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Preface

The increasing demand of agricultural production for human, animal, and industrial 
requirements is responsible for the enhancement of agricultural and agro-industrial 
activities. Each step of such activities produces various types of agricultural waste, 
including crop residue, on-farm livestock and fisheries waste, forest waste, agro-
industrial waste, and so on. Currently, handling and managing agricultural waste are 
challenging tasks worldwide, especially in the context of environmental pollution 
control and sustainable agriculture. Thus, efficient management in terms of reuse, 
recycling, and reduction of agricultural waste is principally needed not only for the 
green economy but also for farmers’ profitability. This will also contribute to mini-
mizing environmental pollution, greenhouse gas emissions, and climate change in 
order to meet the 2030 United Nations Sustainable Development Goals. 

This book, Agricultural Waste – New Insights, focuses on agricultural waste production 
and management in the multidimensional aspects of crop residue, biodegradables, 
biomass, composting and vermiculture, agricultural waste economics, air pollu-
tion, environmental safety, waste management and handling, on-farm waste reuse, 
and agricultural waste value addition. It provides a comprehensive review of recent 
developments in agricultural waste management and handling. 

Agricultural Waste – New Insights includes nine chapters that present novel concepts, 
new insights, and opportunities related to agricultural waste management.

Chapter 1,  “Crop Residue Collection and Handing Machinery Performance: A 
Review”, provides a review of crop residue collection and handling machinery.

Chapter 2, “Food Wastage Footprint, Food Security, Environment and Economic 
Growth Nexus in Developing Countries”, provides a worldwide account of the envi-
ronmental footprint of food wastage as well as food security, focusing on impacts on 
environmental quality and economics.

Chapter 3, “In Situ and Ex Situ Agricultural Waste Management System”, addresses 
the in situ and ex situ agricultural waste management system.

Chapter 4, “Nutrient Supplying Potential of Crop Residues in Indian Agriculture” 
discusses residue recycling for the circular nutrients economy.

 Chapter 5, “Agro-Industrial Waste Management: The Circular and Bioeconomic 
Perspective”, discusses global production and possible valorization of recyclable agro-
industrial residues and food wastes. 

Chapter 6, “Crop Residue Burning in India: Potential Solutions”, examines issues of 
crop residue burning and potential solutions in India.

XII
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Chapter 7 “Recovery and Characterization of Astaxanthin Complex from Prawn 
Waste Extract and Its Separation Using Antisolvent Precipitation Technique” dis-
cusses the recovery and characterization of one of the major valuable components of 
prawn waste called the ‘astaxanthin complex’.

Chapter 8, “Activated Charcoal: A Novel Utility Product for Enhanced Animal Health 
and Production from Agricultural Wastes (Pig Dung and Palm Oil Wastes)”, presents 
a study evaluating the physico-chemical properties of activated charcoal produced 
from a blend of agro-wastes for use as feed additives. 

Chapter 9, “Vermiconversion of Textile Industrial Sludge: Waste Management and 
Nutrients Recycling”, discusses vermi-conversion of textile industrial sludge into 
vermicompost. 

The editors are pleased to share the emerging research on agricultural waste manage-
ment technologies, strategies, and applications. Agricultural Wastes – New Insights is 
useful not only for agricultural and environmental engineering professionals but also 
for associated agricultural scientists. Finally, we would like to thank the authors for 
their valuable contributions to this book. 

Fiaz Ahmad and Muhammad Sultan
Department of Agricultural Engineering,

Bahauddin Zakariya University,
 Multan, Pakistan
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Chapter 1

Crop Residue Collection  
and Handing Machinery 
Performance: A Review
Fiaz Ahmad, Aftab Khaliq, Ding Qishuo  
and Muhammad Sultan

Abstract

Increasing demand of agricultural production for human, animal, and industrial 
requirements is responsible for the enhancement of agricultural and agro-industrial 
activities. Each step of such activities produces various types of agricultural waste 
that include crop residue, on-farm livestock and fisheries waste, forest waste, 
agro-industrial waste, etc. Currently, handling and managing agricultural waste is 
a challenging task worldwide, especially in the context of environmental pollution 
control and sustainable agriculture. Thus, efficient management in terms of reuse, 
recycling, and reduction of agricultural waste is needed not only for the sustainable 
agriculture but also for farmers’ profitability. Various type of farm machinery is 
available and are in use to collect the crop residue from the field or directly incor-
porate the residue into the soil. The incorporated crop residue not only increases 
the soil fertility but also decreases the greenhouse gases emission due to burning of 
the crop residue. The crop residue chopper can be a solution of residue management 
at farmer field level. This chapter provides a review on the crop residue collection 
handing and incorporation machinery performance and their advancement.

Keywords: crop residue, collection, incorporation, agriculture production, sustainable 
agriculture, machinery

1. Introduction

Crop residue also known as the plant biomass or remnants of crops are natural 
resources that can be utilized by the farmers for the variety of purpose such as 
mulching, compositing, as animals feed, rural resident construction, and as energy 
resource at domestic and industrial level [1]. However, a significant percentage of the 
crop residue is burnt in the field with the objective to clear the field from stubbles and 
straw/stalk for time sowing of the next crop [2]. Usually, these crop remnants have a 
significant chance of refreshing the soil with a substantial amount of plant nutrients. 
Further, mulching of crop residue maintains the soil temperature, retains soil moisture 
and mitigate the carbon emission. Crop residue management practice is advised for 
preserving the natural resources and enhancement of crop productivity [3]. Using 

XIV
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modern farm equipment such as combine harvesters, rotavators, and seed drills can 
lead to increase in crop residue production, primarily from cereals (74%), followed 
by sugar crops (10%), legumes (8%), tubers (5%), and oilseeds (3%). This ratio of 
crop residue production shows that the residue production increases with use of the 
advanced technology [4]. Typically, crop residues are burned in the fields worldwide, 
particularly in developing countries. This practice not only contributes to air pol-
lution, but also impedes nutrient recycling and negatively impacts soil health by 
reducing microbial activity and causing carbon loss.

Collecting and handling of agricultural residues from the field is not only an 
energy- and labor-intensive process, but it is also time-consuming and can delay the 
sowing of the next crop, ultimately affecting crop yield [5]. Residue burning is not 
considered a best option to handle the crop residue in these days, as it also releases the 
greenhouse gases (GHGs) which are injurious to the environment and are a source 
of global warming [6, 7]. Therefore, effective crop residue management is required 
through eco-friendly methods to maintain the organic matter and nutrients recycling 
in the soil.

Therefore, the crop residues handling and management machinery get attention to 
control the soil degradation, environmental pollution, and to improve the soil health 
and crop productivity [8]. However, as bio-energy point of view the crop residues 
would be collected to use as bio-fuel in industry rather than incorporated into the 
soil, which is in contrast to the concept of conservation agriculture. However, it is 
crucial to streamline the processes for harvesting, threshing, and transportation, and 
also to the select varieties with desirable straw properties for bio-fuel generation [6]. 
Rice crop husk and straw can be used efficiently for the generation of bio-energy. 
According to empirical estimations, 1 tonne of rice husk has the ability to create 
between 410 and 570 kWh of electricity, and 290 kg of rice straw can produce 100 
kWh [9]. In the rice-growing tropical continent, bio-gas generation from waste com-
bined with animal excrement is an old method. However, its potency and utilization 
have decreased recently, it still has a lot of benefits, such as enhancing the soil fertility 
for crop growth [10]. The burning of crops’ residues adversely affects the regional 
climate, production yields, and the human health [11]. The wide collection of studies 
on crop residue management’s impact on crop productivity, soil health, environment 
protection, and energy potential has been made possible by the development of 
machines for shredding crop residues.

Garg [12] conducted a study to developed paddy straw chopper-cum- spreader. 
Jia et al., [13] developed a combined stalk– stubble breaking and mulching machine 
to solve the issues of existing stalk-breaking and stubble- breaking machines. Wang 
[14] design and developed a straw side spreading and no-till soybean seeding machine 
to seed soybean in wheat stubble. Elfatih et al., [15] conducted a study to evaluated 
the performance of the modified rice straw chopper for composting. A performance 
evaluation study of tractor operated mulcher for paddy straw was conducted by 
Verma et al., [16]. The effect of residue management of GHGs emissions have been 
investigated by Lehtinen et al. [17]; Wegner et al., [18]; Zhang et al., [19], on soil 
health estimated by Bisen and Rahangdale [20]; Clay et al., [21]; Turmel et al., [22]; 
Yadav and Arora [23]; Zahid et al., [24], crop yield quantification by Hiel et al. [25]; 
Koga and Tsuji [26]; Paul et al. [27]; Piccoli et al., [28], and as bio-energy product 
used by Ahiduzzaman et al., [29]; Chauhan et al. [30]; Devi et al., [31]; Fazio and 
Barbanti [32].

The main objective of this chapter is to present a comprehensively review on crop 
residue handling and management machinery performance which were designed and 
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used in the field to enhance the crop productivity, environmental pollution control 
and soil health. This review article is organized in the following manner. First, we 
discussed the crop residue handling machinery development for different crop trash 
and then effect of management were explained on soil health, crop production and 
environment protection. Finally, we summed up the best trash management machin-
ery performance for efficient crop residue management.

2. Crop wise residue handling machinery

2.1 Rice residue management

Rice (Oryza sativa L.) is the most significant crop and considered as the lifeline in 
Asia. Rice is the most grown food by the people in Asia and it is one of the most valu-
able and productive one in agroecosystem. The two main tends that evolved the rice 
cropping in various agroecological regions are intensification and diversification [33]. 
Limited delay between to improve the crop production to land usage intensification 
makes it harder to manage these residues, which can affect tillage and sowing proce-
dures for the subsequent crop. However, the Asian farmers are more often burning 
agricultural remnants as a form of disposal, due to lack of the mechanized and limited 
technology for the management of huge quantities of residue [34]. Different resource 
conserving technologies i.e., direct seeding, minimum tillage, bed planting, crop 
diversification, and proper residue management are potential alternative options to 
reduce the energy input.

Paddy straw is the valuable asset for the farmers [35]. Therefore, the much needed 
to manage the paddy residue in the field. Many studies have been conducted about the 
rice trash management and handling machinery for soil health, crop productivity, and 
environmental safety control as shown in the Figure 1. Hegazy et al., [37] developed 
a zero-tillage seed drill which directly seed wheat seed after rice straw-chopping. Two 
motorized rotors make the straw chopper; the function of the first chopper is to chop 
the residue and then other removes it from the furrow openers. The straw chopper is 
assembled in front of the direct seed drill frame. The developed seed drill had field 
efficiency that varies from 1.89 to 1.94 hm2/hr. and fuel consumption from 10.88 to 
11.6 L/hm2 with <11 cm straw chopping efficiency. Sidhu et al., [38]. developed a 
combo happy seeder that performs the harvesting and drilling process in single pass. 
The machine is manufactured in such as that it has a narrow strip tillage assembly 
in front of the sowing tines which consequently improves seed-soil contact on the 
sandy loam and loam soils. Regatti Venkat, [39] conducting the research study for rise 
residue management and conclude that the happy seeder technology is the significant 
solution for the management of crop remnants, and good option for direct seeding of 
wheat after the harvesting of paddy crop. Kathpalia et al., [40] was conducting the 
research study to investigate the impact of the crop residue management with happy 
seeder on the crop productivity enhancement.

2.2 Wheat straw management

Globally, approximated 225 Mha area is used to sow the wheat with the production 
of almost 684 Mt./y. [41]. The increase in sowing area enlarges the on field residue. 
Scarlat et al., [42] reported that the wheat cropping is one of the most invaluable 
source of biomass i.e., including wheat husk, mainly as straw, suitable for livestock as 
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bedding, or as raw material for chemical applications. The authors found that  
the ~17% (w/w) is the production of the chaff as compared to wheat. Therefore, 138 
Mt. of the spelt is harvested annually in Europe [41]. In addition, some proportion 
of the biomass is removed from the soil and does not play any role so the soil organic 
carbon is obtained from the decomposition of the root in the soil which is remained 
unaffected [43]. In fact, the remaining proportion of the plant/crop residues in the 
soil can help to conserve soil fertility and sediment. However, research has indicated 
that such effect may be widely diverse [44]. Additionally, it was clearly mentioned in 
the literature that minimizing soil tillage is more likely to decrease soil fertility and 
loss of soil organic carbon than maintaining the soil cover [45]. Recently, the combine 
harvesters had lack chaff recovery systems unless appropriate equipment has been 
installed, that effect the potential of the chaff for variety of purposes [46]. The poten-
tial use of agricultural waste products, such as wheat chaff, for non-food applications 
has encouraged the development of innovative methods by machine manufacturers. 
While some systems are currently available, others are still in the prototype stage [47]. 
The standard approach for chaff recovery systems, regardless of the brand, is to col-
lect the chaff at the bottom of the combine harvester’s cleaning shoe system before it 
falls to the ground and gets lost. When crop yields are low, residue collecting may not 
be both economically and environmentally feasible [48]. Collecting the chaff sepa-
rately is the cost ineffective method including the higher cost of the transportation if 
shipping it without the balling operation [49].

Recently, in Pakistan the combine harvester has adopted at medium and large size 
farms because it reduces the harvesting time and cost, and grain losses. In Pakistan over 
5000 units of combine harvester are working for the harvesting of wheat and rice. The 
field capacity of the harvester is much higher than that of other harvesting equipment. 
The limitation of the working of the combine harvester is it works only in the anchored 
high stubble crop. To mitigate this farmer are demanding the combine harvester which 
can cut the wheat stubbles and loose straw and chop the residue as fodder i.e., cattle 
feeding. For this purpose, wheat straw handling and management machinery get atten-
tion for the industrial and academic sector to develop and evaluate this machinery.

Figure 1. 
Rice residue handling and management machinery [36].
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Zhang et al., [50] developed a stubble chopping shredder machine comprised 
on different components i.e., cultivator blade, depth cylinder, chopping blade rotor. 
Mahmood et al., [51] conducted the study to evaluate the performance of wheat straw 
in field as show in Figure 2. The study concluded that wheat straw chopper is effective 
and financially profitable technology for the farmers which saves the stubbles for the 
cattle feed. Suardi et al., [52] compared the two-wheat straw-chopping technologies. 
The study investigated that by setting the chaff collector with the combine harvester 
can benefit the farmer.

2.3 Sugarcane trash management

Sugarcane crop plays a significant role in the economy of Pakistan with collabora-
tion of industrial sector and framers. It is the second largest cash crop of Pakistan 
[53]. The developing countries adopted manual method for sugarcane harvesting 
due to lake of mechanization. Sugarcane trash is becoming more available product 
in the field due to mechanical harvesting. However, due to the lack of labour and 
limited time of sowing for the next crop the sugarcane trash mostly burns on the site 
that produces toxic smoke. This show the need of mechanized policies for the timely 
sowing of next crop [54]. In Pakistan, the sugarcane trash management is the main 
problems arise after the harvesting of sugarcane. After manual harvesting, the trash 
management in the field is very difficult task for the farmers, so they burn it into the 
field. One of the significant concerns during sugarcane trash burning in the field 
is the environmental pollution and damage to soil microbes. The large amount of 
carbon, nitrogen, and particulate matter (PM) are the major chemical pollutants that 
are emitted during the trash burning. These emitted pollutants have severe effects on 
the composition and acidity of rainwater. Further, the emissions of mister and trace 
gases from the trash burning are very effective for human health [55]. Therefore, to 
mitigate the environmental pollution and enhance soil fertility worldwide, sugarcane 
trash shredding machinery is utilized to incorporate it into the field. The developed 
trash management machines cut sugarcane leftovers in the field trash of 120 to 
150 cm long into small pieces and this practice is environment friendly. A few years 
ago, sugarcane farmers faced the problem of trash management of the crop. So, they 

Figure 2. 
Wheat residue handling and management machinery [51, 52].
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adopted the conventional method for trash removal from the field and burnt the 
whole trash in the field. The trash contains very effective nutrients for soil fertility. 
During trash combustion very hazardous gases such as carbon, nitrogen, and par-
ticulate matter (PM) are emitted in the form of smoke which cause injury to human 
health. The burning of canes trash liberates a significant amount of carbon (CO2) and 
other greenhouse gases (GHGs). From the burning of cane, it is estimated that direct 
10,410 kg/ha carbon emission occurred. Moreover, the 1791 kg CO2/ha is estimated 
from the other gases (CH4 = 467 kg CO2, CO = 1241 kg, and N2O = 830 kg CO2). The 
overall carbon emission from the cane burning is summed up to 12,204 kg CO2/ha. 
This emission is about 37% of the total GHGs of cane production in the farm [56].

Many researchers and industrialists designed and developed new machinery 
for sugarcane trash handling. Ahmad et al., [57] was designed and developed 
sugar can trash management machinery to control the environmental pollution 
and increase the soil fertility. Mukesh & Rani [58] conducted a research study to 
evaluate the performance evaluation of sugarcane trash management and handling 
machinery. During the study sugarcane trash shredder cum-chopper machine was 
investigated for trash management. Nikam [59] developed tractor operated sugar-
cane trash shredder machinery to manage the field trash. The study concluded that 
the developed sugarcane trash crusher would be more affordable and suitable for 
small and medium farmers. Moreover, this machine would be the cheapest option 
of the sugarcane harvesters now on the market and would result in less sugarcane 
degradation during storage. Singh et al., [60] worked on the ratoon management 
machine that was operated with tractor PTO mechanism. That was equipped 
with stubble-shaving serrated blades mounted on a disc, and two tillage discs for 
off-barring. The working capacity of the machine was 0.28 ha h−1 at the forward 
speed of 0.67 m/s. Figure 3 represents the different sugarcane trash management 
machinery. In order to more effectively reuse waste by shredding and incorporat-
ing of sugarcane trash into the soil, particularly in ratoon crops without harming 
the crop, the tractor-operated two-row rotational sugarcane field shredder by 
Krishnan & Jayashree, [61]. The developed unit has two rotary members with 
swinging-type blades to cut the trash.

Figure 3. 
Sugarcane residue handling and management machinery [57, 58].
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2.4 Cotton stalk management

In Pakistan cotton is the most significant cash crop with high economic impact. 
In the year 2017–2018, approximately 2699 Mha area cultivated with the cotton cop 
with annually 11,935 thousand bales production [62]. Due to the large area of cultiva-
tion the residue produce in the bulk amount from the field. During the last few years, 
cotton became non-profitable for farmers due to the attack of pest/disease on cotton 
crop resulting in low yield and high input cost. The farmers even could not meet their 
actual expenses [63]. Moreover, mostly in the rural areas not enough energy sources, 
and cotton sticks are used as burning fuel for cooking and heating purposes. This 
activity leads to environmental problems such as CO2 and NOx emissions, as well as 
allowing the pink bollworm to finish its life cycle [64]. Since pulling and gathering 
the cotton stalks by hand is a time-consuming and laborious process, researchers have 
worked to create tools and strategies to manage it in the field.

Yumak & Evcim, [65] developed a two row cotton stalk pulling machine and 
conducted a study for its performance evaluation. The working efficiency of the 
developed machine was 9.2 ha/hr. by pull the cotton sticks from the field with the 
95% efficiency. Gangade et al., [66] conducted a comparative research study of cotton 
stalk removal tractor operated uprooter, tractor operated slasher, and a tractor-drawn 
v-blade machine to investigate their working efficiencies for cotton sticks removal 
from the fied. The outcomes of the study concluded that the working efficiencies of 
the following machines were 80%, 100%, and 99%, respectively. Sheikh [67] devel-
oped a cotton stalk digger that consists of two digging units. The cutting length of the 
stick digger blade was 0.4 m in length. Ramadan [68] developed a prototype for the 
for management of the cotton sticks and perform field study to evaluate its working 
efficiency. The working efficiency with the tilt angle of blade was 45° at the 18.9 m/s 
rotating speed of under the 19% moisture content. A tractor-drawn cotton stalk 

Figure 4. 
Cotton stalk residue handling and management machinery [70–72].
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puller-cum-chipper was developed by Murugesan et al., [69]. The conduccted study 
use the rigs test to measure the force requirment for to uproot the cotton stick from 
the field. Gadir [70] developed a cutting discs base cotton sticks puller machine. The 
disc for cutting the cotton sticks arrange in the series combination with equal spacing. 
The implement mounted on the tractor by three pin linkage. According to the find-
ings, the machine worked its maximum (94%) at tilt angles of 30 degrees and rake 
angles of 20 degrees. It was discovered that 2.8 km/h was the ideal working speed for 
cotton stalk pulling. Akhtar et al., [71] was designed and developed cotton stalk puller 
shredder to control the pink boll warm which produces due to cotton stalk trash. The 
machine tested at three engine speeds and three levels of forward ground speed. A 
finite element analysis of parts of the cotton stalk puller shredder was performed for 
the purpose of improving the machine’s efficiency. Figure 4 shows the various cotton 
stalk handling machinery. Faisal et al., [63] was design and developed the cotton ball 
stripper to manage the cotton ball from the cotton stalks.

3. Residue management for soil health

Currently, the extensive agriculture attracted much attention and depends on the 
inputs i.e., machinery, labor. In modern agriculture, farmers use the intensive agri-
culture to maximize their production by employing the crop rotation. Furthermore, 
the soil fertility is managed by properly maintain the crop residues. The crop residue 
management provides the soil surface cover, minimizing soil erosion and protect 
the soil form the climate effect [8]. Additionally, crop residue manages the physical, 

Figure 5. 
Illustration of crop residue cycle on soil health profile [76].
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biological and chemical process within the soil [73]. If the soil is enriched with the 
crop residue which ultimately turns into the organic matter boosts the soil fertility 
and crop production. In contrast, still the crop residue is considered as the waste 
material due to its less economical value [74]. Crop residues, on the other hand, 
provide a number of possible pathways for nutrient recycling, including carbon 
sequestration in soil [8]. The physical, chemical, and biological characteristics of the 
soil, such as its structure, infiltration rate, plant water availability, nutrient cycling, 
cation exchange capacity, and species richness of the soil organisms are all improved 
by the retention of crop residues [22]. Crop residues affect the physical properties of 
the soil by improving the soil texture, total porosity, and decreasing the bulk density 
[75]. The chemical properties is also greatly influence the chemical properties i.e., pH, 
low buffering capacity. [75]. Figure 5 illustrates the effect of the crop residue cycle 
on soil condition Pan et al., [75] conducted a one month’s incubation experiment to 
investigate the ameliorating effects on an acidic ultimo with four crop straw decayed 
products (SDPs), and the results showed that the soil pH increased by 55–75% [77]. 
Crop residue could potentially increase the organic, carbon, nitrogen, phosphorus, 
and potassium concentration in the soil. The author conducted the research and 
concluded that by addition of the straw and partial fertilizers significantly enhances 
the soil nitrogen up to 20 cm and enhances the of 64% soil fertility cycle [78].

4. Residue management for crop production

Crop residue incorporation is important aspect for the environment friendly agri-
culture. Moreover, crop residue return can improve crop quality and yields [79]. The 
meta-analysis was conducted to investigate the effect crop residue mulching on the 
production quantity [80–82]. Though the number of advantages of the crop residue, 
but some researcher also investigated that few negative impact of the crop residue 

Figure 6. 
Framework of crop residue effect on crop production [87].
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incorporation on the soil. It disturbs the soil CN ratio [83] which ultimately results 
in loss of the crop yield [84]. So, in by-product of cereals, straw mulch can enhance a 
variety of soil texture and crop yield [85].

Aslam et al., [86] studied the impact of different organic mulch and nitrogen 
sources on wheat crop productivity. As a consequence of these findings, it was 
concluded that sorghum straw mulch and N in the form of calcium ammonium nitrate 
can successfully boost wheat productivity in semi-arid locations. The framework of 
crop residue effect on the crop production is shown in Figure 6. Reddy et al., [88] 
investigated the effect of crop residue on the crop yield enhancement. Mohammad 
et al., [89] conducted the research study to investigate the effect of tillage and crop 
residue rotation on the wheat productivity.

5. Residue management for environment protection

The highest portion of greenhouse gas emissions from agriculture is related to 
emissions from arable soils (5.27%), followed by emissions from animal digestive fer-
mentation (3.21%) and emissions from the use of livestock manure (1.58%) [90]. The 
adoption of precision farming on a large scale, the cultivation of crops with high car-
bon sequestration potential, such as energy crops, and grassland management, which 
offers the potential to store huge amounts of carbon in the soil, and the reforesting of 
agricultural land are actions that should be taken to reduce greenhouse gas emissions 
from agricultural practices [91]. Farmers are forced to burn the residue as a result 
of various socioeconomic, administrative, technical, and commercial issues, which 

Figure 7. 
Residue management protentional for various sectors [92].
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causes a number of problems for the ecosystem [92]. In Asia, where rice is preferred 
over other crops, residue burning is substantially higher than on other continents. 
This is also true of India, where residue burning is 30% higher than in China (main-
land) and 93% higher than in Pakistan [93]. Every single living organism in this area 
is negatively affected by residual burning. Burning residue has an extremely negative 
impact on soil health because it causes nitrogen (N) to be converted to nitrate (NO −3) 
and organic matter to be lost as carbon dioxide (CO2) [92]. The agro-friendly earth-
worm and other microorganisms in the topsoil are also destroyed when crop residues 
are burned on site. Moreover, up to 80% and 90%, respectively, of the bacterial and 
fungal activity is reduced, while up to 65% of the microbial biomass is decreased 
[94]. Figure 7 presents that the crop residue management has the protentional to use 
conservation agriculture, for live stoke use and energy purpose.

Therefore, academia conducted research studies to control the burning of crop 
residues to save the greenhouse gas emission and other toxic gases. Malhi et al., 
[95] studied the effect of tillage and residue management effect on crop yield and 
greenhouse gas emission. Ashraf et al., [96] studied the carbon emission estimation 
from rice and wheat cropping. Maucieri et al., [97] provided the meta-analysis on the 
crop residue management with different tillage systems to control the environmental 
pollution. The studies find out that the crop residue management in the field have a 
significant effect on both agriculture and environmental health.

6. Conclusion

Crop residue management and handling in the field is current focus of the 
conservational agriculture. This study aims to explore solutions for crop residue 
management and assess the effectiveness of available machinery for handling crop 
residue. This study has been thoroughly examined the performance of various types 
of machinery used for collecting and handling agricultural residue which concluded 
especially, at higher moisture content could be the best condition to chop the crop 
stubbles after harvesting. The literature of the study concluded that the use of 
machinery for residue management saves the labore requirement and timely sow the 
next crop that enhance the crop production. Moreover, the residue incorporation into 
the soil improves the soil health, reduce greenhouse gas emissions, and save environ-
mental pollution. In addition, the performance of these machines depends on various 
factors such as fuel consumption, chopping capacity, and moisture content of soil and 
trash. This study provides the guidelines to the researchers and industrial stallholders 
should be work on small-scale trash management machinery.
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Abstract

FAO estimates that each year, approximately one-third of all food produced
for human consumption in the world is lost or wasted. This food wastage
represents a missed opportunity to improve global food security, but also to
mitigate environmental impacts and resource use from food chains. This chapter
attempts to identify the impact of food wastage, food security, and
environmental quality on economic growth of developing countries from 1990 to
2021. Method of Moments Quantile Regression (MMQR) has been used to estimate
the results. The findings indicate that food wastage, food access, and environment
have a negative effect while food availability and food security have a positive
effect on economic growth. To the best of our knowledge, no study has yet ana-
lyzed the impacts of food wastage on economic growth from an environmental and
food security perspective. This study provides a worldwide account of the envi-
ronmental footprint of food wastage along the food security, focusing on impacts
on environmental quality, as well as an economic quantification based on economic
growth.

Keywords: GDP per capita, food wastage, poverty headcount ratio, prevalence of
undernourishment, environmental quality

1. Introduction

Generally, food waste is considered as all the foodstuffs that have been discarded
from the chain of food supply but still are fit for human consumption and perfectly
edible. These goods are eventually eliminated and disposed of for some esthetic or
economic reasons or may be due to the closeness to the “use by” or “best before”
date. As a result, it creates negative externalities from the perspective of the envi-
ronment and can raise economic costs along with revenue loss for the industries [1].
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Food waste may occur at any stage such as processing, handling, packing, storing, or
transportation. Many people are involved in different stages of production and
consumption such as farmers, distributors, consumers, retailers, and wholesalers.
Therefore, all these entities can be responsible for reducing the wastage of food
due to their negligence or any other reason(s). Every year billions of tons of
food usually are wasted globally [2]. In 2014, approximately, 6.68 billion tons of
food were wasted; in 2015, 6.72 billion tons; and 6.92, 7.01, and 6.86 billion tons
were wasted from 2016 to 2018 respectively [3]. The category of food wastage
includes cereals, fruits, vegetables, spices, oilseeds, pulses, milk, roots as well
as meat products [4].

Food waste asserts a negative effect on food security [5, 6]. In developing
nations, a significant quantity of food is usually discarded by industries and house-
holds, and at a local level, it has been observed that better management and
reduction of food wastage can lessen the food security of businesses and households
[7–10]. Food waste can reduce the availability of food and therefore, have an adverse
effect on the environment, consumption chain, and the resources used for the
production of food. About one-quarter of water, land, and fertilizer for the produc-
tion of the crop, even though environmental and resource constraints are likely to
limit the production of food universally [11]. In fact, at all stages of the food supply
chain, the impact of food waste on the environment can occur, but the extent of its
effect at different stages of the supply chain can vary according to the economic
development and environmental dimensions of a country. In industrialized nations,
most of the food is wasted at the end of the supply chain process, and it brings large
food waste and environmental degradation. In developing nations, the reduction
measures that target farm losses can be most operative in decreasing the environ-
mental tracks of food waste. The trade-off between environmental sustainability and
food security is likely to be intensified in future because of many universal trans-
actions, dietary changes, wealthier and large populations, rising interdependence of
energy and food as well as the competition between climate change, food, and
bioenergy over the resources. Ensuring the accessibility of safe and high-quality
food around the globe, specifically in face of climate change, needs adequate facili-
ties of the cold chain [12]. According to an estimation by the International Institute
of Refrigeration 2009, if developing nations attained the same capacities of cold
chain same as developed nations, approximately 200 million tons of food can be
saved annually.

2. Concepts and definitions

The concept and definitions of various terms are as follows:

2.1 Food waste

What is food waste? How can we define it? Although there are many definitions in
the literature, no common definition of food waste exists. The existing definitions
vary in different aspects such as: Which type of food would be considered? Only
edible parts would be included? Food diverted to other usage can be considered food
waste? How the food loss differs from food wastage?

Food wastage is a general term that encapsulates both food loss and food waste.
Although the difference between food loss and food waste is relevant conceptually, it
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is beneficial from a policy point of view.1 Food waste is a result of purchasing deci-
sions by the consumers, or the decisions by food service providers and retailers that
can affect the behavior of consumers. Various definitions of food waste can be stated
as:

Surplus food that cannot be used for feeding humans or animals, or surplus food
that would not be recovered or recycled in any form and is usually disposed of [13].

Food waste is a reduction in the quality or quantity of food that results from the
actions as well as decisions by the consumers, retailers, or food service providers.
Quantitative food waste is a physical reduction in the masses of food that results
from the decisions taken by consumers, retailers, and food services while qualitative
food waste is a decrease in food characteristics that reduced the food value in terms
of its use.

2.2 Food security

Food security exists at all times, when all people, have economic, social, and
physical access to safe, sufficient, and nutritious food to meet their nutritional
requirements and preferences of food for a healthy and active life. This concept
pinpoints four basic aspects of food security, i.e., food stability, food access, food
availability, and food utilization [14, 15].

2.3 Availability

Availability reports whether or not the food is potentially, actually, or physically
present and contains the features of food reserves, production, transportation,
markets, and wild foods.

2.4 Access

If food is potentially, actually, or physically present, the next question is whether
individuals or households have access to the food.

2.5 Utilization

The next issue after assuring that food is available and the households have suitable
access to it, is whether or not the households are maximizing their intakes of sufficient
energy and nutrition. Sufficient nutrients and energy by the individuals are a result of
better feeding, care, dietary diversity as well as intra-household food distributions.

2.6 Stability

If all the above conditions are met, then stability is a situation in which the entire
system is steady, hence ensuring that at all times households are food secure.
Economic, social, climatic, and political factors can be the sources of instability.

1

Food loss is actually a result of actions and decisions of the suppliers that influences the food supply; if the

food loss decreases, the food supply rises. Food waste is linked with consumers or consumption.
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2.7 Environmental sustainability

Environmental sustainability is associated with protecting the integrity of the
ecosystem along with confirming that the activities of society remain within the
carrying capacity of the ecological system of the earth [16–18]. In this concept, key
metrics involved freshwater use, change in climate, change in land use, and the flows
of nutrients via the ecosystem. The universal system of food uses a huge amount of
resources to satisfy the demand of consumers for food, and the major contributors
that influence the environment are biodiversity loss, phosphorus cycles, climate
change, and disrupted nitrogen [19].

3. Review of assorted studies

This section reviews the various studies on food waste, economic growth, food
security, and environmental quality.

