while maintaining a minimum dissolved oxygen content 
of 2.0mg l-1 (Matsch and Drnevich, 1977). Additionally, sludge to be disposed of to 
agricultural land should have been held at 55°C for at least three days. The UK Department of 
the Environment (DoE) recommends that sludge to be disposed of to agricultural land should 
have been held at 55°C for a minimum of four hours at a retention time of 7 days (Frost et al., 
1990).  

Matsch and Drnevich (1977) suggested criteria based on the odour producing potential, 
provided that the parameters can be related to an easily measurable variable such as Oxygen 
Uptake Rate (OUR) or redox potential. Other control parameters that have been applied to 
TAD include, total/ viable microbial count and count of thermophiles at 65°C, ATP level and 
dehydrogenase activity, as well as lipid content, and changes in pH (Messenger et al., 1990; 
Burt et al., 1990a; Droste and Sanchez, 1983). These are in addition to classical waste quality 
parameters such as those related to profile of COD, BOD, TSS, and VSS. Although the latter 
parameters are acceptable where the target is the safe disposal of waste such as in sewage 
sludge, they are inadequate where TAD is part of an integrated process, and in particular 
during waste upgrading and recycling reactions. 

The development of hydrolases has been studied in a number of waste treatment processes 
as monitoring parameters, including in landfill (Barlaz, 1997; Yamaguchi et al., 1991; Barlaz 
et al., 1989; Jones and Grainger, 1983a,b), anaerobic digestion (Sarada and Joseph, 1993a,b; 
Palmisano et al., 1993a,b; Godden et al., 1983) as well as in composting (Raut et al., 2008; 
Cayuela et al., 2008; Poulsen et al., 2008; Garcia et al., 1993). In these cases, different 
activities were considered reliable for following process performance. This is understandable, 
as the degradation of polymers is known to be a rate controlling step in waste digestion 
(Rivard et al., 1994; 1993; Mason et al., 1987, 1986; Eastman and Ferguson, 1981).  

Though protease has been reported as the predominant activity during TAD of sewage 
sludge (Mason et al., 1992; Bomio et al., 1989), it has not been used as a monitoring tool nor 
has the profile of any other hydrolytic activities been used. Amylase, xylanase, cm-cellulase 
and proteases have also been shown to be related with the degradation and stabilization of 
waste and thermophilic population development during TAD of potato process waste 
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(Ugwuanyi et al., 2004ab). It was suggested that the profile of some of these enzymes may be 
used as process monitoring tools during TAD. This should be the case, since the degradation of 
the polymers determines the pace of waste stabilization in TAD processes. There is sparse 
information that describes hydrolytic activities or even polymer breakdown in TAD, although 
Bomio et al. (1989) suggested that up to 66% of the metabolic activities in TAD may be due to 
degradation of insoluble polymers.  

Measurements of hydrolytic activities are considered economical, easy to execute and 
interpret, and may be process and waste type specific and adaptable. Whenever hydrolytic 
activities may be correlated with the degradation of polymers, it can become handy for 
monitoring the progress of waste stabilization. Ultimately, the monitoring and control of TAD 
will need to take into consideration the source and type of waste, and the aim of the treatment 
process, as a waste stream that is being reprocessed for use in animal nutrition will require 
different control parameters from wastes meant for land application and disposal. Similarly, a 
stand alone TAD process will require different control parameters from one in which it is part 
of an integrated process, as either pre- or post-treatment, pasteurisation or hydrolytic process. 
Ultimately, a process specific control fingerprint will need to be developed for any and each 
particular process. 

 
 

Some Applications of Thermophilic Aerobic Digestion 
 
TAD arose as a response to the need to find safe, economical and environmentally friendly 

means of disposing excess sewage sludge to land. This followed legislative restrictions on the 
disposal of sludge to sea, or of raw (unpasteurised) sludge to agricultural land (Kelly et al., 
1993). It is understandable therefore, that virtually all early studies on TAD as well as more 
recent ones have focused on the use of this process in sewage sludge treatment and 
pasteurisation (Hawash et al., 1994; Chu et al., 1994; 1996; 1997). Notwithstanding, TAD has 
also been used for the treatment of a variety of other waste types, particularly those of 
agricultural and food industry origin intended for disposal. It has been deployed as the sole 
treatment method for different high strength wastes such as swine slurry (Beaudet et al., 1990), 
slaughter house effluent (Couillard et al., 1989), potato process waste (Ugwuanyi et al., 
2005ab; Malladi and Ingham, 1993), and dairy, brewery/ distillery and other food industry 
wastes (Zvauya et al., 1994; Gumson and Morgan, 1982; Loll, 1976; Popel and Ohmnacht, 
1972) spent liquor of pulp mills (Zentgraf et al., 1993), olive mill waste (Becker et al., 1999) 
and a wide variety of other waste, particularly those loaded with toxic organic and inorganic 
chemical (Adav et al., 2008). Sonnleitner and Fiechter (1983b,c) proposed that it may be used 
to treat virtually any kind of organic waste, provided that for particularly recalcitrant wastes 
enough time is allowed for the adaptation of the process, preferably in continuous processes. It 
has also been proposed that the metabolic versatility of TAD associated thermophiles may be 
exploited in the use of this process for the reprocessing and protein enrichment of a variety of 
wastes for use in animal nutrition, and in the production of high value bichemicals (Ugwuanyi, 
1999). 
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Application of Thermophilic Aerobic Digestion in Waste Pasteurisation 
 
Conventional waste treatment processes are accepted to be inefficient from a hygienic and 

epidemiological point of view (Pagilla et al., 1996; Plachy et al., 1995; 1993; Juris et al., 1993; 
1992; EPA, 1992, 1990; De Bertoldi et al., 1988). Consequently, one of the major attractions 
of TAD has been the potential for exploiting its high temperatures to achieve the destruction of 
pathogenic microorganisms as well as protozoa, viruses and parasite eggs in treated wastes. 
These can all theoretically be destroyed at the temperatures typical of TAD (Wagner et al., 
2008; Ugwuanyi et al., 1999; Mason et al., 1992; Kabrick and Jewell 1982).  

Although various studies have been carried out on the inactivation of pathogens during 
waste treatment particularly in mesophilic processes and in composts (Gerba et al., 1995; 
Kearney et al., 1993ab; Carrington et al., 1991; Olsen and Larsen, 1987; Abdul and Lloyd, 
1985), few have described the behaviour of pathogens and indicators in TAD (Borowski and 
Szopa 2007). As a result, various, often conflicting projections have been made on the capacity 
of this process to achieve pathogen destruction, based on the known sensitivity of indicator 
organisms to thermophilic temperatures (Ponti et al., 1995a; Messenger et al., 1993b). Jewell 
and Kabrick (1980) and Jewell (1991), reported that maintenance of the temperature of 
digesting sludge at 50°C for 24h destroys most pathogens including bacteria, viruses, protozoa 
and parasite (Ascaris) eggs, as does 60°C for 1h. Carlson (1982) reported that 24h was 
required to completely inactivate enteric bacteria in sewage sludge at 57°C, while Burt et al. 
(1990b) reported a reduction in populations of E. coli in sludge from 106-107 per gram to 
undetectable levels after digestion at 50°C, and a HRT of 24h. Efficient destruction of 
helminth eggs and ova as well as protozoan parasites, at different temperatures in TAD has 
also been reported (Whitmore and Robertson, 1995; Plachy et al., 1995,1993; Juris et al., 
1992). 

TAD has been reported to achieve better pasteurisation of waste than does composting 
(Paggila et al., 1996; Droffner and Brinton, 1995; Carrington et al., 1991), probably due to the 
presence of high levels of solids in composts, which may protect pathogens from thermal 
inactivation. Ponti et al. (1995a) applied TAD to achieve rapid inactivation of E. coli in 
sewage sludge at 55° and 57°C, and reported that increase in waste solid content considerably 
protected cells from thermal destruction. Morgan and Gumson (1989) reported that 
temperatures in excess of 50°C were required to eliminate E. coli and Salmonella in a 
continuous flow TAD with retention time of 8 days at Pontir Sewage Works, UK. Murray et al. 
(1990) reported efficient sludge pasteurisation in a small sewage treatment works even during 
periods of irregular sludge feed, while Spaull and McCormack (1988) employed TAD for the 
inactivation of plant pathogens and weed seeds with considerable success.  

Though rapid destruction of mesophiles (E. coli) occurs between 54° and 62°C, recent 
studies have shown that mesophiles in compost may survive for very long periods, and may 
even multiply in the process, at temperatures comparable to what is likely to be employed in 
TAD (Droffner and Brinton, 1995). Besides, various pathogens can be expected to respond 
differently to the effect of heat at different pH, DO and waste solid contents (Plachy et al., 
1995). Ugwuanyi et al., (1999) reported various Dvalues for different human and animal 
pathogens during TAD of agricultural waste. However, more studies are needed to be able to 
make projections on the survival of various pathogens in TAD, particularly given the variety of 
waste and digestion conditions likely to obtain in full scale processes. Since the survival of a 
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single pathogen is often enough to cause re-infection of treated waste, Hamer, (1989) 
recommended that microbial death in waste treatment should be followed by plate count. 

Although differences in design and assay procedures make comparisons between 
inactivation data in TAD difficult, the Environmental Protection Agency (EPA) recommends 
that sludge intended for spreading on agricultural and pasture land should be held at 55°C for 3 
days to achieve pasteurisation (‘class A’ status (EPA, 1992)). While in the UK, the Department 
of the Environment (DoE) recommends that  exposure of sludge to a temperature of 55°C for 
at least 4h, will reduce the number of viruses and pathogenic organisms to levels acceptable 
for disposal to agricultural land. Reduction of pathogens levels in wastes intended for land or 
even sea disposal is the subject of several legislations in Europe and North America, (Droffner 
and Brinton, 1995; EPA, 1992). This is a major driving force in the development, and 
acceptability of TAD. When this process is to be employed in waste reprocessing for animal 
feed use, new parameters related to control of infectious agents of both humans and animals 
will be expected to be given prominent consideration. This is particularly important with the 
increasing attention on the spread of zoonotic diseases. 

 
 

Detoxification of Xenobiotics in TAD 
 
The use of TAD for the destruction of xenobiotics and noxious chemicals that may 

contaminate otherwise recycleable waste biomass has received little attention (Laine and 
Jorgensen, 1996). The potential for application of TAD in this area derives from the ability of 
aerobic thermophiles to rapidly degrade a variety of chemicals due to their enzymatic 
versatility (Hernandez-Raquet et al., 2007; Moeller and Reeh 2003; Knudsen et al., 2000; 
Banat et al., 2000; Jones et al., 1998; Reinscheid et al., 1997) and removal efficiency may only 
be constrained by the bioavailability of the anthropogenic chemical (Patureau et al., 2008). 
Various enzymes such as oxygenases, ligninases and peroxidases, which are powerful and 
essential biocatalysts in xenobiotic degradation, remain the preserve of aerobic organisms 
(Adav et al., 2008; Verstreate et al., 1996). In TAD, these may play significant roles in the 
detoxification of xenobiotics, and a variety of plant toxins, such as linamarin in cassava, and 
related plant cyanogenic glycosides, whose presence in plants limit their use. The application 
of TAD in detoxification of xenobiotics and toxins will certainly increase its appeal as a waste 
management and recycling process. 

Detoxification of cyanogenic glycoside (linamarin) associated with cassava and cassava 
process wastes using thermophiles isolated from TAD of agricultural waste has been 
demonstrated (Ugwuanyi et al., 2007). Although, little information currently exists on the use 
of either this process or any other for detoxification of waste in full scale operations, it is 
expected that the high temperatures of TAD and the selection of suitably adapted microbial 
population could lead to the breakdown of the toxins and noxious chemicals in various waste 
streams.  
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Protein Enrichment and Reprocessing of Waste by TAD 
 
Various organic wastes, particularly the agro-food types, may be considered as resources 

insofar as their energy and mineral content are concerned. However, the recycling of these 
wastes is strictly tied to their microbiological and sanitary quality. Although in classical 
studies on the use of TAD waste upgrade and reuse were not always the intended endpoints, it 
has vigorously been proposed that TAD, as the vehicle for the protein enrichment of waste, 
may be applied to waste intended for upgrading and recycling as (components of) animal feed 
(Coulthard et al., 1981) given also that several agricultural wastes are currently being studied 
for upgrading and recycling, particularly in solid state fermentations including by silage 
(Villas-Boa et al., 2003; Laufenberg et al., 2003). The attraction for this application of TAD is 
buoyed by the fact that many agricultural and food industry wastes are already being employed 
in this capacity (Houmoumi et al., 1998; Krishna and Chandrasekaran, 1995; Coillard and Zhu, 
1993; Barington and Cap, 1990). It is envisaged that carbohydrate-rich wastes, high-quality 
agricultural refuse and by-products, food industry wastes and other organic wastes may 
eventually be treated by this process, to achieve cost-effective pasterurisation, stabilisation and 
protein enrichment of zero-cost materials for animal feed use (Zentgraf et al., 1993; Coillard 
and Zhu, 1993; Barington and Cap, 1990). The emphasis here is on exploitation of the capacity 
of thermophilic populations to degrade carbohydrates and lipids (with loss of carbon as carbon 
dioxide) while accumulating nitrogen as high quality microbial protein (Ugwuanyi, 1999; 
Krahe et al., 1996; Bergquist et al., 1987), besides the selective conservation of waste protein 
under appropriate (elevated temperature) digestion conditions where nitrification is unlikely to 
occur.  

The pattern of protein accumulation in TAD is influenced by the metabolism of intrinsic 
particulate and soluble waste proteins, the metabolism and disposition of microbial proteins, as 
well as the metabolism, particularly the conservation as microbial protein/biomass of intrinsic 
and extrinsic other nitrogenous compounds including ammonia in the waste slurry. Protein 
enrichment of wastes by TAD has considerable implication for global food security, especially 
in the tropics where, on account of scarcity, animals and humans often compete directly for the 
same sources of nutrition. Accumulation of protein in TAD-treated waste results from the 
selective degradation of carbohydrate, resulting in the loss of carbon (Ugwuanyi et al., 2006a). 
This leads to a relative accumulation of nitrogen as protein (possibly of waste origin but also, 
importantly, as microbial protein), and the relative increase in percentage of digested waste 
remaining as protein. If mineral nitrogen is provided, this is also converted to microbial 
biomass protein. The result of this nitrogen turnover is the conversion of low- quality waste 
biomass into higher-quality (microbial) protein-enriched digest. The protein-rich digest may 
then be economically applied to animal feeding. The extent of accumulation of protein is a 
function of waste digestion conditions, including temperature, aeration rate and pH (Ugwuanyi 
et al., 2006a).  

 
 

Concluding Remarks and Safety Consideration 
 
Global perception of waste in general and agricultural wastes in particular is changing 

rapidly in response to need for environmental conservation, sustainable agricultural 
productivity and global food security. Consequently, most of such wastes are currently seen 
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more as resources in the wrong form and location that needs to be reprocessed and reused than 
as wastes to be disposed of. The need for appropriate technologis for the reprocessing of such 
resources has become more compelling as are the economic prospects arising from such 
efforts. Protein enrichment of waste for use in animal nutrition offers opportunities for the 
economic reuse of abundant agricultural wastes and refuse. Low tech, low cost 
biotechnological processes such as TAD offers great opportunities for the reprocessing and 
reuse of abundant agricultural wastes (particularly those generated as slurries or at elevated 
temperatures) in animal nutrition. The use of thermophilic organisms (perhaps also with GRAS 
status) to effect the protein enrichment, biomass production and detoxification reactions will 
help improve confidence in the final products derived from this process, and help drive its 
development and application in the valorization of agricultural wastes. 
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INTRODUCTION 
 
Fly ash has a potential in agriculture and related applications. Physically, fly ash occurs as 

very fine particles, having an average diameter of <10 mm, low- to medium-bulk density, high 
surface area and very light texture. Chemically, the composition of fly ash varies depending on 
the quality of coal used and the operating conditions of the thermal power stations. On 
average, approximately 95 to 99% of fly ash consists of oxides of Si, Al, Fe and Ca, and about 
0.5 to 3.5% consists of Na, P, K and S. The remainder of the ash is composed of trace 
elements. In fact, fly ash consists of practically all of the elements present in soil except 
organic carbon and nitrogen (Table 1). Thus, it was discovered that this material could be used 
as an additive or amendment material in agricultural applications. 

In view of the above, some agencies, individuals, and institutes at various locations 
conducted some preliminary studies on the effect and feasibility of fly ash as an input material 
in agricultural applications. Some amount of experience was gained in the country and abroad 
regarding the effect of fly ash utilisation in agriculture and related applications.  

 
 

BENEFITS 
 

I. Modification of Soil Texture 
 
The addition of appropriate quantities of fly ash can alter the soil texture. Fly ash addition 

@ 70 t/ha has been reported to alter the texture of sandy and clayey soil to loamy (Fail and 
Wochock, 1977). Changes in soil texture could be expected in both agricultural soils as well as 
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in strip-mined soils. It was generally observed that both sandy and clayey soils tend to become 
loamy in texture (Capp, 1978). In the U.S., the average silt content in fly ash is about 63.2% 
(Sharma et al., 1989), but in India this content ranges from about 16% (IIT, Kharagpur) to 45% 
(UAS, Raichur). 

 
 

II. Modification of Bulk Density 
 
The grain size distribution, especially the silt size range of fly ash, affects the bulk density 

of soil. Chang et al. (1977) observed that among five soil types, Reyes silty clay showed an 
increase in bulk density from 0.89 to 1.01 when the corresponding rates of fly ash amendment 
increased from 0 to 100%. But in soils with bulk densities varying between 1.25 and 1.60, a 
marked decrease in bulk density was observed by the addition of fly ash. 

Page et al. (1979, 1980) reported that fly ash amendment to a variety of agricultural soils 
tends to decrease the bulk density. Optimum bulk density in turn improves the soil porosity, 
the workability of the soil, the root penetration and the moisture retention capacity of the soil. 

 
 

III. Water-Holding Capacity of Soil 
 
The application of fly ash has been found to increase the available water content of loamy 

sand soil by 120% and of a sandy soil by 67% (PAU, Ludhiana). RRL Bhopal reported that 
application of fly ash increase the porosity of black cotton soil and decreases the porosity of 
sandy soils and thereby saves irrigation water around by 26% and 30%, respectively. 

 
Table 1. Physical and chemical characteristics of Indian fly ash and soil 

 
Properties Fly ash  Soil 

BD (g cm-1) <1.0 1.33 

W.H.C. (%) 35–40 <20 

Porosity (%) 50–60 <25 

P (%) 0.004–0.8 0.005–0.2 

K (%) 0.19–3.0 0.04–3.0 

S (%) 0.1–1.5 0.01–0.2 

Fe (%) 36–1333 10–300 

Zn (ppm) 14–1000 2–100 

Cu (ppm) 1–26 0.7-40 

Mn (ppm)  100–3000 100–4000 

B (ppm) 46–618 0.1–40 
Source: CAS Raichur (1997). 
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Chang et al. (1977) reported that at an addition of 8% by weight of fly ash increased the 
water-holding capacity of soil. They also reported that soil hydraulic conductivity improved at 
lower rates of fly ash application but deteriorated when the rate of fly ash amendment 
exceeded 20% in calcareous soils and 10% in acidic soils. This improvement in water-holding 
capacity is beneficial to the plants, especially under rainfed agriculture. 

 
 

IV. Soil pH 
 
In India, most of the fly ash produced is alkaline in nature. Hence, an application of these 

to agricultural soil increases the soil pH. This property of fly ash can be exploited to neutralize 
acidic soils (Elseewi et al., 1978; Phung et al., 1978). Jastrow et al. (1979) reported that while 
addition of fly ash improves soil pH on one hand, it simultaneously adds essential plant 
nutrients to the soil on the other hand. Page et al. (1979) observed that experiments with 
calcareous and acidic soils revealed that fly ash addition increased the pH of the former from 
8.0 to 10.8 and that of the latter from 5.4 to 9.9. It has also been reported that the use of 
excessive quantities of fly ash to alter pH can cause increase in soil salinity especially with 
unweathered fly ash (Sharma etal.1989). Some fly ashes are acidic which may be used for 
reclamation of alkaline soils. In one of the project sites of FAM at Phulpur, IFFCO has done 
some work on the reclamation of alkaline soils and observed that the pH of these soils could be 
brought to near neutral status using these acidic fly ashes.  

 
 

V. Effect on Soil Crust 
 
Fly ash application helps in reducing surface encrustation, which is a problem in red soils 

(CAS, Raichur). This effect in turn can enhance soil aeration and help in improvement of 
germination of plants grown on it. 

 
 

VI. Effect on Growth and Yield of Crops 
 
The positive impact of fly ash application on growth and yield of crops has been reported 

by various agencies. Some of which are given below:  
Regional Research Laboratory (RRL) Bhopal reported that, on average, in comparison to 

control, there was around 50–60% more yield of Brinjal, around 45% more yield of potato and 
pea, around 40% more yield of tomato and around 29% more yield of cabbage were recorded 
in fly ash treated plot when fly ash was applied @25% of soil. 

Punjab Agriculture University (PAU) observed that application of fly ash @10t/ha 
increased the yield of wheat from 21.5 q/ha to 24.1 q/ha and that of cotton from 1245 kg/ha to 
1443 kg/ha. They have also been found that fly ash application @10% by weight increased the 
dry matter yield of moong from 3.80 gm to 7.36 gm and fly ash addition from 0 to 80 t/ha 
increased the yield of paddy from 61.82 q/ha to 63.58 q/ha. College of Agriculture, Raichur 
observed that the yield of groundnut was increased from 24.1 q/ha to 31.9 q/ha with the 
application of fly ash @20 t/ha. 
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View of groundnut crop grown on fly-ash–treated soil at IIT-Kharagpur. 

 

 

Forestry and floriculture species on an ash pond (by TERI at BTPS Badarpur). 

Promising indications were obtained from the preliminary research findings (highlights of 
which have been given above). A need was felt for collection of a set of empirical data through 
scientifically designed trials using standard procedures and protocols in a coordinated manner 
at the national level on the benefits and possible adverse effect of fly ash application in 
agricultural fields. Fly Ash Mission (FAM), along with its associate agencies, has taken up a 
large number of demonstrative trials (more than 50) at various sites at dispersed locations 
across the country under varied agro-climatic conditions on a spread of crops, forestry and 
horticulture species. These trials are being done with varied dose ranges based on the results of 
the part research experiences of respective centers at their sites. Even up to 100% ash bodies 
have been used to obtain the extreme effects. Tables 2 and 3 provide a picture of the locations, 
plant types and soil types and fly ash dose ranges that have been covered under Fly Ash 
Mission projects. 
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Table 2. Field crops and vegetables projects undertaken by FAM 
 

S. no. Soil Fly ash doses 
range 

Crops and no. of sites Location Executed by 

1 Alluvial soil 0–200 t/ha Rice, wheat (2) Farakka  CFRI, Dhanbad 

2 Alluvial soil 0–100 t/ha Mustard, jute (1) Farakka  CFRI, Dhanbad 

3 Laterite soil 0–200 t/ha Rice (5), wheat (4) Bakreshwar  CFRI, Dhanbad 

4 Laterite soil 0–100 t/ha Mustard, potato, lentil (1) Bakreshwar  CFRI, Dhanbad 

5 Black soil 0–50 t/ha Sugarcane Chidambaram Annamalai University 

6 Laterite soil 0–150 t/ha Groundnut Neyveli Annamalai University 

7 Laterite soil 0–100 t/ha Sugarcane Neyveli Annamalai University 

8 Black soil 0–150 t/ha Rice-green gram (1) Sathamangalam Annamalai University 

9 Black soil 0–120 t/ha Cotton-rice (1) Vellampudugai Annamalai University 

10 Lateritic soil 0–10 t/ha Rice-groundnut (3) Kharagpur  IIT-Kharagpur 

11 Lateritic soil 0–20 t/ha Rice, groundnut-mustard 
(1) 

Kharagpur IIT-Kharagpur 

12 Lateritic soil 0–30 t/ha Mustard-rice (1) Kharagpur IIT-Kharagpur 

13 Lateritic soil 0–10 t/ha Rice (2)-mustard, 
groundnut, potato (1) 

Balarampur, 
Gholghoria, Burari 

IIT-Kharagpur 

14 Lateritic soil 
(red) 

0–80 t/ha Sunflower-groundnut (2) Raichur  CAS, Raichur 

15 Black soil 0–80 t/ha Sunflower-maize (2) Raichur  CAS, Raichur 

16 Alluvial soil 0–650 t/ha Tomato (1), cabbage (1), 
potato (1), wheat (2), pea 
(1)- maize(6), wheat-
maize (2) 

Dhodhar, Nilgiri, 
Rihand Nagar 

RRL, Bhopal 

17 Alluvial soil 0–650 t/ha Sunflower (1), tomato 
(1), potato (1), wheat (1), 
berseem (1), red gram 
(1), maize (4), rice (1) 

Nilgiri, Rihand 
Nagar 

RRL, Bhopal 

18 Alluvial soil 0–40/0–80 t/ha Rice-wheat (1), cotton-
wheat (1), sunflower-
maize (1), wheat-rice (1) 

Ropar, Bhatinda PAU Ludhaina 

19 Alluvial soil 0–12 t/ha Wheat Ropar (Astalpur) PAU Ludhaina 

20 Alluvial soil 100% ash body 
with 7.5 cm soil 
cover 

Arhar-wheat (1) Bhatinda PAU Ludhaina 

21 Black soil 0–640 t/ha 
(residual effect) 

Wheat-maize, soyabean-
maize, lemon grass (1) 

Sarni RRL, Bhopal 

22 Alluvial soil 0–640 t/ha Maize-onion, rice-
sunflower (1) 

Angul RRL, Bhopal 

Source: Central Fuel Research Institute, Dhanbad (1999). 
 
These trials have been scientifically designed to collect empirical data on effect of fly ash 

application on soil, plant and natural ground water near the application site. Indicative 
monitoring is being done of the soil, plant produce, macro and micro nutrient status including 
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the trace and heavy metal status and also the changes in the natural radioactivity level (if any 
as a result of application of fly ash) on soil, plant and natural ground water near the trial site. 
The aspect of the nutritional quality of produce grown in fly ash treated soils if also being 
addressed in a special project by the National Institute of Nutrition. Institute of Physics, 
Bhubaneswar is testing the samples of all FAM project sites for some heavy metals and 
radionucleide levels. More than 1000 samples have been tested so far. At most places the 
levels appear to be in the normal range. Highlights of the some the important findings from 
these trials are as follows:  

 
 

VII. Effect on Crop Growth and Yield 
 
In rice-groundnut cropping system, application of Fly ash @ 10 t/ha to both the crops 

increased grain yield of rice on an average by 14% and pod yield of groundnut by 26% over 
control (IIT-Kharagpur). Application of fly ash @ 10 t/ha in combination with organic and 
inorganic sources either in one or both the seasons in rice-groundnut cropping system 
increased grain yield or rice and pod yield of groundnut significantly over application of only 
chemical fertilizer to both the crops (IIT-Kharagpur). The treatment combination fly ash @ 10 
t/ha alongwith Paper Factory Sludge (@ 15 t/ha) and chemical fertilizer (CF) applied to rice 
and only CF to potato increased grain yield of Rice and tuber yield of Potato significantly over 
CF applied to both crops in Rice-Potato cropping system. (IIT-Kharagpur). 

In the rice-mustard cropping system, application of pond ash @ 10 t/ha in combination 
with organic and inorganic sources to rice and subsequent mustard with CF alone increased 
yield of rice by 13–15% and seed yield by 15–18% as compared to the treatment of similar 
combination but without pond ash.(IIT-Kharagpur). Use of pond ash/fly ash either in splits or 
as one time application along with organic and inorganic sources were equally effective in 
increasing grain yield of rice and seed yield of mustard, as compared to the treatment without 
pond ash/fly ash. (IIT-Kharagpur). At the College of Agriculture–Raichur, yield of sunflower 
was increased by about 25% in red soil under rained as well as irrigated conditions when fly 
ash was applied @ 60T/ha along with 20t/ha FYM. 

 
Table 3. Forestry, land reclamation projects undertaken by FAM 

 
S. no. Soil/land type Fly ash doses 

range 
Tree species and no. 
of sites 

Location Executed by 

1 Laterite Soil 0–240 t/ha Eucalyptus (1) Chaudwar, Cuttak TCRDC, Patiala  

2 Laterite Soil 0–24% of pit 
volume  

Eucalyptus, Acacia 
auriculiformis, 
Casurina 
equisetifolia, Acacia 
mangium (1) 

Durga Prasad, Cuttack TCRDC, Patiala 

3 Alkali-saline 
eroded land (in 
arid zone) 

0–20% v/w Eucalyptus, 
Zizyphus, Jojoba (1)

Jaipur TERI, New Delhi  

4 Ash pond – Melia azadirach, 
Delbergia Sisso, 
Eucalyptus sp., 

Badarpur TERI, New Delhi  
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S. no. Soil/land type Fly ash doses 
range 

Tree species and no. 
of sites 

Location Executed by 

Populus deltoides 
(1) 

5 Low Fertile 
Soil 

1/3 pit volume Ceiba pentandra, 
Melia azadirach, 
Cassia siamea, 
Erythrina indica, 
Cassia glauca, 
Bauhinia purpurea, 
Putranjiva, 
Pongamia glabra, 
Thevetia elifera (1) 

New Delhi  TERI, New Delhi  

6 Usar  0–5% Rice, wheat (1) Dailapur IFFCO, Phulpur 

7 Usar  0–5% Rice, mustard (1) Tardih IFFCO, Phulpur 

8 Usar  0–5% Rice, wheat (1) Yakubpur IFFCO, Phulpur 

9 Usar  0–6% Rice, wheat (1) Purisudi IFFCO, Phulpur 

10 Usar  0–6% Rice, wheat (1) Parasinpur IFFCO, Phulpur 

11 Usar  0-6% Rice, wheat (1) Mobarukpur IFFCO, Phulpur 

12 Ash pond – Rajnigandha, 
Tagetus, Carnation, 
Palmarosa, 
Sunflower (1) 

Badarpur, New Delhi TERI, New Delhi 

Source: RRL Bhopal (1999). 
 
More than 70% increase in yield of groundnut was observed when fly ash was applied @ 

30 t/ha along with FYM @ 20 t/ha at CAS Raichur. The yield of maize also increased by about 
35% of present when fly ash was applied @ 30 t/ha along with FYM @ 20 t/ha (CAS 
Raichur). 

The performance efficiency of both dry fly ash and pond ash in respect of crop growth 
parameters (yield and improvement in physical and chemical properties of soil was found to be 
similar by CFRI, Dhanbad in their studies at Farakka and Bakeraswar). Best grain and straw 
yield of both paddy and wheat crops were observed 200 t/ha pond ash dose (20–40% increases 
were observed). Paddy and Wheat crops grown with fly ash showed early maturing tendencies 
at Farakka. Annamalai University, in their trials found that the application of 100 t/ha of 
Lignite Fly Ash (LFA) did not adversely affect the germination of seeds of rice, green-gram, 
groundnut, sugarcane or cotton. Satisfactory levels of germination were observed and these 
were found to be at par with those in control plots (where no fly ash/pond ash was applied). 

Annamalai University also reported yield increases due to LFA application in eight out of 
twelve of the field trials (with LFA application between 4-120 t/ha) showing a range of 8% to 
36% increase in yield of produce (over control). Significant yields increases were seen in 2nd 
and 3rd crop of Groundnut at 10t/ha LFA. Increasing the dose of LFA to 100 t/ha significantly 
increased pod yield in the first crop itself. (Annamalai University). 
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Fly ash for reclaiming saline alkaline soil—rice crop at IFFCI, Phulpur. 

 

 
Flower at ash pond (by TERI at Badarpur). 

 
VIII. Effect on Soil Health 

 
In rice based cropping system, application of fly ash/pond ash @ 10 t/ha alongwith 

organic and inorganic sources wither in one season or in consecutive seasons improved 
physical properties of soil through decreasing its bulk density and increasing its water holding 
capacity and porosity (IIT-Kharagpur). Being alkaline in nature, application of fly ash/pond 
ash @ 10 t/ha in combination with organic and inorganic sources increased pH of acid-latertic 
soil to a considerable extent (IIT-Kharagpur). In rice based cropping system, repeat application 
of fly ash/pond ash @ 10 t/ha in combination with organic and inorganic sources raised the 
fertility status of soil, as compared to the treatment of similar combination but without fly 
ash/pond ash (IIT-Kharagpur). In general, the available heavy metal status of soil decreased 
under fly ash/pond ash based treatments (IIT-Kharagpur). Application of fly ash/pond ash 
increased soil dehydrogease activity, which was more discernible in aerobic condition than 
flooded/reduced soil condition (IIT-Kharagpur). RRL, Bhopal (in the project site Dhodhar, 
Rihand Nagar) found that the nutrient availability was enhanced in soil where 25% coal ash 
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was applied at one time and in those plots wherein addition to the 25% ash was made initially 
and 5% addition was made every year. At CAS, Raichur pH and Electrical Conductivity of soil 
did not differ significantly due to application of different fly ash levels. CAS, Raichur also 
found that the combined application of fly ash and FYM had a beneficial effect on the fertility 
status of soil the content of total lead, arsenic and selenium did not change significantly due to 
application of recommended dose(upto 60 t/ha) of fly ash. However, at higher rate of 
applications the contents of these toxic elements increased marginally. CAS, Raichur found 
that the content of toxic elements was lesser in red soils as compared to black soils. RRL, 
Bhopal in its trials at Nilgiri, Rihand Nagar (landfill site) found that the primary and secondary 
nutrients were increased in ash filled plots. The heavy metals like Co, Ni, Cr, Pb, Cd where 
found to be below detectable limits. 

CFRI, Dhanbad found that the application of alkaline fly ash (pH 8.3) helped in 
neutralizing the acidic red soil (pH 5.01) making it more productive and suitable for 
cultivation. It also helped in improving the utilisation efficiency of NPK fertilizer. Annamalai 
University found that application of lignite fly ash in various soil types showed the following 
types of soil modifications: 1) neutralising soil pH, 2) increasing EC, and 3) increasing 
available levels of potassium, sulphur and boron. 

 
 

IX Effect on Quality of Yield and Uptake of Nutrients and Toxic Elements 
 
In rice based cropping system, application of fly ash/pond ash @ 10 t/ha in combination 

with organic and inorganic sources increased the concentration of macronutrients (N, P, CA 
and Mg) in rice grain and edible part of the subsequent crops (groundnut, potato and mustard) 
as compared to the treatment of similar combination, but without fly ash/pond ash (IIT-
Kharagpur). Decrease in heavy metal concentration in grain or edible part of the different 
crops under fly ash/pond ash based treatment is due to dilution effect of these elements through 
increased grain/edible yield (IIT-Kharagpur). Radionucleide levels in grain/edible part of rice, 
groundnut, potato and mustard varied under fly ash/pond ash based treatments as compared to 
the treatments without it and indicated no adverse effect of fly ash/pond ash (IIT-Kharagpur). 
The nutritional value of agricultural produce grown on ash-filled land-fill sites in terms of 
protein and carbohydrates were found to be comparable with the National Institute of 
Nutrition-Standards (RRL, Bhopal- trials at Nilgiri, Rihand Nagar). 

 
 

X. Effect on Ground Water 
 
Application of fly ash/pond ash in combination with organic and inorganic sources 

released lower quantity of Fe and Mn to ground water as compared to the treatment without fly 
ash/pond ash (IIT-Kharagpur). In ground water samples the level of 286Ra was decreased, 
228Ac remained unchanged under fly ash/pond ash based treatment as compared to the 
treatments without it, indicating poor leaching of radionucleide to ground water. Thereby the 
ground water quality due to application of fly ash/pond ash remained unaffected with respect 
to radionucleide contamination (IIT-Kharagpur). 
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XI. Other Effects 
 
The crops grown under fly ash/pond ash based treatment were observed to be resistant to 

disease, insect, and pest infestation as compared to the crops grown without fly ash/pond ash 
IIT-Kharagpur). At Bakreshwar, in farmers’ field trials the farmers have observed that the 
crops grown in fly Ash treated plots were relatively more resistant to pest attack in compared 
to those in control plots. Farmers were enthusiastic about taking groundnut crop in rabi using 
fly ash compared to the traditional boro rice crop at Kharagpur for a better cost-benefit ratio. 

 
 

USE OF FLY ASH AS A MINE SOIL AMENDMENT 
 
 The physical effects of fly ash additions on soils were discussed earlier, but relatively 

high loading rates (> 100 tons per acre) are generally required to significantly influence soil 
physical properties such as water holding capacity and aggregation. In most instances, fly ash 
is added to soils primarily to affect chemical properties such as pH and fertility, and loading 
rates are limited by chemical effects in the treated soils. Plant growth on fly ash-amended soils 
is most often limited by nutrient deficiencies, excess soluble salts and phytotoxic B levels 
(Page et al., 1979; Adriano et al., 1980). Fly ash usually contains virtually no N and has little 
plant-available P. However, newer power plants may be adding ammonia as a flue gas 
conditioner to limit NOX emissions which may lead to some plant-available N. Application of 
fly ash to soil may cause P deficiency, even when the ash contains adequate amounts of P, 
because soil P forms insoluble complexes with the Fe and Al in more acidic ashes (Adriano et 
al., 1980) and similarly insoluble Ca-P complexes with Class C ashes. Amendment of K-
deficient soil with fly ash increases plant K uptake, but the K in fly ash is apparently not as 
available as fertilizer K, possibly because the Ca and Mg in the fly ash inhibit K absorption by 
plants (Martens et al., 1970).  

In some cases, soils have been amended with fly ash in order to correct micronutrient 
deficiencies. Acidic-to-neutral fly ash has been found to correct soil Zn deficiencies, although 
alkaline fly ash amendment can induce Zn deficiency because Zn becomes less available with 
increasing pH (Schnappinger et al., 1975). Fly ash application has also been shown to correct 
B deficiencies in alfalfa (Plank and Martens, 1974). In some cases, plant yields after fly ash 
application have been reduced because of B toxicity (Martens et al., 1970; Adriano et al., 
1978). Soil amendment with fly ash to alleviate B deficiencies should be carefully monitored 
in order to avoid B toxicity. Fly ash often contains high concentrations of potentially toxic 
trace elements. Plants growing on soils amended with fly ash have been shown to be enriched 
in elements such as As, Ba, B, Mo, Se, Sr, and V (Furr et al., 1977; Adriano et al., 1980). 
Although trace amounts of some of these elements are required for plant and animal nutrition, 
higher levels can be toxic. Highly phytotoxic elements often kill plants before the plants are 
able to accumulate large quantities of the element; which limits their transfer to grazing 
animals. Elements such as Se and Mo, however, are not particularly toxic to plants and may be 
concentrated in plant tissue at levels that cause toxicities in grazing animals. Soils amended 
with high rates of fly ash may accumulate enough Mo to potentially cause molybdenosis in 
cattle (Doran and Martens, 1972; Elseewi and Page, 1984). 
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Finally, amendment of soil with fresh fly ash may increase soil salinity (reported as 
soluble salts or electrical conductance-EC) and associated levels of soluble Ca, Mg, Na, and B. 
Incorporation of 80 T/A unweathered fly ash from a Nevada power plant increased soil salinity 
500 to 600% and also caused a significant increase in soluble B, Ca, and Mg (Page et al., 
1979). Fly ash that has been allowed to weather and be leached by rainfall for several years 
generally has much lower soluble salt and soluble B concentrations and is more suitable for 
use as a soil amendment (Adriano et al., 1982). In general, ashes which have been wet-handled 
in the plant and stored in ponds will be much lower in soluble salts and B than dry-collected 
ashes.  

 
 

USE OF FLY ASH IN ACIDIC SPOIL  
AND COAL REFUSE REVEGETATION 

 
 Alkaline fly ash can aid in the reclamation of acidic spoils and refuse piles, although one-

time ash applications do not appear to be effective in maintaining increased pH if pyrite 
oxidation is not completely stopped and neutralized. The pH of an extremely acidic surface 
mine soil and a coal refuse bank in West Virginia was initially raised to near neutral by 
application of high rates of alkaline (pH 11.9) fly ash. Soil pH dropped 1 to 2 units over the 
next two growing seasons, however, presumably because of continued pyrite oxidation in the 
spoils and leaching of Ca and Mg oxides from the fly ash (Adams et al., 1972). Jastrow et al. 
(1981) used fly ash as an alternative to lime in a greenhouse experiment involving acidic coal 
refuse. The initial pH of the refuse was 3.5.  

 Amendment with fly ash raised the pH to 4.8, but it dropped to 4.2 by the end of one 
growing season. In another greenhouse experiment, the application of fly ash to extremely 
acidic coal refuse resulted in a higher pH and significantly increased barley yields (Taylor and 
Schumann, 1988). Boron toxicity has been observed in plants grown on fly ash-amended mine 
spoils, although in some cases toxicity symptoms were apparent but yields were not reduced 
(Adams et al., 1972; Keefer et al., 1979; Taylor and Schumann, 1988). Jastrow et al. (1981) 
implicated Mn, Zn, and V toxicity as possible factors in reduction of tall fescue yields on fly 
ash-amended coal refuse. Coal refuse often contains high levels of trace elements and fly ash 
application can raise the concentrations of these elements to toxic levels, especially if pH is not 
controlled.  

 
 

STUDIES ON POSSIBLE NEGATIVE EFFECTS 
OF FLY ASH APPLICATION 

 
I. Ground Water 

 
Fly ashes contain a small amount of trace and heavy metals which may percolate down 

and pollute ground water. The solubility of these elements is <10% (Rohriman, 1971). Natusch 
(1975) observed in a laboratory experiments on leaching potential that 5 to 30% of toxic 
elements especially Cd, Cu and Pb are leachable. Gralloway et al. (1976) observed that atleast 
10% of total Cd would be solubilized in the acidic pH range of 3 to 5. It is unlikely that these 
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will have any major effect on the quality of ground water. However, monitoring of this aspect 
may be advisable. At Central Fuel Research Institute (CFRI), Dhanbad it was observed that the 
quality of ground water did not change with the application of fly ash and all the parameters 
including the trace and toxic metal contents were within the permissible limits. Some other 
research organisations also observed that fly ash has no significant polluting effect on ground 
water. 

 
 

II. Uptake of Heavy Metals and Toxic Elements by Plants 
 
Fly ash has a ppm level concentration of heavy metals; when applied to soil these elements 

may get absorbed by plants grown in it which may ultimately enter the food chain. However, 
the absolute quantities of these elements in fly ashes are low which may not result into 
negative effect. The data on trace element uptake and accumulation by plant are limiting. 
Despite fairly intensive research over the last 25 years, the data on trace element accumulation 
are rather sketchy and inconsistent. Boron in fly ash is readily available to plants and 
investigators consider B to be limiting factor in unweathered fly ash utilisation (Townsend and 
Gillham, 1975; Elseewi et al., 1978; Ciravolo and Adriano, 1979). RRL, Bhopal conducted a 
study regarding the uptake of heavy and trace metals by some vegetable crops and it was 
observed that the uptake is quite low and remains within the normal range. Central Fuel 
Research Institute, Dhanbad observed that there is no significant differences in uptake of trace 
and heavy metal between control and fly-ash–treated plots. Although fly ash contains a 
moderate amount of trace and heavy metals, the uptake and accumulation of these by plants is 
very negligible. 

 
 

III. Radionuclides 
 
There have been several reports in the literature on the presence of radionuclides in fly 

ash, but studies on their impact have been few (Coles et al., 1978; Gowiak and Pacynas, 1980). 
The radiochemical pollution of Uranium and Thorium series is always present in fly ash 
(Eisenbud and Petrow, 1964). The concentration of natural Uranium varies from 14 to 100 
ppm although in exceptional cases it may be as high as 1500 ppm whereas that of Thorium is 
less than 10 ppm. The fly ash concentrates besides other gaseous and trace metal oxides, 
several radioactive contaminants like 222Ru and 220Ru (Sharma et al., 1989). Bhaba Atomic 
Research Centre, Bombay is of the opinion that most of the Indian coals has very low levels of 
radioactivity which is well below the hazardous limit. Hence radioactivity of fly ash may not 
be a limiting factor for its application for agriculture purposes. Central Fuel Research Institute, 
Dhanbad observed that there is no significant uptake of radioactive elements by plants and also 
that there was negligible cumulative build up of these contaminants in soil when fly ash 
applied for agriculture purposes. 
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CONCLUSION 
 
The potential of fly ash as a resource material in agriculture and related areas is now a 

well-established fact, and more and more researchers and users are becoming convinced 
regarding its utility potential in this field. The major attribute that makes fly ash suitable for 
agriculture is its texture and the fact that it contains almost all of the essential plant nutrients 
except organic carbon and nitrogen. Although fly ash cannot replace the need for chemical 
fertilizers or organic manure, it can be used in combination with these (or in some cases may 
substitute in part their requirement) to get additional benefits in terms of improvement in soil 
physical characteristics, increased yields, etc. As in the case of fertilizers and any other 
agriculture input, the amount and method of fly ash application would vary with the type of 
soil, the crop to be grown, the prevailing agroclimatic condition and the type of fly ash 
available. 

Although fly ash has many benefits as an input material for agriculture applications, in 
view of the fear in the minds of many (regarding the levels of natural radioactivity in fly ash 
and the characteristic presence of some amounts of heavy and toxic elements in it) there may 
be some precautions that have to be taken for the time being while using fly ash in agriculture. 
From the information available until now, there appears to be little ground for concern on these 
accounts (heavy metals, radioactivity, etc.); however, further confirmatory studies at the ICAR 
centers would be helpful in establishing recommendations in this field. Meanwhile, there 
appears to be sufficient ground now for the cautious and judicious application of this useful 
material, which is otherwise being wasted and underutilized. 
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ABSTRACT 
 

Modern farming employs many chemicals to produce and preserve large quantities of 
high-quality food. Fertilizers, pesticides, cleaners and crop preservatives are the major 
categories that are now abundantly used in agriculture for increasing production. But each 
of these chemicals poses a hazard— unforeseen side effects such as toxicity to non target 
organisms, development of resistance in pests to materials used and environmental 
contamination with the potential to affect the entire food chain, are some major drawbacks 
thereby causing serious ecological imbalance. However, in many countries, a range of 
pesticides has been banned or withdrawn for health or environmental reasons, and their 
residues are still detected in various substances such as food grains, fodder, milk, etc. The 
majority of chemical insecticides consist of an active ingredient (the actual poison) and a 
variety of additives that improve efficacy of their application and action. All of these 
formulations degrade over time. The chemical by-products that form as the pesticide 
deteriorates can be even more toxic than the original product.  

Often stockpiles of pesticides are poorly stored and toxic chemicals leak into the 
environment, turning potentially fertile soil into hazardous waste. Once a pesticide enters 
soil, it spreads at a rate that depends on the type of soil and pesticide, moisture and organic 
matter content of the soil and other factors. A relatively small amount of spilled pesticide 
can, therefore, create a much larger volume of contaminated soil. The International Code 
of Conduct on the Distribution and Use of Pesticides states that packaging or repackaging 
of pesticides should be done only on licensed premises where staff is adequately protected 
against toxic hazards. Now, many agencies have come forward to prevent the 
contamination and accumulation of pesticides in the environment—for example, the 
issuing of the International Code of Conduct on the Distribution and Use of Pesticides by 
the United Nations Food and Agriculture Organization (FAO). In addition, the 
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organization works to improve pesticide regulation and management in developing 
countries. In order to prevent accumulation of pesticides, the WHO works to raise 
awareness among regulatory authorities and helps to ensure that good regulatory and 
management systems for the health sector are in place. The United Nations Industrial 
Development Organization (UNIDO) is supporting cleaner and safer pesticide production 
with moves toward less hazardous products based on botanical or biological agents. Wider 
use of these products will result in reductions in the imported chemicals that contribute to 
obsolete pesticide stockpiles. The World Bank has established a binding safeguard policy 
on pest management that stipulates that its financed projects involving pest management 
follow an Integrated Pest Management (IPM) approach.  
 
 

INTRODUCTION 
 
Pesticides are indispensable to modern agriculture. Establishing a balance between the 

demand and supply of food for the unstoppable growing population, modern farming has 
inclined to the use of varied chemicals to produce and preserve large quantities of high-quality 
food. Today, the food produced in one part of the world is being used in another region, which 
involves storage and transportation. During all of these stages, fertilizers, pesticides, cleaners 
and crop preservatives are the major categories that are now used abundantly in agriculture. A 
pesticide is a substance or mixture of substances used to kill a pest [1]. A pesticide may be a 
chemical substance, biological agent (such as a virus or bacteria), antimicrobial, disinfectant or 
device used against any pest. Pesticides are defined under the Federal Environmental Pesticide 
Control Act as “any substance or mixture of substances intended for preventing, destroying, 
repelling, or mitigating any pest” including insects, rodents, nematodes, fungus, weeds, other 
forms of terrestrial or aquatic plant or animal life or microorganisms on or in living humans or 
animals [2]. There are many kinds of pesticides, such as insecticides, fungicides, herbicides, 
larvicides, acaricides, rodenticides, molluscides, nematocides and aphicides, etc. 

The most common mode of delivery of pesticide in agriculture is spraying although some 
highly toxic compounds are formulated as slow release granules for direct application to soil. 
Overspraying of surface water, run off from agricultural land and movement through soil into 
water courses can lead to appreciable concentrations in river and estuaries. There potential to 
cause adverse effects to human and wildlife populations has been the subject of intense study 
and has led to the development of increasingly stringent and encompassing regulations for the 
risk assessment of novel formulations and to control the use of existing compounds [3].  

Pesticides that are being actively used to boost agriculture to meet the demand of the 
growing population have both positive and negative effects. Pesticide use, is not without 
problems, unforeseen side effects such as toxicity to non target organisms, development of 
resistance in pests to materials used and environmental contamination with the potential to 
affect the entire food chain, are some major drawbacks. In developing countries additional 
problems are a lack of understanding of their proper use, non availability of suitable 
application equipment, inadequate storage conditions and high prices [4].  

It is evident from the biological monitoring studies that farmers are at higher risk for acute 
and chronic health effects associated with pesticides due to occupational exposure. 
Furthermore, the intensive use of pesticides (higher sprays more than the recommended dose) 
in cotton areas involves a special risk for the field workers, pickers, and of an unacceptable 
residue concentration in cottonseed oil and cakes [5]. 
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Besides being toxic to the target as per design, pesticides have other effects on these as 
well as on non target organisms. These effects are genetic effects recognized for their long 
term value. All these effects may threaten the genetic health of current and future generation. 
In developing countries where users are often ill trained and lack appropriate protective 
devices the risk of pesticide’s poisoning are magnified [6]. 

Pesticides are known polluters of the environment, and their improper usage under 
exploitative agriculture, particularly in vegetable and cotton cultivation, has created havoc. 
Fruits and vegetables generally contain pesticide residues even after being washed or peeled. 
By eating food that has been grown with pesticides, we are exposed to pesticides. Many 
fungicides, herbicides and insecticides have toxic effects on germination and seedling growth. 
Seed germination is inhibited, growth of plants is greatly reduced, and a decrease in protein 
content has been observed due to the phytotoxicity of pesticides [7, 8]. There is growing 
demand for organic fruits and vegetables having no blemishes. Also there is an increasing 
pressure by consumers for “clean” and uncontaminated foods. These concerns are one reason 
for the organic food movement. This in turn is putting increased demand on the insecticide 
industry to produce chemicals with low mammalian toxicity that can be used at low doses with 
little environmental impact. There is an increasing cost in the production of insecticides based 
on finite supplies of oil and increasing requirements for data to prove their environmental 
safety. Most of the assessments of the benefits of insecticide use are based on direct crop 
yields and economic returns, termed risk/benefit analysis. However, these may not take into 
account of the indirect costs associated with insecticide use in terms of environmental impact. 

 
 

Impact of Pesticides on Humans 
 
Widespread use of pesticides over the years has resulted in problems caused by their 

interaction with biological systems in the environment. The enormous and continued use of 
pesticides has added to the environment pollution to such an extent that human health is 
adversely affected and ecosystems are endangered [9]. Improper use of pesticides endangers 
the health of users and consumers of agricultural products, Farmers and farm workers in 
developing countries have been reportedly threatened by the disastrous effect of the pesticides. 
For example, breast milk samples from women in cotton-producing regions of developing 
countries have some of the highest levels of DDT ever recorded in humans, and the illness and 
mortality rates from pesticide poisoning in these areas approach to those of major diseases. 
Practices such as spraying of broad-spectrum pesticides on a frequent calendar schedule 
threatens the health of farm workers, impairs the quality of drinking water supplies, and 
threatens the ecological integrity and economic productivity of coastal and other aquatic 
ecosystems [10]. 

Additionally, many studies have indicated that pesticide exposure is associated with long-
term health problems such as respiratory problems, memory disorders, dermatologic 
conditions [11,12], neurological deficits [13,14] miscarriages, and birth defects. Summaries of 
peer-reviewed research have examined the link between pesticide exposure and neurologic 
outcomes and cancer, perhaps the two most significant things resulting in organophosphate-
exposed workers [15, 16].  

Use of the pesticides is still the dominant pest control mean across the globe while the 
pattern of pesticide use is alarming. Among pesticide, insecticides share is over 90% [17]. 