3.1 Studies based on food waste and economic growth

In the twenty-first century, the management of food waste is one of the universal
challenges due to its antagonistic effects on the economy and environment. A study
investigated the effect of food wastage on the economic growth of 165 nations by
using OLS and GLM techniques and found out the negative effect of food wastage as
well as poverty on GDP growth [4]. Similarly, in Japan, it was observed that technol-
ogy has needed in dropping and reutilizing food waste while studying the interrela-
tionship between sustainable community and food waste [20]. A study done on
Indonesia over the period 2000–2019 indicated that the combination of food loss
reduction and yield improvement can raise the GDP of Indonesia by 0.2% approxi-
mately. In a comparison of increasing productivity and decreasing food loss, they
prefer the reduction of food loss for increasing GDP [21]. Contrary to these studies,
the social impact along with the economic impact of food wastage in the United States
and South Korea was analyzed and concluded that in the United States, if a national
strategy would not be adopted to remedy the waste, the food waste endures being a
major issue [22]. However, South Korea embarked on an essential paradigm turning
food wastage into an influential economic driver and leading to a fast decile in the
waste of food [23]. Another study was carried on Sri Lanka’s hotel industry to examine
the influence of food waste on the operations of sustainable business in 2009. This
study indicated that food waste is common in the industry of hospitality since it
usually has a great focus on the satisfaction of customers through the provision of
high-quality foods, which in turn can depress their businesses [9].

3.2 Studies based on food waste and food security

Food security is a universal challenge. Current investments in genetic engineering
and technologies of agriculture, which frequently focus on increasing productivity
through crop intensification, expanded cropland, and higher yields, have contributed
to the enhancement of crop efficiency and will contribute to meet the challenge of
food production. Food wastage has a negative and significant influence on food
security by considering urban women’s role in the management of households in
Tehran [24]. Two factors that influence food waste are the number of family members
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and the education of farmers. So, it has been suggested that government would focus
on farmers’ requirements to support food security [25]. Additionally, the significance
of food waste and food loss inhibition as complementary solutions have been reported
as a big challenge of environmental sustainability and food security and concluded
that the reduction of food loss and food waste holds excessive potential for boosting
food security [26]. Along with food security, the effect of reducing food loss and waste
on greenhouse gas emissions, trade, and land use is also studied. Authors have con-
cluded that there is substantial potential scope for reducing food waste and food loss
on food security as well as greenhouse gas emissions [27]. On the other hand, it was
also observed that lessening food waste could not only decrease the depletion and
degradation burden of natural resources but can also raise food security by increasing
the production of food by 60% [28].

3.3 Studies based on food wastage and environment

The environmental effect of food consumption and production is usually aggra-
vated when food is wasted instead of consumed, and the environmental effect of food
wastage covers all the emissions that have derived from various steps of the food
supply chain. Many studies have evaluated the effect of food waste on the environ-
ment in different aspects. The effects on the environment due to food waste reduction
were observed by using a systematic dynamic approach, and it was concluded that
through a 1% reduction in the scenario of food waste, we can control the pollution
emissions by 0.82% and save the energy demand by 0.96% [29]. Some studies also
support the previous piece of literature that concluded that animal-based food wast-
age has a great environmental footprint in contrast to food wastage based on plants.
This was analyzed during their assessment of the environmental influence of food
wastage in Turkey [30]. The impact of global food waste and food surplus to tackle
environmental and economic sustainability on seven nations, six organizations, and
six continents was observed, which provides a framework to identify the crisis of
environmental and economic sustainability. The authors find out that the selected
organizations and regions were relevant to the fundamental problems of food waste,
food surplus economic sustainability, and environmental sustainability. Further,
through the globalization trend, this study pinpointed that the reduction of food
wastage may help out for regulating environmental sustainability [7]. Alternative to
these empirical studies, another study probed the environmental effects of technolo-
gies for food waste treatment in the United States. Findings revealed that overall
burdens on the environment may be decreased through the source of separating food
waste technologies [31]. Moreover, the authors recognized that climate change,
resource depletion, environmental acidification and eutrophication, and ozone deple-
tion are also influenced by food waste. Additionally, the environmental influence of
food wastage in Europe was also analyzed. Results have confirmed that most of the
environmental effects have been derived from the initial production step of the chain.
Approximately three-quarters of food wasted is related to effects of the global
warming initiates by greenhouse emissions during the steps of production. Emissions
by the processing of food activities contribute 6%, distribution and retail 7%, con-
sumption of food 8%, and food disposal 6% to the food wastage associated impacts
[32]. It has also been exposed that the wastewater used for farming as well as irriga-
tion of adjacent areas and the water drained from the kitchens of the restaurants were
polluted considerably and were not suitable for irrigation, aquatic organisms, and
agricultural purposes in India. This study has been carried out on five sampling points
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of canteens, restaurants, confectionaries, and famous hotels from January 2017 to
December 2017 [33].

4. Model, data, and methodology

The general quantile conditional function for quantile τ is given as:

QGDPGit
τjγi, δt, Xi,tð Þ ¼ γi þ δt þ α1,τLABi,t þ α2,τCAPit þ α3,τSSEi,t

þ α4,τFOODWi,t þ α5,τFOODACi,t þ α6,τFOODAVi,t

þ α7,τFOODSTi,t þ α8,τFOODUTi,t þ α9,τCO2i,t þ μτ,i,t

(1)

where τ show quantiles such as 25th, 50th 75th and 90th i ¼ 1,… … …N is for
cross-sections, and t for the time-period starting from t ¼ 1,… …T, GDPGit is the
dependent variable. Equations for each quantile are given as:

Q0:25 GDPGitð Þ ¼ γ0:25 þ α1,0:25LABi,t þ α2,0:25CAPit þ α3,0:25SSEi,t

þ α4,0:25FOODWi,t þ α5,0:25FOODACi,t þ α6,0:25FOODAVi,t

þ α7,0:25FOODSTi,t þ α8,0:25FOODUTi,t þ α9,0:25C02þ μ0:25,i,t

(2)

Q0:50 GDPGitð Þ ¼ γ0:50 þ α1,0:50LABi,t þ α2,0:50CAPit þ α3,0:50SSEi,t

þ α4,0:50FOODWi,t þ α5,0:50FOODACi,t þ α6,0:50FOODAVi,t

þ α7,0:50FOODSTi,t þ α8,0:50FOODUTi,t þ α9,0:50C02þ μ0:50,i,t

(3)

Q0:75 GDPGitð Þ ¼ γ0:75 þ α1,0:75LABi,t þ α2,0:75CAPit þ α3,0:75SSEi,t

þ α4,0:75FOODWi,t þ α5,0:75FOODACi,t þ α6,0:75FOODAVi,t

þ α7,0:75FOODSTi,t þ α8,0:75FOODUTi,t þ α9,0:75C02þ μ0:75,i,t

(4)

Q0:90 GDPGitð Þ ¼ γ0:90 þ α1,0:90LABi,t þ α2,0:90CAPit þ α3,0:90SSEi,t

þ α4,0:90FOODWi,t þ α5,0:90FOODACi,t þ α6,0:90FOODAVi,t

þ α7,0:90FOODSTi,t þ α8,0:90FOODUTi,t þ α9,0:90C02þ μ0:90i,t

(5)

Where:
LAB = Labor force growth rate(Annual growth rate, Percentage).
CAP = Gross Fixed Capital Formation (Annual growth rate, Percentage).
Food W = Waste (Solid Food Waste CH4 emission Gigagrams.
Food AC = Food Access (Prevalence of Undernourishment).
Food AV = Food Availability (Average Protein Supply).
Food ST = Food Stability (Per Capita Food Production Variability).
Food UT = Food Utilization (People using at least basic drinking water services).
CO2 = Carbon Dioxide Emission (Environmental Quality).

5. Data and methodology

To achieve the objectives of this study, we have obtained panel data for low-
income, lower-middle-income, and upper-middle-income countries from World
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Development Indicators (WDI) and Food and Agriculture Organization
(FAO) over the period 1990–2021. We have used the Methods of Moments
Quantile Regression (MMQR) technique to probe the effect of food
wastage, food security, and environment on the economic growth of developing
countries.

6. Results and discussions

This section explains the results in detail. It includes summary statistics of key
variables.

6.1 Descriptive statistics of key variables

Table 1 demonstrates the descriptive statistics of key variables for low-income,
middle-income, and upper-middle-income countries. It can be observed from Table 1
that in lower-income countries, all variables exhibit positive skewness except GDPG
while in lower-middle income and upper-middle income countries, variable i.e.,
GDPG and FOOD-UT show negative skewness, and all other variables indicate posi-
tive skewness. FOOD-AV, SSE, and FOOD-AV have high tails due to their very low
kurtosis.

6.2 Diagnostic tests

Our estimation strategy follows three steps. Firstly, we have tested the slope
homogeneity/heterogeneity test. In this regard, two tests are common: (i) the Delta
test presented by Pesaran and Yamagata, 2008; (ii) the HAC Robust Delta test or
Delta Adjusted test by Blomquist and Westerlund, 2013.

Table 2 presents the results of the homogeneity/heterogeneity test for low-
income, middle-income, and upper middle-income countries. Findings indicate that
the slope is heterogeneous for all countries in both tests.

In the residuals, models of panel data can also indicate the cross-section depen-
dence that may occur due to the spatial spillover effects, common shocks, or general
error interdependence. It is assumed that there is cross-sectional independence both
in causality and cointegration analysis. So, in the second step, we tested the
dependence/independence of cross sections. For this purpose, we have applied the
Pesaran CD Test.

Results of dependence/independence of cross sections through the Pesaran CD test
in Table 3 encapsulate that error terms of cross sections are corelated. It means that
cross sections are not interdependent so there exists cross-section dependence in panel
data of all countries.

In the third step, we have adopted another test known as the Westerlund test
that has more explanatory power in cross-section dependence, and it assumes
two hypotheses: (i) no cointegration means no long-run relation exists; (ii)
cointegration exists (long-run relation). Westerlund test is divided into two
dimensions, namely group dimension and panel dimension.

Table 4 shows the results of the Westerlund test, which elaborate that a long-run
relationship exists as we have rejected the null hypothesis of no-cointegration.
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6.3 MMQR regression results

Table 5 explains the estimated results for low-income, lower-middle, and upper-
middle-income countries through four quantiles, i.e., 25th, 50th, 75th, and 90th. We
elaborate on the findings with respect to the income levels of developing countries
such as low-income, lower middle, and upper middle-income countries. Variables
such as labor force, gross fixed capital formation, and secondary school enrollment

Tests Low
income

Lower middle
income

Upper middle
income

Homogeneity/heterogeneity test

Status Coefficients (p-value)

Δ
Delta Test (Pesaran and Yamagata, 2008)

25.598***
(0.000)

9.554***
(0.000)

13.014***
(0.000)

HAC Robust Delta Test (Blomquist and
Westerlund, 2013)
~Δ
Adjusted

87.413***
(0.000)

42.435***
(0.000)

19.539***
(0.000)

Table 2.
Diagnostic tests.

Variables PesaranCDStatistics p� valueð Þ

Low income Lower middle income Upper middle income

GDPG 2.235***
(0.000)

1.803***
(0.000)

14.820***
(0.000)

LAB 9.00.8***
(0.000)

9.114***
(0.000)

4.253***
(0.000)

CAP 7.153***
(0.000)

4.825***
(0.000)

32.222***
(0.000)

SSE 8.721***
(0.000)

11.259***
(0.000)

12.893***
(0.000)

FOOD_W 3.322***
(0.000)

26.005***
(0.000)

16.803***
(0.000)

FOOD_AC 3.146***
(0.000)

29.193***
(0.000)

11.406***
(0.000)

FOOD_AV 4.850***
(0.000)

12.268***
(0.000)

92.823***
(0.000)

FOOD_ST 6.836***
(0.000)

19.223***
(0.000)

13.234***
(0.000)

FOOD_UT 8.126***
(0.000)

16.589***
(0.000)

18.685***
(0.000)

CO2 9.493***
(0.000)

14.286***
(0.000)

19.814***
(0.000)

Note: ***, **, and * show significance level at 1%, 5%, and 10%

Table 3.
Cross-section dependence/independence.
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have a positive and significant relationship with the economic growth of all develop-
ing countries but have a different magnitude in all quartiles such as: in low-income
countries, labor force has high magnitude at 50th quartile, gross fixed capital forma-
tion at 50th, and SSE at 75th quartiles. In lower middle-income countries, fluctuations
are high for labor force and gross fixed capital formation and have approximately the
same effect of secondary school enrollment at all quartiles, and the same is true for
upper middle-income countries. The positive effect of labor force and gross fixed
capital formation inserts that the increasing labor force growth rate and fixed capital
formation can regulate the production possibilities, which in turn raises economic
growth. The positive impact of secondary school enrollment on economic growth may
be a result of the enhancement of educational levels and technological know-how.

Food wastage shows a negative and significant relationship with economic growth
in all quartiles and all countries, but the magnitude is high in the 25th quartile in low-
income countries and approximately the same in the lower-middle-income and upper-
middle-income countries. Food wastage may evolve poor regulatory capacity, which
in turn reduces economic growth. We have estimated food security in four aspects,
i.e., food access, food availability, food stability, and food utilization. Food access is
measured in terms of the prevalence of undernourishment, which indicates a negative
and significant impact on economic growth in all quartiles but in low income-
countries magnitude is high in the 50th quartile and in lower-middle-income and
upper-middle-income countries degree is high at 75th quartiles. This negative rela-
tionship may be because the undernourishment of food access reduces economic
growth. The next feature of food security is food availability, and we have estimated it
in terms of average protein supply. Food availability has a positive and significant
association with economic growth in all three categories of countries, but the results
show that in low-income countries the extent of its effect is high in the 50th quartile
but in the lower middle and upper middle countries their degree of effectiveness is
approximately the same in all quartiles elaborating that high supply of proteins can
enhance the economic growth of developing countries. The other two aspects of food
security are food stability and food utilization, which exert a positive and significant
effect on economic growth in all developing countries. The intensity of the effects of
food stability and food utilization is high in the 25th quartile in low-income countries
and approximately the same in all other quartiles in lower-middle-income and upper-
middle-income countries. The positive impact of food utilization endorses that the
variability of per capita food production leads to enhancing economic growth while

Statistic Low income Lower middle income Upper middle income

Gt �4.925***
(0.000)

�8.877***
(0.000)

�2.221***
(0.000)

Ga �1.169**
(0.032)

�4.986**
(0.032)

�6.414**
(0.032)

Pt �9.689***
(0.000)

�16.340***
(0.000)

�9.695***
(0.000)

Pa �3.426***
(0.001)

�2.298***
(0.001)

�3.199***
(0.001)

Note: ***, **, and * show significance level at 1%, 5%, and 10%

Table 4.
Cointegration check Westerlund test.
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Variables Location Scale Q0:25

Coefficients
Std:Error½ �

Q0:50

Coefficients
Std:Error½ �

Q0:75

Coefficients
Std:Error½ �

Q0:90

Coefficients
Std:Error½ �

Low-income countries

LAB 2.945 �0.052 1.258***
[0.000]

8.159***
[0.008]

3.169***
[0.000]

0.198***
[0.003]

CAP �1.158 0.0445 0.361***
[0.005]

0.416***
[0.006]

0.985***
[0.007]

0.159***
[0.002]

SSE �0.058 0.0152 0.085***
[0.024]

0.947**
[0.058]

0.982**
[0.034]

0.018*
[0.074]

FOOD_W �0.147 0.0619 �0.982***
[0.005]

�0.882***
[0.021]

�0.158*
[0.107]

�0.369**
[0.055]

FOOD_AC �8.179 0.028 �5.661***
[0.000]

�8.729***
[0.002]

�6.905**
[0.040]

�7.831**
[0.041]

FOOD_AV �0.026 0.017 9.811***
[0.001]

10.294***
[0.002]

0.011**
[0.030]

0.050*
[0.070]

FOOD_ST �0.076 0.037 0.674***
[0.025]

0.423**
[0.048]

0.027***
[0.014]

0.049*
[0.081]

FOOD_UT �0.176 �0.009 0.131***
[0.000]

0.021***
[0.000]

0.052**8
[0.000]

0.019***
[0.000]

CO2 �0.202 0.085 �0.038***
[0.000]

�0.015***
[0.000]

�0.030***
[0.000]

�0.034***
[0.000]

C 0.153 �0.164 0.001***
[0.257]

0.003***
[0.398]

�0.561*
[0.147]

0.474**
[0.046]

Lower middle-income countries

LAB 4.050 �11.712 4.509*
[0.078]

3.371*
[0.089]

4.362***
[0.008]

9.743***
[0.002]

CAP �0.180 1.140 0.507***
[0.009]

0.185*
[0.080]

0.596**
[0.030]

0.378*
[0.400]

SSE 0.016 0.061 0.036***
[0.025]

0.020***
[0.000]

0.031***
[0.008]

0.027**
[0.033]

FOOD_W �0.098 �0.169 �0.031**
[0.036]

�0.012***
[0.000]

�0.030***
[0.000]

�0.021***
[0.025]

FOOD_AC 0.027 0.007 �0.089*
[0.080]

�4.045***
[0.000]

�7.369*
[0.069]

�0.001**
[0.036]

FOOD_AV �0.136 �0.060 0.050*
[0.070]

0.030***
[0.000]

0.015**
[0.040]

0.045***
[0.000]

FOOD_ST �0.105 �0.099 0.055**
[0.030]

0.024***
[0.000]

0.049*
[0.801]

0.067**
[0.030]

FOOD_UT 0.029 0.008 0.097*
[0.060]

0.041***
[0.000]

0.281*
[0.250]

0.055***
[0.025]

CO2 0.196 0.147 �0.085**
[0.050]

�0.020***
[0.000]

�0.103***
[0.025]

�0.020**
[0.039]

C �2.419 14.293 0.102***
[0.020]

0.069***
[0.000]

0.331***
[0.000]

0.620*
[0.070]
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the positive influence of food utilization ratifies the development of economic growth
due to the improvement in basic drinking water services. Carbon dioxide emission
puts a negative influence on economic growth in all countries, and surprisingly, the
fluctuation level is approximately the same in all quartiles in low-income, lower
middle, and upper middle-income countries posting on the fact that environmental
degradation reduces economic growth through poor health of labor, pollution, and
deforestation.

7. Conclusions and policy recommendations

This study aimed to examine the effect of food wastage, food security, and the
environment on the economic growth of developing countries over the period 1990–
2021 by applying Methods of Moments Quantile Regression. Findings indicate that
labor force, gross fixed capital formation, secondary school enrollment, food avail-
ability, food stability, and food utilization have a positive effect on the economic
growth of developing countries, but the intensity of their effect differs from country
to country. Further, the evidence indicates a negative association of food waste, food
accessibility, and CO2 emission with GDPG. Additionally, we have found that the

Variables Location Scale Q0:25

Coefficients
Std:Error½ �

Q0:50

Coefficients
Std:Error½ �

Q0:75

Coefficients
Std:Error½ �

Q0:90

Coefficients
Std:Error½ �

Upper middle-income countries

LAB �7.178 9.153 1.078***
[0.001]

6.490***
[0.000]

1.377***
[0.000]

6.387***
[0.000]

CAP 0.638 0.122 0.659***
[0.000]

0.287***
[0.025]

0.230***
[0.000]

0.241***
[0.000]

SSE 0.013 0.019 0.031***
[0.002]

0.025***
[0.022]

0.106***
[0.000]

0.020***
[0.000]

FOOD_W �0.055 �0.214 �0.022***
[0.000]

�0.015***
[0.000]

�0.007***
[0.000]

�0.014***
[0.300]

FOOD_AC 0.013 0.009 �1.987***
[0.006]

�1.832***
[0.000]

�3.712*
[0.800]

�0.001***
[0.000]

FOOD_AV �0.125 �0.288 0.029***
[0.000]

0.043**
[0.040]

0.005*
[0.060]

0.036***
[0.000]

FOOD_ST �0.128 �0.224 0.031***
[0.009]

0.043***
[0.000]

0.037***
[0.000]

0.035*
[0.500]

FOOD_UT 0.113 0.027 0.026***
[0.001]

0.069*
[0.800]

0.021***
[0.020]

0.020***
[0.000]

CO2 0.198 0.267 �0.066***
[0.003]

�0.027***
[0.030]

�0.042***
[0.000]

�0.027***
[0.000]

C �7.694 �4.908 0.137
[0.025]

0.137
[0.080]

�0.489
[0.030]

0.158
[0.000]

Note: ***, **, and * show significance level at 1%, 5%, and 10%

Table 5.
Method of moment quartile regression analysis (MMQR).
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strength of the effect of food waste on economic growth in low-income countries is
high as compared with lower middle and upper middle-income countries. Neverthe-
less, while human and physical capital are efficient policy instruments for enhancing
economic growth, they may not be sufficient for development. Other supportive
policies such as reduction in food waste and food access are also needed. Most devel-
oping countries are blessed with natural resources, so there is also a need for the
proper management of sustainable resources that may support economic growth.
Moreover, to reinforce the behavioral changes, there would be given environmental
and food protection awareness for all the citizens.
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A. Appendix

A.1 Food losses in low-income countries (2010–2021)

Year Average Maximum Minimum Countries Food losses

2010 4.06 53 0.1 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Sorghum, Wheat, maize, rice,
Tomatoes, fonio, millet

2011 3.25 50 0.02 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Cocoa beans, Onions and
shallots, barley, bananas,
pineapples, Tangerines,

mandarins

2012 3.09 22 0.08 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Wheat, maize, rice, Sorghum,
bananas, potatoes, millet
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Year Average Maximum Minimum Countries Food losses

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

2013 3.72 63 0.08 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Plantains and cooking
bananas, Groundnuts,

excluding shelled, Tangerines,
mandarins, Wheat, maize,

rice, millet, Lentils, dry, Other
beans, green, Bambara beans,
dry, Sunflower seed, Sesame

seed

2014 3.39 50 0.02 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Groundnuts, Sesame seed,
Sweet potatoes, yams, Wheat,
maize, rice, Other cereals,

Sorghum, millet

2015 3.64 43 0.01 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Groundnuts, excluding
shelled, Sesame seed, Cassava,
fresh, Wheat, maize, rice,

Sorghum

2016 3.21 29.96 0.01 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Groundnuts, Sesame seed,
Sweet potatoes, yams, Wheat,
maize, rice, Sorghum, millet,

oats

2017 3.36 59.48 0.1 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Sunflower seed, Other cereals,
fonio, Wheat, maize, rice,

Sorghum
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Year Average Maximum Minimum Countries Food losses

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

2018 3.13 49.7 0.1 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Cow peas, millet, Barley,
fonio, Cow peas, oats.

2019 2.72 9.94 0.1 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Sorghum, Wheat, maize, rice,
Barley, oats, fonio

2020 2.70 8.48 0.06 Burundi, Chad, Democratic
Republic of the Congo, Benin,
Ethiopia, Gambia, Guinea,

Afghanistan, Liberia,
Madagascar, Malawi, Mali,
Mozambique, Nepal, Niger,
Guinea-Bissau, Rwanda,
Senegal, Sierra Leone,

Somalia, Zimbabwe, Togo,
Uganda, United Republic of
Tanzania, Burkina Faso

Sorghum, Wheat, maize, rice,
Barley, oats, fonio

2021 2.97 7.3 0.32 Nepal Wheat, maize, rice

A.2 Food losses in lower middle-income countries (2010–2021)

Year Average Maximum Minimum Countries Food losses

2010 7.78 62.5 0.07 Cameroon, Sri Lanka, Angola,
Georgia, Ghana, Kenya,
Kyrgyzstan, Lesotho,
Mauritania, Nicaragua,

Onions and shallots, green,
Maize, Millet, Eggplants,
Cassava, fresh, Potatoes,
Sorghum, Soya beans,
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Philippines, Ukraine,
Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh

Groundnuts, Cassava, fresh,
Sweet potatoes, Groundnuts,
shelled, rice, wheat, Refined
sugar, Sunflower seed, Raw
milk of cattle, Pears, Meat of
cattle, fresh or chilled, Okra,
apples, yams, Eggplants,
Plantains and cooking

bananas, Strawberries, Other
tropical and subtropical fruits,

Chillies and peppers

2011 3.74 50 0.01 Cameroon, Angola, Georgia,
Ghana, Kenya, Indonesia,
Kyrgyzstan, Lesotho,
Mauritania, Nicaragua,
Philippines, Ukraine,

Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh

Lettuce and chicory, Maize,
Millet, Cassava, fresh,

Potatoes, Sorghum, Soya
beans, Groundnuts, Cassava,

fresh, Sweet potatoes,
Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and
cooking bananas, Strawberries

2012 4.33 50 0.02 Cameroon, Angola, Georgia,
Ghana, Kenya, Indonesia,
Kyrgyzstan, Lesotho,
Mauritania, Nicaragua,
Philippines, Ukraine,

Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh

Mangoes, guavas and
mangosteens, Tomatoes,

Maize, Millet, Cassava, fresh,
Potatoes, Sorghum, Soya

beans, Groundnuts, Cassava,
fresh, Sweet potatoes,

Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas

2013 5.31 60 0.01 Cameroon, El Salvador,
Angola, Georgia, Ghana,

Kenya, Indonesia, Kyrgyzstan,
Lesotho, Mauritania,

Nicaragua, Philippines,
Ukraine, Moldova, Viet Nam,

Nigeria, Tunisia, Sudan,
Eswatini, Zambia, Ukraine,
Pakistan, CÃ’te d’Ivoire,
Bolivia, India, Bangladesh

Plantains and cooking
bananas, Tomatoes, Rape or
colza seed, Maize, Millet,
Cassava, fresh, Potatoes,
Sorghum, Soya beans,

Groundnuts, Cassava, fresh,
Sweet potatoes, Groundnuts,
shelled, rice, wheat, Refined
sugar, Sunflower seed, Raw
milk of cattle, Pears, Meat of

cattle, fresh or chilled,
Plantains and cooking

bananas, Sheep, Rape or colza
seed

2014 2.58 35.7 0.01 Cameroon, Angola, Georgia,
Ghana, Kenya, Indonesia,
Kyrgyzstan, Lesotho,
Mauritania, Nicaragua,
Philippines, Ukraine,

Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,

Flour of cassava, Tomatoes,
Rape or colza seed, Maize,
Millet, Cassava, fresh,

Potatoes, Sorghum, Soya
beans, Groundnuts, Cassava,

fresh, Sweet potatoes,
Groundnuts, shelled, rice,
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Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh, Uzbekistan

wheat, Refined sugar,
Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas, Sheep,
Other tropical and subtropical
fruit, Seed cotton, unginned,

Plantains and cooking
bananas, Broad beans and

horse beans, dry, Buckwheat

2015 3.45 35 0.01 Cameroon, Angola, Georgia,
Ghana, Indonesia,

Kyrgyzstan, Lesotho,
Mauritania, Nicaragua,
Philippines, Ukraine,

Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh, Uzbekistan,
Timor-Leste

Tomatoes, Rape or colza seed,
Maize, Millet, Cassava, fresh,
Potatoes, Sorghum, Soya

beans, Groundnuts, Cassava,
fresh, Sweet potatoes,

Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas, Sheep,
Other tropical and subtropical
fruit, Linseed, Tangerines,

mandarins

2016 4.03 25 0.01 Cameroon, El Salvador,
Angola, Georgia, Ghana,
Indonesia, Kyrgyzstan,
Lesotho, Mauritania,
Honduras, Nicaragua,
Philippines, Ukraine,

Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh, Uzbekistan

Mushrooms and truffles,
Tomatoes, Rape or colza seed,
Maize, Millet, Cassava, fresh,
Potatoes, Sorghum, Soya

beans, Groundnuts, Cassava,
fresh, Sweet potatoes,

Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas, Sheep,
Other tropical and subtropical
fruit, Linseed, Tangerines,

mandarins

2017 3.08 19.69 0.01 Cameroon, El Salvador,
Angola, Georgia, Ghana,
Indonesia, Kyrgyzstan,
Lesotho, Mauritania,
Honduras, Nicaragua,
Philippines, Ukraine,

Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, Pakistan,
CÃ’te d’Ivoire, Bolivia, India,

Bangladesh, Uzbekistan

Seed cotton, unginned,
Tomatoes, Rape or colza seed,
Maize, Millet, Cassava, fresh,
Potatoes, Sorghum, Soya

beans, Groundnuts, Cassava,
fresh, Sweet potatoes,

Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas, Sheep,
Other tropical and subtropical
fruit, Linseed, Tangerines,

mandarins
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2018 3.10 22 0.01 Cameroon, Angola, Georgia,
Ghana, Indonesia,

Kyrgyzstan, Lesotho,
Mauritania, Honduras,
Nicaragua, Philippines,

Ukraine, Moldova, Viet Nam,
Nigeria, Tunisia, Sudan,

Eswatini, Zambia, Ukraine,
Pakistan, CÃ’te d’Ivoire,
Bolivia, India, Bangladesh,

Uzbekistan

Sugar beet, unginned,
Tomatoes, Rape or colza seed,
Maize, Millet, Cassava, fresh,
Potatoes, Sorghum, Soya

beans, Groundnuts, Cassava,
fresh, Sweet potatoes,

Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas, Sheep,
Other tropical and subtropical
fruit, Linseed, Tangerines,

mandarins, Taro

2019 2.72 6.42 0.01 Cameroon, Angola, Ghana,
Indonesia, Lesotho,

Mauritania, Honduras,
Nicaragua, Philippines,

Ukraine, Moldova, Viet Nam,
Nigeria, Tunisia, Sudan,

Eswatini, Zambia, Ukraine,
CÃ’te d’Ivoire, Bolivia

Broad beans and horse beans,
Tomatoes, Rape or colza seed,
Maize, Millet, Cassava, fresh,
Potatoes, Sorghum, Soya

beans, Groundnuts, Cassava,
fresh, Sweet potatoes,

Groundnuts, shelled, rice,
wheat, Refined sugar,

Sunflower seed, Raw milk of
cattle, Pears, Meat of cattle,
fresh or chilled, Plantains and

cooking bananas, Sheep,
Other tropical and subtropical

fruit

2020 2.71 6.42 0.01 Cameroon, Angola, Ghana,
Lesotho, Mauritania, Ukraine,
Moldova, Viet Nam, Nigeria,
Tunisia, Sudan, Eswatini,
Zambia, Ukraine, CÃ’te

d’Ivoire

Maize, rice, millet, wheat,
sorghum, barley

A.3 Food losses in upper middle-income countries (2010–2021)

Year Average Maximum Minimum Countries Food losses

2010 4.62 26.31 0.09 Maize, rice, Plantains and
others, grapes, Strawberries,
Other berries and fruits of the
genus Vaccinium, Soya beans,
Coffee, green, Beans, dry,
lupins, sorghum, Meat of
cattle boneless, fresh or

chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, tomatoes,

Pumpkins, squash and gourds,

Cuba, Azerbaijan,
Kazakhstan, Fiji, Iran,
Armenia, Guatemala,

Mauritius, Peru, Romania,
Russian Federation, Namibia,
Russian Federation, South

Africa, Botswana, Venezuela
(Bolivarian Republic of),
Serbia Botswana, South
Africa, Malaysia, Jordan
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Carrots and turnips, Green
garlic, bran of maize

2011 3.88 27.44 0.02 Maize, rice, Plantains and
others, grapes, Strawberries,
Other berries and fruits of the
genus Vaccinium, Soya beans,
Coffee, green, Beans, dry,
lupins, sorghum, Meat of
cattle boneless, fresh or

chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, tomatoes,

Pumpkins, squash and gourds,
Carrots and turnips, Green

garlic, bran of maize,
Watermelons

Cuba, Azerbaijan,
Kazakhstan, Fiji, Iran,
Armenia, Guatemala,

Mauritius, Peru, Romania,
Russian Federation, Namibia,
Russian Federation, South

Africa, Botswana, Venezuela
(Bolivarian Republic of),
Serbia Botswana, South
Africa, Malaysia, Jordan,

Mexico

2012 4.49 50 0.09 Maize, rice, Plantains and
others, grapes, Strawberries,
Other berries and fruits of the
genus Vaccinium, Soya beans,
Coffee, green, Beans, dry,
lupins, sorghum, Meat of
cattle boneless, fresh or

chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, tomatoes,

Pumpkins, squash and gourds,
Carrots and turnips, Green

garlic, bran of maize,
Watermelons, Oil palm fruit

Ecuador, Fiji, Azerbaijan,
Kazakhstan, Fiji, Iran,
Armenia, Guatemala,

Mauritius, Peru, Romania,
Russian Federation, Namibia,
Russian Federation, South

Africa, Botswana, Venezuela
(Bolivarian Republic of),
South Africa, Jordan

2013 11.32 49.07 0.11 Maize, quinoa, grapes,
Strawberries, Other berries
and fruits of the genus
Vaccinium, Soya beans,
Coffee, green, Beans, dry,
lupins, sorghum, Meat of
cattle boneless, fresh or

chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, tomatoes,

Pumpkins, squash and gourds,
Carrots and turnips, Green

garlic, bran of maize,
Watermelons, Oil palm fruit,

Other vegetables, fresh

Ecuador, Gabon, Azerbaijan,
Kazakhstan, Armenia,

Guatemala, Mauritius, Peru,
Romania, Russian Federation,
Namibia, Russian Federation,

South Africa, Paraguay,
Botswana, Venezuela

(Bolivarian Republic of),
South Africa, Jordan, Saint
Lucia, Thailand, Turkey

2014 4.31 22.44 0.01 Wheat, Maize, rice, Soya
beans, Coffee, green, Beans,
dry, lupins, sorghum, Meat of

cattle boneless, fresh or

Azerbaijan, Kazakhstan,
Armenia, Guatemala,

Romania, Russian Federation,
Namibia, Russian Federation,
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chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, tomatoes,

Pumpkins, squash and gourds,
Carrots and turnips, Green

garlic, bran of maize,
Watermelons, Oil palm fruit,

Other vegetables, fresh,
Natural honey

South, Serbia, Africa,
Paraguay, Botswana,
Venezuela (Bolivarian

Republic of), South Africa,
Jordan, Saint Lucia, Thailand,
Turkey, The former Yugoslav

Republic of Macedonia

2015 5.96 46.87 0.02 Tomatoes, Maize, rice, Soya
beans, Coffee, green, Beans,
dry, lupins, sorghum, Meat of

cattle boneless, fresh or
chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, Pumpkins,
squash and gourds, Carrots
and turnips, Green garlic,

bran of maize, Watermelons,
Oil palm fruit, Raw milk of

goats

Costa Rica, Fiji, Azerbaijan,
Guatemala, Guyana,
Kazakhstan, Armenia,

Jamaica, Guatemala, Romania,
Russian Federation, Namibia,
Russian Federation, South,
Serbia, Africa, Paraguay,
Botswana, Venezuela

(Bolivarian Republic of),
South Africa, Jordan, Saint
Lucia, Turkey, The former

Yugoslav Republic of
Macedonia

2016 5.50 30.03 0.07 Papayas, Maize, rice, Soya
beans, Coffee, green, Beans,
dry, lupins, sorghum, Meat of

cattle boneless, fresh or
chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, asparagus, cabbages,
spinach, Cantaloupes and
other melons, Green garlic,
bran of maize, Watermelons,
Oil palm fruit, Raw milk of

goats, pulses

Colombia, Ecuador, Fiji,
Azerbaijan, Iran, Guatemala,

Guyana, Kazakhstan,
Armenia, Jamaica, Russian

Federation, Namibia, Russian
Federation, South, Serbia,

Africa, Paraguay, Botswana,
Venezuela (Bolivarian

Republic of), South Africa,
Jordan, Saint Lucia, Turkey,
The former Yugoslav Republic

of Macedonia

2017 5.51 45.8 0.06 Maize, rice, Soya beans,
Coffee, green, Beans, dry,
lupins, sorghum, Meat of
cattle boneless, fresh or

chilled, Wheat and meslin
flour, Rice, Milled, rye,

quinoa, Green garlic, bran of
maize, Watermelons, Oil palm

fruit, Raw milk of goats,
pulses, taro

Fiji, Azerbaijan, Iran,
Guatemala, Guyana,
Kazakhstan, Armenia,

Jamaica, Russian Federation,
Namibia, Russian Federation,

South, Serbia, Africa,
Paraguay, Botswana,
Venezuela (Bolivarian

Republic of), South Africa

2018 4.23 30.03 0.22 Maize, rice, Soya beans,
Coffee, green, Beans, dry,

lupins, fresh or chilled, Wheat
and meslin flour, Rice, Milled,
rye, quinoa, Green garlic, bran
of maize, Watermelons, Oil

palm fruit, Raw milk of goats,
pulses, taro, millet

Fiji, Azerbaijan, Iran,
Guatemala, Guyana,
Kazakhstan, Armenia,

Jamaica, Russian Federation,
Namibia, Russian Federation,

South, Serbia, Africa,
Paraguay, Botswana, South

Africa, Armenia
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2019 2.49 11.1 0.29 Wheat, maize, sorghum,
millet, barley

Jordan, Namibia, South
Africa, Botswana

2020 2.29 6.35 0.5 Mize, Wheat, maize,
sorghum, millet, barley

Namibia, South Africa,
Botswana

2021 17.2 31.6 5.5 Other fruits, n.e.c South Africa
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Chapter 3

In Situ and Ex Situ Agricultural
Waste Management System
Mohd Muzamil, Sehreen Rasool and Ummyiah H. Masoodi

Abstract

The transformation of agricultural wastes, either in situ or ex situ manner can help
to ensure nutrient recycling, energy generation, preparation of animal feed, medi-
cines, packaging material, substrate for mushroom cultivation, biofuel production and
product formulations. The in situ methods of waste management are prioritized as the
problems of collection and transportation from the source can be avoided. The in situ
methods are slow and require land and labour. The conversion of agricultural waste
into fuel and useful value-added products is gaining traction and demands utilization
of appropriate technology. In this context, the technological dependence on ex situ
methods is higher than in situ methods. The selection of the particular method
depends on the type of waste, process employed and final product required. The
remedial measures can lead towards a sustainable future in terms of Safeguarding of
human health, protection of soil, conservation of aquatic ecosystem and beneficial soil
microbes and pave the way towards a cleaner, healthier and eco-friendly environment
and ambience.