Vandita Sinha, Vartika Rai and P.K.Tandon 96

Exposure of multiple pesticides for prolonged period has affected the normal functioning of 
different organ systems and possibly produced characteristics clinical effects such as hepatitis, 
dyspnea and burning sensation in urine [18]. A significant association between use of 
organochlorine and organophosphate pesticides and incidence of diabetes has been reported 
[19]. Rapidly increasing resistance against every type of insecticide along with an acute off 
target neurotoxicity make further insecticide application an impending threat to ecology and 
human health [20]. 

Exposure routes other than consuming food that contains residues, in particular pesticide 
drift, are potentially significant to the general public. The Bhopal disaster occurred when a 
pesticide plant released 40 tons of Methyl IsoCyanate (MIC) gas, a chemical intermediate in 
the synthesis of some carbamate pesticides. The disaster immediately killed nearly 3,000 
people and ultimately caused at least 15,000 deaths [21]. 

Pesticides only work temporarily and may be re-applied often for ridding school buildings 
from rodents, insects, pests, etc. There is increasing pressure from national and international 
pesticide registration authorities, on insecticide manufacturers to provide comprehensive data 
about the environmental behavior of insecticides and on acute toxicity of their chemicals to 
humans, rats, fish, aquatic crustaceans and also in plants [22]. 

 
 

Impact of Pesticides on Plants 
 
Pesticide residue refers to the pesticides that may remain on or in food after they are 

applied to food crops. Terminal residues can be defined as the chemicals, which accumulate in 
biological material, in the environment as a result of the introduction of pesticides. To a large 
extent, pesticide residues on plants are the result of direct application or especially in case of 
root vegetables, the result of absorption from soil. In many countries range of pesticides has 
been either banned or withdrawn for health and environment reasons; even though their 
residues are detected till date in various kinds of materials like food grains, fodder, milk etc. 
However some pesticides are systemic and can penetrate into plant tissue and thus may be 
metabolized to other compounds, or remains as such in the plant. Accumulation of pesticide 
residues occurs when a molecule is selectively directed or attracted towards specific surfaces 
or into specific cells or cell products from a reservoir and is accumulated faster than it is 
released. Such accumulation occurs with natural substances such as the essential mineral 
elements, amino acids, fat and other building blocks used for life processes [23]. The United 
Nations Codex Alimentarius Commission has recommended international standards for 
Maximum Residue Limits (MRLs), for individual pesticides in food [24]. 

Many Pesticides are toxic to plants and cause severe injuries to plants. Toxic effects of 
many fungicides, herbicides and insecticides on germination and seedling growth have been 
reported by many workers. It is possible that plants of different families may differ in this 
respect [25], sometimes even plants of the same genus [26] may differ due to the difference in 
pesticide residue translocation [27]. Visual phytotoxicity symptoms such as yellowing, 
epinasty, hyponasty, scorching, necrosis and death of plants were observed due to the toxicity 
of pesticides [28]; inhibition in seed germination by organophosphate pesticides [7, 8, 29]; and 
inhibition in reducing sugar content and amylase activity due to pesticide treatments [29] was 
also observed. A decrease in plant growth and protein content in a pulse crop by an 
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organophosphate pesticide was observed by some workers [7, 8], along with visual crop injury 
by other pesticides [28, 30, 31]. 

 
 

CHALLENGES AND MANAGEMENT OF PESTICIDES AS AGRICULTURAL 
WASTE 

 
In the early years of rapid expansion of the use of insecticides, the effectiveness of these 

chemicals on a wide range of insect pests was so spectacular that they were applied widely and 
often indiscriminately in most countries. However, later on there was anxiety concerning 
possible human, ecological or environmental hazards. These concerns include the acute and 
chronic toxicity of many insecticides to humans, domestic animals and wildlife; their 
phytotoxicity to plants; the development of new pest species after extensive pesticide use; the 
development of resistance to these chemicals by pests; the persistence of many insecticides in 
soil and water; and their capacity for global transport and environmental contamination [22]. 
Most of the developed countries have banned majority of the organochlorine insecticides due 
to long term contamination of the environment and hazard to the environment. Many of the 
organophosphates are highly toxic to mammals [15, 16] and sometimes cause severe local 
environmental problems, particularly in the contamination of water and local kills of wildlife, 
although they can contaminate human food if suitable regulatory precautions are not observed 
[22]. The carbamates are used principally to control insect pest of agricultural and horticultural 
crops [32]. Some of them have potential for considerable environmental impact, particularly in 
soils as they tend to be rather more persistent than the organophosphates in soil [22]. However, 
synthetic pyrethroids are readily biodegradable and have short persistence. 

The majority of chemical insecticides consist of an active ingredient (the actual poison) 
and a variety of additives, which improve efficacy of its application and action. The 
formulation of an insecticide will influence the method by which it is applied, its persistence in 
the field and also its toxicity [32]. Some of the older types which are persistent, accumulate in 
farm land and crops, and contaminate environment are now banned, however newer types tend 
to be less persistent. Indiscriminate use of pesticides threatens the health and contaminate 
agricultural land also. Over-dosage and accumulation of pesticide in crops and farm land are 
not sustainable practices. 

Pesticides residue on agricultural lands, soil, plants and water is a matter of great concern. 
Besides that stocks of pesticides which are of no use or banned or become obsolete have 
created a major problem today. Food and Agricultural Organization (FAO)’s Programme on 
the Prevention and Disposal of Obsolete Pesticides is working to inform the world about the 
dangers of obsolete pesticide stocks [33]. It collaborates with developing countries to prevent 
more obsolete pesticides from accumulating and assists them dispose of their existing 
stockpiles. Discussed below is the FAO programme on obsolete pesticides, their prevention 
and disposal [33]. 

Pesticides that can no longer be used for any purpose are dangerous toxic waste. Pesticides 
become obsolete when their expiry date has passed or when bans are placed on them for 
environmental and public health reasons. Some stockpiles contain products that are still usable 
but are not wanted, because of excess of stock or a greatly reduced pest problem or any other 
reason. Unwanted pesticides may not be obsolete but run a high risk of becoming obsolete as a 
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result of prolonged storage. Pesticide are not only toxic chemicals but also perishable and are 
effective only for a certain period of time. Their shelf life depends on their active ingredients 
and the type of formulation. If not stated otherwise on the label, products normally have a shelf 
life of two years from the date of manufacture, provided that they are stored according to 
instructions stated on the label. Often it is obvious that a pesticide whose expiry date has 
passed has become obsolete. Clear liquid formulations may have formed flakes or crystals, 
emulsions and powders may have solidified. It may be more difficult to identify the products 
whose chemical properties have changed, while the visible physical properties remain the same 
[33]. 

Without proper testing in the field it is impossible to know whether a pesticide formulation 
that has been proven effective against pests in the donor or manufacturing country will work 
under conditions in developing countries. If no field-testing is done beforehand, the product 
may be found to be unsuitable for use and will remain in storage and become obsolete [33].  

In many countries, when a range of products has been banned or withdrawn for health or 
environmental reasons, the fate of existing stocks is often given scarce condition. Stocks 
remain where they are stored and eventually deteriorate. Good practice in such cases requires 
pesticide regulatory authorities to allow a phase out period when products are banned or 
restricted so that existing stocks can be used up before the restriction is fully applied. There are 
many cases where highly hazardous pesticides, which are not permitted for use in 
industrialized countries, are exported to developing countries. For a pesticide to be banned, it 
has to be registered first. Some pesticide companies have not registered or re-registered 
products which they knew would have not been authorized in their own country but continue 
to produce and export the same products to developing countries There are also cases of 
pesticide manufacturers increasing exports of products that have been banned or restricted in 
their own countries, possibly in order to use up existing stocks or to compensate for depleted 
local markets. The argument is put forward that developing countries are demanding these 
hazardous pesticides because less toxic products are often too expensive [33]. 

Pesticides stocks will go “bad” quickly if they are not properly transported, stored and 
managed. Proper care during transport is vital not just for maintaining the quality of pesticide 
products, but for ensuring public health as well. Pesticides should never be transported along 
with other products especially foods. During transport, containers and other packaging 
materials are often handled very roughly leading to accelerated corrosion and leakage. Also, 
long periods of exposure to direct sun light during transit can cause both the container and its 
contents to deteriorate. Improper storage affects not just the quality of pesticide formulations, 
it seriously damages the pesticide containers and the contents may leak. One leaking container 
can contaminate many other products or cause more metal containers to corrode, creating a 
situation where the entire stock becomes unusable. Often stockpiles of old pesticides are 
poorly stored and toxic chemicals leak into the environment, turning potentially fertile soil into 
hazardous waste. Liquid pesticides can leak out of corroded drums into the soil and 
groundwater and end up polluting local lakes and rivers. The wind can spread pesticide 
powders over a wide area. Once pesticides enter soil they spread at rates that depend on the 
type of soil and pesticides, moisture and organic matter content of the soil or agricultural land 
and other factors. A relatively small amount of spilled pesticides can therefore create a much 
larger volume of contaminated soil. For example, approximately 30 tonnes of pesticides buried 
on a site in Yemen in the 1980s contaminated over 1500 tonnes of soil. Cleaning up 
contaminated water and soil is a desirable part of any obsolete pesticide disposal operation. 
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But dealing with contaminated soil is a costly, technically complex and difficult task. Limited 
funds for cleanup usually focus first on removal of the source of contamination (the pesticides 
themselves) and decontamination of soil and water is generally addressed on the basis of risk 
analysis when additional funds are available [33]. 

 
 

Prevention of Accumulation of Obsolete Pesticide Stocks 
 
Food and Agriculture Organization of the United Nations (FAO) prepared guidelines, 

published as provisional, to enhance the formulation of policies and procedures aimed at 
prevention of such accumulation. The guidelines analyse the causes of this accumulation and 
recommend how it can be prevented. The guidelines are considered generally applicable and of 
interest to many countries, aid agencies and the pesticide industry [34]. Some of the important 
suggestions are mentioned below: 

It was recommended that governments and other large-scale users examine critically their 
policies on pesticide management, plant protection and vector control; their procedures for 
assessing pesticide requirements; and their procedures for procurement of pesticides. It may 
moreover be necessary to revise pesticide management regulations and/or provide training for 
government and non-government staff responsible for stock keeping at pesticide stores. 

Stocking more than one season's pesticide requirements should be avoided because storage 
under tropical conditions may further reduce the already short shelf-life of many products. 
Large quantities of pesticides should not be stocked if there are plans to review, reduce or 
abolish subsidies or preferential tariffs for pesticides. Responsibility for pesticide stocks lies 
primarily with the owner of the pesticides. The owner should manage pesticide stocks in a 
proper, safe and environmentally sound manner and take the necessary precautions to prevent 
stocks from becoming obsolete.  

It was suggested to reduce the amount of pesticides by careful selection of products. In 
many cases, conventional pesticides can be replaced by more modern products (such as 
biological pesticides and growth inhibitors) that are more selective, less dangerous to human 
beings and animals and of which much smaller volumes are required.  

Pesticide procurement should be based on what is actually and immediately required 
Products that have not been tested in trials conducted under conditions comparable to those of 
the intended use should not be procured and accepted.  

Detailed specifications should be provided when procuring or requesting pesticides. The 
following factors should be taken into consideration: Formulation should be suitable for 
application equipment available. Package type should be durable enough to stand foreseen 
transport and storage conditions and storage period. Package size should be 
suitable/practical/affordable for the end-user. Label should contain a batch number and date of 
manufacture/release. 

Pesticide consignments that have not been requested, or that deviate from the requested 
specifications or quantity, should not be accepted. 

Material safety data sheets should be provided with each consignment. Provision of 
additional information on product stability under tropical circumstances and storage and 
stacking recommendations would be useful.  

For surplus products that can still be used, agrochemical companies should assist 
governments in identifying potential users in other countries. 



Vandita Sinha, Vartika Rai and P.K.Tandon 100 

Agrochemical companies should establish effective delivery systems to provide products 
at short notice so that large stocks do not need to be held in the country. 

Return services should be developed to take back unused quantities of pesticides, in 
particular unwanted products that can be reformulated, and surplus stocks that can be used 
elsewhere. As an incentive for such services, the fact that companies are prepared to accept the 
return of unused products might be taken into consideration by governments and aid agencies 
when they select a supplier. 

 
 

REGULATIONS FOR PESTICIDE USE 
 
In most countries, before a pesticide product can be marketed and used to manage a pest 

problem, the product must be registered with a government agency responsible for regulating 
the sale, distribution and use of pesticide products. Initially, registration of pesticide products 
was required to protect the consumer from fraudulent claims and limited attention was given to 
the impact of the product on consumer safety or the environment. As awareness of the 
potential impact of pesticides on the user, on the consumer, and on the environment developed, 
the registration of pesticide products became the predominant method for regulating the use of 
pesticide products. As requirements for registration of pesticide products expanded, the 
product label became the bottom line of the registration process. Every specific statement on 
the label had to be supported by evidence that no adverse effect would be caused to man or the 
environment if the product was used according to instructions specified on the product label 
[35].  

Although a pesticide product may be approved to control a specific pest problem on a 
given host crop or agricultural land, problems may still occur if the applicator does not follow 
the instructions specified on the label or fails to use sound judgment when exceptional 
situations occur. As a result, it has been recognized over time that distribution and use of some 
pesticide products need to be restricted to applicators or users having the training or expertise 
to use the pesticide product in a manner that no adverse harm will occur to man or the 
environment [35]. 

Regulating applicators of pesticide products includes two steps: (1) pesticide products 
designated for restricted use must be labeled accordingly during registration process, and (2) a 
system of pesticide applicator training and certification must be implemented to ensure that 
only trained applicators are granted a license to purchase and use pesticide products labeled for 
restricted use. Some pesticides are considered too hazardous for sale to the general public and 
are designated restricted use pesticides. Only certified applicators who have passed an 
examination may purchase or supervise the application of restricted use pesticides [35]. 

Promotion of Integrated Pest management (IPM) by eminent institutes and international 
funding agencies like FAO, ADB, and UNDP etc has resulted in increase of the use of 
biopesticides and biocontrol agents. It is high time that the IPM modules should be propagated 
to the masses. The promotion of IPM will not only contribute to the protection of the 
environment but also raise the yields and quality of produce, thereby raising the 
socioeconomic levels of the farmers [36]. Biopesticides and biocontrol agents are going to play 
a key role in IPM modules. There is a need to promote IPM and fine-tune it at local levels. 
Many biopesticides and biocontrol agents, like neem oil, Neem Kernel Extracts (NSKE), 
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Trichogramma cards, Trichoderma viride, Bacillus thuringenesis, and nuclear polyhedrosis 
virus are now commercially available [7]. Use of biopesticides and non chemical alternatives 
are promoted by many international agencies also. The adoption of the IPM approach in pest 
management programs has been accepted as a policy which will reduce problems associated 
with pesticides. In recent years, the United States Department of Agriculture (USDA) and 
Environmental Protection Agency (EPA) have promoted an initiative to achieve a national 
goal of IPM on 75% of crop acres by the year 2000. The Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA), a United States federal law that set up the basic US system of 
pesticide regulation to protect applicators, consumers and the environment, forbids the use of a 
pesticide in a manner inconsistent with its label and denies registration of pesticides that may 
have unreasonable adverse effects to man or to the environment [35]. 

Food and Agricultural Organisation (FAO) Programme on the Prevention and Disposal of 
Obsolete Pesticides is working with developing countries, donor agencies and industry to deal 
with the environmental and public health implications of this aspect of agriculture. The FAO 
Programme has developed an extensive training programme, published guidelines and other 
resources for countries to effectively and safely conduct the necessary activities to dispose of 
stockpiles and implement specific measures to avoid their re-accumulation. In this regard, the 
programme also provides technical and legal advice to make sure that obsolete pesticide 
projects are carried out effectively [33]. 

The cost of disposal of obsolete pesticides varies with the location, condition and type of 
waste and the methods used for its destruction. The problem is compounded by inadequate 
infrastructure, the wide dispersal of obsolete stocks and their deteriorated condition. The 
options available for the management or destruction of obsolete pesticides in a safe and 
environmentally acceptable manner are extremely limited. They are described in some detail in 
the FAO provisional guidelines on the disposal of bulk quantities of obsolete pesticides [37]. 
The technical, economic and political complexities are discussed in several papers by 
Greenpeace and the United Kingdom Pesticide Action Network (PAN) [38, 39]. 

 
 

EFFORTS AT THE INTERNATIONAL LEVEL 
 
Though pesticide regulations differ from country to country, pesticides and products on 

which they were used are traded across international borders. To deal with inconsistencies in 
regulations among countries, delegates to a conference of the FAO adopted an International 
Code of Conduct on the Distribution and Use of Pesticides in 1985 to create voluntary 
standards of pesticide regulation for different countries [35]. The Code was updated in 1998 
and 2002. [40] The FAO claims that the code has raised awareness about pesticide hazards and 
decreased the number of countries without restrictions on pesticide use [41]. 

Efforts by some of the international organizations and other agencies as discussed in FAO 
Pesticide Disposal Series 11—Country Guidelines [42] are mentioned below: 

Food and Agricultural Organisation (FAO) FAO-led activities on obsolete pesticides 
include: organizing and running workshops and consultation meetings to raise awareness and 
generate action on obsolete pesticides in affected countries and regions. Initiating and 
coordinating completion of national inventories of obsolete pesticide stockpiles. Initiating and 
formulating disposal projects for FAO member countries. Supervision, monitoring and follow-
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up of disposal and prevention operations in the field. Liaison with donors and industry to 
generate support for disposal and prevention operations. Public outreach to raise awareness of 
the problems of obsolete pesticides globally. FAO has also issued the International Code of 
Conduct on the Distribution and Use of Pesticides.  

Empty pesticide containers and small quantities of unused or unwanted pesticides 
constitute hazardous waste and mechanisms need to be put in place to facilitate sound 
management of this waste. These mechanisms should be compliant with FAO guidelines [43] 
based on the principle of removing hazardous waste from end-users—who lack the resources 
and expertise to manage it properly and returning it to the supplier. 

United Nations Institute for Training and Research (UNITAR) UNITAR has prepared 
guidelines for the preparation of National Profiles and can assist in this process. The important 
benefit of these profiles is that they encompass all issues concerning the management of 
chemicals and highlight gaps and priorities for action. In some cases obsolete pesticides are 
identified as a priority, but in many countries other chemical management issues take 
precedence. A National Profile is a starting-point for all action associated with chemical 
management; from it countries are then able to develop an action plan. This plan should be 
transparent and have well-identified targets, and it can be used to mobilize resources. UNITAR 
can assist with and is developing guidelines for this process. 

United Nation Environment Programme (UNEP) Chemicals The main focus of UNEP 
Chemicals activities in relation to obsolete pesticides relates to the implementation of the 
requirements of the Stockholm Convention on Persistent Organic Pollutants (POPs) and 
raising awareness with regard to obsolete pesticides in the framework of the POPs negotiation 
process. UNEP is exploring possible funding sources that may also support obsolete pesticide 
management. UNEP is assisting the lead agencies in this work: FAO for agricultural pesticides 
and WHO for health pesticides. UNEP Chemicals take part in the Inter-Organization 
Programme for the Sound Management of Chemicals (IOMC) coordinating group on obsolete 
pesticides. 

World Health Organisation (WHO) The health sector is a major user of pesticides but is 
often overlooked in processes related to the better management of pesticides. WHO is 
particularly concerned about this and proposes that national health authorities always be 
included in training and awareness-raising exercises dealing with obsolete pesticides. DDT, 
which is one of the POP pesticides and is also commonly found in obsolete pesticides 
stockpiles, is still used in many developing countries for the control of malaria vector 
mosquitoes. While WHO is leading efforts in the search for alternatives to DDT through its 
DDT working group, and the effective control of malaria through the Rollback Malaria 
Programme, it is also aware that DDT continues to be used. Destruction technology for 
obsolete pesticides, POPs and other hazardous materials is also its concern. 

United Nations Industrial Development Organization (UNIDO) UNIDO helps developing 
countries to develop the infrastructure for hazardous waste management. The thrust of 
UNIDO’s approach is to minimize waste production by applying clean production methods 
and better controls. Where waste exists or continues to be generated, reuse and recycling are 
promoted. The organization advocates waste treatment close to the source whenever possible. 
Its programmes are based on waste minimization. UNIDO helps to promote cleaner and safer 
pesticide production and is also supporting the production of botanical pesticides such as 
neem, which has the potential to generate income and replace imported chemical pesticides in 
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marginal areas. Bacillus thuringiensis (Bt) and other biopesticide productions are also 
promoted, as is the development and use of safer pesticide application technology. 

The Secretariat of the Basel Convention has established regional centres that aim to 
support Parties to the Convention in its implementation. They are able to offer guidance and 
advice on hazardous waste management issues. They will also direct Parties to other sources of 
advice and information such as FAO on pesticides or UNIDO on industrial processes. 

The International Maritime Dangerous Goods (IMDG) Code was developed as a uniform 
international code for the transport of dangerous goods by sea. It covers such matters as 
packing, container traffic and stowage, with particular reference to the segregation of 
incompatible substances. The Code lays down basic principles; detailed recommendations for 
individual substances, materials and articles; and a number of recommendations for good 
operational practice, including advice on terminology, packing, labelling, stowage, segregation 
and handling, and emergency response action.  

Inter-Organization Programme for the Sound Management of Chemicals (IOMC) Inter-
Organization Programme for the Sound Management of Chemicals (IOMC), was established 
in 1995 to strengthen cooperation and increase coordination in the field of chemical safety. It 
plays an important role in coordination of scientific and technical work carried out by 
participating organizations. The seven Participating Organizations (POs) of the IOMC are: the 
Food and Agriculture Organization of the United Nations (FAO), the International Labour 
Organization (ILO), the Organisation for Economic Co-operation and Development (OECD) , 
the United Nations Environment Programme (UNEP), the United Nations Industrial 
Development Organization (UNIDO), the United Nations Institute for Training and Research 
(UNITAR) and the World Health Organization (WHO) [44]. 

The International Code of Conduct on the Distribution and Use of Pesticides was one of 
the first voluntary Codes of Conduct in support of increased food security, while at the same 
time protecting human health and the environment. The Code established voluntary standards 
of conduct for all public and private entities engaged in, or associated with, the distribution and 
use of pesticides, and since its adoption it has served as the globally accepted standard for 
pesticide management. The Code through supplementary technical guidelines, has been 
instrumental in assisting countries to put in place or strengthen pesticide management systems. 
The basic function of the Code remains to serve as a framework and point of reference for the 
judicious use of pesticides for all those involved in pesticide matters, particularly until such 
time as countries have established adequate and effective regulatory infrastructures for the 
sound management of pesticides [41]. 

The Intergovernmental Forum on Chemical Safety (IFCS) discussed the issue of obsolete 
pesticides and chemicals and states “The identification, neutralization, and safe disposal of 
obsolete stocks of pesticides and other chemicals (especially polychlorinated biphenyl [PCB]) 
must be urgently facilitated particularly in developing countries and countries with economies 
in transition.” As well, future stockpiling of other obsolete pesticides and chemicals must be 
prevented [45]. 

The Global Crop Protection Federation (GCPF) GCPF members are committed to a 
process of product stewardship that effectively means implementation of the International 
Code of Conduct on the Distribution and Use of Pesticides [46]. 

 
 



Vandita Sinha, Vartika Rai and P.K.Tandon 104 

CONCLUSION 
 
Proper waste control requires a plan to reduce the amount of waste generated or the 

toxicity of the waste produced. However, the most environmentally sound and economically 
efficient way to manage any waste is to not generate it in the first place (source reduction).  

Agricultural wastes should be restricted from land disposal to protect human health and 
the environment, and proper treatment should be given to diminish the toxicity of these wastes 
prior to disposal. To further improve the environmental performance and waste management 
standards on farms so that the agricultural land and human health are better protected, we 
should concentrate on the following measures: 

 
• guiding farmers on hazardous waste controls and managing their wastes 
• stopping all waste activities that could give rise to pollution or harm, in particular the 

burning of waste and the mis-description and poor management of hazardous waste 
• better regulation of pesticides in developing countries, including better control over 

imports, adherence to packaging and labeling requirements, quality controls and 
product registration  

• better management of pesticides, including storage and handling 
• awareness of the problems of obsolete pesticides and accumulated hazardous chemical 

waste 
• fewer inappropriate practices, such as burial, dumping or uncontrolled incineration of 

obsolete pesticides 
 
The rate of accumulation of obsolete pesticide stocks is now very slow; however, in some 

countries where obsolete stocks have already been disposed of, new obsolete stocks are 
accumulating. Although the causes of accumulation are known, and in many cases have been 
or are being addressed, there are cases in which these practices continue. These need to be 
identified and stopped. The international community should put pressure on donors, whose 
donated pesticides have become obsolete, to maintain their responsibility for these products 
and fund their disposal. Assurances must be provided to affected countries that their 
economies and food security will not suffer in the event of a locust outbreak. Once the 
situation is under control, measures must be put in place to prevent future accumulation of 
obsolete pesticide stockpiles. 

Sometimes obsolete and even banned pesticides are delivered for use against pests for 
which no alternative control is known locally, although alternatives may be identified if efforts 
are directed towards seeking alternatives. Sometimes alternatives to chemical pesticides 
already exist, yet support is needed for research and implementation to increase confidence in 
their effectiveness and their availability.  

The adverse effects of a chemical depend on its toxicity, how people are exposed to the 
chemical, and each person’s individual susceptibility. Some of them have potential for 
considerable environmental impact, particularly in soils. Before a product can be sold, it must 
be tested, usually under both laboratory and field conditions, including degradation studies, to 
determine what may happen to the active ingredient in soil, water, sediment and 
plants. Exposure to chemical agents can lead to a wide range of health effects that may be 
expressed immediately or take years to develop. All parties, including IGOs, governments, 
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development agencies and donors, NGOs and researchers, should collaborate to develop and 
promote pest management methods that reduce reliance on chemical pesticides. Reducing the 
use of pesticides may reduce the risks that they place on society and the environment. 
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ABSTRACT 
 

An attempt was made to convert the agricultural waste of rice husk (RH) into an 
adsorbent to remove the offensive odor released from livestock waste and compost. The 
ammonia gas adsorption of the RH carbonized at 400°C was much faster than those of 
several commercial deodorants as well as those of carbonized wood wastes. Acidic 
functional groups remaining at 400°C were useful to promote adsorption of basic 
ammonia gas. The actual compost was covered with or mixed with the RH carbonized at 
400°C. The covering method reduced the concentration of ammonia gas emitted from the 
compost much faster than the mixing method, which was connected to volatilization of 
ammonia gas lighter than ambient air. Wetting the carbonized RH was also effective in 
reducing the ammonia gas concentration. An assorted feed to which was added the RH 
carbonized at 400°C at the level of 2 mass% was given to growing pigs. The addition of 
the carbonized RH reduced about 80% of the concentrations of hydrogen sulfide and 
mercaptans emitted from the pig dung. The removal of acidic gases of hydrogen sulfide 
and mercaptans was suggested to result from basic inorganic matter of K, Ca and P, which 
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were intrinsically composed in RH. The testing results showed that the RH carbonized at 
400°C was a promising material for removing the offensive odor produced by the 
livestock industry. 
 
 

1. INTRODUCTION 
 
Rice is a staple food of the Japanese people. About 2 million tons of rice husk (RH) are 

produced every year in the process of rice threshing in Japan, and 63 mass% of RH is recycled 
in agricultural, livestock and other industries [1]. The most common method for disposal of 
residual RH had been incineration on farms. However, this practice is now prohibited in Japan 
because it produces ash, fumes, and toxic organic gases, leading to serious air pollution. Thus, 
recycling of the residual RH is now a socially important subject, especially in the rice-growing 
regions of Japan. 

There is much literature describing methodologies to convert RH into functional materials, 
e.g., liquid adsorbents [2-12], gas adsorbents [13-17], and high-strength mechanical materials 
[18-21]. However, the cost to produce these functional materials is higher than that of 
conventional products. On the other hand, RH can be used as fuel in place of oil and petroleum 
gas, resulting in the focus of research on RH combustion [22-24]. However, RH contains high-
content inorganic matter (about 20 mass% in dried state), resulting in lower heating value and 
in more ash production compared with other agricultural wastes, such as woods. Nowadays, 
wood-based wastes are instead used as fuel in Japan. 

A total of 43 mass% of RH produced in Japan is recycled in the livestock industry, in 
which 21 mass% is used as paving materials in livestock housing and 22 mass% is used for 
producing compost [1]. Hence, an increase in the use of RH in the livestock industry is a 
realistic solution to increase the recycling rate of RH in Japan. Livestock housing and compost 
factories are often adjacent to rice farms. Offensive odor pollution produced by the livestock 
industry is now a public concern even in suburban areas, which is related to the spread of 
residential districts. It is now very important for the sustainable livestock industry to address 
the problems related to offensive odor. 

A conversion of RH into an adsorbent to remove the offensive odor seems to be a 
promising recycling methodology for both rice and livestock farmers. Carbonization is an 
effective method in enabling RH to remove the offensive odor, from the viewpoints of mass 
production and production cost. Modern RH carbonization plants in Japan can produce a large 
quantity of carbonized RH using a tiny quantity of oil for ignition and power for furnace 
control [25]. Carbonization of RH now has few economical, energy and environmental 
disadvantages. 

Ammonia gas is a principal component of the offensive odor produced by livestock waste 
and compost. In this chapter, the ammonia gas adsorption of RH carbonized at different 
temperatures was evaluated and was compared to several commercial deodorants as well as 
carbonized wood wastes in enclosed bags, correlating their ammonia adsorption with their pore 
structures and chemical natures. Field tests were also conducted. The carbonized RH was 
exposed to ammonia gas emitted from actual fermenting compost. Effective methods for 
enhancing the ammonia adsorption of the carbonized RH were proposed. An assorted feed to 
which carbonized RH was added was given to growing pigs. The effect of the feed with the 
carbonized RH on the reduction of the offensive odor emitted from pig’s dung was evaluated. 
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2. MATERIALS AND METHODS 
 

2.1. Material and Carbonization 
 
Two types of RH samples were obtained by threshing Akita Komachi rice grown in Akita 

Prefecture, Japan. One was harvested in Ogata-mura in the autumn of 2003, and the other was 
harvested in Nishiki-mura in the autumn of 2005. The wood wastes used were Japanese cedar 
stem, Japanese cedar bark and black pine stem. All of these were collected in Honjo city in the 
autumn of 2004. The RH samples whose dimensions were 6–8 mm (L) × 2–4 mm (Dia.) were 
subjected to tests without any mechanical treatments. Japanese cedar and black pine stems 
were chopped in a chipping machine, but were not separated into sap and heart wood. The 
chips whose dimensions were 40–60 mm (L) × 8-12 mm (W) × 6–10 mm (T) were selected. 
Japanese cedar was chopped with a debarking machine. The bark was cut into pieces of 
dimensions 40–60 mm (L) × 8–12 mm (W) × 3–6 mm (T). The carbonization was carried out 
using electrical furnaces. The ambient atmosphere of the sample during carbonization is 
vacuum or nitrogen. The vacuum pressure was maintained to be 500 Pa using a vacuum pump 
system. In the case of nitrogen atmosphere, nitrogen gas flowed in a stainless steel cylinder at 
the rate of 0.7–1.0 L/min. The furnace temperature was increased linearly from room 
temperature to the desired temperature in 1 h; it was then maintained at the desired temperature 
for 3 h for vacuum atmosphere or for 1 h for nitrogen atmosphere. The furnace was then 
cooled naturally to room temperature. Several commercial deodorants were also prepared for a 
comparison purpose. Table 1 shows the used commercial deodorant products. 

 
 

2.2. Material Characterizations 
 
The sample was dried at 105°C in air for 3 h prior to analyses and tests. It was verified 

beforehand that the above periods were sufficient to saturate the samples’ weights in drying. 
After the drying process, the sample was cooled at 22–24°C and 30-40 % RH, and then 
weighed 5 min later. In evaluating the moisture content of the sample, the weight in the dry 
state is determined to be 100 mass%. The inorganic content of the raw RH (0.1 g) was 
determined from the residual-ash ratio after incineration at ca. 800°C for 1 h in air. The ash 
composition was determined using a fluorescent X-ray analyzer (XRF-1700, Shimadzu Corp., 
Japan). A CHN/S analyzer (2400 I, PerkinElmer Inc., USA) was used to determine the 
hydrogen, carbon and nitrogen contents, as well as those of other elements. The composition of 
the raw RHs and their ach composition are shown in Tables 2 and 3, respectively. The ash 
content of the used RHs was found to be ca. 20 mass%. It is noteworthy that major component 
of the ash is SiO2 (>90 mass%) and K, Ca and P, which are related to soil and fertilizers, are 
contained in the RH samples. 

A gas-adsorption analyzer (Autosorb, Quantachrome Instruments, USA) was used to study 
the sample porosity, correlating it with the ammonia adsorption property. N2 adsorption 
isotherms were obtained, providing the specific surface area based on the BET theory [26], and 
the total pore volume at a relative pressure of 0.995. The samples (ca. 0.02 g) were degassed at 
200°C for > 4 h prior to isotherm measurement. The BET specific surface area (SBET) was 
calculated using the N2 adsorbed volume at relative pressures (P/P0) of 0.1–0.3.  
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Table 1. Commercial deodorants used for comparison with the carbonized RHs 
 

Sample ID Product Primary ingredient Manufacturer 
Activated carbon Refrigerator deodorizer Coconut shell 

activated carbon 
Kobayashi 
Pharmaceutical Co., 
Ltd. 

Silica gel Deodorant sand Silica gel (SiO2) Unicharm Corp., 
Japan 

Wood chip pellet Antibacterial 
(deodorant) chips 

Raw woods in 
Germany 

Kao Corp., Japan 

 
Table 2. Dry base composition of raw husks of Akita Komachi rice (unit: mass%) 
 

Production site Ash H C N O* (by difference) 
Ohgata-mura 21.0 5.1 38.6 0.6 34.7 
Nishiki-mura 17.1 5.2 40.5 0.4 36.8 

* Except for that in ash. 
 

Table 3. Composition of the ash from raw RH (unit: mass%) 
 

Production site SiO2 K2O P2O5 CaO Detectable others 
Ohgata-mura 94.5 3.3 1.1 1.1 2.1 
Nishiki-mura 91.1 5.3 0.6 1.6 1.4 

 
The liquid N2 volume, referring to N2 adsorbed volume at P/P0 0.995, was determined to 

be the total pore volume (Vt). The volume of micropores (Vm) was obtained following the t-
method [27], giving the volume of mesopores and macropores (Ve = Vt - Vm). 

 
 

2.3. Ammonia Gas Adsorption in Enclosed Bag 
 
The raw RH, the carbonized RH, the commercial deodorant products, and the carbonized 

wood wastes were subjected to ammonia gas in enclosed bags. The dried sample was enclosed 
quickly in a gas sampling bag made of polyvinyl fluoride film (Tedlar®; DuPont, USA) and 
residual air in the bag was degassed using a small pump for 5 min. Ammonia gas adjusted at 
the concentration of 100 vol. ppm (dry air based, <1% RH at 22–24°C) provided by Taiyo 
Nippon Sanso Corp., Japan, was injected 3 L to the degassed bag. The contact time started 
when the ammonia injection started. Kitagawa-type detecting tubes targeting ammonia gas 
(Komyo Rikakagaku Kogyo K.K., Japan) were used to measure the ammonia concentration in 
the bag. The gas of 100 mL in the bag was evacuated for every concentration measurement. 
The ammonia concentration was evaluated at 22–24°C as a function of the contact time. 
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2.4. Removal of Ammonia Gas from Fermenting Compost 
 
The sample which had shown the best performance of ammonia adsorption in the above 

bag test was subjected to offensive odor released from actual fermenting compost produced in 
the Livestock Experiment Station, Akita Prefectural Agriculture, Forestry and Fisheries 
Research Center, Japan in autumn of 2007. The major component of the offensive odor was 
confirmed to be ammonia gas. In order to find the best adding method to reduce the ammonia 
concentration, the fermenting compost, including moisture and weighing 200 g, was covered 
with or was mixed with the sample at the level of 0-5 % to the compost weight. The compost 
with the sample was placed in an enclosed vessels of 800 mL. Figure 1 shows the experimental 
setup of this ammonia adsorption test. The contact time started when the vessel was enclosed. 
Kitagawa-type detecting tubes targeting ammonia gas (Komyo Rikakagaku Kogyo K.K., 
Japan) was inserted into the vessel. The tube tip was placed in top space in the vessel and 100 
mL of gas was evacuated to measure the ammonia concentration at the time of 1, 3 and 24 h. 

The hole opened for this measurement was sealed using a scotch tape. The humid and 
water-sprayed samples were also tested to study the influence of adsorbed moisture on the 
ammonia adsorption. The humid sample was prepared in a humid chamber of which 
temperature and humidity were controlled to be respectively 25°C and 95% RH for 24 h. The 
moisture content of the spayed sample was set to be 100 mass%. 

 

 

Figure 1. Experimental setup for adsorption of ammonia gas emitted from fermenting compost. (a) 
covering method, (b) mixing method. 
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2.5. Giving Carbonized RH to Growing Pigs to Reduce Offensive Odor from 
Dung 

 
A commercial assorted feed (Smooth, Kanematsu Corp., Japan) added with the carbonized 

RH, which had shown the best performance in the bag test, was provided to castrated three-
way crossbred pigs (Landrace × Large White × Duroc). Before this feeding test, the pigs solely 
and freely feed for seven days. During the feeding test, an assorted feed (4 % of the pig’s 
weight) with and without the carbonized RH was given to 4 and 4 pigs, respectively, at every 
morning and evening. The addition level of the carbonized RH was 2 mass% to the assorted 
feed. Figure 2 shows photos of the assorted feed added with the carbonized RH and the used 
pigs. The pigs freely drunk water and they solely fed during the test. At the start of the feeding 
test, the pigs were 109 days old. Average weight ± standard deviation of the pigs to which the 
feed with 0 and 2 mass% carbonized RH was given were 49.3 ± 6.7 kg and 50.4 ± 5.1 g, 
respectively. In the 5th day and 6th testing days, all the dung was collected. Then, the collected 
dung was preserved in the pig house at 15–20°C and at 50% RH for 24 h. Then, 200 g of the 
dung was encased in the vessel of 800 mL and was preserved for 90 min. The gas 
concentrations of ammonia, hydrogen sulfide, mercaptans and lower fatty acids in the vessel 
were measured using Kitagawa-type detecting tubes (Komyo Rikakagaku Kogyo K.K., Japan). 
In this article, mercaptans are defined as CnHm-SH and are mostly composed of 
methylmercaptan. Lower fatty acids are CnHm-COOH (C <= 12) and their major components 
are propionic acid, n-butyric acid, n-valeric acid and iso-valeric acid. 

 

 

Figure 2. Assorted feed with the carbonized RH at the level of 2 mass% and the pig in the testing 
chamber. 
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3. RESULTS AND DISCUSSION 
 

3.1. Material Properties of Carbonized RH 
 
Changes in the composition and yield of the Ohgata-mura RH which was carbonized in 

vacuum at 300–800°C for 3 h are shown in Table 4. It is found that the yield of the 
carbonization process decreased up to 600°C and remained at a similar level of 38–39 mass% 
at higher temperatures. The carbon content of the carbonized RH changed only slightly. The 
hydrogen and oxygen contents of the RHs carbonized at 300 and 400°C were higher than those 
of the RHs carbonized at 600 and 800°C. It is also noteworthy that about half of the weight of 
the RH carbonized at >300°C is attributable to ash of which major component was SiO2. 

The pore structure of the carbonized RH was also analyzed. All the nitrogen adsorption 
isotherms except for that of the raw RH were found to belong to Type II, as categorized by the 
BDDT classification [27]. The BET specific surface area (SBET) and the pore volume 
information (Vt, Vm and Ve) were obtained. Table 5 shows the pore characteristics of the raw 
and carbonized RHs. Between 300–600°C, SBET and Vt increased with the carbonizing 
temperature. At higher temperatures, SBET and Vt decreased with the carbonizing temperature. 
The most porous structure was observed on the RH carbonized at 600°C. Micropores of which 
pore diameter is < 2 nm were produced in the RH carbonized at 600°C. 

 
Table 4. Compositional change and yield of the carbonized Ohgata-mura RH (unit of the 

composition and the yield is mass%) 
 

Carbonizing 
temperature (°C) 

Ash H C N O* Yield 

300 37.2 3.5 41.2 0.4 17.7 56.5 
400 46.9 2.3 43.0 0.4 9.2 44.8 
600 54.8 1.1 42.2 0.3 1.6 38.3 
800 54.4 0.5 42.0 0.5 2.6 38.6 

* Oxygen content was calculated: O = 100 - (C + H + N + ash). 
 

Table 5. Pore characteristics of the raw and carbonized Ohgata-mura RHs 
 

Carbonizing 
temperature (˚C) 

SBET (m2/g) Vt (mL/g) Vm (mL/g) Ve (mL/g) 

Raw 1.7 0.012 0 0.012 
300 8.7 0.029 0 0.029 
400 52.2 0.083 0 0.083 
600 170.0 0.165 0.038 0.127 
800 59.9 0.101 0 0.101 
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3.2. Ammonia Gas Adsorption Performance of Carbonized RH in Enclosed 
Bag and Comparison with Commercial Deodorants and Carbonized Wood 
Wastes 

 
The carbonized RHs were subjected to 100 vol. ppm ammonia gas in enclosed bags. 

Figure 3 shows the ammonia adsorption properties of the raw RH and the RH carbonized at 
300–800°C, of which weights were all adjusted to 1.00 g. Data are average of three separate 
measurements. The control indicates the ammonia concentration in the gas in which no sample 
was enclosed. The results showed that a slightly higher time-rate of the ammonia adsorption 
was observed on the RH carbonized at 300 °C than on the raw RH. With increasing 
carbonizing temperature, the time-rate of the ammonia adsorption increased at 300–400°C, 
whereas it decreased at 400–800°C. The RH carbonized at 600–800°C required a much longer 
time to reduce the ammonia concentration (<10 vol. ppm) than the raw RH did. The fastest 
uptake appeared on the RH carbonized at 400°C, which reduced the ammonia concentration <5 
vol. ppm in 0.5 h. High carbonizing temperature >600°C was found to be unnecessary to 
enhance the ammonia uptake. The most porous structure appeared on the RH carbonized at 
600°C. Thus, the porosity probably did not play a predominant role in determining their 
ammonia adsorption performance. That fact implies that hydrogen and oxygen much 
remaining at the RHs carbonized at 300 and 400°C might be related to enhancement of the 
ammonia adsorption. 

Different types of the commercial deodorants which are useful for adsorption of ammonia 
gas were evaluated similarly and were compared with the RH carbonized at 400°C, which had 
displayed the best performance in the bag test. Figure 4 shows the ammonia gas adsorption 
properties of the commercial deodorants and the RH carbonized at 400°C. Data are average of 
three separate measurements. It is obvious that the carbonized RH adsorbed ammonia gas in a 
much shorter time than the commercial deodorants. The carbonized RH required 0.5 h to 
reduce the ammonia concentration <5 ppm, while the silica gel, showing the fastest ammonia 
adsorption in all the commercial deodorants, required 4 h. Those results demonstrate that the 
ammonia adsorption performance of the carbonized RH was superior to several types of 
commercial products. 

The RH and wood wastes which were carbonized at 400°C in a similar manner were given 
to the ammonia adsorption test in the enclosed bags. Figure 5 shows the ammonia gas 
adsorption properties of the carbonized wood wastes and the RH carbonized at 400°C. Data are 
average of three separate measurements. All the samples reduced the ammonia concentration 
quickly compared to the above commercial deodorants. It is observed that the carbonized RH 
and Japanese cedar bark displayed the greater and similar ammonia adsorption performance. 
The ash content of the raw wood wastes was confirmed to be less than 3 mass%. Considering 
that wood wastes can be used as fuel sources, RH should be utilized as an adsorbent of 
ammonia gas. 

The ammonia adsorption test using an enclosed bags suggested that the RH carbonized at 
400 °C was a promising material for the removal of ammonia gas rather than commercial 
deodorant products and carbonized wood wastes. It was also shown that the carbonizing 
temperature strongly influenced the ammonia adsorption of RH. The pore structure in the 
carbonized RH had a tenuous relation to their ammonia adsorption. 
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Figure 3. Ammonia adsorption of the raw RH and the RH carbonized at 300–800°C as a function of 
contact time. 

 

 

Figure 4. Ammonia adsorption of the commercial deodorants and the RH carbonized at 400°C. 

 
3. 3. Mechanisms of Ammonia Adsorption on Carbonized RH 

 
The above results showed that the carbonizing temperature around 400°C could enhance 

ammonia adsorption performance of RH. The RHs carbonized at 300 and 400°C, which 
showed the faster adsorption of ammonia gas, allowed higher contents of hydrogen and 
oxygen than other carbonized RHs.  
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Figure 5. Ammonia adsorption of wood wastes carbonized at 400°C and RH carbonized at 400°C. 

Functional groups such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl (>C=O) 
groups were likely to be rich in these carbonized RH. It was pointed out in two other studies 
that acidic functional groups produced by carbonization at 400°C can promote ammonia gas 
adsorption in other species of biomass (e.g., Japanese cedar and Japanese cypress) [28, 29]. 
Acidic carboxyl groups can promote adsorption of ammonia molecules through a 
neutralization process as described in Equation 1. 

 
-COOH + NH3 → -COONH4        (1) 
 
On the other hand, it should be recognized that the above polar functional groups can 

adsorb ambient moisture. Equation 2 shows that ammonia molecules can be dissolved into 
moisture. 

 
H2O + NH3 → OH-+ NH4

+        (2) 
 
The ammonia adsorption test was implemented in dry air (<1 % RH). However, residual 

moisture might be involved in this process. An evaluation of hygroscopic properties of the 
carbonized RH samples provides helpful information connected to the mechanism of their 
ammonia adsorption. The raw and carbonized RH samples (1.00 g) were dispersed on glass 
petri dishes (60 mm Dia.). They were then placed in a chamber (50 × 50 × 50 cm3) in which 
the temperature and the humidity were controlled to be 25–27°C and 78–82% RH, 
respectively. The weight changes of the samples resulting from exposure to humid air are 
shown in Figure 6. The sample weight prior to the test (dried state) was 1.00 g. Data are results 
of single measurement. Exceptionally, the raw RH adsorbed much moisture. The largest 
amount of moisture uptake in the carbonized RH appeared for the RH carbonized at 400°C. 
Less moisture uptake was apparent for the RHs carbonized at 600 and 800°C than for the RHs 
carbonized at 300 and 400°C.  
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Figure 6. Moisture uptake of raw RH and RH carbonized at 300–800°C in a humid environment (25–
27°C and 78–82% RH) as a function of contact time. 

The weakest moisture uptake appeared at 600°C, which was commonly observed in other 
carbonized biomass species [30]. A stronger moisture uptake of the RHs carbonized at 300 and 
400°C seems to be consistent with their faster ammonia adsorption. However, the raw RH, 
showing the greatest moisture uptake, was shown to adsorb less ammonia than the RH 
carbonized at 400°C. The raw RH and the RH carbonized at 800°C should have adsorbed more 
ammonia gas if moisture uptake were a dominant mechanism of ammonia adsorption. The 
lesser moisture uptake on the RH carbonized at 300°C than that on the raw RH seems to be 
attributable to the loss of wood constitution. Formation of polar functional groups is likely to 
regain the moisture uptake ability, which is relevant to the change in hygroscopic nature of the 
RH carbonized at 400°C. 

It is described in one study that acidic carboxyl groups, rather than basic carbonyl groups, 
are readily produced at lower temperatures during biomass pyrolysis (carbonization) [31]. It 
was shown that the hydrogen content of the RHs carbonized at 600 and 800°C decreased to 
lower levels (ca. 1 mass%), implying that basic carbonyl groups were richer than acidic 
carboxyl groups in this temperature range. Consequently, the fastest ammonia adsorption of 
the RH carbonized at 400°C was deemed to result from formation of acidic carboxyl groups, in 
which Equation 1 should have proceeded predominantly. The higher carbonizing temperature 
(>400°C) reduced carboxyl groups and might produce carbonyl or other functional groups 
instead. Hence, the ammonia adsorption of the carbonized RH diminished with increasing 
carbonizing temperature.  

The ammonia adsorption of the raw RH is inferred to be the result of a strong hygroscopic 
nature derived from intrinsic celluloses. In this adsorption, Equation 2 probably describes the 
primary process. 

The role of SiO2 in the ammonia adsorption by carbonized RH should also be discussed. 
The compositional analyses indicate that the SiO2 content increased with increasing the 
carbonizing temperature. It was further demonstrated that the ammonia adsorption was not 
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enhanced simply with the carbonizing temperature. Therefore, the contribution of SiO2 in RH 
to its ammonia adsorption was minor, which was consistent with the result of the ammonia 
adsorption test using the carbonized wood wastes.. 

 
 

3.4. Removal of Ammonia Gas from Fermenting Compost by Carbonized RH 
 
The RH carbonized at 400°C, which had shown the best ammonia adsorption performance 

in the bag test, was employed for the removal of ammonia gas emitted from actual fermenting 
compost. The RH produced in Nishiki-mura was carbonized at 400°C for 1 h in nitrogen gas 
flow. The compost of 200 g was covered or mixed with the carbonized RH at the levels of 0, 
1.0, 2.5 and 5.0 mass% in dry state to the compost. Figure 7 shows the concentration of 
ammonia gas in the vessel in which the compost added with the carbonized RH was enclosed, 
as a function of contact time. Data are results of one single measurement. The control indicates 
the ammonia concentration in the gas in which no carbonized RH was added. The ammonia 
concentration of the control decreased with the contact time, implying that gas in the vessel 
was evacuated and fermentation of the compost weakened. It is clearly found that increasing 
the addition level of the carbonized RH decreased the ammonia concentration in the vessel for 
both the covering and mixing methods. Covering method effectively reduced the ammonia 
concentration than the mixing method. Ammonia gas is lighter than ambient air, indicating that 
the carbonized RH covering the compost trapped efficiently the ammonia gas released from 
the whole region of the compost. It is also found that covering the compost with the carbonized 
RH at 5 mass% reduced the ammonia gas concentration from 200 to <1 vol. ppm. For the case 
of high-level addition (2.5 and 5.0 mass%) in the covering method, the ammonia concentration 
rather increased with the contact time. This is probably due to the adsorption saturation of the 
carbonized RH. 

In order to more enhance the ammonia adsorption of the carbonized RH, humid and water-
sprayed carbonized RHs were tested in a similar manner, with a comparison to humid and 
water-sprayed raw RH. Figure 8 shows the concentration of ammonia gas emitted from the 
compost covered with the dried and wetted samples, as a function of contact time. The quantity 
of the covered samples was 1.0 mass% in dry state to the compost weight. It is found that 
wetting the samples resulted in a more decrease in the ammonia concentration for both the 
carbonized and the raw RHs. Water-sprayed samples, into which moisture of 100 mass% was 
added, displayed the lowest ammonia concentration. The impact of wetting was found to be 
larger for the raw RH. However, wetting sample had no influence on the ammonia 
concentration at the contact time of 24 h. The enhancement of the ammonia adsorption owing 
to wetting was temporal. 

Because it was confirmed that humidity in the top space of the vessel in which the 
compost and the sample was encased was very high (>90% RH), uptake and release of 
moisture on the RH carbonized at 400°C and the raw RH in a humid environment were 
evaluated. Figure 9 shows the moisture content of the dried and the water-sprayed samples in a 
humid testing chamber (20°C and 90% RH). The moisture content of the dried samples 
increased and that of the water-sprayed samples decreased with the contact time. The moisture 
content of the dried samples was saturated in 1 h, while that of the water-sprayed samples was 
saturated in 4 h. The raw RH showed the higher moisture content at the longer contact time, 
which is consistent with results of the moisture uptake test shown in Figure 6.  
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Figure 7. Concentration of ammonia gas emitted from the compost covered or mixed with different 
amounts of RH carbonized at 400°C as a function of contact time. (a) covered, (b) mixed. 

The moisture content of the water-sprayed carbonized RH at the contact time of 24 h was 
almost similar to that of the dried carbonized RH, which was similarly observed on the raw 
RH. The enhancement mechanism of the ammonia adsorption on the carbonized and raw RHs 
is explainable from the solution of ammonia into moisture, as shown in Equation 2. Thus, the 
enhanced ammonia uptake at the contact time of 1 and 3 h should have been attributed to the 
residual moisture on the RH samples. The enhanced uptake imparted by water-spraying was 
found to diminish with a release of moisture from the RHs. 
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Figure 8. Concentration of ammonia gas emitted from the compost covered with dried and wetted 
samples as a function of contact time. (a) RH carbonized at 400°C, (b) raw RH. 

The above results suggested that the best way to prevent ammonia gas to be released from 
compost to ambient environment was to cover compost with the RH carbonized at 400°C and 
then spraying water to the carbonized RH. In addition to this, the carbonized RH needs not to 
be removed from the compost because it includes useful inorganic fertilizer components such 
as K, Ca and P as well as produces void in the compost for promoting the ferment. 
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Figure 9. Moisture content of dried and water-sprayed RH samples in a humid environment (20°C and 
90% RH) as a function of contact time. 