Keywords: agricultural waste, in situ, ex situ, mitigation, environment

1. Introduction

The rise in the world population to 7.9 billion in 2021 and the prediction that it will
surpass 9 billion mark by 2050 and 11 billion by 2100 [1] has prompted the scientific
community to involve advanced breeding methods, integrated managemental
approaches and technological interventions to enhance the productivity and produc-
tion of major cereal, vegetable, fruit and root crops and dairy animals [2]. The push
resulted in an increase in the global production of maize (Zea mays L.), wheat
(Triticum aestivaum) and rice (Oryza sativa) to 757 Mt, 1137 Mt and 757 Mt from 216
Mha, 197 Mha and 165 Mha, respectively [3, 4]. There has been sharp increase in the
dairy animals, vegetables, fruit and root crops in the same period. However, the
increase in the yield coincided with generation of large quantities of agricultural
wastes. Taking an example of India, which benefitted immensely from the green
revolution of the 1960s in enhancing the production and productivity of major crops
and generates more than 3000 million tonnes of organic waste [5] with 686 Mt gross
crop residues [6]. Globally, the agricultural sector is expected to contribute 4 billion
tonnes of biomass/waste by 2050 [7]. The waste generated from the agricultural sector
and agro-industries is rich in nutrients and cannot be left unprocessed or untreated
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[8]. However, the management and disposal are cumbersome [9] owing to its large
volume and immeasurable quantity [10]. Earlier, the focus was more towards pro-
duction and productivity, thereby the agricultural wastes were neglected and
discarded in sanitary landfills, decaying, burned or dumped in aquatic waterbodies.

The agricultural waste is classified into different categories depending on the areas
from which it is generated, Figure 1 [11]. Categorized agricultural (biomass) residues
into primary, secondary and tertiary. The primary residues are produced in the pro-
cess of plantation of food crops, secondary residues are released as by-products in the
processing of food crops. The tertiary resides are generated when the biomass-based
products are consumed by the human or animals. The traditional system of agricul-
tural waste management is unsustainable owing to its hazardous consequences on
human health [12], environment [13], soil microbes [14], water bodies [15] and global
warming [13]. Several physical, chemical, biological and technological methods were
employed to ensure the efficient agricultural waste management; however, most of
them are infested with low degradation rates, labour intensive, costly and abysmal for
environment [16]. All the events have converged and forced the policymakers to find
the sustainable solution for the agricultural waste management.

2. Sustainable agriculture

The agricultural wastes can serve as the basic input for bio-economy with thrust
towards health security, transformation of wastes into value-added products, livelihood
security of farmers, job opportunities for youth and sustainability. As the world is
shifting towards sustainable agriculture, agricultural waste management is being prior-
itized owing to the hazardous consequences on environment, health and economy [17]
and prospective applications in the development of value-added products and services
[8]. The proper waste management is one of the pillars of sustainable agriculture
envisaged in sustainable development goals (SDG) of the United Nations. A number of
methods were employed to transform the agricultural waste into useful products. These
methods can be placed under two broad headings: in situ and ex situwaste management,
Figure 2. The two methods can be clubbed together under the 3R (reduce, reuse and
recycle) of integrated waste management system, Figure 3. Zaman and Lehmann [18]
highlighted six wave innovation theory that took the world towards waste to wealth
(energy) technologies, The sixth wave is related to zero waste in administration and
manufacturing, emissions, product life and toxic use [20]. The agricultural waste man-
agement is not the prerogative of farmers (waste producers) only, but there are

Crop waste
• Straw, stubble
• Weeds, leaf 

litter
• Husk, shell

Agro-
processing 
waste
• Pulp, molasses
• Bagasse, 

discarded 
materials

Livestock waste
• Cow dung, 

urine
• Droppings, 

hair

Aquaculture 
waste
• Faecal matter
• Uneaten feed

Figure 1.
Classification of agricultural waste [7].
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multiple stakeholders that can play a meaningful role in its transformation. In fact, the
policymakers are framing legislation and pushing hard to use the wastes for income
augmentation, alternative energy option and basic input for bioeconomy.

2.1 In situ agricultural waste management

The term ‘in situ’ refers to the management of the agricultural waste at the point of
generation or production site. The method is prioritized as the cost involved in col-
lection and transportation can be avoided. The in situ method is usually used for the
nutrient recycling, bolstering of nutrient composition of the soil, soil and water con-
servation and animal feed. It includes

2.1.1 Burning

The use of the harvesters and combines often results in the generation of loose
straws and stubbles. This waste along with the waste generated from unit agricultural

Figure 2.
Agricultural waste management functions [18, 19].

Figure 3.
Integrated waste management system.
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operations from seedbed preparation to post-harvest processing is often burned in the
open field to clear the land in shortest possible time. It is also believed to be an
effective method of controlling the pest infestation from previous crop and weed
control. There is a wide perception that the ash content improves the physical and
chemical characteristics of the soil in the short term. The burning of the waste is
preferred in areas where there is a technological vacuum or lack of alternatives or
awareness, Figure 4. However, in the long run, there are dangerous consequences that
have invited global concerns with respect to visibility [21], health [22], global climate
change [23], release of polycyclic aromatic hydrocarbons [24] polychlorinated
dibenzodioxins and polychlorinated dibenzofurans [11] and serious traffic accidents
[25]. The pollutants released during biomass burning can produce significant changes
in blood parameters as indicated by lymphocytosis, eosinophilia and neutrophilia in
sheep [26] oxidative stress [27], as well as kidney [28] and liver dysfunctions in
buffaloes [29]. Burning also releases considerable amounts of toxicants, which func-
tion as endocrine disruptors and affect the integrity of reproductive function in
mammals and ultimately contribute to infertility [30].

In spite of the global condemnations, the agricultural waste burning is still prevalent
inmany developing countries. The emergence of Asian Brown Cloud (ABC) over South-
East Asia is perceived as the direct consequence of burning the agricultural waste in the
neighbouring countries. In order to avoid the burning of left-out stubbles and loose
straw, the technocrats and scientific community have involved zero till drills and happy
seeders to sow the seeds directly in the combined harvested fields. It has also helped to
conserve more than 30% of the energy invested in seedbed preparation (tillage). This
implies that there will be no compulsion to clear the field for the sowing of the next crop.
It can help to curb the menace of burning agricultural fields on a large scale.

2.1.2 Incorporation

The agricultural wastes are lignocellulosic, with cellulose, hemicellulose and lignin
as basic ingredients. In fact, cellulose accounts for 30–50% of the total biomass and

Figure 4.
Pros and cons of burning agricultural waste.
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can be used for microbial transformation [31]. The agricultural waste generated on the
field can be mixed with the soil and allowed to decay and degrade in presence of soil
microbes. The microbial growth produces cellulose, endoglucanase and cellobio-
hydrolase enzymes to reduce the complex structure of cellulose into monomers. The
decayed humus increases the water absorption capacity and bolsters the soil fertility
status, directly or indirectly influencing the productivity of the crop [12]. However,
the incorporation often hinders the movement of agricultural machinery as the straw
gets accumulated at the furrow openers and seed tubes of seed-sowing machinery.
Also, it is difficult to mix the loose straw and stubbles owing to their flexibility,
mechanical strength and resilience [32]. The lack of viable cost-effective technology
for the economic nutrient recycling has rendered the system unsustainable [33]. The
waste must be subjected to particle-side reduction to increase its surface area. The
small particles can be easily mixed with the soil and the higher surface area can
provide feasible conditions for the soil microbes to degrade the waste in short dura-
tion. It is well documented that the particle size in the range of 1.27–7.62 cm can be
helpful in the conversion of agricultural waste into nutrient-rich humus. In certain
situations, the fungal or bacterial consortium is added to enhance the degradation rate
of the agricultural waste. Muzamil et al. [12] developed a tractor-powered straw
chopper with an ability to spray recommended dose of microbial culture to prepare
the compost in shortest possible time. The paddy straw chopper was able to reduce
63% of the particles lower than 5 cm in size, Figure 5.

2.1.3 Mulching

The ability to conserve the soil fertility and judicious application of water is
perceived as the backbone to achieve the sustainability of the agricultural system. This
is more significant for the areas where the atmospheric conditions are harsh. The
agricultural waste is spread between the rows and plants to conserve the soil, preserve
the soil moisture and control the weed growth. As the plants are biodegradable, they
get dissolved in the soil at the later phase and contribute to the soil fertility status. The
current trend is to use plastic mulching with different colours to check the impact on
pest infestation and productivity of crops. These plastic mulches are laid with the help
of manual, engine-operated, tractor-drawn and self-propelled mulchers with an abil-
ity to spread drip irrigation channels below the mulched layer.

Figure 5.
Size reduction and spraying microbial culture—Image reproduced from Ref. [12].
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2.1.4 Hay conditioning

The agricultural grass is harvested by means of mowers at a height of 3–10 cm from
the ground. The mowers can be engine-operated, tractor operated or self-propelled. The
harvested grass is spread uniformly over the surface by means of tractor-operated ted-
ders. These tedders are used to turn the grass in order to ensure faster curing (drying).
The dried grass is collected in the form of windrows using tractor-operated rakes. The
windrow of grass is then compressed into high-density bales to decrease its volume and
increase its weight. The bales are then transported and stored for future use. The process
of mowing, tedding, raking and baling are the sub-constituents of ‘hay conditioning’.

2.1.5 Feed for ruminants

The harvested field often serves as the green pastures for ruminants. The animals
are allowed to eat the agricultural wastes and the extract serves as the manure for the
next crop. However, the trampling of the field by the ruminants is considered the
potential source of sub-soiling. Sub-soiling is the process of hardening of soil surface
at some depth, restricting the movement of water, runoff and washing off the upper
soil fertile layer. The hard surface is known as plough sole or hard pan. The hard pan is
often destroyed by means of sub-soiler (45–100 cm or even more) or chisel plough
(25–35 cm). Sub-soiler possesses a single standard of large depth while chisel plough
contains many standards of small depth. It is usually recommended to use a sub-soiler
or chisel plough after 4–5 years of agricultural activities.

2.2 Ex situ agricultural waste management

Ex situ management differs from the in situ management in that the agricultural
waste is collected and processed at separate facility. The cost of collection, transpor-
tation, storage and processing differentiates it from in situ agricultural waste manage-
ment. Ex situ agricultural waste management can have many applications:

2.2.1 Energy generation and briquetting

The agricultural waste possesses huge volumes and is usually flexible [32]. The
loose biomass with 100–200 kgm�3 density is compressed and transformed into
densified blocks of 1200–1300 kgm�3 density briquettes. The biomass densification
demands high pressure, provided with the help of piston-ram and screw-press
machines. Moreover, the preparation of briquettes can be either binderless (no exter-
nal additive is added and pressure is sufficient to bond) or with binder (external
binders such as sodium bentonite, sand and molasses is added). In binderless process,
high temperature (200°C) and pressure (1400 MPa) break the bonds and turn the
cellulose into a fluid-like binding agent.

These briquettes are used in dairy processing units for animal feeding and in
industries for the generation of energy. The energy can be in the form of steam
(boiler), electricity or heat generation.

2.2.2 Silage for dairy animals

The process involves the conversion of agricultural wastes into silage (feed) for
dairy animals and poultry. It includes cutting the harvested fodder (crop),
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compacting, storing and fermenting under an aerobic conditions in a silo. The agri-
cultural wastes are usually low in nutrients and are mixed with agro-industrial by-
products, such as rice bran, corn meal and coconut cake, to form complete feed (CF)
for ruminants and poultry. The transformation into silage helps to maintain the feed
nutrients in the forage for a long time. It is better than hay conditioning as it requires
less space, fields can be prepared early and overcome the atmospheric constraints such
as rain, snow and hailstorm. Moreover, the high-quality silage feed can be provided to
the dairy animals and poultry around the year.

2.2.3 Soil conditioners

The wastes are collected from the field either manually or mechanically and
converted into compost [34] and vermicompost [35].

2.2.3.1 Composting

The most common method of composting is bin-based and windrow-based
composting. In bin-based method, a rectangular bin is used. The agricultural waste is
mixed with 3–4 days-old cow dung and allowed to undergo degradation. The materials
are mixed regularly to mix the water and microbes uniformly. This type of method is
used for small-scale composting. At large scale, windrow composting is preferred in
which the wastes are placed in long rows in the form of a windrow and 3–4 days old
cow dung is mixed along with fungal consortium (Aspergillus awamori and
Trichoderma viridae) to bolster the degradation process. The materials are mixed at
regular intervals with the help of tractor operated compost turner-cum-mixer to
distribute the microbes and moisture uniformly for rapid degradation of the
agricultural waste [34].

2.2.3.2 Vermicomposting

The vermicomposting method is different from composting as it involves earth-
worms instead of bacteria or fungi in composting to degrade the agricultural waste.
The involvement of earthworms is prioritized as it modifies the physical, chemical and
biological properties of soil, resulting in quality manure production [36]. It is prepared
either in rectangular bins [15] or smart vermicomposting bins [35] depending upon
the application and quantity of waste. The fertility status of the vermicompost can
help to cater to the needs of crop plants in order to promote the growth activity and
serve as a sustainable alternative to chemical fertilizers [37]. It plays an essential role
in the accretion of essential nutrients [38], enhancement of physio-chemical and
biological properties [39, 40], improvement in porosity, aeration, drainage, solubility
of the nutrients, water holding capacity [41, 42] and bioaccumulation of heavy metals
in the soil [43]. In fact, the utilization of vermicompost-based organic agriculture can
usher a revolution in terms of consumer health and environmental protection [44].

2.2.4 Mushroom cultivation

The mushroom cultivation requires substrates for the fungus to grow and trans-
form into an edible mushroom. The lignocellulosic agricultural wastes are used as
substrates and mediums for the microbes. These substrates are subjected to size
reduction with the help of a chaff cutter or chopper. It is a case of nutrient recycling,
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where the nutrients in the agricultural wastes are extracted and utilized for the
production of mushrooms. It is an ecologically sustainable and economically viable
method of agricultural waste management [45, 46]. Moreover, the mushrooms pre-
pared from banana stalks [47]; paddy straw [48], coffee husk [49] and agro-industrial
waste [50] serve as essential ingredients to fight heart ailments and diabetes. The
substrates are chopped, mixed with other ingredients and then placed in polythene
bags of 5 kg or 10 kg before the addition of spawn (seeds). The spawn (seed) is added
in two ways:

a. Spawn mixed with ingredients uniformly and filled in bags.

b. Spawn added in layers at the outer circumference of the polyethene bags.

In the first case, the spawn seeds are added at the time of mixing and then filled in
polythene bags. There is a machine that fills one bag at one time. In the second case,
the ingredients and spawn are added in layers. However, the spawn is placed at the
outer circumference in layered structure. Usually, small holes are made in the poly-
thene to allow the spawn seeds to germinate and emerge easily.

2.2.5 Packaging material

The agricultural waste, such as paddy straw, is also used as packing material for
fruits and vegetables [51]. The farms and orchards are located at a far distance from
the markets. Therefore, the fruits and vegetables are packed in cardboard or wooden
boxes to transport them without any damage. The paddy waste is used for packing the
perishable products due to its flexible and cushion characteristics. The packaging
material can be made from tomato plants [52], starch from rice, wheat, potato peels
and other agricultural wastes.

2.2.6 Bioconversion into efficient gases

Agricultural biomass can be transformed into solid (biochar and compost/
vermicompost), liquid (bioethanol and biodiesel) or gaseous (producer gas, biogas
and methane) or electricity through different technological interventions. The con-
version of biomass into energy in anaerobic conditions with the active involvement of
microorganisms is gaining traction [53]. The degradation of the agricultural biomass is
accompanied by the liberation of methane and carbon dioxide, known as biogas.
Biogas contains methane, carbon dioxide, hydrogen sulphide, ammonia, nitrogen and
carbon monoxide with a calorific value of 4500 kCalm�3. Biogas can be used for the
generation of heat, electricity and engine operation. There are four processes involved
in the preparation of biogas: hydrolysis, acetogenesis, acidogenesis and
methanogenesis, Table 1 Hydrolysis involves the breakdown of complex molecules
into monomers. At the end of hydrolysis, acetic acid (CH3COOH) is formed. The
acetic acid is reduced to acids, either propionic acid or butyric acid. These acids are
acted upon by methanogens and converted into biogas (CH4 + CO2). However, the
type and composition of agricultural biomass [55], pH, density and degradation period
[56] influence the quality and quantity of biogas, Table 2.

Biogas is prepared in biogas plants, which may be either fixed type or floating type.
In fixed type biogas plant, the degradation chamber and drum are fixed. The output of
the biogas plant is obtained from the top of the biogas plant. The degraded slurry is

52

Agricultural Waste – New Insights



collected from the bottom. In floating type biogas plant, the floating drum is placed
over the top of degradation chamber. When the biogas starts pushing the floating
drum, it moves upwards. The slurry is obtained in a similar manner as that of fixed
type biogas plant. The biogas collected can be used for lighting, cooking and engine
operation as fuel. The generation of the biogas from agricultural wastes can help to
lower the greenhouse gases responsible for global warming. As per one estimate, the
households utilizing biogas produce 50% lower greenhouse gas emissions than
non-biogas households [62].

2.2.7 Pyrolysis and gasification

It is the process of burning the agricultural biomass (waste) at 350–700°C in
controlled conditions to turn it into enriched products. The pyrolysis process converts
the biomass into solid (char), liquid (bio-oil) and gaseous (fuel gas) mixture
depending on the type of process, Figure 6. Biochar contains carbon and is an essen-
tial ingredient to increase the nutrient composition of the soil. When the temperature
exceeds more than 700°C, it reduces the biomass into hydrogen and carbon
monoxide-based gaseous fuel. This gas is known as producer gas with individual
constituents as 18–22% carbon monoxide, 15–20% hydrogen, 1–5% methane, 8–12%

Process Chemical reaction End product

Hydrolysis Cellulose + H2O
Proteins + H2O

Sugars
Amino acids

Acidogenesis C6H12O6 ! 3CH3COOH
C6H12O6+2H2 ! 3CH3CH2COOH + 2H2O

Acetic acid
Propionic acid

Acetogenesis CH3CH2COO� + 3H2O ! CH3COO� + HCO3
� + H+ + 3H2

CH3CH2COO� + 2H2O ! 2CH3COO� + H+ + 2H2

4H2 + 2HCO3
� + H+ ! CH3COO

� + 4H2O

Acetate
Hydrogen

Methanogenesis 4CH3COOH ! 4CO2 + 4CH4

CO2 + 4H2 ! CH4 + 2H2O
4CH3OH + 6H2 ! CH4 + 2H2O

Methane
Carbon dioxide
Water

Table 1.
Chemical reactions involved in the preparation of biogas from biomass [54].

Substrate Biogas potential nm3/
mg fresh matter

Operations Biogas requirement Reference

Cow manure 63.3 � 7.5 Lighting 0.127 m3 per person [57]

Poultry litter 241.6 � 21.3 Cooking 0.227 m3 per person [58]

Agricultural waste
(Straws, cobs and stalks)

124.4 � 4.9 Power
generation

0.425 m3 per hp for
engine operation

[58]

Vegetable, fruit and
legume waste

158.1 � 18.7 Slurry as
organic
fertilizer

- [59]

Oil press residues 301.0 � 9.3 - - [60, 61]

Table 2.
Biogas production and requirements from different substrates and activities.
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carbon dioxide and 45–55% nitrogen, Table 3. The calorific value of producer gas is
4.2–5.0 MJ/Nm3 with conversion efficiency of 80%. There are four types of gasifiers,
depending on the type of substrate and application. The efficiency of the burning of
producer gas is 80%, higher than biogas (60%) and liquified petroleum gas (60%).
The quality of the gas produced depends on the type of substrate, temperature, bed
height and gasifying agent. Moreover, hydrogen is also emerging as a potential energy
source. Ahmad et al. [65] reported that gasification is the most efficient technique for
the production of hydrogen gas from biomass.

2.2.8 Renewable energy sources

The world is under tremendous pressure to seek alternate sources of fuel after the
emergence of greenhouse gases led to global warming, increase in energy consumption

Slow
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Bio-oil

Fuel gas

Figure 6.
Products formed by different methods of pyrolysis [63].

Type of reaction Chemical interaction Reference

Oxidation reaction C + O2 ! CO2

C + 1/2 O2 ! CO
[64]

Boudouard C + CO2 ! 2CO

Water gas C + H2O ! CO + H2

Methanation C + 2H2 ! CH4

Water gas shift CO + 2H2O ! CO2 + H2

Table 3.
Chemical reactions involved in gasification.
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[66] and growing concerns for health and environment from fossil fuels. There are four
generations of biofuel production depending on the type of biomass, methods and
technological procedure adoption, Figure 7. Earlier, the biofuels were manufactured
from started based food materials such as corn, sugarcane, wheat, sorghum and millet.
However, the controversy over food crops vs. non-food crops for biofuel production
has rendered the system untenable. In the second generation, lignocellulosic biomass
was utilized with the prediction that 442 billion litres of bioethanol (Table 4) can be
produced from rice, corn, sugarcane and wheat straw [73]. Third generation exploited
the potential of algae to produce biofuels. Fourth generation relies heavily on geneti-
cally engineered feedstock for the production of biofuels. The agricultural wastes [67]
can be effectively used in the production of biofuels.

Biodiesel is prepared from biomass/vegetable oils through the process of
transesterification and utilized as the substitute for conventional diesel in automo-
biles. Biodiesel is also known as free fatty acid alkyl ester. The vegetable oils are
mainly composed of fatty acids of glycerol known as triglycerides. When the triglyc-
eride molecule reacts with methanol, it produces fatty acid methyl ester (biodiesel)
and glycerol. In general, transesterification is the reaction of fat or oil with the alcohol
to produce esters and glycerine. Currently, biodiesel is mixed with conventional diesel
in different proportions to assess its efficacy for various operations. The proportion of
B5 signifies that 5% is biodiesel and 95% is conventional diesel fuel. Similarly, there
are other proportions such as B10, B15 and B85. The involvement of biodiesel lowers
the emissions of almost all the pollutants from the automobiles with the exception of
nitrogen oxide (NO2).

Figure 7.
Four generations of biofuel production.

Biofuel Substrate Reference

Bioethanol Agricultural wastes and crop wastes [67–69]

Bioethanol Vegetable waste (potato, carrot and onion peel) [70]

Bioethanol Banana stem [71]

Bioethanol Agro-industrial waste [72]

Table 4.
Agricultural wastes used for bioethanol production.
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2.2.9 Product formations

A number of products can be formed from agricultural wastes such as dishes and
plates from bagasse (sugarcane) by-product; antioxidants (pineapple waste [74],
orange peel) [75]; pharmaceutical products (fruit and vegetable peel) [76]; antibiotic
oxytetracycline (corn cobs, sawdust and rice hulls) [77] and enzyme production [78].
The agricultural wastes can also be used to prepare indigenous fermented products
such as Indonesian Oncom [79] and Indonesian and Malaysian tempeh [80].

Currently, a number of studies are diverted to involve the technical procedures,
technological interventions and methodological processes of agricultural waste man-
agement, Table 5. All the methods are tested for technical feasibility, economic
viability and commercial scalability to make it affordable to the main stakeholder—
the farmer.

3. Conclusion

The agricultural wastes are burgeoning at a rapid rate and demand appropriate in
situ and ex situ managemental strategy, depending on the type of substrate, area of

Finished product Method Reference

Aquatic and terrestrial Dal weed into
vermicompost

Mechanical interface and
technological intervention

[15, 32, 35, 36]

Paddy straw stubble into compost Mechanical interface and microbial
inoculum

[12, 20, 34, 81]

Utilization of biomass as fuel Procedural methodology [25]

Waste to value-added products — [26]

Waste for mushroom production Technological intervention and
standard method

[45, 47]

Waste for production of biogas, producer gas,
hydrogen and electricity

Hydrolysis and digestion [53, 55–57,
61, 64, 65]

Waste for biofuel production Acid hydrolysis and fermentation [67, 68, 70, 73]

Preparation of medicines and antioxidants from
wastes

Standard procedures [74, 75, 77]

Table 5.
Current methods used for agricultural waste management.
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generation, quantity and final product required. On certain occasions, the waste can
be chopped and incorporated into the soil for nutrient recycling and easy movement
of agricultural machinery [81]. The incorporated layer protects the soil from erosion,
conserves the moisture and provides humus for the growth of the plants. The in situ
methods are usually slow and time-consuming. However, at times, it becomes difficult
to manage the agricultural waste at the source of its generation. In such cases, it is
better to collect, transport and transform it into briquettes for energy generation,
feeding material for ruminants and poultry, biofuel production, conversion into bio-
gas and producer gas for household and industrial units. It can be also used for
composting, vermicomposting-based entrepreneurship enterprises or packaging
material for perishable agricultural products. The conversion of agricultural wastes is
imperative to protect human health, environment and arrest global climate change.
The ‘waste to wealth’ can ensure income augmentation of the farmers and sustain-
ability of the agricultural system.
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Abstract

The Indian agriculture sector has seen tremendous changes over the period. The 
country’s food grain production has increased from just 50 million tons (mt) in the 
1950s to 308 mt at present, around a sixfold rise. All of this could become possible due 
to the introduction of green revolution technologies in the 1970s and onwards, such as 
the introduction of high-yielding varieties, chemical fertilizers, pesticides, selective 
herbicides, and improvement of irrigation facilities with improved agronomic manage-
ment. According to an estimate, chemical fertilizers alone account for 50% of growth 
in the country’s foodgrain production. In the early 1950s, total fertilizer consumption 
in India was just 0.069 mt, which has increased to 2.25 mt in 1970–71 and 32.5 mt at 
present. This about 14.4 times rise in fertilizer consumption since the 1970s level to the 
present highlights the role of fertilizers and nutrient management in Indian agriculture. 
However, a continuous increase in fertilizer consumption over the year has invited 
many secondary agricultural problems, such as multi-nutrient deficiency, increased 
cost of production, and declining factor productivity of fertilizers. Imbalance and over-
use use of fertilizers, along with increased cropping intensity and reduced recycling of 
residues are some of the reasons for such problems. Increased agricultural production 
also generates a large volume of surplus residue, which often creates problems for 
farmers. It is well-understood facts from various research studies that crop residues 
are the hidden treasurer of all the essential nutrients and organic carbon. This chapter 
highlights the potential of crop residue in nutrient recycling in India and the availability 
of surplus crop residue.

Keywords: crop residue, nutrient recycling, soil health, nitrogen, phosphorus, 
potassium

1. Introduction

The agriculture sector alone engages about 55% of the Indian population and is 
the backbone of the Indian economy. India’s foodgrain production has significantly 
increased from 50 mt in the 1950s to 308.6 mt in 2020, making it the world’s 
second-largest producer [1]. Green revolution technologies (GRTs) and modern 
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infrastructure helped the country achieve self-sufficiency by implementing a variety 
of modern methods and technologies, including the use of high-yielding varieties, 
chemical fertilizers, irrigation facilities, pesticides, and farm machinery, all backed by 
increased public investment and facilitating institutions [2]. The adoption of high-
yielding varieties of rice and wheat coupled with chemical fertilizers and agronomic 
management were critical factors in achieving foodgrain self-sufficiency. Better nutri-
ent management through fertilizers alone accounts for a 50% rise in food grain pro-
duction in the country [3]. Consumption of fertilizers increased to 32.5 million tons 
in 2020–21, scaled up from 0.069 mt in 1950–51 and 2.25 mt in 1970–71. India's total 
NPK consumption increased 471 times to its 1950–1951 level, and 14.44 times to the 
1970–1971 level [1–4]. Increased use of chemical fertilizer and intensive agriculture 
create secondary agricultural problems. More than half of Indian soils are deficient 
in NPK, indicating a multi-nutrient deficiency. According to a recently published 
report based on soil samples collected between 2011–2017, about 36.5, 23.4, 12.8, 7.1, 
and 4.2% of soils were found deficient in Zn, B, Fe, Mn, and Cu, respectively [5, 6]. 
Multi-nutrient deficiency is of prime concern to Indian agriculture, mostly caused by 
the over and imbalance usage of primary major nutrients, particularly nitrogen, as 
well as a lack of attention to secondary and micronutrients, and increased intensive 
cropping without returning crop biomass. Approximately 188.4 thousand tons (Tt) of 
micronutrients were removed by 263 mt of foodgrains produced [7]. Based on annual 
crop production data from 2011–12 to 2015–16, India is producing 696.38 million tons 
of gross crop residue annually [8]. This hulk size of crop residue warrants judicious 
management in agriculture, which would aid in the elimination of multi-nutrient 
deficiency, as well as reduced fertilizers costs and improved soil health. This chapter 
will touch on the issues of nutrient deficiency in Indian soils and the potential of 
nutrient recycling from agricultural crop waste.

2. Status of nutrient deficiency in Indian soils

Indian soils are largely poor in fertility status, especially in nitrogen, phosphorus, 
and potassium, which is compounded by the emergence of micronutrient deficien-
cies, as a result of their accelerated removal under intensive agriculture. Multi-
nutrient deficiency has now become a severe problem in Indian soils; nearly all of the 
17 essential plant nutrients are deficient in Indian soils to variable degrees. Multi-
nutrient deficiency is exaggerated with modern highly intensive agriculture, which 
lacks in providing micronutrients back to the soil. According to the latest data from 
the DAC’s soil health dashboard (available at https:/soilhealth .dac.gov.in /NewHome 
Page/StateWiseNPKChart), 96% of Indian soils have extremely low, and or medium 
nitrogen content, with only 4% having a high nitrogen content (Figure 1).

About 61% of Indian soils are deficient in available phosphorus. Similarly, about 
5, 10, and 47% of soils are very low, and medium in plant-available potassium, 
respectively.

In a recent report from Shukla et al., [5], a detailed description of secondary 
(sulfur) and micronutrient deficiencies in Indian soils are given in Figures 2 and 3.

About, 40.5, 36.5, 12.8, 4.2, 7.1, and 23.2% of soils in 536 districts in India are 
found to be deficient in sulfur (S), zinc (Zn), iron (Fe), copper (Cu), manganese 
(Mn), and boron (B), respectively [5]. In Indian soils, zinc was reported to be the 
most deficient micronutrient. The prevalence of zinc deficiency varies by state, 
ranging from 9.6% in Uttarakhand to 75.3% in Rajasthan. Zn deficiency was found to 
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Figure 1. 
Primary nutrient deficiencies (%) in Indian soils. (Source: https://www.soilhealth.dac.gov.in/NewHomePage/
StateWiseNPKChart).

Figure 2. 
Percentage of Indian soils deficient in S and micronutrients (adopted from [5]).



Agricultural Waste – New Insights

68

be more prevalent in the states of Rajasthan (75.3%), Madhya Pradesh (66.9%), Tamil 
Nadu (65.5%), Maharashtra (54.0%), Bihar (44.0%), and Uttar Pradesh (33.1%); in 
the rest of the country, deficiency varied from 9.6 to 25%. Boron is the second most 
deficient (23.2%) micronutrient in Indian soils, trailing just Zn (36.5%). B deficiency 
is more common in calcareous soils of Bihar (39.39%) and Gujarat (18.72%), as well 
as acid soils of Jharkhand (60%), Nagaland (54.31%), Odisha (51.88%), Meghalaya 
(47.93%), West Bengal (37%) and Jammu and Kashmir (43%). The primary cause is 
excessive B leaching in sandy loam soils, and alluvial and less deposits [9–11]. Iron 
deficiency is more prevalent in western states, such as Rajasthan (38.34%), Gujarat 
(25.87%), Maharashtra (23.12%), Haryana (21.72%), and Punjab (21.72%) (13%). 
Fe deficiency is emerging in states of Andhra Pradesh (12.24%), Telangana (16.65%), 
Uttar Pradesh (15.56%), Tamil Nadu (12.62)%, and Bihar (12%). In comparison to 
other micronutrients, manganese deficiency in Indian soils is low (7.10%). Rajasthan 
(28.28%), Punjab (26.20%), Goa (16.91%), Uttar Pradesh (15.82%), and Chhattisgarh 
(14.77%) are the states with the highest levels of Mn deficiency. The copper defi-
ciency was observed to be lower in Indian soils.

3.  Partial factor productivity: foodgrain production vis-à-vis fertilizers 
consumption

Fertilizer consumption in India surged after the adoption of fertilizer-respon-
sive high-yielding rice and wheat varieties in 1965–66, later termed the green 
revolution era.

Figure 3. 
State-wise percent distribution of micronutrient deficiencies in India (source: [5]).



69

Nutrient Supplying Potential of Crop Residues in Indian Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.108970

Ye
ar

s
Fo

od
gr

ai
ns

 
pr

od
uc

tio
n 

(m
t)

N
 u

se
  

(0
00

 to
ns

)
P 2

O
5 u

se
  

(0
00

 to
ns

)
K

2O
 u

se
 

(0
00

 to
ns

)
To

ta
l 

(N
+P

2O
5+

K
2O

) 
(0

00
 to

ns
)

N
/K

2O
ra

tio
P 2

O
5/

K
2O

ra
tio

N
+P

2O
5+

K
2O

 
ra

tio
PF

P 
 

(k
g/

kg
)

19
50

–5
1

50
.8

55
8.

8
6

69
.8

9.1
7

1.4
7

9.1
7:1

.4
7:1

72
8.

08

19
60

–6
1

82
.0

21
1.

7
53

.1
29

29
3.8

7.3
0

1.8
3

7.3
0:

1.8
3:

1
27

9.1
7

19
70

–7
1

10
8.4

14
79

.3
54

1
23

6.
3

22
56

.6
6.

26
2.

29
6.

26
:2

.2
9:

1
48

.0
5

19
80

–8
1

12
9.6

36
78

.1
12

13
.6

62
3.9

55
15

.6
5.9

0
1.9

5
5.9

0:
1.9

5:1
23

.50

19
90

–9
1

17
6.

4
79

97
.2

32
21

13
28

12
54

6.
2

6.
02

2.4
3

6.
02

:2
.4

3:
1

14
.0

6

20
00

–0
1

19
6.

8
11

31
0.

2
43

82
.4

16
67

.1
17

35
9.7

6.
78

2.6
3

6.
78

:2
.6

3:
1

11
.3

4

20
10

–1
1

24
4.

5
16

55
8.

2
80

49
.7

35
14

.3
28

12
2.

2
4.

71
2.

29
4.

71
:2

.2
9:

1
8.

69

20
11

–1
2

25
9.3

17
30

0.
3

79
14

.3
25

75
.5

27
79

0
6.

72
3.

07
6.

72
:3.

07
:1

9.3
3

20
12

–1
3

25
7.1

16
82

0.
9

66
53

.4
20

61
.8

25
53

6.
2

8.
16

3.
23

8.
16

:3.
23

:1
10

.0
7

20
13

–1
4

26
5.1

16
75

0.
1

56
33

.5
20

98
.9

24
48

2.4
7.9

8
2.6

8
7.9

8:
2.6

8:
1

10
.8

3

20
14

–1
5

25
2.

0
16

94
9.6

60
98

.9
25

32
.9

25
58

1.
3

6.
69

2.4
1

6.
69

:2
.4

1:1
9.8

5

20
15

–1
6

25
1.

5
17

37
2.

3
69

78
.8

24
01

.5
26

75
2.6

7.2
3

2.
91

7.2
3:

2.
91

:1
9.4

0

20
16

–1
7

27
5.1

16
73

5.9
67

05
.5

25
08

.5
25

94
9.9

6.
67

2.6
7

6.
67

:2
.6

7:1
10

.6
0

20
17

–1
8

28
5.

0
16

95
9.3

68
54

.4
27

79
.7

26
59

3.4
6.

10
2.4

7
6.

10
:2

.4
7:1

10
.7

2

20
18

–1
9

28
4.

9
17

63
7.8

69
10

.2
26

80
.3

27
22

8.
2

6.
58

2.
58

6.
58

:2
.5

8:
1

10
.4

7

20
19

–2
0

29
7.5

19
10

1.
3

76
62

26
07

29
37

0.
4

7.3
3

2.
94

7.3
3:

2.
94

:1
10

.13

20
20

–2
1

30
8.

6
20

40
4

89
77

.9
31

53
.7

32
53

5.6
6.

47
2.

85
6.

47
:2

.8
5:1

9.4
8

Ta
bl

e 
1.

 
Fo

od
gr

ai
n 

pr
od

uc
tio

n,
 N

PK
 co

ns
um

pt
io

n,
 th

ei
r r

at
io

, a
nd

 p
ar

tia
l f

ac
to

r p
ro

du
ct

iv
ity

 in
 In

di
a 

fr
om

 19
50

–5
1 t

o 
20

20
–2

1.



Agricultural Waste – New Insights

70

Consumption of nutrients increased to 32.5 million tons in 2020–21, up from 
0.069 Mt in 1950–51 and 2.25 Mt in 1970–71 (Table 1, Figure 4). With 32.5 mt of 
total fertilizer nutrient use (N+P2O5+K2O), India is second only to China (52.50 mt) 
globally. Total nutrient consumption (NPK) increased from 2.25 mt in 1970–71 to 32.5 
mt in 2020–21, while foodgrain production rose from 108.4 mt to 308.6 mt during the 
same period. From 1950 to 1951, India’s total NPK consumption increased 471 times, 
from 1970 to 1971, the increase was 14.44 times. However, partial factor productivity 
(kg of foodgrain produced per unit of fertilizer nutrient used) fell from 728 kg/kg in 
1950–51 to 9.48 kg/kg in 2020–21 (Figure 1).

The decline in PFP at an alarming rate is a sign of decreasing crop response to 
fertilizer use and declining soil health. The relative use of nitrogen, phosphorus, and 
potash fertilizers remains highly skewed toward N. In 1950–51, the NPK use ratio 
was 9.17:1.47:1, which decreased to 6.26:229:1 in 1970–71, and 6.47:285:1 in 2020–21 
(Table 1, Figure 4). Use of micronutrients remains negligible in Indian agriculture, 
which is evident from emerging multi-nutrient deficiencies (Table 2).

Figure 4. 
Fertilizer consumption, foodgrain production, and partial factor productivity.

Crop N (%) P (%) K (%) References

Rice 0.45–0.49 0.089–0.104 1.45–1.51 [12]

0.55–0.66 0.067–0.103 1.463–1.525 [13]

0.61 0.18 1.38 [14]

0.71 - - [15]

Wheat 0.37 - 1.2 [16]

0.34 - - [15]

0.62 0.038 1.324 [17]

0.48 0.16 1.18 [14]

Maize 0.6 -- [15]

0.52 0.18 1.35 [14]
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4. Availability of crop residue in India

Crop residues or biomass are non-economical material remains after the removal 
of economically important parts (generally grains in cereals, seeds in pluses and 
oilseeds, pods/fruits in vegetables, and fruits) at the harvesting sites and agricultural 
processing sites [27]. The amount of crop waste is increasing with increasing crop 
area and cropping intensity. Crop biomass is often treated as wasteful material and is 
subjected to burning, exporting for other uses, selling, and feeding animals. However, 
multiple studies have emphasized the importance of crop residues in sustainable agri-
culture and conservation agriculture, as and means of reducing the chemical fertilizer 
requirement [16, 28–30].

Venkatramanan et al., [8] calculated the annual gross crop residue potential 
(GCR) of India, 696.38 million tons, based on the annual crop production data from 
2011–12 to 2015–16, which includes cereal crops, pulse crops, oilseed crops, sugar-
cane, fiber crops and horticultural and plantation crops (Table 3, Figures 5 and 6). 
The major contributors to GCR are cereals (52%), bananas and plantain (17.76%), 
sugarcane (17.13%), oilseed crops (6.26%), fiber crops (4.5%), and pulse crops 
(1.95%). Cereals contribute about 364.3 mt to the total gross crop residue generated 
annually in India. The sugarcane crop alone generates about 119 mt/year of gross 

Crop N (%) P (%) K (%) References

Sorghum 0.52 0.23 1.34 [14]

0.537 0.194 1.59 [18]

Pearlmillet 0.45 0.16 1.14 [14]

0.68 0.194 1.39 [19]

Pulses 1.29 0.36 1.64 [14]

Gram 0.6 0.223 - [20]

Redgram 0.74 0.28 0.89 [21]

Lentil 1.96 0.199 1.142 [13]

Oilseed 0.8 0.21 0.93 [14]

Groundnut 1.6 0.23 1.37 [14]

Soybean 0.85 - 1.45 [16]

0.58 - - [15]

1.93 0.14 1.84 [22]

Mustard 0.55–0.65 0.25–0.32 0.39–0.41 [23]

Sunflower 0.55–0.58 0.18–0.22 1.70–1.79 [24]

Sugarcane 0.4 0.18 1.28 [14]

Cotton 0.67 - 0.46 [16]

0.86 0.3 0.92 [21]

Banana 0.47 0.062 3.84 [25]

0.7 0.13 7.71 [26]

Table 2. 
Major nutrients content in residue of major field crops.
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crop residue. The contribution of oilseeds and pulses is only 43.57 million tons/
year and 13.58 million tons/year of gross crop residues, respectively. Uttar Pradesh, 
Maharashtra, Karnataka, Madhya Pradesh, Tamil Nadu, Punjab, Gujarat, and West 
Bengal all contribute considerably to crop residue generation (Figures 5 and 6).

The surplus residue is an unutilized part of the gross crop residue, which is not 
being used by farmers, and it can be exploited for nutrient recycling in the agro-
ecosystem. Surplus crop residues available for nutrient recycling are estimated to 
be 214.15 million tons annually, which is nearly 33% of gross crop residue potential. 
Within the crop category, cereals and sugarcane contribute to an extent of 53.86% and 
21.21% to the surplus crop residue in India, respectively.

Rice, wheat, and sugarcane crops all contribute a nearly equal amount to gross 
residual surplus. About 27.5 million tons of banana crop residue (peels) is added to the 
estimated surplus crop residue. Fiber crops contribute near about 13.6 million tons in 
crop residual surplus (stalk, husk, and boll shell). Surplus crop residues from oilseeds 
and pulse crops amount to 10.8 mt and 5.2 mt, respectively. Uttar Pradesh produces 

Figure 5. 
Gross crop residue potential of India (Adopted from [8]).
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116.7 mt of total crop waste and 41.8 mt of surplus crop residues, according to esti-
mates. States of Punjab, Madhya Pradesh, Gujarat, Maharashtra, Karnataka, Andhra 
Pradesh, and Tamil Nadu produce between 32.2 mt and 64.1 million tons of gross crop 
residues (Figures 5 and 6).

5. Nutrient supplying potential of crop residues in India

Crop residue is an important source of essential plant nutrients; therefore, it 
should be explored for recycling in agriculture. It is widely known that depending on 
the crop species, varying amounts of N, P, K, and other nutrients are extracted from 
and returned to the soil via crop residues [12–14].

The amount of nutrients that crop residue can provide, as well as the rate at which 
it decomposes and becomes available to plants, is determined by the type of residue. 
Based on 17 primary crops, including bananas, India generates 638.25 mt and 214.15 
mt of total and surplus agricultural residue, respectively. The potential of nutrient 
supply from these residues varied with the nutrient content in the residue. Major 

Figure 6. 
Surplus crop residue potential of India (Adopted from [8]).
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nutrient content (NPK) in major field crops is given in Table 2. Nitrogen concentra-
tion in rice residue ranges from 0.45 to 0.71%, phosphorus from 0.089 to 0.18%, and 
potassium from 1.2 to 1.52%. Nitrogen content is higher in pulses (1.29%) and legume 
oilseeds like soybean (1.93%) and groundnut (1.6%). Phosphorus content is relatively 
lower than N and K, It varied from 0.089 to 0.36%. K content in crop biomass was 
found to have higher variation among the type of crops, being higher in bananas 
(3.84–7.7%) to as low as 0.89% in gram.

The per ton of rice residue could supply 6, 1.20, and 14.50 kg of N, P, and K, 
respectively (Table 2). Similarly, one ton of lentil residue could supply 19.6 kg N and 
11.4 kg K. The variation in the nutrient amount of various crop residues depends on 
the percentage of nutrient content in the particular crop. The potassium supply from 
one ton of banana residue could be 57 kg. Based on the gross crop residue generated 
(638.25 mt annually), the nutrient locked in or present in is 16.02 mt of NPK, com-
prising 3.65 mt of N, 0.94 mt of P, and 11.34 mt of K. However, with the competition 
for residues in other sectors, the surplus reside available for recycling in the field is 
214.15 mt [8], which would supply a total of 5.5 mt of NPK, comprised of 1.20 mt of 
N, 0.32 mt of P, and 3.98 mt of K. Similarly, Srivastava [31] reported that ten major 
crops (rice, wheat, sorghum, pearl millet, barley, finger millet, sugarcane, potato 
tubers, and pulses) of India generate about 312.5 mt of crop residues that have the 
nutrient supplying potential of about 6.46 million tons of NPK.

6. Conclusion

Crop residue often being treated as wasteful material and burnt on-farm. 
Annually, India generates about 214.1 mt surplus crop residue, which could supply 
5.5 mt of NPK. However, the policy, strategies, and methods need to be explored for 
better utilization of the whopping amount of crop residue in India. Currently, crop 
residues are either burnt on the field or used for ruminants as feed, or transported 
for other uses. To exploit the trapped nutrients in crop biomass, mass awareness and 
government-backed schemes have to be implemented. The recycling and reuse of crop 
biomass would not only reduce the dependence on chemical fertilizers but will also 
enhance the functioning of soil health via increasing various soil physical, chemical, 
and biological properties.
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Chapter 5

Agro-Industrial Waste 
Management: The Circular and 
Bioeconomic Perspective
Cosmas Chikezie Ogbu and Stephen Nnaemeka Okey

Abstract

Traditional agricultural production is circular. Virtually no waste is produced. 
Residues are returned to soil as compost; used as bedding material in livestock 
husbandry (and returned to soil as compost) or as feed to produce animal protein 
and manure; utilized as construction materials; or fuel for domestic energy. Circular 
agricultural production ensures soil conservation, waste reduction, residues reuse, 
and recycling. The ever rising global population, and demand for food and agro-
industrial products, necessitated a transition to linear agricultural production 
which generates enormous quantities of agricultural residues, agro-industrial, and 
food wastes. The economic losses, environmental degradation, and health hazards 
resulting from poor management of excess wastes, and their mitigation have been 
the subject of research and policy efforts at continental and regional levels. Current 
waste management models redirect attention to circular agricultural production 
and bioeconomic approaches aimed at waste reduction, reuse, and recycling. Such 
approaches view agricultural wastes as raw materials with economic benefits for the 
farmer, consumer, and investor in varied industrial enterprises (crop and animal pro-
duction, animal and human health, food, beverage, neutraceutical, pharmaceutical, 
cosmetics, and material industries). The present review attempts to collate informa-
tion on global production, and possible valorization of recyclable agro-industrial 
residues and food wastes.

Keywords: wastes, theoretical and technical availability, valorization, bioactive 
compounds, value-added products

1. Introduction

Agro-industrial wastes are inedible materials produced as a result of various 
agricultural and agro-industrial operations. They include wastes from slaughter-
houses and meat processing, animal dung or manure, field crop wastes, crop residues, 
harvest wastes, and wastes from food consumption and processing [1, 2]. The huge 
diversity characteristic of the agricultural and livestock sectors means that very large 
and heterogeneous products end up as wastes. There are hence several types of agro-
industrial wastes based on material composition and management.
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1.1 Types of agro-industrial wastes

Agro-industrial wastes can be divided into three broad categories, namely 
recyclable and compostable or naturally occurring agricultural and agro-industrial 
wastes, non-recyclable and non-compostable agricultural and agro-industrial 
wastes, and hazardous agricultural and agro-industrial wastes. Compostable wastes 
are recyclable wastes, which can be reused in the farm or recycled in recycling 
plants. Some such as pruning, straw, leaves, stover, stalk, bagasse, cob, and ani-
mal dung or manure are regarded as primary residues because they arise directly 
from crop and animal production activities while others such as pit, shell, peels, 
husk, cake, slurry, and slaughterhouse wastes are regarded as secondary wastes 
because they arise from agro-allied industrial processing [1]. Generally, primary 
and secondary residues are categorized as least problematic in management. Non-
recyclable agro-industrial wastes are wastes that result from farm construction 
operations, farm mechanization, transport, and livestock protection facilities. They 
are the most problematic to manage since they are usually bulky and not reused 
or recycled on-farm. They include plastic sheets and containers, metal containers 
and equipment, tires, shadings or anti-stone nests, machinery, metal structures 
for fences or covers, and irrigation facilities. Hazardous agro-industrial wastes are 
wastes that pose very serious immediate and remote problems if not correctly man-
aged. They include phytosanitary products, chemical containers, acids, fertilizers, 
waste water, chemical contaminated water, foods, and other materials; medicines, 
agro-chemicals, and detergents. These wastes are managed following laid down 
regulations from the appropriate authorities. In this review we focus on the utiliza-
tion of recyclable (primary and secondary) agro-industrial wastes (agro-industrial 
residue) (Figure 1) for the production of renewable energy and functional products 
for household, environmental, industrial, medical, veterinary, and animal produc-
tion applications.

Figure 1. 
Classification of recyclable agro-industrial wastes. Source: Sadh et al. [3].
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2. Global availability and estimates of agro-industrial residue biomass

Agriculture-based industries produce vast amounts of recyclable residues and 
wastes [3]. Food production, transportation, storage, processing, distribution, and 
consumption yield enormous wastes such as crop residues, food wastes, animal 
manure, animal wastes, and by-products, and forestry waste biomass. For instance, 
juice industries produce huge amounts of wastes such as peels, pulp, and drupes [4]; 
beverage industries produce cocoa, and coffee pulp, pod, and stalk as wastes; process-
ing of cereals, canes, and grains yields husks, bran, bagasse, and molasses; nuts yield 
shells, cakes, and slurry following oil extraction; palm fruit processing yields large 
quantities of empty palm fruit bunch, palm fruit fiber, and palm oil sludge; process-
ing of palm kernel yield shells while extraction of palm kernel oil yields palm kernel 
cake; meat industries produce trimmings, bone, offal, feather, hair or fur, cartilage, 
and blood [1–3]. From the growth of crops, various kinds of primary residues and 
wastes, namely stalk, stover, straw, leaves, stem, bagasse, and cobs are produced 
[1, 3]. Raising of livestock and poultry in large confined feeding operations produces 
nearly unmanageable concentrations of dung or manure and slurry in addition to 
various slaughterhouse wastes [1, 2].

Global agricultural residue potential is rendered in terms of technical, theoretical, 
economic, and sustainable potentials [5, 6]. The theoretic potential gives the gross 
quantity of biomass potentially produced [7] while the technical potential is the frac-
tion of the theoretical potential technically recoverable allowing for economic, social, 
environmental, and political constraints [6, 8]. The economic potential indicates the 
fraction of the theoretical and technical potential available for purchase as source of 
revenue to the producer. Globally, approximately 147.2 million metric tons (Mt) of 
fiber sources are theoretically available while 709.2 and 673.3 Mt of wheat straw and 
rice straw residues were estimated, respectively, in 1994 [3, 9]. Residues from cereals 
and sugar cane production account for 80% of the total residue from crops and consti-
tute the most harvestable biomass [1, 10, 11]. Cho et al. [12] estimated global annual 
rice straw, wheat straw, corn straw, sugarcane bagasse, and rice husk production at 
731, 354, 204, 181, 110 Mt, respectively, while wood biomass waste was put at 4.6 Gt 
yr−1. Wastes from coffee and olive oil industries were estimated at 7.4 and 30 Mt yr−1, 
respectively. Capanoglu et al. [13] indicated that close to 1.3 billion tons of food (about 
one-third of food produced) is lost as wastes before or after reaching the consumer.

Country-specific estimates of agro-industrial and food waste biomass production 
and availability are scanty and very patchy since very few countries consistently track 
(document) residue and waste production and use [1]. Thus, reported statistics are 
results of modeling studies mostly based on national crop production, crop yield, 
residue-to-product ratio (RPR), area under cultivation, and moisture content [7]. 
Reports from a number of such studies estimate on a global level an appropriation 
(including for energy) of 2.9 billion tons yr−1 (66% of total annual production) 
[1, 14, 15]. A 2006–2008 estimate of crop residue production from barley, maize, rice, 
soybean, sugar cane, and wheat gave 3.7 + 1.3 or – 1.0 Pg (billion tons) accounting for 
¾ of total production [16]. Regions outstanding include North and South America, 
Eastern and Southern Asia, with a production of more than 500 Tg (Mt) yr−1 each. 
South-east Asia and Eastern Europe have estimated value of 200 Tg yr−1 each [16]. 
Earlier estimates include 3.5–4.0 Pg yr−1 in the 1990s with cereals, sugar crops, and oil 
crops accounting for 79% of the total [17], 3.4 Pg yr−1 in 1991, and 3.8 Pg yr−1 in 2001 
with cereals accounting for 74–75% [10], 4.4 Pg yr−1 in 2000 [14], and 5.4 Pg yr−1 for 
1997–2006 using crop-specific harvest indices as estimator instead of RPR [18]. 
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Using agricultural production data from FAO [19], Cooper and Laing [20] quantified 
crop residues and animal wastes produced on the African continent. The authors 
indicated that crop residues were mainly from coconut, maize, rice, and sugarcane 
production. Overall, 639,600 tons of coconut husks and 191,880 tons of coconut shells 
were estimated. Major producers were Tanzania (140,000 and 42,000 tons, respec-
tively), Ghana (122,000 and 36,600 tons, respectively), and Mozambique (120,000 
and 36,000 tons, respectively). Residues from maize were 16,296,301 tons of cobs and 
90,602,879 tons of stalks with major production from South Africa (SA) (3,981,199, 
and 22,134,353 tons, respectively), Egypt (2,405,371 and 13,373,188 tons, respec-
tively), and Nigeria (2,059,759, and 11,451,685 tons, respectively). A total of 
22,858,042 tons of sugar cane residues were estimated with SA (6,302,133 tons), Egypt 
(4,112,925 tons), and Mauritius (1,443,750 tons) leading other countries in the 
continent. For the USA, the “Billion ton annual supply study” [21] and its update [22] 
reported an annual crop residue production of 550 Million dry ton matter(Mdt) yr−1; a 
more recent study reported 518 Mdt yr−1 [23] with 5.6 Mt (1% of total) corn stover 
appropriated for energy production [16, 23]. The US DOE [24] project estimated that 
approximately 144 Mt of primary agricultural residues are in use in diverse applica-
tions across the United States made up majorly of corn stover and concentrated in the 
Midwest regions, including the states of Illinois, Indiana, Iowa, Kansas, Minnesota, 
Missouri, Nebraska, Ohio, and South Dakota. Kim and Dale [25] had reported that 
corn production yielded roughly 10 Mt of grain ha−1 and approximately the same 
amount of stover (assuming a 1:1 crop:residue ratio). An estimate of US biomass 
resources in terms of economic potentials gave 94 Mt at $66 ton−1 coming from barley 
straw, corn stover, oats straw, sorghum stubble, and wheat straw with an increase 
between 158 and 180 Mt by 2040 [1, 24]. For Canada, about 48 Mt of dry agricultural 
crop residue is possible baring such factors as crop yield, cost of production, collec-
tion and transport, properties of residues, distance to processing facilities, the profit 
potentials of targeted use, and the degree of substitutability of other feedstock [1]. 
Bloomberg [26] had projected the potential supply of agricultural residues (80% grain 
straw) in the EU to be approximately 170 Mt at an average supply cost of €67 ton−1 
while de Wit and Faaij [27] projected approximately 200 Mt at plant gate cost of €51 
ton−1. Generally, the cost of crop production, crop yield, cost of residue harvesting, 
and the supply chain from point of collection to point of processing significantly 
impact price of residue. For Denmark, Energinet.dk [28] projected 1.0–1.5 Mt yr−1 
while annual production of crop residues in Canada over the period 2001–2010 was 
estimated at 82 Mdt [29]. Ji [30] assessed the potential lignocellulosic biomass or crop 
residues feedstock in China for biofuel production and found a theoretical amount of 
930.8 Mt. In Iran, Alavijeh and Yaghmaei [31] reported 11.33 Mt. Pradhan and Mbowa 
[32] had stated that availability of reliable feedstock data for biofuel production in SA 
is a challenge. Barahira et al. [33], however, estimated an annual crop residue produc-
tion of ~43 Mt in SA with ~32 Mt from grains and ~6 Mt from sugar cane. Other 
estimates include residue from oil crops (groundnut, soybean, sunflower) (~3 Mt), 
vegetable crops (potato, tomato, cabbage) (~1 Mt), and other minor crops (~0.8 Mt). 
Residue from maize ranked first among all crops with ~28 Mt followed by sugar cane, 
wheat (~3 Mt), sunflower (~2 Mt), and soybean (~1 Mt) [33]. Batridzirai et al. [7] 
had reported the gross (above ground) crop residue potential from maize and wheat 
in SA as 14.4 Mt yr−1, but only 6.0 Mt yr−1 can be removed sustainably from the field. 
Regions in SA with the highest potentials for residue production include Northern 
Cape, Mpumalanga, and Free-state accounting for 87% of national residue potential. 
Maize stover is the predominant crop residue accounting for 90% of the current and 
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future total residue potential. In India, about 500–550 Mt of agro-industrial residues 
are generated per year [34–36]. Agriculture alone generates 140 Mt yr−1 of biomass 
[34]. Cereals lead (352 Mt, 70%), fiber (66 Mt, 13%), oil seeds (29 Mt), pulses (13 
Mt), and sugar cane (12 Mt, 2%). Of the 70% by cereals, rice has 34%, wheat 22% 
[37]. For fiber, cotton leads (53 Mt, 11% of crop residues) followed by coconut (12 Mt) 
[37]. FAO [38] reported an estimated total crop residue production of 95 Mt yr−1 for 
member states of the Union économique et monétaireouest-africaine (West African 
Economic and Monetary Union) (Benin, Burkina Faso, Côte d’Ivoire, Guinea-Bissau, 
Mali, Niger, Senegal and Togo) in 2010 with cereal straw accounting for 80 Mt yr−1 
and straw from millet and sorghum ranking highest. Sahelian countries (Niger, 
Burkina Faso, Mali, and Senegal) had the largest share (96%) of crop residues espe-
cially cereal residues. Residues (peels) from tuber crops (yam and cassava) were 
estimated at 6 Mt yr−1 and came mostly from sub-humid countries (Cote d’ Ivoire and 
Southern part of Benin). Agro-industrial by-products include cotton cake (2 Mt yr−1 
in 2005 but 1.34 Mt yr−1 in 2009), groundnut cake (2.5 Mt yr−1 in 2009), cereal bran 
(millet: 1.5–1.8 Mt yr−1; sorghum: 1.3 Mt yr−1), and molasses (100,000 tons yr−1) with 
Cote d’ Ivoire and Senegal accounting for 45 and 15% of the total, respectively. In 
Nigeria, agro-industrial residues result from crop and animal farming, crop and 
animal processing, and forestry and timber production [39]. Major crop residues are 
from cassava, yam, potatoes, fruits and vegetables, plantain, cocoa, coconut, coffee, 
cowpea, groundnut, maize, millet, rice, sorghum, sugar cane, wheat, soybean, and oil 
palm [39, 40]. Agba et al. [41] reported that the biomass potential of Nigeria as at 
2005 stood at 13 million hectares of fuel wood, 61 Mt yr−1 of animal waste, and 83 Mt 
yr−1 of crop residues. From 10 crops, Simonyan and Fasina [42] estimated crop residue 
availability of 145.6 Mt yr−1 while Isola et al. [43] and Okeh et al. [44] reported 227,500 
tons day−1 of animal manure. The annual production of agricultural wastes is this high 
because about 94% and 68% of households are engaged in crop and livestock farming, 
respectively [45]. In a study that evaluated global production of endocarp tissue from 
horticultural fruit crops, particularly drupes, as residue for biofuel production, 
Mendu et al. [4] reported an estimate of 2.4 × 107 tons consistent with FAO’s 3.1 × 107 
tons (29% variation). The study reported greatest density of drupe endocarp produc-
tion in developing countries in South Asia and broad lower-density distribution across 
Southern and Northern Europe and the Middle East. Isolated productions were 
mapped to USA, Africa, China, Australia, Central America, and South America. 
Highest endocarp yield was from coconut and mango (1.31 × 107 and 3.99 × 106 tons, 
respectively), which together accounted for 72% of total global drupe endocarp 
production [4]. Smil [17] had indicated that over 60% of global crop residues are 
produced in low-income countries, and almost 45% of residues come from the tropics. 
This is despite considerable regional differences in fraction of residue harvested and 
used (29% in sub-Saharan Africa and 90% in Western Europe) [14].

3.  Management of agro-industrial residues: the circular agricultural  
and bioeconomy perspectives

Traditional (subsistence) agriculture is based on circular sustainability model, 
which ensures practically nil waste as residues are recycled or used for various 
purposes including maintenance of soil fertility [46, 47]. Rise in global population, 
however, necessitated the intensification of agricultural production, linear-agricul-
tural production system, globalization of food distribution, extensive storage, and 
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agro-industrial processing, all of which generate extensive quantities and varieties 
of agro-industrial and food wastes [47, 48]. Previously considered of little or no 
economic value, harvest leftovers, crop residues, animal wastes (bones, carcasses, 
blood, fat, feathers, hair, cartilages, skins, viscera, and dung), and food wastes 
(household, food service, and retail wastes) are today viewed as valuable resources of 
significant economic value such that they have become co-products or raw materials 
from agro-industrial processing, crop, forestry, and animal production [49]. In the 
traditional circular agricultural model, farmer’s decision on agricultural residue use 
reflects their needs and preferences [50], and access to and affordability of alternative 
biomass resources determine the opportunity costs for a farmer or household to sell, 
use, or replace residues [50]. From time, agricultural waste biomass has fulfilled vital 
roles including livestock feed, animal bedding material, domestic fuel, construction 
material, some cash through sales, and maintenance of soil fertility [50–52]. Today, 
the huge excess residues and wastes after fulfilling these traditional roles are disposed 
by burning; a practice viewed by farmers as the most convenient, cheap with regard 
to time, labor, and finance, and beneficial for control of weeds, crop pests, and 
diseases (Figure 2) [52–54]. The traditional agricultural residue management models, 
however, have poor economic returns to the farmer, and poor soil health conservation 
and maintenance [52]. In addition, burning of agricultural residues has tremendous 
negative environmental implications including loss of soil nutrients, soil erosion, and 
release of climate pollutants including greenhouse gasses [48, 52, 55–60]. Added to 
these are considerable adverse human and animal health concerns (Figure 2) [59–61].