 
3.5. Reducing Offensive Odor from Pig Dung by Carbonized RH 

 
A commercial assorted feed added with the RH carbonized at 400°C at the level of 2 

mass% to the feed was provided to growing pigs. Figure 10 shows the concentrations of 
several types of offensive gases emitted from the pigs’ dung. Ammonia gas was attempted to 
be measured, but its concentration was under the detectable level (<0.1 vol. ppm). Data are 
average of 4 separate measurements with standard deviations indicated as an error bar. It is 
found that an addition of the carbonized RH to the feed reduced the concentrations the 
offensive gases emitted from the dung, in which the significances between the two testing 
sections (0 and 2 mass%) were verified by the t-test (P<0.05). In particular, sulfur-related 
compounds of hydrogen sulfide and mercaptons were notably (ca. 80%) reduced. The effects 
of the carbonized RH on the health and physical conditions of the growing pigs were evaluated 
(see Table 6). Noticeable changes in the health and physical conditions resulting from the 
carbonized RH were not observed, suggesting that the addition of the carbonized RH was 
useful to reduce offensive odor emitted from the dung of pigs, even if only the short-term (ca. 
1 week) effect was verified. 

Two mechanisms on the reduction of offensive odor emitted from the dung are available. 
One is direct gases adsorption of the carbonized RH in the bowel of pig. It was stated above 
that acidic functional groups formed on the RH carbonized at 400°C were useful to promote 
adsorption of basic gas of ammonia. However, hydrogen sulfide, mercaptans and lower fatty 
acids are acidic gases [32]. Therefore, the adsorption of these acidic gases was likely to be 
attributed to basic inorganic matters of K, Ca and P, which were intrinsically composed in RH. 
The other mechanism is to change the activity of enteric bacteria [33]. However, further 
discussion on the mechanism of the offensive odor reduction is now impossible referring to the 
present results.  
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Figure 10. Concentrations of hydrogen sulfide, mercaptans and lower fatty acids emitted from the dung 
of pigs given assorted feed with and without RH carbonized at 400°C. 

 
Table 6. The condition of pigs given an assorted feed with and without added RH 

carbonized at 400°C at 2 mass% 
 

 Health 
condition 

Weight of pig 
(g) 

Dung 
amount 
(g) 

Moisture content of 
dung (mass%)  

No 
addition 

Good 51.4 ± 6.7 1600 ± 
437 

72.9 ± 1.2 

Carbonized 
RH added 

Good 52.2 ± 5.8 1648 ± 
372 

73.6 ± 3.7 

Average ± standard deviation. 
 
 
More research is being undergone by the authors to determine the optimum adding level of 

the carbonized RH, to verify the long-term health and physical conditions of pigs, to evaluate 
the quality of the produced flesh, and to elucidate the detailed mechanism. 

 
 

4. CONCLUSIONS 
 
RH was carbonized at different temperatures to test it as a deodorizing adsorbent of 

offensive odor produced by the livestock industry. The carbonized RH was exposed to 
ammonia gas at a concentration of 100 vol. ppm in an enclosed bag. The RH carbonized at 
400°C reduced the ammonia gas concentration in the bag the fastest. The deodorization 
performance was much better than those of several commercial deodorization adsorbents as 
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well as those made of wood wastes (Japanese cedar and black pine) carbonized at 400°C. Pore 
and chemical characteristics of the carbonized RH were examined to correlate them with the 
ammonia adsorption property, suggesting that acidic functional groups remaining at 400°C 
were useful to promote adsorption of basic ammonia gas. 

The performance of the RH carbonized at 400°C was evaluated with respect to the 
adsorption of ammonia gas produced from actual fermenting compost in an enclosed vessel. 
The actual compost was covered with or was mixed with the carbonized RH at the level of 0–5 
mass% to the compost. The covering method reduced the ammonia concentration in the vessel 
much faster than the mixing method did, which was attributed to volatilization of ammonia gas 
which is lighter than ambient air. Covering the compost with the carbonized RH at 5 mass% 
reduced the ammonia gas concentration from 200 to <1 vol. ppm. Wetting the carbonized RH 
(mass similar to water was provided to the carbonized RH) was found to be effective in 
reducing the concentration of ammonia gas emitted from the compost, even if this effect was 
temporal up to the completion of moisture release. 

An assorted feed to which was added RH carbonized at 400°C at 2 mass% was given to 
growing pigs. The addition of the carbonized RH reduced about 80% of the concentration of 
hydrogen sulfide and mercaptans emitted from the pigs’ dung. Notable changes in the health 
and physical conditions of pigs were not observed. The uptake of hydrogen sulfide and 
mercaptans on the carbonized RH was likely to be related to the basic inorganic matter of K, 
Ca and P, which were intrinsically composed in RH. 

Finally, the above laboratory and field tests showed that the RH carbonized at 400°C can 
be used as a promising material to remove the offensive odor produced by the livestock 
industry. This also contributes to an efficient circulation of waste in agriculture and livestock. 
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ABSTRACT 
 

The alarming rate of population growth and a regular depletion in food production and 
food resources are important factors in the present dire need to find new viable options for 
food and feed sources. Based on scientific developments, particularly in industrial 
microbiology, one feasible solution could be the consumption of microorganisms as 
human food and animal feed supplements. Humans have used microbial-based products—
like alcoholic beverages, curd, cheese, yogurt, and soya—even before the beginning of 
civilization. Due to research developments in the scientific arena in the last two decades, 
(Bio) single cell protein (SCP) has drawn new attention towards its use as supplement in 
human food, animal feed or staple diet. There are several benefits to using SCP as food or 
feed, viz. its rapid growth rate and high protein content. The microorganisms involved as 
SCP have the ability to utilize cheap and plentiful available feedstock for their growth and 
energy, making them an attractive option. However, in spite of laboratory-based success 
stories, only a limited number of commercial SCP production plants have been seen 
worldwide. This review analyzes the possibility of SCP production, various raw materials 
for its production, available microorganisms with cultivation methods, toxicity assessment 
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and their removal. Also, new developments and risk assessment using SCP along with 
worldwide industrial SCP production are discussed. 
 
 

Key words: single cell protein (SCP), solid state fermentation (SSF), toxins, nucleic acid 
 
 

1. INTRODUCTION 
 
Single cell proteins are microbiologically-produced proteins, identified and named at 

Massachusetts Institute of Technology (MIT) in 1966 by Carrol Wilson. It can be derived from 
a variety of microorganisms, both unicellular and multicellular—namely, bacteria, yeast, fungi, 
or microscopic algae. These potentially important food substances are not pure proteins but 
are, rather, dehydrated cells consisting of mixtures of proteins, lipids, carbohydrates, nucleic 
acids and a variety of other non-protein nitrogenous compounds, vitamins, and inorganic 
compounds (Anupma and Ravindra, 2000). 

Earth has always undergone fast and drastic changes in the name of progress. It has 
fulfilled all our needs and necessities, but the changes are so swift that the resources provided 
by it are falling short. One reason, first and foremost, is the geometric progression of the 
population explosion (Kapitza, 1996). Population growth has ill effects on the economy of the 
country, and in social and political aspects as well. Further, it has a direct impact on the 
availability of food (Levy-Costa, Sichieri, dos Santos, Pontes and Monteiro, 2005). 

At the start of the 20th century, the population of the world was less than two billion 
people, and the population had grown to six billion when the century ended. The incremental 
growth of the human population in the last half-century is unprecedented. In the present 
scenario, world population is projected to continue to rise exponentially for next 50 years 
(Smil, 2005). India is the second most populous country in the world after China. Over the past 
four decades, the size of India’s population has more than doubled and is projected to reach 
1.22 billion by 2015 and 1.40 billion by 2030, despite the considerable slowdown in fertility 
and population growth rates. 

Regardless of which projection one uses, it is clear that at least 1.3 billion people will be 
added to the world population during the next 25 years (Figure 1). A population spurt is seen 
both in developing and developed countries, although with a difference in rate of explosion 
(Chamie, 2004). The developing countries owe about 98% of the total population increase, 
while developed countries add the remaining 2% difference. The population growth diverts our 
thinking towards the availability of basic needs for this enormous number. 

Apart from increased population, rapid urbanization and fast reduction of area under 
cultivation have further aggravated the problem of availability of food.  

Proteins are useful for body building, repair and maintenance of tissues, osmotic pressure, 
and chemical coordination (in the form of hormones). In extreme conditions protein may also 
be used for the production of energy in the human body (ZoBell, Olson, Wiedmeier and 
Stonecipher, 2004). The nutritive value of proteins depends on its amino acid composition. Amino 
acids are the bricks with which tissue protein is built and replaced. There are some 20 amino 
acids commonly found in dietary proteins, out of which 10 amino acids cannot be synthesized 
by human beings and they have to be supplied through diet. These are called essential amino acids 
(Koehnle, Russell and Gietzen, 2003).  
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Figure 1. Projected world population (Chamie, 2004). 

 
Table 1. Daily requirement of essential amino acids (Lehninger, 1990) 

 
Amino acid Quantity (g) 
Arginine 0+ 

Histidine Unknown * 
Isoleucine 1.30 

Leucine 2.02 

Lysine 1.50 

Methionine 2.02 

Phenylalanine 2.02 

Threonine 0.91 

Tryptophan 0.46 

Valine 1.50 

+ Required by infants and growing children 
* Essential but precise requirement not yet established 
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Table 1 shows the daily requirement of essential amino acids. Adults require 9 essential 
amino acids while children require 10, the extra amino acid being arginine. Although 
the liver normally makes arginine as a step in the synthesis of urea, children cannot make 
arginine fast enough to support both urea synthesis and the synthesis of body proteins. Dietary 
protein requirement varies from 30 to 92 g/day. To fulfill this minimum protein requirement, 
constant research work on providing alternative sources of proteins in the form of 
microorganisms is in progress worldwide. In this direction, the research activities have given 
some encouraging results over a decade (Anupma et al., 2000; Ravinder, Venkateshwar Rao 
and Ravindra, 2003; Ravinder, Chandel, Venkateshwer and Ravindra, 2006; Berge, 
Baeverfjord, Skrede and Storebakken, 2005). 

This review deals with single cell protein (SCP) production technologies, available 
microorganisms, toxins and their removal, applications and industries involved in 
production of SCP worldwide. 

 
 

2. MICROORGANISMS: AN ASSEST IN SCP PRODUCTION 
 
Microorganisms have excelled at producing primary and secondary metabolites from a 

variety of raw carbohydrates for billions of years under varying cultivation processes for the 
production of value-added products. In current vogue, the results of studying giant ‘microbial 
libraries’ for microbial conversion of alternative and cheap carbohydrates can serve as a raw 
material for SCP production (Singh and Kumar, 2007). Over the centuries microorganisms 
have been used by human as biomass in production of various products such as alcoholic 
drinks, cheese, yogurt and soybean paste (Tuse, 1984). Today, there are many works in food 
and feed production using microorganisms in the world. Usefulness of SCP is determined by 
the parameters related to nutritional values and its contents. These parameters are nutrients, 
vitamins, nitrogen, carbohydrates, fats, cell wall, nucleic acids, and profile of protein and 
amino acids. Microbial protein is a non-traditional protein; it is not a palatable, desirable food 
and must be incorporated directly or indirectly into other foods (Anupma et al., 2000). 
Consumption of microorganisms as a source of protein seems an attractive and sustainable 
option due to several advantages. The period of doubling time of microorganisms is shorter 
than the other living beings for SCP production (Table 2). 

In recent years, SCP has been produced from many species of microorganisms. These are 
fungi, bacteria and algae, which are widely used practically. Use of bacteria and fungi for SCP 
production is more economical when grown on easily available wastes (Pandey, Soccol and 
Mithchell, 2000a; Pandey, Soccol, Nigam, Soccol, Vandenberghe and Mohan, 2000b; 
Rudravaram, Chandel, Linga, and Ravindra, 2006). The reason for preferring microorganisms 
is their fast growth with high protein ratio. The acceptance of a species as food or feed depends 
on growth rate, substrate utilization and toxicity (Ravinder PhD Thesis, 2003; Ravinder et al., 
2003). Filamentous fungi are preferred in SCP production due to easy growth on 
lignocellulosic wastes and ease of separation from its media (Westhuizen and Pretorius, 1996). 

 
 
 
 



Bio (Single Cell) Protein 133

Table 2. The doubling period of mass for some living beings (Bailey and Ollis, 1986) 
 

Organism Time for doubling mass 
Bacteria and yeast 20–120 minutes 
Filamentous fungi and algae 2–6 hours 
Grass and some plants 1–2 weeks 
Chicken 2–4 weeks 
Pig 4–6 weeks 
Cattle 1–2 months 
Human 3–6 months 

 
 

2.1. Yeast 
 
Yeast is a commonly-used organism in the production of biomass, probably because it is 

already accepted both in the human food and animal feed industries. Yeast-based processes are 
the farthest advanced towards commercial production, followed by bacterial processes 
(Kourkoutas, Sipsas, Papavasiliou and Koutinas, 2007). Yeasts have many convenient 
characteristics, such as the ability to use a wide variety of substrates like hexoses, pentoses, 
and hydrocarbons (Moeini, Nahvi and Tavassoli, 2004), susceptibility to induced and genetic 
variation, ability to flocculate (Labuza, 1975) and high nutritional value (Yanez, Ballester, 
Fernandez, Gattos and Mönckeberg, 1972). However, attention has often been drawn to the 
fact that yeast appears to be deficient in essential sulphur amino acids (Worgan, 1973). 

 
 

2.2. Algae 
 
Unicellular algae are the smallest and simplest photosynthetic apparatus for effective 

utilization of plentiful solar energy (Venkatratnam, 1978). The advantages and disadvantages 
of growing algae as protein sources were discussed by several investigators (Chae, Hwang and 
Shin, 2006). The use of certain algae in foods in certain parts of the world has been well 
documented. The blue green algae Spirulina is collected and eaten by natives around Lake 
Chand in Africa traditionally. In countries like Tartary, Mangolia and China it was found that 
algae was eaten by people and also marketed. The autotrophic, mixotrophic and heterotrophic 
methods of production of microalgae (Fabregas and Herrero, 1985), Chlorella in Asia has been 
reviewed by Kawaguchi (1980). Algae processes are still short of full-scale development 
because they are limited by the requirements for light over a major portion of the year and for 
a continuous supply of CO2 or other carbon source (Venkatratnam, 1978). In Taiwan, however, 
plants for the production of Chlorella feeds using methane generated from manure are now in 
operation (Srinivasan and Fleenor, 1972). 
 

 
2.3. Bacteria 

 
A number of different species of bacteria are used in SCP production. Bacteria have a 

slight advantage over the other microorganisms as a food source, because of their higher 
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growth rates and relatively higher protein content and sulphur-containing amino acids 
(Kurbanuglu and Algur, 2002). Bacterial SCP is high in protein and certain essential amino acids. 
The crude protein content is around 80% of the total dry weight. The nucleic acid content, especially 
RNA, is very high on a dry weight basis and is reported to be 15–16%. Bacterial SCP is rich in 
methionine, around 2.2-3.0%, which is comparatively higher than that of algae (1.4–2.6%) and 
fungi (1.8–2.5%) (Singh, 1998). The essential amino acid composition of different Lactobacilli 
group appears comparable to that of the FAO reference protein and SCP from other sources 
(Erdman, Bergen and Reddy, 1977). The use of bacteria was objected because of their size, 
which makes harvesting difficult without the use of flocculants or thickeners (Dabbah, 1970). 
However, a very limited success has been achieved so far with bacterial biomass consumption 
as human food or animal feed. This is partly because of high nucleic acid content and partly 
due to the fear of bacterial toxins (Fossum and Almlid, 1977). Production of SCP on SSF by 
utilizing lignocellulosic waste is not practiced due to less moisture content in lignocellulosic 
material (Han and Srinivasan, 1968) 

 
 

2.4. Fungi 
 
The filamentous fungi are extensively used in SCP production. Many strains, such as 

Aspergillus, Fusarium, Chaetomium, Rhizopus, and Tricoderma, are being used on a 
commercial scale for this purpose (Solomans, 1985). Fungi have the ability to provide form 
and texture (Humphrey, 1975), and hence can be harvested with ease; also, the cost of 
production may be reduced. Like algae, fungi generally have low nucleic acid content, and 
accordingly, the dangers of kidney stones and gout are not great even without processing the 
biomass to lower nucleic acid content (Lipinsky, 1974). Another advantage is that fungi can 
prosper on a variety of carbohydrates and they are best suited for agroresidues, although 
growth rates vary considerably with different substrates (Anderson, 1975). 

 
 

3. SOURCES FOR SCP PRODUCTION AND CULTIVATION METHODS 
 
Bacteria and fungi utilize a variety of substrates (Tannenbaum and Wang, 1975) in SCP 

production. The main substrate required for algae are carbondioxide and sunlight (Kawaguchi, 
1980). Fungal species are cultured on different substrates, mostly cheap wastes, which supply the 
carbon and nitrogen for growth (Smith, Fermor and Zadraz¡il, 1988). Among various substrates, 
lignocellulosic material such as wood from angiosperms and gymnosperms, grasses, leaves, 
wastes from paper manufacture, sugarcane bagasse, wheat straw, wheat bran, rice bran, 
groundnut shell and other agricultural wastes are cheap source for SCP production (Gupte and 
Madamwar, 1997; Chaudhary and Sharma, 2005). 

Lignocellulose is the most abundant organic material on earth, representing 50% of the 
total plant biomass and presenting an estimated annual production of 5.0 x 1010 tons 
(Kuhad and Singh, 1993). Plant production from agriculture contributes only a small part of this 
overall production, but still represents a considerable amount, 1.23 x 108 tons per year (Kuhad et al., 
1993). Approximately half of the agricultural biomass produced is not used as food or feed (Smith et 
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al., 1988). The major part of these agricultural residues, if not burned, is fragmented and added to soil 
as organic fertilizer (Zadrazil, Brunnert and Grabbe, 1983). 

Agro-industrial wastes from cereals, wood and fruit processing industry wastes have also been 
explored for SCP production worldwide. For example the availability of rice bran, which is 
almost 40 million metric tons rice bran produced every year, has been discarded as unfit for 
human consumption. After the oil extraction it is called deoiled rice bran (DOB) which 
contains 9% protein and 36% cellulose and has been thoroughly exploited for protein 
enrichment using Aspergillus oryzae MTCC1846 (Ravinder et al., 2003, 2006).  

Waste recycling has been advanced as a method for preventing environmental decay and 
increasing food supplies. The potential benefits from successful recycling of agricultural 
wastes are enormous. It may be the only method for large-scale protein production that does 
not require a concomitant increase in energy consumption. In addition, it may be the most 
effective method for producing animal and human food from lignocellulose materials apart 
from their use in bioethanol production (Chandel, Rudravaram, Narasu ML, Rao and Ravindra, 
2007a; Chandel et al., 2007b). The lignocellulosic waste materials contain cellulose, 
hemicellulose and lignin. Cellulose is most abundant of these polysaccharides. These sources 
are attractive due to their easy availability and low cost (Lin and Tanaka, 2006). These 
materials however have to be pretreated with some physical or chemical methods since lignin-
cellulose complex is tough to unravel and does not allow easy accessibility of enzymes in 
enzymatic hydrolysis of lignocellulose (Chandel et al., 2007a; Chandel, Kapoor, Singh and 
Kuhad, 2007c). 

 
 

4. TOXINS OF MICROFLORA AND THEIR REMOVAL 
 
Toxins are secondary metabolites produced by fungi (Bennett and Keller, 1997) and 

bacteria (Blancou, Calvet and Riviere, 1978). Algae in general do not produce harmful toxins 
(Leonard and Compere, 1967). The toxicity of an SCP product must be assessed before 
marketing, since SCP is considered as animal feed and human food (Anupama et al., 2000). 

 
 

4.1. Toxins Produced by Bacteria and their Removal 
 
Bacteria produce exotoxins such as enterotoxin, erythrogenic toxin, alpha-toxin, and 

neurotoxin (Ekenvall, Dolling, Gothe, Ebbinghaus, von Stedingk and Wasserman, 1983). 
Endotoxins are an integral part of the cell walls of gram-negative bacteria and are liberated 
upon lysis. Endotoxins are lipopolysaccharides in nature. Endotoxins cause fever in the host and are 
fatal for laboratory animals at slightly higher doses than exotoxins (Powar and Daginawala, 1995). 
SCP from Pseudomonas species and Methylomonas methanica, when used for animal feed 
purposes, caused febrile reaction and high titres of IgG and IgM due to endotoxins (Ekenvall et 
al., 1983). 

Exotoxins can be easily removed, as these are present in soluble form in the medium (Powar 
et al, 1995). They are sensitive to temperatures above 60°C. Moreover, 50% alcohol, 
formaldehyde and dilute acids can denature exotoxins or convert them into non-toxic toxoids 
(Blancou et al., 1978). Toxoids are beneficial for artificial immunization (Powar et al., 1995). 
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On the other side, removal of endotoxins is difficult as they are part of cellular components of few 
gram-negative bacteria. Formation of endotoxins can only be prevented by genetic engineering, 
where the activity of genes controlling the formation of the unwanted toxins can be modified 
or suppressed (Anupama et al., 2000). SCP produced by methanotropic and heterotrophic bacteria 
generally contains a large amount of nucleic acid making the product less suitable for human 
consumption.  

 
 

4.2. Toxins Produced by Fungi (Mycotoxins) and Their Removal  
 
Minute amounts of mycotoxins are able to induce allergies, diseases, rashes on skin, 

neurotoxicity and other disorders. There are many reports on mycotoxins, but aflatoxins are the 
most important and best understood (Eaton and Groopman, 1994). Prominent fungal toxins include 
aflatoxins of type B1, B2, G1 and G2 Aspergillus flavus, citrinin from Penicillium citrinum, 
trichothecenes and zearalanone from Fusarium species and ergotamine from Claviceps species 
(Bennett et al., 1997). Aflatoxins are produced by A. flavus, A. parasiticus and A. oryzae (Schlegel, 
1996). Aflatoxins cause human liver cancer (Eaton et al., 1994). Apart from aflatoxins, 
ochratoxins are also important mycotoxins. Ochratoxin are structurally related groups of 
pentaketides. Ochratoxin A is the most abundant and toxic of the five metabolites in the 
Ochratoxin group. These metabolites have been found to occur in Aspergillus and Penicillium 
species and cause damage to the liver as well as kidneys (Varga, Kevel, Rinyu, Teren and 
Kozakiewicz, 1996). Trichothecenes are considered the next most important group among 
mycotoxins. Trichothecenes have a 12, 13 epoxytrichothec-9-ene nucleus which able to induce 
dermal toxicity and several hematopoietic effects (Joffe, 1986). 

 Ammoniation is the most successful method to remove mycotoxins as this method can reduce 
aflatoxin levels by 99% (Park and Liang, 1993). Co-culture of A. flavus with other microbes results in 
reduction of toxins production (Cotty, Bayman and Egel, 1994). The biosynthetic pathways for 
both aflatoxins (Bennet et al., 1997) and trichothecenes were studied (Desjardins, Hohn and 
McCormick, 1993). Molecular biology techniques have been exploited for detoxification. Molecular 
dissection and elimination of genes responsible for mycotoxin synthesis is developing into an exciting 
area of contemporary mycotoxin research (Keller, Cleveland and Bhatnagar, 1992). The 
techniques of cloning, probing, sequencing, expression libraries, transcript mapping, gene 
disruption, and chromosome walking have been employed to isolate the aflatoxin pathway clusters 
from A. flavus and A. parasiticus (Bennett et al., 1997). Studies that identify the molecular 
determinants regulating mycotoxin production are promising rational control strategies. For 
example, aflR is the regulatory gene controlling the production of both aflatoxins and 
sterigmatocystin in Aspergillus. This forms the target gene to be inhibited for the future control of 
mycotoxin production in Aspergillus (Yu, Butchko and Fernandes, 1996). When Aspergillus sp is 
impaired in asexual reproduction, the production of aflatoxins is inhibited (Kale, Bhatnagar and 
Bennett, 1994). A report describes how a plasmid vector (pDEL2) was engineered to introduce a 
deletion within the aflatoxin biosynthesis gene cluster of A. parasiticus. Subsequent aflatoxin 
precursor feeding studies confirmed that the enzyme activities associated with the deleted genes 
were absent (Cary, Barnaby, Ehrlic, and Bhatnagar, 1999). There are also reports that products 
of plant defense pathways (i.e., lipoxygenase or the jasmonate pathway) can inhibit aflatoxin 
production (Zeringue, 1996). 
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Figure 2. Pathways of nucleic acid metabolism (Calloway, 1974). 

 
5. NUCLEIC ACIDS AND ITS REMOVAL 

 
Bacterial SCP products may have nucleic acids as high as 16% of dry weight. Human 

consumption greater than 2 g nucleic acid equivalent per day may lead to kidney stone 
formation and gout (Calloway, 1974). Figure 2 shows the metabolic pathway of nucleic acids. Uric 
acid, an important metabolite, is slightly soluble at physiologic pH and if the blood uric acid 
content is elevated, crystals may form in the joints, causing gout or gouty arthritis and urinary 
problems (Dabbah, 1970).  

In rapidly-proliferating microbial cells RNA forms the bulk of the nucleic acids (Singh, 1998). 
The RNA content of yeast cells is known to be dependent on the culture conditions and 
carbon/nitrogen (C/N) ratios. The nucleic acid level can be reduced by several means. These include 
activation of endogenous RNAase by brief heat treatment up to 60–70°C for 20 min, alkaline 
hydrolysis of nucleic acids, modifications of cultural conditions with respect to nitrogen, carbon, 
phosphorous and zinc content or chemical extraction and removal of nucleic acid (Worgan, 1973). 

Some researchers have extensively discussed safety evaluation of SCP products for human 
food and animal feed, and specific methods to reduce the nucleic acids are also reported (Taylor, 
Lucas, Gable and Graber, 1974). Purine content in baker's yeast can be reduced by chemical 
treatment and autolytic methods (Trevelyan, 1976a, b). Reduction of nucleic acids can be achieved 
by the endogenous polynucleotide phosphorylase and RNase in Brevibacterium (Yang, Thayer 
and Yang, 1979). Two derivatives of pancreatic RNase and an endonuclease of Staphylococcus 
aureus, immobilized on corncobs, have been used to reduce the percentage of nucleic acids in 
SCP concentrates of yeasts from 5–15% to 0.5% with a protein loss of only 6% after treatment 
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(Martinez, Sanchez-Montero, Sinisterra and Ballesteros, 1991). Immobilized nucleases like 
benzonases on corncobs were also used to reduce the nucleic acid content in protein 
concentrates. The percentage of DNA was reported to be reduced to 3–6% and RNA to 50% with 
loss of protein being only 1% (Moreno et al., 1991). An immobilized pancreatic RNase was also 
investigated for the degradation of yeast ribonucleic acid. The rapid reaction rates obtainable at 
relatively low temperatures offer a potential alternative method of purifying yeast SCP with minimal 
loss of derived protein (Dale and White, 1979). Methods for reduction of nucleic acid content in 
SCP obtained from gas oil are also reported (Abou-Zeid, Khan and Abulnaja, 1995). 

 
 

6. NEW DEVELOPMENTS FOR IMPROVEMENT IN SCP PRODUCTION 
 
Timely interventions such as strain improvement through mutagenesis, gene cloning and 

expression, and optimization of potential fermentation parameters enhance the production of 
selective metabolites (Singh et al., 2007). Mutation has been a successful method for 
improving the yield of biomass. Pseudomonas methylotrophus was isolated by Imperial 
Chemical Industries (1CI) and then significantly improved through genetic engineering and 
physiological development. When glutamate dehydrogenase system isolated from Escherichia 
coli was transferred to GOGAT mutant of P. methylotrophus by genetic engineering, improved 
nitrogen assimilation was observed by the mutant. It was used commercially for yield 
improvement in terms of raw protein, pure protein, and cell dry weight and μmax was 
significant (Gow, Littlehailes, Smith, and Walter, 1975). Yields of the engineered organisms 
were about 5% greater than the parent organism (Balasubramanian, Bryce, Dharmalingam, 
Green and Jayaraman, 1998). The use of genetic engineering is not restricted to designing and 
production of microbes with high protein yield capability alone. It also finds an application in 
the improvement of downstream processing in post-fermentation stage. It is used in the 
production of ‘designer’ or ‘recombinant’ proteins of high nutritive value and their subsequent 
purification. Novel techniques like specifically designed tags or by modification of sequences 
with target-gene product are used for efficient recovery of native and modified proteins 
(Murby, Uhlen and Stahl, 1996). Improvement in protein recovery can also be achieved by 
suppression or elimination of protease enzyme activity in the microbial cells. Mutants with 
modified protease gene sequence can be isolated and used for the purpose. For example, 
LDHP1 strain of S. cerevisiae, a protease deficient mutant, was produced due to osmotic shock 
and showed an improved beta-galactosidase yield (Becerra, Cerdan and Gonzalez-Siso, 1997). 

Recombinant DNA technology has also been used to isolate a mutant gene that can 
enhance the overall protein yield or enables the organism to produce high amount of 
specific amino acids like glutamate, tryptophan, phenylalanine and others along with a high 
protein yielding capacity. Such genes can be combined together by recombination technique 
and incorporated in the organism, which has a wide substrate range. 

A mutant variety of S. cerevisiae produced high concentration of intracellular glutamate 
(Hill, 1994). Mutants of S. cerevisiae, which were resistant to toxic ethionine, showed 
accumulation of methionine as high as 163 times that of parental strain. Moeini et al., (2004) 
used mixed culture of the isolated yeast strains with S. cerevisiae was used in order to increase 
the biomass yield and BOD removal. The highest biomass yield (22.38 g/l) and reduction of 
initial BOD from 30000 to 3450 mg/l were obtained with the mixed culture of K. lactis (M2) 
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and S. cerevisiae. The property of high accumulation in mutant was gained due to enhanced 
specific activity and reduced feedback inhibition by threonine of the enzyme aspartokinase and 
homoserine (Martinez-Force and Benitez, 1993). About 180,000 tons of L-Lysine, is needed 
annually to improve the nutritive value of food and SCP. Mutant Corynebacterium 
glutamicum, which is auxotrophic for alanine, sensitive to beta-fluoropyruvate and resistant to 
alpha-chlorocaprolactum, could produce 70 g/1 L-Lysine. On improvement of strain by 
recombinant DNA technique the yield was enhanced to 98 g/l of L-Lysine (Sahm, 1995). The 
yield of expensive amino acids like L-Threonine can also be improved by use of recombinant 
Escherichia coli (Tsukada and Sugimori, 1971) and that of phenylalanine by genetically 
manipulated strain of Rhodotorula rubra (De Boer and Dijkhuizen, 1990). High cost restricts 
the use of L-Tryptophan to humans. Enhanced yield can be achieved by classical mutation and 
genetic engineering. Unification of four mutations by recombination and their incorporation in 
S.cerevisiae helped to produce 12 g/l L-tryptophan (Moller, 1994). 

Strain improvement is done by complementing the auxotrophic mutants by wild type 
genes (Jungehulsing, Arntz, Smit and Tudzynski, 1994). The substrate-range of such strains 
can be extensively widened when compared to the auxotrophic variety. This would allow the 
utilization of a variety of unused substrates for the growth of microbes for SCP production. 

 
 

6.1. Application of New Substrates in Solid State Fermentation (SSF) for SCP 
Production and Commercialization of SCP 

 
SSF has been traditionally followed for production of fermented foods since ancient 

times. Some of these foods have worldwide popularity and are used for preparation of delicious 
curries (Nigam and Vogel, 1990). SSF can be commercially applied for the production of organic 
acids, mushrooms, cheese and upgradation of lignocellulose, composting, dough fermentation, 
mycotoxins, starter inoculum, ethanol, cocoa, vanilla, coffee, insecticides and 
biodegradation of wastes (Pandey et al., 2000a). In recent times, SSF has applications in the field 
of SCP production in an extensive way due to its advantage of utilization of wastes to produce 
value-added product (Ravinder et al., 2003; 2006). 

Crop residues represent potential source of dietary energy to ruminants if the protein 
content can be increased (Robinson and Poonam, 2002). Crop residues are renewable and 
could be a potential raw material for SCP production. They represent a potential solution to 
feeding animals. Table 4 shows various substrates and micro organisms used for protein 
enrichment (SCP) by solid state fermentation. Cassava starch an important food for millions of 
Africa, Asia and South America contains low protein, vitamins and sulphur containing amino 
acid (Pandey et al., 2000b). Soccol, Leon, Rouses and Raimbault (1993) investigated 
biotranformation of cassava for nutritional improvement. Apple pomace has been used protein 
enrichment under SSF by A. niger as food and feed for pigs (Nigam and Singh, 1996). The use 
of protein enrichment of apple pomase by use of co-culture of moulds and yeast has been 
explored by Bhalla and Joshi (1994). Carob pods contain high amounts of tannins, which have 
adverse effect on animal growth. Protein enrichment of 20% was obtained in 4 days of SSF of 
carob pods SSF with 83% of reduction in tannins (Smail, Salhi and Knapp, 1995). Recently, 
some unconventional sources have been exploited for SCP production. Berge and colleagues 
(2005) used natural gas for production of bacterial protein meal (BPM) and evaluated growth.  
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Table 3. Macromolecular composition and general properties of microorganisms 
(Champagnat, Vernet, Laine and Filosa, 1963) 

 
Parameters Bacteria Yeast Fungi Algae 
Doubling time (hours) 1–3 2–6 5–12 6–24 
Crude protein (% dry cell weight) 40–80 40–60 30–45 40–50 
Nucleic acids (%) 8–20 5–15 6–13 45–51a 
Carbohydrates and fats (%) 10–30 10–40 10–45 34.6–45 
Ash content (%) 4–10 4–10 4–10 5–8 
Temperature range (°C) 22–55 25–40 25–50 25–32 
pH range 5–7 3–5 6–8 6.9–9.6 

Percentage 
 

Table 4. Substrates and microorganisms used for protein enrichment by SSF 
 

Substrate Microorganism References 
Deoiled rice bran A. oryzae Ravinder et al., 2003; 2006 
Ram horn Bacillus cereus NRRL 

B-3711, Bacillus subtilis 
NRRL NRS-744, 
Escherichia coli 

Kurbanoglu et al., 2002 

Rice bran Aspergillus niger Anupama and Ravindra, 2001 
Apple pomace C.utilis sp. Kloeckera 

apicula, A .niger, 
Tricoderma sp. 

Rahmat, Hodge, Manderson and 
Yu, 1995 
Bhalla et al., 1994 

Carob pods Agrocybe aegirata, 
Amellaria mellae 

Nicolini, Volpe, Pezzotti and 
Carilli, 1993 

Canola meal Aspegillus carbonarius Alasheh and Duvnjak, 1995 
Wheat straw Chaetomium 

cellulolyticum 
Trichoderma reesei 

Viesturs, Apsite, Laukevics, Ose 
and Bekers, 1981 

Coffee pulp Aspergillus niger Nicolini et al., 1993 
Rape-seed meal Aspergillus clavatus 

Fusarium oxysporum 
Viesturs et al., 1981 

Sago starch Rhizopus oligosporus Penbaloza, Molina, Brenes and 
Bressani, 1985 

Sugar beet pulp Trichoderma reesei 
Talaromyces 

Cochrane, 1958 

Sugar beet pulp Trichoderma viride Mitchell, Gumbira-Said, 
Greenfield and Doelle, 1991 

Manure Chaetomium 
cellulolyticum 

Considine, Mehra, Hackett, 
O'Rorke, Comerford and Coughlan, 
1986 

Soy beans Rhizopus oligosporus Reu, 1995 
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Table 4. (Continued) 
 

Substrate Microorganism References 
 

Sawdust Chaetomium 
cellulolyticum 

Durand and Chereau, 1988 

Lignocellulosic 
Substrates 

Chaetomium 
cellulolyticum 

Chahal, Vlach and Moo-Young, 
1980 

Cassava starch Rhizopus oligosporus Mitchell and Lonsane, 1992 
Banana wastes Aspergillus niger Baldensperger, Le Mer, Hannibal 

and Quinto, 1985 
Citrus peel extracts Geotrichum candidum Ziino, Curto, Salvo, Signorino, 

Chifal and Giuffrida, 1999 
Fodder beets 
 

Saccharomyces 
cerevisiae 

Rodrguez, Echevarria, Rodriguez, 
Sierra, Daniel and Martinez, 1985 

Maize Aspergillus niger 
Saccharomyces sp. 

Han and Steinberg, 1986 

Bagasse Schwanniomyces castelli Suacedo-Casteneda, Gutierrez-
Rojas, Bacquet, Raimbault and 
Vinegra-Gonzalez, 1992 
 

Citrus Pulp Aspergillus niger, 
Trichoderma virideae 

De Gregorio, Mandalari, Arena, 
Nucita, Tripodo and Locurto, 2002 

 
Ghaly and Kamal (2004) used cheese whey as source for SCP production from 

Kluyveromyces fragilis under the optimum conditions (air flow, 3 vvm; agitation, 400 rpm; 
temperature, 31.6°C). About 99% of lactose utilization was observed after 28 h of growth.  

Cheese whey was also used as carbon source for SCP production under fed batch culture 
using Kefir microflora in anaerobic conditions (Paraskevopaulou, Athanasiadis, Kanellaki, 
Bekatorou, Blekas and Kiosseoglou, 2003). Deproteinized cheese whey concentrates were 
investigated for their suitability as substrates for the production of single-cell protein with 
Kluyveromyces marxianus CBS 6556 at 100 L fermenter scale (Schultz, Chang, Hauck, Reuss 
and Syldatk, 2006). Honda, Fukushi and Yamamoto (2006) optimized the waste water feeding 
for SCP production in anaerobic waste water treatment process utilizing purple non sulfur 
bacteria under mixed culture conditions. Maximum protein content was observed when waste 
water was fed as organism showed maximum growth. 

Tray bioreactors are very simple in design, with no forced aeration or mixing for solid 
substrate and can be excellent tool to be used in SCP production. These types of reactors are 
restricted in amount of substrate that can be fermented, as only thin layers can be used, in order 
to avoid over heating and to maintain aerobic condition (Nigam et al., 1996). Wooden trays 
were initially used for soy sauce production in Koji fermentations by A. niger (Pandey et al., 
2000ab). The use of tray fermentors has remained largely unchanged, with only engineering 
advance being the use of modern materials such as plastic, alluminium and stainless steel. The 
advantage of modern trays over wooden trays is to make sterilization and cleaning easier and 
therefore reduce contamination or spoilage (Tengerdy and Szakacs, 2002). However the use of 
tray fermenters in large-scale production is limited as they require a large operational area and 
tend to labour intensive with mechanical handling also being difficult (Williams, 2002). 
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Table 5. Some of the industrial establishments involved in the SCP production 
 

Organization Microorganisms applied Used substrates for SCP 
production 

Ammoco, USA C. utilis Ethanol 
Bellyyeast, France Kluveromyces Whey 
British petroleum, France Candida tropicalis Hydrocarbons 
Hoechst, Germany Methylomonas clara Methanol 
ICI, U.K Methylotrophus Methanol 
IFP, France Candida tropicalis n-alkanes 

Liquichemica, Italy Candida maltosa n-alkanes 
Philips, USA Pichia sp, Torula sp. Sugar feed stock 
Pekilo, Finland C. utilis  Starches 

 
There have been increasing demand for protein and recent high prices of fish meal and 

soya meal have shown that there is a definite market for SCP.  
Various companies such as British Petroleum, Ranks, Hovis, and McDougal-Dupont, etc. 

have shown that pilot plant scale production of SCP is feasible (Table 5). 
 
 

8. APPLICATIONS OF SCP 
 

8.1. As Feed 
 
The feed industry, through its technology in evaluating, processing and using new 

ingredients, is offering many opportunities to use substrates that were not used for feed 
production in the past, in order to minimize feed costs (Caldas, 1999). The acquisition of great 
volumes of these ingredients by feed industries has been an important factor in prompting 
vegetable processing industries to invest in the processing of by-products that were previously 
wasted. A feed is usually produced from agricultural products or by-products such as grains, cereals 
and residues. However, it is necessary to add micro-ingredients to improve levels of essential 
amino acids, vitamins and minerals (Edelstein, 1982). New additives such as metabolic 
modifiers, anti-microbial agents, probiotics and special minerals are also incorporated in order to 
supply essential nutrients, to enhance growth and to avoid diseases (Wenk, 2000). Even if the raw 
material is low cost, the addition of these micro-ingredients increases the final prices of feed. 
Therefore in searching for cheap raw materials to be used in feed production, it is crucial to obtain 
higher nutritional values than traditional substrates, in order to minimize the need for these high 
cost additives, and thereby maintain the economic viability of animal production (Villas-Boasa, 
Granato, Espositob and Mitchellc, 2002). 

On the other hand, many of the raw materials currently used in feed production represent 
products that would be advantageous if used in human nutrition (Brum, Bellaver, Zanotto, and 
Lima, 1999b). Therefore, it is desirable to use lower quality materials as the basic ingredient of 
animal feeds. However, most of the agro-industrial by-products and food industry wastes are 
poor in nutrients such as proteins and vitamins and are rich in fibres with low digestibility. 
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Such materials are not suitable for non-ruminant animals and, in some cases; the 
digestibility is so low that they are not even suitable for ruminants (Brum Lima, Zanotto and 
Klein, 1999a; Brum et al., 1999b). In order to solve the problem, microorganisms (mainly fungi) 
are utilized to convert agro-industrial wastes in order to obtain products with higher nutritive 
value, especially in regard to protein and vitamin contents, and with increased digestibility 
(Kuhad, Singh, Tripathi, Saxena and Eriksson, 1997). 

Fungi, bacteria and seaweed, cultivated on a large scale, can be used as feed. These 
microorganisms are very attractive feed stuffs, because they can be cultivated on agro-industrial 
wastes, with production of large amounts of cells rich in proteins that commonly contain all the 
essential amino acids, in addition to favorably high vitamin and mineral levels (Kuhad et al., 1997; 
Brum et al., 1999 a,b). Further, the growth of microbes in lignocellulosic wastes is able to furnish 
all the hydrolytic enzymes often added in the preparation of feeds, and also makes the minerals 
more available for absorption by the animal. 

According to Pelczar, Chan and Krieg (1996), there are some advantages in using 
microorganisms in order to obtain nutritionally-enriched raw materials for feed compared to the 
traditional way of formulating feeds. Microorganisms grow fast and produce protein in large 
amounts, because the protein content of microbial cells is very high, typically being around 600 g 
Kg-1. The substrate contain wastes or industrial by-products such as hydrocarbons from oil refi-
neries, liquid effluents from the cellulose and paper industries, beet and sugarcane molasses and 
hydrolyzed wood wastes (Pelczar et al., 1996; Kuhad et al., 1997). 

Microbial by-products from traditional fermentation industries have already been used in 
various feed preparations for some time. These products are of major importance to the 
livestock feed industry. Fermentation of by-products from the brewing and distilling industries 
has long been utilized for livestock, particularly ruminants, mainly as protein and energy 
supplements. Numerous by-products of other fermentation industries are also used as sources 
of nutrients in compounded feed (Shaver and Batajoo, 1995). Nevertheless, some microbial 
products contain toxic metabolites that could represent serious risks for animal and human 
health. Therefore, the risk must be evaluated in all bioconversion processes in order to avoid 
possible toxicity to animals and humans (Brum et al., 1999a, b). 

SSF of lignocellulosic by-products has an advantage over submerged fermentation in that it 
requires only one-tenths of the fermenter size as compared with the latter. The dry matter content 
in the substrate of solid-state fermentation lies between 250 and 300 g Kg-1 and that in 
submerged fermentation between 20 and 30 g kg-1 (Moo-Young, Chahal, Swan and Robinson, 
1977). The capacity of lignin degradation by fungi is influenced by the penetration of hyphae 
into the substrate and the extent of close physical contacts between the substrate and the 
degrading fungus. Fungal mycelium attaches physically to lignin (Tono, Tani and Ono, 1968) 
and agitation disrupts this contact (Kirk, Schultz, Conors, Lorenz, and Zeikus, 1978). Therefore, 
SSF or non-agitated culture in thin layers is always preferred over agitated submerged 
fermentation as far as lignin degradation is concerned. 

 
 

8.2. SCP for Human Consumption 
 
Prepared Aerobacter aerogenes become unpleasantly slimy and not palatable as food. In 

human feeding studies, consumption of certain SCP sources lead to wide range of 
gastrointestinal complaints like bulky stools and flatulence, nausea, vomiting and diarrhea 
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from killed and purified bacteria. Other pathological reactions are peeling of the skin of the 
palm of the hand, soles of the feet and itching, pain and edema of the toe; these symptoms are 
due to high levels of nucleic acid. This is the major limitation to the use of SCP as food, unless 
a safe process for removal of nucleic acid is established. 

 
 

9. RISK ASSESSMENT OF SCP IN FOOD AND FEED 
 
The purpose of toxicological testing is to define the potential hazard that the microbe-based 

feed presents, not only to animals but also to humans. As direct testing is impracticable, the 
evaluation is generally done with laboratory animals. It is recommended that a toxicological 
evaluation should involve both rodent and target species (Hoogerheid, Yamada, Littlehailes and 
Ohno, 1979), although the understanding of the basic pathology and biochemistry of farm livestock 
is less well documented than that of the rodent. The extent of the testing procedure required 
depends upon the chemical analysis of the product. Materials that have a chemical composition 
close to that of natural occurring raw materials are unlikely to produce abnormal effects. In contrast, 
those products with abnormal composition resulting from the biosynthesis of compounds not present 
in natural feeds may need more careful evaluation. Thus, an extensive chemical analysis of the 
product is required. The potential for biological hazard is low for the microbially converted feeds so 
far evaluated (Banerjee, Azad, Vikineswary, Selvaraj and Mukherjee, 2000). Nevertheless, this 
hazard has to be continually evaluated by various biological studies when a new microbially 
fermented product is proposed. Tests involving rats are valuable during the development stages of 
the process. These tests may give some preliminary indication of possible cellular mutagenicity, 
potential carcinogenicity and teratogenicity (Sinskey and Batt, 1987). 

The main problem associated with these types of investigation is the level of inclusion of the test 
material in the diet, and the subsequent effects that this has on the nutrient balance of the test diet 
(Hoogerheide et al., 1979). It is possible to induce a “toxicological change” due to simple alterations 
of dietary minerals or energy. These changes could be wrongly ascribed to microbially fermented 
feed and hence extreme care must be exercised in the formulation of the test diets. The 
toxicological evidence gained from the laboratory rodent species will form the principle basis for 
evaluation of hazard. Nevertheless, it is still necessary to test the converted substrate in the diets of 
farm animals. Long term life-span studies equivalent to those carried out with the rodent are not 
necessary. The normal economic life span of a farm animal forms a sensible basis for the evaluation 
of risk in the actual target species (Hoogerheide et al., 1979). 

These experiments with farm livestock should follow the same experimental concepts as those 
employed for the laboratory animal, namely biochemistry, hematology and terminal pathology 
(Hoogerheide et al., 1979). Mortality beyond that normally experienced in farm livestock must be 
carefully evaluated. The experimental designs used in these studies should simulate those used for 
the laboratory animal, but due regard should be paid to the normal practices followed in animal 
production. The reproductive potential and the viability of the offspring are important both 
scientifically and commercially. Multigenerational experiments undertaken with both poultry and 
pigs need to have a sound statistical basis. Specific teratological investigations should also be made 
in at least one species apart from the rodent (Hoogerheide et al., 1979). 
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Figure 3. Coordinated action for improvement in SCP production and its long term benefits. 

 
CONCLUSION 

 
The review presents the technological assessments for SCP production, along with the 

available microorganisms, various lignocellulosic substrates, toxins and their removal, risk 
assessment, and worldwide industrial scenario of SCP production. 
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Among the classes of microorganisms used for SCP production, the use of bacteria and 
fungi is more economical when grown on easily available substrates. The use of cheap and 
abundantly available sources, viz. lignocellulosic residues, whey and petroleum products are 
an attractive option over too-costly sources (soymeal and fishmeal, etc.). The successful 
exploitation of these substrates is beneficial, first, in terms of overall economics of SCP, and, 
secondly, food production would be less dependent on land. The selection of microorganisms 
as food or feed depends upon their growth rate with high protein ratio, substrate utilization and 
toxicity profile. Recent biotechnology-based tools and techniques have been exploited 
rationally less for SCP production in comparison to other microbial-originated products. The 
beneficial aspects of SCP over conventional protein sources are its independence from land 
and climate, its ability to be controlled genetically, and the fact that it causes less pollution, 
although there are some factors, such as high nucleic acid content, cell wall indigestibility, 
high color and aroma that impair the use of SCP. Figure 3 presents coordinated actions that are 
crtically required for the improvement in SCP production and its long-term benefits. However, 
despite successful laboratory-based research, SCP cannot achieve the desired level of success 
at the industrial scale. To make the program successful and economically viable, the factors 
mentioned above need to be addressed for the successful implementation of SCP for food/feed 
consumption or as a supplement in creating a staple diet. 
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ABSTRACT 
 

The term “coffee” is applied to a wide range of coffee processing products, starting 
from the freshly harvested fruit (coffee cherries), to the separated green beans, to the 
product of consumption (ground roasted coffee or soluble coffee). Coffee processing can 
be divided into two major stages: primary processing, in which the coffee fruits are de-
hulled and submitted to drying, the resulting product being the green coffee beans. This is 
the main product of international coffee trade, and Brazil is the largest producer in the 
world with production values ranging from 2 to 3 million tons in the years from 2003 to 
2007. During this primary processing stage solid wastes are generated, which include 
coffee husks and pulps, and low-quality or defective coffee beans. Secondary processing 
includes the stages that comprise the production of roasted coffee and soluble coffee. The 
major solid residue generated in this stage corresponds to spent coffee grounds from 
soluble coffee production. These solid residues (coffee husks, defective coffee beans and 
spent coffee grounds) pose several problems in terms of adequate disposal, given the high 
amounts generated, environmental concerns and specific problems associated with each 
type of residue. Coffee husks, comprised of dry outer skin, pulp and parchment, are 
probably the major residues from the handling and processing of coffee, since for every kg 
of coffee beans produced, approximately 1 kg of husks are generated during dry 
processing. Defective beans correspond to over 50% of the coffee consumed in Brazil, 
being used by the roasting industries in blends with good-quality coffee. Unfortunately, 
since to coffee producers they represent an investment in growing, harvesting, and 
handling, they will continue to be dumped in the internal market in Brazil, unless 
alternative uses are sought and implemented. Spent coffee grounds are produced at a 
proportion of 1.5kg (25% moisture) for each kg of soluble coffee. This solid residue 
presents an additional disposal problem, given that it can be used for adulteration of 
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roasted and ground coffee, being practically impossible to detect. In view of the 
aforementioned, the objective of the present study was to present a review of the works of 
research that have been developed in order to find alternative uses for coffee processing 
solid residues. Applications include direct use as fuel in farms, animal feed, fermentation 
studies, adsorption studies, biodiesel production and others. In conclusion, a discussion on 
the advantages and disadvantages of each proposed application is presented, together with 
suggestions for future studies and applications. 
 
 

I. INTRODUCTION 
 
The most quoted definition for sustainability comes from the Brundtland report: 

“Sustainable development is a new form of development which integrates the production 
process with resource conservation and environmental enhancement. It should meet the needs 
of the present without compromising our ability to meet those of the future” (WECD, 1987). 
The increasing focus on sustainable agricultural and industrial procedures has resulted recently 
in an extensive number of new bio-based initiatives. Such interest has been continuously 
stimulated by environmental pressures and a shift towards the use of agricultural-based raw 
materials, as well as rapid developments in the science supporting biotechnology (Rogers et 
al., 2005). In that regard, there are currently several studies being developed on the use of 
agricultural and industrial solid wastes in compliance with the current need for sustainable 
development, as extensively discussed in several recent reviews on the subject (Salminen and 
Rintala, 2002; Laufenberg et al., 2003; Kapdan and Kargi, 2006; Yang, 2007; Tiruta-Barna et 
al., 2007; Huang et al., 2007; Hargreaves et al., 2008; Oliveira and Franca, 2008; Rebah et al., 
2007) 

Agricultural and food solid wastes are high volume, low value materials that are highly 
prone to microbial spoilage, thus limiting their exploitation. Their use is also precluded by 
legal restrictions and the costs of collection, drying, processing, storage and transportation. 
Thus, for the most part, these materials are either used as animal feed, combustion feedstock or 
disposed to landfill, causing major environmental issues (Oliveira and Franca, 2008). 
However, in recent years, there has been an increasing trend towards more efficient utilization 
of agri-food residues (Thiagalingam and Sriskandarajah, 1987; Jimenez and Gonzalez, 1991; 
Pandey et al., 2000ab; Russ and Meyer-Pittroff, 2004; Ioannidou and Zabaniotou, 2007; 
Matteson and Jenkins, 2007; Prasad et al., 2007). Newer applications include biofuel 
production, fermentation studies, production of activated carbons and others. 

Coffee is deemed a commodity ranking second only to petroleum in terms of currency 
(usually US dollars) traded worldwide (Illy, 2002). As such, this commodity is quite relevant 
to the economy of producing coutries, including Brazil, Vietnam, Colombia, Ethiopia, 
Indonesia, Mexico and India (Franca and Oliveira, 2008). Brazil is the largest coffee producer 
and exporter in the world, and is the second largest consumer. The production of coffee in 
Brazil in the last five years ranged from 2.0 to 2.7 million tons (MAPA, 2008). Such 
production represents an average of over 2.5 million tons of solid residues being generated 
every year. These solid residues (coffee husks and pulp, defective coffee beans and spent 
coffee grounds) pose several problems in terms of adequate disposal, given the high amounts 
generated, environmental concerns and also specific problems associated with each type of 
residue. In this regard, several studies have been undertaken and are still being developed in 
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terms of alternative uses for such solid residues. A brief review on coffee processing is 
presented as follows, for a better understanding of solid waste generation during coffee 
processing.  