Current agricultural residue and waste management models (the circular and bio-
economy models) (Figures 3 and 4) emphasize profitability, sustainability, technical 
feasibility, and adoption potential. That is, an integrated circular and bioeconomy 
approach that is sustainable, up scalable, crop- and region-specific, socially inclusive, 
environmentally sound, and technically robust [52]. The approach further harnesses 
the synergies existing among alternative options, aims at mitigating climate change, 
and contributes to achievement of sustainable development goals [52].

This perspective is hence driven by the urge for better human and animal 
health and welfare, sustainable agricultural and animal production, the need to 
decarbonize the agricultural economy, exploitation of emerging opportunities 

Figure 2. 
Impact of crop residue burning (CRB) [52].
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through waste valorization and production of value-added products, to end waste 
burning and derive optimal economic benefits from agricultural residues and food 
wastes for improved livelihood, circularity in agricultural production system for 
example through reuse and recycling of residues, and the need to mitigate climate 
change (Figure 5) [52, 62].

The circular and bioeconomy approaches have become critical in the backdrop of 
declining soil fertility, and productivity, need of food and nutritional security, carbon 
sustainability, and to mitigate adverse health effects and greenhouse gas emission 
[52, 62]. Key components of the agricultural circular and bioeconomy waste manage-
ment interventions are conservation agriculture, in situ crop residue incorporation, 
biomass energy production, biofuel generation, biochar and activated carbon produc-
tion, residue composting and biofertilizer production, and substrate for edible fungi 
cultivation [52, 63–66], production of materials such as packagings, food coatings, 

Figure 3. 
Crop residue management: A paradigm shift from the traditional approach to agricultural bioeconomy and 
circular economy [52].

Figure 4. 
Crop residue management intervention: Bioeconomy and circular economy perspectives [52].
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biopesticides, single cell proteins, and animal proteins [13, 67], and extraction of bio-
active molecules and functional groups for varied applications [47, 48, 67]. Obviously, 
the potential availability and sustainability of feedstock supply for particular industry 
would depend on alternative or competing uses, cost of production and supply, crop 
yield and revenue from crops to farmers, and scale of crop farming enterprise [1, 11, 
68]. Following is a review of application and allocation of agro-industrial residues 
(crop residues, fruits and vegetable wastes, animal manure, carcasses, and dairy 
wastes) and food wastes to major competing applications.

3.1  Application of agro-industrial wastes to soil conservation, soil erosion control, 
and maintenance of soil fertility

Soil conservation and enrichment are among the traditional and modern applica-
tions of crop residues and recyclable agro-industrial wastes including animal manure. 
It is a vital component of conservation agriculture. Traditionally, some quantities of 
crop residues are left on-farm to consciously or inadvertently prevent or minimize 
soil erosion, increase soil organic matter, maintain soil organic carbon, improve soil 
structure, conserve soil moisture, recycle plant nutrients, maintain soil organisms 
and microbial population, and maintain soil fertility while some proportions are com-
posted or converted to bio-fertilizer for soil enrichment [7, 33, 69]. The circular and 
bioeconomy models further recommend in situ crop residue incorporation and no- or 
minimal-till cultivation practices. In China, it is estimated that 15% of annual resi-
dues production are converted to fertilizer while 31% are left on-farm [37, 70]. Wang 
et al. [71] had reported that crop residue use as fertilizer in Henan Province of China 
is made up of straw left in field, straw returned to field, straw chipping and mulching 
in field, quick composting in field, straw pile fermentation returned to field, straw-
produced organic fertilizer, straw-produced ammoniation, and straw-produced silage. 
It is reported that in 2009, 15.4 Mt of wheat straw and 9.7 Mt of rice straw were used 
for fertilizer in China [72]. Also, crop residues accounted for 12–19% of total organic 
fertilizer resources [73], provided about 25–35% N, P, and K nutrients, and improved 
nutrient recycling in the soil. Batidzirai et al. [7] reported that in South Africa, out of 

Figure 5. 
Mapping of benefits from bioeconomy-driven crop residue management. CA: conservation agriculture; CSA: 
climate smart agriculture; C: composting; BF: biofuel; BP: biochar production; BG, biogas; MP: mushroom 
production [52]. Numbers represent targeted sustainable development goals (SDGs).
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a gross amount of 16 Mt yr−1 of maize stover, 6.3 Mt are below ground level and serve 
for soil organic carbon maintenance while 4.2 Mt is required for soil erosion control. 
Similarly, out of 1.8 Mt of wheat straw, 970,000 tons that are below the ground serve 
for soil organic carbon maintenance. In a study of the pattern of residue biomass use 
in cereal-sheep production system of North Africa, Ameur et al. [69] reported that 
70.4% of farmers in Tunisia retain below 200 kg of crop residue per hectare (ha−1), 
15.1% retain between 200 and 500 kg ha−1, while only 14.5% retain > 500 kg ha−1 as 
mulch. Baudron et al. [74] had reported that only 3% of farmers in Ethiopian Rift 
Valley retain more than 1 t ha−1 of crop residues on the farm. A number of studies [50, 
69, 74, 75] have highlighted the challenges associated with crop residue allocation to 
competing applications including soil conservation in conservation agriculture and 
in crop-livestock integrated systems. Generally, the quantity of crop residue retained 
for soil conservation in integrated crop-livestock systems depends on scale of farming 
(acreage), type of crop, stocking density of livestock, share of livestock income, and 
crop yield, among other drivers of crop residue management [69].

3.2 Agro-industrial wastes for livestock production (feed and bedding material)

Historically, crop residues were used as animal bedding [11] and as supplemental 
feed for livestock especially in smallholder mixed agricultural systems. Erenstein [76] 
had observed that crop residues represent a fundamental resource for crop-livestock 
integration and intensification, along a broad range of smallholder mixed systems. In 
tropical and subtropical countries, food wastes serve as food for pet animals and feed 
for monogastric animals especially pigs. Agricultural biomass is a vital dry season 
feed resource, providing livestock feed when other resources are scarce. Valbuena 
et al. [50] stated that in semi-arid and arid areas, crop residue is a vital feed resource 
for livestock production, and there is increasing demand of agricultural biomass for 
animal feeding due to low availability of alternative resources [69]. Cooper and Laing 
[20] stated that the application of crop residue for animal feeding and soil fertility 
maintenance is very important in maintaining balance and functionality in the rural 
system. Thus, crop residues play important roles for farmer’s livelihood, in various 
contexts and under different levels of resource availability [50]. In Ethiopia, and most 
other developing countries of Africa and Asia, crop residues and food wastes are used 
primarily for animal feeding [77]. In India, crop residues are enriched with urea and 
molasses as fodder for livestock [37]. In China, 31% of annual crop residue yield was 
applied to animal feeding [37, 70]. In Henan Province alone, Wang et al. [71] reported 
the application of 6.9 Mt of wheat straw, 6.0 Mt of corn stalk, and 2.2 Mt of peanut 
shell and leaves as forage in 2009 with a projected application of 4 Mt of agricultural 
residue to forage production in 2016. In Denmark, close to ½ of total collected crop 
residues are used for animal bedding and animal feed and fodder [1]. An estimated 
3.6 Mt of dry crop residue was used for animal bedding in Canada in 2011 aside from 
the amount applied to supplement forage crops for animal feeding [1, 29]. Krausmann 
et al. [14] reported that of the 4.4 Tg yr−1 of crop residue, 2.9 Tg (66%) is appropriated 
for fodder, animal bedding, and energy. The authors reported that 10% of harvested 
residues were used to feed livestock in Europe and North America while 83% was 
used in South and Central Asia. Wirsenius et al. [78] reported global appropriation 
of 41% of total crop residue to food systems (i.e., livestock feeds) while Weiser et al. 
[79] reported that 24% of harvested cereal straw was used for livestock husbandry. 
In the EU, Scarlat et al. [80] reported that 1/5th to 1/3rd of harvested crop residues 
were applied to livestock production while Ericsson et al. [81] estimated 1/3rd. In SA, 
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Batidzirai et al. [7] estimated that 260,000 tons yr−1 of maize stover out of the har-
vestable 9.7 Mt yr−1 was needed for cattle feed while 70,000 tons out of the harvest-
able 870,000 tons of wheat straw was applied to livestock bedding. In sub-Saharan 
Africa with predominantly small holder crop-livestock integration, crop residues 
are primarily applied to livestock production (fodder, feed, and bedding) such that 
allocation to other competing applications including soil conservation is problematic 
[50, 69, 74, 75].

3.3  Application of agro-industrial residues and food wastes  
in renewable energy production

Among the renewable sources of energy (hydropower, solar, geothermal, wave, 
wind, biomass, and tidal), only biomass can be converted to three different forms of 
energy carrier: solid, liquid, and gaseous biofuels [82]. The most common biofuels 
are bioethanol, biodiesel, and biogas. Bioethanol is generated from starch, sugar, and 
lignocellulosic-rich crops (phase I) and from food wastes and crop residues feedstocks 
(phase II); biodiesel is produced from oil rich crops, food wastes, and agricultural 
residue feedstocks; while biogas is produced from carbohydrate-rich biomass includ-
ing animal wastes and manure [33]. Biofuels are used in different applications such 
as generation of electricity, heating, and powering of machines [33]. Generation of 
energy products from agricultural biomass has in addition environmental advantages: 
biomass source is storable, inexpensive, energy-efficient, and environmentally 
friendly. Biomass energy production and biofuel generation are major components 
of the circular and bioeconomic agro-industrial residue and food waste manage-
ment option [52, 64, 65]. Utilization of agricultural residues and food wastes for 
large-scale modern bioenergy production is gaining attention in many countries [83, 
84]. Countries such as Denmark, United Kingdom, Spain, Sweden, China, and India 
have developed large bioenergy facilities [85, 86]. Leading countries for bioethanol 
production are USA and Brazil [33]. Key residues are maize stover, wheat straw, rice 
straw and husks, and bagasse [21, 87, 88]. Bagasse is the most commonly used residue, 
but USA is pioneering the use of maize stover while Denmark is focusing on straw. 
A study by Bentsen et al. [16] estimated the theoretical global potential of primary 
agricultural residues from cereals and sugar cane available for biofuel production 
at approximately 3.7 billion tons of dry matter annually. Earlier studies [10, 14, 18] 
had estimated 2.7–3.5 billion tons yr−1. A more recent study by Panoutsou et al. [89] 
projected a technical potential of crop and agro-industrial residue availability for 
biofuel production in the EU28, Western Bulkans, Turkey, and Ukraine as 400,000 
tons of dry biomass yr−1 by 2030. In Denmark, Gylling et al. [90] had projected an 
increase from 1.4 Mt yr−1 to approximately 3.0 Mt yr−1 by 2020. Studies by Larsen et 
al. [91] and Thomsen et al. [92] estimated that 50% of straw resources in Denmark 
are collected for various purposes, 45–50% of which is used for energy generation. 
Ericsson and Nilsson [81] and Scarlat et al. [80] reported that 20–40% of crop resi-
dues produced in Denmark was applied to energy generation. Annual straw consump-
tion for domestic heat and power was put at approximately 1.4 Mt (fresh weight), and 
a significant proportion is channeled to biorefinery (biofuel, bioethanol), chemical, 
and material production [16, 80, 81]. It is projected that about 155 Mt of agricultural 
residue (including 60 Mt of manure) would be applied to bioenergy production 
in the United States by 2030 [11] without increasing the agriculture share of land 
resources [93, 94]. Regional estimates reported by UCS [11] include Texas (19.8 Mt), 
California (9.2 Mt), Alkansas (10.3 Mt), and Iowa (31 Mt). The “Billion ton annual 
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supply study” [21] and its update [22] reported appropriation of 5.6 Mt (1% of total) 
of corn stover for energy production out of an annual crop residue production of 550 
Mt [16]. US DOE [24] reported that 111 million dry tonnes (Mdt) and 94 Mdt of crop 
residue can be collected at farm-gate prices of $60 and $50, respectively; 3/4th of 
which are corn stover and 1/5th wheat straw. The study projected that by 2030, about 
180 Mdt yr−1 residue will be available for biofuel production under the base-line 
scenario while about 320 Mdt yr−1 will be available under the high-yield scenario with 
85% being corn stover. In addition are 20–26 Mdt of processing and other wastes at 
$40–$60 per dry ton (dt−1). Animal manure was estimated at 30–60 Mdt at farm-gate 
price of $50–$60 dt−1. IARI [37] reported that of the 700 Mt yr−1 of crop residues 
produced in China, 19% (~133 Mt) was used for energy generation while a theoreti-
cal estimate of 930.8 Mt of lignocellulosic biomass was reported for China by Ji [30]. 
The report also indicated that 13.5 Mt yr−1 of residues was theoretically available for 
biofuel production from 19 potential crops. Lignocellulosic biomass availability for 
bioenergy generation in Iran was reported to be about 11.33 Mt yr−1 by Alavijeh and 
Yaghmaei [31]. For SA, Batidzirai et al. [7] estimated the sustainable biomass energy 
potential to range from 400 to 550 PJ excluding energy crops, public grasslands, and 
roadside grasses. Components include maize and wheat residues (6 Mt yr−1 or 104 
PJ energy equivalent, that is, 5.1 Mt yr−1 of maize stover at 94 PJ and 600,000 tons 
yr−1 of wheat straw at 10 PJ), forestry biomass residue (189 PJ: 1o = 41 PJ, 2o = 17 PJ, 
3o = 70 PJ; wood chips = 61 PJ), sugar cane plantation and cane processing or bagasse 
(19–32 PJ), and organic waste from municipal solid wastes (4.5 Mt at 8 PJ). Barahira 
et al. [33] reported that 13.5 Mt of crop residues are potentially available for biofuel 
production in SA. In Nigeria and most other Sub-Saharan Africa, renewable energy 
production from agro-industrial and food wastes is still in its infancy, and large-scale 
industrial bioenergy production is yet to be accorded priority. Biomass conversion 
technologies currently applied at elemental level include physical or mechanical 
conversion (chipping, grinding, milling, and densification) into solid fuels such as 
briquette and pellets [39, 95–97]; thermochemical conversion (combustion, pyrolysis, 
gasification, and liquefaction) to produce biochar, bio-oil, and gas such as methane 
[39, 98, 99]; and biochemical conversion (anaerobic digestion, fermentation, and 
transesterification) to produce biogas, ethanol, and biodiesel [100–102]. Jakayinfa 
et al. [39] estimated the theoretical bioenergy potential of agricultural residues and 
animal wastes for Nigeria at 5.81 EJ (3.64 EJ from agricultural residues and 2.17 EJ 
from animal wastes) while the technical potential, based on generalized availability 
factor of 0.3 [103] (range: 0.0–1.0 depending on type of crop residue), was estimated 
at 1.74 EJ. For Tanzania, total bioenergy potential of crop residues was put at 5714.0 TJ 
in 2012 with sugarcane and cassava having the highest potential of 2966.4 and 845.0 
TJ yr−1, respectively, while a total of 1397.0 TJ yr−1 could be generated from animal 
waste with cattle having the highest potential of 1,139,074,332 MJ yr−1 followed by 
goat (181,036,476 MJ yr−1). The least bioenergy potential was for poultry manure 
(7,859 MJ yr−1) [6].

3.4 Agro-industrial wastes as substrates for edible fungi (mushroom) cultivation

A rapidly expanding valorization of agro-industrial residues is as substrates for 
edible fungi (mushroom) cultivation (Figure 6). Mushroom cultivation is seen as a 
major and sustainable component of modern agricultural residue management pro-
tocol and circular agricultural systems [105, 106]. Data on global or country-specific 
allocation of crop residues to mushroom production are scarce in literature. IEA [1] 
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reported that in Canada, about 1.0 Mdt of crop residues were applied to mushroom 
and horticultural cultivation in 2011. In China, Wang et al. [71] reported that applica-
tion of agricultural residues to mushroom production has been commercialized. Total 
crop residue applied to mushroom cultivation in Henan province in 2009 was 2.44 
Mt, which accounts for 3% of crop residue generation and 4% of total crop residue 
utilization in the province. Of these volumes, wheat straw accounted for 0.68 Mt, 
rice straw, 0.53 Mt [72]. In Luoyang alone, 52 ha and about 200,000 tons of residues 
were dedicated to mushroom cultivation annually [71, 72]. In India, Raman et al. 
[107] reported that a total of 39 kinds of agricultural residues from 26 crops provide 
valuable resources for mushroom cultivation. According to the report, India produces 
over 620 Mt yr−1 of agricultural residue, a substantial quantity of which could be prof-
itably channeled to mushroom production. In eastern Democratic Republic of Congo, 
Kaziga et al. [108] reported favorable results of an effort to orientate smallholder 
farmers to valorize wastes from stable crops through mushroom production.

Figure 6. 
Major edible mushrooms on agricultural residue substrates [104].
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Global mushroom production has increased tremendously over the past decades 
from about 0.35 Mt in 1965 to about 3.41 Mt in 2007 [107, 109–111]. In 2015, global 
mushroom market was worth USD 35 billion [107] while Royse et al. [104] reported 
that global mushroom market was worth USD 63 billion in 2013 made up of medicinal 
mushrooms: 38%, wild mushrooms: 8%, and edible mushrooms: 54%; with an annual 
projected increase by USD 34–60 billion [105]. In addition to contributing to food 
and nutrition security, spent mushroom substrate (SMS) represents a vital resource to 
produce high-quality compost for growth of other fungi [112], improve animal nutri-
tion and health [105, 106, 113, 114], produce materials [115–117], and extract enzymes 
for industries [105, 106, 109] and for soil amendment and bioremediation [106, 114, 
118, 119]. China is the global leader in mushroom production with 3,918,300 tons yr−1 
or 64% of global volume and 85% for oyster mushroom production (Pleurotus spp.) 
[109, 110].

3.5  Derivation of bioactive molecules from agro-industrial residues  
and food wastes

Agricultural residue and food waste biomass stream are widely acclaimed as 
valuable resources for bioactive compounds (molecules) and functional products. 
Valorization of agro-industrial residues into food and feed ingredients, dietary 
supplements, novel bio-components, nutraceuticals, and pharmaceuticals is a poten-
tial huge industry and a vital component of the bio-economic and circular model 
of agricultural residue management. Bioactive molecules from agricultural and 
food residues include phenols, polyphenols, non-starch polysaccharides (cellulose, 
hemi-cellulose, and lignin), oligosaccharides, carotenoids, soluble fibers, terpenoids, 
proteins, tocopherols, and phytosterols [47, 48, 120, 121]. Animal wastes and residues 
(dairy waste, sea food waste, slaughter wastes) have high levels of proteins, lipids, 
and minerals [48, 122, 123]. Prado et al. [124] had observed that animal and vegetable 
wastes are low-cost materials for bioactive compounds using suitable processes. The 
extraction of bioactive compounds can be integrated into bioenergy facilities, thus 
enhancing revenue potentials [67, 125]. These bioactive molecules or metabolites can 
impact human and animal health, for instance, as antioxidant, immunomodulatory, 
anti-hypertensive, anti-inflammatory, cholesterol reducing, antiaging, anti-cancer, 
and antidiabetic agents [48, 126–128]; as well as serve as raw materials for the devel-
opment of functional ingredients useful in food, cosmetics, chemical, and pharma-
ceutical industries [48, 67, 129–132]. Figure 7 shows the main classes of bioactive 
compounds that are derivable from agro-industrial and food waste biomass.

Traditional and novel approaches for extraction of bioactive molecules from 
organic agricultural and food wastes (Figure 8) include (a)solvent extraction (char-
acterized by low processing cost and ease of operation) [120], (b) microbial fermen-
tation (solid-state fermentation) [48, 70, 134–137], (c) supercritical fluid extraction 
(SFE) [13, 120, 138, 139], (d) subcritical water extraction (SCWE) (characterized 
by shorter extraction time, lower solvent cost, high quality product, and eco-com-
patibility) [13, 120, 138, 140, 141], (e) enzyme assisted extraction (EAE) (uses water 
as solvent, and employs enzymes such as α-amylase, proteases, chitinase, tanase, 
cellulase, β-glucosidase, xylanase, β-glucanase, and pectinase, which help to degrade 
cell wall structure and depolymerize plant cell wall polysaccharides, facilitating the 
release of linked compounds) [13, 48, 120, 142–144], (f) ultra-sound assisted extrac-
tion (UAE) [13, 120, 134, 138, 145–147], pulse electric field-assisted extraction [13], 
and (g) micro-wave assisted extraction (MAE) (characterized by shorter extraction 
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time, higher extraction rate, lesser solvent requirement, and lower cost) [13, 120, 
134, 147–149]. Generally, the choice of applied extraction method and recovery 
rate depends on residue or waste type and bioactive compound of interest [13, 150, 
151]. To enhance the efficiency of conventional extraction methods, deep eutectic 
solvents (DESs) and natural deep eutectic solvents (NADESs) have been suggested 
to replace organic solvents for extraction of bioactive compounds from agricultural 
waste biomass materials [13, 152, 153]. Also, the application of encapsulation and 
nanoemulsion to enhance the stability, bioavailability, and accessibility of derived 
bioactive compounds is being studied [13, 154, 155].

Khaksar et al. [47] suggested the integration of metabolomics approaches into 
extraction of bioactive compounds from organic agricultural wastes to gain deeper 
understanding of the metabolic profile of agro-industrial wastes and enhance their 

Figure 7. 
The main classes of bioactive compounds [133].

Figure 8. 
A schematic representation of different techniques for extraction of bioactive compounds from food wastes and 
their health benefits [120].
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value. Metabolomics approaches include liquid chromatography-mass spectrometry 
(LC-MS), gas chromatography-mass spectrometry (GC-MS), nuclear magnetic reso-
nance spectroscopy (NMR), and high-performance liquid chromatography (HPLC). 
Metabolomics had enabled the discovery of over 10,000 different phenolic structures 
with diverse natures including phenolic acids, flavonoids, and tannins [47, 156].

3.6 Agro-industrial residues as resources for production of materials

Agricultural residues can also be valorized as substrates for production of insects 
as sources of fat and proteins [67]. Arthropods such as flies and maggots can grow 
on a variety of organic matter including animal manure, vegetable, and fruit wastes. 
These arthropods can be converted to animal flour of higher protein content and 
incorporated as sources of protein and fat in animal feed (livestock, aquaculture, 
pet) [67]. Larval digestion (bioconversion or biotransformation) of plant and animal 
materials yield high-value products such as organic fertilizers [67]. In addition, 
high-value products such as chitin, antibiotics, and peptides with bio-stimulant 
activity can be extracted for use in animal health and nutrition [67]. Other useful 
biocompounds derivable from agricultural residues include biopesticides [157, 158], 
pectin as edible food coating [159, 160], natural aromas [67, 161], quercetin, and 
flavonols [67, 162]. The replacement of non-recyclable raw materials for production 
of functional components in industries has become essential as a waste management 
strategy and in line with circular economic principles. Consequently, valorization of 
agricultural waste biomass and food wastes to functional materials is being promoted. 
Growth or culture media, packaging materials, biochar, biopolymers, bioplastics, 
single cell proteins (from microbial biomass), enzymes, organic acids, biofertilizers, 
and compost are materials derivable from agricultural residues [13, 67, 134, 163–167]. 
Biopolymers and bioplastics are highly biodegradable, biofunctional, biostable, and 
biocompatible and have wide applications in cosmetics, pharmaceutical, chemical, 
food, and beverage industries [13, 168].

3.7  Valorization of agro-industrial residues through activated charcoal 
production

Activated biochar or activated carbon or activated charcoal (AC) is a carbona-
ceous material of high surface area, and large pore volume, widely employed for 
adsorption of pollutants such as toxins, poisons, metals, and chemicals. Activated 
carbon production from agricultural residues and food wastes is viewed as a major 
valorization product with considerable and sustainable potential for application 
in various fields including bioremediation, water treatment, soil amendment, soil 
fertility, enhancement of soil biophysical and chemical characteristics, carbon 
sequestration, medical health, animal health, animal production, horticulture, and 
climate change mitigation [52, 169, 170]. Biochar production from agro-industrial 
and food wastes is particularly important in developing countries including Nigeria 
owing to its simplicity and wide applications. Adding activated carbon to soils could 
lock away carbon for centuries owing to slow microbial decomposition [171–173]. 
Minasny et al. [174] submitted that recycling stable crop residues as biochar 
substantially contribute to carbon sequestration in soils. Biochar addition to soil 
was shown to increase crop yield by about 25% on average [172, 175] attributed to 
enhanced cation exchange capacity, soil aggregation, and hydraulic conductivity 
[176]. In industrial waste water treatment, AC is widely employed for reduction of 
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pollutants such as heavy metals and toxic chemicals (e.g., phenols and their deriva-
tives) [177]. The surface chemistry of activated charcoal confers on it the ability to 
adsorb many gases, aqueous liquid, chemicals, and poisons [177–179]. Several studies 
showed that activated charcoal is harmless even when it is accidentally consumed, 
inhaled, or comes in contact with the skin. When mixed with water and swallowed 
to counteract poisoning, activated charcoal adsorbs the poison or drug, inactivat-
ing it and then carries it inert through the entire length of the digestive tract out of 
the body [180]. Majewska [181] reported a 3.5–5.0% increase in body weight and 
higher carcass and organ weights compared with control in broiler chickens on 3% 
dietary inclusion level of hard wood charcoal. The author attributed the results to 
the detoxifying effects of charcoal, lowered surface tension of the intestinal digesta, 
and enhanced liver function with respect to fat digestion. Jiya [182] supplemented 
activated charcoal at 0.5% in broiler feeds and noted increased relative organ weights 
and reduced cholesterol level in the carcass attributed to efficient mineral uptake and 
nutrient utilization. Drunna et al. [183] reported improved growth rate and reduced 
flatulence, fly population, and litter odor at varied inclusion levels of wood charcoal 
in feed of broiler chickens. Dim et al. [184] observed improved daily weight gain and 
feed conversion ratio in broiler chickens fed 6% dietary charcoal inclusion compared 
with other groups. Linhoss et al. [185] reported positive effects of biochar in litter 
amendment in broiler production while Schmidt et al. [186] reported that biochar 
has the potential to improve animal health, feed efficiency, and livestock housing 
climate; reduce nutrient losses and greenhouse gas emissions; increase soil organic 
matter content, and thus soil fertility. Zhang et al. [187] observed that biochar 
remediates organic pollutants by hydrogen binding, surface complexation, electro-
static attractions, and acid-base interactions; and heavy metals in soils by precipita-
tion, surface complexation, chemical reduction, cation exchange, and electrostatic 
attraction. Biochar can improve cation exchange capacity, neutralize acidic soils, and 
enhance soil fertility [134, 188, 189]. It enhances organic solid waste decomposition 
by enhancing microbial population. It removes pollutants such as antibacterial drugs 
from water and wastewater [190, 191].

Traditionally, AC was produced from coal, lignite, petroleum residue, and hard 
wood biomass (fossil-related resources) [177, 178]. These materials are costly, 
exhaustible, and unfriendly to the ecosystem [177, 192]. Today, recyclable agro-
industrial residues and food wastes are promoted as viable and sustainable alterna-
tives being renewable, readily available, inexpensive, environmentally friendly, and 
an additional income to growers, farmers, and vendors [67, 177, 193]. Generally, the 
use of agricultural wastes such as corn cob, groundnut shell, poultry litter, rice husk, 
palm kernel shell, and coconut shell in the production of value-added products is 
gaining momentum [67, 173, 178, 194]. Activated carbon can hence be produced 
from all plant parts, animal manure, bones, fruit and tuber peels, husks, corn cob, 
stalk, straw, shell, and fruit stone [52, 67, 178]. These materials are broadly classified 
as woody materials composed of cellulose, hemicellulose, and lignin, and non-
woody biomass composed of cellulose, hemicellulose, lignin, lipids, proteins, sugars, 
water, hydrocarbons, starch, and many other functional groups such as carbonyl, 
carboxylic, chromene, ethers, lactone, phenol, pyrone, and quinone groups, which 
contribute to the physicochemical properties and activity of the final product [178, 
195]. Generally, choice of feedstock for AC production is informed by high carbon 
content, low inorganic matter, high density, and high content of volatile matter, 
ready availability, and low cost, low rate of degradation during storage, and high AC 
yield upon pyrolysis [173, 178, 195]. Studies on AC production from bioresources 
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include tomato waste [196], corn cob [197], corn stalk [198], groundnut shell [199], 
palm kernel shell [200, 201], coconut shell [202, 203], chestnut oak shell [204], 
peanut shell [147, 205–208], rice husk and straw [209, 210], apple waste [211], grape 
stalk [212], coffee grounds [213], palm oil mill residue [214, 215], oil palm empty 
fruit bunch [216, 217], bio-waste mixtures [218], food waste [177], poultry litter 
[203, 219, 220], pig dung [203, 221], dairy cattle carcass [222], cow dung [203, 223], 
and chicken feather [224].

The characteristics, properties, and performance of any AC sample would depend 
on the type of feedstock, temperature, and resident time of pyrolysis (carbonization) 
[134, 177, 178, 218], the activation process adopted: physical, chemical, or physicochem-
ical [177, 218, 225], as well as the content of inorganic elements and other functional 
groups [177, 218]. These factors influence the internal pore structure of the AC, which 
determines its adsorbent capacity [177, 218]. Pores are classified as micropores (< 2nm), 
mesopores (2–50 nm), and macropores (> 50 nm) [177, 218, 226]. Figure 9 is a sche-
matic representation of pore structure in activated carbon. The higher the internal pore 
structure, the more the surface area and adsorbent capacity of the AC [177, 178].

3.7.1 Production process of activated carbon

In principle, AC production involves physical or chemical treatment [178]. Physical 
treatment includes carbonization of feedstock in the absence of oxygen and in the 
presence of an inert gas (e.g., argon, Ar) followed by activation of the charcoal (bio-
char or carbon) using an oxidizing agent (steam, CO2, or their mixture). Chemical 
treatment involves carbonization of feedstock to which had been added an activating 
agent (a strong dehydrating and oxidizing agent such as H3PO4, ZnCl2, KOH, NaOH, 
and H2SO4 under nitrogen atmosphere. Thus, two principal steps: carbonization and 
activation, are involved in AC production [177, 178, 218, 228]. Equipment for AC 
production varies in sophistication depending on the degree of mechanization.

Carbonization aims to decompose the feedstock, eliminate non-carbon species 
(volatile matter, non-carbon elements, namely nitrogen, oxygen, hydrogen, sulfur; 
aromatics, etc.) and deposit biochar (charcoal or carbon) having essentially a fixed 
carbon content [178] and substantial pore structure. Reported pyrolysis (carboniza-
tion) temperature and resident time vary widely probably on account of differences 

Figure 9. 
Pore structures in activated carbon (AC) [227].



Agricultural Waste – New Insights

98

in feedstock material, level of sophistication of equipment and automation, as well 
as other environmental conditions. Generally recommended temperature range 
is 400–900°C under inert atmosphere [75, 229, 230]. Budi et al. [231], however, 
reported pyrolysis of coconut shell in a kiln at 75–150°C for 6 h in argon atmosphere. 
Yasin and Pravinkumar [218] pyrolyzed wood pieces at 400–500°C, coconut shell at 
320–400°C, and saw dust at 200–300°C. Yu et al. [177] using a vertical tube furnace 
pyrolyzed a blend of food wastes at 275–525°C for 30–120 min.