 
 

1.1. Coffee Processing 
 
A schematic view of a coffee cherry is displayed in Figure 1. Two coffee beans are usually 

found in each fruit, and each bean is covered with a thin closely fitting skin called silverskin. A 
second yellowish skin, the parchment, loosely covers the silveskin, the whole being encased in 
a pulp which forms the flesh of the cherry. The green coffee, which is the product of 
commercial interest, constitutes only 50–55% of the dry matter of the ripe cherry (Vincent, 
1987). The remaining material is diverted to various by-products (solid wastes) depending on 
the processing technique (i.e., dry or wet methods) used. 

The general steps involved in the processing of coffee cherries (primary coffee processing) 
are displayed in Figure 2. There are two major methods: dry and wet processing. Dry 
processing is the simplest technique for processing coffee cherries. After harvesting, the coffee 
cherries are dried to about 10–11% moisture content. Thereafter, the coffee beans are separated 
by removing the material covering the beans (outer skin, pulp, parchment and silverskin) in a 
de-hulling machine. Generated solid residues are denominated coffee husks (outer skin + pulp 
+ parchment) and silverskin. This processing method is employed for Robusta coffees, but also 
for the majority of the Arabica coffees processed in Brazil. This is attributed to the simplicity 
of the method, coupled with the availability of large areas for sun-drying the coffee cherries. 
Furthermore, this method is convenient where fruits are picked by the stripping method, with 
ripe, overripe and unripe fruits being simultaneously picked (Vincent, 1987). Drying can be 
accomplished by either “natural” or “artificial” methods. Natural or sun-drying is the method 
commonly employed in large farms. 

 

Skin

Pulp

Bean

Parchment

Silverskin

 

Figure 1. Schematic view of a coffee fruit. 
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It has the advantages of not requiring equipment investments or energy costs. However, it 
requires large drying areas (usually concrete surfaces). The process is slow, ranging from three 
to four weeks, with the berries usually spread out on a thin layer in order to avoid 
fermentation. Frequent raking is also required to avoid mould proliferation and provide 
homogeneous drying conditions. Artificial drying can be employed either as substitute or as a 
complement to natural drying. Several types of equipment are employed, including static, 
rotary, horizontal and vertical dryers, and the process can be continuous or in batches. A 
detailed description of the most commonly employed types of dryers can be found in coffee 
processing textbooks (Sivetz and Desrozier, 1979; Vincent, 1987; Borém, 2008). 

Wet processing, on the other hand, does not require drying of the cherries themselves. In 
this type of processing, first the outer skin and pulp are mechanically removed, thus generating 
the solid residue, denominated coffee pulp. The beans can be fermented to remove a layer of 
remaining pulp material, with the processed coffee being called pulped coffee (café 
despolpado) or can be directly submitted to drying, with the final product being called de-
hulled cherry coffee (café cereja descascado). In both cases, after drying to approximately 12% 
moisture content the beans are again de-hulled to remove the parchment. The resulting solid 
waste (parchment and silverskin) is collectively termed parchment husks.  

The operations that are carried out subsequently to removing the coffee husks/pulp are 
denominated curing (Vincent, 1987) and include cleaning, size grading, density and 
colorimetric sorting, and finally storage of the green coffee beans (see Figure 2). Electronic 
color sorting is the major procedure employed for separation of defective and non-defective 
coffee beans (Franca and Oliveira, 2008). In the electronic sorters, coffee beans pass, one by 
one, by an electronic eye or camera system, and depending on wavelength measurements, the 
bean is either allowed to pass or it is shot with a puff of air into a reject pile. This reject pile 
will be separated as a mixture of defective (low quality) coffee beans prior to 
commercialization in external markets, and such mixture is usually dumped on the Brazilian 
internal market, being employed by the roasting industry in blends with good quality coffee. 

After separation from the exportable portion, such beans may be representing more than 
50% of the coffee consumed in Brazil (Oliveira et al., 2008a). The presence of defective beans 
results in a significant decrease in beverage quality, and thus the overall quality of the roasted 
coffee consumed in Brazil is low (Oliveira et al., 2006).  

The next coffee processing step that presents a problem in terms of solid waste generation 
is termed secondary processing and corresponds to the production of soluble or instant coffee. 
In this process, roasted and ground coffee beans are treated with pressurized hot water in order 
to extract the soluble material, which is then submitted to either spray-drying or freeze-drying, 
and the solid final product (soluble or instant coffee, respectively) is then obtained (Clarke, 
1987ab). The insoluble residue (a slurry containing spent coffee grounds) is screw pressed, so 
the moisture content is reduced from 75-80% to approximately 50%. 

A detailed discussion on each specific type of residue (coffee husks and pulp, defective 
coffee beans and spent coffee grounds, including specifics of their chemical composition and 
possible solutions for adequate use and disposal is presented throughout the remainder of this 
chapter.  
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Figure 2. Flow-sheet illustrating primary processing of coffee (adapted from Vincent, 1987). 

 
II. COFFEE HUSKS AND PULP  

 
Coffee husks and pulp are comprised of the outer skin and attached residual pulp, and 

these solid residues are obtained after de-hulling of the coffee cherries during dry or wet 
processing, respectively. The moisture content will vary depending on the type of processing. 
Dry processed coffee husks present moisture contents ranging from 7 to 18%, with such 
extensive range being attributed to variations in processing and storage conditions (Oliveira et 
al., 2001; Vilela et al., 2001; Souza et al., 2001, 2003, 2005; Rocha et al., 2005). Wet 
processed coffee husks (coffee pulp) contain approximately 75% moisture, and are usually let 
to dry to approximately 13% moisture (Adams and Dougan, 1987; Barcelos et al., 2001). 
Average values for the chemical composition (dry basis) of coffee husks and pulp are 
displayed on Table 1.  
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The high contents of carbohydrates are expected, given the origin of such solid residue, 
i.e., fruit pulp and outer skin. Some authors also make reference to a specific type of coffee 
husks known as sticky coffee husks (Gouvea et al., 2008; Vilela et al., 2001; Oliveira et al., 
2002; Carvalho, 2008; Parra et al., 2008). Some attributes that differentiate this specific type of 
coffee husks from the regular ones include its higher density, protein contents and lower fiber 
contents. However, the major difference relies on its sugar content (see Table 2), which 
encourages research studies in association with specific applications such as animal feed and 
fermentation studies. 

Even though coffee husks and pulp are rich in organic nature and nutrients, they also 
contain compounds such as caffeine, tannins, and polyphenols (see Table 1). Due to the 
presence of the latter compounds, these organic solid residues present toxic nature, which not 
only adds to the problem of environmental pollution, but also restricts its use as animal feed 
(Pandey et al., 2000a). Caffeine is an active compound, being one of the nature’s most 
powerful stimulants. It is the major substance to which the stimulation effect of coffee is 
attributed. It is also present in coffee husks at approximately 1.3% concentration on dry weight 
basis (Pandey et al., 2000b). Tannins are generally thought to be an anti-nutritional factor and 
to prevent coffee husks from being used at percentages over 10% in animal feed. 

 
Table 1. Chemical composition of coffee husks and pulp (g/100 g dry basis)a 

 
 Coffee Husks (Dry processed) Coffee Pulp(Wet processed) 
Protein 8-11 4-12 
Lipids 0.5-3 1-2 
Minerals 3-7 6-10 
Carbohydrate 58-85 45-89 
Caffeine ~1 ~1 
Tannins ~5 1-9 

a Compilation of data presented by Adams and Dougan, 1987; Clifford and Ramirez-Martinez, 1991; 
Pandey et al., 2000; Oliveira et al., 2001; Vilela et al., 2001; Souza et al., 2001, 2003, 2005; Rocha 
et al., 2005; Gouvea et al., 2008. 
 

Table 2. Sugar contents of coffee husks and pulp (% dry basis) 
 

Reducing sugars 14 
Total sugars 12 

Coffee pulp 

Sucrose 2 

Adams and Dougan 
(1987) 

Reducing sugars 14 
Total sugars 12 

Coffee husks 

Sucrose 2 

Adams and Dougan 
(1987) 

Reducing sugars 24 
Total sugars 29 

Sticky coffee 
husks 

Sucrose 4 

Gouvea et al. (2008) 

 
Such compounds are found in coffee husks, at approximate levels of 1 and 2.3% for 

Arabica and Robusta species, respectively (Clifford and Ramirez-Martinez, 1991). According 
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to Teixeira (1992), tannins will react with proteins in the ruminant digestive system, thus 
affecting the ability to digest cellulose, protein and dry matter. 

Barcelos and co-workers (2001) evaluated the levels of caffeine, tannins, lignin and silica 
in dry and wet processed coffee husks, for Brazilian Arabica coffees, var. Catuaí, Rubi, and 
Mundo Novo. Wet processed coffee husks were submitted to sun drying down to 13% 
moisture. After one year storage, there was a 12% increase in caffeine levels, 39% reduction in 
tannin levels and a slight decrease in lignin content. Dry processed husks presented higher 
levels of silica in comparison to wet processed, which was attributed to the presence of 
parchment. It was concluded that 12-month storage improved the quality of coffee husks. 
However, the increase in caffeine levels was considered a limiting factor in using this residue 
for animal feed. A detailed description of the specific uses that have been and are currently 
under evaluation is presented as follows. 

 
 

2.1. Livestock Feed 
 
Agricultural residues are commonly reused as livestock feed (Nonhebel, 2007). For 

example, in the Netherlands, approximately 70% of the concentrates fed to pigs, cattle and 
poultry are based on residues generated by the food processing industry. In the case of coffee 
husks, it has been pointed out that, its low digestible protein content, in addition to the fact that 
the starch equivalent is comparable to low quality hay, has prevented its use as animal feed 
(Adams and Dougan, 1987). However, given the high amounts generated, coupled to its 
availability at low costs throughout the season, several studies have evaluated its use as a diet 
supplement for cattle (Jarquin et al., 1973; Barcelos et al., 1999; Filho et al., 2000, 2004; 
Vilela et al., 2001; Souza et al., 2005, 2006ab; Teixeira et al., 2007), swine (Okai et al., 1985; 
Oliveira et al., 2001, 2002; Parra et al., 2008; Carvalho, 2008), fish (Bayne et al., 1976; 
Christensen, 1981; Fagbenro and Arowosoge, 1991; Moreau et al., 2003; Ulloa Rojas and 
Verreth, 2003) sheep (Demeke, 1991; Furusho-Garcia et al., 2003; Souza et al., 2004) and 
chicken (Bressani et al., 1977). A summarized description of some of the more recent studies 
is presented below. 

Feeding and digestibility studies were conducted in concrete ponds to evaluate the use of 
coffee (Coffea robusta) pulp as partial and total replacements for yellow maize in low-cost 
diets for catfish (Fagbenro and Arowosoge, 1991). The percentages of dietary coffee pulp 
inclusion were 0 (diet 1, control), 10 (diet 2), 20 (diet 3) and 30 (diet 4). All the diets were 
formulated to contain 37% crude protein using cheap, locally available feed ingredients, and 
fed daily to experimental fish in replicated dietary treatments at 2–10% of fish biomass for 150 
days. Fish survival was high, consequent upon good water quality in all treatments. There were 
significant differences (P<0·05) in growth performance (daily rate of growth, DRG, and 
specific growth rate, SGR), feed conversion rate (FCR) and apparent nutrient digestibility 
coefficient (ADC) among fish fed with coffee pulp (CoP) diets and control (yellow maize, 
YeM) diet. Mean net fish production decreased with progressive increases in percent coffee 
pulp inclusion in the diets. It is concluded that coffee pulp is potentially useful as replacement 
for yellow maize in low-cost diets for C. isheriensis. 

Filho et al. (2000) evaluated the effect of adding coffee husks to animal feed as a 
substitute for a mixture of corn grain, husks and cobs. Twenty-five Holstein-zebu steers (250 
kg average weight) were evaluated for a period of 102 days, with coffee husks added to the 
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feed at the following ratios: 0%, 10%, 20%, 30% and 40% of coffee husks. No significant 
differences were observed for live weight gain, feed conversion, difference between 
receipt/cost and total dry matter and crude protein intake and neutral detergent fiber of the 
roughage and total diet. Neutral detergent fiber intake increased with the increase in the 
amount of coffee husks. Even though no significant differences in costs were observed, the 
ratio between receipt and cost was slightly lower for the feed including 40% coffee husks. The 
authors concluded that employing coffee husks in as a supplement for feeding Holstein-zebu 
steers was effective up to 30% substitution. 

Oliveira et al. (2001) evaluated the technical and economical viability of the inclusion of 
coffee husks as a corn substitute in isoenergetic diets for growing and finishing pigs. The 
metabolism essays were conducted with 12 crossbred barrows in growing phase (35 kg 
average weight) and 12 in finishing phase (35 kg average weight). A total of ninety six 
crossbred barrows and gilts (35 kg average weight) were employed in the performance essay. 
Coffee husks were employed as a corn substitute in isoenergetic diets at the following levels: 
0, 5, 10 and 15%. An increase in the amount of coffee husks resulted on a linear decrease of 
the digestibility coefficients of dry matter, crude protein, fiber neutral detergent, nitrogen 
retention and also of the energetic values of the diets. Both the weight gain and feed intake 
also showed a linear decrease with the corresponding increase in the percentage of coffee 
husks in the diet. Results from this study indicated that employment of coffee husks in swine 
diet is both technically and economically feasible up to 5% levels. 

The study by Vilela and co-workers (2001) evaluated the effect of employing of sticky 
coffee husks (SCH) as a roughage (sugar cane and elephant grass) substitute in cattle diet. 
Sticky coffee husks were added at the following levels: 0, 15, 30 and 60%. The use of coffee 
husks affected the intake of dry matter, live weight gain and income:expense ratio but there 
was no influence on food conversion. The results indicated that it is feasible to substitute 
roughage by coffee husks for cattle feed up to 40%.  

Oliveira et al. (2002) also evaluated the technical viability of the inclusion of sticky coffee 
husks for swine feed. Metabolism and performance essays were conducted, employing feeds 
with sticky coffee husks added as a substitute for corn, at the following levels: 0, 5, 10, 15 and 
20%. It was observed that an increase in SCH ratio in the feeds provided an increase in feed 
conversion and a linear reduction in daily weight and carcass fat deposition.  

The effect of adding coffee husks (0, 8.7, 17.4, 26.1, and 34.8 kg/ 100 kg of fresh forage) 
on the proximate composition and in-vitro digestibility of elephant-grass silage was evaluated 
by Souza et al. (2003). The percentage of dry matter increased linearly with increasing the 
amount of coffee husks, with an average 0.6% increase. Adding coffee husks resulted on a 
decrease in pH and increase in crude protein levels, up to 17.4% level. A slight decrease of in-
vitro digestibility was observed. The authors concluded that coffee husks is a good additive for 
ensiling elephant-grass with high moisture content, up to 17.4% added.  

Furusho-Garcia and co-workers (2003) evaluated the effect of adding coffee husks to lamb 
feeds. Twelve crossbred Texel x Bergamácia (TB), 12 crossbred Texel x Santa Inês (TS) and 
12 purebred Santa Inês (SI) lambs were individually finished in feedlot for 50 days (from 130 
to 180 days of age). Three diets were evaluated: (1) grass (Pennisetum Purpurium) silage 
without coffee husks (control), (2) control diet with 15% added dry coffee husks, and (3) 
control diet with 15% added urea treated coffee husks. The authors reported that the 
rumen/reticulum of the animals fed diets 1 and 3 were significantly heavier than those fed diet 
1. The abomasums, liver and pancreas of the lambs fed diet 3 were lighter than the animals fed 
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diet 2. The weights of skin, fat, esophagus/trachea, heart and lung were also analyzed and were 
not affected by the diets, genetic groups and sex. It was concluded that adding coffee husks to 
the diet provided better development of the rumen/reticulum. The urea treatment provided a 
reduction of the weight of abomasums, liver and pancreas, organs related to enzymatic 
digestion. 

The study by Moreau et al. (2003) evaluated the effect of adding fresh and ensiled coffee 
pulps in fish—Nile Tilapia—diet. The inclusion of coffee pulp impaired growth, dietary 
protein and energy utilization of all food ingredients. Silage process significantly improved 
growth and feed utilization comparing results obtained with fresh coffee pulp. The general 
conclusion of this study was that either fresh or ensiled coffee pulp should not be considered as 
suitable feedstuffs for Nile tilapia. However, the study by Ulloa Rojas and Verreth (2003) 
showed that, if fish are reared in earthen ponds or pens instead of concrete tanks or raceways, 
coffee pulp will have a potential as a feed ingredient in fish diets. It was concluded that 
inclusion of coffee pulp in tilapia diets is feasible up to 130g kg−1, provided that the fish are 
raised in earthen ponds and natural food is available. 

Filho et al. (2004) evaluated the effect of adding coffee husks on the kinetics of ruminal 
digestion of Holstein cows. Coffee husks at different levels (0, 10, 20, 30 and 40%) were 
employed for replacing a mixture of ground corn, straws and cobs (GCSC) in iso-energetic and 
iso-protein feeds. The authors reported that the effective degradabilities of both the feed dry 
matter and protein increased with the increase in coffee husks levels. However, adding coffee 
husks to the feed resulted on a reduction of effective degradability of fiber. It was concluded 
that the replacement of GCSC by coffee husks in cow diet can be satisfactorily accomplished 
up to the level of 40%. 

Evaluation of the use of coffee husks as a substitute for ground corn concentrate in sheep 
diet was performed by Souza et al. (2004). Coffee husks were added at four different levels 
(0.0, 6.25, 12.5, 18.75 and 25.0% DM) and the effects on intake and apparent digestibility of 
diets were observed. Twenty sheep of unknown breed were fed with iso-protein diets, 
consisting of 10% crude protein (CP), 60% of coastcross hay and 40% of corn concentrate. 
Sheep were maintained in a metabolism cage for 19 days (12 days of adaptation and 7 days of 
data collection). The intakes of dry matter (1.41), organic matter (1.34), CP (0.15), total 
carbohydrate (1.17), neutral detergent fiber (0.71) and non-fiber carbohydrate (0.45) and the 
total digestible nutrients (0.85) kg/day were not affected by the presence of coffee husks in the 
diet. Coffee husks did not affect apparent digestibility of dry matter (60.1%), organic matter 
(62.1%), neutral detergent fiber (46.9%), CP (66.3%), total carbohydrate (61.5%) and non-
fiber carbohydrate (84.1%). Therefore, it was concluded that coffee husks could be employed 
as a corn substitute in this specific type of diet up to a level of 25%. In a later study, the same 
research group studied the effect of adding coffee husks as a substitute for ground corn 
concentrate in cows diet (Souza et al., 2005). The effects of replacing ground corn with coffee 
husks on intake, apparent digestibility, milk production and composition were observed, with 
coffee husks being added at the following levels: 0.0, 8.75, 17.5, and 26.25% of dry mater 
(DM). Diets were formulated to be iso-proteic (14% protein) and contained a 
forage:concentrate ratio of 60:40 on DM basis. The inclusion of coffee husks in the diet 
presented no significant effects on intakes of DM, organic matter, protein levels, and total 
carbohydrates. However, intake of neutral detergent fiber increased linearly when coffee husks 
replaced ground corn in the diet. Apparent total tract digestibilities of DM, protein, total 
carbohydrate and fibers presented a linear decrease with increasing the levels of coffee husks 
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in the diet from 0.0 to 26.25%. Adding coffee husks increased nitrogen excretion in the feces, 
resulting in a negative nitrogenous balance. The incremental levels of coffee husks did not 
affect the urinary excretions of allantoin, uric acid, and purine derivatives as well as microbial 
protein synthesis. Milk yield and contents and yields of fat, protein, and total solids were also 
not affected by replacing ground corn with coffee husks. The authors concluded that coffee 
husks can be added to cow feeds in levels up to 10.5% of the total dietary DM. 

Souza et al. (2006ab) evaluated the effects of replacing ground corn with coffee husks on 
nitrogen balance, microbial protein synthesis, nutrient intake, apparent total tract digestibility, 
and daily weight gain of lactating dairy cows. Twelve crossbred Holstein-Zebu cows yielding 
on average 23.4 kg/day of milk were used for evaluation of the nitrogen balance and microbial 
protein synthesis, estimated by excretion of purine derivatives in urine and milk. The animals 
were fed diets containing coffee husks at the following levels (% DM): 0.0, 3.5, 7.0 or 10.5%. 
Regression analysis showed no effects of dietary coffee hulls levels on total nitrogen intake 
(441.3 g/day) and excretion of urine nitrogen (190.8 g/day) and milk nitrogen (114.7 g/day). 
However, feeding coffee husks to lactating dairy cows increased fecal nitrogen excretion, 
resulting on a negative nitrogen balance. The increased dietary levels of coffee husks did not 
affect excretions of milk allantoin (294.6 mmol/day), urinary allantoin (21.3 mmol/day), uric 
acid (42.3 mmol/day), and purine derivatives (358.2 mmol/day). Microbial protein synthesis 
estimated by urinary excretion of purine derivatives averaged 266.3 g/day and did not differ 
across diets. In addition, efficiency of microbial protein synthesis averaged 136.8 g of 
microbial nitrogen per kg/TDN and also did not differ among diets. 

The objective of the second trial was to investigate the effects of partially replacing 
ground corn with coffee husks (0.0, 8.75, 17.5 and 26.25% of concentrate DM) on nutrient 
intake, apparent total tract digestibility, and daily weight gain of dairy heifers. Twenty-four 
Holstein x Zebu heifers were assigned to a randomized complete block design with four 
treatments and six replicates. Diets were iso-nitrogenous (15.5% CP) and contained 60% of 
Tifton-85 haylage and 40% of concentrate. Intakes of dry matter (6.75 kg/day), organic matter 
(6.23 kg/day), CP (1.04 kg/day), total carbohydrates (5.01 kg/day), and neutral detergent fiber 
(3.11 kg/day) were not changed whereas those of nonfiber carbohydrates (NFC) and total 
digestible nutrients (TDN) decreased linearly by inclusion of coffee husks in the diet. Apparent 
total tract digestibilities of dry matter, organic matter, CP, total carbohydrates, neutral 
detergent fiber, NFC, and TDN all decreased linearly by partially replacing ground corn with 
coffee husks. Daily weight gain decreased 6.94 g per each percentage unit of coffee husks 
added to the diet. However, inclusion of up to 17.5% of coffee husks (7.0% of the diet DM) 
maintained daily weight gain similar to those obtained with 0.0 and 8.75% of coffee husks in 
the concentrate. 

Teixeira et al. (2007) evaluated the effect of replacing corn silage by coffee husks (up to 
21%) on performance and total apparent digestibility of dairy heifers. Twenty-four dairy 
Holstein heifers were employed in the study, being daily fed 2.0 kg concentrate. Dry mass 
intake increased linearly, while fresh matter intake was not affected by the inclusion of coffee 
husks in the diets. Digestibilities of DM, OM, CP, CHO, NDF, concentration of NDT in the 
diet and weight gain presented a linear decrease with the replacement of corn silage by coffee 
husks. It was concluded that coffee husks could replace corn silage up to 14% in diets for dairy 
heifers. 

Parra and co-workers (2008) presented a comparison of the use of sticky (SCH) and dry 
coffee husks (DCH) as a feed supplement for growing and finishing pigs. The effects on the 
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performance and carcass quality were evaluated, for inclusion levels of 2.50, 5, 10, 15 and 
20%. For pigs in the growing phase, adding either SCH or DCH led to a linear decrease on 
daily weight gain. SCH presented higher digestibility coefficients in comparison to DCH. For 
the animals in finishing phase, linear reductions of hot carcass weight and ham weight were 
observed with the increase in SCH levels in the feeds. Results indicate that the inclusion of 
SCH can be satisfactorily accomplished at levels of 5 and 9.5% for pigs in growing and 
finishing phases, respectively. Up to those levels, SCH inclusion is economically viable, 
presents no effect on performance, and produces leaner meat carcasses. 

Carvalho (2008) evaluated the effect of adding sticky coffee husks silage to swine feeds. 
Experiments were carried out in order to determine the nutritional value and to verify the 
performance of starting, growing and finishing pigs fed with sticky coffee hull silage (SCHS). 
The treatments consisted of five diets with increasing levels (0, 4, 8, 12 and 16%) of SCHS. 
There were no effects of SCHS inclusion on daily fed intake, daily weight gain, feed:gain ratio 
and plasma urea nitrogen. The study of economic viability indicated the possibility of SCHS 
inclusion up to 4%. It was concluded that SCHS presents good nutritional value and can be 
included up to 16% in nursery piglets (15-30 kg) diets without impairing performance. In the 
growing phase there were no effects of inclusion levels of SCHS on daily fed intake, daily 
weight gain, feed:gain ratio and plasma urea nitrogen. In the finishing phase, the feed:gain 
ratio showed a improved with the increasing SCHS inclusion levels. The daily fed intake, daily 
weight gain and plasma urea nitrogen and loin depth did not differ between SCHS inclusion 
levels. The results of carcass traits indicated a quadratic effect on back-fat thickness and 
marbling score of the longissimus dorsi. There was a linear increase on weight of empty 
stomach according to the addition of SCHS on diets. These results suggested that SCHS 
presented good nutritional value and could be included up to 16% in starting, growing and 
finishing pigs diets, without impairing performance and carcass traits. However the economic 
feasibility of using SCHS will depend of feedstuffs prices.  

The overall conclusion of the previously discussed studies is that employment of coffee 
husks as animal feed is limited due to seasonal availability and perishability due to high water 
content in the case of wet processing, but the major limiting factor is the presence of anti-
nutritional compounds, thus restricting the amount that can be used. In that regard, some 
studies have been conducted with the purpose of removing anti-nutritional substances such as 
caffeine and tannins from coffee husks. A summarized review of such studies is presented as 
follows. 

 
1.2.1.Detoxification Studies 

The precise nature of the anti-physiological effects of coffee husks and pulp is still 
unknown, but they are mostly attributed to the combined effect of compounds such as caffeine 
- stimulatory and diuretic effects - and tannins - decrease in protein availability and inhibition 
of digestive enzymes (Adams and Dougan, 1987). In that regard, some studies are available on 
detoxification of coffee husks and pulp by either physical, chemical or biological methods 
(Molina et al., 1974; Brand et al., 2000; Pandey et al., 2000a; Mazzafera, 2002; Ulloa Rojas et 
al., 2002, 2003; Gokulakrishnan and Gummadi, 2006; Orozco et al., 2008). 

The physiological effects of caffeine in humans and animals have been extensively studied 
(Bonati et al., 1985; Buckholtz et al., 1987; Landolt et al., 1995; Nehlig et al., 1999; Stavric, 
1988, 1992; Meyer and Caston, 2004), and their symptoms have been reported to be similar to 
those observed in animals fed diets containing coffee husks (Jarquín et al., 1973; Molina et al., 
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1974; Bressani et al., 1977). Reviews on the removal of caffeine from coffee husks and pulp 
are available by Pandey et al. (2000a) and Mazzafera (2002). A general review of enzymatic 
and microbial methods for caffeine removal is presented by Gokulakrishnan et al. (2005). 
Comments on some recent studies that are specific for coffee pulp detoxification and were not 
covered on such reviews are presented below. 

Different chemical treatments were evaluated by Ulloa Rojas et al. (2002) with the 
objective of improving the nutritional value of coffee pulp. The treatments were: (1) alkali 
(NaOH solutions of 5 and 10% for 24 and 48 h), (2) acid/alkali (treatment with HCl, 1.5 and 
3 M for 24 and 48 h, followed by a NaOH solution of 5% for 48 h) and (3) alkali/ensilage 
(treatment with NaOH solution of 5% for 48 h, followed by ensilage with molasses for up to 3 
months). The coffee pulp submitted to both the alkali and acid/alkali treatments presented 
higher contents of ash, fat and cellulose and lower contents of anti-nutritional factors: 
polyphenols, tannins and caffeine. The true protein content was reduced in the acid/alkali 
treatment. The alkali/ensilage treatment resulted in higher true protein, fat and ash contents, no 
variations in cellulose contents and reductions in polyphenols, tannins and caffeine contents. 
The reduction of anti-nutritional factors was much higher for the alkali treatment in 
comparison to alkali/ensilage, with the first providing the best overall results in upgrading the 
nutritive value of coffee pulp. 

The subsequent study by Ulloa Rojas and co-workers (2003) presents a comparison of 
biological treatments applied to fresh coffee pulp with the purpose of reducing its content of 
cellulose and anti-nutritional factors (total phenols, tannins and caffeine). The evaluated 
treatments were: (1) ensiling molasses for 2 and 3 months, (2) aerobic decomposition for up to 
42 days, and (3) aerobic bacterial inoculation (Bacillus sp.) for up to 28 days. Ensiling 
treatment resulted in increases in fat, ash and protein contents and decreases in cellulose, 
tannins and total phenols levels. There was an overall improvement in the nutritional quality of 
the coffee pulp in association with higher fat and protein contents and lower contents of 
cellulose, total phenols and tannins. However, the treatment did not present a significant effect 
on caffeine content. The aerobic decomposition treatment improved the nutritional quality of 
coffee pulp by increasing true protein and fat contents. Total phenols, tannins, caffeine and 
cellulose contents were reduced by an increase in treatment time. The bacterial treatment 
increased the protein content of coffee pulp after 21 days, but decreased it after 28 days. 
Cellulose, total phenols, tannins and caffeine contents reduced with an increase in time of 
bacterial degradation. It was concluded that both the aerobic decomposition and the aerobic 
bacterial degradation seemed to be more suitable to improve the nutritional quality of coffee 
pulp in comparison to the ensiling procedure, given the reduction in caffeine levels. 

Orozco et al. (2008) evaluated the ability of three Streptomyces strains to upgrade the 
nutritional value of coffee pulp residues from Nicaragua by solid-state fermentation. After the 
growth of the strains, there was a significant decrease in the amount of total polyphenols 
derived compounds. The analysis of these compounds demonstrated that both monomethoxy- 
and dimethoxy-phenols were degraded. In addition, the authors observed an increase in the 
Kjeldahl-based protein of the microbial treated coffee pulp, thus indicating that the treatment 
was recommended for improving the usefulness of coffee pulp for animal feeding purposes. 
However, no comments on the effect of the treatment on caffeine content were made. 
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2.2. Silage 
 
Coffee husks and pulp are rich in potassium (~40 g kg-1) and other mineral nutrients, 

which has induced some studies on the application of these solid residues as organic fertilizers 
without any treatment or after composting (Matos, 2008). The use of coffee husks directly as 
soil coverage is a good option for potassium depleted soils, and can be employed for different 
types of crops, including coffee. They favor erosion control, decrease temperature fluctuations 
and water losses by evaporation (Matos, 2008). However, there is always the possibility of 
phytotoxin production. According to Matos (2008), it is possible to calculate the amount of 
coffee husks that can be employed, if data on potassium levels in the coffee husks and the 
recommended levels and recovery efficiency of potassium for the specific crop are available.  

Couto Filho et al. (2007) prepared a residue silage based on a mixture of mango 
production solid residues (husks and residual pulp) mixed with coffee husks at three levels of 
addition (10, 20 and 30%). It was observed that addition of coffee husks provided an increase 
in dry matter content and decrease in buffering power. The values of pH and ammonium 
nitrogen (N-NH3/total N) were within the standard range of a good fermentation process. It 
was concluded that coffee husks could be added up to 30%, improving the fermentative 
standard for silages of good quality. The same research group also evaluated a silage based on 
a mixture of passion fruit solid waste (husks and seeds) with coffee husks added up to 25% 
(Neiva Júnior et al., 2007). Other additives were also tested including sugar cane bagasse and 
corn cobs, but only the coffee husks provided an increase in protein contents. All the produced 
silages were considered to be of average or good quality.  

 
2.2.1. Composting 

Composting can be defined as a solid waste management system that accelerates the 
process of decomposition. In the case of coffee pulp, decomposition occurs spontaneously and 
if not controlled can result in severe problems including the proliferation of flies and foul 
odors, soil infiltration and others (Adams and Dougan, 1987). Controlled composting, 
however, will provide a final product that can be easily handled, stored and applied to the land 
without the previously mentioned adverse effects. 

Composting of coffee pulp have been described in some early studies and is extensively 
discussed by Adams and Dougan (1987). In the case of coffee husks, Matos (2008) reported 
that coffee husks have low values for the carbon nitrogen ratio (C/N), indicating that residues 
with high C/N should be mixed with coffee husks in order to guarantee a good quality final 
product. It is noteworthy to point out that the produced compost, using either coffee husks or 
pulp, should be viewed more as a soil conditioner rather than as a fertilizer. Furthermore, it has 
the physical effect of increasing soil water retention and should improve or at least conserve 
the long-term quality of the soil (Adams and Dougan, 1987). 

 
 

2.3. Fuel 
 
Coffee husks have been deemed as a source of cheap fuel with an approximate calorific 

value of 16 MJ kg-1 (Adams and Dougan, 1987). The study by Saenger et al. (2001) 
investigated the combustion of coffee husks, employing single particle combustion techniques 
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and also combustion in a pilot-scale fluidized bed facility. It was observed that coffee husks 
present a high content of volatile matter and low contents of fixed carbon and ash. The 
devolatilization begins at low temperatures (170–200°C), but the increase in particle 
temperature is quite fast. This means that the coffee husks devolatilize easily upon heating and 
therefore may require a water cooled feeding system or a very short residence time in the 
feeder, in order to prevent pyrolysis of the husks taking place in the feeding system leading to 
blockages and non-uniform fuel flow into the furnace. Because of the tendency to devolatilize 
rapidly, the feeding systems should be designed such as to achieve uniform distribution of the 
coffee husks within the cross-section of the furnace to avoid high temperatures near the 
feeding point and achieve a more or less uniform distribution of heat release in the furnace.  

Given that coffee husks are lighter and smaller than wood chips and coals burned in non-
pulverized firing systems, there may be a tendency of the particles to be carried out of the 
furnace with the flue gas. Also, the low density of coffee husks is an indication that such 
residue is not appropriate for long distance transportation, given the high costs of 
transportation and storage, so the authors suggest that it should be used in the vicinities of the 
production area. High values for NOx emissions (400–500 mg/m3) were measured, indicating 
the need for NOx emission reduction techniques when burning coffee husks. Finally, one of the 
problems associated with the combustion of coffee husks is the low melting temperature of ash 
due to the high content of K2O. Problems of agglomeration, fouling, slagging and corrosion 
will be expected. Therefore, the authors suggest further research on the use of additives, proper 
furnace design and co-firing with coal, in order for the direct use of coffee husks as fuel to 
become viable. 

Other studies on the pyrolysis of dry-processed coffee husks were presented by 
Domíngues et al. (2007) and Menéndez et al. (2007). It was found that the pyrolysis of this 
solid residue gives rise to a larger yield of the gas fraction compared to the other fractions, 
even at relatively low temperatures. The gas fraction increased with an increase in pyrolysis 
temperature. A comparison of microwave-assisted pyrolysis and conventional pyrolysis 
showed that microwave treatment produces more gas and less oil than conventional pyrolysis. 
In addition, the gas from the microwave has much higher H2 and syngas (H2 + CO) contents 
than those obtained by conventional pyrolysis in an electrical furnace, with CO2 being the 
main product. It was also observed that the energy accumulated in the gas increased with the 
pyrolysis temperature. By contrast, the energy accumulated in the char decreases with the 
temperature, with this effect being more significant when microwave pyrolysis was employed. 

Magalhães et al. (2008) evaluated the use of coffee husks mixed with fire wood as a solid 
fuel for heating air. Combustion was incomplete, resulting in thermal losses and indicating that 
the gases could not be employed for direct heating. Nevertheless, combustion efficiency was 
considered satisfactory for indirect heating, indicating that this solid residue could be 
employed for heating air to be used for grain drying or other agricultural purposes. 

 
 

2.4. Fermentation Studies 
 
Several applications of coffee pulp and husks in fermentation studies have been reported, 

including the production of enzymes (Antier et al., 1993; Minjares-Carranco et al., 1997; Sabu 
et al., 2006; Niladevi and Prema, 2008), citric acid (Shankaranand and Lonsane, 1994; 
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Vandenberghe et al., 2000), gibberellic acid (Machado et al., 2004) and flavoring substances 
(Soares et al., 2000). 

Some of the earlier studies on fermentation of coffee pulp and husks have been focused on 
the production of enzymes. Antier et al. (1993) and Minjares-Carranco et al. (1997) worked 
with mutant strains of Aspergillus niger to produce pectinases by Solid State Fermentation 
(SSF) and submerged fermentation (SmF) of coffee pulp. The study by Sabu et al. (2006) 
presented a comparative evaluation of tamarind seed powder, wheat bran, palm kernel cake, 
and coffee husks, as substrates for tannase production by Lactobacillus sp. ASR S1 under 
Solid State Fermentation. Maximum tannase production was obtained when SSF was carried 
out using coffee husks supplemented with 0.6% tannic acid, demonstrating the potential of this 
solid residue in fermentation studies. Niladevi and Prema (2008) concluded that coffee pulp 
was the best substrate for laccase production by submerged fermentation employing 
Streptomyces psammoticus MTCC 7334. 

Coffee husks were evaluated by Shankaranand and Lonsane (1994) as a substrate for citric 
acid production by Aspergillus niger CFTRI under Solid State Fermentation. The authors 
reported an approximate production of 1.5 g citric acid/10 g dry coffee husks at a conversion 
of 82% (based on sugar consumed), thus demonstrating the potential of this specific 
application for coffee husks. A comparative study employing sugar cane bagasse, coffee husks 
and cassava bagasse as substrates for citric acid production by a culture of Aspergillus niger 
was presented by Vandenberghe et al. (2000). There was high sugar consumption by A. niger 
for all substrates (90%, 97% and 87% for sugar cane bagasse, cofee husks and cassava 
bagasse, respectively), indicating that the strain presented good affinity with all of them. 
However, citric acid production was highest for cassava bagasse (88 g/kg dry matter) in 
comparison to sugar cane bagasse (48.7 g/kg dry matter) for sugar cane bagasse and coffee 
husks (12.7 g/kg g/kg dry matter).  

Coffee husks were also tested for flavor production in fermentation studies employing 
Ceratocystis fimbriata (Soares et al., 2000). The coffee husks were steam treated (100°C for 40 
min) for removal of inhibitory substances (e.g., caffeine) and supplemented with glucose. It 
was reported that adding 20 and 35% glucose provided the development of a strong pineapple 
aroma, with total volatiles production of 6.6 and 5.2 mmol L-1g-1, respectively. At 46% 
glucose, only a weak banana odor was detected, and total volatiles production was reduced. 
The addition of leucine provided an increase in total volatiles production (ethyl acetate and 
isoamyl acetate) and resulted on a stronger banana odor. The biosynthesis of volatile 
compounds was not improved by the addition of soybean oil and was reduced by that of 
mineral salts. It was concluded that steam treated coffee husks is an adequate substrate for 
aroma production by C. fimbriata, provided that some glucose is added to increase volatiles 
production. 

Machado et al. (2002, 2004) evaluated the feasibility of employing coffee husks as a 
substrate for the production of gibberellic acid (GA) in both solid-state fermentation and 
submerged fermentation tests. The best results were obtained by solid state fermentation with 
G. fujikuroi LPB-06, employing a mixed substrate of coffee husks and cassava bagasse (7:3, 
dry wt). GA production was high in comparison to other solid state fermentation studies 
employing different substrates. 
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2.4.1. Ethanol Production 
Because of its environmental benefits, bioethanol is regarded as a promising biofuel 

substitute for gasoline in the transportation sector. However, to make it competitive with fossil 
fuels, it is necessary to reduce production costs by using new, alternative biomass feedstocks. 
Current industrial processes for bioethanol production still use sugarcane (Southern 
Hemisphere) or cereal grains (Northern Hemisphere) as feedstocks, but they have to compete 
directly with the food sector (Wheals et al., 1999). Although these are the predominant 
feedstocks that are used today, projected fuel demands indicate that new, alternative, low-
priced feedstocks are needed to reduce ethanol production costs, since the price of feedstock 
contributes more than 55% to the production cost (Palmarola-Adrados et al., 2005). 
Furthermore, it is estimated that ethanol production from agricultural residues could increase 
in 16 times the current production (Kim and Dale, 2004). 

Given the high concentration of carbohydrates in coffee husks, it can be viewed as a 
potential raw material for bioethanol production. Furthermore, the produced ethanol could be 
employed for biodiesel production based on coffee oil obtained from defective coffee beans, 
thus further contributing for the implementation of sustainable development in the coffee and 
biodiesel production chains (Oliveira et al., 2008a). However, the production of ethanol from 
coffee husks has not been adopted on a practical scale. 

Early studies have indicated that fermented coffee pulp juice contained only 2.5–3.0% w/v 
of ethanol, which would implicate in high energy costs during the distillation stage (Adams 
and Dougan, 1987). However, the recent study by Gouvea et al. (2008) demonstrated that 
fermentation of sticky coffee husks lead to a product containing 14% w/v of ethanol. This was 
only a preliminary feasibility study, employing baker’s yeast as a fermentation agent. 
However, ethanol production was comparable to other agricultural residues that are being 
studied for bioethanol production (see Table 3). It can be observed that production of ethanol 
by fermentation of sticky coffee husks was quite satisfactory in comparison to literature data 
for other residues, given that most of the other materials were either supplemented with sugar 
or underwent hydrolysis. The results obtained by Gouvea et al. (2008) indicate that coffee 
husks present an excellent potential for residue-based ethanol production, given that ethanol 
production levels can be significantly improved by enzymatic hydrolysis, the use of other 
microorganisms and nutrient supplementation. 

 
Table 3. Comparison of literature data on residue-based ethanol production  

 
Residue Ethanol production Productivity (g / L h) Reference 
Corn stover* 16.8 g/L — Ohgrem et al. (2007) 
Sweet sorghum* 16.2 g/L — Ballesteros et al. (2004) 
Sticky coffee husks 14 g/L (9 g/100g) 1.2 Gouvea et al. (2008) 
Wheat stillage** 11 g/L — Davis et al. (2005) 
Sweet sorghum 5 g/100g — Sree et al. (1999) 
Corn stalks* 5 g/L 1.3 Belkacemi et al. (2002) 
Barley straw* 10 g/L 1.3 Belkacemi et al. (2002) 

*residue underwent hydrolisis;  
** glucose supplemented residue. 
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2.5. Production of Biogas 
 
The potential of using biogas as a viable alternative source of energy has been widely 

recognized (Appels et al., 2008). Biogas is the name of a mixture of CO2 and CH4, which is 
produced by bacterial conversion of organic matter, mostly manure and organic wastes, under 
anaerobic conditions (Raven et al., 2007). Even thought there are biogas plants being currently 
used, both economic and technical data available indicate that the profitability of many 
anaerobic digesters is still border line (Pauss and Nyns, 1993; Tafdrup, 1995; Dewil et al., 
2006), even though current techniques are being developed to upgrade quality and to enhance 
energy use (Appels et al., 2008). Some early studies have been developed on the use of coffee 
husks and pulp for biogas production in anaerobic digestion, with reviews on the subject being 
presented by Adams and Dougan (1987) and Pandey et al. (2000b). Even though solid coffee 
residues have been reported to present better performance in terms of CH4 in comparison to 
other agricultural residues, the lack of more recent studies in association with coffee 
processing residues is an indication that this alternative use does not seem to be viable, either 
due to technical or economical setbacks. 

 
 

2.6. Production of Mushrooms  
 
Some studies on agri-food solids waste use have focused on the use of such residues as 

substrates for mushroom growth (Pandey et al., 2000ab). In that regard, there are a few recent 
studies on the use of coffee husks and pulp for such purposes (Leifa et al., 2001; Salmones et 
al., 2005; Fan et al. 2006).  

Leifa et al. (2001) presented a comparative study employing coffee husks and spent coffee 
grounds as substrates for the production of edible mushrooms Flammulina. Ideal moisture 
content for mycelial growth was 60%. First fructification occurred after 25 days of inoculation 
and the biological efficiency reached about 56% with two flushes after 40 days. Caffeine and 
tannin contents decreased by 10 and 20%, respectively, after 40 days, with such decrease being 
attributed to degradation by the culture. The authors concluded that both coffee husks and 
spent coffee grounds, without any nutritional supplementation, are potential substrates for 
cultivation of edible fungi. 

Salmones et al. (2005) presented a comparative study of cultivation of different strains of 
Pletorus sp. (P. djamor, P. ostreatus, P. pulmonarius) on coffee pulp and wheat straws. 
Furthermore, the coffee pulp degraded by mushroom cultures might present further post-
production value in the elaboration of forages, vermicomposts, and organic fertilizers.  

The study by Fan and co-workers (2006) evaluated the effect of caffeine and tannins on 
Pleurotus sp. cultivation, in order to ascertain about the feasibility of using coffee husks as 
substrate for mushroom growth. The increase in caffeine concentration led to a decrease in 
mycelial growth and biomass production. Furthermore, Pleurotus did not degrade the caffeine, 
but absorbed it. Tannin under 100 mg/L in the medium stimulated the growth of mycelia, but 
presented a negative effect above 500 mg/L. It was confirmed that Pleurotus had the capacity 
of degrading tannic acid. Caffeine content in the husk after cultivation was reduced to 61% and 
tannins to 79%. The obtained results indicated the feasibility of using coffee husk without any 
pretreatment for the cultivation of Pleurotus, and also confirmed the results by Salmones et al. 
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(2005) in the sense that, given the reduction in caffeine and tannins, the coffee husks could 
afterwards be employed for other uses, including animal feed. 

 
 

2.7. Adsorption Studies 
 
The association between coffee husks and the production of charcoal has been thought 

firstly in terms of fuel, given that the calorific value is practically doubled after carbonization 
(Adams and Dougan, 1987). There was even a development of a commercial product in Kenya 
based on carbonization of parchment and silverskin, denominated Kahawa coal. However, 
given the significant amount of published information and increasing research interest on the 
use of agri-food residues in the preparation of activated carbons (Ioannidou and Zabaniotou, 
2007; Oliveira and Franca, 2008), a few recent studies have dealt with the application of coffee 
husks as either biosorbents (used as adsorbents without the need for carbonization and 
activation) or as raw materials for the production of adsorbents (Oliveira et al., 2008bcd). 

Untreated coffee husks were used by Oliveira et al. (2008b) as potential biosorbents for 
treatment of dye contaminated waters. Methylene blue was the model dye used in a batch 
adsorption study. The coffee husks were impregnated with formaldehyde in order to reduce 
leaching of organic matter and avoid fungal growth on the surface of the biosorbent (Chen and 
Yang, 2005). The pH of the biosorption system did not present significant effects on the 
adsorption capacity for values above the determined pHPZC value (~4.5) being, thus, an 
indication that other mechanisms than ion exchange may be taking place. Evaluation of 
thermodynamics parameters indicated that adsorption was spontaneous and endothermic. 
Coffee husks presented excellent adsorption capacity, being more effective than other 
agricultural residues such as rice husks and wheat shells. Therefore, the major conclusion of 
that study was that coffee husks presented great potential as an inexpensive and easily 
available alternative adsorbent for the removal of cationic dyes in wastewater treatments. 

Oliveira et al. (2008c) also evaluated the performance of coffee husks as adsorbents for the 
removal of heavy metal ions from aqueous solutions. The adsorption studies were conducted in 
batch system using divalent copper, cadmium, zinc and hexavalent chromium as adsorbates. 
Coffee husks presented better adsorption performance for low concentrations of all metal ions 
studied. Coffee husks maximum adsorption capacity was compared to the maximum capacity 
of other biosorbents presented in the literature, being higher than other untreated residues such 
as sugarcane bagasse, cocoa shell, banana and orange peel, and peanut hulls. The effect of the 
initial pH in the biosorption efficiency was verified in the pH range of 4–7, and it was 
demonstrated that the highest adsorption capacity occurred at distinct pH values for each metal 
ion. Also, the pH of the metal ions solution was monitored before and after sorption tests, and 
no significant variations were observed, and this fact was attributed to a buffering action by 
leached potassium. The amount of leached potassium determined after sorption of Cr(VI) 
indicated that ion exchange may play an important role in the chromium adsorption process. In 
a later study, thermal and chemical treatments were evaluated in order to improve the 
adsorption performance of coffee husks (Oliveira et al., 2008d). The activating agent was 
CaCl2, and carbonization was carried out at 200ºC. It was observed that the percent adsorbed of 
Cr(VI) ions increased after the treatments. The thermal/chemical treatments did not improve 
adsorption performance in the case of copper, cadmium and zinc adsorption. It was also 
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reported that adsorption efficiency was reduced by the presence of parchment among the 
husks.  

 
 

2.8. Other Applications 
 
Coffee husks were employed by Isaac et al. (2007) as mulches for weed management 

(Commelina diffusa Burm. infestations) in bananas (Musa spp.) cultivated under the Fairtrade 
system. The non-living mulches evaluated (banana mulch and coffee husks), and a clear plastic 
mulch, were the best weed management alternatives, providing the highest levels of control. 
The results obtained in this study indicate that the use of coffee husks mulches is an interesting 
alternative for sustainable pesticide free production.  

Prata and Oliveira (2007) investigated the potential of fresh coffee husks as sources of 
anthocyanins for applications as natural food colorants. Extraction of pigments was carried out 
in successive steps, employing an acidified (HCl) methanol solution as the extractant. The 
pigment extracts were concentrated in a rotary evaporator at 35°C, being also submitted to 
vacuum treatment in order to minimize pigment degradation by oxidation. The extracted 
pigments were analyzed by HPLC with photodiode array detection. Cyanidin 3-rutinoside was 
characterized as the dominant anthocyanin in fresh coffee husks, and its quantification 
indicated that fresh coffee husks can be considered as a source of this pigment. 

 
 

3. DEFECTIVE COFFEE BEANS 
 
The removal of defective coffee beans is the last processing step in order to guarantee a 

good-quality coffee. Such beans are usually associated with specific problems during 
harvesting and post-harvest processing operations and are known to impart a negative effect on 
the beverage quality. The most important types of defects are the so-called black, sour, 
immature and immature-black. Black beans result from dead beans within the coffee cherries 
or from beans that fall naturally on the ground by action of rain or over-ripening (Clarke, 
1987c; Mazzafera, 1999). The presence of sour beans is usually associated with 
‘overfermentation’ during wet processing (Clarke, 1987c) and with improper drying or picking 
of overripe cherries (Sivetz and Desrosier, 1979; Clarke, 1987c). Immature beans come from 
immature fruits. Immature-black beans are those that fall on the ground while immature, 
remaining in contact with the soil and thus being subject to fermentation (Mazzafera, 1999).  

There are some studies available on the comparison of physical and chemical 
characteristics of defective and non-defective coffee beans (Mazzafera, 1999; Franca et al., 
2005; Oliveira et al., 2006; Vasconcelos et al., 2007; Mancha Agresti et al., 2008; Mendonça et 
al., 2008). A detailed review on the subject is presented by Franca and Oliveira (2008). The 
overall conclusion of these studies indicates that, prior to roasting, it is possible to differentiate 
defective and non-defective (healthy) beans by color, size, acidity levels, sucrose levels, and 
the presence of histamine. However, after roasting, only an evaluation of the volatile profile 
will effectively provide the means for differentiation (Mancha Agresti et al., 2008) and further 
studies on this subject theme are still needed. 
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Even though defective beans are mechanically separated from the non-defective ones prior 
to commercialization in international markets, they are still being commercialized in Brazil 
and other producing countries. Unfortunately, since to coffee producers they represent an 
investment in growing, harvesting, and handling, such beans are sold at lower prices to some 
roasting industries that use them in blends with good quality beans. In order to eliminate these 
defective beans from the trade market and improve the overall quality of the beverage 
consumed worldwide, a few recent studies have been developed in terms of alternative uses for 
such beans (Oliveira et al., 2008a; Nunes et al., 2008, 2009). A description of the major 
findings from these specific studies is presented as follows. 

 
 

3.1. Fuel 
 
There are no literature reports on attempts of just burning low quality coffee beans for 

energy production. This can be attributed to the fact that the separation of defective beans in 
the farms and cooperatives by color is still an inefficient process, especially for immature 
beans. Therefore, low quality coffees lots that have been rejected during color sorting still 
contain a significant amount of non-defective coffees (30–70%), as pointed out in studies 
employing machine sorted mixtures of defective coffee beans (Franca et al., 2005; 
Vasconcelos et al., 2007; Mendonça et al., 2008). These low quality coffee mixtures present a 
reasonable economical value (~US$150 per 60kg coffee bag) in comparison to good quality 
coffee (~US$220 per 60kg bag). Thus, selling these beans to the coffee roasting industry is 
viewed by coffee producers as a good alternative from an economical point of view. Therefore, 
whatever alternative application proposed for this type of residue must be more profitable than 
selling it to the roasting industry. 