Activation is a key step in AC production, which aims to enhance the critical 
performance parameters of AC such as pore structure, pore volume, porosity, surface 
area, fixed carbon, and mineral contents. Activation can be by physical or chemical 
treatments. Physical activation involves treating biochar with an oxidizing gas or a 
combination of oxidizing gases such as oxygen, carbondioxide, and steam at high 
temperatures commonly in the range 500–1000°C [178]. Budi et al. [228] reported 
physical activation of biochar derived from coconut shell in argon gas furnace at 532, 
700, and 868°C for 10–120 min. The activating gas opens previously formed pores 
blocked by tar or pyroligneous liquids formed during carbonization, creates new 
pores, and widens existing ones by removal of reactive carbon species, and other 
volatile contents of the biochar [177, 178]. The reaction(s) during physical activation 
could involve the below [178]:

In chemical activation, strong dehydrating and oxidizing chemicals are 
employed. These include alkali: potassium hydroxide (KOH) [177, 178], potassium 
carbonate (K2CO3) [153, 177, 178, 232], sodium hydroxide (NaOH) [177, 178, 233], 
and sodium carbonate (Na2CO3) [178]; alkali earth metal: aluminum chloride (AlCl3) 
[178], and zinc chloride (ZnCl2) [177, 178, 230, 231, 233–239]; and acid: phosphoric 
acid (H3PO4) [177, 178, 218], and sulfuric acid (H2SO4) [177, 178, 236]. The raw mate-
rial for biochar production is usually impregnated with the appropriate activating 
agent prior to carbonization (pyrolysis). The activating agent acts as a dehydrating 
and/or oxidizing agent, promotes decomposition of the feedstock, inhibits deposi-
tion of tar and volatile contents [218] such as pyroligneous liquids, and enhances 
activated charcoal yield, carbon content, porosity, and surface area. At the end of 
the process, the resulting activated carbon is washed in acid or alkali depending on 
the activating agent used in order to remove remaining activating agent lodged in the 
pore structure [218]. An alternative procedure is to immerse biochar resulting from 
pyrolysis in the choice activating agent for a time duration of 24 h [231] followed 
by washing and drying. Esmar Budi et al, [231] reported the application of double 
activation, which involved chemical activation followed by physical activation using 
a horizontal furnace at 400°C in argon (Ar) gas (200 kg m−3) environment for I h. 
Whereas activated charcoal produced by physical activation is neater and requires 
no further washing that from chemical activation has higher surface area and pore 
volume. Chemical activation also requires lower temperature commonly of range 
450–600°C [177]. Among the chemical activators, ZnCl2 and H3PO4 are the most 
applied in the industry [177]. The atmosphere for chemical activation is either inert 
gas (e.g., Ar) or air [177].
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A number of studies have evaluated the physicochemical properties of AC derived 
from a wide range of recyclable biological waste materials under varied pyrolysis 
conditions, activation agents, and time duration. Budi et al. [228] studied the effect of 
activation temperature (532, 700, and 868°C), and resident activation time (10, 60, 
and 120 min) under argon gas pressure (6.59, 15, and 23.4 kg/cm2) on pore structure 
and carbon content of coconut-shell-derived biochar and reported decreases in pore 
size but increases in pore volume and uniform pore distribution with increasing 
activation temperature, resident activation time, and gas pressure. Resident activation 
time alone did not influence pore size and pore distribution. The authors attributed 
the increase in pore volume to formation of new pores especially micro pores due to 
release of more volatile components from the biochar, as well as decreased pore size. 
Increase in pore volume increases the surface area of the activated carbon sample. The 
authors also reported increase in carbon content, which was attributed to the increase 
in pore numbers with increase in activation temperature, which caused the release of 
more volatile components. Esmar Budi et al, [231] evaluated the effects of chemical 
and physical activation on coconut-shell-derived charcoal. Chemical activation was 
performed with KOH (30, 40, 50, and 60%), NaOH (1, 2, 4, 7, and 11%), HCl (2, 
4, and 6%), and H3PO4 (2, 4, and 6%) for 24 h while physical activation was with 
steam at 400°C in argon gas environment (200 kg m−3) for 1 h. There were increases 
in pore size; pore number initially increased but decreased as chemical concentra-
tion increased. Carbon content decreased with increasing chemical concentration. 
The decrease in pore number was linked to excessive widening of pre-formed pores, 
coalesce of pores, and collapse of carbon structure due to excessive chemical attack. 
The authors also noted an increase in total surface area, which was attributed to for-
mation of new micro pores, and widening of existing pores. Yasin and Pravinkumar 
[218] investigated the effects of pyrolysis parameters and chemical (phosphoric acid, 
H3PO4) activation on properties of charcoal derived from some bio-waste materials. 
Biochar yield was higher with increasing pyrolysis temperature and resident time, 
and yield varied with type of starting material with coconut shell (56.66–63.33%) 
> saw dust (50.00–56.66%) > wood piece (46.66–53.33%%) at all temperatures and 
time duration. The result was attributed to higher loss of volatile components in the 
feedstock and higher oxidization of reactive carbon species at the optimal pyrolysis 
temperature and time duration. Activated charcoal adsorbent capacity was positively 
correlated with activation temperature and biochar from coconut shell had higher 
values than that from other materials (1.95–2.67 vs 1.73–1.97 vs 1.45–1.92 mg g−1 
for coconut shell vs saw dust vs wood piece). Bulk density did not vary clearly with 
activation temperature, but values were highest for wood piece (0.75–0.78 gm/cm3) 
compared with coconut shell (0.56–0.58 gm/cm3) and saw dust (0.18–0.21 gm/cm3). 
Moisture content followed a similar trend as bulk density being highest in wood piece 
(4.35–5.25%) compared with coconut shell (2.21–3.10%) and saw dust (1.07–1.25%). 
Volatile matter was highest in saw-dust-activated charcoal (12.60–18.10%) compared 
with wood piece and coconut shell (11.25–12.35 and 7.30–7.40%, respectively) while 
ash content was highest in biochar from wood piece (6.95–7.85%) compared with saw 
dust (5.95–6.15%) and coconut shell biochar (1.50–1.75%). Biochar from coconut 
shell had the highest content of fixed carbon (88.10–88.88%) compared with saw dust 
(74.53–80.18%) and wood piece (74.55–77.45%).High bulk density, moisture, and vol-
atile matter are undesirable properties of activated charcoal. A good activated carbon 
should be highly porous (high total pore volume), of high fixed carbon content and 
surface area, which enables high adsorption capacity [177]. In a study that evaluated 
the physicochemical properties and adsorption capacity of biochar and physically 
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(steam) activated biochar derived from a complex of edible food waste feedstock, Yu 
et al. [177] observed increased biochar yield with increasing pyrolysis temperature 
and longer pyrolysis resident time. Carbon content also increased with pyrolysis 
temperature, but this became stable after 60 min pyrolysis duration. Activated carbon 
yield reduced with higher activation temperature and longer activation time. Before 
activation, biochar surface area was 10 m2 g−1, micro pore volume was 0.004 cm3 
g−1, and total pore volume was 0.016 cm3 g−1. These indices ranged between 288 and 
745 m2 g−1, 0.072 and 0.196 cm3 g−1, and 0.160 and 0.792 cm3 g−1, respectively, after 
activation. The activation temperature and time duration for the highest activated 
carbon surface area (745 m2 g−1), micro pore volume (0.196 cm3 g−1), and total pore 
volume (0.792 cm3 g−1) were 950°C and 1 h, 850°C and 3h, and 950°C and 5 h, respec-
tively. Thus, surface area and total pore volume increased with activation temperature 
while micro pore volume reached maximum value at 850°C. Biochar and activated 
carbon produced at 750°C had very small volume of meso and macro pores but higher 
activation temperatures (850 and 950°C) produced enlarged pores yielding more 
meso and macro pores. Longer activation time reduced surface area and micro pore 
volume but increased total pore volume at 950°C. Larger pores were obtained with 
increased activation time, thereby reducing number of micro pores. Because larger 
pores have relatively smaller surface area, converting micro pores to meso and macro 
pores will reduce activated carbon surface area. The authors reported that carbon 
content was 48.8% in the feedstock, 71.9% in derived biochar (pyrolysis tempera-
ture, 525°C for 2 h), and 68.8% after activation at 750°C for 3 h, 62.6% at 850°C for 
3 h, 40.9% at 950°C for 3 h, 48.0% at 950°C for 1 h, and 33.2% at 950 for 5 h clearly 
showing reduced fixed carbon with increasing activation temperature and activation 
duration. Nitrogen (N), H, and S content followed a similar trend as fixed carbon. 
Sodium (Na), Ca, and P increased with activation temperature and time duration 
and were generally higher in activated sample than in biochar and feedstock. It does 
appear, hence, that increased activation temperature and time duration preserved the 
mineral content of biochar.

4. Conclusion and future perspective

With rising global human and animal population, demand for food, and food pro-
duction will continue to increase leading to increases in waste generation and negative 
environmental challenges. Sustainable agricultural production and agro-industrial 
processing, environmental, human, animal, and climate health depend substantially 
on effective waste management. Circular agricultural production and bioeconomic 
agro-industrial waste management models are key to achieving the vision to consider-
ably reduce waste generation, reuse wastes, and recycle wastes. Continued intellec-
tual brainstorming and research will enable the arrival at the goal of turning wastes to 
wealth and an agricultural production system that produces nil wastes.
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Chapter 6

Crop Residue Burning in India: 
Potential Solutions
Kawaljeet Kaur and Preetpal Singh

Abstract

With its second-largest agro-based economy and year-round crop production, India 
produces a lot of agricultural waste, including crop residues. Because India lacks effective 
sustainable management methods, an estimated 92 seems like a very small quantity of 
metric tons of crop waste burned each year, causing excessive particulate matter emis-
sions and air pollution. Burning crop residue has grown into a serious environmental 
problem that threatens human health and causes global warming. Composting, making 
biochar, and mechanization are a few effective sustainable solutions that can assist in 
resolving the issue while maintaining the nutrients found in the agricultural residue in 
the soil. In order to promote environmentally friendly management practices, the Indian 
government has launched a number of programs and campaigns. 

Keywords: India, agricultural waste, crop residue, field residue, process residue,  
crop residue burning, biochar, composting, biogas, policy challenges

1. Introduction

The global economic expansion is significantly influenced by the agricultural  
sector. However, the handling of agricultural waste receives scant attention in the lit-
erature. It might be connected to the fact that the agricultural industry is not as strictly 
controlled as the municipal solid waste industry (MSW). Since municipalities and 
other public institutions are primarily in charge of managing MSW, data on generation 
and management are gathered, kept track of, and examined in public. Agricultural 
wastes are materials left over after different agricultural processes. Agricultural waste, 
according to the United Nations, often consists of manure and other wastes from 
farms, poultry houses, and slaughterhouses; harvest waste; fertilizer run-off from 
fields; pesticides that enter water, air, or soils; and salt and silt drained from fields 
[1–3]. With little engagement from the public sector, agricultural waste is primarily 
managed by the owners of the agricultural land, who are primarily in the private sec-
tor. The world’s food output has greatly increased as a result of the rising food demand 
in developing nations. The multiplicity of agricultural operations raises the quantity of 
agricultural products produced, which has an overall negative impact on the environ-
ment by increasing waste production. Due to advancements in water management 
systems, contemporary agro technologies, and extensive pesticide deployment, enor-
mous swaths of wasteland have been transformed into agricultural fields [1]. These 
actions have exacerbated environmental degradation on a global scale and complicated 
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the process of disposing of agricultural waste. To manage these wastes, including their 
conversion into useable resources, the national agencies are continuously creating 
policies and other potential approaches. The term “harvest trash,” more often known 
as “crop residue,” refers to both the field residues that remain in an agricultural field 
or orchard after the crop is harvested and the process residues that are left over after 
the crop is processed into a useful resource. Field remnants commonly include stalks 
and stubble (stems), leaves, and seedpods. Molasses and sugarcane bagasse are two 
examples of process leftovers that are useful (Figure 1) [2, 4, 5].

2. Crop residue: composition and decomposing mechanisms

These crop residues are a summary of the general categories of crop residues 
produced by the major cereal crops and sugar cane, in particular as a field residue 
is a natural resource that traditionally contributed to the soil stability and fertility 
through direct plowing into the soil or by composting. Cellulose, hemicellulose, 
and lignin make up the majority of plant biomass, with smaller amounts of pectin, 
protein extractives, sugars, nitrogenous material, chlorophyll, and inorganic waste 
[6–8]. Lignin is almost impermeable and offers the structural support compared 
with cellulose and hemicellulose. Lignin is extremely resistant to both chemical and 
biological degradation, which helps it resist fermentation [8, 9]. The term “lignocel-
lulosic biomass” refers to the parts of plants that are not used for food, such as the 
stalks, straw, and husk [5]. The majority of the lignocellulosic biomass is made up of 
the four most important agricultural crops farmed worldwide: sugarcane, wheat, rice, 
and maize. The lignin layer is typically pretreated with lignin degrading microorgan-
isms to break down the lignin layer and degrade cellulose and hemicellulose matter 
to the corresponding monomers and sugars for efficient biomass to fuel conversion 

Figure 1. 
Burning of rice residues, a prevalent practice in northwest India.
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[6] because it is resistant to chemical and biological degradation by fungi, bacteria, 
and enzymes. Mechanical, chemical, physicochemical, or biological pretreatment 
options are available. These techniques lead to an increase in the accessible surface 
area, porosity, and degree of polymerization, as well as a decrease in the crystallinity 
of cellulose and hemicellulose. Utilizing microorganisms to control agricultural waste 
could also be a great way to detoxify the soil and reduce environmental pollution [10]. 
The complex materials in the biomass are broken down by microbial communities 
into simpler elements that can be recycled or reused in other parts of the ecosystem. 
Depending on the type of bacteria, fungi, or algae involved in the degradation, the 
processes used can either be aerobic or anaerobic [11, 12].

3. Adverse impact of crop residue burning on the environment

Crop residue burning causes a variety of environmental issues. Burning crop 
residue has several negative effects, but the main ones are the release of greenhouse 
gases (GHGs) that contribute to global warming, elevated levels of particulate matter 
(PM), and smog that pose health risks, loss of agricultural lands’ biodiversity, and 
deterioration of soil fertility [13]. Burning crop residue dramatically raises air pollu-
tion levels of CO2, CO, NH3, NOX, SOX, non-methane hydrocarbon (NMHC), volatile 
organic compounds (VOCs), semivolatile organic compounds (SVOCs), and particu-
late matter (PM) [14, 15]. In essence, this explains why organic carbon, nitrogen, and 
other nutrients that would normally have been kept in the soil have been lost [13, 16].

Crop residue burning in Delhi produces 17 times as much particulate matter (PM) 
as all other sources combined, including industry, burning of waste, and vehicle emis-
sions [17]. As a result, the residue burning in India’s northwest produces almost 20% 
of the country’s total organic and elemental carbon emissions from burning agricul-
tural waste [13]. Crop burning contributes greatly to climate change by raising the 
amount of particulates (PM) in the atmosphere. The release of fine black and brown 
carbon (primary and secondary), which alters light absorption, is one factor in global 
climate change [7, 18, 19]. According to their aerodynamic diameter and chemical 
makeup, PM2.5 and PM10 particles in the air are typically divided into two categories: 
fine and coarse particles, respectively. PM2.5 particles have an aerodynamic diameter 
of less than 2.5 and 10 m, respectively. Lightweight particles can move farther with 
the wind and can remain suspended in the air for longer [16, 20]. Because the par-
ticles are light and linger in the air for a longer period of time than heavier ones do, 
the effect of particulate matter is exacerbated by meteorological conditions. In the 
Patiala area of Punjab, the yearly contribution of PM2.5 from paddy residue burning 
was estimated to be between 60 and 390 mg/m3 [13].

4. Sustainable management practices for crop residue

Over the past 10 years, scientists and agriculturalists have long recommended 
alternative strategies to prevent crop residue burning, but due to farmers’ lack of 
understanding and social conscience, these measures have not been properly adopted. 
This section contains information on three such agricultural applications that have, 
for a variety of reasons, either been disregarded or skipped. They are in-situ manage-
ment by mechanical intensification, biochar, and composting.
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5. Composting

Composting is the naturally occurring, under regulated conditions, rotting or 
breakdown of organic waste by microorganisms [21]. Compost, which is a rich 
source of organic matter, is crucial for maintaining soil fertility and promot-
ing sustainable agricultural output. Composting the soil enhances its physical, 
chemical, and biological qualities and can entirely replace the use of agricultural 
chemicals such as fertilizer and pesticides. The advantageous impacts of compost 
supplemented soil include greater potential for increased yields and resilience to 
environmental conditions such as drought, disease, and toxicity [21–23]. Due to 
increased soil microbial activity, these methods also aid in greater nutrient uptake 
and active nutrient cycling.

The organic matter is treated twice during the composting process.

i. Degradation: The initial stage of degradation begins with the breakdown of 
organic compounds that are simple to digest, such as sugars, amino acids, and 
organic acids. In addition to releasing carbon dioxide and energy, aerobic microbes 
also absorb oxygen. The initial thermophilic phase, which lasts for a few weeks to 
months, is characterized by high temperature, high pH, and humidity, all of which 
are necessary for activating the microorganisms [24]. Additionally, it is made sure 
that the substrate is adequately supplied with oxygen during this period [25].

ii. Maturation: During the subsequent few weeks, more complex organic com-
pounds are broken down, which is followed by a decline in the microbial popu-
lation. When the temperature drops to 40–45°C, the phase transition from 
thermophilic to mesophilic occurs [25–27]. At the last step, the system’s bio-
logical activity decreases as the temperature falls to an ambient level. Finally, 
a soil-like substance with a dark brown to black hue is created. This soil-like 
substance also has a higher humus content, a lower carbon-nitrogen ratio, and 
a pH that has been neutralized [21]. Eventually, the biomass is changed into a 
nutrient-rich substance that can enhance the soil’s structural qualities [28].

6. Biochar

The thermochemical process known as pyrolysis, which occurs at low tem-
peratures in an oxygen-free atmosphere, produces biochar, a porous material with 
fine-grained carbon content [29]. It is a mixture of varying amounts of carbon (C), 
hydrogen (H), oxygen (O), nitrogen (N), sulphur (S), and ash [30]. The very porous 
characteristic of biochar, when added to soil, aids in better water retention and 
increased soil surface area. As a result, there is more interest in using soil amend-
ments such as biochar, black carbon, and charcoal to stabilize soil organic content. 
These methods are thought to be an effective way to reduce agricultural waste while 
also reducing GHG emissions. In order to reduce the amount of CO2 or methane 
released into the atmosphere, the process of carbon sequestration essentially calls 
for longer residence times and resistance to chemical oxidation of biomass to CO2 or 
reduction to methane [8, 9]. The partially burned byproducts are pyrogenic carbon/
carbon black, which undergoes a very slow chemical change to create a long-term 
carbon sink that is perfect for soil amendment [31, 32]. It primarily interacts with 
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soil bacteria, plant roots, and the soil matrix [33]. It also aids in nutrient retention 
and triggers a variety of biogeochemical processes. Currently, biochar is being used 
sparingly in India, mostly in villages and small towns. Promoting the biochar process 
in India would be more advantageous given its broad applicability.

7. In-situ management with mechanical intensification

Many farmers use in-situ application of crop residue because it is a natural process. 
This process also gives the soil certain advantages. There are two primary techniques 
for applying chemicals in the field, but both entail leaving crop residue on the fields 
after harvest. What occurs with tillage in the following season will determine how 
they differ. In the first approach, planting is done the next season with little to no 
tillage, whereas in the second way, crop residue is mechanically absorbed into the soil 
during plowing [34]. Both techniques require specialized (new) equipment, such as 
machinery for crop residue absorption into soils or no-till seeing equipment, even 
though in-situ management of agricultural residues can offer long-term cost savings 
on equipment and manpower. In North America, crop residue retention with no-
tillage is primarily used, and in the United States alone, no-till farming accounts for 
about 40% of cropland [30]. In-situ management techniques such as direct incorpo-
ration into soils and mulching are specifically mentioned in the National Policy for 
Management of Crop Residue [13] as ones that should be promoted in India not only 
to control crop residue burning but also to prevent environmental degradation in the 
croplands.

8. Soil health and conservation agriculture

A soil must, among other things, have room for plant roots to spread out, be able to 
store and make water and nutrients available to plant roots, and offer a favorable biotic 
and chemical environment for soil microorganisms to function in order to maintain 
soil porosity, fix atmospheric nitrogen, hold, and mineralize nutrients. These factors 
must work in concert to create the foundation for the defined soil health.

With the help of beneficial symbiotic relationships with plant roots, such as those 
formed by nitrogen-fixing bacteria and mycorrhizal fungi, recycling vital plant 
nutrients, and improvements to soil structure (such as aggregate stability), which 
in turn improves soil water and nutrient holding capacity, healthy soils maintain a 
diverse community of soil organisms that help to control plant disease, insect, and 
weed pests, and ultimately improve crop production. Many regions of the world agree 
that their soils are ill, unhealthy, and lacking in the ability to produce enough food for 
themselves. While “soil quality” is frequently mentioned as if it were a fixed quality, 
“soil health” is less frequently mentioned and refers specifically to the biological 
dynamics of soil quality.

• The following essential CA elements benefit soil in “good condition” (static) or 
“good health” (dynamic):

• Minimal disruption of the ideal porous soil architecture, which (a) maintains 
optimal levels of respiration gases in the rooting zone; (b) moderates oxidation 
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of organic matter; (c) facilitates water movement, retention, and release at all 
scales; and (d) restricts re-exposure of weed seeds and their germination.

• The soil surface benefits from a permanent layer of sufficient organic matter, 
particularly crop residues, including: (a) protection from the harsh effects of 
solar radiation and rain; (b) a substrate for soil organism activity; (c) increased 
cation-exchange capacity for nutrient capture, retention, and slow release; and 
(d) weed smothering. Legumes included in crop rotations and sequences offer 
the following benefits:

• A range of species, for direct harvest and/or fodder; (a) minimal rates of 
pest species population build-up through life-cycle disruption; (b) biological 
N-fixation in suitable conditions, limiting external costs; (c) prolonged slow-
release of such N from complex organic molecules derived from soil organisms; 
and (e) improvement of soil profile by organic matter addition at all depths.

According to the Ministry of New and Renewable Energy (MNRE 2009), the 
government of India, approximately 500 Mt. of crop residue is produced annually. 
Depending on the cropping intensity, productivity, and crops planted in various 
Indian states, there is a wide variation in crop residue generation and utilization. The 
most waste is produced in Uttar Pradesh (60 Mt), then in Punjab (51 Mt), and then in 
Maharashtra (46 Mt). Cereals provide 352 Mt. of leftovers from various crops, which 
is followed by fibers (66 Mt), oilseeds (29 Mt), pulses (13 Mt), and sugarcane (12 Mt). 
The cereal crops (rice, wheat, maize, and millets) account for 70% of crop residues, 
whereas the rice crop alone accounts for 34%. With 22% of the residues produced, 
wheat comes in second, while 13% of the residues produced by all crops come from 
fiber crops. Cotton produces the most fiber (53 Mt) and has an 11% crop residual 
rate. Coconut comes in second among fiber crops for residue generation with 12 Mt. 
In India, crop residues made up of tops and leaves from sugarcane production total 
12 Mt., or 2% of all crop residues.

The excess leftovers, or those that were generated but not used for other purposes, 
are often burned in the field or used to power homes. India’s estimated annual crop 
residual surplus ranges from 84 to 141 Mt., with grains and fiber crops accounting for 
58 and 23%, respectively, of the total. The remaining 19% comes from various crops, 
sugarcane, legumes, and oilseeds. Out of the 82 Mt. of excess cereal crop residues, 
44 Mt. are leftover rice, followed by 24.5 Mt. of wheat, which is primarily burned in 
fields. An estimated 80% of the extra residue from fiber crops (33 Mt) is cotton, and 
this residue is burned.

9. Remainders’ positive influence on soil health

Crop residues can have a number of beneficial effects on the physical, chemical, 
and biological aspects of soil, whether they are incorporated into the soil or are left 
on the surface. By changing the soil’s structure and aggregate stability, it lowers the 
bulk density of the soil and increases hydraulic conductivity. Plant residue mulching 
increases the minimum soil temperature in winter owing to a decrease in the upward 
heat flux from the soil and lowers the minimum soil temperature in summer due to 
the shade effect. Crop residues that are kept on the soil’s surface slow runoff by acting 
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as miniscule dams, prevent the formation of surface crusts, and improve infiltration. 
When left unaltered with no-till, the channels (macro-pores) made by earthworms 
and old plant roots enhance infiltration to aid in reducing or eliminating runoff. A 
higher level of soil moisture can, in many cropping and climatic settings, lead to a 
higher crop yield when combined with decreased water evaporation from the top few 
inches of soil and improved soil properties.

Residues serve as a store for plant nutrients, stop nutrient leaching, boost cation 
exchange capacity (CEC), offer a hospitable environment for biological N fixation, 
boost microbial biomass, and improve the activities of enzymes such as dehydroge-
nase and alkaline phosphatase. Increased microbial biomass can improve soil nutrient 
availability and serve as a source and sink of nutrients for plants. The reduction of 
wind and water erosion, the improvement of water infiltration and moisture reten-
tion, and the reduction of surface sediment and water runoff are all benefits of 
leaving significant amounts of crop residues equally dispersed across the soil surface. 
Crop residues are crucial in reducing soil acidity by releasing hydroxyls, especially 
during the breakdown of residues with higher C:N ratios, and in increasing soil alka-
linity by applying residues with lower C:N ratios.crops including legumes: oilseeds 
and pulses. Crop residues’ contribution to soil carbon sequestration would be a bonus 
in terms of managing the effects of climate change.

10. Use of residues in conservation agriculture is subject to restrictions

With greater residue levels in Conservation Agriculture, there are a number of 
difficulties (CA). These include issues with various diseases, insects, or weeds as 
well as challenges caused by increased surface residues to effective seed, fertilizer, 
and pesticide placement. With their greater amounts of crop residue, conservation 
tillage approaches typically demand more care, timing, placement of nutrients and 
pesticides, and tillage operations. Due to increasing residue levels and fewer options 
for the manner and timing of nutrient administrations, nutrient management may 
become problematic. In instance, no-till can make it more difficult to apply manure 
and may cause nutrient stratification in the soil profile as a result of repeated surface 
treatments without any mechanical assimilation.

Placement of seed at the right depth to promote germination in the no-tilled plots 
with residue kept on the soil surface is still a challenge and is one of the major techno-
logical bottlenecks that requires attention. Although the zero-till seed-cum-fertilizer 
drill machinery has undergone significant progress, there is still more room for 
advancement to provide farmers with a hassle-free technology. The other bottleneck, 
particularly in the rice-wheat system, is weed control. Given that chemical herbicides 
can leak into the environment, overuse of them may not be ideal. All fertilizers, 
notably N, should not be applied as a base dose at the time of planting because 
doing so could reduce their effectiveness and pollute the environment. Although 
evaporation is decreased and more water is kept close to the top with greater residue 
levels, this stimulates the establishment of feeder roots close to the surface where the 
nutrients are concentrated. Higher expenditures may occasionally result from addi-
tional application of particular nutrients and the need for specialized equipment for 
efficient fertilizer placement. Similar to how higher pesticide use may be required for 
CA adoption. The problem of non-point source pollution and environmental hazard 
is already present in the nations that use proportionally more herbicides.
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• Additional management skill requirements, concerns about poorer crop yields 
and/or economic returns, unfavorable attitudes or views, and institutional 
restrictions are additional barriers to farmers adopting residue integration sys-
tems. Farmers and occasionally entire communities show a great preference for 
well-kept tilled fields. They take great satisfaction in keeping their fields “clean” 
of debris and actively tilling them to create a flat surface before planting.

• Other applications for crop leftovers

• There are a number of strategies that can be used to handle residues effectively. 
Large quantities of wastes can be utilized for compost preparation, energy 
production, the creation of biofuel, and mushroom culture in addition to being 
used as cattle feed.

By utilizing the leftovers as animal bedding and subsequently piling them in a 
dung pit, the wastes can be composted. A kilogram of straw can hold up to 2–3 kilo-
gram of animal excreted pee. On the farm itself, material can also be composted 
using various techniques. One hectare’s worth of rice leftover produces 3.2 tonnes of 
nutrient-rich farmyard manure (FYM).

11. Biomass energy from crop waste

Because of its benefits for the environment, biomass is a source of energy that 
can be used effectively and is sought for on a global scale. Crop residue is now 
being used more frequently to produce energy and to replace fossil fuels in  
recent years.

Additionally, it provides a quick fix for lowering the atmospheric CO2 concen-
tration. Biomass is a storable resource that is less expensive, more energy-efficient, 
and environmentally friendlier than other renewable energy sources such as 
solar and wind energy. Straw, however, has a low bulk density and a low energy 
output on a weight basis. Regardless of the bio-energy technology, the logistics of 
delivering the vast quantities of straw needed for efficient energy generation is a 
significant economic factor. The capacity to use residues for energy generation is 
influenced by a number of factors, including the availability of residues, the cost of 
transportation, and the infrastructure (such as harvesting equipment and collec-
tion methods).

12. Ethanol produced from crop waste

Because ethanol can be used as a pure fuel in internal combustion engines or 
combined with gasoline as a fuel extender and octane-enhancing agent, the conver-
sion of ligno-cellulosic biomass into bio-based alcohol production is a significant 
and researchable subject. Theoretical estimates of the amount of ethanol that may 
be produced from various feedstocks, including maize grain, wheat straw, rice straw, 
bagasse, and sawdust, range from 382 to 471 L t−1 of dry matter.
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13. Biomethanation

Biogas, a gaseous mixture of carbon dioxide and methane, can be produced from 
biomass, such as rice straw, and used as fuel. It has been claimed that dry rice straw 
may produce 300 m3 t−1 of biogas. The procedure produces good-quality gas with 
a methane content of 55–60%, and the spent slurry can be used as manure. This 
approach aims to produce manure that may be returned into the soil while also using 
agricultural waste to extract high-quality fuel gas.

14. Gasification of waste

Gas is created during the thermochemical process of gasification when wastes 
partially burn. After early pyrolysis, the process thoroughly decomposes the biomass 
to produce energy-rich gaseous products. The primary issue in using biomass gasifica-
tion to produce electricity is purifying the gas to get rid of pollutants. The residues 
can be put to use in gasifiers to create producer gas. In some states, gasifiers with a 
capacity of more than 1 MW have been erected to produce producer gas, which is fed 
to motors connected to alternators to produce power. About 300 kWh of power may 
be produced from 1 tonne of biomass.

15. Fast pyrolysis

In order to quickly pyrolyze crop leftovers, the biomass must quickly reach a 
temperature of 400–500°C. This causes a striking modification in the thermal disinte-
gration process. A biomass’s dry weight is transformed into condensable vapors to the 
tune of about 75%. The condensate produces a dark brown, viscous liquid known as 
bio-oil if it cools down quickly within a few seconds. Bio-oil has a calorific value that 
ranges from 16 to 20 MJ kg−1.

16. Biochar

Biochar is a high-carbon substance made from biomass that has been slowly heated 
without oxygen. It has benefits in terms of its effectiveness as an energy source, its 
usage as a fertilizer when combined with soil, and its capacity to stabilize and lower 
atmospheric emissions of hazardous gases. Biochar is useful for releasing gases that 
are high in energy, which are subsequently used to create liquid fuels or directly to 
generate electricity and/or heat. It might have a significant impact on the long-term 
storage of carbon. Biochar improves the soil’s fertility and capacity to hold onto water, 
as well as speeding up the transport of minerals to plant roots.

17. Elements of a nutrient management strategy in CA

Components of a nutrient management plan in California
As an agro-ecological technique with a biological foundation, CA does not concen-

trate on a specific product or species. Instead, it deals with the intricate relationships 
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between various crops and specific local conditions, capitalizing on the intricate 
networks of relationships involved in managing soil systems in a profitable and 
sustainable manner.

The following four general aspects would need to be taken into account by nutri-
ent management techniques in CA systems:

I. The biological processes of the soil are strengthened and safeguarded to provide 
all soil biota and microorganisms preference and to increase and maintain soil 
organic matter and soil porosity;

II. Enough biomass is produced and biological nitrogen is fixed to maintain enough 
soil energy and nutrient stores.

III. The production of biomass and biological nitrogen fixation is sufficient to 
maintain the energy and nutrient levels in the soil necessary to support higher 
levels of biological activity and to cover the soil;

IV. Plant roots in the soil have sufficient access to all nutrients from both natural and 
artificial sources to meet crop needs; and.

V. The pH of the soil is maintained within an appropriate range to ensure that all 
important soil chemical and biological processes run smoothly.

18. Managing soil biological processes: the living system that is soil

Water must enter soil that is permeable from the surface below in order for rivers, 
plants, and groundwater to function. The interaction between the biological, physi-
cal, and chemical aspects of soil productivity is hampered by a lack of water for 
plants. The volume and interconnectedness of soil pores, which in turn control their 
ability to transfer water, determine the rate at which water enters, passes through, and 
moves through the soil.

The percentage of soil pores that can hold water against gravity and still release it in 
reaction to “suction” produced by roots, as defined by the physiology of the plants and 
atmospheric demand, determines the volume and availability of water that plants may 
use. Nutrient management and water management in soil are inextricably related.

The productivity of the soil in which plants are growing is reduced due to a lack 
of water and/or other nutrients, which prevents the complete interaction of the plant 
and soil systems. Plant growth and development are hampered by inadequate plant 
nutrients, and a severe water shortage brings the system to a complete stop.

Due to degradation and loss of organic matter, soil porosity is compromised or 
eliminated through compaction, pulverization, and/or collapse.

Due to the deterioration and loss of organic matter, compaction, pulveriza-
tion, and/or collapse harm or destroy soil porosity. Tillage of the soil causes a rapid 
oxidation of the organic carbon in the materials to carbon dioxide gas and its loss 
to the environment, resulting in a net loss of organic matter. After such damage, 
the nonliving portion of organic matter is biologically transformed by its living 
component, the fauna and flora that live the soil, ranging from microorganisms such 
as bacteria to macroorganisms such as worms, termites, and the plants themselves. 
The creation of irregular aggregates of soil particles, within and between which are 
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the crucial pore-spaces in soil, is facilitated by their metabolic activity, which also 
produces glue-like compounds, fungal hyphen, etc. The production of irregular 
aggregates of soil particles, within and between, which are the vital pore-spaces in 
which water, oxygen, and carbon dioxide move and roots grow, is a result of their 
metabolic activity, which also contributes glue-like compounds, fungal filaments, 
etc. Additionally, these elements significantly increase the soil’s ability to grab and 
hold onto nutrient ions on organic complexes and provide a slow-release mechanism 
for their release back into the soil’s moisture. A significant amount of fresh organic 
matter must constantly be present in the soil as a source of energy and nutrients 
for soil organisms, not simply for the plants alone, in order for this activity and its 
effects to cease. If the conditions for biotic activity in the soil are kept favorable, this 
dynamic process of formation and reformation of the porous soil architecture will 
continue from year to year, maintaining the capacities of landscapes thus treated 
to continue yielding vegetation and water on a regular basis, contributing to the 
sustainability of such production processes.

This is where maintaining “soil health” becomes important. It is more appropri-
ate to think of the soil as primarily a living, porous biological entity that penetrates 
the nonliving components and forms from the top downward, rather than as a 
geological entity that forms from the bottom upwards with living things in it at  
the top, when deciding how to manage the land and nutrients to maintain its 
productivity [25].

19. Government intervention

The engagement of the right government agencies is required to implement 
strict measures to reduce crop burning and better control crop waste management. 
The Indian government has made several attempts to introduce and educate the 
agricultural community about best practices. Environmentalists and government 
officials have also developed ideas to reduce crop residue burning and encourage the 
use of alternative sustainable management techniques. The National Environment 
Appellate Authority Act of 1997, the Air Prevention and Control of Pollution Act of 
1981, the Environment Protection Act of 1986, the National Tribunal Act of 1995, and 
Section 144 of the Civil Procedure Code (CPC) are a few of the laws relating to crop 
residue burning that are currently in effect. The National Green Tribunal (NGT) has 
implemented strict regulations, particularly in the states of Rajasthan, Uttar Pradesh, 
Haryana, and Punjab, to reduce crop residue burning [13, 35].

20. National schemes and policies

The National Thermal Power Corporation (NTPC) has lately been instructed by 
the Indian government to combine crop residue pellets (almost 10%) with coal for the  
purpose of generating electricity [36]. The farmers benefited from a financial 
return of about Rs. 5500 (77 USD) per tonne of agricultural leftovers as a result. 
These profitable techniques have not yet been implemented, but farmers might 
profitably take advantage of them. The Indian government only operates a few bio-
composting-related measures. As a part of its 11th Five Year Plan, the Indian govern-
ment announced the Rashtriya Krishi Vikas Yogna (RKVY), State Plan Scheme of 
Additional Central Assistance, in August 2007 (Table 1) [35].
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The Indian Ministry of Agriculture recently created a National Policy for 
Management of Crop Residue (NPMCR) [7] in addition to the aforementioned. The 
NPMCR’s primary goals are listed below [6]:

1. To reduce the loss of important soil nutrients and to increase the variety of uses 
for crop residue in industrial applications, promote technology for the best usage 
and in-situ management of crop residue.

Query Response Crop residues management options

1. Can crop residues be used for 
conservation agriculture?

Yes • Retain it on soil surface

• Use drill for sowing with residues (e.g. Happy Seeder)

If the answer is
No, move to query 2

• Follow conservation agriculture for all crops in 
rotation

2. Can it be used as fodder? Yes • Leave stubbles in field

• Enrich fodder with

If the answer is
No, move to query 3

supplements
(e.g. urea and molasses)

• Use manure in conservation agriculture

3. Can it be used for biogas 
generation?

Yes • Leave stubbles in field

• Adopt community biogas

If the answer is
No, move to query 4

plant (e.g. KVIC design modified by IARI)

• Use slurry in conservation agriculture

Query Response Crop residues management options

4. Can it be used for 
composting?

Yes • Leave stubbles in field

• Adopt modern composting technique (e.g. IARI 
model)

If the answer is
No, move to query 5

• Use compost in conservation agriculture

5. Can it be used for bio-fuel 
generation?

Yes • Leave stubbles in field

• Install bio-fuel plant

• Use liquid slurry in conservation agriculture

If the answer is No, move to 
query 6

6. Can it be used for electricity 
generation?

Yes • Leave stubbles in field

• Install biomass-energy plant (e.g. KPTL model)

If the answer is
No, move to query 7

• Use ash in conservation agriculture

7. Can it be used for 
gasification?

Yes • Leave stubbles in field

• Install biomass gasifier (e.g. CIAE model)

If the answer is
No, move to query 8

• Use ash in conservation agriculture

8. Can it be used for biochar 
making?

Yes • Leave stubbles in field

• Install biochar klin (e.g. IARI model)

• Use biochar in conservation agriculture

Table 1. 
Model plan for managing crop residues at local and regional scales.
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2. Create and encourage the use of suitable crop machinery in agricultural tech-
niques, such as the modification of grain recovery equipment (harvesters with twin 
cutters to cut the straw). Offer discounts and incentives to encourage the purchase 
of mechanical sowing equipment such as baling, shredding, and turbo seeders.

3. Work with the National Remote Sensing Agency (NRSA) and the Central Pollu-
tion Control Board to monitor agricultural residue management using satellite-
based remote sensing technologies (CPCB).

4. Raise money for creative ideas and project proposals using a multidisciplinary 
approach and fund raising in several ministries.

21. Summary and conclusions

Crop residues are one type of agricultural waste that has presented unique issues 
because of its enormous volume and lack of management tools. Given that rice and 
wheat, which typically provide the majority of crop leftover, are the main staples of 
India, it is apparent that the extensive cultivation of these crops to feed the continu-
ously growing population has resulted in the development of significant amounts 
of crop residue. India produces 500 Mt. of crop residue annually on average. There 
is a massive surplus of 140 Mt., out of which 92 Mt. is burned annually, primarily 
in the northern states such as Punjab, Haryana, and Uttar Pradesh, even though the 
majority of it is used as fodder, a raw material for energy production, etc. Due to a 
lack of technical knowledge and appropriate disposal options, small-scale farmers in 
particular turn to burning crop waste as a cheap alternative. Crop burning on a large 
scale raises atmospheric CO2, CO, N2O, and NOx levels and has caused an alarming 
rise in air pollution. The air quality in northern India terrifyingly deteriorated, reach-
ing nearly double the allowable Indian threshold and 10 times the WHO standard.

The Indian government has launched numerous programs in an effort to address 
the issue of crop residue burning. The Indian Ministry of New and Renewable Energy 
(MNRE) and the Indian Agricultural Research Institute (IARI) are constantly encour-
aging research and cutting-edge techniques to handle crop waste without burning. 
Recently developed by the Central Government, the National policy for management 
of crop residue (NPMCR) outlines laws and regulations that local agencies must 
follow to address crop burning and promote sustainable management practices. 
Continued air pollution, particularly in November and December, suggests that the 
aforementioned restrictions have not effectively stopped crop burning. The true 
causes of the burning of crop residue are more socioeconomic in nature than agricul-
tural or waste management related. In its place, sustainable alternatives that entail 
techniques to feed the nutrients in the crop residue back into the same crop areas have 
been developed. Uncommonly used bio-based products for agricultural waste usage 
include biogas, charcoal, and in-situ management with mechanical intensification. 
Composting rules could be developed for rural regions and applied to all farms by 
farmers associations. Crop residue can be significantly reduced by mechanizing the 
harvesting process, and farmers may receive equipment subsidies from local authori-
ties. This gap should be filled by the local government, municipality, or farmers’ 
organization, which should also start local assistance programs such as equipment 
rentals, waste transportation, and possibly linking waste to areas where it can be 
used as raw materials. Educating the farming community and providing them with 
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socioeconomic and technical support. They must to be informed of the benefits of 
lower agrochemical costs owing to the use of compost and the additional income they 
can get from other types of recovery initiatives, such energy production.
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Chapter 7

Recovery and Characterization of 
Astaxanthin Complex from Prawn 
Waste Extract and Its Separation 
Using Antisolvent Precipitation 
Technique
Renuka Vinothkumar, Frank Lucien and Janet Paterson

Abstract

Most of the prawns are processed as frozen or cooked prawn meat. The remaining 
waste (heads, tails and shells) is used as a feed supplement or is directly discarded 
onto the land by food industries, seafood markets and capture fisheries. Disposal 
onto the land allows prawn waste to decompose easily in the open air and causes high 
environmental pollution. At the same time, many valuable compounds present in the 
waste are lost. It has been accepted that those from marine/brackish waters are  
considered ‘shrimps’ while their counterparts from fresh waters are considered 
‘prawns’. There is a need to generate value-added products from these waste materials 
from an environmental and economical point of view. The recovery of value-added 
products from waste material is beneficial in two ways: firstly, to solve the waste 
disposal problem itself and secondly, to generate additional income. This research 
particularly focuses on the management of prawn waste and this small-scale research 
was carried out using the hand-peeled waste of school prawns. The major aim of this 
research is the recovery and characterization of one of the major valuable components of 
prawn waste called the ‘astaxanthin complex’ and its separation from the organic sol-
vent using the antisolvent precipitation technique, which is an innovative approach.

Keywords: prawn waste management, the astaxanthin complex, supercritical CO2, 
antisolvent precipitation, volumetric expansion

1. Introduction

The major carotenoid present in prawn waste is the astaxanthin complex. A 
familiar example is that grey prawn becomes bright orange-red on cooking because 
the astaxanthin complex including astacene is liberated when cooking denatures the 
natural protein-pigment complex [1]. The total concentration of the astaxanthin 
complex in crustaceans including prawns varies with species and location [2]. Free 
astaxanthin (3, 3′-dihydroxy β, β′-carotene 4, 4′-dione) has two hydroxyl groups, 
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one on each terminal ring. The hydroxyl group can react with fatty acid and form 
esterified astaxanthin. Astaxanthin monoester has one fatty acid attached to one of 
the hydroxyl groups and astaxanthin diester has one fatty acid attached to each of the 
hydroxyl groups. The monoesters and diesters are relatively non-polar, whereas free 
astaxanthin is relatively polar [3]. Thus, the polarity of the astaxanthin complex plays 
an important role in choosing the optimal solvent for its recovery. Natural sources 
such as krill, algae and prawn supply astaxanthin as a mixture of free and esteri-
fied forms [4, 5]. These extra-functional groups give astaxanthin an extraordinary 
antioxidant capability and properties unlike other carotenoids [6]. Astaxanthin esters 
function as powerful antioxidants under both hydrophobic and hydrophilic condi-
tions during experimental in vitro studies [7]. However, the astaxanthin complex is 
sensitive to photo, thermal and oxidative degradation because of the presence of long 
chain-conjugated double bonds [8].

The astaxanthin complex has attracted considerable interest in recent years 
because of its powerful antioxidant activity [9]. Mostly the antioxidant properties 
of the astaxanthin complex are mainly focused on human health benefits [10, 11]. In 
food and aquaculture, the astaxanthin complex is mainly used as a colour enhancer 
[6]. In the United States, the astaxanthin complex is a permitted colour additive by 
the Food and Drug Administration in salmon feed to improve the colour of salmon 
during farming practices [12]. However, the antioxidant properties of the astaxanthin 
complex have not been paid much attention in relation to agricultural purposes. In 
aquaculture feed, the astaxanthin complex extracted from natural materials is prefer-
able [1, 13]. However, the cost of the astaxanthin complex for its use in aquaculture 
feed is a major concern. Commercially produced synthetic astaxanthin costs about 
$1000/kg [14]. The high cost and consumer resistance to synthetic pigments have led 
to the exploitation of natural sources for obtaining the astaxanthin complex. Only a 
few species of microorganisms (eg: Haematococcus lacustris; Phaffia rhodozyma and 
Chlorella vulgaris) produce the astaxanthin complex in nature. The astaxanthin com-
plex is also abundant in prawn waste [15]. Therefore, it may be worth recovering the 
astaxanthin complex from prawn waste and exploring its use in various applications.

Conventional recovery of the astaxanthin complex from natural sources is mainly 
carried out using solvents. However, there are two major problems associated with the 
solvent extraction of the astaxanthin complex. The first problem is that solvents also 
extract other compounds such as lipids present in the natural materials along with 
the astaxanthin complex. The second problem is that solvent extraction degrades this 
sensitive pigment [16]. To overcome the problems associated with solvent extrac-
tion, an effective way of recovering the astaxanthin complex from natural sources is 
necessary.

This research dealt with the extraction, characterization and recovery of the 
prawn pigment, the astaxanthin complex from prawn waste. The astaxanthin 
complex was extracted from prawn waste using two organic solvents, hexane 
and acetone. The better solvent for the maximum recovery of the astaxanthin 
complex was chosen. The compatibility of the solvent with the technique called 
supercritical antisolvent precipitation was also considered. Characterization of 
the astaxanthin complex was performed using chromatography techniques such as 
high-performance liquid chromatography (HPLC), and HPLC coupled with mass 
spectrometry (HPLC-MS). The astaxanthin complex was then precipitated from the 
organic solvent using environmentally friendly supercritical carbon dioxide (SCO2) 
instead of performing post-extraction steps such as purification or evaporation of 
the solvent. This application was the novelty of this research.
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2. Literature review

2.1 Extraction of astaxanthin from prawn waste

The astaxanthin complex is abundant in prawn waste; however, the concentration 
of the astaxanthin complex in prawn waste varies with species and location [17–24]. 
Initially, the extraction of the astaxanthin complex from prawn waste was carried out 
using vegetable oils. The recovered red oil might then directly be incorporated into  
the commercial aqua feed [25–29]. The concentration of the astaxanthin complex in the 
pigmented oil could be further increased by reusing the pigmented oil to extract the 
astaxanthin complex from fresh waste [22, 26, 30].

Prawn waste is a highly perishable material, which deteriorates rapidly that in turn 
degrades the astaxanthin complex present in it [31]. Acid treatment and preliminary 
enzymatic digestion with and without antioxidants have been studied to stabilize 
the astaxanthin complex in prawn waste prior to oil extraction [17, 24, 31–33]. The 
recovery of the astaxanthin complex from prawn waste with the aid of preliminary 
enzymatic digestion depends on the prawn species, fermentation conditions and the 
type of enzyme used for digestion [24].

The use of organic solvents for the recovery of the astaxanthin complex from 
prawn waste is best limited to analytical investigations. The traditional solvent extrac-
tion processes described in the literature are poorly designed for the commercial 
recovery of the astaxanthin complex from prawn waste [16]. This is because either the 
presence of other compounds in the prawn waste, such as lipids, allows the recovery 
of only a very dilute material, or the solvents used in the extraction of astaxanthin 
are inefficient and cause degradation of the pigment. Various studies on the solvent 
extraction of the astaxanthin complex from prawn waste have been investigated 
[15, 20, 31, 34–36]. Solvent extraction of the astaxanthin complex from natural 
sources generates more solvent waste and consists of time-consuming complicated 
post-extraction steps such as evaporation or concentration and purification. The 
applied heat during extraction and post-extraction may also degrade the astaxanthin 
complex. To overcome all these possible difficulties associated with solvent extraction 
and the post-extraction of the astaxanthin complex, a more effective way of recover-
ing the astaxanthin complex from natural sources is necessary.

2.2 Analysis and characterization of the astaxanthin complex from prawn waste

There are two general methods for analyzing the concentration of the astaxanthin 
complex in a sample: spectrophotometric analysis and HPLC. In both methods, the 
astaxanthin complex is extracted from a source into a suitable solvent. In spectro-
photometric analysis, the light absorbance of the extraction solvent containing the 
astaxanthin complex is measured at a wavelength that corresponds to the maximum 
absorbance for the astaxanthin complex (usually between 470 and 480 nm). The 
concentration of the astaxanthin complex is then calculated using Eq. (1). The problem 
with the spectrophotometric assay method is that in addition to astaxanthin, other 
carotenoids or the degradation products of astaxanthin such as astacene will be falsely 
included as astaxanthin in the results [37–39].

 [ ] 1%
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=
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where, [A]—concentration of the astaxanthin complex (g); X—absorbance at a 
specific wavelength; y—amount of solvent used (mL) and 1%

1E cm —extinction coef-
ficient of pure astaxanthin in the extraction solvent.

All those other compounds also absorb light at this wavelength, which in turn leads 
to an increase in the absorbance measurement. Consequently, this results in an over-
statement of the astaxanthin complex concentration in a sample. This overstatement is 
usually minimized by reporting spectrophotometric analysis results as ‘the astaxanthin 
complex’ to indicate that the analysis includes other compounds as well [37]. This 
is the reason, ‘the astaxanthin complex’ is the term used in this research rather than 
‘astaxanthin’. The most technically sound and accurate method for determining the 
astaxanthin complex concentration of a sample is HPLC, which separates the astax-
anthin complex into individual esters, astaxanthin degradation products and other 
related compounds, to provide accurate concentrations of astaxanthin and its esters 
[37]. The separation of the astaxanthin complex is achieved by using both normal and 
reverse phases HPLC and HPLC-MS. This work characterizes the astaxanthin complex 
from prawn waste extract using normal phase HPLC coupled with atmospheric pres-
sure chemical ionization mass spectrometry (APCI-MS)—negative mode.

2.3 Supercritical antisolvent processes

A supercritical fluid is defined as a substance above its critical temperature and 
critical pressure. The application of supercritical fluid extraction has been inves-
tigated in various industries [40–44]. These fluids can also be used as antisolvents 
to precipitate materials from conventional solvents where the particle of interest 
is not soluble in supercritical fluids [45–47]. In supercritical antisolvent processes, 
the supercritical fluid is used as an antisolvent to bring about precipitation of the 
substrate(s) dissolved initially in a liquid solvent. This research used carbon dioxide 
as a supercritical fluid. Figure 1 shows the working method of the supercritical anti-
solvent precipitation process. SCO2 and the organic solvent containing the sample are 
brought into contact by gradually adding compressed SCO2 to the solution containing 
the solute inside a pressure vessel (Figure 1 Step 1).

SCO2, which is used as an antisolvent for the solute, initially dissolves in the 
organic solvent. The organic solvent is completely miscible with carbon dioxide. 
Upon the addition of carbon dioxide to the organic solvent containing the solute, the 
antisolvent diffusion decreases the solubility of the solute within the organic phase 
(Figure 1 Step 2) and eventually the solute precipitates (Figure 1 Step 3). The mixture 

Figure 1. 
(Steps 1, 2 and 3) Supercritical antisolvent precipitation technique using SCO2.
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of the solvent and antisolvent can be separated when it is depressurized. Then the 
liquid solvent and gaseous antisolvent can be recycled [45, 48]. Supercritical anti-
solvent processes depend on the operating conditions and the affinity of the solute 
towards the liquid solvent [49]. The success of supercritical antisolvent precipitation 
relies on the selection of a suitable combination of organic solvent and a supercritical 
antisolvent for a specific compound of interest [45].

As the aim of this project was the recovery of the astaxanthin complex from 
prawn waste, the supercritical antisolvent precipitation technique was investigated 
to separate the pigment from the organic solvent. The use of supercritical fluid 
as an antisolvent is much simpler than organic liquid antisolvents, which need 
the application of complex purification processes. There are concerns with the 
stability of the astaxanthin complex during solvent evaporation. Using the super-
critical antisolvent technique, it is possible to precipitate the pigment from the 
solvent at near ambient temperatures with the proper selection of the antisolvent, 
thus, avoiding the thermal degradation of the product. And also, supercritical 
antisolvent processes are carried out in an inert environment and reduced light. 
This reduces the possible photo- and oxidative degradation of the product [50]. 
Considering the advantages of the supercritical antisolvent process, we have cho-
sen this technique in the recovery of the astaxanthin complex from prawn waste 
solvent extract to eliminate the problems associated with the solvent evaporation 
and purification, and to prevent the degradation of the astaxanthin complex dur-
ing post-extraction steps.

At the time of this research, SCO2 was only used as a solvent to extract the 
astaxanthin complex from crustacean waste [14, 51–53]. The highest (98%) yield 
of astaxanthin is obtained when the extraction is carried out at low pressure and 
the highest temperature of 60°C [52]. Therefore, temperature and pressure play an 
important role in the recovery of astaxanthin from crustacean waste using SCO2. The 
SCO2 extraction process of the astaxanthin complex operates at nearly ambient or low 
temperatures, eliminating the possibility of heat damage to the pigment and leaving 
no solvent residue. However, the solubility of carotenoids in SCO2 is low because of 
the thick cell wall that resists greater mass transfer and, therefore, the technique may 
not be effective in extracting total the astaxanthin complex present in the source 
[14, 51]. The insolubility of the astaxanthin complex in SCO2 offers the possibility of 
using SCO2 as an antisolvent in the recovery of the astaxanthin complex from prawn 
waste. An examination of published studies on supercritical antisolvent precipita-
tion indicates that there have been no previous studies carried out on the recovery 
of astaxanthin from prawn waste using SCO2 as an antisolvent. However, some of 
the studies indicate the application of SCO2 as an antisolvent in the precipitation of 
synthetic pigments such as red lake C, pigment yellow 1, pigment blue 15 [54], bronze 
red pigment [55] and lycopene [50] and grape pomace extract [56] from organic sol-
vents. Therefore, an innovative application was studied in this research to apply SCO2 
as an antisolvent on the recovery of the food and pharmaceutical valuable compound, 
the astaxanthin complex, present in prawn waste.

The phase behaviour of the supercritical antisolvent with the liquid solvent must 
be known before antisolvent precipitation. The study of volumetric expansion and 
vapour–liquid equilibrium data of hexane with SCO2 at different temperatures in 
this research offered an idea about the solubility behaviour of SCO2 in hexane before 
the supercritical antisolvent precipitation of the astaxanthin complex. The data was 
also helpful to choose the best operating conditions for the supercritical antisolvent 
precipitation of the astaxanthin complex.
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3. Materials and methods

3.1 Materials used

Due to the difficulty in sourcing adequate commercial prawn waste, raw east-
ern school prawns (Metapenaeus macleayi, approximately 9 cm body length) were 
obtained from the Department of Primary Industries, Fisheries Conservation 
Technology Unit, NSW, Australia and hand-peeled to obtain prawn waste to conduct 
this research (moisture content 74%; Ash 23% and 11% chitin dry basis). This prawn 
waste was stored at –22°C until used for research. All solvents used were of HPLC 
grade and all chemicals were of AR grade.

3.2 Recovery of the astaxanthin complex from prawn waste

3.2.1 Solvent extraction of the astaxanthin complex

The astaxanthin complex was extracted from raw as well as freeze-dried prawn 
waste using hexane and acetone. Raw prawn waste (15 g) was mixed with 30 ml of hex-
ane and acetone in a tightly capped flask separately. The mixture was shaken at 250 rpm 
under darkness at ambient temperature (23 ± 1°C) for 15 hours to achieve complete 
extraction of the astaxanthin complex into the solvents. The supernatant, called the 
pigment extract, was separated from the waste residue and centrifuged at 1100 rpm for 
10 minutes. The supernatant was analysed using UV-spectrophotometer at 480 nm to 
measure the concentration of the astaxanthin complex (See Section 3.2.2).

In the second step, a further 15 g of prawn waste was added to the pigment extract 
and kept in the shaker under the same experimental conditions for further extraction 
of the astaxanthin complex. Successive removal of the waste residue from the pig-
ment extract and further addition of prawn waste to the pigment extract was con-
tinued to obtain maximum pigment recovery. The concentration of the astaxanthin 
complex was measured before each addition of prawn waste to the pigment extract. 
Figure 1 shows the extraction of the astaxanthin complex from raw prawn waste.

Freeze-dried prawn waste (2.5 g) was mixed separately with 10 ml of hexane and 
acetone in a tightly capped flask. The pigment extraction was carried out as men-
tioned above. In the second step, a further 0.5 g of prawn waste was added to the pig-
ment extract (4 ml) and kept in the shaker under the same experimental conditions 
for further extraction of the pigment. After 20 hours, the concentration of the astax-
anthin complex in the pigment extract was measured using UV-spectrophotometer.

3.2.2 Analysis of the astaxanthin complex using UV-spectrophotometer

The synthetic astaxanthin obtained from Sigma-Aldrich is termed ‘standard 
astaxanthin’ in this work. UV-spectrophotometer analysis was carried out to measure 
the concentration of the astaxanthin complex in the pigment extract. The absorbance 
(A480) of the pigment extract recovered from prawn waste was measured at 480 nm. 
The concentration of the astaxanthin complex in the pigment extract was calculated 
using Eq. (1). The calculated specific extinction coefficient of astaxanthin in acetone 
was 1670. This value was used to calculate the concentration of the astaxanthin 
complex in the prawn pigment extract. However, the measured specific extinction 
coefficient of astaxanthin in acetone at a wavelength of 480 nm was different from 
the one published by [38], where the specific extinction coefficient of astaxanthin 
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in acetone was found to be 2500 at the same wavelength. The specific extinction 
coefficient of astaxanthin in hexane was not measured because of the insolubility of 
standard astaxanthin in hexane and also because of the unavailability of standard 
astaxanthin esters. Therefore, the specific coefficient of astaxanthin in hexane used to 
calculate the concentration of the astaxanthin complex in the prawn pigment extract 
was 2100 at a wavelength of 480 nm as mentioned in [57]. The cholesterol and other 
steroids present in the pigment extract was removed by silica gel column chromatog-
raphy before the HPLC analysis [8].

3.2.3 Characterization of the astaxanthin complex

3.2.3.1 HPLC analysis of prawn pigment extract

The astaxanthin complex in hexane after the removal of cholesterol and other 
steroids was analysed by normal phase HPLC to characterize the astaxanthin com-
plex. This experiment was conducted using the same waters HPLC system equipped 
with a 996-photo diode array detector, which was used to measure the cholesterol 
content of the pigment extract. HPLC analysis was performed using a Lichrosorb 
silica gel column (150 mm × 2.1 mm, 5 μm) specially designed for mass spectrometry 
analytical purposes. Data analysis was performed using Millenium Chromatography 
Manager software.

The astaxanthin complex in hexane after the removal of cholesterol and other 
steroids was filtered using a 0.45 μm syringe filter before HPLC analysis. The sample 
injection volume was 20 μl. A mobile phase of different compositions of hexane: 
acetone (64:36; 65:35; 84:16; 88:12; 98:2; 99:1, v/v) was studied with a flow rate 0.5 ml/
minute. Absorption spectra were taken in the range of 250–700 nm. Peaks were moni-
tored by UV detection at a wavelength of 480 nm. The percentage of each discrete 
peak was calculated from the obtained peak area. The mobile phase that gave the 
better resolution of the astaxanthin complex peaks was chosen and the same mobile 
phase conditions were used for mass spectrometric analysis.

3.2.3.2 HPLC-APCI-MS analysis

Mass spectrometric study of the astaxanthin complex was performed by 
HPLC (ThermoFinnigan Surveyor) coupled with an ion trap mass spectrometer 
(ThermoFinigan LCQ Deca XP Plus) and atmospheric pressure chemical ioniza-
tion (APCI) source (negative-ion mode). The data analysis was controlled using 
ThermoFinnigan Xcalibur software. The HPLC conditions and column were the same 
as the HPLC analysis.

The eluate from the HPLC column was delivered directly to the APCI source, 
which was set up with the following conditions: vaporizer temperature of 450°C; 
sheath gas flow rate of 80 ThermoFinnigan arbitrary units; 10 μA discharge current; 
the capillary temperature of 250°C; 15 V capillary voltage and 30 V tube lens offset. 
Spectra were acquired over the m/z range of 550–1300 Da. The analysis was controlled 
using ThermoFinnigan Xcalibur software.

Astaxanthin monoester and diesters standards were not available. Therefore, 
different possibilities of negatively charged astaxanthin mono [(A•–FA)–] and diester 
[(A•–FA–FA)–] ions were calculated manually from the obtained fatty acid profile. 
Mass spectra of the ester-derived ions were visualized by averaging the data acquired 
over individual peaks observed in the HPLC chromatograms. The observed m/z 
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values were compared to the theoretical ones, facilitating the identification of the 
astaxanthin species present.

3.2.4 Vapour–liquid equilibrium study of hexane with CO2

The equilibrium cell consisted of a high-pressure sight gauge with an internal 
volume of approximately 70 mL. A syringe pump was used for the addition of high-
pressure CO2 to the equilibrium cell. The temperature in the cell was monitored with 
a type K thermocouple. The equilibrium cell was immersed in a water bath for which 
the required temperature was maintained using a heater. The system pressure was 
measured with a pressure transducer with an uncertainty of ±0.035 MPa. The liquid 
phase was withdrawn from the bottom of the equilibrium cell and recirculated to the 
top using a metering pump. The solvent trap consisted of a 50 cm3 sample cylinder. 
The outlet of the solvent trap was connected to an inverted 5 ml burette (0.1 ml 
graduations) to determine the quantity of CO2 present in the liquid and vapour phase 
samples (Figure 2).

Vapour–liquid equilibrium experiments were performed at different temperatures 
(25°C, 35°C, 45°C and 55°C). During each experiment, the temperature was kept 
constant by maintaining a constant water bath temperature. Hexane was filled in the 
sight gauge to a required volume through V6. The system was kept under atmospheric 
pressure by opening V3 while loading the sample into the equilibrium cell. After 
sample loading, V3 was closed. The vessel and the connecting lines were purged with 
low pressure (approximately 5 bar) CO2 by subsequent opening and closing of V2 to 
displace any air present. After purging, the equilibrium cell was filled with CO2 to the 
desired pressure (approximately 2 bar) by V2 to operate the metering pump and then 
isolated by closing valves V2 and V3. The metering pump was kept in circulating mode 
by turning V6 and V4 in their suitable direction. The metering pump was turned on. 
The system was left for at least 30 minutes to get stable conditions of pressure and 

Figure 2. 
Schematic diagram of the supercritical antisolvent precipitation setup. (B) burette, (EC) equilibrium cell, 
(H) heater, (SC) solvent trap (MP) metering pump, (PC) preheating coil, (PT) pressure transducer, (T) 
thermocouple, (V) valve, (WB) water bath, (CO2) carbon dioxide cylinder, (SP) syringe pump, (SV) switching 
valve, (W) container filled with water.
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temperature. Then the initial pressure, the water bath and room temperature and the 
initial level of hexane in the sight gauge were noted. After that CO2 was added to the 
sight gauge at several stages by opening and closing V2.

During each stage, samples of the liquid phase were removed from the equilibrium 
cell to the solvent trap through a switching valve. The CO2 dissolved in a sample was 
separated from the hydrocarbon component using a solvent trap filled with a known 
quantity of isopropanol. The isopropanol in the solvent trap was saturated with CO2 
before sampling. The gas evolved from the liquid phase and was measured in terms 
of displacement volume with an inverted graduated burette. The liquid component 
remaining in the connecting line between valve V6 and the solvent trap was recovered 
by rinsing the connecting line with isopropanol.

The rinse solution was combined with the solvent trap solution and transferred 
to a flask containing a known mass of internal standard (0.1 g of cumene). The 
combined solution was then analysed by gas chromatography to determine the total 
mass of hexane associated with CO2 from the sample. The use of an internal standard, 
in this case, cumene, eliminates the need to know the final volume of the combined 
solution when calculating the total mass of hexane. The mass of hexane in the col-
lected sample was calculated using Eq. (2). Number of moles of hexane in the sample 
was calculated by dividing the mass of hexane by the molecular weight of hexane.
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where, MH—mass of hexane; RF—response factor of hexane; AH—area of hexane; 
AC—area of cumene and MC—mass of cumene.

Since the solvent trap was operated at near atmospheric pressure, the actual quantity 
of CO2 collected from the sample was calculated using the ideal gas equation Eq. (3).
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where, nc—number of moles of CO2; P and V—pressure and gas volume in the 
solvent trap, respectively; R—universal gas constant and T—temperature. The 
subscripts ‘i’ and ‘f’ refer to the initial and final conditions in the solvent trap.

As can be seen from Figure 2, the gas space above the hexane in the solvent trap 
was directly connected to the gas space at the top of the burette. The pressure in the 
solvent trap was, therefore, deduced from the height of water in the burette. It is 
important to note that each gas volume term in Eq. (3) was the combined volume of 
gas in the solvent trap and the burette, corrected for the amount of hexane added ini-
tially to the solvent trap. In the case of Vf, a correction was also made for the amount 
of cumene collected in the solvent trap as well as the volume displacement of water in 
the burette. A small loss of hexane occurs during the initial saturation of the hexane 
in the solvent trap with CO2.

From the number of moles of hexane and CO2, the mole fraction of hexane and 
CO2 in percentage in the collected sample was calculated. The ratio of mole percent-
age of hexane to mole percentage of CO2 in the liquid phase was then determined. 
The composition of the liquid phase was determined from the average of at least 
three measurements, with a relative standard deviation of less than 5%. The relative 
standard deviation was calculated with respect to the ratio of mole percentage of 
hexane to mole percentage of CO2 in the sample. The drop in pressure in the equilib-
rium cell was less than 0.1 MPa during the sampling procedure. After each sampling, 
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the desired pressure was restored in the equilibrium cell followed by recirculation of 
the liquid phase for at least 30 minutes.

3.2.5 Volumetric expansion of hexane using CO2

The measurement of the volumetric expansion of hexane using CO2 was carried 
out using the same apparatus shown in Figure 1 with some minor modifications. The 
vapour phase sampling line with the burette was removed from the switching valve. 
A scale, with 1 mm graduations, was fitted along the visible length of the sight gauge. 
The apparatus was then calibrated to determine the volume of liquid as a function of 
the scale length. Volumetric expansion runs were performed at different temperatures 
(25°C, 35°C, 40°C, 45°C and 55°C). The volumetric expansion data obtained at 25°C 
and 40°C was used to compare the results with the published data. The temperature 
was kept constant by maintaining a constant water bath temperature during each run.

Hexane was filled in the sight gauge to a required volume through V6. The system 
was stabilized for 30 minutes. After stabilization, the initial pressure, the water bath 
and room temperature and the initial level of hexane in the sight gauge were noted. 
Then CO2 was added to the sight gauge at several stages by opening and closing V2. 
The liquid phase was re-circulated and let come to equilibrium over approximately 
30 minutes. For each stage of addition of CO2, the temperature, pressure and liquid 
level rose in the sight gauge were noted.