The only study that presents any relation between using defective coffee beans for fuel 
production is the one by Oliveira et al. (2008a), who evaluated the feasibility of producing 
biodiesel using oil extracted from defective coffee beans. Direct transesterifications of 
triglycerides from refined soybean oil (reference) and from oils extracted by solvent (hexane) 
from healthy and defective coffee beans were performed. Oils extracted from healthy and 
defective coffee beans were successfully converted to alkyl esters of fatty acids (biodiesel) by 
transesterification with both methanol and ethanol in the presence of sodium methoxide as an 
alkaline catalyst. The yields for the reactions with the oil of healthy coffee beans were lower 
than those for the oil of defective beans, indicating the need for correction of the amount of 
catalyst to be used due to the content of free fatty acids of the oil. Further studies regarding the 
identification of the factors affecting conversion are needed in order to optimize the production 
of alkyl esters using the oil from defective coffee beans. Nevertheless, regardless of the ester 
yields obtained, coffee oil demonstrated potential as a candidate for feedstock in biodiesel 
production. However, in terms of sustainability, the use of inedible vegetable oils for biodiesel 
production generates an extensive amount of solid residues (pressed seed cakes), which present 
an environmental problem in terms of adequate disposal.  
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3.2. Adsorption Studies 
 
In order for coffee oil-based biodiesel production to become an environmentaly friendly 

process, alternative proposals for the generated solid residues are necessary. In that regard, the 
recent study by Nunes et al. (2009) evaluated the potential of defective coffee press cake as 
raw material for the preparation of activated carbons (DCAC). Batch adsorption tests were 
performed at room temperature, using methylene blue (MB) as the adsorbate. Preliminary 
adsorption tests showed that thermal treatment is necessary in order to improve adsorption 
capacity and that this type of residue cannot be employed as a biosorbent. Equilibrium data 
indicated favorable and heterogeneus adsorption. The maximum value of uptake capacity 
obtained for the produced activated carbon (~15mg g-1), was comparable to values encountered 
in the literature for other similar residue based activated carbons. Actually, the DCAC 
presented higher adsorption capacity than other residue-based ACs including apricot stones, 
walnut shells, date pits and almond shells. The results presented in this study indicated that 
defective coffee press cake presents great potential as an inexpensive and easily available 
alternative adsorbent for the removal of cationic dyes in wastewater treatments.  

In another, Nunes et al. (2008) evaluated the feasibility of employing microwave 
activation instead of the traditional oven carbonization techniques for the production of 
DCAC. Batch adsorption tests were performed using methylene blue (MB), with the adsorbent 
being obtained by carbonization of the defective coffee press cake at 300oC during 6 min in a 
household microwave oven. No significant variations in terms of adsorption kinetics were 
observed. However, the activated carbon obtained by microwave activation presented a 
significantly higher adsorption capacity (3.5 times higher) in comparison to the one obtained 
by conventional activation of the same type of residue in a muffle furnace (Nunes et al., 2009). 
These results indicate that microwave activation provides not only a significant reduction in 
processing time and energy requirements, but also an increase in adsorption capacity and that 
this solid residue presents excellent potential as a raw material for the production of 
adsorbents. 

 
 

4. SPENT COFFEE GROUNDS 
 
Roasted ground beans are treated with high temperature/pressure water in order to extract 

the soluble material to be used in instant or soluble coffee production. The insoluble residue 
(spent coffee grounds) is submitted to dewatering in order to reduce moisture content from 80 
to approximately 50% (Adams and Dougan, 1987). A summarized description of the chemical 
composition of this specific residue is displayed in Table 4. The data presented on Table 4 
indicate that spent coffee grounds are highly fibrous and present a reasonable amount of oil.  

Spent coffee grounds are usually disposed either in landfill sites or by burning as fuel in 
the boilers of the soluble coffee industry. However, such solid residues are highly pollutant 
due to high contents of organic substances that demand great quantities of oxygen to 
decompose. Also, spontaneous combustion has been reported in some storage sites (Silva et 
al., 1998).  
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Table 4. Chemical composition of spent coffee grounds (g/100 g)a 
 

Crude protein 10–12 Starch equivalent 75 on ruminants 
Crude fiber 35–44 Fatty acids  
Lignin 13–16 linoleic 37%  
Cellulose 22–28 palmitic 34% 
Lipids (ether extract) 22–27 oleic 14% 
Minerals 0.3-1 free fatty acids 8% 

a based on the data reported by Adams and Dougan, 1987. 
 
This solid residue presents an additional disposal problem, given that it can be used for 

adulteration of roasted and ground coffee, being practically impossible to detect as an 
adulterant. Thus, the soluble coffee industry has been quite careful with its disposal, and most 
of the time this residue is simply used as a boiler fuel by the same industry. 

There are reports on early attempts to use coffee grounds as fertilizers (Tango, 1971), 
supplement for animal feed (Sikka et al., 1985; Givens and Barber, 1986; Sikka and Chawla, 
1986; Adams and Dougan, 1987) and as fuel (Adams and Dougan, 1987). A detailed 
discussion on the earlier studies is provided by Adams and Dougan (1987) and therefore the 
focus of this section will be based on more recent studies on the use of spent coffee grounds. It 
is noteworthy to mention that we could not find any newer studies on the use of spent coffee 
grounds on animal feed, so it is our belief that the general conclusions from the earlier studies 
still hold, i.e., spent coffee grounds can be added to ruminant feed up to 10%. 

 
 

4.1. Fuel 
 
The calorific value of spent coffee grounds (6930 kcal kg-1 dry matter) is reported to be 

comparable to that of charcoal (Adams and Dougan, 1987). Such characteristic, in association 
to the fact that this solid residue is practically smoke free during combustion, with low 
particulate emissions, make burning it for fuel an attractive alternative use. However, its high 
moisture content presents a problem in terms of fuel use efficiency and thus the spent coffee 
grounds should be dried to approximately 30% prior to use. According to Adams and Dougan 
(1987), drying below such level poses a fire risk. A few recent studies have been developed in 
order to improve spent coffee ground use as a fuel (Xu et al., 2006; Horio et al., 2009; Zhang 
et al., 2008). 

Xu and co-workers (2006) evaluated the feasibility of converting spent coffee grounds into 
a middle-caloric product gas. The conversion took place in two consecutive steps, the first one 
being fuel drying/upgrading, followed by pyrolytic gasification of the dried fuel with dual 
fluidized bed gasification technology (DFBG). Evaluation of the performance of the pilot 
gasification facility demonstrated that the employed DFBG technology worked stably with the 
fuel of coffee grounds that was pre-dried to a water content of about 10 wt %. It was possible 
to convert more than 70% of fuel's C into gas, and the produced gas presented a high heating 
value (HHV) of over 3500 kcal/m3. However, the tar load in the product gas was sometimes 
high. Increasing the steam/fuel mass ratio and decreasing the fuel particle size reduced the tar 
yield, but the available reduction degree was limited. Inclusion of a small amount of air into 
steam (gasification reagent) also helped to lower the tar content of the product gas. 
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Nonetheless, it was concluded that further tar elimination techniques are required for the 
gasification of coffee grounds via DFBG.  

Horio et al. (2009) presented a prototype powdered biomass charcoal fired heater with a 
heat output of 6 kW. The combustion heater was characterized for charcoal prepared from 
Japanese oak (Quercus serrata) and from several waste biomass sources, including charcoal 
produced from spent coffee grounds, pure and mixed with soybean fiber. The combustion 
heater was designed based on the concept of charcoal combustion in a thin bed cross-flow 
(TBCF) mode, where a very thin uniform bed of charcoal is fixed by air flow on the wall of a 
cylindrical chamber with an air-penetrable wall. For wood charcoal the heater’s thermal 
efficiency was about 65−86%, and for waste biomass charcoal it was found to be in the range 
of 60−81%. When the combustion heater was operated at the stable combustion mode, the CO 
concentration in the exhaust after the flue gas passed through catalyst was less than 5 ppm. 

One of the major problems with the use of spent coffee grounds as fuel is related to its 
high moisture content. In that regard, the recent study by Zhang et al. (2008) describes a novel 
approach for upgrading biomass fuels with high water content for gasification, using an oil-
slurry dewatering process. Wet coffee grounds (CG) were used as a feedstock and dewatered 
in kerosene with simultaneous addition of calcium. The results obtained show that, for calcium 
loadings lower than 3 wt%, calcium highly disperses into the CG matrix under dewatering 
condition, and its catalytic activity for char gasification is comparable to that obtained by 
impregnation with an aqueous solution of calcium acetate. It was concluded that the 
dewatering process can provide an effective and practical catalyst loading procedure for 
biomass fuels with high water content. 

 
 

4.2. Adsorption Studies 
 
There are a few recent studies on the use of spent coffee grounds in the production of 

adsorbents (Boonamnuayvitaya et al., 2004, 2005; Namane et al., 2005; Tokimoto et al., 2005; 
Escudero et al., 2008; Franca et al., 2008). Boonamnuayvitaya and co-workers (2004) 
investigated the preparation and utilization of spent coffee grounds binding with clay as 
adsorbent for removal of heavy metal ions in aqueous solutions. Factors affecting the 
adsorption such as pyrolysis temperature, weight ratio of spent coffee grounds to clay and 
particle size were investigated. The best results were obtained for the following parameters: 
pyrolysis temperature of 500°C, spent coffee grounds to clay weight ratio of 80 to 20 and 
particle size diameter of 4 mm. Langmuir based maximum adsorption capacities were 40, 31, 
11, 20 and 13 mg g-1 for Cd(II), Cu (II), Pb (II), Zn (II) and Ni (II), respectively. The Cd(II) 
adsorption increased with increasing pH and temperature, and remained constant at high pH. 
Evaluation of thermodynamic parameters indicated physical exothermic adsorption. The 
functional groups studied by FTIR indicated that hydroxyl, carboxyl and amine groups were 
the main functional groups. Electrical potential study showed that the adsorbent exhibited 
negative charges that were favorable to attract metal ions. The surface and pore study implied 
that the high fraction mesopores in the developed adsorbent improved adsorption capacity. In a 
subsequent study, Boonamnuayvitaya et al. (2005) prepared activated carbons using spent 
coffee grounds impregnated with zinc chloride and activated at 600oC under nitrogen, carbon 
dioxide or steam flow. The activated carbon prepared by zinc chloride and nitrogen activation 
presented the highest adsorption capacity (adsorption of formaldehyde vapor) whereas the one 
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prepared with zinc chloride impregnation coupled with carbon dioxide activation presented the 
highest total surface area and total pore volume. The authors concluded that, for formaldehyde 
adsorption, the surface chemistry of the adsorbent plays a major role in increasing adsorption 
capacity.  

Namane et al. (2005) employed spent coffee grounds treated with zinc chloride and 
phosphoric acid for adsorption of phenol and dyes (acid blue and basic yellow). The produced 
activated carbons were comparable to a commercial product in terms of adsorption capacity, 
and the produced activated carbon presented better affinity for basic dyes in comparison to the 
commercial product.  

Escudero et al. (2008) employed grape stalks (solid residue from wine production) and 
spent coffee grounds as adsorbents for the removal of Cu(II) and Ni(II) from aqueous solutions 
in presence and in absence of the complexing agent EDTA. Effects of pH and metal–EDTA 
molar ratio, kinetics as a function of sorbent concentration, and sorption equilibrium for both 
metals onto both sorbents were evaluated in batch experiments. Metal uptake was dependent of 
pH, reaching a maximum at pH ~5.5. EDTA was found to dramatically reduce metal 
adsorption, reaching total uptake inhibition for both metals onto both sorbents at equimolar 
metal:ligand concentrations. Grape stalks presented higher adsorption capacity (approximately 
four times) in comparison to spent coffee grounds, for both Cu(II) and Ni(II) adsorption. 

The only works that employed spent coffee grounds without further chemical or thermal 
treatment as adsorbents, were the ones presented by Tokimoto et al. (2005) and Franca et al. 
(2008), with applications in the removal of lead ions from drinking water and the removal of 
basic dyes from wastewaters, respectively. The experimental results obtained by Tokimoto et 
al. (2005) indicated that that proteins present in spent coffee grounds are responsible for the 
adsorption of lead ions. The rates of adsorption of lead ions by coffee grounds were directly 
proportional to the amounts of coffee grounds added to the solution. Although activated carbon 
is widely used in general-purpose water purification, the authors observed that it adsorbed 
fewer lead ions than either spent coffee grounds or activated clay. When the concentration of 
lead ions was below 80 μg/L, spent coffee grounds exhibited the highest adsorption capacity. 
Also, the lead ion adsorption capacity of coffee grounds was not significantly affected by 
temperature in the temperature range pertaining to tap water, favoring the idea of using coffee 
grounds to purify tap water.  

Franca and co-workers (2008) evaluated the performance of spent coffee grounds as an 
adsorbent for removal of methylene blue (MB) from aqueous solution. Batch adsorption tests 
were performed at 25oC and the effects of contact time, adsorbent dosage, and pH were 
investigated. The typical dependence of dye uptake on kinetic studies indicated the adsorption 
process to be both chemisorption and diffusion controlled. The maximum value of uptake 
capacity obtained for the spent coffee grounds/methylene blue system was comparable to 
values encountered in the literature for other untreated agricultural by-products and wastes. 
These studies indicate that this residue presents potential to be employed as an adsorbent, even 
without any further chemical or thermal treatment. 

 
 

4.3. Other Applications 
 
Nogueira et al. (1999) investigated the applicability of the forced aeration composting 

process to mixtures of spent coffee grounds and other agricultural wastes. Temperature was 
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used as the main parameter to enable control of the aeration rate. Other parameters used to 
monitor the process were humidity, pH and carbon/nitrogen ratio. The results obtained were 
satisfactory and the experiments lead to the production of a high quality compost, with 
carbon/nitrogen ratios ranging from 13/1 to 15/1. 

Leifa and co-workers (2001) evaluated the feasibility of using spent coffee grounds as a 
substrate for the production of edible mushroom Flammulina under different conditions of 
moisture and spawn rate. Ideal moisture content for mycelial growth was 55%, with first 
fructification occurring 21 days after inoculation and the biological efficiency reaching about 
78% in 40 days. Tannin content decreased by 28% after 40 days, which was attributed to 
degradation by the culture. Results showed the feasibility of using both coffee husks and spent 
coffee grounds as substrates without any nutritional supplementation for cultivation of edible 
fungus in solid state cultivation, with the later presenting better results. 

 
 

5. CONCLUSION 
 
Coffee is deemed as a commodity ranking second only to petroleum in terms of currency 

(usually US dollars) traded worldwide (Illy, 2002). Brazil is the largest coffee producer and 
exporter in the world and is the second largest consumer. As such this commodity is quite 
relevant to the country’s economy. However, coffee production also represents a yearly 
average production of over 2.5 million tons of solid residues, including coffee husks and pulp, 
defective coffee beans, and spent coffee grounds from the soluble coffee industry. Considering 
the specific characteristics of each residue and the significant amount generated, prevailing 
difficulties in devising ways for their adequate disposal management are of great relevance, 
given the increasing awareness and emerging need for properly addressing environmental 
issues. In this regard, several alternative uses for these solid residues have been proposed in the 
literature.  

Regarding coffee husks and pulp, the majority of the studies have focused on employing 
this solid residue as a supplement for animal feed. Several in vivo studies have been carried 
out with a wide variety of livestock (cattle, fish, pigs, sheep and chicken) and the overall 
conclusion is that its use for animal feed is quite restricted due to the presence of anti-
nutritional factors such as caffeine and tannins. Detoxification and fermentation studies have 
demonstrated that caffeine and tannin levels can be reduced significantly. However, further in 
vivo studies employing detoxified coffee husks and/or pulp are needed in order to verify if 
such procedures are sufficient to increase the amount of these solid wastes that can be 
employed as a supplement or even as a replacement for the currently used animal feed. The use 
of coffee husks directly as soil coverage seems to be a good option for potassium depleted 
soils. Composting is also feasible, given that another type of residue be mixed with the husks 
in order to improve the carbon nitrogen ratio.  

Even though coffee husks in their original state present a reasonable calorific value and 
that this value can be further increased by carbonization, its use as a direct solid fuel still 
presents several problems. These include the need to reduce NOx emissions, to avoid pyrolysis 
in the feeding system, dragging of the coffee husks by the flue gas and agglomeration, and 
fouling and corrosion of the combustion equipment. Recent studies indicated that microwave 
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pyrolysis seems to be an interesting alternative in terms of increasing calorific value, but the 
aforementioned problems still remain in need of proper addressing. 

The lack of recent studies in terms of biogas production can be perceived as an indication 
that this alternative is not yet technically and economically viable, since the much commented 
constraints associated with the production techniques, such as large hydraulic retention times 
(30–50 days) and low gas production in cold weather, must still be overcome (Yadvika et al., 
2004; Singh and Prerna, 2009). 

Among the most recently proposed uses for coffee husks and pulp, fermentation for the 
production of a diversity of products, use as a substrate for growth of mushrooms and use as 
adsorbents or as a precursor for the preparation of adsorbents are worthy mentioning to be 
promising alternatives. These alternatives generate more value-added products than the 
aforementioned ones, requiring, in most cases, less processing steps and simpler technologies, 
thus, being, in theory, relatively more cost effective alternatives. However, all the studies were 
carried out at laboratory scale and were based on attaining a pre-specified target product using 
the currently available knowledge of the physical and chemical properties of the residues, 
which is rather superficial. In the majority of these studies, no attempts to work on the scaling-
up and to perform economical analyses of the processes were done and further studies are 
needed in order to proper address these issues. Also, all of the commented alternative 
applications still generate residues that must be properly disposed of. 

Defective coffee beans are not yet considered residues and are being commercialized in 
the internal markets of whichever country coffee is produced, thus, depreciating the quality of 
the beverage consumed locally. Because they represent a fair share of the total amount 
produced worldwide (~20%), the producers investment in growing, harvesting, handling and 
processing, and, also, the lack of proposals for profitable alternative uses preclude their 
withdrawal from the roasting market. Defective coffee beans have been extensively studied as 
such only recently (Franca and Oliveira, 2008) and proposals for alternative uses are scarce 
with the production of biodiesel from coffee oil (Oliveira et al., 2008a) and the use of the cold 
press cake from the oil extraction for the production of adsorbents (Nunes et al., 2009) being 
the only proposals available in the literature. Regarding spent coffee grounds, the majority of 
the proposals for alternative use other than energy source are related to the production and use 
of adsorbents. 

Looking at the coffee production solid residues under the concept of a bio-refinery would 
be a more proper way of addressing the issue of devising adequate management disposal 
strategies. However, in order to achieve that, a more detailed study of the physical and 
chemical properties of the residues is necessary. These residues are rich in organic compounds 
(carbohydrates, proteins, polyphenols, alkaloids, and others) that may be worthy of being 
recovered or processed into other value-added compounds before they are used as livestock 
feed, fertilizers or fuels. Even with the currently available proposals for alternative uses, one 
can envision a sequence of processing steps that could lead to a real application of the bio-
refinery concept. One example would be to produce liquid biofuels (such as ethanol) from 
coffee husks and further use the generated residue (fermented solid) to produce adsorbents for 
a diversity of applications, with the removal of organic compounds from the water used in the 
processing of coffee (e.g., in pulping) as an attractive alternative. The organic-loaded 
adsorbent could then be burned as a solid fuel to produce the necessary energy for the artificial 
drying of coffee beans. Community-scale bio-refineries could then reduce the costs of coffee 
production by turning the coffee solid residues into products that can be used by the producers 
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in the several processing steps of coffee, e.g., fuel for the machinery used in harvesting and 
handling, adsorbents for the treatment of coffee processing wastewater and solid fuel for 
artificial dryers of coffee beans. 
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ABSTRACT 
 

There are environmental concerns associated with industrial sludge disposal, apart 
from other issues like logistics of disposal, treatment options, cost of disposal, etc. A 
customary disposal option for many industries is secure landfilling, but more and more 
industries are now looking at the possibility of recycling and bioconversion of the solid 
wastes to value-added products. Agro-based industries have often resorted to composting, 
vermicomposting or biogas generation from their wastes due to their biological substrate 
value and negligible toxicity. However, this has not been the case with other types of 
industries like pharmaceuticals, chemicals/petrochemicals, power plants, iron and steel and 
many others, where the sludge may be unsuitable due to the presence of harmful 
chemicals, volatiles, persistent organic pollutants (POPs), antibiotics, etc. Sludge 
generated from water treatment plants in the industrial sector forms a major portion of 
solid waste requiring disposal, and has been used in some reported cases for culturing 
earthworms and vermicomposting and could be explored for vermicomposting on case-by-
case basis. An acceptable approach would be an initial evaluation of the sludge for 
screening of known harmful agents and factors to earthworms and then conducting proxy 
vermicomposting trials on these sludges with prior addition of known substrates of 
earthworms, such as cured animal manures or crop residues or a combination of both. The 
quality of the final product—or vermicompost—holds great importance, as the end 
product may not qualify as good manure. But, it is still not clear as to how one could solve 
the entire sludge disposal problem only by vermicomposting, as it is time-consuming and 
industries generate sizeable quantities of sludge every day. It appears that 
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vermicomposting could only supplement the normal disposal practices of an industry. This 
chapter attempts to shortlist the suitable industrial and agricultural wastes for 
vermiconversion, explores the feasibility of their vermiconversion, and looks at various 
factors influencing the possible implementation of such a practice in industry. 
 
 

Key words: earthworm, fertility, nutrient, soil, environment, management 
 
 

INTRODUCTION 
 
The U.S. Environmental Protection Agency defines industrial sludge as a ‘semi-liquid 

residue or slurry remaining from treatment of industrial water and wastewater’ 
(http://www.epa.gov/owm/mtb/biosolids/). The stockpiling of industrial sludge within an 
industry’s premises and their subsequent disposal in landfills without any end use is a common 
practice in India and many other countries. Sometimes a specific sludge is sold or distributed 
to farmers for application as a soil conditioner or manure in agricultural fields due to the 
presence of appreciable organic matter. As long as the sludge does not contain pathogens, 
toxins, persistent organic pollutants (POP) and metals and conforms to agricultural land 
disposal standards, this exercise might be useful and environmentally sustainable. It is fair to 
demand that common sense prevail with the industries who distribute the sludge for 
agricultural use, as carelessness and deliberate overlooking of quality of the sludge from their 
side would end up polluting the environment and endangering human health. Lately, solid 
waste managers have started considering conversion of sludge into value-added products rather 
than using conventional disposal methods such as incineration or landfilling (Liang et al., 
2003). However, no headway has been made for the hazardous sludges, as they always have 
been unfriendly to microorganisms and earthworms and thus require special care, which is 
beyond the scope of this paper.  

According to Sinha (1996), India is yet to appreciate full importance of vermiculture, 
despite a potential production of 400 million tons of vermicompost annually from waste 
degradation. But, there are efforts from the Indian government to push forward various 
development measures in this sector. In 1998, the Government of India announced exemption 
from tax liability to all those institutions, organizations, and individuals in India practicing 
vermiculture on a commercial scale. Khadi and Village Industries Commission (KVIC), Govt. 
of India, has been patronizing vermicomposting projects by offering a program called ‘Margin 
Money Scheme’ to either (i) individuals (rural artisans/entrepreneurs) for projects up to INR 
10 lakh (US$ 20833) or (ii) institutions, co-operative societies and trusts registered with 
KVIC/Khadi and Village Industries Board (KVIB) for projects up to INR 25 lakh (US$ 
52083). For the former type of project, the government offers 25% of project cost as ‘margin 
money’ by the way of backend subsidy, while for the latter type, ‘margin money’ is 25% of 
INR 10 lakh plus 10% of the remaining cost of the project. For some designated sections of 
society and people of some designated regions, the ‘margin money’ goes up to 30% from 25%. 
Any Nationalized Bank of India provides 90–95% of the project cost as loan (Directorate of 
Non-conventional Energy and Bio-Technology Cell, 2001).  

Vermicomposting plants have been operating in Pune and Bangalore in the past with 100 t 
day-1 capacity. Chennai, Mumbai, Indore, Jaipur and several other Indian cities were also 
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setting up vermiculture at that time (Sinha, 1996). The Bhawalkar Earthworm Research 
Institute (BERI) is one of the largest non-governmental organisations involved in vermiculture 
practices at Pune in India, and was operating a vermiculture plant on a commercial scale for 
the management of municipal wastes (Bhawalkar and Bhawalkar, 1994). Many private firms 
and non-governmental organizations have understood the market potential of this product and 
have started producing and marketing vermicompost, though prepared from purely organic 
wastes of non-industrial origin. Information on these firms and organizations can be found in 
the World Wide Web. 

 
 

AGRICULTURAL FARM WASTES: OVERVIEW  
 
Agricultural farm wastes are various materials/by-products left unused after generation by 

the activities in agricultural farms that may be exclusively crop or horticultural or mixed 
(crop+animal) farms, while exclusively animal or poultry farms are out of the purview of 
agricultural farms. In a strict sense, these are not ‘wastes’ since they can be subsequently 
utilized for wealth/material/energy generation and vermicomposting remains one of the major 
options. Agricultural farm waste has a huge stake in the rural development sector and 
commercial sector as its utility has been recognized by many stakeholders, which include both 
commercial and non-commercial entities (Figure 1). The use of agricultural solid wastes by 
recycling can improve soil physical conditions and fertility (Mishra et al., 1989; Bhardwaj, 
1994; Sudha and Kapoor, 2000). Some of these wastes can be directly added to soil without 
any treatment if they do not contain hazardous or toxic pollutants (Lerch et al., 1992).  

Until recent times, the majority of research concerning agricultural farm wastes have 
revolved around organic materials, particularly manure and slurry. Non-natural waste 
materials, like packaging materials, plastics, tires and oil that have also been generated and 
found in farms have largely been ignored (Environment Agency, 2001). The outlook has now 
changed, and since anything used in the farm could end up as wasted materials and add to farm 
waste, this change in outlook is welcome. But, keeping the scope of this chapter in mind, these 
wastes—which are by and large unsuitable for vermicomposting—are kept out of the purview 
of the present discussion. Also, agro-industrial waste is not considered as farm waste but is 
well within the scope of industrial sludge. It is the organic farm waste that is important and 
suitable for vermicomposting (Figure 2). These wastes are generated either by field crops, 
other vegetation, farm animals, especially cattle and buffalo, due to their predominance as 
farm animals, along with others that are either used in mixed farming or supplementary animal 
farming or used for other domestic/commercial purpose in farms. Other domestic sources in 
farms would also generate relevant wastes for vermicomposting, e.g., oilcakes, kitchen waste, 
papers and boards, etc. 

In an average Indian farms and farms in many other countries, major waste products 
include various crop residues that are not used after harvest. Much of these residues are 
recycled in fields as organic mulch or organic soil manure or amendments. However, this type 
of waste holds the key to the raw material supply from the farm sector for composting or 
vermicomposting and, in fact, these are frequently used for generating farm yard manure 
(FYM). The potential of these crop residues is huge in terms of nutrients locked in these 
materials. An estimate done in India projects the nutrient potential of these crop residues 
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generated in India (Table 1). Apart from crop residues, oilseed cakes are also generated on 
farms, though only on farms having domestic or commercial oil extraction facility. Oilseeds 
are typical farm products that carry appreciable nutrients (Table 2), especially nitrogen, and in 
many cases are used in the farm as a source of nutrient in soil or for biopesticide, e.g., neem 
cake. These cakes can also be used in vermicomposting to improve nutrient status of the final 
product. 

Animal manure has been regarded as the wonder formula among all naturally available 
agricultural farm wastes, due their unique combination of physical and chemical properties and 
as a great biological supporting system. Cured animal manure has been considered perhaps the 
best additive in a vermicomposting mixture due its easy biodegradability and suitability to 
earthworms. Even without earthworms, manures are best suited for the enhancement of 
biodegradation of organic waste due to their great substrate value to microflora and microfauna 
involved in the food web operating in a composting heap, all helping in the quick degradation 
of waste mixture. Quality of animal manure varies considerably location wise, region wise and 
country wise, as it is greatly influenced by the animal species and family, diet, health and 
management (Kimani and Lekasi, 2004). In a country like India and several other similar 
agrarian countries, animal manure is omnipresent, due to huge animal population (Government 
of India, Livestock Census Reports) and agriculture being the largest occupation. A summary 
of animal manure quality is presented in Table 3. 

 

 
Source: Environment Agency, 2001. 

Figure 1. Stakeholders in the management of agricultural waste. 
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Figure 2. Suitable agricultural farm wastes for vermicomposting.  

 
VERMICOMPOSTING AS A TECHNOLOGY 

 
Vermi is the Latin word for ‘worm’, and vermicomposting is composting by earthworms. 

Earthworms for their role in improving soil fertility and health are known as farmers’ friends 
for long. Their role in inverting and mixing soil drew attention of Aristotle who called 
earthworms the ‘intestines of the earth’. Darwin, though popularly known for his theories on 
evolution, was one of the pioneers who highlighted the role of earthworms in soil health. 
Darwin’s conclusions led to an upsurge of interest in earthworms from the late nineteenth 
century onwards. Darwin discovered the role of earthworms in the breakdown of dead plant 
and animal material in soil and forest litter and in the maintenance of soil structure, aeration 
and fertility (Freeman, 1977). Earthworms not only inhabit soil but by virtue of their activity, 
contribute to the physical and chemical alterations in the soil, leading to increased soil fertility 
and plant growth. Some species of earthworms that especially love to feed on pure organics are 
called as manure worms whereas those who dwell in soil and feed primarily on soil are called 
as soil dwellers.  
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Table 1. Estimates of the availability of some crop residues in India and their plant 
nutrient potential 

 
Nutrient (%) Nutrient potential, '000 tonnes Residue Residue: 

Economic 
yield 
 

Residue yield* 
('000 tonnes) 

N P2Os K2O Total Utilizable** Fertilizer 
equivalent*** 

Rice 1.5 110,495 0.61 0.18 1.38 2,398 799 399 

Wheat 1.5 82,631 0.48 0.16 1.18 1,504 501 250 
 

Sorghum 1.5 12,535 0.52 0.23 1.34 262 87 43 

Maize 1.5 11,974 0.52 0.18 1.35 252 84 42 

Pearl millet 1.5 6,967 0.45 0.16 1.14 121 40 20 

Barley 1.5 2,475 0.52 0.18 1.30 51 17 8 

Finger millet 2.0 5,351 1.00 0.20 1.00 118 39 19 

Sugarcane 0.1 22,736 0.40 0.18 1.28 423 423 211 

Potato tuber 0.5 7,867 0.52 0.21 1.06 141 141 70 

Groundnut 
(pod) 

1.5 10,598 1.60 0.23 1.37 339 339 169 

 
Total 

 
- 

 
273,629 

 
- 

 
- 

 
- 

 
5,609 

 
2.470 

 
1,231 

* arrived at by multiplying the economic yield by the given residue: economic yield ratio  
**One-third of the total NPK potential assuming that two-thirds of the total residue is used 

as animal feed on national basis  
*** 50% of the utilizable NPK, assuming 50% mineralization of NPK per season  
Source: Bhardwaj, 1994. 

 
Table 2. Average nutrient content of common oilcakes 

 
Oilcake sources  N                    P                       K Kg N+P2O5+K2O 

per tonne of cake 
Edible Oilseeds  
 Groundnut  
 Mustard  
 Rapeseed  
 Linseed 
 Sesame 
 Cottonseed (decorticated) 
 Cottonseed (undecorticated) 
 Safflower (decorticated) 
 Safflower (undecorticated) 
Non-edible Oilseeds  
 Castor  
 Neem (Azadirachia indica)  

————— percent ————— 
7.29           1.65      1.33  
4.52         1.78                   1.40  
5.21         1.84      1.19  
5.56              1.44      1.28  
6.22         2.09                   1.26  
6.41         2.89                   1.72  
3.99         1.89                   1.62  
7.88         2.20                   1.92  
4.92         1.44                   1.23 
 
4.37              1.85                   1.39 
5.22              1.08                   1.48 

 
103 
77 
82 
83 
96 
110 
75 
120 
76 
 
76 
59 
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Oilcake sources  N                    P                       K Kg N+P2O5+K2O 
per tonne of cake 

 Mahua (Madhuca indica)  
 Karanj (Pongamia glabra)  
 Kusum (Schleichera oleosa) 
 Khakan (Salvadora oleoides)  

3.11                0.89                 1.85 
3.97                0.94                 1.27 
5.23                2.56                 1.37 
4.32                2.45                 1.24  

59 
62 
92 
80 

Source: Bhardwaj, 1994. 
 

Table 3. Nutrient content in a few animal manures 
 

Material N P2O5 K2O Ca Mg 
Pig dung 2.27 3.1 1.8 0.21 0.54 
Cow dung 1.74 1.7 0.6 0.37 0.53 
Horse dung 1.07 2.1 3.6 0.26 0.49 
Camel dung 1.51 0.35 1.8 0.7 0.69 
Poultry excreta 2.17 2.0 4.2 0.28 1.39 
Goat and sheep 
excreta 0.65 0.5 0.03 - - 

Material Fe Zn Mn Cu B 
Pig dung 1200 50 70 8.9 - 
Poultry excreta 1400 90 210 7.1 5 
Goat and sheep 
excreta - 2570 150 61 4600 

Source: Bhardwaj, 1994. 
 
Vermicomposting is an adequate technology for the transformation of various but not all 

types of solid wastes into a valuable product like manure (Elvira et al., 1996). The ability of 
earthworms to consume and break down a wide range of organic residues such as agricultural, 
animal, industrial and domestic wastes, sewage sludge and crop residues is well known 
(Delgado et al., 1995; Benitez et al., 1999; Gratelly et al., 1996; Gajalakshmi et al., 2002; 
Bansal and kapoor, 2000; Hand et al., 1998; Talashilkar et al., 1999, Garg et al, 2006; Mitchell 
et al. 1980, Edwards et al. 1985, Chan and Griffiths 1988, Hartenstein and Bisesi 1989; Hand 
et al., 1988; Harris et al., 1990; Logsdon 1994; Ndegwa et al., 2000). Earthworms like to feed 
slowly on decomposing organic materials like vegetable scraps, plant litter, animal manures or 
any other organics rich non-toxic materials but also can consume inorganic substrates when 
interspersed well in organic rich wastes. The “end product” of the vermicomposting is called 
as “castings”, which is actually the excreta of earthworms, which having passed through the 
gut of earthworms, is full of beneficial microbes and nutrients and other valuable organics such 
as enzymes, vitamins and organic acids, making it a great fertilizer. Vermicomposting is a 
better way of waste conversion since it makes quality manure quickly and gives a nutritionally 
rich and biologically more active product at reasonable cost (Directorate of Non-conventional 
Energy and Bio-Technology Cell, 2001). Elvira et al. (1997) reported that two factors might 
limit microbial composting processes: (1) difficult degradation of the structural 
polysaccharides and (2) low nitrogen content of the waste. Earthworms especially take care of 
the first limiting factor, i.e., in the process of feeding they fragment the substrates, increasing 
their surface area for further microbial action (Chan and Griffiths, 1988) and do not depend on 
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nitrogen in particular. But, to obtain stabilized and products appropriate for agricultural 
purposes, industrial waste/sludge needs to be mixed with other nitrogen rich organic wastes in 
order provide the much needed nitrogen to the microorganisms who act together with 
earthworms towards a better output (Butt 1993; Elvira et al., 1997, 1998).  

During earthworm mediated bioconversion, major plant nutrients like nitrogen, potassium, 
phosphorus etc. present in the substrate are converted through microbial action into more 
soluble forms that are much more available to plants than those in the parent substrate. During 
vermicomposting, earthworms maintain aerobic condition in the waste pile through burrowing 
and inverting and biochemical processes are enhanced by microbial decomposition of substrate 
in the earthworm intestine. Earthworms convert a portion of the organics present in the wastes 
into worm biomass and excrete undigested and partially digested matter as worm cast (Benitez 
et al., 1999). Earthworms, by creating aerobic conditions in the waste materials, inhibit the 
action of anaerobic micro-organisms which release foul-smelling hydrogen sulphide and 
mercaptans. Eisenia foetida, Eisenia andrei, Eudrilus euginae, Lumbricusrubellus and 
Perionyx excavatus are major waste eater and biodegrader earthworm species. They are used 
worldwide for waste degradation and are found to be very successful functionaries for the 
ecological management of organic municipal wastes (Edwards, 1988). E. euginae and P. 
excavatus are believed to be the more versatile waste managers (Graff, 1981; Kale et al., 
1982). Various microflora present in the intestine of earthworm and in the waste are also 
actively involved in the decomposition of organic carbon, while the gut enzymes play a 
dominant role in this process (Whiston and Seal 1988; Kavian and Ghatneker 1991). Further, 
earthworms also enhance soil microbial activity by improving the environment for microbes 
(Syers et al., 1979; Mulongoy et al., 1989).  

Traditional thermophillic composting and vermicomposting have been combined to 
enhance the overall process and product’s quality. Ndegwa and Thompson (2001) used two 
approaches: (1) pre-composting followed by vermicomposting, and (2) pre-vermicomposting 
followed by composting. The substrate was biosolid (activated sewage sludge) with mixed 
paper-mulch as the carbon base. E. foetida was used for vermicomposting and results indicated 
that these processes not only shortened stabilization time, but also improved the product’s 
quality. Combining the two systems resulted in a product that was more stable and consistent 
(homogenous), had less potential impact on the environment and the product met pathogen 
reduction requirements. 

 
 

VERMICOMPOSTING OF INDUSTRIAL SLUDGE 
 
Scientific literature is abound with information on vermicomposting of municipal sewage 

sludge, evidently due to high organic content and chemically benign nature of sewage sludge. 
Industrial sludge also has been successfully tried by many, though not as commonly as sewage 
sludge, due to unfriendly nature of various industrial sludge. To obtain stabilized and products 
appropriate for agricultural purposes, industrial sludge need to be mixed with other nitrogen 
rich organic wastes in order provide nutrients and inoculum for microorganisms (Hartenstein, 
1978; Elvira et al., 1998). It is very important to know the chemical composition of the wastes 
and the best mixture ratio to have a good quality and stabilized final compost. Hazardous solid 
wastes from industries may not prove to be good auxiliary substrate for vermicomposting. 
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There are reports where ETP sludge and spent mycelium from a pharmaceutical industry or 
ETP sludge from a CPC green and blue pigment manufacturing industry were not found 
suitable for vermicomposting (Majumdar et al., 2006; Macwan, 2005). In these cases, probably 
landfilling or energy generation via incineration (if heat value of waste is found to be suitable) 
could have been better options. 

Wastes like biosolids from industries and sewage treatment plants can produce soil 
sickness due to presence of contaminants (Ayuso et al., 1996) and pathogens (Hassen et al., 
2001). Composting helps stabilizing organic matter and reducing pathogens in sludges to very 
low levels (Burge et al., 1987; Millner et al., 1987). Composting might be a better option than 
direct field application since it helps break the complex polymers and help release nutrients, 
which could be used by the plants directly in fields after application or might even detoxify the 
wastes and reduce soil and groundwater contamination. Industrial wastes have been used for 
biogas generation (Jagdeeshan, 2004), direct field applications (Kalra et al., 1998; Mathur, 
1995; Yadav, 1995), briquetting (Panwar et al., 2004), energy generation (Reimann, 2000) and 
landfilling when not recyclable (Hall, 2000).  

Decision makers and managers in industries have by and large hesitated to involve 
industrial sludge in vermicomposting programmes due to concerns of unsuitability of the 
sludge to earthworms and microorganisms or failure of earthworms to adapt to the waste 
mixtures containing the sludges in feeding trials. But, there are instances where industrial 
sludge have been successfully converted into useful compost in conjunction with other organic 
wastes by different species of earthworms in India and elsewhere, including sludge from 
various industries and processes. Different sludges which have already been converted into 
useful compost by different species of earthworms include sewage sludge (Maboeta and van 
Rensburg, 2003; Benitez et al., 1999); dairy processing plant sludge (Kavian and Ghatneker, 
1991; Elvira et al., 1998); paper mill industry sludge (Elvira et al., 1998; Butt, 1993); pig waste 
(Chan and Griffiths, 1998); vine fruit industry sludge (Atharasopoulous, 1993), etc. Industrial 
solid wastes, e.g., treatment plant sludge of various industries, have also been utilized in many 
countries for vermicomposting (Benitez et al., 1999; Elvira et al., 1997; Butt, 1993; 
Atharasopoulous, 1993). Some other major non-sludge solid waste like fly ash also has been 
used for vermicomposting (Bhattacharya et al., 2004; Butt, 1993). The apparently non-toxic 
and friendly sludges have made themselves acceptable to earthworms, or at least non-harmful, 
if not beneficial, as they are generated from processes where the raw material are benign and 
the residues of chemicals or additives used or their by products are accepted by 
microorganisms and earthworms. Various types of industries may produce sludges which 
could be used for vermicomposting on case to case basis (Figure 3).  

Research at Concept Biotech, a turnkey solution provider to industries especially in 
Gujarat in India, confirms that toxic materials indeed reduces the average life of earthworms 
from one and half year to 6–8 months, depending upon the concentration of the toxic matter. 
Even within this shortened span of life, earthworms regenerate 10–20 times. Dead worms too 
form organic matter. The same quantity of toxic matter gets distributed in multiplied worms 
leaving manure toxin free, claims the organization. Centipedes and ants in the vermiculture 
beds provide a proof of a manure's non-toxic nature. Having developed this concept after 
testing a number of batches with different proportions of industrial sludge and organic 
substrates (cowdung, bagasse, leaf litter), Concept Biotech has provided services to some 
medium to large-scale industrial units over last three-four years. An ideal scheme for industrial 
sludge vermicomposting has been envisioned by Concept Biotech (Figure 4). Some of the 
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executed projects included treatment of textile sludge of Jagdamba Textile at Narol and Samir 
Textiles at Odhav in Gujarat; Gujarat Refinery waste into non-toxic manure; paper industry 
sludge of Vepar Pvt. Ltd. at Ahmedabad; dairy waste of Mother Dairy at Gandhinagar; pharma 
sludge of Aventis Crop Science and Lupin Ltd. at Ankleshwar; and Torrent Pharma at 
Mehsana in Gujarat. Currently, work on pilot projects at Reliance industries’ Hazira, as well as 
Patalganaga plants, are underway. However, Concept Biotech researchers are of the opinion 
that no waste from dyes and intermediate plants should be used for vermicomposting, as these 
have a very high proportion of inorganic compounds in their waste. This statement gets 
corroboration from the work of Macwan (1995). Only those industrial waste sludge that has 
good proportion of organic matter, can be converted into non-toxic manure, e.g., sludge from 
textile industry, dairy, distilleries, pulp and paper industry, food processing, agro industries, 
etc. The approach should be to carry a detailed characterization of the waste, take up controlled 
experiments before carrying out large scale experiments and only after establishing the desired 
results over a sufficiently long period, industrial application should be undertaken (Dabke, 
Concept Biotech, Personal Communication and http://www.indiatogether.org /2004/sep/env-
vermtoxic.htm).  

 

 

Figure 3. Types of Industrial sludge that have been tested or warrant attention for vermicomposting 
trials. 
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University of Agriculture Science in Bangalore has been similarly providing solutions to 
distilleries in Karnataka. The state’s pollution control board (KPCB) has already given the 
consent to this process. However, the Gujarat Pollution Control Board (GPCB) and 
Maharashtra Pollution Control Board (MPCB) have not given their consent 
(http://www.indiatogether.org/2004/sep/env-vermtoxic.htm).  

 

 
 Source: Dabke, Concept Biotech (Personal Communication) 

 

Figure 4. Block diagram of an ideal action plan of sludge vermicomposting. 

 
CASE STUDIES FROM INDIA AND ELSEWHERE 

 
Various reports are available on vermiconversion of industrial sludge in several leading 

research journals. These papers have reported growth and development of earthworms in waste 
mixtures containing various types of industrial sludge mixed with various organic wastes as 
co-substrates and their conversion into nontoxic and fertile manure. Some of these results are 
discussed. 

Textile mill sludge was found to be appropriate for vermicomposting when mixed with 
cow dung and/or agricultural residues into vermicompost. The maximum growth and 
reproduction of the worms was obtained in 100% cow dung, as cow dung is one of the best 
substrates, but worms grew and reproduced favorably in 80% cow dung+20% solid textile mill 
sludge and 70% cow dung+30% solid textile mill sludge also. Vermicomposting resulted in 
significant reduction in C:N ratio and increase in Total Kjeldahl Nitrogen (TKN), Total 
Phosphorus (TP), Total potassium (TK) and Total Calcium after 77 days of worm activity in 
all the feeds (Kaushik and Garg, 2004). In another study, textile mill sludge spiked with 
poultry droppings was also found suitable for vermicomposting. Replacement of poultry 
droppings by cow dung in feed mixtures and vice versa had little or no effect on worm growth 
rate and reproduction potential. Worms grew and reproduced favourably in 70% poultry 
droppings (PD)+30% solid textile mill sludge (STMS) and 60% PD+40% STMS feed 
mixtures. Greater percentage of STMS in the feed mixture significantly affected the biomass 
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gain and cocoon production. Net weight gain by earthworms in 100% CD was 2.9–18.2 fold 
higher than different STMS containing feed mixtures. As a confirmation of their earlier report, 
vermicomposting resulted in significant reduction in C:N ratio and increase in nitrogen and 
phosphorus contents. But, total potassium, total calcium and heavy metals (Fe, Zn, Pb and Cd) 
contents were lower in the final product than initial feed mixtures (Garg and Kaushik, 2005). 
Textile sludge when mixed with anaerobically digested biogas plant slurry (BPS) was found 
effective in aiding vermicomposting. Although E. foetida did not survive in fresh sludge but 
grew and reproduced in sludge spiked with slurry feed mixtures and maximum growth was 
recorded in 100% BPS. The net weight gain by E. foetida in 100% BPS was two-four-fold 
higher than STMS-containing feed mixtures. After 15 weeks, maximum cocoons (78) were 
counted in 100% BPS and minimum (26) in 60% BPS+40% STMS feed. Vermicomposting 
resulted in a pH shift towards acidic, a significant reduction in C:N ratio, and increase in 
nitrogen, phosphorus, and potassium contents (Garg et al., 2006). Further, vermicomposting 
with E. foetida of solid textile mill sludge mixed with cow dung in different ratios in a 90 days 
composting experiment resulted in significant reduction in C:N ratio and increase in TKN as 
reported earlier also. Total K and Ca were lower in the final casts than the initial feed mixture. 
Total P was higher in the final product than the initial feed mixture. Total heavy metal contents 
were lower in the final product than initial feed mixture. Microbial activity measured as 
dehydrogenase activity increased up to 75 days and decreased on further incubation. Solid 
textile mill sludge could be potentially used as a raw substrate when mixed with up to 30% 
cow dung on dry weight basis. Increasing proportion of STMS in the feed mixtures promoted a 
decrease in survival and growth of E. foetida. Mortality was recorded in 100% STMS, 90% 
STMS +10% CD and 80% STMS+ 20% cow dung feed mixtures. Hundred percent cow dung 
had the highest number of total earthworms and clitellated earthworms but a lower number of 
cocoons than 60% CD+ 40% STMS, 50% CD+ 50% STMS and 40% CD+ 60% STMS after 
90 days. This might have been due to hatching of the cocoons. There was little increase in the 
total number of earthworms and clitellated earthworms in the feed mixtures having more than 
50% STMS, but they had a greater number of cocoons than did 100% CD. This indicated that a 
greater percentage of STMS in the feed mixture significantly delayed the sexual maturity and 
reproduction of E. foetida (Priya Kaushik and Garg, 2003). In another study, biosolids, ninety 
percent from varied industrial origins, but mainly from textile industries and the rest from 
households were vermicomposted with cow manure and oat straw for 2 months at three 
different moisture contents (60%, 70% and 80% dry weight base). The vermicompost with the 
best stability and maturity and a weight loss of 18% had the following properties: pH 7.9; 
organic C content of 163 g kg-1; an electrolytic conductivity of 11 mS cm-1; a humic-to-fulvic 
acid ratio of 0.5; total N content of 9 g kg-1; water soluble C less than 0.5%; cation exchange 
capacity of 41 cmolc kg-1; a respiration rate of 188 mg CO2-C kg-1 compost-C day-1. The 
vermicompost gave a germination index of 80% for cress (Lepidium sativum) after 2 months 
while the earthworm production increased 1.2-fold and volatile solids decreased five times. In 
addition, the vermicompost contained less than 3 CFU g-1 Salmonella spp., no fecal coliforms 
and Shigella spp. and no eggs of helminths. Concentration of sodium was 152 mg kg-1 dry 
compost, while concentrations of chromium, copper, zinc and lead were below the limits 
established by the USEPA (Contreras-Ramos et al., 2005). 

Transformation of sugar mill sludge amended with biogas plant slurry (BPS) into 
vermicompost employing the epigeic earthworm E. foetida had also resulted in decrease in pH, 
TOC, TK and C:N ratio, but increase in TKN and TP, implying an increase in available N and 
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P. Addition of 30–50% of paper mill sludge with BPS had no adverse effect on the fertilizer 
value of the vermicompost as well as growth of the worms. Authors noted that 
vermicomposting can be an alternate technology for the management and nutrient recovery 
from press mud if mixed with bulking agent in appropriate quantities (Sangwan et al., 2008). 

Distillery industry sludge mixed with cow dung in different proportions of 20%, 40%, 
60% and 80% resulted in a vermicompost by Perionyx excavatus with a significant decrease in 
pH (10.5–19.5%) and organic C contents (12.8–27.2%) while an increase in total N (128.8-
151.9%), available P (19.5–78.3%) as well as exchangeable K (95.4–182.5%), Ca (45.9–
115.6%), and Mg contents (13.2–58.6%) was observed. Vermicomposting also caused 
significant reduction in total concentration of metals: Zn (15.1–39.6%), Fe (5.2–29.8%), Mn 
(2.6–36.5%) and Cu (8.6–39.6%) in sludge. Bioconcentration factors (BCFs) for metals in 
different treatments were also calculated and the greater values of BCFs indicate the capability 
of earthworms to accumulate a considerable amount of metals in their tissues from substrate. 
Worms showed maximum rate of biomass gain and growth (mg weight worm-1 week-1) and 
cocoon production rate in 40% sludge, while least values of these parameters were in 80% 
sludge treatment (Suthar and Singh, 2008). 

Paper mill sludge was put for vermicomposting using two exotic species (Eudrilus 
eugineae and E. foetida) and an indigenous species (Lampito mauritii) of earthworm in India, 
with paper mill sludge added in various proportions of 25%, 50% and 75%. The waste 
mixtures were subjected to worm treatment for a period of 60 days and results indicated that 
25% sludge proportion was ideal and of the three worms used E. foetida was the best worm for 
vermicomposting (Banu et al., 2001). Buch and Patel (2005) and Mehta and Seth (2007), 
conducted interesting works on the suitability of wastewater sludges generated in paint 
industries for vermiculturing and found positive results where earthworms adapted easily and 
produced casting from these sludges mixed with animal manures like cow dung and camel 
dung. 

Apart from Indian subcontinent, few studies have also been undertaken with industrial 
sludge in other countries. Solid paper mill sludge (SPMS) waste was amended by adding 
sewage sludge, pig and poultry slurry, characterized by low total solids content and high 
organic matter and nitrogen. Nine mixtures were established by mixing SPMS with one part of 
other wastes at three different proportions and moistened to 80%. Immature specimens of E. 
andrei were used for a feeding trial at room temperature and earthworm growth and survival 
were recorded periodically. Worm mortality occurred in proportions containing higher than 
75% sludge. The increasing proportion of sewage sludge in the mixture promoted a decrease in 
the survival and growth. The 3:2 mixture (sewage sludge: SPMS) produced the highest growth 
rates and the lowest mortalities. In mixtures of SPMS with pig slurry, earthworms exhibited 
fast growth and high mortality and their survival after 45 days was always lesser than 25% in 
all proportions tested. When poultry slurry was added, rapid growth was observed in 3:2 and 
2:l mixtures, although mortality was also high. The maximum weight was achieved when the 
SPMS was presented in the highest proportion but showed a low growth rate during the entire 
experiment (Elvira et al., 1997). Subsequently, Elvira et al. (1998) again studied 
vermicomposting of sludge from a paper mill mixed with cattle manure with E. andrei in a six-
month pilot-scale experiment. Initially, a small-scale laboratory experiment was carried out to 
determine the growth and reproduction rates of earthworms in the different substrates tested. In 
the pilot-scale experiment, the number of earthworms increased between 22- and 36-fold and 
total biomass increased between 2.2- and 3.9-fold. The vermicomposts were rich in nitrogen 
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and phosphorus and had good structure, low levels of heavy metals, low conductivity, high 
humic acid contents and good stability and maturity. Researchers opined that these sludges 
could be potentially useful as raw substrates in larger commercial vermicomposting systems 
and would reduce the costs related with the exclusive use of different types of farm wastes as 
feed for earthworms. 

In an interesting study, effluent solids from a large recirculating aquaculture facility (Blue 
Ridge Aquaculture, Martinsville, Virginia) was tested and found suitable for vermicomposting 
using the earthworm E. foetida. In two separate experiments, worms were fed mixtures of 
sludge removed and shredded from aquaculture effluent. Mixtures containing 0%, 5%, 10%, 
15%, 20%, 25%, and 50% aquaculture sludge on dry weight basis were fed to the worms over 
a 12-week period and their growth (biomass) was measured. Worm mortality, which occurred 
only in the first experiment, was not influenced by feedstock sludge concentration. In both the 
experiments, worm growth rates tended to increase with increasing sludge concentration, with 
the highest growth rate occurring with the mixture containing 50% aquaculture sludge. 
Effluent solids mixed with shredded cardboard appeared to be a suitable feedstock for 
vermicomposting (Marsh et al., 2005). 

 
 

BOTTLENECKS OF IMPLEMENTING SLUDGE VERMICOMPOSTING AT 
THE INDUSTRIAL LEVEL 

 
Implementation of vermicomposting in industries on regular basis for sludge 

bioconversion or for that matter any biodegradable solid waste needs a serious look at various 
relevant issues. These issues may range from the quantity of sludge generated, availability of 
better disposal options like incineration or landfilling, suitability of the sludge for earthworms 
and finally, the willingness of the management to adopt vermicomposting, if found applicable. 
A decision tree is proposed here for streamlining decision making with respect to sludge 
vermicomposting or other alternative options for that matter (Figure 5). In general, since 
vermicomposting is a time taking process, it cannot guarantee the recycling of the entire 
amount of solid waste generated in all types of industrial units. It also demands appreciable 
land area when load of waste is high, making it difficult to adopt by many industrial units 
having shortage of land. Having a common vermicomposting facility can also be practically 
very difficult, due again to lack of land availability, problems in handling huge quantity of 
solid sludge, slow nature vermiconversion process etc. So, practically vermicomposting could 
only serve as a supplementary sludge treatment or disposal option and has to be adopted by 
industrial units individually, or by only few industries together having a common type of 
sludge. On the operational side, the whole job in a community vermicomposting facility is 
made extremely difficult by the fact that the sludge keep on changing. And therefore it is 
impossible to have one method of treatment for all types of sludges. 

Use of industrial sludge is possible only after detailed characterization and this entails the 
industrial units to adopt detailed characterization of the waste on their own or by outsourcing. 
Also, the sludge quality has to be standardized as frequent characterization is not a practical 
solution. In India each sludge/solid waste sample could cost anything around or even more 
than 30,000 rupees (approx. 600 US$) for detailed characterization and that too with skilled 
personnel. This cost is multiplied as one would have to do many samples and that too over a 
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significant period of time. For some special parameters dioxins, India has only few experts and 
testing facilities. Further, similar characterization of the vermicompost would have to be done, 
making the whole affair very expensive. Few beg to differ though. According to few, 
characterization need not be that costly as knowing a total load estimate, which is not so 
expensive, will be enough to make a decision. The load estimate is for the level of 
organic/inorganic compounds in the sludge at the input to the vermicomposting process. 
However, on estimation of toxicity for post-compost residue, these experts acknowledge that 
because many batches of sludge need to undergo composting over a considerably long period 
of time, establishing this level is a time consuming process (http://www.indiatogether.org 
/2004/sep/env-vermtoxic.htm). 

 

 

Figure 5. Decision tree for sludge vermicomposting in industries. 

Ideally speaking, industries should process the biological waste and send the difficult 
waste to the secure landfill sites. With vermicomposting, there would be considerable 
reduction in the volume going to legal landfill or illegal dumping grounds. As per Concept 
Biotech, the conversion costs are not prohibitive at Rs 3–4 per kg of sludge as against Rs 5–6 
per kg for sending it to landfill (http://www.indiatogether.org/2004/sep/env-vermtoxic.htm). 

 
 



Deepanjan Majumdar 206 

ATTRIBUTES OF AN IDEAL SLUDGE FOR VERMICOMPOSTING 
 
The following are some of the important general attributes of good quality sludge for 

vermicomposting. Earthworms might also consume materials not having some of these 
qualities but might not successfully compost them to an enriched product. Unfortunately, there 
is no acceptable standard for the various elements, inorganic and organic compounds or 
chemicals, pathogens etc. or other agents for judging suitability or of sludge or solid waste for 
vermicomposting. But, a general understanding has been developed over the years based on 
research and field work as to which solid waste can be a suitable for vermicomposting (Table 
4). Some of the factors as presented in Table 1 are proven beyond doubt while some are 
speculated based on their known biological effects in general and needs further confirmation in 
case of earthworms. 

 
Table 4. Suitability criteria of solid wastes vis a vis industrial sludge for vermicomposting 

 
 Avoidable Preferable 
• High conc. of antibiotics (Bauger et al., 2000) 
• High free NH3 (Clark, 1998) 
• High conc. of VOCs (Youn-Joo and Lee Woo-

Mi, 2008) 
• Water saturation or flooding 
• Anaerobic condition within waste pile (Clark, 

1998) 
• High (>35°C) and low (<10°C) temperature 

(Clark, 1998) 
• High acidity (Godbold and Huttermann, 1994; 

Chan and Mead, 2003) or alkalinity (optimum 
pH 5.5-8.5) 

• Addition of fresh manure, as heat generation 
during its decay may be harmful 

• High conc. of dioxins, furans (Environment 
Canada, http:// www.ec.gc.ca/ceqg-rcqe/
English/Html/GAAG_
DioxinsFuransSoil_e.cfm). 

• High conc. of pesticides (Luo et al., 1999) 
• Non-biodegradable materials like metal, plastic, 

glass or acrylic  
• Lignin rich waste (e.g., wood) as it is difficult to 

break mechanically 
• Radioactive substances (Swedish Radiation 

Protection Authority, 2006) 
• Chemicals like peroxides, phenols, acids, alkalis 
• High chloride (>0.5%) and copper salts (>0.1%) 

(Clark, 1998)  

• Rich in soft organic residues 
containing carbohydrates, sugars, 
cellulose, hemicellulose, etc. for easy 
worm penetration and degradation 

• Nitrogen rich wastes 
• Waste with small particle size for 

easy and quick degradation 
• Waste with good water holding 

capacity to maintain enough moisture 
(70-90%) as worms need moisture 
for maintaining their body fluid and 
mobility (Clark, 1998). 
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BASIC MANAGEMENT ISSUES AT A VERMICOMPOSTING FACILITY  
 
The following aspects are important at a vermicomposting facility and could be used as 

guidelines by industries interested in vermiconversion of the sludge generated at their facility: 
 
• There should be enough earthworms to convert the desired quantity of waste in target 

time. Large number of worms ensures quicker composting. Steady and emergency 
supply of earthworms in need should be ensured. 

• Industries generating sizeable quantity of wastes on daily basis should only use a 
limited part of their waste for vermicomposting as this process is slow. 

• There should be enough and suitable space available for putting vermibeds, i.e., 
bedding of waste materials for vermicomposting or vermiculturing which should be 
protected from vermin and direct rainfall and kept under shade. 

• Vermibeds should be sufficiently porous to allow drainage and diffusion of air inside.  
• There should be several vermibeds for batch conversion of wastes to take care of 

regular supply of sludge . 
• Waste quality should be stable and if variable, should be checked periodically. 
• There should be assured supply of water for application in the vermibed.  
• Organic auxiliary wastes should better be added shredded and decomposed to ensure 

better and quicker consumption by earthworms.  
• Cow dung or any other animal dung should be added after few weeks of curing and 

decomposition to ward off the thermophillic stage to avoid heat build up in the waste 
pile which cause discomfort and even death of worms.  

• Solid wastes having animal flesh, dairy products, eggs, oily foods, salts, vinegar, 
butter, bones, cheese, lard, mayonnaise, milk, peanut butter, salad dressing, sour 
cream, vegetable oils, yogurts, grease and diseased plants should be avoided as they 
generate foul smell. 

• If foul smell is witnessed during vermicomposting, aeration of the waste heap or 
correction of pH by adding powdered eggshells or lime or letting the excess moisture 
to evaporate or drain might be necessary.  

• In case of mixed type of auxiliary solid wastes, sorting is of utmost importance to 
ensure addition of only suitable materials for vermicomposting. 

• A pre-composting facility may be provided on case to case basis . 
 
 

VERMICOMPOSTING AS AN INCENTIVE FOR INDUSTRIES 
 
Vermicomposting may gives the following benefits to the industry: 
1. It partially removes the waste disposal problem and thus saves money by minimizing 

transport and labour cost. 
2. Vermicompost can be applied on the industry premises for garden, greenbelt and 

landscape development. In some cases, even a kitchen garden can be maintained on 
the industry premises. Industry can save money on fertilizers and manures otherwise 
used for these practices. 
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3. Vermicompost, if of standard quality (Table 5), and earthworms can be sold to 
entrepreneurs and farmers. 

4. It is one way to test the hazardous nature of the solid waste. 
5. Bioconversion of solid wastes by vermicomposting projects ‘User of Eco-Friendly 

Waste Management’ image of the industry.  
 

Table 5. Properties of a good-quality bio manure 
 

Sl. No. Parameter Value 
1. pH 7-8.55 
2. Organic C 20-25% 
3. Nitrogen 1.5-2% 
4. Phosphorus 1-2% 
5. Potassium 1-2% 
6. Calcium 1-3% 
7. Magnesium 1-2% 
8. Sulphur <1% 
9. Moisture 15-20% 
10. C:N Ratio 15-20: 1 
11. Copper, zinc, manganese and iron 200 ppm 
12. Pathogens Absent 
13. Toxic heavy metals Absent 

Source: Directorate of Non-Conventional Energy and Bio-Technology Cell of Khadi and Village 
Industries Commission. 
 
 

ENVIRONMENTAL RISKS AND BENEFITS OF SLUDGE 
VERMICOMPOSTING 

 
There are environmental or ecological concerns associated with solid waste 

vermicomposting, which may apply in case of industrial sludges also. These issues need to be 
addressed during vermicomposting or when vermicompost is applied in agricultural fields and 
whenever possible, apt measures should be undertaken to avoid these environmental footprints. 

 
 

Water Quality Issues  
 
There was an early belief that vermicomposting may not destroy dangerous pathogens as 

the process does not reach the high temperatures of conventional composting. In recent years, 
strong evidence has surfaced that worms indeed destroy pathogens with a success rate equal to 
conventional composting (Pierre et al., 1982; Eastman, 1999; Eastman et al., 2000), although 
how is still unknown (Eastman, 1999; Eastman et al., 2000). More recently, it has been found 
that worms living in pathogen-rich material, when dissected, showed no evidence of pathogens 
beyond the first five millimetres of their gut. In other words, something inside the worm 
destroys the pathogens, leaving the castings pathogen-free (Appelhof, 2003). These findings 
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imply vermicompost spread on farm land may not result in pathogen contamination of ground 
or surface waters. Even this would mean that having land seeded and re-seeded with 
earthworm cocoons could help to prevent water contamination by pathogens, since fresh 
manure droppings by grazing animals will be quickly colonized by compost worms. Further, 
vermicompost, like conventional compost, binds nutrients well, both in the bodies of 
microorganisms and through their actions, minimizing the risk of nutrient run-off, lessening 
the chances of eutrophication of surface waters.  

 
 

Greenhouse Gas Emissions 
 
Climate change is one of the most serious environmental concerns of the present time. 

Agricultural and animal farms are a significant contributor to climate change, largely through 
the release of carbon dioxide, methane and nitrous oxide from livestock and their manure. 
Both composting and vermicomposting address these issues. One of the principal benefits of 
both composting and vermicomposting occurs through carbon sequestration i.e. locking up 
carbon in organic matter and organisms. Because composts of all types are stable, more carbon 
is retained in the soil than would be if raw manure or inorganic fertilizer were applied. Regular 
application of compost or vermicompost slowly increases soil carbon level.  

Composting itself is thought to be neutral with respect to greenhouse gas generation. The 
United States Environmental Protection Agency (USEPA) found that composting resulted s in 
same level of GHG emissions as if the materials were allowed to decay naturally. According to 
other researchers (Paul et al., 2002), GHG benefits from composting do not come from the 
process itself, but from the avoided processes at both the front and back ends. Front-end 
savings occur when the organic material, such as manure on farms, is not stored under 
anaerobic conditions or spread raw on farmers’ fields, both of which result in high emissions 
of methane and or nitrous oxide. The back-end savings result from the replacement of 
commercial fertilizers by compost, since production and transport of fertilizer over long 
distances result in high levels of GHG emissions. Unfortunately, these benefits have not as yet 
been systematically quantified. USEPA also acknowledged potential gains from these factors, 
but did not include them in their analyses. Whether it is be safe to expect the same potential 
advantages of composting described above to be valid for vermicomposting also, may be 
debatable. However, vermicomposting should provide some potentially significant advantages 
over composting with respect to GHG emissions. First, the vermicomposting process does not 
require manual or mechanical turning, as the worms aerate the material as they move through 
it. This should result in fewer anaerobic areas within the piles, reducing methane emissions 
from the process. Secondly, It also reduces the amount of fuel used by farm equipment or 
compost turners. Thirdly, vermicompost’s increased effectiveness (5 to 7 times) relative to 
compost in promoting plant growth and increasing yield, implies that five to seven times as 
much fertilizer could be displaced per unit of vermicompost, decreasing the GHG emissions 
proportionately. Finally, analysis of vermicompost samples has shown generally higher levels 
of nitrogen than analysis of compost samples made from similar feedstock. This implies that 
the process is more efficient at retaining nitrogen, probably because of the greater numbers of 
microorganisms present in the process. This in turn implies that less nitrous oxide is generated 
and/or released during the process. Since N2O is 296 times as potent a GHG as CO2 (IPCC, 
2001), this could be a significant benefit. On the other hand, some preliminary measurement 



Deepanjan Majumdar 210 

work at the Worm Research Centre in England indicates that, contrary to the above reasoning, 
large-scale vermicomposting processes may in fact be a significant producer of N2O. Levels in 
their process were significantly higher than in comparable windrow processing. They are 
calling for further research to determine the scope of this potential problem and to assess 
means of mitigation if it proves to be well founded (Frederickson and Ross-Smith, 2004). It 
should be noted by the reader that the centre was vermicomposting pre-composted mixed fish 
and shellfish waste, which are high in nitrogen, so the same results may not be found with 
manure-based operations. Also, it has not been determined if these emissions are large enough 
to offset the other gains described above. This is a significant development that should be 
closely monitored by anyone interested in large-scale vermicomposting.  

 
 

Below-Ground Biodiversity 
 
This is not an issue that has been discussed much, if at all, in the media or the political 

arena. Nevertheless, it is a significant issue. Biodiversity is declining rapidly worldwide, so 
much so that some scientists fear that we are heading for a mass extinction event similar to 
several that have occurred in Earth’s ancient past. These events require millions of years to 
reverse once they occur, so it is vital to prevent that occurrence.  

Earthworms have an extremely important role to play in counteracting the loss of 
biodiversity. Worms increase the numbers and types of microbes in the soil by creating 
conditions under which these creatures can thrive and multiply. The earthworm gut has been 
described as a little “bacteria factory”, spewing out many times more microbes than the worm 
ingests. By adding vermicompost and cocoons to a farm’s soil, that soil’s microbial 
community is enriched tremendously. This below-ground biodiversity is the basis for increased 
biodiversity above ground, as the soil creatures and the plants that they help to grow are the 
basis of the entire food chain. The United Nations Environment Program (UNEP) has 
acknowledged the importance of below-ground biodiversity as a key to sustainable agriculture, 
above-ground biodiversity, and the overall economy (http://www.ciat.cgiar.org /tsbf_institute/ 
csm_bgbd.htm).  

 
 

Improvement of Soil Health 
 
Application of vermicompost to soil gives a tremendous boost to soil physical health by 

improving water-holding capacity, structure formation and also by enhancing fertility (Jeyabal 
and Kuppuswamy, 2001; Chaoui et al., 2003). Therefore, frequent application of 
vermicompost would result in increased soil carbon and nutrient levels and better productivity 
by improvement of soil physical conditions. 
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ECONOMICS OF SLUDGE MANAGEMENT VIS-A-VIS 
VERMICOMPOSTING 

 
The cost of sludge management weighs heavily on industries and is set to increase with 

time as the industries have to manage greater quantities of sludge within tighter quality 
constraints. Investments in sludge management are usually made with a 20–25 year time 
horizon, and industries have to make a policy decision as to which option best suits them 
financially and falls within managerial feasibilities. Both direct and indirect costs are involved 
that have to be properly calculated and carefully taken into consideration before decision 
making. Most significant direct cost goes for sludge treatment, if necessary, like pathogen 
removal or incineration or thermal drying, as strict hygiene standards are imposed in many 
countries along with sludge disposal regulations if landfill construction cost is involved. 
Indirect costs could involve handling and disposal of ash and emission control in the case of 
incineration, and legacy of soil contamination in the case of land disposal. There are benefits 
such as reduced reliance on fertilizers in the case of composting/vermicomposting, soil 
conservation and fertility management in the case of land application, reduced dependence on 
other fuels, and reduced road transport in the case of in situ combustion. Direct benefits are 
realized if compost/vermicompost are sold directly. An estimate by Hall (2000) of WRc plc, 
UK, an environmental and water treatment consultant, is presented in Figure 6. 

 
 

Project Cost of an Industrial Vermicomposting Facility in India 
 
Capital cost and recurring cost of a vermicomposting facility can be appreciable in India, 

but may be considered fruitful when it helps avert alternative sludge management costs and 
liabilities. A vermicomposting project for two MT biosludge/day capacity in a petrochemical 
plant with annual vermicompost output of 432 tons with related cost has been executed by 
Concept Biotech in Gujarat in India (Table 6). 

 
 

CONCLUSION 
 
Vermicomposting is an exciting proposition as a method to convert solid waste to manure, 

but definitely depends on the type and characteristics of the waste sludge. As per the present 
state of knowledge and trends, industries should try to utilize their sludge to produce manure 
by vermicomposting after detailed waste characterization and careful planning of the 
operations on a case-by-case basis. The suitability of other ‘waste-to-wealth’ options, like 
composting, briquetting, incineration, producer gas and biogas generation, could also be 
considered. If the solid waste is devoid of any end-use value, then it could be landfilled. There 
are financial gains for the waste generator, both direct and indirect, as is evident from various 
case studies, and this should act as an incentive to push forward vermicomposting initiatives in 
industries, albeit at a small scale to start with. It cannot be the only solution to sludge 
management in industries, as it cannot take on the total burden of the sizeable quantity of 
wastes regularly generated, but can act as one of several options. 
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Source: Hall (2000). 

Figure 6. Sludge treatment and disposal costs [tds – ton dry sludge]. 

 

Table 6. Vermicomposting project cost at a petrochemical plant in India 
 

Item First year Second year Third year 
Cost of infrastructure INR 45 lakh 

(US$ 93750*) 
Nil Nil 

Earthworm culture cost 12 lakh 
(US$ 25000) 

Nil Nil 

Cost of materials (bedding material, 
composting culture, Vermiaccelerator) 

9 lakh 
(US$ 18750) 

9 lakh 
(US$ 18750) 

9 lakh 
(US$ 18750) 

Commissioning cost (labour, 
supervision, consultancy) 

9 lakh 
(US$ 18750)  

9 lakh 
(US$ 18750) 

3 lakh 
(US$ 6250) 

Machinery and transport cost 2 lakh 
(US$ 4167) 

2 lakh 
(US$ 4167) 

Nil 

Total Cost 77 lakh 
(US$ 160417) 

20 lakh 
(US$ 41667) 

12 lakh 
(US$ 25000) 

* 1 US$ = INR 48 (approx.) as on 14.10.2008 
Source: Dabke, Concept Biotech (personal communication). 
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ABSTRACT 
 

While recycling of low added-value residual materials constitutes a present day 
challenge in many engineering branches, attention has been given to low-cost building 
materials with similar constructive features as those presented by materials traditionally 
employed in civil engineering. Bearing in mind their properties and performance, this 
chapter addresses prospective applications of some elected agroindustrial residues or by-
products as non-conventional building materials as means to reduce dwelling costs. 

Such is the case concerning blast furnace slag (BFS), a glassy granulated material 
regarded as a by-product from pig-iron manufacturing. Besides some form of activation, 
BFS requires grinding to fineness similar to commercial ordinary Portland cement (OPC) 
in order to be utilized as hydraulic binder. BFS hydration occurs very slowly at ambient 
temperatures while chemical or thermal activation (singly or in tandem) is required to 
promote acceptable dissolution rates. Fibrous wastes originated from sisal-banana 
agroindustry as well from eucalyptus cellulose pulp mills have been evaluated as raw 
materials for reinforcement of alternative cementitious matrices, based on ground BFS. 

Production and appropriation of cellulose pulps from collected residues can 
considerably increase the reinforcement capacity by means of vegetable fibers. Composite 
preparation follows a conventional dough mixing method, ordinary vibration, and cure 
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under saturated-air condition. Exposition of such components under ambient conditions 
leads to a significant long-term decay of mechanical properties while micro-structural 
analysis has identified degradation mechanisms of fibers as well as their petrifaction. 
Nevertheless, these materials can be used indoors and their physical and mechanical 
properties are discussed aiming at preparing panel products suitable for housing 
construction whereas results obtained thus far have pointed to their potential as low-cost 
construction materials. 

On its turn, phosphogypsum rejected from phosphate fertilizer industries is another 
by-product with little economic value up to now. Phosphogypsum may replace ordinary 
gypsum provided that radiological concerns about its handling have been properly 
overcome as it exhales 222Rn (a gaseous radionuclide whose indoor concentration should 
be limited and monitored). Some phosphogypsum properties of interest (e.g., bulk density, 
consistency, setting time, free and crystallization water content, and modulus of rupture) 
have suggested its large-scale exploitation as surrogate building material. 
 
 

INTRODUCTION 
 
Developing countries usually face grave housing deficits and the following hurdles against 

dwelling construction have been typically pointed: high interest rates, elevated social taxes, 
high informal labor indexes, and bureaucracy. Lack of loan is an additional problem1 inasmuch 
as banks may not be interested on such funding or governmental programs are scarce. As a 
result, a considerable percentage of population in developing countries still lives at sub-
dwelling units. In 2006, estimates suggested that around 7.9 million dwellings were needed in 
Brazil, most of them (83.3%) located in urban areas, particularly in the so-called Metropolitan 
Regions2 surrounding Brazilian state capitals (2.2 million dwellings) [1]. São Paulo and Rio de 
Janeiro Metropolitan Regions present the greatest housing deficits, adding together to almost 
1.2 million dwellings [1]. 

Aiming at lowering costs, scientific attention has been given to non-conventional building 
materials with similar features as those presented by construction materials traditionally used 
in civil engineering. Quest for such surrogate materials can be two-fold interesting as (i) it may 
help to reduce dwelling deficits (particularly in developing countries) inasmuch as cheaper 
houses become economically feasible and (ii) it can be environmentally friendly as low-value 
wastes can be recycled or exploited. Accordingly, this chapter is particularly interested in 
agroindustrial residues or by-products as prospective non-conventional construction materials. 

 
 

VEGETABLE FIBERS AS NON-CONVENTIONAL BUILDING MATERIAL 
 
Vegetable fibers are widely available in most developing countries. They are suitable 

brittle matrix reinforcement materials even though they present relatively poor durability 
performance. Accounting for the mechanical properties fibers as well as their broad variation 

                                                        
1 This is particularly during economic and financial crisis as the one worldwide experienced in 2008. 
2 Metropolitan Regions of major interest in Brazil refer to the following capitals (corresponding state in brackets): 

Belém (Pará), Fortaleza (Ceará), Recife (Pernambuco), Salvador (Bahia), Belo Horizonte (Minas Gerias), São 
Paulo (São Paulo), Rio de Janeiro (Rio de Janeiro), Curitiba (Paraná), and Porto Alegre (Rio Grande do Sul). 



Agricultural Wastes as Building Materials 221

range, one may develop building materials with suitable properties by means of adequate mix 
design [2], [3]. 

The purpose of fiber reinforcement is to improve mechanical properties of a given 
building material, which would be otherwise unsuitable for practical applications [4]. A major 
advantage concerning fiber reinforcement of a brittle material (e.g., cement paste, mortar, or 
concrete) is the composite behavior after cracking has started. Post-cracking toughness 
produced by fibers in the material may allow large-scale construction use of such composites 
[4]. 

There are two approaches for the development of new composites in fiber-cement [5]. The 
first one is based on the production of thin sheets and other non-asbestos components. The 
later are very similar to asbestos-cement ones and they are produced by well-known industrial-
scale processes such as Hatschek and Magnani methods commercially used with high 
acceptance for building purposes [6]. The second one consists of producing composites for 
different types of building components such as load-bearing hollowed wall, roofing tiles, and 
ceiling plates, which are not similar to components commercially produced with asbestos-
cement. 

Estimated to be approximately several million of tons per year [7], consumption of fiber-
reinforced cement building components is rapidly increasing, especially in developed 
countries. This is because such type of material allows the production of lightweight building 
components with good mechanical performance (mainly regarding impact energy absorption) 
and suitable thermal-acoustic insulation, while being economically attractive [4]. Fibers 
naturally occur in tropical countries (like Brazil), where they have been essentially targeted to 
cordage, textile, and papermaking sectors. Their heterogeneity and perishing allied to restricted 
market for their use have lead to intense generation of residues with high pollution potential. 
For example, each ton of commercially used sisal fibers yields three tons of residual fibers, 
whose dumping has originated environmental hazards [8]. 

 
Table 1. Physical or mechanical properties of some fibers. 

 
Property of interest 

Fiber Density 
(g/cm3) 

Tensile 
strength* (MPa)

Modulus of 
elasticity (GPa)

Elongation at 
failure (%) 

Water 
absorption (%)

Jute (Corchorus capsularis) a 1.36 400 - 500 17.4 1.1 250 

Coir (Cocos nucifera) b 1.17 95 - 118 2.8 d 15 - 51 93.8 

Sisal (Agave sisalana) b 1.27 458 15.2 4 239 

Banana (Musa cavendishii) a 1.30 110 - 130 --- 1.8 - 3.5 400 

Bamboo (Bambusa vulgaris) b 1.16 575 28.8 3.2 145 

E-glass c 2.50 2500 74 2 - 5 --- 

Polypropylene c 0.91 350 - 500 5 - 8 8 - 20 --- 

Tensile strength strongly depends on type of fiber, being a bundle or a single filament; a [11], b [5], c 
[12], d [13]. 
 
As reported in [9], vegetable fibers contain cellulose (which is a natural polymer) as the 

main reinforcement material. The chains of cellulose form microfibrils, which are held 
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together by amorphous hemicellulose and lignin in order to form fibrils. The later are then 
assembled in various layers to build up the fiber structure. Fibers or cells are cemented 
together in the plant by lignin, which can be dissolved by the cement matrix alkalinity [10]. 
The usual denomination for fibers is indeed a reference to strands with significant 
consequences on durability studies. 

Banana fibers cut from the plant pseudo-stem and sisal by-products from cordage 
industries are examples of widely available fibers. Eighteen types of potential fibers have been 
identified, including cellulose pulp recovered from newspaper, malva, coir, and sisal [5]. 
However, if costs and availability issues are accounted for, the number of suitable fiber types 
reduces drastically. Coir, sisal chopped strand fibers, and eucalyptus residual pulp have already 
been identified as fibrous waste materials suitable for cement reinforcement [8] and Table 1 
presents some of their mechanical or physical of interest. 

The present chapter is particularly interested in three different types of fibrous residues 
typically found in Brazil, namely: 

 
• Sisal (Agave sisalana) field by-product: This material is readily available (e.g., 30,000 

tons per year from a given producers’ association) and it has presently no commercial 
value. Its use offers an interesting additional income for rural producers and simple 
manual cleaning via a rotary sieve provides a suitable starting-point material. 

• Banana (Musa cavendishii) pseudo-stem fibers. This by-product has high potential 
availability from fruit production (e.g., 95,000 ton per year, based on Brazil’s main 
producing area). This material has no market value and a simple low-cost fiber 
extraction process is only required. 

• Eucalyptus grandis waste pulp. Accumulating from several Kraft and bleaching 
stages, this resource has low commercial value (USD 15/ton) and is readily available 
(e.g., 17,000 ton per year from one pulp industry in Brazil’s southeast). Disadvantages 
of this material include short fiber length and high moisture content (about 60% of dry 
mass). 

 
Chopped fibrous residues can be introduced directly into the cement for reinforcement as 

reported elsewhere but the utilization of further chemical processing of these residual fibers 
has proved to improve the performance of the building products [14]. Pulped fibers are 
preferred for composites production using slurry vacuum de-watering technique, which is a 
laboratory-scale crude simulation of Hatschek process. During the de-watering stage, pulp 
forms a net responsible for retaining cement grains. Small fibers remain homogeneously 
distributed in two directions (2-D) into the matrix [15] and this fact suggests some advantages 
of using sisal pulp (individualized fibers) in relation to sisal strand fibers [14]. Reinforcement 
is more distributed into the composite leading to effective capacity of reinforcing and bridging 
cracks during bending tests. Cellulosic pulps can be produced from residual crops (non-wood) 
fibers or wood species, reaction with alkalis liquors (e.g. sodium hydroxide, i.e., Kraft 
process), or organic solvents (e.g., ethanol). 

Low performance of natural fiber reinforced composites (NFRC) has been associated to 
the use of chopped strand fibers as reinforcement for ordinary brittle cement matrices produced 
by conventional dough mixing methods [5]. This has been identified as the main reason for the 
low acceptance of these products by industry. Consequently, in several developing countries 
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asbestos-cement remains the major composite in use although health hazards have become a 
major concern [16]. In view of that, agricultural residues fibers discussed in the present chapter 
were further prepared in order to fit their use and to achieve improved performance in 
composites. 

 
 

PHOSPHOGYPSUM AS NON-CONVENTIONAL BUILDING MATERIAL 
 
Another research line has pointed to the replacement of ordinary gypsum (calcium 

sulphate hemihydrate). Basically composed by calcium sulphate dihydrate (CaSO4⋅2H2O), 
gypsite is raw material for ordinary gypsum production through thermal dehydration. When 
this way produced, gypsum achieves rigidity and hardness after being mixed-up with water. 
Nevertheless, its large-scale utilization in developing countries can become restricted or 
economically unfeasible due to transport costs from production sites (mines) to potential 
consumption places (e.g. large cities), which is scenario observed in Brazil. 

According to the Brazilian National Department of Mineral Production (subordinated to 
the Ministry of Mining and Energy) [17], around 98% Brazil’s gypsite mines adding up to 1.3 
× 109 tons are located in northern or north-eastern states, namely, Pará (30.3%), Bahia 
(42.7%), and Pernambuco (25,1%). Altogether in 2007, their corresponding gypsite production 
comprised 1.9 × 106 tons so that 89% (1.7 × 106 tons) was due to Pernambuco alone, which is 
a state more than 2400 km away from Rio de Janeiro and São Paulo Metropolitan Regions 
(both located in Brazil’s southeast). Gypsum is mainly consumed as constructive boards 
(panels) and on minor extent as wall covering, but compared to US (world’s largest gypsum 
consumer and producer), Brazilian consumption is very low, not only due to the aforesaid 
transportation costs and logistics from gypsite mines but also due to related energy costs and 
lack of necessary facilities. 

Conversely, growing demands for phosphate fertilizers have yielded enormous amounts of 
phosphogypsum for years worldwide [18]. Despite being essentially CaSO4⋅2H2O, such sort of 
gypsum has currently little economic value (if any) due to environmental issues notably 
regarding radon-222 (222Rn) exhalation. Together with its decay products, 222Rn is a 
radioactive noble gas responsible for most human natural exposure to radiation and assessment 
of its exhalation rate is crucial for radiological protection design [19]. 

Half-life of 222Rn (3.824 days) is long enough to allow its transport through porous media 
or open air. If inhaled, its progeny is relatively short-lived allowing its eventual decay to 210Pb 
(half-life = 22.3 years) before removal by physiological clearance mechanisms. Lung cancer 
risk related to dangerous exposure to the radiation released from 222Rn and from its short-lived 
decay products was addressed in the 1950s among uranium miners while indoor-air 222Rn 
concentration issues were claimed in the 1970s. Since then, scientific attention to 222Rn 
exposure has increased [20]. Initial evidence had pointed to soil as a major natural source for 
high indoor concentrations [21] but building materials can also play an important role [22]. 

Such by-product has been simply piled up nearby phosphate fertilizers industrial units 
[23], this way requiring considerable open-air space. For inactive phosphogypsum stacks in the 
US territory, US-EPA (Environmental Protection Agency) has once restricted 222Rn exhalation 
rates to 0.74 Bq⋅m−2⋅s−1 [24]. Nonetheless, large-scale application of phosphogypsum is an 
motivating dilemma and research has been conducted so as to overcome difficulties related to 
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the disposal and handling of such industrial waste. Feasible solutions have suggested its 
exploitation as soil amendment in agriculture, mine recovery, road base, and embankment 
filling. 

Of particular interest, encouraging (i.e., radioactively safe) evidence has already become 
available for phosphogypsum use as a non-conventional building material with similar features 
as ordinary gypsum [25]. Bearing in mind indoor air 222Rn concentration, a major concern 
refers to the maximum amount of phosphogypsum (pure or blended to building materials) to 
be present in constructive elements such as pre-fabricated blocks or panels for low-cost 
dwellings. Relying on protection procedures as air renewal and/or building openings (doors 
and windows), limits must be set so as to avoid hazardous radiological impacts, thus enabling 
occupants to be exposed to tolerable levels3, i.e., without considerably increasing naturally 
occurring doses. 

In line with its agroindustrial expansion, the Brazilian phosphogypsum scenario could not 
be different so that millions of tons have been similarly piled-up close to fertilizers plants [23]. 
Yet, the later are located in Brazil’s southeast (basically in Minas Gerais and São Paulo states), 
therefore close to the biggest Metropolitan Regions. Aiming at low-cost dwellings, such 
strategic coincidence might be convenient while motivating for prospective application of 
phosphogypsum as a surrogate building material. 

Engineering precaution should then be exercised in terms of constructive aspects as well 
as in view of protection against ionizing radiation whose level should be as low as those 
recognized by federal regulations and/or international standards. For instance, the International 
Commission on Radiological Protection (ICRP) has recommended 200 to 600 Bq⋅m−3 for 
indoor-air 222Rn concentrations at residences and workplaces [26] whereas the National 
Commission for Nuclear Energy (CNEN) is the Brazilian organization responsible for setting 
upper limits for indoor-air 222Rn concentrations at these two aforesaid human environments. 

 
 

VEGETABLE FIBERS: COMPONENTS AND PERFORMANCE 
 
A main drawback of using vegetable fibers is their durability in a cementitious matrix and 

the compatibility between both phases. Alkaline media weaken most natural fibers, especially 
the vegetable ones, which are actually strands of individual filaments liable to get separated 
from one another. The mineralization phenomenon proposed elsewhere [27], [28] can be 
associated to the long-term loss of composite tenacity. The severe degradation of exposed 
composites can also be attributed to the interfacial damages due to continuous volume changes 
exhibited by the porous vegetable fibers inside the cement matrix [29]. 

At the Construction and Thermal Comfort Laboratory (Faculty of Animal Science and 
Food Engineering, University of São Paulo, Brazil), the Research Group on Rural Construction 
has adopted two approaches to improve the durability of vegetable fibers. One is based on 
fibers protection by coating to avoid water effect, mainly alkalinity. The other approach aims 
at free alkalis reduction within the matrix by developing low alkaline binders based on 

                                                        
3 Those more acquainted to human comfort may realize that, as opposing to thermal environment, a “radiological 

comfort zone” concept is not applicable here as the ideal lower level will be always zero rather than a minimum 
value (below which there would be discomfort). Accordingly, one may think of a “radiological stress zone” 
whose lower threshold would correspond to a maximum acceptable 222Rn concentration. 
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industrial and/or agricultural by-products [30]. Similar reduced alkalinity effect can be reached 
by fast carbonation process as studied in [31], [32]. Studies and strategies to improve 
durability of vegetable fibers have been basically carried out on two types of building 
components, namely, flat sheets for wall panels and roofing tiles. In what follows, 
methodologies and results obtained for each type of component are presented and discussed. 

 
 

FLAT SHEETS FOR WALL PANELS 
 
In order to evaluate the performance of the fiber-reinforced cement-based composites 

under various conditions, flat sheets were produced. Production method followed the slurry 
vacuum de-watering process aiming at the viable use of such materials in civil construction. 
Matrix materials were added to an appropriate amount of moist fibers pre-dispersed in water so 
as to form slurries within a 20-30% range (solid mass basis). After homogeneously stirred, 
slurry was immediately transferred to an evacuable box. Water was drawn off under vacuum 
until the pad appeared dry on the surface, whereupon it was flattened carefully with a tamper. 
Pads were then pressed at 3.2 MPa for 5 min and sealed inside a plastic bag for cure under 
saturated-air condition or water immersion for future mechanical tests at a total age of 28 days. 
In some cases, further samples were prepared to evaluate their performance after natural or 
accelerated ageing experiments. Tests were carried out so as to evaluate prospective effects of 
matrix modification by less alkali blends, different fiber contents, fiber mineralization 
reduction by chemical modification, fiber improvement to cement bonding, and distance 
reduction between fibers. In what follows, related results are presented and discussed. 

 
 

Matrix Modification By Less Alkali Blends 
 
In order to improve composites durability, matrix alkalinity reduction was attempted. The 

main component for paste matrix production was Brazilian alkaline granulated iron blast-
furnace slag (BFS) ground to 500 m2⋅kg−1 Blaine fineness, presenting the following oxide 
composition (mass-basis) as provided in [33]: SiO2 - 33.78%, Al2O3 - 13.11%, Fe2O3 - 0.51%, 
CaO - 42.47%, MgO - 7.46%, SO3 - 0.15%, Na2O - 0.16%, K2O - 0.32%, free CaO - 0.10%, 
and CO2 - 1.18%. 

In Brazil, more than 6 million tons of basic ground-BFS (GBFS) are available every year 
and about 1/3 of such amount is stocked without any use, bringing about concerns to the steel 
industry as well as to the environment [34]. Consequently, GBFS costs can be as low as USD 
10.00 per ton. For cement production, slag must be ground to fineness at least similar to that of 
ordinary cement, which adds a further cost of USD 15.00 per ton, and it must be activated with 
chemical procedures. Gypsum for agricultural purposes and lime (calcium hydroxide for civil 
construction) were elected as chemical alkali-activators for BFS in proportions of 10% and 2% 
(binder mass basis), respectively, as previously discussed in [35]. Standard commercial 
ordinary Portland cement (OPC), Adelaide Brighton brand type "general purpose" (GP), 
minimum compressive strength of 40 MPa at 28 days (Australian Standards AS 3972 and AS 
2350.11) was also adopted as matrix for comparison with the alternative BFS cement. 
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As detailed in [14], sisal (Agave sisalana) and banana (Musa cavendishii - nanicao 
variety) waste strand fibers generated during crop stages were initially cut to around 30 mm in 
length. About 0.5% (mass basis) of commercial production from a cellulose mill, waste 
Eucalyptus grandis pulp from Kraft and bleaching stages was collected by filtration from 
drainage lines prior to effluent biological treatment. Some pulp and fiber properties are 
summarized in Table 2. 

Aiming at cheaper price and economical viability at small-scale production (if compared 
with chemical pulps), strand fibers were submitted to low-temperature 
chemithermomechanical pulping (CTMP) in line with [37], [38]. Additionally mechanical 
beating provides important internal and external fibrillation of filaments, leading to 
conformable fibers and thus to fiber-matrix bonding improvement. Initial preparation 
comprised soaking in cold water overnight, followed by simple and low-pollutant chemical 
pre-treatment based on 1-hour cooking in boiling saturated lime liquor. Such step effectively 
attacked residual slivers, which could be easily broken by fingers, thus showing adequate 
preparation for subsequent mechanical treatments. Appropriate chemical attack is of utmost 
importance for reducing energy consumption, which represents one of the major concerns 
related to mechanical pulps [6]. 

 
Table 2. Some pulp and fiber properties of interest. 

 

Fiber By-produced 
sisal CTMP (6) 

Banana CTMP 
(6) 

E. grandis 
Kraft waste 

Screened yield (%) 43.38 35.57 N/A 

Kappa number (1) 50.5 86.5 6.1 

Freeness (mL) (2) 500 465 685 

Length-weighted average length (mm) (3) 1.53 2.09 0.66 

Fines (%) (4) 2.14 1.55 7.01 

Fiber width (μm) (5) 9.4 11.8 10.9 

Aspect ratio 163 177 61 
(1) Appita P201 m-86 [36]; (2) AS 1301.206s-88; (3) Kajaani FS-200; (4) Arithmetic basis; (5) Average from 

20 determinations by SEM; N/A – not available data; (6) Chemithermomechanical pulping (CTMP). 
 
Asplund laboratory defibrator provided 103 kPa steam gauge pressure corresponding to 

121oC in presence of the pre-treatment solution with pre-steaming by 120 s and defibration by 
additional 90 s. At those conditions [6], well fibrillated softwood fibers could be obtained from 
low temperature (i.e., 125-135oC) CTMP instead of yield smooth, lignin encased and un-
fibrillated fibers from high temperature (i.e., 150-175oC) pulping. The pulp in preparation 
passed through a Bauer 20 cm laboratory disc refiner equipped firstly with straight open 
periphery plates (1 pass at 254 μm clearance) and subsequently with straight closed periphery 
plates (1 pass at 127 μm and 1 pass at 76 μm). Partial de-watering before each refinement 
process provided pulp with adequate consistency so as to improve the defibration process. 

Sisal and banana pulps passed through a 0.229 mm slotted Packer screen for separation of 
shaves and then through a supplementary Somerville 0.180 mm mesh screening and 
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subsequent washing to reduce particles with length below 0.2 mm. Fibers shortening and fines 
generation are expected although undesirable results from beating procedures can be controlled 
via appropriate energy applied to the stock during the mechanical treatment [37]. Finally, 
produced pulps were vacuum de-watered, pressed, crumbed, and stored in sealed plastic bags 
under refrigeration. Eucalyptus grandis waste pulp was employed just as received after a 2 min 
disintegration and washing in hot (nearly boiling) water using a closed-circuit pump system. 
Figure 1 shows results from mechanical and physical tests on composites reinforced with 8% 
of produced sisal and banana pulps as well with waste Eucalyptus grandis pulp from Kraft and 
bleaching stages. 
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Figure 1. Average values and standard deviations for mechanical properties of composites as a function 
of the type of pulp fibers and matrix. 

Flexural strength around 18 MPa for 8% residual fiber-BFS composites is considered an 
acceptable achievement when using mechanically pulped fibrous raw materials in comparison 
with similar results [38] for sisal Kraft pulp as reinforcement of air-cured BFS based matrices 
in 17 MPa and 1.4 kJ⋅m−2 ranges for flexural strength and toughness, respectively. Current 
results may also be considered a significant advance over a previous work [39] using 
disintegrated paper reinforced OPC with flexural strength up to 7 MPa at least 30% less than 
the corresponding control matrix under dough mixing method for fabrication. 

OPC-based composites performed superior mechanical strength around 21 MPa at 28 days 
of age due to lower water absorption in comparison to BFS composites with all tested fibers in 
8% content. BFS matrix seemed to lack hydration improvement, which could be achieved by 
high-temperature cure up to 60oC [40] or by adopting another alkaline activator (e.g., sodium 
silicate) as proposed in [41]. 

The high standard deviation associated with the flexural strength could be justified by the 
heterogeneity of the reinforcement fibers based on the following facts: 

 
• Fibrous wastes generally present high moisture content and are thus expected to 

undergo fast biological decay [42], [43], leading to weak fibers in the pulp; 
• Mechanical refinement often originates bunches of individual fibers mutually linked 

by non-cellulose compounds (e.g., lignin), as indicated in Table 2 by high Kappa 
numbers for sisal and banana CTMP. Strand fibers thus tend to perform poor 
distribution in the cement matrix. 
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(a) (b) 

(c) (d) 

 
(e) 

 

Figure 2. Sequence of scanning electron microscope (SEM) images (hydration age between brackets): 
(a) 4% sisal CTMP in BFS matrix (73 days); (b) 4% banana CTMP in BFS matrix (32 days); (c) 4% 
Eucalyptus grandis waste Kraft in BFS matrix (51 days); (d) 4% sisal CTMP in OPC matrix (67 days); 
(e) 4% sisal CTMP in OPC matrix - higher magnification (67 days). 

BFS composites reinforced with banana fiber presented lower values for fracture 
toughness compared to both sisal and Eucalyptus grandis composites. It can be understood in 
view of high length and aspect ratio of banana fiber, leading to stronger anchorage in the 
matrix and to the predominance of fiber fracture during mechanical test before any further 
fiber displacement could occur, as depicted in Figure 2(b). Figure 2(d) and 2(e) show images 
of by-product sisal CTMP in OPC with the desirable coexistence between fractured and pulled 
out filaments, pointing to the proximity of critical length [44] of that fiber in the specified 
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matrix under ambient moisture condition. Twisted and bent fibers reinforce the idea of 
optimum interaction between both phases as well as of high energy dissipation during fiber 
pullout. Such favorable microscopic behavior explains the suitable compromise between 
flexural strength (21.7 MPa) and toughness (0.792 kJ⋅m−2) for 8% sisal CTMP in OPC (Figure 
1). 

Freeness values within 465- 685 mL range (Table 2) provide adequate water drainage and 
prevent cement particles loss during suction stage of industrial systems based on Hatschek 
model for panels fabrication as pointed in [45], [46]. Low Kappa number value (Table 2) for 
Eucalyptus grandis Kraft pulp is an indication of bleached fiber with low lignin content. On 
the other hand, high values for mechanical pulps suggest damaged and fibrillated filaments or 
even remaining slivers expected to present exposed lignin to undesirable alkaline attack inside 
cement matrices. 

As also concluded in similar research [47], [38], density, water absorption and porosity are 
interrelated properties. Low densities are preferable to reduce transportation costs and carriage 
effort while they are commonly connected to higher water absorption values with the 
inconvenient load increase during utilization and to risk of excessive permeability. As a 
reference, Brazilian standards (NBR 12800 and NBR 12825) limit water absorption to 37% 
(mass basis) for undulated roofing fiber cement sheets. 

Elevated presence of fines in waste Eucalyptus grandis Kraft (Table 2) could contribute to 
pore-filling effect inside cement matrices, thus leading to denser materials with lower water 
absorption and apparent porosity, if compared to other OPC and BFS composites for the same 
fiber content (Figure 3). Such observation is consistent with results from wastepaper fiber-
cement composites research reported in [48]. 
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Figure 3. Average values and standard deviations of the physical properties of the composites in function 
of the type of pulp fibers and matrix. 

 
Effects of Fiber Content 

 
Figure 4 and Figure 5 present the effect of the fiber content respectively on mechanical 

and on physical performance of composites. The formulations follow those for BSF 
composites as presented in the previous section, except for variable fiber content. All BFS 
composites showed a considerable increase (at least 20%) in flexural strength within the 8-
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12% fiber loading interval if compared to the corresponding 4% fiber content composites 
(Figure 4). 

The short length of Eucalyptus grandis (Table 2) allowed the inclusion of up to 16% of 
fiber in binder mass although losing flexural strength, which could be associated to the high 
volume of permeable voids. As Eucalyptus grandis fiber content increased from 4% to 16%, 
the elastic modulus in bending of BFS composites decreased from 9 GPa to 4 GPa, a behavior 
that was equally observed for the other similar fiber-cements. Materials with 8% fiber OPC 
showed significantly higher modulus than corresponding BFS ones, likely due to insufficient 
hydration attributed to the alternative binder as previously commented. 
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Figure 4. Variation of mechanical properties as a function of fiber content (%, mass basis) for 
composites with different pulp fibers. 
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Figure 5. Variation of physical properties as a function of fiber content (%, mass basis) for composites 
with different pulp fibers. 

By fiber reinforcement fracture toughness was greatly enhanced up to 5-fold improvement 
from 4 to 12% load interval. As observed in Figure 4(c) for Eucalyptus grandis BFS 
composites, best energy absorption seems to fall between 12 and 16% of fiber content with 
toughness in the vicinity of 1.3 kJ⋅m−2. Predominance of fiber pullout for sisal and Eucalyptus 
grandis composites (see Figure 2(a) and (c)) is related to the high frictional energy absorption. 
In the specific case of Eucalyptus grandis fibers, the short length is compensated by larger 
number of filaments for a fixed fiber content and, hence, by higher probability of a matrix 
micro-crack interception in its initial stage of propagation. Increase of fiber content leads to 
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poor packing during composites making, especially at the pressing production stage. Cellulose 
fibers are highly conformable and play a spring effect inside cement matrix immediately after 
press release. As a consequence of compaction reduction in conjunction with fibers low bulk 
density (~ 1.5 kg⋅dm−3) and high water absorption (often over 100% mass basis), permeable 
voids volume and water absorption increase linearly with fiber content. 

 
 

Reducing Mineralization of the Fibers By Their Chemical Modification 
 
Eucalyptus Kraft pulp fibers were submitted to chemical treatment in order to reduce their 

hydrophilic character. Procedure for surface treatment of Eucalyptus pulp fibers and option for 
silanes were based in studies as developed in [49]. Silanes used were methacryloxypropyltri-
methoxysilane (MPTS) and aminopropyltri-ethoxysilane (APTS), in a proportion of 6% mass 
basis of cellulose pulp. Silanes were pre-hydrolyzed during 2 hours under stirring in 80/20 
volume basis ethanol-distilled water solution. Cellulose pulp was used (5% mass basis relative 
to the solution) followed by further 2 hours stirring (after cellulose addition). Composites were 
prepared by the same procedure as described in the previous section, using 5% mass basis of 
(untreated or treated) pulp in a matrix composed by 85% of OPC and 15% of carbonate filler. 

Effect of treating pulp fibers on their mineralization was analyzed using scanning electron 
microscope (SEM) and back-scattered electron (BSE) detector to view cut and polished 
surfaces (BSE images allow easy identification of composite phases via atomic number 
contrast). Figure 6 presents SEM micrographs of composites whose pulp fibers are either 
impregnated with or free from silane coupling agents, where black areas are cross-sections of 
pulp fibers. In composites with untreated pulp fibers, Figure 6(a), one observes that the 
majority of lumens were filled up with reprecipitated products from cement, while in 
composites with treated pulp fibers, Figure 6(b), fiber lumens are free from hydration products. 

Table 3 shows the effect of pulp treatment on the mechanical performance of composites. 
At 28-days cure, composites with APTS silaned pulp presented significantly higher modulus of 
rupture (MOR) than composites with untreated pulp or MPTS silaned pulp whereas toughness 
of composites was not influenced by silane treatment. Similar results in composites reinforced 
with silane-treated fibers were found in [50], [51]. 

Average MOR values decreased notably after 200 ageing cycles for composites with either 
treated or untreated fibers compared to those after 28 days cure. MOR differences after ageing 
were not observed between composites with treated or untreated fibers. As suggested in Table 
3, the fact that MPTS-treated pulp did not present fibers filled up with products from cement 
seems to influence the higher toughness of composites after 200 ageing cycles. Yet, for 
untreated and APTS-treated pulps, composite capacity to absorb energy was markedly 
decreased most likely due to reprecipitation of hydration products into fibers with consequent 
composite embrittlement. 
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(a) (b) 

 
(c)  

Figure 6. SEM-BSE images of composites reinforced with Eucalyptus bleached pulps: (a) untreated, (b) 
APTS treated, and (c) MPTS treated (after 200 ageing cycles). 

Table 3. Average values and standard errors for composites properties: limit of 
proportionality (LOP), modulus of rupture (MOR), modulus of elasticity (MOE), 

|and toughness (TE) 
 

Fiber treatment Condition LOP 
(MPa) MOR (MPa) MOE (GPa) TE (kJ/m2) 

Untreated 6.9 ± 1.1 9.9 ± 1.4 13.3 ± 1.2 0.86 ± 0.25 

MPTS 6.5 ± 1.0 10.7 ± 1.3 16.3 ± 1.7 0.83 ± 0.46 

APTS 

28 days 

7.8 ± 1.3 12.1 ± 1.4 16.3 ± 2.5 0.82 ± 0.29 

Untreated 6.3 ± 0.9 7.5 ± 0.5 17.7 ± 1.1 0.13 ± 0.07 

MPTS 7.2 ± 0.9 8.0 ± 1.0 18.6 ± 4.6 0.30 ± 0.12 

APTS 

200 cycles 

6.9 ± 1.7 8.3 ± 1.0 18.4 ± 3.8 0.13 ± 0.07 

 
The effect of silane treatment on composites physical properties is presented in Table 4. 

Significant differences were not observed between composites with treated or untreated pulp at 
28 days. However, after 200 ageing cycles, composites with APTS-treated pulp presented 
lower water absorption and apparent porosity in relation to composites with untreated pulp and 
MPTS-treated pulp. Bulk density of composites with APTS-treated pulp was significantly 
higher. This behavior suggests that chemical treatment increased the interaction with cement, 
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which then influenced physical properties of the composite. Lower porosity of composites 
reinforced with silaned carbon fibers was reported in [52]. In such study, authors attributed this 
behavior to the hydrophilic character of the silane used, which improved fiber-matrix bond. 
The fact that fibers are filled up with cement hydration products also explains the porosity 
decrease of composites. 

 
Table 4. Average values and standard error for composites properties: water absorption 

(WA), apparent void volume (AVV), and bulk density (BD) 
 

Fiber treatment Condition WA (%) AVV (%) BD (g/cm3) 

Untreated 16.4 ± 0.9 29.0 ± 1.0 1.77 ± 0.04 

MPTS 17.7 ± 1.3 30.8 ± 1.5 1.75 ± 0.04 

APTS 

28 days 

16.7 ± 0.8 29.9 ± 1.0 1.79 ± 0.03 

Untreated 15.2 ± 1.2 26.5 ± 1.9 1.75 ± 0.03 

MPTS 16.2 ± 1.7 27.9 ± 2.4 1.72 ± 0.08 

APTS 

200 cycles 

13.5 ± 0.5 24.6 ± 0.7 1.83 ± 0.03 

 
The effect of chemical composition of pulp fibers seems to exert significant influence on 

composites durability as well. Lignin is an amorphous chemical species with high solubility in 
alkaline medium and its removal is essential part of pulping process [4]. Further lignin 
extraction from pulps is normally referred to as bleaching treatment. Figure 7 presents the 
influence of bleaching Eucalyptus pulp fibers with oxygen, chlorine dioxide, and ozone in 
order to improve adhesion between fibers and matrix. One observes that bleaching process 
makes fiber more susceptible to mineralization as it extracts compounds from fiber cell wall 
structure. 

 

(a) 
 

(b)  

Figure 7. SEM-BSE images of composites reinforced with Eucalyptus: (a) bleached and (b) unbleached 
(28 days). 
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Improving Fiber to Cement Bonding 
 
One possible treatment to enhance mechanical performance of composites reinforced with 

cellulosic pulp is the refining process, which is carried out in the presence of water, usually by 
passing the suspension of pulp fibers through a disc refiner composed by a relatively narrow 
gap between rotor and stator [53], [54]. Cellulosic fibers are intrinsically strong and refinement 
improves their ability to be processed, which is necessary if the composite is manufactured 
using Hatschek production method [55]. The main effect of refinement in cellulosic fiber 
structure as a result of mechanical action is the fibrillation of fibers surface [56]. These 
fibrillated and shorter fibers are responsible for the formation of a net inside the composite 
mixture with the consequent retention of cement matrix particles during de-watering stage of 
manufacturing process. Better fiber / matrix interface adhesion and mechanical performance 
can be achieved by increasing the fiber aspect ratio (i.e., specific surface area), by reducing 
fiber diameter and producing a rough surface proportioning better mechanical anchorage in the 
matrix [55]. 

Figure 8(a) presents the poor adhesion of unrefined sisal pulp fibers and depicts void sizes 
up to 3 μm at the interface between fiber and matrix. In composites with refined pulp fibers, 
external layers were partially pulled out from cell wall after refining and these external layers 
then improve fibers anchorage into the cementitious matrix. In Figure 8(b), one may see 
external layers of refined fibers largely bonded to the cementitious matrix. The refined fiber-
cement paste bond seems to be stronger than the unrefined fiber-cement paste one, as asserted 
in [57]. Hence, the large superficial contact performed by refined cellulosic pulp has enhanced 
the mechanical performance and has improved the load transfer from matrix to fibers. 

 

 
(a) 

 
(b)  

Figure 8. SEM micrographs of fractured surfaces of sisal fiber-cement composites with (a) unrefined 
pulp (CSF 680 mL) - voids at the fiber-matrix interface after 100 soak / dry ageing cycles; (b) pulp 
refined at CSF 20 mL and after 100 soak / dry ageing cycles. 

The state of surface structure of vegetable pulp fibers may vary either as a function of their 
natural source or as function of pulping process. Roughness of Eucalyptus and Pinus pulps 
were evaluated via atomic force microscopy (AFM). The surface of Eucalyptus fibers 
presented some fibrillar structure in the majority of samples, Figure 9(a). In Pinus fibers, 
typical surface structure was granular, Figure 9(b), possibly related to amorphous non-
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carbohydrates (lignin and extracts) in fiber surface. Fibrillar surface structures of Eucalyptus 
fibers provide a higher rough mean square (RMS = 74 ± 18 nm) than Pinus fibers (RMS = 52 ± 
10 nm), which suggests a higher potential for Eucalyptus fibers to anchorage in the cement 
matrix. 

 

(a) (b)  

Figure 9. AFM topography images of (a) unbleached Eucalyptus fibers and (b) unbleached Pinus fibers. 
Image sizes are 3 μm × 3 μm. 

Similar to procedure previously cited, interface between pulp fibers and cement matrix 
was analyzed utilizing SEM-BSE. Arrows show improved interface of Eucalyptus fibers, 
Figure 10(a), compared with Pinus ones, Figure 10(b), in composites cross-sections after 
accelerated ageing cycles. Figure 10(c) presents larger pores (within the 1-10 μm range) found 
by mercury intrusion porosimetry (MIP) in composites reinforced with Pinus, which might be 
attributed to voids in the fiber-matrix interface (arrows in Figure 10(b)). 
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Figure 10. SEM-BSE image of composites reinforced with (a) Eucalyptus pulps and (b) Pinus pulps, 
after accelerated ageing, and (c) related cumulative mercury intrusion porosimetry (MIP). 
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Effect of Decreasing the Distance Between Fibers 
 
Mechanical properties of fiber-cement composites are very sensitive to the uniformity of 

fibers volume distribution (dispersion) whereas the distance (spacing) between fibers is a 
critical geometrical parameter for composites performance [58]. As a rule, cracks initiate and 
advance from a composite section that has larger fiber-free matrix regions and fiber clumping 
[59]. Crack initiation requires less energy if it increases the size and the number of matrix 
regions that are not reinforced by fibers and such phenomenon becomes more pronounced in 
view of the progressive cement matrix embrittlement throughout its ageing. 

Likely to be more homogeneous in length, Eucalyptus pulp presents shorter fibers (0.83 ± 
0.01 mm) than Pinus pulp (2.40 ± 0.09 mm). As the use of short fibers might lead to higher 
number of fibers per volume or weight in relation to long fibers, the former may reduce fiber-
free areas, i.e., the distance between fibers. Additionally, the smaller the fiber length is (which 
usually refers to lower aspect ratio), the easier the fiber dispersion becomes [60]. 

Comparing Figure 11(a) to Figure 11(b), short Eucalyptus fibers are better distributed than 
Pinus fibers. Bridging fibers share and transfer the load to other parts of the composite, this 
way increasing composite MOR and toughness. Calculated fiber spacing is at least two times 
higher for Pinus fibers relative to Eucalyptus ones [58]. Furthermore, due to their longer 
length, fibers in Pinus pulp are prone to cling to one another, thus jeopardizing the 
reinforcement. 

 

(a) (b)  

Figure 11. SEM-BSE image of composites reinforced with (a) Eucalyptus pulp and (b) Pinus pulp. 

 
ROOFING TILES 

 
The Research Group on Rural Construction (at the Faculty of Animal Science and Food 

Engineering, University of São Paulo, Brazil) has also studied other cement-based composites 
containing vegetable fibers or particles for rural constructions [61], [62], [63]. Better results 
for fiber-cement materials should be expected by using refined pulp and slurry dewatering 
process, followed by pressing [64]. The energy consumption increase during these procedures 
may justify the improved composites performance. Such production model is similar to 
Hatschek industrial method still employed for asbestos-cement-based products in Brazil and it 
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can be worthy for corrugated sheet fabrication in the near future by using of natural fibers or 
agricultural residues. 

 
 

Improving Tiles Performance By Accelerated Carbonation 
 
The present study was carried out as an attempt to produce durable fiber-cement roofing 

tiles by slurry dewatering technique and using sisal (Agave sisalana) Kraft pulp as 
reinforcement. Effects of accelerated carbonation on physical and mechanical performances of 
vegetable fiber-reinforced cementitious tiles were evaluated along with their consequent 
behaviors after ageing. Cement raw materials mixture was prepared with approximately 40% 
of solids (comprising 4.7% sisal pulp, 78.8% cement, and 16.5% ground carbonate material). 
With approximate dimensions as 500 mm long, 275 mm wide, and 8 mm thick, roofing tiles 
were produced by means of the device sketched in Figure 12. 

 

 

Figure 12. Schematic view of the semi-automated device used to mould roofing tiles. 

Initial cure was carried out in controlled environment (i.e., temperature: 25 ± 2ºC, relative 
humidity - RH: 70 ± 5%) so that roofing tiles remained in moulds protected with plastic bags 
for two days. Afterwards, roofing tiles were removed from moulds and immersed in water for 
further 26 days. After total curing period (28 days), tiles were submitted to both physical and 
mechanical tests. Remaining tiles series were intended to soak and dry-accelerated ageing tests 
as well as to accelerated carbonation so that roofing tiles were tested in saturated condition 
after immersion in water for at least 24 hours. Accelerated carbonation of roofing tiles was 
carried out in a climatic chamber providing environment saturated with carbon dioxide (CO2) 
and controlled temperature (20oC) and humidity (75% RH). Roofing tiles were submitted to 
climatic chamber environment during one week until complete carbonation of samples. 
Carbonation degree was evaluated via exposure to 2% phenolphthalein solution diluted in 
anhydrous ethanol as described in [4]. 
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Figure 13 shows cross-sections of tiles after the application of phenolphthalein solution so 
that violet regions refer to non-carbonated areas. Non-carbonated tiles underwent carbonation 
in peripheral regions only (tile 1 in Figure 13), which probably occurred during exposure 
inside the laboratory environment itself. As cross-section of tile 2 (Figure 13) was not violet 
colored, such tile was fully carbonated after being exposed to accelerated carbonation. 

 

 

Figure 13. Cross-sections of tiles after the application of phenolphthalein solution: (1) non-carbonated 
areas and (2) areas exposed to fast carbonation. 

Results for physical properties of undulate roofing tiles are presented in Table 5. Values 
for WA, AVV, and BD of roofing tiles for 28 days ageing (condition A) were similar to those 
found in [63] concerning the evaluation of roofing tiles produced with binder based on GBFS 
(ground blast furnace slag) reinforced with 3% (mass basis) of sisal pulp and processed by 
vibration. Results in [63] for WA, AVV, and BD were 31.0%, 42.3%, and 1.35 g/cm3, 
respectively. 

 
Table 5. Average values and standard deviations for water absorption (WA), apparent 

void volume (AVV), and bulk density (BD) of roofing tiles evaluated under different 
conditions 

 
Condition WA (%) AVV (%) BD (g/cm3) 

A (28 days) 32.8 ± 1.1 44.2 ± 0.7 1.35 ± 0.03 

B (100 cycles) 33.3 ± 0.9 44.0 ± 0.9 1.32 ± 0.01 

C (100 cycles, fast carbonation) 23.3 ± 0.7 35.8 ± 1.8 1.56 ± 0.01 
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In general, ageing cycles contributed to mitigate leaching and to reduce porosity of roofing 
tiles. Accelerated carbonation followed by 100 cycles (condition C) was the treatment that 
most affected physical properties of roofing tiles. Porosity reduction provided by carbonation 
can be responsible for mechanical properties improvement while accelerated carbonation 
reduced tiles apparent void volume (AVV) by approximately 20%. Significant water 
absorption reduction and carbonated roofing tiles densification suggested the effective carbon 
dioxide adsorption as well as the formation of new hydration products in the cement matrix. 
An estimated 15% reduction of cellulose fiber-cement porosity after its accelerated 
carbonation was also reported elsewhere [65]. 

Figure 14 presents typical load-deflection curves of roofing tiles. The maximum load 
(ML) supported by roofing tiles did not experience a significant reduction after ageing cycles. 
These results are considerably above the 425 N limit as recommended in [66] for 8 mm thick 
tiles. Ageing (condition B) did not cause significant decrease in ML and toughness (TE) of 
roofing tiles in relation to non-aged tiles tested with 28 days (condition A). Moreover, ML and 
TE were superior to those found in preceding works with roofing tiles produced by vibration 
(Figure 14). ML and TE values around 550 N and 1.6 kN⋅mm, respectively, for roofing tiles 
reinforced with 2% (volume basis) of unrefined coir, sisal macro-fibers and eucalyptus waste 
pulp at 28 days of age were obtained in [8]. 
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Figure 14. Load-deflection curves for tiles at different treatment conditions. 

It seems that pulp refinement and its dispersion in the composite, as adopted in the present 
research, contributed to homogeneous fibers distribution during roofing tiles molding, leading 
to better fibers anchorage in the matrix, thus improving product strength. Among other 
variables, fibers net was more efficient at retaining cement particles during vacuum dewatering 
process, hence providing suitable packing during the pressing stage as well as more effective 
fiber-matrix bonds. Figure 15 presents a BSE image of carbonated tile with refined sisal Kraft 
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fibers, showing the advantage of refined fibers in generating a high contact area with the 
matrix. 

The cementitious phases of samples at each condition were analyzed by X-ray diffraction 
so that related patterns in Figure 16(a) and (b) show the presence of calcium hydroxide, 
Ca(OH)2, in samples not submitted to accelerated carbonation (conditions A and B). 
Conversely, Ca(OH)2 was not identified in fast carbonated samples (condition C). The 
formation of greater amount of calcium carbonate instead of other carbonates can be associated 
to high percentage of calcium (about 60%) in the ordinary Portland cement used in the present 
work [67]. Such result suggests a successful CO2 adsorption in the cement based matrix while 
high carbonation can be associated to the consumption of hydroxyls (OH) present within the 
cement matrix due to CO2 adsorption after its diffusion into composite pores. High apparent 
porosity (AVV) of roofing tiles (around 44% at 28 days) contributed to such fast diffusion 
[68]. 

 

 

Figure 15. SEM-BSE image of fast carbonated and aged tile (condition C in Table 5). Fibers are well 
adhered to matrix, suggesting good composite packaging. Arrows point to reprecipitated calcium 
hydroxide (1) inside fiber lumen and (2) around fiber surface. 

Series of accelerated carbonated roofing tiles after 100 ageing cycles (condition C) 
showed better mechanical performance in comparison to other series, including notably higher 
toughness (5.9 ± 1.9 kN⋅mm) and deflection at toughness (DTE = 9.1 ± 2.5 mm) in relation to 
non-aged (condition A) and fast-aged (condition B) series. Cement based specimens reinforced 
with sisal and coir chopped fibers with similar behavior have been studied elsewhere. While a 
strength increase of aged material achieved in [69] was attributed to calcium hydroxide 
elimination due carbonation treatment (109 days in a CO2 incubator), mechanical performance 
improvement of flat sheets reinforced with 12% (mass basis) of Eucalyptus pulp after 
accelerated carbonation and ageing cycles was reported in [65]. 
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(a) 

 

(b) 

 

(c) 

 
  

Figure 16. X-ray diffraction pattern of tiles: (a) non-aged (condition A), (b) after 100 ageing cycles 
(condition B), and (c) fast carbonated after 100 ageing cycles (condition C). 
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In addition to chemical analysis, calcium carbonate (CaCO3) microstructure in tile fracture 
surfaces was visualized via SEM - secondary electron (SE) images. CaCO3 formation in 
crystals as well packed in layers was observed in fast carbonated tiles (Figure 17). As reported 
in [70], morphology of CaCO3 crystalline state plays an important role in determining binder 
strength so that improved strength was then attributed to the layered morphology of CaCO3. 

 

 

Figure 17. SEM of fracture surfaces of fast carbonated and aged tiles (condition C). Arrows indicate 
layered CaCO3. 

Last but not least, Figure 18 shows roofing tiles exposed to natural ageing. Such undulated 
shape is typically employed in Brazil. 

 

 

Figure 18. Roofing tiles exposed to natural ageing in Brazil. 

 
Thermal Properties of Produced Tiles 

 
Table 6 lists values for thermal conductivity k, specific heat c, and thermal diffusivity α = 

k/(ρ⋅c) of composites, obtained by parallel hot wire method as described in [71]. 
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Aforementioned thermal properties were determined at room temperature (i.e., 25oC) as well at 
60oC. 

 
Table 6. Values for thermal conductivity k, specific heat c, and thermal diffusivity α = 

k/(ρ⋅c) of composites, obtained by parallel hot wire method 
 

Mix design Test temperature 
(oC) 

k 
[W/(m⋅K)] 

c 
[J/(kg⋅K)] 

α 
(10−7 m2/s) 

25 0.716 1278.7 3.060 
Fiber-cement sisal (S4_7) 

60 1.214 1071.5 6.191 

25 0.816 1201.1 3.951 
Fiber-cement sisal + PP (S3PP1_7) 

60 0.823 1294.4 3.694 

25 0.837 1167.6 4.048 
Fiber-cement asbestos 

60 0.967 1315.8 4.150 
 
One notes that composites have different thermal behavior at room temperature (~ 25oC) 

and at 60oC. At the former, S4_7 formulation exhibited more favorable thermal properties for 
thermal comfort, namely, lower thermal conductivity k and higher specific heat c, thus leading 
to lower thermal diffusivity α. At 60oC, formulation with PP fibers (S3PP1_7) presented more 
adequate values for thermal comfort. At both test temperatures, the mix-design with asbestos 
presented less appropriate values in comparison to the formulations without asbestos. 

Raising test temperature to 60oC increased thermal conductivity and thermal diffusivity of 
composites with sisal (S4_7) up to 45% and 100%, respectively, compared to the other mix-
design. One may point to the presence of moisture within prismatic specimens used to 
influence measurements, which may increase thermal conductivity for higher temperatures 
[72]. The fact that non-asbestos mix-design (S4_7) shows larger cellulose fiber content (thus 
presenting great water absorption) may explain such thermal conductivity increase. Thermal 
behavior was also evaluated with respect to downside surface temperatures of non-asbestos 
roofing tiles produced (fiber-cement sisal – S4_7) compared with ceramic and asbestos-cement 
corrugated roofing tiles currently available in Brazilian market. Thermal behavior of covering 
roofing tiles might also be influenced by product dimensions, shape, and color; however, a 
comprehensive discussion on those aspects is beyond the scope of the present chapter. 

Thermal performance analysis of roofing tiles considered prospective influence of thermal 
conductivity k, tiles cross-sectional area A, tiles thickness Δx, and temperature difference ΔT = 
Tair − Tdown, where Tair is outside air temperature while Tdown is downside surface temperature 

of tiles. Absolute values for heat transfer rate, QtQ &=d/d , across tiles were calculated 

according to one-dimensional Fourier’s law [73]: 
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At hottest hours of the day, ceramics roofing tiles presented downside surface 
temperatures up to 10oC lower than those of asbestos tiles and 6oC lower in relation to those of 
sisal fiber-cement tiles. Among fiber-cement roofing tiles, non-asbestos ones presented 
downside surface temperatures 3oC lower. Heat transfer resistance is directly related to 
material microstructure (which can be assessed by its thermal diffusivity) and dimensions 
(mainly thickness) so that observed differences might be explained. Ceramic, non-asbestos, 
and asbestos roofing tiles presented thicknesses around 12 mm, 8 mm, and 4 mm respectively. 
Heat transfer rates dQ/dt were calculated employing thermal conductivity data at 25oC as 
presented in Table 6 for fiber-cement tiles while literature values were assigned to ceramic 
tiles, namely, 1.05 W/(m⋅K) [74]. 

Solar radiation flux and heat transfer rate along different hours of the day are shown in 
Figure 19 for the two hottest days over the evaluated period in summer. As one may see, heat 
transfer rates through asbestos-cement tiles were higher than rates related to ceramic and non-
asbestos tiles. As a consequence, such higher rates lead to a hotter indoor environment. 

Related to thermal diffusivity, thermal inertia is an important attribute for roofing tiles as it 
tends to diminish thermal variation amplitude inside buildings. For thermal inertia analysis, 
one may divide results into two periods, namely, morning and afternoon. In Figure 19(a), one 
observes that the highest radiation flux peak (about 1100 W/m2) occurred at around 9:30 am, 
whose effect was observed 1.5 h later with the increase of heat transfer rates through tiles. 
Such phenomenon can be attributed to thermal inertia of tiles. In the second period, the highest 
radiation peak happened at 1:00 pm whereas the maximum heat transfer rate through asbestos 
roofing tiles was reached at 2:00 pm. Maximum heat transfer rate was reached at 2:15 pm for 
non-asbestos roofing tiles and at 2:30 pm for ceramic ones. Such 15 min difference among 
tiles might be equally attributed to thermal inertia. Furthermore, bearing in mind a barrier for 
thermal radiation, results suggested a better performance of ceramic and non-asbestos fiber-
cement tiles. 

Similar behavior is observed in Figure 19(b) so that highest solar radiation peaks (around 
1100 W/m2) occurred at 10:00 am and at 11:30 am, which increased heat transfer rates through 
roofing tiles one hour later. Ceramic tiles presented maximum heat transfer rate 15 min later 
than non-asbestos tiles and 30 min later than asbestos ones. 

In view of their lower heat transfer rates, sisal fiber-cement tiles rendered good capacity of 
lowering outdoor temperature peaks (more efficiently than asbestos fiber-cement ones). One 
may then claim resultant advantages concerning the reduction of thermal radiation penetration, 
which is a result in accordance to previous studies. Differences were found for sisal-reinforced 
fiber-cement roofing tiles (produced by vibration) around 11.5oC lower (at 12:00 pm) 
compared with asbestos corrugated tiles [63] while significant differences were also observed 
for animal thermal comfort as non-asbestos fiber-cement roofing tiles presented superior 
performance in relation to simple asbestos fiber-cement counterparts [75]. Using fiber-cement 
roofing components based on blast furnace slag and vegetable pulps (Eucalyptus), differences 
of 7oC between internal and external superficial temperatures were found in [76]. 
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Figure 19. Variation of solar radiation and heat transfer rate through distinct roofing tiles as a function of 
time. Data collected on (a) December 20, 2005 and (b) December 22, 2005. 

Ceramic tiles showed slightly lower heat transfer rates compared to sisal fiber-cement 
ones, indicating a possible influence of tiles surface reflectance [77]. Although darker 
coloration of red ceramics tile suggests larger absorption (66%) in the visible spectrum, 
infrared reflectance is high enough (78%) to provide a total reflectance of about 67%. The 
opposite was observed for light gray non-asbestos fiber-cement tiles, with a total reflectance of 
approximately 40% [77]. 
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PHOSPHOGYPSUM: RADIOLOGICAL CONCERNS AND PERFORMANCE 
 
Most of total radiation received by humans has to do with 222Rn, which is a decay product 

from uranium, actinium, and thorium. As such radioactive noble gas can naturally occur in soil 
formations, it can penetrate into dwellings through microscopic cracks in the building 
structure. Exposure risks to inhabitants can equally be attributed to 222Rn exhaled from 
building materials themselves, in which case phosphogypsum-bearing materials are likely to 
fall. Belonging to 238U decay chain, 222Rn results from α-decay of 226Ra, which is an impurity 
frequently observed in phosphogypsum. Hence, 226Ra trapped in phosphogypsum-bearing 
materials eventually decays to 222Rn and such gaseous radionuclide may percolate the porous 
matrix, reach up open air (local atmosphere or indoor air), and be eventually inhaled by nearby 
humans or animals. 

Radon exposure belongs to the scope of environmental toxicology and its exhalation rate 
closely depends on prevailing distribution in the porous medium. Research has been conducted 
in order to measure and correlate those rates to known physical parameters regarding the 
porous medium such as emanation rates from 226Ra, moisture content, grain size, porosity, 
permeability, species (222Rn) diffusivity, and temperature [20]. 

Though environmental (radiological) issues concerning phosphogypsum management still 
remain, there is a broad interest in finding its large-scale exploitation. Accordingly, besides the 
constructive performance viewpoint, use of such agroindustrial waste as a substitute for 
ordinary gypsum deals with 222Rn exhalation so that a comprehensive understanding of 222Rn 
generation and transport can be useful to assess related radiation exposure, to set up acceptable 
radiological standards, and to devise radiological protection based on human health threats. 

 
 

MODELING AND SIMULATION OF RADON-222 EXHALATION 
 
Like several other applications [78], [79], 222Rn exhalation from phosphogypsum-bearing 

materials involve transport phenomena in porous media. Besides diffusion and convection, 
222Rn accumulation in dwellings can be concurrently affected by emanation (from 226Ra), 
adsorption, absorption, and self-decay [80], [81]. Initial model frameworks have considered 
diffusion and convection with interstitial air flow driven by prescribed pressure differences in 
line with Darcy’s law [82], [83], [84], [85]. Including pressure fluctuations [86], such approach 
has been adopted until lately [87] as it yields a Poisson equation (for transient transport) or a 
Laplace equation (for steady-state transport) to be solved for pressure, which simplifies the 
numerical implementation of governing equations into a computational code4. Including entry 
rates from water and building materials, a steady-state balance for indoor 222Rn concentration 
was proposed in [88] whereas a transient model for exposure to phosphogypsum panels was 
recently presented in [89]. Further theoretical contributions comprise transient models for 
222Rn diffusion and decay in activated charcoal [90] and for 222Rn and 210Pb transport through 
the atmosphere [91]. 

Models have assessed 222Rn entry rates and accumulation in building or enclosures via 
bulk values. Though accounting for time variation and sources (e.g. from distinct building 

                                                        
4 Otherwise, one should additionally evoke and solve complete (and stiffer) momentum equations. 
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materials [22]), models have been zero-order concerning spatial coordinates so that 222Rn 
concentration is allegedly uniform throughout (it is a representative value for the entire 
domain). Whenever point-to-point variation should be analyzed, failure of zero-order 
approaches is expected as they solely provide volume-averaged 222Rn concentrations so that 
detailed 222Rn indoor distributions can only be achieved by means of higher order model 
frameworks in space [92]. 

Comprehensive models for indoor-air 222Rn exhalation and accumulation become stiffer as 
more and more influencing processes are entailed. Experimental data do help to asses and 
depict real and complex behavior but field or laboratory data acquisition might be risky or 
should be avoided due to safety concerns, technological constraints, or economic issues (costly 
human or material resources). Since such situation is applicable to the alternative use of 
phosphogypsum, numerical simulation may then play an important role by rapidly (and 
safely!) investigating any prospective scenario evoking as few simplifying assumptions as 
possible while accounting for effects sometimes conveniently neglected or simply ignored. 

Nuclear physicists or engineers may rely on simulation if, for instance, non-linear and/or 
transient behavior, three-dimensional domains, or irregular geometry should be analyzed. Such 
real-world problems (for which computational time was prohibitive years ago) may help one to 
define proper radiological protection standards or design. A finite-difference method to predict 
222Rn entries into house basements from underneath soil gas was implemented following 
Darcy’s law in [83] while a simulator for 222Rn transport in soil was developed in [85]. 
Assuming air flow driven by user-defined pressure differences, a finite-volume method code 
was developed in [87] including time variation, three-dimensional domains, and several 
controlling parameters whereas fluctuations in such driving pressure differences were 
numerically investigated in [86]. 

 
 

Modeling 222Rn Exhalation from Phosphogypsum Materials: Primitive 
Variables 

 
A porous medium is a solid matrix with an interconnected void (interstices) through which 

fluids may flow [78]. If only one fluid saturates the void space, single-phase flow occurs; in a 
two-phase flow liquid and gaseous phases share the interstices [79]. Macroscopic 
measurements are normally achieved on regions or samples comprising several pores so that 
space-averaged physical quantities are assumed to continuously vary on time and on spatial 
coordinates. Porosity ε of a medium is a dimensionless quantity measuring the total volume 
fraction occupied by void space and such definition takes for granted that interstices are in fact 
connected. A basic concept behind such average is the representative elementary volume 
(REV), whose characteristic length is much larger than the pore scale but significantly smaller 
than the macroscopic domain length. Governing equations are derived for quantities at REV 
center and resulting values are allegedly independent from REV size. A REV in a 
phosphogypsum-bearing porous material may contain solid grains (or lattice) as well as pore 
space filled with air and/or water (for wet conditions) so that its porosity ε may encompass 
both air-based εa and water-based εw counterparts (ε = εa + εw). 

A basic radiological concept is the activity (of a radioactive source), which is the amount 
of radionuclides decaying during a given time. In radioactive decay, an unstable isotope 
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attempts to reach stability by emitting radiation in the form of particles and/or electromagnetic 
waves. After decay, the former isotope is referred to as parent nuclide while the newer is 
known as daughter nuclide. The number of particles expected to decay (−dN) during a small 
time (dt) is proportional to the number of particles in the sample (N) and theses quantities are 
related to each other as: 

 

N
t
N

λ=−
d
d

 (2) 

 
where constant λ is referred to as decay constant, whose values is unique for each radioisotope. 
SI unit for radioactive decay is becquerel (Bq), which is defined as 1 Bq = 1 disintegration per 
second (dps); yet, curie (Ci) and disintegration per minute (dpm) have also been used. 

Knowledge of 222Rn activity concentration profile in phosphogypsum-bearing materials is 
essential to evaluate resultant exhalation rates. Accordingly, 222Rn transport depends on related 
mobile activity in the REV, which is properly evaluated and expressed in terms of the so-
called partition-corrected porosity εc and air-borne activity concentration ca. For a dry medium 
without solid sorption, one may show that ε=ε c  [87]. While internal sinks of 222Rn activity 
refers to its decay, internal sources are associated to 226Ra concentration, which can be inferred 
by assuming that such radioactive impurity is evenly distributed all over the phosphogypsum-
bearing material. Corrected emanation rates into the pore system are assessed considering that 
some 222Rn particles still undergo decay until they finally reach the interstices. 

Valid for low-porosity materials, diffusion-dominant 222Rn transport across porous 
medium layers is a relatively simple approach, in which convective transport is neglected 
while additional simplifying assumptions could include steady-state process and one-
dimensional species transfer. The later implies that porous medium is stratified with respect to 
the coordinate axis parallel to the main and sole transport direction so that 222Rn concentration 
becomes uniform at any normal plane. Further steps in the model framework include 
expansion of the solution domain up to two or three dimensions and time dependence. The 
later is appropriate for indoor 222Rn accumulation while the former allows one to study edge 
effects. 

Depending on the length scales, one may adopt distinct approaches for the mathematical 
role of 222Rn exhaling material. A first rationale may assume that the phosphogypsum-bearing 
material is very slim such as housing panels or boards placed against walls or as part of the 
building envelope itself [89], [92], [93]. For constant 222Rn diffusivity Da in open air and 
disregarding air motion (i.e., neglecting convective mass transfer), 222Rn activity distribution 
can be governed by the following time-varying diffusive-dominant transport equation [94]: 
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where x, y and z are Cartesian coordinates, t is time, and sink term (−λca) is due to 222Rn self-
decay. There is no source term (due to emanation) in Eq. (3) as air presumably lacks 226Ra. 
One may assume that such later radionuclide is uniformly distributed in the phosphogypsum-
bearing material thus yielding a fixed and homogeneous 222Rn exhalation rate jRn into 
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neighboring air. From the mathematical viewpoint, 222Rn exhalation hence becomes a 
boundary condition rather than a source term in the governing species equation. 

Conversely, a distinct approach should be adopted if the solution domain comprises a 
blunt (i.e., finite thickness) 222Rn exhaling solid as, for instance, a phosphogypsum-bearing 
building block (brick) in a still-air detection test chamber [93]. In this case, the porous sample 
partially fills up the solution domain so that 222Rn transport may occur under two distinct 
“conditions”, namely, in open air and within the REV. Corresponding species diffusivities Da 

and D~  can be allegedly constant and conveniently related to each other as: 
 

aa /~~ DDDD =δ⇔δ=  (4) 
 

where D~  is bulk species diffusivity, which should be used whenever species flux j refers to 
the geometric cross-sectional area A. If Fick’s law for 222Rn diffusion is set up in terms of 
interstitial cross-sectional area, an “interstitial diffusivity”5 should be used instead [21], [85]. 

Bearing in mind Eq. (4) and recalling that 222Rn sources (226Ra particles) exist only inside 
the solid matrix while 222Rn sink (i.e., self-decay) occurs everywhere6, Eq. (3) is extended to 
the following diffusive-dominant 222Rn transport equation: 

 

ac2
a

2

2
a

2

2
a

2

a
a ~ cGn

z
c

y
c

x
c

D
t

c nnn λε−+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
∂
∂

+
∂
∂

δ=
∂
∂

ε  (5) 

 

where G~  is mobile 222Rn activity generation rate per REV unit and the dimensionless 
parameter n denotes whether 222Rn transport occurs outside (n = 0) or inside (n = 1) the porous 

matrix [95]. Uniform distribution of 226Ra particles (yielding homogeneous generation rate G~ ) 
and constant partition-corrected porosity εc are implicitly assumed in Eq. (5), which can then 
be regarded an extension to the governing equation proposed in [87]. 

Radon-222 can be additionally transported by convection, either forced or natural [96]. 
The former refers to the action of fans, pumps, blowers, or wind while the later is induced by 
fields (e.g., gravity) acting on density gradients due to thermal and/or solutal variations. 
Applications point to 222Rn exhaling building envelopes subjected to indoor air currents 
(thermally induced or not) or to air flow over phosphogypsum-bearing embankments or stacks 
(piles) [97], [98]. Apart from 222Rn activity governing equation suitably extended to include 
convective terms, the model framework must equally incorporate bulk fluid continuity and 
momentum equations to be solved for flow field velocity components. If thermal effects 
should be accounted for, energy equation is invoked to be usually solved for temperature field. 
If local thermodynamic equilibrium prevails inside the REV, temperatures are the same for all 
phases (e.g. solid, air, and water and so that Ts = Ta = Tw = T), which is reasonable if internal 
energy sources are negligible. 

                                                        
5 Such species transport coefficient has also been referred to as “effective diffusivity” although such term may cause 

confusion with the usual meaning attributed to “effective” in the porous media literature, which refers the REV 
averaging procedure previously discussed. “Interstitial diffusivity” should be preferred as it is unambiguous. 

6 Yet, 222Rn self-decay must be properly adjusted with respect to the interstitial volume content. 
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Aforesaid governing equations are typically coupled to one another and the corresponding 
solution domain may encompass both porous medium and open air. With respect to 
momentum equations, outside the porous material fluid flow can be governed by Navier-
Stokes equations, which for Newtonian fluids and incompressible flow (constant density ρa = 
ρ∞) can be expressed in terms of fluid (air) dynamic viscosity μa as: 

 

gpvvv
t
v rrrrrr
r

a
2

aa ρ+∇−∇μ=⎟
⎠
⎞

⎜
⎝
⎛ ∇⋅+
∂
∂

ρ  (6) 

 
where p is pressure and gr  is gravity acceleration. The so-called seepage (or filtration) velocity 

vr  has components assessed as AVv &= , where V&  is the volumetric flow rate through a REV 
with geometric cross-sectional area A, while components of the so-called interstitial velocity 
are given as fint AVv &= , based on the cross-sectional area AA ε=f  related to the pore 
system. Referred to as Dupuit-Forchheimer relation [78], [79], these two velocities are related 
to each other as: 

 
ε=⇔ε= /intint vvvv  (7) 

 
Regarding natural convection, Boussinesq approximation can be introduced so that 

thermo-physical properties become constant except for bulk air density ρa in buoyant forces 
[96]. Hence, incompressible flow presumably holds while a linear dependence of ρa upon local 
temperature T is supposed solely for the buoyancy term in momentum equations: 
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where βT is the coefficient of thermal volumetric expansion and both density ρ∞ and 
temperature T∞ are reference values such as related to atmospheric air condition sufficiently far 
from the stack (pile or embankment) or related to indoor air sufficiently far from the building 
wall. Thinking of thermosolutal natural convection [99], one could claim for radon-induced 
bulk fluid (air) density variations but corresponding contributions are definitely smaller if 
compared to entire air mass content so that solutal variations in ρa can be safely ignored. 

For fluid flow within the porous medium, a classical steady-state approach is Darcy’s law 

relating fluid velocity vr  and pressure gradient p∇
r

, namely: 
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μ
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where K
rr

 is the permeability tensor [78], [79]. For simplicity, phosphogypsum-bearing 
materials can be treated as isotropic so that permeability becomes a scalar K and Eq. (9) 
reduces to: 

 

v
K

ppKv rrrr a

a

μ
−=∇⇔∇

μ
−=  (10) 

 
It can be further assumed that K is constant throughout. In addition, porosity ε = εc (dry 

porous medium without solid sorption) can be supposedly constant all over as well. 
Extensions to Darcy’s law have been attempted so as to bear some resemblance to Navier-

Stokes equations [79]. For the so-called Darcy-Brinkman-Forchheimer approach and in line 
with [78], [95], [99], [100], [101], [102], one may put forward the following governing 
equations for bulk fluid mass (continuity), momentum, energy (with local thermal equilibrium 
but neglecting internal heat sources, viscous dissipation and radiative effects) and species 
(222Rn activity): 
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where ∞ρμ= /υ aa  is air kinematic viscosity, cf is a dimensionless form-drag coefficient [79] 
also referred to as Ergun’s coefficient [78], cs is specific heat of solid matrix, cp,a is constant-
pressure specific heat of air while ks and ka are thermal conductivities of solid matrix and air, 
respectively. Depending on porous medium characteristics [78], [79] [101], thermal 
conductivities of solid (ks) and air (ka) can be lumped in a REV-averaged (effective) thermal 
conductivity obeying a specific expression other than the linear relation in Eq. (13). Analogous 
to Eq. (4) for 222Rn diffusivity, REV-to-fluid property ratios can also be introduced for 
kinematic viscosity, thermal conductivity, and heat capacity respectively as [100]: 
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Modeling 222rn Exhalation from Phosphogypsum Materials: Dimensionless 
Variables 

 
Relying on Buckingham’s Π-theorem and similarity rationale [94], transport phenomena 

models are expressed via dimensionless differential governing equations so that simultaneous 
influencing parameters can be lumped into fewer controlling parameters. Such practice may 
help to reduce the number of required experiments, tests, scale-up steps, or optimization 
procedures. If forced convection prevails regarding open air flow condition, one may choose 
the free stream velocity u∞ as a reference value. Applying the previously presented model 
framework for 222Rn generation and transfer for a two-dimensional domain (without loss of 
generality), dimensionless variables for time τ, Cartesian coordinates X and Y, velocity 
components U and V, pressure P, temperature θ, and 222Rn activity concentration C can be 
defined as: 
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where L is a characteristic length of the domain whereas c∞ is a reference level for 222Rn 
activity concentration (e.g. in air away from the porous medium) allegedly to fulfill the 
condition c∞ > 0. Depending on the problem physics, reference scales Δc and ΔT for 222Rn 
activity concentration and temperature can be suitably defined while proper choices for time 
and pressure scales are: 

 

∞=Δ uLt  and 2
∞∞ρ=Δ up  (17) 

 

By introducing Eqs. (16) and (17) into Eqs. (11) to (14) and assuming jgg ˆ−=
r

, one 
may write the following set of coupled dimensionless governing equations: 
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where ccC Δ−= ∞∞  is the C value given by the last of Eqs. (16) for null air-borne 222Rn 
activity concentration (ca = 0). Dimensionless parameters regarding convective heat and mass 
transfer in porous media arise as expected such as Reynolds (Re), Darcy (Da), Grashof (Gr), 
Prandtl (Pr) and Schmidt (Sc) numbers, expressed in terms of air properties respectively as: 
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where )( aP,aa ck ∞ρ=α  is air thermal diffusivity. 

Besides those parameters, Eq. (20) introduces two unusual dimensionless numbers 
referred to as decay-to-diffusion (R) and emanation-to-diffusion (S) ratios7, respectively 
related to 222Rn decay and emanation processes [92], [93], [97], [98], [103], defined as: 
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In the model framework for time-dependent pressure-driven 222Rn migration inside soil 

proposed in [21], two dimensionless groups were introduced in the species (222Rn activity) 
concentration equation: a convection-to-decay ratio (N) and a mass-transfer Péclet number8 
(Pem, measuring the relative importance of convection with respect to diffusion). Recalling the 
previous definition for the decay-to-diffusion ratio R, Eq. (22), and bearing in mind definitions 
proposed9 for N and Pem, it is interesting to verify that indeed: 
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A surrogate dimensionless group M can be additionally introduced10, namely: 
 

                                                        
7 R and S respectively assess the relative importance of 222Rn decay and emanation in relation to its mass diffusion. 
8 There is also a corresponding and similar definition for heat-transfer Péclet number. 
9 Yet, the proposed definition for Péclet number should be apparently altered to Pem = K ΔPo (ε μ D)−1, which seems 

to be the correct result after casting the proposed governing species transport equation into dimensionless form. 
10 In fact, original definitions for R, S and M included the porosity (either geometric or partition-corrected) [103]. 
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which might be interpreted as an emanation-to-decay ratio [93], [97], [98], [103]. Despite still 
sensitive to scale Δc for 222Rn activity concentration, M number is independent from both 
open-air diffusivity Da and the characteristic length L. In terms of R and M, Eq. (20) can be 
recast as: 
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In the absence of strong air currents (i.e., negligible forced convection), it might be rather 

cumbersome to identify a reference velocity u∞, which can be awkwardly small. Dimensionless 
variables formerly proposed in Eqs. (16) basically remain the same but suitably “re-scaled” by 
u∞ = υa/L wherever required. In Eqs.  

 to (20) or (25), such velocity scale implies that Reynolds number, as defined in line with 
the first of Eqs. (21), numerically11 reduces to unity (Re = 1). 

 
 

PHOSPHOGYPSUM PROPERTIES 
 
Phosphogypsum was characterized from chemical and radiological viewpoint in [104]. 

One aspect about the later refers to 222Rn exhalation, which is important parameter to assess 
radiation doses onto occupants within dwellings. Indoor 222Rn activity concentration can be 
experimentally measured using activated charcoal assembled inside relatively simple samplers 
as the cylindrical one (diameter = 90 mm, height = 45 mm) shown in Figure 20(a). Charcoal 
for measurements must be dried at 75oC for at least 7 days and samplers must be exposed to 
indoor air for up to 30 days. Retained (adsorbed) 222Rn is counted through gamma 
spectrometry with NaI detector based on the 609.3 keV peak, which refers to 214Bi 
radionuclide (a decay product of 222Rn). 

Alternatively, solid state nuclear track detectors (SSNTD) have been largely employed due 
to relatively low cost (related to both detector itself and measurement process), with particular 
attention to CR-39 polycarbonate (allyl diglycol-cabonate, C12H18O7) detectors presenting 
higher efficiency. They basically consist of a plastic diffusion chamber that is permeable solely 
to 222Rn (i.e., decay products of such radionuclide are not able to penetrate through it). As 
depicted in Figure 20(b), SSNTD is placed inside the diffusion chamber in order to register 
alpha particle emissions occurred during 222Rn decay. A calibration factor correlates the 
quantity of detected tracks and 222Rn concentration in indoor air. 

 

                                                        
11 It is important to stress this is only a numerical implication thanks to the choice of velocity scale. 
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(a) (b) 
 

Figure 20. Measurement devices for indoor 222Rn activity concentration: (a) activated charcoal collector 
and (b) diffusion chamber with SSNTD. 

As far as physical and mechanical properties of interest are concerned, preliminary tests 
were accomplished in [105] regarding phosphogypsum samples by-produced from three 
distinct phosphate fertilizer industries12. Properties were determined bearing in mind Brazilian 
standards (referred to as ABNT) for bulk density (NBR 12127), consistency and setting time 
(NBR 12128, employing a Vicat equipment), modulus of rupture (NBR 12129, utilizing EMIC 
hydraulic press model PCE 100D - 1 MN load), and free water / crystallization water content 
(NBR 12130). 

Brazilian standards (NBR 13207) recommend the bulk density of 700 kg⋅m-3 for ordinary 
gypsum. As preliminary results for phosphogypsum pointed to approximately 570 kg⋅m-3, 
results have been improved by properly separating small grains from samples. 

 
Table 7. Crystallization water content results for phosphogypsum samples 

 

Drying period Sample #1 Sample #2 Sample #3 

4 hours 14,43% 12,77% n.a. ** 

5 hours 10,00% 9,54% n.a. ** 

6 hours 9,36% 6,77% n.a. ** 

7 hours 4,91% * 6,22% * 1,34% * 

24 hours 5,90% * 6,19% * 1,62% * 
* Values fulfilling standards recommended in NBR 13207; ** Not available or not measured. 

 
The reference value for free water content is 1.3% as specified by NBR 13207. Samples 

were initially dried at 125ºC for 4 hours but results were unsatisfactory for both ordinary 
gypsum (4.2%) and phosphogypsum (6.2%). After drying samples at the same temperature 
(125ºC) for a longer period (5 hours), better results were obtained for gypsum (1.37%) and 
phosphogypsum (sample #1 = 0.60%, sample #2 = 0.66%, sample #1 = 1.12%). Results for 
crystallization water content are presented in Table 7 for different drying periods. One verifies 
that phosphogypsum samples dried up to 7 hours fulfill recommended standards (NBR 13207). 

Table 8 shows test results for consistency whereas Table 9 shows results for setting time 
for both ordinary gypsum and phosphogypsum samples. Regarding the later test, setting starts 

                                                        
12 They are here referred to as numbers, namely, sample #1, sample #2, and sample #3. 
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when tip remains 1 mm from base while test ends when tip no longer penetrates into the paste 
but it just leaves a slender imprint. Compared to ordinary gypsum and phosphogypsum sample 
#3, either sample #1 or sample #2 required an elevated water consumption, which jeopardized 
their performance in corresponding MOR tests (as shown ahead). If compared to ordinary 
gypsum, setting time occurred quite rapidly for phosphogypsum (in general basis), which may 
affect its handling as it loses its consistency faster. 

 
Table 8. Consistency results for ordinary gypsum  

and phosphogypsum samples 
 

Cone tip penetration (mm) Cone tip penetration (mm) Amount of 
gypsum (g) Test #1 Test #2 

Amount of 
phosphogypsum (g) Sample #1 Sample #2 Sample #3

250.00 34 34 187.50 20 21 n.a. ** 

272.73 36 34 172.50 24 26 n.a. ** 

300.00 32 * 34 150.00 34 33 n.a. ** 

319.15 29 * 30 * 157.90 31.5 * 32 * n.a. ** 

333.33 24 26 200.00 n.a. ** n.a. ** 38 

   215.00 n.a. ** n.a. ** 29 * 

   225.00 n.a. ** n.a. ** 25 
* Values fulfilling standards recommended in NBR 13207; ** Not available or not measured. 

 
Table 9. Setting time results (min:sec) for ordinary gypsum  

and phosphogypsum samples 
 

Gypsum Test #1 Test #2  Phosphogypsum Sample #1 Sample #2 

Start 14:30 * 16:00 *  Start 06:00 08:30 

End 31:00 31:00  End 09:00 16:26 
* Values fulfilling standards recommended in NBR 13207. 

 
Test bodies for MOR tests were prepared in molds with three cubic compartments so that 

three samples with 50 mm characteristic length were produced simultaneously for each 
material (ordinary gypsum and phosphogypsum samples). Accordingly, cross-sectional area 
then results 2500 mm2 whereas water / phosphogypsum ratio was the same for consistency 
tests. Results for each test body are presented in Table 10. As already commented, higher 
water consumption of phosphogypsum samples #1 and #2 jeopardized their MOR 
performance. Ordinary gypsum was then added to phosphogypsum as an attempt to improve 
such property so that new MOR tests for 20% addition (mass basis) resulted in 8.7 MPa and 
8.8 MPa for samples #1 and #2, respectively. 
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Table 10. MOR results for ordinary gypsum and phosphogypsum samples 
 

Material Test body Load (N) MOR (MPa) 

1-G 31800 12.72 * 

2-G 38900 15.56 * Ordinary gypsum 

3-G 30900 12.36 * 

1-A 9300 3.72 

2-A 5400 2.16 Phosphogypsum sample #1 

3-A 8800 3.52 

1-B 15000 6.00 

2-B 10100 4.04 Phosphogypsum sample #2 

3-B 12300 4.92 

1-C 23800 9.52 * 

2-C 24700 9.88 * Phosphogypsum sample #3 

3-C 19800 7.92 * 
* Values fulfilling standards recommended in NBR 13207. 

 
 

CONCLUSION 
 
Aiming at low-cost dwellings in developing countries, non-conventional building 

materials have been extensively investigated. According, the present chapter presented and 
discussed some agroindustrial residues or wastes that are likely to provide a suitable and 
sustainable solution. 

Both waste sisal and banana CTMPs were suitable for cement composite manufacturing 
via laboratory method similar to counterpart processes broadly used in commercial production. 
In addition, residual Eucalyptus grandis Kraft pulp presented similar behavior during 
fabrication steps with the advantage of being already available in pulp form and at relatively 
low costs. The incorporation of the aforesaid waste fibers at 8% (mass basis) into BFS-based 
matrix produced composites with fracture strength about 18 MPa slightly lower than the 
correspondent OPC-based materials. Both 12% (mass basis) incorporation of sisal and 
Eucalyptus grandis into BFS composites rendered tough composites (approximately 1.2 kJ⋅m−2 
of toughness), which is a reasonable performance if compared to previous investigations 
carried out on sisal chemical pulp as reinforcement for BFS composites. 

Microscopy images depicted the importance of proper linkage between composite phases, 
providing the coexistence of fiber fracture and pullout. Such major outcome could then explain 
the strength sustained as well as better toughness results achieved by sisal CTMP composites 
in comparison to corresponding performance of banana CTMP. Physical properties indicated 
poor packing of high-content fiber composites with consequent low density and high water 
absorption values, despite within acceptable standard limits. Both proposed waste fibers 



José A. Rabi, Sérgio F. Santos, Gustavo H. D. Tonoli et al 258 

utilization and mechanical pulping methods together with low-energy cements as blast-furnace 
slag are likely to represent an attractive option for asbestos-free fiber-cements. 

Results from phosphogypsum characterization and performance have been quite promising 
and encouraging. Among possible large-scale exploitation of such industrial waste one may 
point to building blocks or housing panels, provided that radiological issues related to 222Rn 
exhalation and accumulation in indoor air have been properly overcome. Comprehensive 
understanding of related transport phenomena is likely to rely on experimental research 
supported by numerical simulation in order to yield reliable information concerning 
radiological impact and protection design of prospective safe scenarios. 
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ABSTRACT 
 

In a time when a foreseeable complete transmutation from a petroleum-based 
economy to a bio-based global economy finds itself in its early infancy, agricultural 
wastes, in the majority currently seen as low-valued materials, are already beginning their 
own transformation from high-volume waste disposal environmental problems to 
constituting natural resources for the production of a variety of eco-friendly and 
sustainable products, with second generation liquid biofuels being the leading ones. 
Agricultural wastes contain high levels of cellulose, hemicellulose, starch, proteins, and, 
some of them, also lipids, and as such constitute inexpensive candidates for the 
biotechnological production of liquid biofuels (e.g., bioethanol, biodiesel, dimethyl ether 
and dimethyl furan) without competing directly with the ever-growing need for world food 
supply. Since agricultural wastes are generated in large scales (in the range of billions of 
kilograms per year), thus being largely available and rather inexpensive, these materials 
have been considered potential sources for the production of biofuels for quite some time 
and have been thoroughly studied as such. In the last decades, a significant amount of 
information has been published on the potentiality of agricultural wastes to be suitably 
processed into biofuels, with bioethanol as the main research subject. Thus, it is the aim of 
this chapter to critically analyze the current situation and future needs for technological 
developments in the area of producing liquid biofuels from solid biowastes. The state-of-
the-art in producing bioethanol, bio-oil and biodiesel from agricultural wastes will be 
discussed together with the new trends in the area. The emerging biowaste-based liquid 
biofuels (e.g., biogasoline, dimethyl ether and dimethyl furan) currently being studied will 
also be discussed. 
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1. INTRODUCTION 
 
The strongly negative scenario that has been continually painted by both media reports and 

debates and by the skeptical scientific community regarding the foreseeable future of 
petroleum-derived energy has positively contributed to the envisaging of a prospective prolific 
future for biomass energy. Also, owing to the facts that the agricultural and food industries 
generate large volumes of wastes worldwide annually and that there is a growing demand for 
proper waste disposal management due to environmental impact concerns, tremendous 
pressure has been placed on the research, governmental and industrial communities to 
adequately study and formulate proposals for the recovery, recycling and upgrading of such 
biological wastes. Furthermore, an inappropriate shift from food producing to biofuel 
producing using agricultural food resources (e.g., sugar and vegetable oil) has been a major 
concern in several countries where the economies are largely (and sometimes solely) based on 
agriculture. Thus, the idea of producing biofuels from biosolid wastes (waste biomass) comes 
naturally as a solution for problems related to a much-feared new energy crisis, to the current 
high-volume agricultural and food waste disposal management problems, and to the avoidance 
of a future food supply shortage. The generic term ‘biosolid wastes’ will be herein adopted to 
describe all biomass wastes that are solid in their natural states and also require physical and/or 
biochemical treatment to be converted into a liquid biofuel. This chapter is restricted to the 
analysis of liquid fuels produced from waste biomass due to its relevance to the transportation 
sector (the majority of transportation systems operate with internal combustion engines that 
run on volatile liquid fuels), and to the fact that liquid transportation fuels account for 
approximately 30% of the carbon emissions in industrialized countries (Gomez et al., 2008). A 
switch to alternative non-liquid fuels is foreseen for the transportation sector only in the long-
term future and, in the short to medium term, a more sustainable means of producing liquid 
transportation fuels ought to be sought. 

The alternatives currently being sought for liquid biofuel production from waste biomass 
are as diverse as are the types of biomass suitable for such conversion (Figure 1). Regarding 
the types of waste biomass, a more generic categorization would be a division into 
lignocellulosic, starchy and oily wastes, representative of residues from forestry and 
agricultural operations and practices. 

 
 

2. WASTE BIOMASS 
 
Defining biomass is quite a difficult task, because all of the definitions available are 

somewhat tied to the application to which the biomass is destined, and, more recently, due to 
the increasing economic relevance of biomass, the definition has evolved to include the 
concept of sustainable production (Goldemberg and Coelho, 2004; de Vos, 2006). Thus, the 
definition to be presented in this chapter will be tied to the application at hand, which is the 
production of liquid biofuels. Biomass is herein defined as the biodegradable fraction of 
products, waste and residues from organic non-fossil material of biological origin that is 
readily available in a renewable or recurring sustainable basis and also can be used as a liquid 
energy source by means of thermal/chemical/biological conversion. 
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Figure 1. Pathways commonly studied for the conversion of biomass to liquid biofuels (adapted from 
Champagne, 2008; FT = Fischer-Tropsch). 

Biomass is usually comprised of lignocellulosic materials and, as such, is comprised of 
high contents of cellulose, hemicellulose, lignin and proteins, thus constituting renewable 
natural resources for a plethora of inexpensive eco-friendly and sustainable materials. For the 
most part, these biomass materials are usually readily available as wood residues (left over 
from forestry operations), municipal wastes, agricultural and food wastes, and dedicated 
energy crops. Wood residues are the largest source of biomass energy in the world, followed 
by municipal wastes, agricultural residues and dedicated energy crops (Lin and Tanaka, 2006). 
In biomass, cellulose is usually the largest fraction, comprising about 40 to 50% of the total 
biomass weight, whereas hemicellulose is usually in the range of 20 to 40% by weight (Saxena 
et al., 2009) and lignin in the range of 5 to 30% by weight depending on the nature of the plant, 
whether it is herbaceous or woody. Woody plant materials are composed of tightly-bound 
fibers due to a higher content of lignin compared to herbaceous plants and grasses, which are 
comprised of more loosely-bound fibers, indicating lower lignin contents (McKendry, 2002). 

Cellulose is the most abundant natural polymer in nature, with an average molecular 
weight of 100,000, and comprised of linear chains of (1,4)-D-glucopyranose units linked in a 
(1-4) beta configuration. Hemicellulose is a heterogeneous branched oligomer, with a 
molecular weight <30,000, and comprised of both C6- and C5-monosaccharides, primarily 
xylose and glucose. Hemicellulose is present in plant materials tightly (but not co-valently) 
bound to the surface of cellulose microfibrils. Lignin, the third most abundant polymer in the 
plant kingdom, is a highly cross-linked amorphous polymer built up of phenylpropane units, 
with three aromatic alcohols, termed monolignols, as precursors, namely p-coumaryl, coniferyl 
and sinapyl alcohols. The respective aromatic constituents of these alcohols in the polymer are 
p-hydroxyphenyl, guaiacyl and syringyl moieties (Buranov and Mazza, 2008). As a major cell 
wall component, it provides rigidity, internal transport of water and nutrients and resistance 
against microbial and chemical assaults on the structural sugars, namely cellulose and 
hemicellulose. These characteristics are one of the contributors to the set of factors precluding 
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the complete technological exploitation of plant materials for the production of biofuels and 
other biomaterials, thus being a component of what is generically termed ‘biomass 
recalcitrance’ (Himmel et al., 2007). 

Based solely on its application as bioenergy feedstock, waste biomass can be categorized 
into high- and low-moisture content biomass (McKendry, 2002). This categorization is of 
relevance because, aside from the inherent chemical constituency, the selection of the form of 
energy conversion process for a specific type of biomass will be dictated by its moisture 
content. High-moisture content biomass is more appropriate for a wet conversion process, such 
as fermentation, i.e., processes involving biochemically mediated reactions, whereas low-
moisture content biomass is more economically suited to conversion processes such as 
combustion, pyrolysis or gasification (McKendry, 2002). Agricultural and food solid wastes, 
the biomass types to be discussed in this essay, are generated in high quantities worldwide 
(Laufenberg et al., 2003; Lal, 2008; Rodríguez-Couto, 2008; Lora and Andrade, 2009), and, 
depending on the source and pretreatment they might have been subjected to, they could either 
fall into the high- or the low-moisture content category, hence, being appropriate for either wet 
conversion processes or thermochemical conversion processes.  

Agricultural wastes (or residues), in their majority, are currently considered low value 
materials that are highly prone to microbial spoilage, hence, limiting their exploitation. Further 
exploitation can also be precluded by legal restrictions and the costs of collection, drying, 
storage and transportation. Thus, for the most part, currently, these materials are either used as 
animal feed (not always adequate due to difficulties in properly balancing the animal 
nutritional requirements), combustion feedstock or disposed to landfill causing major 
environmental issues (e.g., emission of large quantities of volatile organic compounds in the 
case of combustion, and contamination of groundwater in the case of landfill) (Oliveira and 
Franca, 2008). Estimating the correct amount of residue produced by a specific crop is not an 
easy task, because the availability of a residue is dependent on the specific variety of the crop, 
on the seasonal variations and on the geographical location of the crop, amongst other less 
relevant factors. Among the diversity of agricultural crops, cereals crops are the ones currently 
producing the largest amounts of biomass residues, followed by sugar crops, legumes and oil 
crops (Lal, 2008). Straw is the dominant residue (Prasad et al., 2007), usually presenting low 
contents of lignin (5–20% by weight) and, thus, being considered a low-density residue.  

The availability of agricultural residues as energy feedstock is a function of the amount 
produced of the associated crop, of the residue-to-crop ratio, of the collection efficiency and of 
the amount used in other competing applications, such as fodder for livestock, feedstock for 
fertilizer, materials for construction and direct burning in boilers and furnaces (Purohit et al., 
2006). It has been suggested that, after accounting for seasonal variation and, also, for the use 
of agricultural residues for soil conservation and livestock feed, an average of only 15% of the 
total residue production would be available for industrial energy generation (Bowyer and 
Stockmann, 2001). The amount of residue produced by a specific crop is usually measured by 
the Residue Coefficient (RC), which is calculated as the residue-to-crop ratio, weight by 
weight, considering a percent recovery fraction ranging from 15 to 70% depending on the 
agricultural practices adopted (harvesting, collection, transportation and storage efficiencies) 
and on the intensity of other competing applications on location (Purohit et al., 2006; Lora and 
Andrade, 2009). Some examples of CR values for a diversity of perennial crops are presented 
in Table 1. 
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Table 1. Residue Coefficients (CR) for perennial crops around the world 
 

Residue Coefficients 
(CR= weight of available residue/weight of related crop produced) 

 
 
Crop-Residue Cuiping et al. 

(2004) 
Purohit et al. 
(2006) 

Haq and Easterly 
(2006) 

Lora and 
Andrade (2009) 

Rice-straw 0.623 1.530 0.740 — 
Rice-straw + husk — — — 1.700 
Sorghum-straw 1.000 — — — 
Sorghum-stover — — 0.740 — 
Wheat-straw 1.366 1.470 - 1.300 
Barley, rye, oats- 
straw 

— — 1.670 — 

Soybean-stems and 
leaves 

1.500 — — 1.400 

Sunflower-stalks 2.000 — — — 
Rapeseed-stalks 2.000 — — — 
Mustard-stalks — 1.850 — — 
Cotton-stalks — 3.000 — — 
Cotton-stalks and 
leaves 

3.000 — — — 

Cotton-gin trash — — 0.900 — 
Cotton-field trash — — 0.600 — 
Sugarcane-leaves 0.100 — — — 
Sugarcane-bagasse — 0.250 0.250 — 
Corn-stalk and cob 2.000 1.860  1.000 
Corn-stover —  1.100 — 
Arhar-stalk — 1.320 — — 
Hemp-stems and 
leaves 

2.500 — — — 

Groundnut-shell — 0.330 — — 
Jute-stick — 1.850 — — 
Manioc-stems and 
leaves 

— — — 0.800 

Coffee-husks — — — 0.210 
 
The exact amounts of residues produced for a specific crop are very difficult to predict due 

to differences in agricultural practices adopted in different geographical locations, seasonal 
and cultivar variability, and the lack of sufficient data collected to be statistically 
representative of a specific crop. Collection of statistical data on production of agricultural 
residues became an established practice only recently, when both the prospects of adding value 
to this type of biomass residue by producing biofuels and other biomaterials and the 
environmental issues arising from the large-scale disposal management problems became of 
relevance. 
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3. LIQUID BIOFUELS 
 
When considering the alternatives currently available, or that are under intensive 

investigation for the near-future supply of the global energy market, the ones that represent 
truly sustainable options are the solar, wind, hydro, biomass and geothermal energies. 
However, for direct use in the transportation sector, which represents about a third of the total 
energy consumed worldwide, none of these primary energy sources are suited and conversion 
processes are needed to transform them into energy carriers such as electricity, hydrogen and 
biofuels (Petrus and Noordermeer, 2006). Although commercialization of electrical vehicles 
has been pushed forward already in some developed countries, a major technical barrier, 
associated to the efficient storage of large amounts of electricity, constituted the main (but not 
the only one) factor that prevented its rapid spread in the transportation market. Hydrogen, 
although representing the best alternative as a sustainable fuel due to the fact that it generates 
water as the waste product, presents two major limitations in terms of the associated 
technology currently available: the conversion routes from primary energy sources to hydrogen 
are quite inefficient, with some of them having a worse carbon footprint than burning fossil 
fuels (Gomez et al., 2008); and significant developments are required regarding enhancing 
energy densities in hydrogen storage and improving safety issues regarding hydrogen 
transportation and storage. For both the aforementioned fuel options, there is also the 
precluding aspect of the overall inertia of the vehicles manufacturers in developing and 
embracing innovative technology, mainly when it means manufacturing products that would 
last longer, which would be the case of electrical vehicles that usually have less wearable parts 
than an internal combustion engine vehicle. Thus, considering the aforementioned aspects and 
the fact that current technologies for promoting motion in the transportation sector are based 
on internal combustion engines that run on liquid fuels, biomass-based liquid biofuels become, 
in the short term, the most suitable alternative to be sought for transportation purposes. 

The definition of biofuel should encompass all forms of fuels generated from renewable 
biological sources. Hence, biohydrogen, charcoal, biomethane, biomethanol, bioethanol, 
biobutanol (often called “biogasoline”), biodiesel, bio-oil, dimethyl ether (DME) and dimethyl 
furan (DMF) are all possible forms of biofuels that can be produced from waste biomass. 
When talking about biomass-derived biofuels, one should differentiate between what is termed 
‘first’ and ‘second generation’ biofuel. First generation biofuels are those which are produced 
from conventional technological conversion of sugar, starch or vegetable oil as feedstock 
yielded from sugarcane, grains and oilseeds, respectively. Sugar and starch are usually 
converted into bioalcohols (mostly bioethanol) by fermentation processes, with the starch 
materials requiring a pretreatment step to release the fermentable sugars from the starch. 
Vegetable oils are usually cold-pressed from oilseeds and reacted with short chain alcohols 
(e.g., methanol and ethanol) to produce biodiesel. The terminology ‘first generation’ is directly 
related to the fact that the referred feedstock (sugarcane, oilseeds and grains) are products of 
cultivated crops that could instead be directed to the animal or human food chain. Current 
problematic issues regarding the production of first generation biofuels are the nonsensical (at 
least from a scientific point-of-view) food vs. fuel debate (Muller et al., 2007; Erickson et al., 
2008), and the skeptical professionals (scientists and economists) claims that, not only first 
generation biofuels are not economically viable, but they also have a negative impact in 
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climate mitigation and carbon cycles, and, also, the serious limiting capacity of biofuel 
production from the usual feedstock (Zabaniotou et al., 2008). 

Second generation biofuels are those which are produced from cheap and abundant plant 
biomass (Gomez et al., 2008), where, ideally, the whole plant material, consisting mainly of 
cellulose, hemicellulose and lignin, is used in the conversion process, thus, producing little or 
no residue at all. Agricultural and food wastes are therefore perfect candidates for feedstock in 
the production of second generation biofuels and are envisioned as an attractive solution to the 
aforementioned problems associated with the production of first generation biofuels. The 
major advantages of second generation biofuels are that greater amounts of biofuel can be 
produced per unit mass of raw material and, consequently, per cultivated hectare; the 
combustion of such fuels has the potential to be carbon neutral; and, also, the process can be 
completely dissociated from food and fiber production, thus, not affecting the increasingly 
demand for food and fiber supplies. However, a number of technological hurdles, mostly 
related to lignin and cellulose recalcitrance to chemicals and enzymes, must still be overcome 
in the processing of such biomass materials into second generation biofuels in large scale 
production (Himmel et al., 2007; Gomez et al., 2008). These technological barriers are more 
prominent when considering the conversion of such materials into bioalcohols, e.g., 
bioethanol, which is presently the most relevant energy carrier for use in the transportation 
sector, used directly as fuel or in vegetable oils transesterification reactions for the production 
of biodiesel. In summary, the chemical and structural features of biomass (imparted by its 
major components, namely cellulose, hemicellulose and lignin) constitute a barrier to liquid 
penetration and/or enzyme activity, thus precluding the release of soluble sugars which are the 
natural substrates for microorganisms used for alcoholic fermentation. 

Regarding transportation fuels, currently, approximately 98% of the fuels used in 
combustion engines are derived from petroleum, carrying with them the consequent negative 
aspects of net carbon emissions (accounting for approximately 30% of the carbon emissions in 
industrialized countries), of fuels security (associated with the usual political volatility of the 
major petroleum-producing countries), and a prospective exhaustion of oil reserves in a 
foreseeable future. As such, the respective automotive engines are designed to run on liquid 
fuels that meet a set of strict specifications associated to the physicochemical characteristics of 
those fuels. Thus, in the short term, to meet the transportation sector demands and 
specifications, the alternative choices available for fuels are either to design new processes that 
will convert biomass to liquid biofuels that meet the set of specifications established for the 
ones currently in use, or to redesign the engines to run on other types of liquid fuels (or on 
blends with fuels other than petroleum-derived ones), preferably renewable ones.  

To meet the aforementioned specifications, the choices are either to use biodiesel in 
engines that run on fossil Diesel (not requiring any modifications in the engines currently in 
use) or to convert the lignocellulosic materials into hydrocarbon-like fuels such as gasoline and 
diesel (e.g., pyrolysis-derived bio-oils, Fischer-Tropsch Diesel, DME). The conversion of 
carbohydrates (basically cellulose and hemicellulose) to hydrocarbons should be focused on 
the removal of the heteroatoms, such as oxygen, from the carbohydrate polymers, since the 
energy content per mass unit of a fuel increases with decreasing oxygen content (Petrus and 
Noordermeer, 2006). However, a certain amount of oxygen is desirable to assure a clean 
burning, i.e., to guarantee the maximum conversion (stoichiometric) of the fuel into carbon 
dioxide and water during its combustion. 
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The redesigning of the engines to run on liquid biofuels, such as bioethanol, is an 
accomplished target. Since the mid 1970s, Brazil has successfully invested in such endeavor 
and since the early 1980s has been using bioethanol, produced primarily from sugarcane, as a 
fuel for hydrated ethanol-dedicated spark-ignition engines (Geller, 1985). The dedicated spark-
ignition engines using neat unblended bioethanol have undergone minor modifications relative 
to gasoline engines. Currently, the majority of the vehicles being manufactured in Brazil use 
the ‘flexible’ spark-ignition engine technology (‘flexible vehicles’) that can run solely on 
gasoline, solely on bioethanol, or on an unrestricted range of blends of gasoline and 
bioethanol. Presently, approximately 60% of the worldwide production of fuel ethanol is sugar 
based (primarily produced from sugarcane in Brazil) and 40% is starch based (primarily 
produced from corn in the United States). The technologies for producing bioethanol from 
both sugarcane and corn, although far from ideal, with each presenting their own bottlenecks, 
can be considered mature and under constant evolution. Reviews on the state-of-the-art of the 
processing technology and discussions (sometimes controversial) on the energetic 
performance, economic and environmental aspects of bioethanol fuel from sugarcane and corn 
are aplenty in the literature (Hatzis et al., 1996; Kheshgi et al., 2000; Pimentel, 2003; Pimentel 
and Patzek, 2005; Agarwal, 2007; Neves et al., 2007; Demirbaş, 2007a; Balat et al., 2008; 
Dale, 2008; Luque et al., 2008). This type of review is outside the scope of this essay and the 
reader is encouraged to assess the cited references for a more comprehensive view of the 
subject. 

 
 

3.1. Biodiesel from Agri-Food Residues 
 
Biodiesel is a name applied to fuels manufactured by the transesterification of renewable 

oils and fats and by the esterification of free fatty acids. Biodiesel can be employed as a fuel 
for unmodified diesel engines (Graboski and McCormick, 1998). This type of fuel has been 
commercially produced in Europe since the early 1990s (Barnwal and Sharma, 2005). 
Biodiesel can be blended in any proportion with fossil diesel or it can be used in its pure form 
without causing harmful effects to an unmodified compression ignition (diesel) engine, while 
simultaneously reducing harmful exhaust emissions, such as sulfur, unburned hydrocarbons, 
carbon monoxide and particulate. In addition, biodiesel is completely miscible with petroleum 
diesel fuel and can be employed as a blend. Several reviews on the production, analysis, and 
use of biodiesel in internal combustion engines are available in the literature and the reader is 
encouraged to read them for a more comprehensive view of the subject (Graboski and 
McCormick, 1998; Ma and Hanna, 1999; Fukuda et al., 2001; Pinto et al., 2005; Meher et al., 
2006; Sharma et al., 2008; Murugesan et al., 2009; Balat and Balat, 2008; Demirbaş, 2009). 

Even though research on biodiesel has gained a tremendous momentum since the early 
1990s, due to the growing concern about fossil fuel increasing prices, petroleum reserves 
depletion and associated environmental issues, biodiesel production is still considered not 
economically feasible in comparison to petroleum diesel, with the contributors to the cost of 
biodiesel being the raw material, the type of process used for purification, the reactants and the 
storage costs. Feedstock (e.g., soybean, rapeseed, sunflower seeds) production costs are 
responsible for approximately 70 to 80% of total fuel production costs (Sharma et al., 2008). 
Such drawbacks could be minimized by the use of a ‘‘less valuable’’ feedstock, such as oily 
agricultural and food residues. 
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Considering only solid residues (the focus of this essay), the first attempt to propose the 
use of an agricultural residue to produce biodiesel published in the literature was done by 
Giannelo et al. (2002), where tobacco (Nicotiana tabacum L.) seeds, a residue from the 
tobacco leaves production, was analyzed in terms of their oil content and respective 
composition and also in terms of the oil physical and chemical properties as related to fuel 
quality. The crop-to-residue ratio for tobacco is about 1.2, i.e., a CR value of 0.833 kg of seeds 
available as residue for every kg of tobacco leaves produced (Fujimori and Matsuoka, 2007). 
Since the oil of tobacco seeds is a non-edible oil, it is not used as a commercial product in the 
food industry sector, and most of the seeds are left unused in the fields (Usta, 2005). As a 
proposal for an alternative use for these seeds, Usta (2005) prepared and tested a biodiesel fuel 
from the seeds untreated oil, which was determined to comprise approximately 38% of the 
total seed weight. Methanol was used as the esterifying agent in a 6:1 alcohol-to-oil ratio and 
NaOH was used as alkaline catalyst. The reaction was carried out in a rotary evaporator at 
55°C for a period of 90 min, with the resulting mixture being continuously stirred for another 
90 min after the heating was turned off. About 86% of the oil was converted to biodiesel, 
which was considered an acceptable yield for untreated oil. The performance of the produced 
biodiesel was tested in a turbocharged indirect injection diesel engine and the results 
demonstrated the tobacco seed oil biodiesel to be suited for blends of 25 to 30% with fossil 
diesel. Later, Veljković et al. (2006) investigated the production of fatty acid methyl ester 
(FAME) from crude tobacco seed oil presenting high amounts of free fatty acids (FFA) (acid 
value higher than 35). The biodiesel production was carried out in a two-step process, an acid-
catalyzed esterification step followed by a base-catalyzed transesterification step. The 
maximum yield of FAME was about 91% in a 30-minute reaction in the second step. The 
tobacco seed oil biodiesel obtained presented fuel properties within the specifications of both 
American and European standards, with the exception of a somewhat higher acid value than 
that specified by the European Standard. 

Cotton seeds are used for production of commercial oil in some countries, but in the 
majority of the cotton producing countries, the seeds constitute solid residues from cotton 
crops due to the presence of gossypol, a toxic agent. Meneghetti et al. (2006) performed a 
comparative study of the ethanolysis of the oils of both castor beans and cotton seeds using 
classical alkaline and acid catalysts (NaOH, CH3ONa and HCl). Regarding the different types 
of catalysts used for the transesterification of cottonseed oil, the ester yields were far superior 
for the alkaline catalysts than for the acidic one, with sodium methoxide being the most 
prominent (~90% yield). Georgogianni et al. (2008) also investigated the production of 
biodiesel from cottonseed oil by both alkaline conventional and in situ transesterification 
reactions. Both methanol and ethanol were investigated as esterifying agents using mechanical 
stirring and ultrasonication. In situ transesterification, ultrasonication and mechanical stirring 
were equally efficient in producing methyl esters. In all cases, the use of methanol provided 
shorter reaction times and higher yields of esters than the use of ethanol, and, for both 
alcohols, alkali-catalyzed in situ transesterification promoted an increase in yield of esters in a 
short time span. In situ transesterification of cottonseed oil was also investigated by Qian et al. 
(2008), with the objectives of simultaneously producing biodiesel and a gossypol-free 
cottonseed meal that can be used as animal protein feed resources. Both objectives were 
successfully achieved with an extraction of 99% of the total oil in the cottonseeds, a 98% 
conversion in methyl esters in three hours of alkaline-catalyzed in situ transesterification 
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reaction and a content of gossypol in the cottonseed meal far below the FAO standard. 
However, a high alcohol-to-oil molar ratio (135:1) was used to achieve those goals.  

Demirbaş (2008) performed studies on preparation of biodiesel by non-catalytic 
transesterification of cottonseed oil with methanol and ethanol in supercritical conditions. The 
ester yields were higher when using methanol at high temperatures (~99% yield at 523K) than 
when using ethanol (~84% yield at 523K), with the alcohol-to-oil molar ratio of 41:1 in both 
cases. Zhang and Jiang (2008) investigated the acid-catalyzed esterification of Zanthoxylum 
bungeanum seed oil for biodiesel production. Z. bungeanum is a fruit widely used in China for 
its medicinal and flavor characteristics and its seed oil, representing 27 to 31% in weight, is 
non-edible. Although the authors estimated an annual production potential of one million tons 
of seeds in China, an unfortunate fact related to the seed oil is that it has a high content of free 
fatty acids (~25%). Hence, a two-step process was employed for the production of fatty acid 
methyl esters, with an initial acid-catalyzed esterification step to convert the FFA into methyl 
esters being followed by an alkali-catalyzed transesterification step. The total yield of fatty 
acid methyl ester was ~98%.  

The potential of defective coffee beans oil as a feedstock for biodiesel production was 
evaluated by Oliveira et al. (2008). Defective coffee beans impart a negative quality to the 
aroma and flavor of coffee beverage and were considered as solid residues of coffee 
production (representing an average of 20% of the total production of coffee in Brazil). 
Conventional alkaline-catalyzed (sodium methoxide as a catalyst) transesterification of the 
unrefined defective coffee oil (24% unsaponifiable matter) was carried out in a mechanically-
stirred reactor using both methanol and ethanol as esterifying agents (alcohol-to-oil molar ratio 
of 6:1 in both cases). The yields (~65%) for the reactions with the oil of non-defective coffee 
beans were lower than those for the oil of defective beans (~70%), indicating the need for 
correction of the amount of catalyst to be used due to the content of free fatty acids of the oil 
(~3% w/w) not previously esterified or neutralized. For the defective coffee oil, the FFAs 
(~10% w/w) were previously neutralized, thus, favoring the higher yield in the alkaline 
transesterification reaction. In a follow-up to that study, Nunes and Oliveira (2008) removed 
the unsaponifiable fraction of the defective coffee oil prior to the alkali-catalyzed 
transesterification reaction with ethanol, raising the fatty acids ethyl ester yields to 96%. 
Panoutsou et al. (2008) performed an economic analysis of the biodiesel options in Greece and 
pointed out that, based solely on the available numbers for tomato seeds production as solid 
residues from the tomato processing industry, the biodiesel yield (kg/ha) would be higher than 
for any of the currently produced oilseed crops in Greece. Also, the estimated land 
requirements would be very low when compared to the requirements of the oilseed crops for 
the same average biodiesel yield. 

 
 

3.2. Bioalcohols from Agri-Food Residues 
 
Agri-food wastes, in its majority, are comprised of lignocellulosic materials and as such 

are potential candidates for the production of bioalcohols (biomethanol, bioethanol and 
biobutanol) as liquid biofuels. Since most lignocellulosic materials fall under the category of 
high-moisture content biomass (McKendry, 2002), a wet conversion process is preferred. The 
basic process of conversion of lignocellulosic materials into bioethanol and biobutanol is based 
on the degradation of lignin and hemicellulose to release the cellulose (pre-treatment), 
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followed by the enzymatic hydrolysis of cellulose into fermentable sugars and the subsequent 
fermentation of these sugars by a suitable microorganism. The fermentation process is usually 
carried out in aqueous media and, thus, a processing step is required to separate the bioalcohol 
produced by the microorganisms from the water used. Biomethanol is usually produced by the 
distillation of liquid products from the pyrolysis of wood and other lignocellulosic materials. 

 
3.2.1. Bioethanol 

Bioethanol is the leading alternative liquid biofuel used in the transportation sector with 
Brazil and United States being the world leaders both in terms of consumption (be it neatly or 
as a blend with gasoline) and of production (Neves et al., 2007; Balat et al., 2008). Bioethanol 
(CH3CH2OH) is an oxygenated liquid fuel (35% oxygen) that presents a potential to reduce 
particulate emissions in compression-ignition engines. As a fuel, it also presents a higher 
octane number, broader flammability limits, higher flame speeds and higher heats of 
vaporization than gasoline, thus, allowing for higher compression ratio, shorter burn times and 
leaner burn engines. These properties lead to theoretical efficiency advantages over gasoline in 
an internal combustion engine (Balat et al., 2008). However, when used as a neat fuel, 
bioethanol presents a lower energy density than gasoline and cold-start problems exist due to 
its lower vapor pressure (Neves et al., 2007). Other disadvantages include its corrosiveness, 
low flame luminosity, miscibility with water, and toxicity to ecosystems (Balat et al., 2008). 

Bioethanol, for fuel applications, is currently being worldwide produced by fermentation 
of either molasses (e.g., sugarcane) or starchy materials (e.g., corn). The sugar in sugarcane is 
readily available and, thus, its conversion into bioethanol is straightforward by employing 
fermentation microorganisms such as baker’s yeast (Saccharomyces cerevisae). In the case of 
starchy materials, starch has to be broken down to its sugary components first 
(liquefaction/saccharification) and then the monosaccharides are used by the fermenting 
microorganisms to convert them into bioethanol. The technology for liquefaction and 
saccharification of starch can be considered mature, and, hence, also the technology for 
bioethanol production from starchy materials such as corn. On the other hand, the process is 
not so easy for lignocellulosic biomass, such as agricultural residues. Crystalline cellulose has 
to be firstly freed from the covalently linked matrix of hemicellulose and lignin in which it is 
embedded, and then hydrolyzed to release its fermentable sugars. Dilute acid (usually H2SO4) 
can hydrolyze hemicellulose to yield pentose and hexose sugars. However, with the exception 
of a few microorganisms, such as some Clostridia strains (e.g., C. acetobutylicum) commonly 
used for butanol production in acetone-butanol-ethanol (ABE) integrated fermentation 
processes (Marchal et al., 1992; Zverlov et al., 2006), no naturally occurring microorganisms 
yet cultured were shown to efficiently convert both pentoses and hexoses into a single product 
such as bioethanol (Bohlmann, 2006). Consequently, production of ethanol from 
lignocellulosic biomass has not yet been attained at commercial scale.  

Several reviews on the subject of production of bioethanol from lignocellulosic materials 
(e.g., agricultural residues) are available in the literature (Lynd, 1996; Wyman, 1999; Sun and 
Cheng, 2002; Hahn-Hägerdal et al., 2006; Lin and Tanaka, 2006; Demirbaş, 2007a; Neves et 
al., 2007; Prasad et al., 2007; Jørgensen et al., 2007; Antizar-Ladislao and Turrion-Gomez, 
2008; Balat et al., 2008; Hayes, 2008; Sánchez and Cardona, 2008;Yang and Wyman, 2008; 
Saxena et al., 2009), thus, allowing for a comprehensive view of the trends, opportunities and 
challenges faced in the area. The reader is encouraged to assess the cited references for a more 
in-depth view of the subject. 
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Regardless of the biochemical process selected for the lignocellulosic biomass-to-
bioethanol conversion (Wyman, 1999; Saxena et al., 2009), a few crucial issues must still be 
addressed, when compared to the well-established technologies employed for sugar- or starch-
based ethanol production (Hahn-Hägerdal et al., 2006): (i) a cost-effective and efficient de-
polymerization process of cellulose and hemicellulose to fermentable sugars must yet be 
developed, i.e., a process that economically overcomes the problem of biomass recalcitrance to 
saccharification; (ii) industrially viable strains of microorganisms must be engineered to allow 
for the efficient fermentation of mixed-sugar hydrolyzates containing both hexoses and 
pentoses sugars, and that would also be resilient to the presence of inhibitory compounds, such 
as those produced by the delignification process and by the fermenting microorganisms 
themselves; (iii) advanced process integration must be accomplished to minimize the energy 
demand for the conversion process; and (iv) the concept of biorefinery must be integrated to 
the process to reduce costs and increase revenues by efficiently using the co-products 
generated in the pretreatment and post-treatment steps (lignin, lignin degradation products 
such as furfural, and others). 

Regarding the issue of eliminating or reducing biomass recalcitrance to saccharification, 
there are two main approaches under thorough investigation: (i) the transgenic approach of 
lignin modification, by genetically reducing the lignin content of biomass which is directly 
proportional to the recalcitrance to both acid pretreatment and enzymatic digestion (Chapple et 
al., 2007; Chen and Dixon, 2007); and (ii) the development of innovative technologies for the 
pre-treatment of lignocellulosic biomass (Jørgensen et al., 2007; Balat et al., 2008). The re-
engineering of microbes has been widely suggested as a means of efficiently utilizing the wide 
range of mixed-sugar hydrolyzates produced in the pre-treatment processing steps for the 
production of ethanol (Vertès et al., 2007; Stephanopoulos, 2007). Advanced process 
integration has been approached in several ways and has been recently reviewed by Cardona 
and Sánchez (2007). Process integration can be done in any of the process steps and is 
classified accordingly. Examples of process integration for ethanol production from 
lignocellulosic biomass are: co-fermentation of lignocellulosic hydrolyzates, where the 
complete assimilation of all the sugars released during pre-treatment and hydrolysis steps is 
targeted by utilizing mixed cultures of microorganisms capable of assimilating both pentoses 
and hexoses; simultaneous saccharification and fermentation in which the enzymatic 
degradation of cellulose is combined with the fermentation of the hydrolyzed sugars in one 
single vessel; and simultaneous fermentation and ethanol removal from the fermenting broth, 
in which the removal/recovery of ethanol is done to avoid inhibition of the fermentation 
microorganisms by the high concentrations of ethanol in the fermentation medium. The 
removal of ethanol can be done by vacuum extraction, gas stripping, pervaporation, liquid 
extraction and other techniques (Cardona and Sánchez, 2007). Integrated biorefinery has not 
yet surpassed the stage of being a rather appealing concept and, thus, still has a long way to go 
before it can be fully implemented in any scale (Taylor, 2008). 

 
3.2.2. Biobutanol 

Biobutanol is currently being posed as the best alternative liquid biofuel for the 
transportation sector (Ramey, 2007; Dürre, 2007; Ezeji et al., 2007), with alleged claims of 
better engine performance than ethanol and gasoline (Ramey, 2007). However, no rigorous 
scientific work has been presented to date on the performance of biobutanol as a transportation 
fuel and researchers have presented their point of view with caution since many questions 
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about butanol as a fuel remain unanswered (Dürre, 2007; Ezeji et al., 2007). On the other hand, 
purely empirical tests, like that of Ramey (2007), where a 100% butanol-fueled 1992 model 
automobile was driven across the United States (about 10,000 miles) in 2005, have 
demonstrated a promising future for this alcohol as a fuel. 

The current processes used for the production of butanol are mostly targeted to a market 
not related to fuel production and are based on chemical synthesis from fossil-oil-derived 
ethylene, propylene, and triethyl-aluminum or carbon monoxide and hydrogen (Zverlov et al., 
2006). However, the classical process for producing butanol is the acetone-butanol-ethanol 
(ABE) fermentation process, carried out by bacteria belonging to the genus Clostridium (Lenz 
and Moreira, 1980; Dürre, 2007). Recently, with the intensive search for an alternative 
renewable fuel, the interest in butanol as a fuel was renewed and several attempts to improve 
the ABE fermentation process were reported in the literature, most of them related to trying to 
eliminate the problem of fermentation inhibition of the bacteria by the products formed (e.g., 
butanol) and to the recovery of the solvents produced. The optimization studies have dealt with 
recovery of butanol or inhibitors removal by gas stripping (Ennis et al., 1986; Mollah and 
Stuckey, 1993; Maddox et al., 1995; Qureshi et al., 1992, 2007; Qureshi and Blaschek, 2001), 
by liquid-liquid extraction (Qureshi and Maddox, 1995), by pervaporation using silicalite-
filled GFT PDMS composite membrane (Jonquières and Fane, 1997), by perstraction 
membrane with oleyl alcohol as the perstraction solvent (Qureshi and Maddox, 2005), by 
electrodialysis (Qureshi et al., 2008a). A comparative study of the several product removal 
techniques integrated to the fermentation process was performed by Qureshi et al. (1992) with 
the conclusion that gas stripping and pervaporation were the most promising techniques in 
terms of both technical and economical performances (Ezeji et al., 2007). The use of gas 
stripping for the integrated removal of fermentation products was later revisited (Qureshi and 
Blaschek, 2001; Ezeji et al., 2007) and confirmed that this technique resulted in reduced 
butanol inhibition, thereby improving total solvent productivity and yield. Successful test 
results on the production of acetone-butanol by fermentation in pilot and pre-industrial scale 
plants were compiled and discussed by Nimcevic and Gapes (2000). 

Like bioethanol, biobutanol can be produced from a diversity of feedstock, with waste 
biomass being a potential candidate. In fact, a few studies on the use of agri-food residues have 
been published in relation to the production of butanol (Lenz and Moreira, 1980; Marchal et 
al., 1992; Grobben et al., 1993; Zverlov et al., 2006; Qureshi et al., 2008abc). Lenz and 
Moreira (1980) studied the economic feasibility of using liquid whey as an alternative feed for 
the ABE fermentation process. The conclusions were that a superior economic position was 
occupied by the feedstock used when compared to other options such as molasses. Several 
observations were made regarding the major drawbacks of such process, with the very low 
levels of butanol observed in the final broth being the leading one when it comes to making 
attempts for commercial production. Other observed difficulties were the need for strict 
anaerobic conditions, delicate culture maintenance and propagation, and a tendency for 
bacteriophage infection and Lactobacilli contamination. Marchal et al. (1992) developed a 
large-scale process for the conversion of lignocellulosic biomass to acetone-butanol involving 
the steam-explosion pretreatment of corncobs, the enzymatic hydrolysis of the pretreated 
material and the acetone-butanol fermentation of the hydrolyzate. In the two-step enzymatic 
hydrolysis and fermentation process, a Clostridium acetobutylicum strain capable of utilizing 
xylose and presenting limited sensitivity to the fermentation inhibitors was used. The process 
was carried out in batch reactors in facilities for biomass conversion in France. Potato wastes 
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were used by Grobben et al. (1993) as a substrate (14% w/v) for Clostridium acetobutylicum 
DSM1731 strain in an ABE fermentation process integrated with membrane extraction. With 
the use of a polypropylene perstraction system and an oleyl alcohol/decane mixture as the 
extractant, the product yield was about two-fold higher than that of the conventional system. 
Fouling of the membrane system occurred after 50 h of operation. 

Zverlov et al. (2006) reported the development of the ABE industrial process in the former 
USSR, where the original feedstock (pure starch) used in the fermentation process was 
partially replaced by molasses and partial hydrolyzates of lignocellulosic residues, containing 
mainly xylose and arabinose (“pentose hydrolyzate”). The lignocellulosic residues used were 
corn cobs, sunflower shells and hemp waste. The commonly reported problems of Clostridium 
acetobutylicum degeneration was solved by development of a continuous fermentation process 
adapted to the number of generations possible in one cycle so that degeneration did not occur. 
Also, according to Zverlov et al. (2006), the common problem of bacteriophage infections 
reported by the Western fermentation plants were not experienced by the Russian ABE plants 
due to the use of independently isolated C. acetobutylicum strains that were not susceptible to 
bacteriophage infections and to the employment of a rigorous sterilization scheme in the 
process. The Clostridia strains used were reported to produce solvents at higher temperatures 
(37°C). Problems with infection by lactic acid bacteria were reported frequently. Butanol was 
successfully produced from wheat straw hydrolyzate using Clostridium beijerinckii P260 by 
Qureshi et al. (2007). Wheat straw was pretreated with dilute sulfuric acid and subsequently 
hydrolyzed by a mix of enzymes. Fermentation inhibition due to salts or inhibitory products 
was not observed. Fermentations of sulfuric acid and enzyme treated corn fiber hydrolysates 
were studied by Qureshi et al. (2008c) for the production of butanol with Clostridium 
beijerinckii BA101. In the case of dilute acid hydrolysates, inhibition of the cell growth and 
butanol production were observed. Butanol production was improved (from 1.7 to 9.3 g/L) by 
removal of the inhibitors with XAD-4 resin. A lower butanol production (8.6 g/L) was 
obtained for the enzyme hydrolysate of corn fiber. The Clostridium strain used was 
demonstrated capable of utilizing xylose as efficiently as glucose in the fermentation process. 
A recent review on the progress in technology for the production of butanol from agricultural 
residues was published by Qureshi and Ezeji (2008). 

 
3.2.3. Biomethanol 

Biomethanol is produced from synthesis gas utilizing conventional gasification of biomass 
at high temperatures (800–1000°C) and, subsequently, catalytic synthesis of the produced 
mixture of CO2 and H2 with a molar ratio of 1:2, under elevated pressures (4–10 MPa) (Luque 
et al., 2008). Biomethanol is considerably easier to recover than ethanol for it does not form an 
azeotropic mixture with water. However, as a fuel, it presents several shortcomings, including 
low vapor pressure, low energy density, high toxicity, high flammability and incompatibility 
with current technologies used in compression-ignition engines. The literature on the 
production and characterization of biomethanol as a fuel is scarce. 

Güllü and Demirbaş (2001) have performed pyrolysis studies of biomass residues such as 
hazelnut shells and compared the methanol yield with the results for pyrolysis of both 
softwood and hardwood. The hazelnut shells yielded about 8 times more methanol than 
softwood and about 4.5 times more methanol than hardwood. The production of acetic acid 
and acetone were also far superior for the hazelnut shells than for both softwood and 
hardwood. 
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3.3. Dimethyl Ether 
 
Among the diversity of fuels that can be produced from biomass, dimethyl ether (DME) is 

considered one of the most prominent fuels in the replacement of petroleum-derived liquid 
fuels (Semelberger et al., 2006). DME is the ether with the shortest carbon chain (CH3OCH3), 
with an oxygen content of 35%, and presenting a soot-free burning. Its physical properties are 
similar to those of liquefied petroleum gas (LPG). DME is an odorless and also colorless gas at 
ambient temperature, which is a major disadvantage in terms of handling and storage. It 
becomes a thin fluid when slightly pressurized (above 0.5 MPa), with a viscosity lower than 
that of fossil diesel by a factor of about 20, which is currently the most challenging aspect of a 
diesel engine running on DME (Semelberger et al., 2006). It requires a higher injected volume 
in a compression-ignition engine to supply the same amount of energy as the fossil diesel fuel, 
due to its lower density and combustion enthalpy (Arcoumanis et al., 2008). The advantages of 
DME over conventional diesel are low-combustion noise, decreased emissions of NOx, 
hydrocarbons and carbon monoxide, and the projected decreasing of global warming potential 
in a 500-year time horizon (Arcoumanis et al., 2008). 

Currently, DME is primarily produced from natural gas in a two-step process where 
syngas (typically generated from the steam reforming of methane) is first converted to 
methanol which, in turn, is subsequently dehydrated to dimethyl ether (Semelberger et al., 
2006; Ahlgren et al., 2008). Its primary use is as a propellant in spray cans. DME can be 
produced from a variety of other sources, such as coal and biomass (Gruden, 2003). However, 
only a few applications related to the production of DME from waste biomass have been 
reported in the literature (Wang et al., 2007; Ahlgren et al., 2008). Wang et al. (2007) have 
used a Cu-Zn-Al methanol catalyst combined with HZSM-5 to produce DME from a biomass-
derived syngas containing nitrogen. The syngas was produced by air-steam gasification of pine 
sawdust in a bubbling fluidized bed biomass gasifier. Ahlgren et al. (2008) have evaluated the 
feasibility of on-farm production of either DME or Fischer-Tropsch diesel (FTD) from wheat 
straw and have concluded that FTD diesel was a more likely alternative. 

 
 

3.4. Bio-Oil 
 
The term bio-oil is usually applied to the oil produced from the pyrolysis of biomass. 

Given the diversity of biomass that can be used in this kind of process, the chemical 
composition of the produced oil, and, hence, its properties as a fuel are inherent to both the 
type of biomass and the type of pyrolysis process being used. The pyrolysis processes 
currently under research and development are based on two distinct concepts: slow pyrolysis; 
and fast or flash pyrolysis (Şensöz et al., 2000). The differences between the two concepts are 
in terms of the chemistry of the final product (bio-oil), and its overall yield and quality. High 
conversions are reported to be obtained with fast pyrolysis processes (Bridgwater and Peacoke, 
2000), whereas with slow pyrolysis conversion of the biomass yields more useful and value-
added energy products (Karaosmanoğlu et al., 1999). Plenty of published literature is available 
on the study of production of bio-oils utilizing agri-food residues as feedstock, and several 
comprehensive reviews are also available for an in-depth view of the subject (Bridgwater et 
al., 1999; Bridgwater and Peacoke, 2000; Demirbaş, 2000; Demirbaş and Arin, 2002; 
Kirubakaran et al., 2009). Just a handful of the works on waste biomass pyrolysis will be 
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described here for the sake of illustration only. However, it is noteworthy to mention that 
reports on the use of bio-oil in compression-ignition engines are scarce. 

Flash pyrolysis products were obtained by Demirbaş (2002) for hazenut shells and tea 
factory waste. An increase in yields of both acetic acid and methanol was observed with alkali 
(sodium carbonate) treatment of the biomass and, also, with an increase in pyrolysis final 
temperature from 675 to 875 K. The production of acetic acid and methanol in the pyrolysis of 
tea factory waste followed the same behavior as in the pyrolysis of hazelnut shells, but with 
lower yield values for both products. Vacuum pyrolysis tests at bench and pilot plant scales 
were performed by Garcìa-Pèrez et al. (2002) using sugarcane bagasse as feedstock. The pilot-
scale reactor yielded less oil than the lab-scale reactor (30.1% w/w against 34.4% w/w, 
respectively), and also more charcoal (25.7% w/w against 19.4% w/w, respectively). The 
resulting oils presented interesting liquid fuel properties, such as low ash content (0.05% w/w), 
high calorific value (22.4 MJ/kg) and relatively low viscosity (4.1 cSt at 90°C). 

The pyrolysis of cashew nut shells in a fixed bed vacuum pyrolysis reactor was studied by 
Das and Ganesh (2003). The oil-to-liquid ratio in the pyrolysis products was found to remain 
almost constant in the range between 400°C and 550°C and calorific value of the bio-oil 
produced was as high as 40 MJ kg-1. In a subsequent study, Das et al. (2004) presented a 
detailed characterization of the bio-oil produced in the vacuum pyrolysis reactor with the oil 
having a unique characteristic of being comprised of long (C6 to C15) linear carbon chains 
providing an excellent solubility in fossil diesel oils. The oil had a high C/H ratio which 
contributed to its high heating value of 40 MJ kg-1. Also, due to its inherent antioxidant 
properties (mainly due to the presence of strongly polar phenol groups), it presented good 
stability when stored at room temperature (little change in viscosity over time). Hazenut shells, 
olive husks and beech and spruce wood samples were studied by Demirbaş (2007b) as 
feedstock for the production of bio-oil in a fast pyrolysis apparatus. The ratios of acetic acid, 
methanol and acetone in the aqueous phase were higher than those in the non-aqueous phase. 
The yield of neutral oils increased from 18 to 33% with increasing temperature, while the 
methoxyl content decreased.  

Qiang et al. (2008) have performed a fast pyrolysis of rice husks with an intermediate 
auto-thermal pyrolysis set to produce bio-oil. The chemical analysis of the bio-oil revealed that 
it contained high amounts of nitrogen and inorganic elements, which were feedstock 
dependent. The bio-oil presented a somewhat non-Newtonian fluid behavior which was 
attributed to the existence of extractives. It was determined to be thermally unstable, 
presenting significant increases in viscosity and undergoing phase separation (due to its water 
content) at elevated temperatures. It was further concluded that, when compared to 
internationally proposed fuel specifications for bio-oils, the bio-oil produced by the authors 
presented undesirable properties such as high contents of water, solids and ash, and, thus, an 
upgrading would be necessary for it to become commercially accepted. The fast pyrolysis of 
washed and unwashed empty fruit bunches, a waste of the palm oil industry, was investigated 
by Abdullah and Gerhauser (2008). A fluidized-bed bench scale fast pyrolysis reactor was 
used in the study. The maximum yield of liquids produced from washed empty fruit bunches 
was increased by more than 22% points when compared to the yield for the unwashed 
feedstock. It was determined that the ash content of the feedstock had a significant influence 
on the yield of organics, with lower yields of pyrolysis liquid as the concentration of ash 
became higher. 
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3.5. Other Liquid Biofuels 
 
Other prominent candidates for liquid biofuels that can be produced using waste biomass 

as feedstock are Fischer-Tropsch diesel (Ahlgren et al., 2008), Dimethylfuran (Román-
Leshkov et al., 2007) and lignin-derived fuels (Gellerstedt et al., 2008). Fischer-Tropsch diesel 
(FTD) is a diesel-like liquid fuel produced from syngas (obtained by the gasification of coal or 
biomass) by means of Fischer-Tropsch reactions. This type of fuel is well-suited for direct use 
in diesel engines as it presents a high cetane number and does not contain sulfur. Ahlgren et al. 
(2008) evaluated the possibility for organic farms to be self-sufficient in renewable fuel in a 
long term perspective by producing either DME or FTD from wheat straw. Their main 
conclusion was that FTD was a more likely alternative since its annual cost was lower and its 
impact on global warming potential presented a small difference to that of DME. Also, FTD is 
a liquid fuel in its natural state and DME requires a pressurized infrastructure system and 
engine modifications. 

DMF (2,5-dimethylfuran) is liquid fuel obtained from the selective removal of five oxygen 
atoms from fructose. This selective removal of oxygen atoms is accomplished by first 
removing three atoms by dehydration to produce 5-hydroxymethylfurfural and subsequently 
removing two oxygen atoms by hydrogenolysis to produce DMF (Román-Leshkov et al., 
2007). Compared to bioethanol, DMF presents 40% higher energy density, 20 K higher boiling 
point, and it is not soluble in water. No work on the use of waste biomass for the production of 
DMF was reported in the literature up to this point. Gellerstedt et al. (2008) reported on the 
possibility of producing liquid oil as a fuel by a one-step pyrolysis of lignin at temperatures 
below 400°C and in the presence of formic acid and an alcohol. This oil contained alkylated 
phenols together with alkane and alkene structures with low O/C ratios (30–35%). The heating 
value was also found to be similar to that of petroleum-based fuels. Lignins from a commercial 
spruce sodium lignosulfonate and from steam-exploded birch wood were used as feedstock in 
the pyrolysis process. 

 
 

4. CONCLUSIONS 
 
The agricultural and food sectors are overflowing with issues to be properly addressed, 

with the majority of them related to an increasing demand for production, with its consequent 
problems of an increasing consumption of energy, an increasing production of residues, and an 
increasing disregard for soil abatement. The transportation liquid fuel sector is currently 
flooded with many problems with just a few, if none, plausible ready-to-implement solutions. 
The major problem in the transportation liquid fuel sector is its strong dependence on 
petroleum-derived fuels imparted by the currently available technology for automotive 
engines. Thus, agri-food wastes, mostly represented by lignocellulosic residues, come into this 
scenario as a prospective renewable source of liquid biofuels and, hence, a plausible short- to 
mid-term solution to the main issue faced by the transportation sector. 

A variety of biofuels can be produced utilizing lignocellulosic residues as feedstock. 
Among the several options, bioethanol is the lead fuel currently being studied in terms of 
technology development for both production (pre-treatment, microbe and enzyme engineering, 
and process integration) and engine use and performance. In this regard, several issues must 
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still be addressed in order for commercial units to be built and become fully operational. 
Optimistic predictions estimate a 10- to 15-year horizon for the lignocellulosic bioethanol 
technology to be mature and fully operational (Taylor, 2008). Integration processes, such as 
fermentation-product recovery processes, have been successfully developed in attempts to 
optimize the existing technologies. The current major issue in bioethanol production that will 
make lignocellulosic bioethanol production facilities commercially viable relies on the 
development of microorganism strains capable of utilization of both pentoses and hexoses as 
substrates (produced in the biomass pre-treatment operations). Also, these ‘new’ 
microorganisms should be capable of overcoming the problem of fermentation inhibition 
promoted by the products of pre-treatment operations and by the presence of concentrated 
bioethanol in the fermentation media. The accomplishment of these goals requires an array of 
research areas to be brought together, such as chemistry, biology, engineering and economics. 

Research on the production and use of biodiesel as a transportation fuel has gained 
momentum since it was first implemented in Europe in the early 1990s, and it is now the 
second alternative biofuel in terms of production and use. The production technology has 
evolved from the use of homogeneous alkali catalyzed transesterification reactions to the 
employment of ultrasound and microwave irradiation together with heterogeneous solid 
catalysts. The feasibility of using a few oily agricultural residues (e.g., tobacco seeds, defective 
coffee beans, etc.) as feedstock has been demonstrated, with great potential expected for 
others, such as tomato seeds. In situ transesterification reactions have been successfully carried 
out on the laboratory scale. However, the major shortcomings of this prospective technology 
rely on the necessity to use high alcohol-to-oil molar ratios (e.g., 135:1) to accomplish 
reasonable yields (>85%) of fatty acid alkyl esters. The successful implementation of this 
technology will bring significant savings regarding the production costs. Since the production 
of biodiesel is strongly dependent on the availability of short chain alcohols, major 
developments in bioethanol production technology will consequently promote biodiesel 
production and use. The possibility of producing both bioethanol and biodiesel from distinct 
residues from a single crop is very appealing; one such example would be the use of defective 
beans for extraction of vegetable oil (Oliveira et al., 2008) and use of coffee husks for 
bioethanol fermentation (Franca et al., 2008). The solid residues of both the oil pressing (press-
cake) and fermentation of coffee husks could then be destined to the production of low-cost 
adsorbents in an integrated biorefinery approach (Nunes et al., 2009). 

Biobutanol, as an alcohol fuel, presents distinct advantages over bioethanol in the sense 
that it can be used as is in unmodified spark-ignition engines (hence, it was coined the term 
‘biogasoline’) and as a fuel it presents higher energy density than bioethanol. Major 
advancements in the production technology are related to the integrated fermentation-product 
recovery processes that also partly deal with the problem of fermentation inhibition caused by 
the presence of high concentrations of butanol in the fermentation medium. However, in terms 
of its production, several issues must still be addressed, such as the susceptibility of the 
Clostridia strains currently used to phage, lactobacilli attacks, and the susceptibility of some 
strains to fermentation inhibition by the presence of undesired compounds produced in the pre-
treatment steps. Another major issue is the lack of rigorous engine tests with this fuel. As a 
fuel for the transportation sector, butanol still has a long (but rather promising) research road 
ahead. 

Biomethanol has still to be proven a worthy liquid fuel for the transportation sector, with 
its high toxicity and very low vapor pressure being the most critical issues to be properly 
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tackled. Advancements in its production from solid waste biomass are related to the 
advancements of biomass gasification and pyrolysis technologies. Scientific knowledge on the 
pyrolysis of biomass has come to a point where, based on the chemical composition of the 
biomass and the selected process parameters, the amounts of gases, liquid and char can be 
predicted, thus allowing for more rigorous control of the process in terms of the desired 
products to be obtained. Another prospective fuel produced in the pyrolysis of waste biomass 
is bio-oil. Bio-oil was demonstrated to be an interesting liquid fuel for power generation, for it 
presents high energy densities and adequate viscosities for use in burners when methanol is 
present in small amounts. However, when it comes to transportation liquid fuels, there is a lack 
of rigorous scientific work to demonstrate its feasibility as such. 

Other types of liquid fuels that can be produced from solid waste biomass are dimethyl 
ether, Fischer-Tropsch diesel, dimethyl furan and lignin-derived fuels. The processes for 
producing dimethyl ether, Fischer-Tropsch diesel and dimethyl furan all rely on the production 
of syngas first and then, for each of the fuels, different paths to the end product are taken. As a 
consequence, the interest in Fischer-Tropsch reaction has been rekindled, and major 
advancements in this area are expected for the next 10 to 15 years. However, since these fuels 
can be produced using natural gas and coal as feedstock, which in turn are produced in very 
large quantities and at lower costs than petroleum-derived products, the time horizon for the 
technology of producing such fuels from waste biomass to become feasible and mature can be 
greatly stretched. Lignin-derived fuels are still in early infancy and their future is quite 
uncertain at this point. 

In summary, agricultural and food solid residues are the best candidates for feedstock in 
the production of alternative liquid fuels in a short- to mid-term time horizon. A great deal of 
research funding has already been directed to this area in the past recent years and a great deal 
more is expected in the least for the next 20 years. The main drive for this is the predicted 
upcoming major crisis in the petroleum-derived fuel sector. Research in this area still has a 
long road ahead and ephemeral fashions and professional vanities should be put aside if 
consolidated innovative technologies are to be brought to life in a short time span. 
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