From the initial level of hexane and the level of hexane after the addition of CO2 in 
the equilibrium cell, the volumetric expansion of hexane in the equilibrium cell was 
calculated. The volumetric expansion of hexane at each stage of addition of CO2 at a 
given temperature and pressure was calculated using Eq. (4).

 ( ) −
×100F I

I

V VExpansion % =
V  (4)

where, VI—initial volume of hexane in the equilibrium cell and VF—final volume 
of hexane after that addition of CO2

3.2.6 Supercritical antisolvent precipitation of the astaxanthin complex

Supercritical antisolvent precipitation of the astaxanthin complex was performed 
with the same experimental setup that was used for volumetric expansion experi-
ments. Because the astaxanthin complex was sensitive to heat and light, the experi-
ment was performed under reduced light and the lowest temperature possible (35°C). 
The experimental pressure and temperature were above the critical temperature and 
pressure of CO2. Therefore, CO2 used in this study was mentioned as SCO2. The solu-
tion containing the astaxanthin complex in hexane was made-up to a concentration of 
approximately 30 mg/100 mL after the removal of cholesterol and other steroids. This 
sample solution was filled in the equilibrium cell to the bottom of the graduated scale 
through V6. The volumetric expansion of hexane containing the astaxanthin complex 
was calculated at different pressure upon the addition of SCO2 to the equilibrium cell. 
This experiment was performed to evaluate the effect of the presence of the astaxan-
thin complex in hexane on the volumetric expansion using SCO2. The visual observa-
tions were recorded during the experiment.

The profile of the astaxanthin complex precipitated at different pressure during 
supercritical antisolvent precipitation was studied. The astaxanthin complex in hexane 
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was filled in the equilibrium cell to the bottom of the graduated scale through V6. 
The pressure inside the cell was increased by adding SCO2 through V2 (Figure 2). 
The supernatant was collected at different pressure (5.0 MPa, 5.5 MPa, 6.0 MPa and 
6.4 MPa) via V4 and analysed using HPLC. From the peak area of the HLPC chromato-
gram, the composition of the astaxanthin complex in the supernatant at respective 
pressure was calculated.

The yield of the astaxanthin complex during supercritical antisolvent precipita-
tion was calculated. The astaxanthin complex in hexane was filled in the equilibrium 
cell to the bottom of the graduated scale through V6. The pressure inside the cell 
was increased by adding SCO2 through V2. The supernatant (200 μl) was collected 
at a pressure of 6.6 MPa into a sample holder containing a known volume of hexane 
through the switching valve. The concentration of the astaxanthin complex in the 
collected supernatant was analysed using UV-spectrophotometer. Then the concen-
tration of the astaxanthin complex in the supernatant was calculated and corrected to 
a suitable dilution factor.

4. Results and discussion

4.1 Solvent extraction of the astaxanthin complex from prawn waste

Figure 3 shows the extraction of the astaxanthin complex from raw as well 
as freeze-dried prawn waste using hexane and acetone. The concentration of the 
astaxanthin complex in the pigment extract increased with the extraction time when 
raw prawn waste was used in hexane. After 54 hours of extraction of raw prawn waste 
in hexane, the concentration of the astaxanthin complex increased to 4 mg/100 ml in 
hexane.

When acetone was used for the extraction of the astaxanthin complex from raw 
prawn waste, the concentration of the astaxanthin complex in the pigment extract was 
nearly the same as in hexane extraction. However, there was a reduction in the con-
centration of the astaxanthin complex in the pigment extract after the addition of the 

Figure 3. 
The astaxanthin complex extracted from raw and freeze-dried prawn waste using hexane and acetone.
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second batch of raw prawn waste into the pigment extract. For this reason, hexane was 
chosen as the better solvent to extract the astaxanthin complex from raw prawn waste.

When freeze-dried prawn waste was used for the recovery of the astaxanthin 
complex, acetone showed better recovery of the astaxanthin complex than hexane 
(Figure 3). Acetone was the better solvent to extract the astaxanthin complex from 
freeze-dried prawn waste than hexane; however, this method required freeze-drying 
of prawn waste.

The concentration of the astaxanthin complex recovered from prawn waste using 
hexane was nearly equal to the concentration of the astaxanthin complex recovered 
from freeze-dried prawn waste using acetone. For this research, hexane was chosen 
as the suitable solvent for the extraction of the astaxanthin complex from raw prawn 
waste. Using hexane, the astaxanthin complex can be recovered directly from raw 
prawn waste irrespective of its moisture content, thus eliminating freeze-drying of 
prawn waste. This solvent extraction method using hexane also provides the possibil-
ity of reusing the solvent.

HPLC analysis of the astaxanthin complex dissolved in hexane after silica gel 
chromatography showed the presence of a free astaxanthin peak [8, 17]. In contrast, 
experimental trials of this present work indicated that free astaxanthin was not 
soluble in hexane. Therefore, free astaxanthin peak was not expected during HPLC 
analysis of the astaxanthin complex dissolved in hexane and the same was confirmed 
by HPLC-APCI-MS.

4.2 Characterization of the astaxanthin complex by HPLC analysis

There was no separation of peaks when hexane: acetone (64:36 and 65:35, v/v) 
was used as a mobile phase. Both the solvent and the astaxanthin complex eluted out 
together without separation. When the polarity of the mobile phase was reduced 
slightly (hexane: acetone, 84:16 and 88:12 v/v), the solvent and the astaxanthin complex 
started to resolve into discrete peaks although with poor resolution (Figure 4A and B). 
When the polarity of the mobile phase was reduced considerably (hexane: acetone, 98:2 
v/v), a good resolution of 12 discrete peaks of the astaxanthin complex was obtained 
(Figure 4C). The percentage composition of each peak was calculated from the peak 
area. When the composition of hexane in the mobile phase was increased further 
(hexane: acetone, 99:1, v/v), the retention time of the peaks was increased (result not 
shown). Therefore, the mobile phase containing hexane (98%) and acetone (2%) was 
chosen as the optimum condition for the analysis of the astaxanthin complex.

Most of the diesters (peaks 1–6, 8) were eluted out first followed by monoesters 
(peaks 3, 9–11). The esters were classified into mono and diesters from the HPLC-
APCI-MS results. It should be noted that peak 3 contained both mono- and diesters. 
The astaxanthin complex recovered from raw prawn waste contained about 71% of 
monoesters, 10% diesters, 5% impurities and 14% of the unidentified compound 
when analyzed using normal phase HPLC. In contrast, the pigment extract from 
prawn waste contained more diesters (76%) and fewer monoesters (18%) and free 
astaxanthin (6%) when analysed using reverse phase HPLC [17]. In addition, the 
reverse phase HPLC analysis of the sample dissolved in hexane after silica gel chroma-
tography showed the presence of a free astaxanthin peak [8, 17]. In contrast, experi-
mental trials of this present work indicated that free astaxanthin was not soluble in 
hexane. Therefore, free astaxanthin peak was not expected during HPLC analysis 
of the astaxanthin complex in hexane, which was confirmed by HPLC-APCI-MS. 
Thus, free astaxanthin was not extracted from prawn waste using hexane, and the 
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astaxanthin complex extracted from prawn waste in hexane was esterified form. The 
detailed analysis of HPLC-APCI-MS results is not included in this article due to  
the page number constraints.

4.3 Vapour–liquid equilibrium study of hexane with CO2

The volumetric expansion of hexane with CO2 at different temperatures and 
pressure is shown in Figure 5. Each point in this figure represented a single determi-
nation of the volumetric expansion of hexane with CO2 at a given pressure. A smaller 
volume of liquid in the precipitation chamber allowed a greater degree of expansion. 
At low pressure, the data were almost a linear function of pressure where the tem-
perature was kept constant. At high pressure, the volumetric expansion increased 

Figure 4. 
HPLC analysis of the astaxanthin complex extracted from prawn waste using the mobile phase with different 
compositions of hexane and acetone (v/v). (A) 84:16 (B) 88:12 (C) 98:2.
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exponentially as a consequence of the considerable increase in the solubility of CO2 in 
this range of pressure at a constant temperature. At constant pressure, hexane showed 
more expansion at a lower temperature than at a higher temperature. This is attrib-
uted to the higher solubility of CO2 in hexane at lower temperatures [58].

It was chosen that supercritical antisolvent precipitation of the astaxanthin 
complex was carried out at 35°C. The volumetric expansion of hexane with CO2 was 
started around 5 MPa at 35°C (Figure 5). Therefore, it was expected that the astaxan-
thin complex in hexane would precipitate around 5 MPa during antisolvent precipita-
tion using SCO2. It was necessary to know the solubility data of CO2 in hexane before 
supercritical antisolvent precipitation of the astaxanthin complex recovered from raw 
prawn waste. The increase in the solubility of CO2 in hexane increases the precipita-
tion of the astaxanthin complex from hexane. This is because the increase in solubility 
of CO2 in hexane reduces the affinity of hexane towards the astaxanthin complex, 
thereby facilitating the precipitation of the astaxanthin complex from hexane.

Figure 6. 
Relationship between volumetric expansion and the solubility of CO2 in hexane.

Figure 5. 
Expansion of hexane using CO2 at different temperatures: a binary system.
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The relationship between volumetric expansion and the solubility of CO2 in 
hexane is shown in Figure 6. This indicated that although volumetric expansion 
was linear when the solubility of CO2 in hexane was low, the volumetric expansion 
increased exponentially to the increase in the solubility of CO2 in hexane. Volumetric 
expansion curves at different temperatures coincided in a single line when plotted as 
a function of the solubility of CO2 in hexane. The volumetric expansion of hexane 
with CO2 was initiated around 5 MPa when measured at 35°C (Figure 5). The solubil-
ity of CO2 at that pressure was about 0.6 (Figure 7), where the precipitation of the 
astaxanthin complex was started during supercritical antisolvent precipitation. An 
increase in pressure increased the solubility of CO2 in hexane, which in turn increased 
the volumetric expansion of hexane exponentially (Figure 6).

Therefore, the rate of precipitation of the astaxanthin complex increased with an 
increase in pressure during supercritical antisolvent precipitation. At a pressure of 
6.6 MPa, the solubility of CO2 hexane was over 0.8. Thus, the precipitation yield of 
92.5% of the astaxanthin complex was obtained at this pressure range during super-
critical antisolvent precipitation.

4.4 Supercritical antisolvent precipitation of the astaxanthin complex

The volumetric expansion of pure hexane and the astaxanthin complex in hexane 
using SCO2 was compared at 35°C (Figure 8). The volumetric expansion of pure hex-
ane using SCO2 was a binary system. The astaxanthin complex in hexane was assumed 
to be a ternary system. In this case, the astaxanthin complex was assumed to be a solid 
phase as a whole even though the astaxanthin complex contained a mixture of astax-
anthin esters, impurities and unidentified compound(s). The volumetric expansion of 
the ternary system (the astaxanthin complex, hexane and SCO2) was in close agree-
ment with the volumetric expansion of the binary system (pure hexane and SCO2).

As expected from the volumetric expansion data of hexane with SCO2, the pre-
cipitation of the astaxanthin complex started at 5 MPa. For a solution, the volumetric 
expansion of the liquid phase should be independent of the initial volume of the 

Figure 7. 
Solubility of CO2 mole fraction in hexane at different pressure and temperature.
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solution once precipitation has occurred at a given temperature and pressure [59]. 
The data obtained from this work were consistent with this principle. This study also 
showed that the presence of the astaxanthin complex in hexane at a concentration of 
approximately 30 mg/100 mL did not affect the expansion behaviour of hexane with 
SCO2 significantly. This type of behaviour has been noted for other ternary systems 
such as dimethylsulfoxide containing yttrium acetate with SCO2 [60] while in some 
cases dimethylsulfoxide containing cefanoid with SCO2, an increase of the mixture 
critical pressure due to the presence of the solute has been evidenced [61].

Based on the HPLC-MS ionization analysis, the precipitation profile of the astax-
anthin complex at different pressures during the supercritical antisolvent precipita-
tion using SCO2 is given in Table 1. At lower pressure (5 MPa), most of the impurities 
and part of the unidentified compound(s) were precipitated. Impurities were fully 
precipitated at 5.5 MPa. The precipitation of astaxanthin monoesters was observed at 
the intermediate pressure (5.5 MPa). Eventually, diesters were precipitated at higher 
pressure (6.4 MPa).

The polarity of the astaxanthin complex in hexane played a major role during 
supercritical antisolvent precipitation using SCO2. Non-polar material, the astax-
anthin complex was dissolved in the non-polar solvent, hexane. As the polarity of 

Absolute pressure (MPa) The precipitate obtained during supercritical antisolvent precipitation

5.0 Impurities and unidentified compound*

5.5 Monoesters*

6.4 Diesters*

*Some proportions of the unidentified compounds remain in the supernatant throughout the precipitation process.

Table 1. 
Summary of the astaxanthin complex precipitation at different pressures during supercritical antisolvent 
precipitation.

Figure 8. 
Comparison of volumetric expansion of pure hexane (a binary system) and hexane containing the astaxanthin 
complex (a ternary system) using SCO2 at 35°C.
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impurities and unidentified compounds in hexane was relatively high compared to 
astaxanthin esters, these compounds were precipitated first at lower pressure. This is 
because non-polar hexane has less affinity toward polar compounds than non-polar 
compounds.

The polarity of astaxanthin monoesters was high compared to astaxanthin dies-
ters because astaxanthin diesters are attached to two fatty acid end groups whereas 
astaxanthin monoesters have only one fatty acid end group. So, astaxanthin diesters 
have a stronger affinity towards hexane than astaxanthin monoesters. Monoesters 
were, therefore, precipitated first from the astaxanthin complex at intermediate 
pressure followed by astaxanthin diesters at high pressure. Non-polar hexane did not 
extract the unesterified astaxanthin or free astaxanthin because of its polar nature. 
The proportion of free astaxanthin present in the prawn waste could not be worked 
out using hexane as an extraction solvent.

During supercritical antisolvent precipitation using SCO2, some portion of the 
unidentified compound(s) remained in the sample even at higher pressure with no 
precipitation. The reason for this is still not very clear. However, this indicated that 
the unidentified compound(s) present in the prawn extract could be a mixture of 
several compounds. The yield study showed that 92.5% of the astaxanthin complex 
was precipitated at a pressure of 6.6 MPa. Further increase in pressure will increase 
the yield of the astaxanthin complex precipitation during supercritical antisolvent 
precipitation using SCO2. The yield of the astaxanthin complex obtained from pub-
lished solvent extraction methods cannot be compared with this experiment because 
of the difference in the extraction method and prawn species used. Thus, an innova-
tive method was developed in this research to recover the astaxanthin complex from 
prawn waste using SCO2. As the application is new, the results of this work cannot be 
compared with the published work.

5. Conclusions

Extraction of the astaxanthin complex from prawn waste using hexane offers an 
easy way of recovering the astaxanthin complex from prawn waste. The astaxanthin 
complex can be recovered directly from raw prawn waste irrespective of its moisture 
content eliminating the need for sample preparation steps such as freeze-drying. As 
the astaxanthin complex extraction in hexane is carried out at ambient temperature 
(23 ± 1°C), the energy required for heating is eliminated. This method also offers the 
possibility of reusing the solvent, hexane.

Characteristic study of the astaxanthin complex offers the separation of the 
astaxanthin complex into discrete fractions of either monoesters or diesters using 
normal-phase HPLC with a mobile phase consisting of hexane and acetone. Reliable 
identification of the type of astaxanthin ester in the astaxanthin complex can be 
achieved without prior derivatization by directly coupling HPLC with APCI-MS. 
This analytical method using normal phase HPLC-APCI-MS permits the isolation 
and identification of previously unreported impurities in the astaxanthin complex 
extracted from prawn waste.

The precipitation of the astaxanthin complex from hexane using environmental 
friendly SCO2 is the novelty in this research. The method is simple, easy and time-
effective. This method eliminates the post-extraction steps such as purification, 
evaporation of the solvent and the associated time. Impurities can be precipitated 
at lower pressure during supercritical antisolvent precipitation of the astaxanthin 
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complex instead of performing separate purification steps. It offers the recyclability 
of hexane as well as CO2. Heating hexane for the extraction process requires enor-
mous amounts of energy that in turn produces greenhouse gas emissions. However, 
this method did not use a heating source. Therefore, this method saves energy and its 
associated costs.

This method may also reduce the degradation of the pigment as the precipitation 
of the astaxanthin complex occurs at low temperatures (35°C), with reduced light and 
an oxygen-free environment. The astaxanthin complex recovered from prawn waste 
can be used in aquaculture, food and pharmaceutical applications. Some of the pro-
cessing steps can be omitted depending on the end use of the recovered astaxanthin 
complex. At last, this technique is not limited to recovering the astaxanthin complex 
from prawn waste only. The same technique can be used to recover the astaxanthin 
complex from other crustacean waste and other major producers of astaxanthin 
including microalgae.

6. Recommendations

A detailed characteristic study is required to identify the unidentified 
compound(s) present in the astaxanthin complex. Further improvement in the 
instrumental setup is required to effectively collect the pigment after precipitation 
with a view to the possible commercialization of this technique. The actual pressure 
that separates one form of the astaxanthin complex from others during supercriti-
cal antisolvent precipitation can be examined. This will offer an easy way to collect 
individual species of the astaxanthin complex and will facilitate the study of the 
stereoisomeric profile of each form of collected astaxanthin complex. These studies 
are best carried out while optimizing pilot-scale extraction and purification, a scale 
beyond the scope of this project.
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Chapter 8

Activated Charcoal: A Novel Utility
Product for Enhanced Animal
Health and Production from
Agricultural Wastes (Pig Dung
and Palm Oil Wastes)
Stephen Nnaemeka Okey and Cosmas Chikezie Ogbu

Abstract

Feed remains the most important component of the cost of production in any
poultry operations. Hence, the need to harness the potentials of numerous alternative
ingredients such as activated charcoal (AC) produced from agricultural wastes. The
objective of the present study was to evaluate the physic-chemical properties of AC
produced from a blend of agro-wastes for use as feed additives. 120 day old broilers
were distributed into four treatment groups (T1-T4) of thirty birds each and were
maintained on a starter and finisher diet for 3 weeks each respectively with T1
(control) fed diet containing no AC. T2-T4 was fed diet which contained 0.5, 1.0 and
1.5% of AC respectively. Physical and chemical properties of the produced AC were
determined while the blood and performance parameters were determined and all
data subjected to statistical analysis. The AC significantly (P > 0.05) reduced feed
intake, jejunum pH, FCR, serum cholesterol levels and increased (P < 0.05) live
weight gain, intestinal lengths, carcass weight and some hematological indices espe-
cially in T3 when compared with broilers fed control diet. It was concluded that AC
enhanced production and health by improving on the performance, hematology of
young chicks and reduction in serum cholesterol level.

Keywords: agricultural wastes, activated charcoal, palm fruit fibre, palm kernel shell,
pig dung

1. Introduction

Feed is the most important component in any intensive poultry operation,
representing about 70% of the total cost of production [1]. Hence, there is a compel-
ling need to harness the potential of numerous alternative ingredients such as acti-
vated charcoal (AC) produced from agricultural wastes as a replacement for
expensive conventional ingredients. Agricultural wastes are defined as residues from
the growing and processing of raw agricultural products such as fruits, vegetables,
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meat, poultry, dairy products, and crops [2]. These are renewable resources whose
utilization has received great attention due to environmental considerations and the
increasing demand for energy worldwide [3]. Agricultural by-products are also being
advocated for the production of adsorbents such as activated charcoal (AC) due to
their carbon content and the possibility of mitigating environmental pollution through
such a process [4]. They have also been found to be renewable and relatively less
expensive when compared to other activated charcoal precursors of industrial and
petroleum origin such as wood, coal, and lignite [5]. Recently, interests have focused
on the use of agricultural wastes such as corn cob, groundnut shell, poultry litter, rice
husk, palm kernel shell (PKS), coconut shell, and many others in the production of
value-added products such activated charcoal, fertilizer, batteries, biofuel, bio-oil, and
biogas [6].

The expansion of agricultural production has naturally resulted in increased quan-
tities of livestock waste, agricultural crop residues, and agro-industrial by-products.
The generation of agricultural waste will continue to increase globally as developed
and developing countries continue to intensify their farming systems. Research in
2005 revealed that the biomass potential of Nigeria stood at 13 million hectares of fuel
wood, 61 million tonnes per year of animal waste, and 83 million tonnes of crop
residues [7]. The annual production of agricultural wastes is this high because about
94% and 68% of household are engaged in crop and livestock farming, respectively
[8]. The major agricultural crops biomass feedstocks with sustainable potential in
Nigeria are millet, yam, cassava, sorghum, rice, groundnut, oil palm, sugar cane, and
soybeans [9]. On livestock, the estimates made in 2001 gave the total number of
cattle, sheep, goats, horses, pigs, and poultry in Nigeria as 245 million, which
altogether produce 0.78 million tonnes of animal waste daily as reported by
Akorede et al. [8].

Oil palm industry has been recognized for its contribution toward economic
growth and development in Nigeria and Malaysia. That notwithstanding, it has also
contributed to environmental pollution due to the production of large quantities of
waste products during the product extraction. During the processing of palm oil, more
than 70% (by weight) of the processed fresh fruit bunch was left over as oil palm
waste consisting majorly of extracted fiber and palm kernel shell [10]. Palm kernel
Shell (PKS) are the shell fractions left over after the nut has been removed after
crushing in the oil palm mill. There is a surplus of these by-products in the palm oil
value chain but their utilization is extremely very negligible. Apart from a few isolated
cases where they serve as a source of fuel in cooking, the PKS, for example, are usually
dumped in the open field and water ponds which impact negatively on the environ-
ment [10]. Therefore, the production of activated charcoal from palm kernel shells
using the process of pyrolysis could be a value addition to palm oil processing which is
a veritable economic activity in Nigeria and Malaysia [11].

Pyrolysis of agricultural waste is desirable as a large part of the crop body is non-
edible and goes as waste. Straw makes up to 50% of the yield of cereal crops and has
more potential for char production compared to wood [12]. Different varieties of
agricultural wastes that have been tested for pyrolysis include cotton cocoon, ground-
nut shell, nutshell, palm kernel shell, corn stalk, bagasse, banana leaves, cotton seed-
cake, garlic stem, pepper stem, tobacco waste, sunflower bagasse, sorghum bagasse,
and cassava peels (Figure 1) [12, 13].

AAFCO [14] defined activated charcoal as a dark-colored porous form of carbon
made from organic parts of plant or animal substances by their incomplete combus-
tion. They are processed carbon materials that are capable of adsorbing various
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substances because of their highly developed pore structure and large internal specific
surface area [15, 16]. It is differentiated from elemental carbon by its high surface area
and the oxidation of the carbon atoms found at both its outer and inner surfaces [17].
The surface chemistry of activated charcoal confers on it the ability to absorb many
gases, aqueous liquid, and poisons [16, 18, 19]. Several studies have shown that
activated charcoal is harmless even when it is accidentally consumed, inhaled, or
comes in contact with the skin. Although no allergic effects have been associated with
its use, the American Academy of Clinical Toxicology, AACT [20] however
recommended that activated charcoal should not be taken longer than 12 weeks with-
out stopping. When mixed with water and swallowed to counteract poisoning, acti-
vated charcoal adsorbs the poison or drug, inactivating it, and then carries it inert
through the entire length of the digestive tract out of the body [16, 19, 21].

Majewska [22] carried out experiment to determine the effect of hardwood char-
coal supplementation on the performance and carcass characteristics of broiler at
varying inclusion level in the diet. The results showed that at 3% dietary supplemen-
tation, the birds were 5% and 3.5% heavier than the control and the dressing percent-
ages and the relative weights of the muscles were also improved at 21 and 42 days,
respectively. The author attributed the results to the detoxifying effects of charcoal,
thereby lowering the surface tension of the intestinal digest to support liver function
with respect to fat digestion. More so, the adsorption properties of charcoal act
curatively on the gastrointestinal tract (GIT), adsorbing gases such as hydrogen sul-
phide and ammonia that are formed there, including bacterial toxins and mycotoxins
produced by fungi [23]. Jiya [24] supplemented activated charcoal at 0.5% in broiler
feeds and noted increased relative organ weights and reduced cholesterol level of
carcass which he attributed to efficient mineral uptake and nutrient utilization.

Durunna et al. [25] reported improved growth rates and reduced flatulence, fly
population, and litter odor at varied inclusion levels of wood charcoal in the feed of
broiler birds. In another research by Dim et al. [26] to ascertain the effect of dietary
supplementation of activated charcoal on growth, hematology, and serum lipid pro-
files of broilers, the final body weight, average daily weight, and FCR favored birds
placed on 6% charcoal inclusion than other groups and the control after 56 days trial
period.. More so, Dim et al. [26] noted that the white blood cell (WBC) count and the
packed cell volume (PCV) were not affected at both the starter and finisher phases.
However, the hemoglobin concentration (Hb) and the red blood cell count were
significantly improved [27, 28], while the cholesterol and lipoprotein levels were
significantly reduced with no effect on triglyceride at both phases [29].

Figure 1.
Methods of conversion of agricultural waste to produce activated charcoal and other products using thermo-
chemical and biochemical processes.
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2. Materials and methods

2.1 Ethical approval

The Animal Ethics Committee of the College of Veterinary Medicine, Michael
Okpara University of Agriculture Umudike approved to this experiment.

2.2 Location of the study

The study was carried out at the Teaching and Research Farm of Michael Okpara
University of Agriculture Umudike, Umuahia, Abia State, located within the South
East agro-ecological zone of Nigeria.

2.3 Study layout

The research was divided into two studies. Study 1 involved the production of
activated charcoal from a blend of locally available agricultural residues such as pig
dung, palm kernel shell, and palm fruit fiber and the evaluation of the physicochem-
ical properties. Study 2 involved the evaluation of the effect of dietary inclusion of
activated charcoal on growth, carcass yield, hematology, and serum biochemical indi-
ces of broiler chickens.

2.4 Collection, drying, and blending of agricultural residues

The palm kernel shell and palm fruit fiber were collected from a palm oil mill while
freshly voided pig dung was collected from pig farms using a plastic container. The
materials were carefully collected to avoid contamination with sand or other objects.
Each material was sun-dried to constant weight and crushed manually using a wooden
pestle and mortar. The materials were then blended together at a ratio of 4:3:3 weight
for pig dung, palm kernel shell, and palm fruit fiber, respectively, and used to produce
the activated charcoal.

2.5 Study 1 (production of activated charcoal)

The physical method of activated charcoal production described by Gunamartha
and Widana [30] was employed in the present study. The blended biomass materials
were weighed using HN 289 digital scale (Omron Co., Ltd., Japan) and transferred to a
clay pot of about 30 liters for carbonization. In addition to contributing to the carbon
yield, palm kernel shell and palm fruit fiber also served as combustion accelerants
enhancing the pyrolysis of pig dung [31]. The pot containing the precursors was sealed
by covering with a metallic lid that had a small vent which limited the entry of oxygen
into the mixture. The pot was placed on open fire for a combustion period of 5 hours
at which no more smoke was produced from the vent. At this point, water was
introduced quickly to stop the carbonization of the biomass and achieve activation.
Thereafter, the pot was tightly closed and allowed to cool. The charcoal product was
then harvested, rinsed with cold water to remove ash and other debris, dried, and
weighed. The dried activated charcoal was transferred to a wooden mortar and ground
with pestle into fine powder and stored in an air tight polythene container for
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characterization and subsequent supplementation in broiler feeds produced according
NRC [32] recommendations (Figure 2).

2.6 Physicochemical characterization of the activated charcoal

The physical properties determined were bulk density, water holding capacity,
specific gravity, moisture content, pH and oil adsorption capacity while the chemical
properties were carbon, and mineral contents.

2.6.1 Determination of physical characteristics of activated charcoal

Activated charcoal yield was determined as the ratio of the weight of dried
activated charcoal to the weight of precursor carbonized and values were
expressed in percentage. The bulk density, water holding capacity, and specific
gravity of the activated charcoal were determined according to the procedure
described by Makinde and Sonaiya [33] and modified by Omede [34]. The moisture
content of the activated charcoal was determined using oven dry method as
described by the American Society for Testing and Materials [35] and the
percentage moisture content was calculated as recommended by AOAC [36]. The pH

Figure 2.
Flow chat for producing activated charcoal.
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of the activated charcoal was determined with the aid of a pH meter (HANNA
Combo PH Meter, Model: HI 98129, USA) while oil adsorption capacity was
analyzed according to ASTM F 726–99 [37]. The test was performed at 23 � 4°C
with the oil absorbency measured three times and an average value taken
according to [38].

2.6.2 Determination of carbon and mineral contents

The concentration of macro minerals namely nitrogen (N2), calcium (Ca), mag-
nesium (Mg), potassium (K), phosphorus (P), sodium (Na), and micro minerals
namely manganese (Mn), zinc (Zn), copper (Cu), and iron (Fe) in the activated
charcoal were measured using the Atomic Absorption Spectrophotometer method
(Bulk Scientific, 205, India). The procedure was based on the principle that metallic
elements in a ground form absorb light of the same wavelength which they emit when
excited, with the amount of radiation absorbed being directly proportional to the
concentration of the element present.

3. Results

The physical properties of the produced activated charcoal are presented in
Table 1 while the chemical properties are presented in Table 2.

The table shows that 7.1 kg activated charcoal was obtained from a total of 10 kg
precursor material representing 71.0% activated charcoal yield. Other physical prop-
erties were moisture content (5.3%), pH (7.67), bulk density (0.72), water-holding
capacity (77.46%), specific gravity (0.73), oil adsorption capacity (118.47%), and
surface area (587 cm2/g).

The carbon content and mineral composition of the activated charcoal produced in
this study were as shown in Table 2.

Study 2: Evaluation of the effect of dietary inclusion of activated charcoal
on growth, carcass yield, hematology, and serum biochemical indices of broiler
chickens.

Parameter Value

Activated charcoal yield (%) 71.0

Moisture (%) 5.37

pH 7.67

Bulk density (g/cm3) 0.72

Water-holding capacity (%) 77.46

Specific gravity 0.73

Oil adsorption capacity (%) 118.47

Surface area (cm2/g) 587.00

Table 1.
Physical properties of activated charcoal produced from a blend of agricultural waste materials.
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3.1 Methodology, experimental birds, and design

One hundred and twenty unsexed day old arbor acre strain of broilers were used.
On arrival, they were distributed into four treatment groups (T1–T4) of 30 birds each
with each group further replicated three times comprising of 10 birds each in
completely randomized design. They were maintained ad-libitum on a starter and
finisher diet for 3 weeks each, respectively, with T1 (control) fed diet containing no
activated charcoal. T2–T4 was fed diet which contained 0.5 g/kg, 1.0 g/kg and 1.5 g/kg
of activated charcoal, respectively. Data collected were feed intake, live weight, car-
cass weight and organ weight. Live weight gain and feed intake were used to calculate
the feed conversion ratio (FCR). Blood samples were collected at the end of 1st, 4th
and 6th week of the experiment from the wing vein of the birds into EDTA (Ethylene-
diamine tetra-acetic acid) and plain bottles for hematological and serum biochemical
analysis, respectively. The erythrocyte was counted using the hemocytometer method
as describe by Schalm et al. [39] while the hemoglobin concentration was determined
according to the techniques described by Cole [40]. In determining the packed cell
volume (PCV), the Wintrob microheamatocrit tube method was used while other
hematological indices were calculated according to the formula reported by Schalm
et al. [39]. Serum biochemical tests were carried out using Randox commercial test kit
specific for each biochemical parameter in accordance with standard procedures pre-
scribed by the producer Randox Laboratories (UK). The serum parameters analyzed
include the following included total serum protein, serum albumin and globulin, urea,
serum creatinine concentration, alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase activity (ALP), total bilirubin content and
total serum cholesterol. Weights of carcass and organ were determined by first
slaughtering 12 birds (one per replicate) by severing of the neck with a sharp knife
and removal of feathers [41]. Both the carcass and organ weights were expressed as
percentage of live weight and data collected were subjected to statistical analyses
using ANOVA.

Parameter Value

Carbon content (%) 79.43

Calcium (mg/kg) 6185.11

Phosphorus (mg/kg) 18,603.29

Sodium (mg/kg) 1722.47

Potassium (mg/kg) 10,275.48

Magnesium (mg/kg) 3980.14

Manganese (mg/kg) 721.00

Iron (mg/kg) 996.35

Zinc (mg/kg) 95.47

Copper (mg/kg) 33.69

Arsenic (mg/kg) 13.38

Nitrogen (mg/kg) 3008.04

Table 2.
Chemical properties of activated charcoal produced from a blend of agricultural waste materials.
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Tables 3 present the growth performance of the experimental birds while Table 4
shows the relative organ weights and intestinal parameters of the broiler chicken at 1,
4, and 6 weeks of age.

Results are presented as mean � standard deviation (n = 3). The results with
different letter superscripts are significantly different (P < 0.05) from any paired
mean across the row.

Results are presented as mean � standard deviation (n = 3). The results with
different letter superscripts are significantly different (P < 0.05) from any paired
mean across the row.

Tables 5–7 present the hematological indices of the experimental birds at 1, 4, and
6 weeks of age, respectively.

Results in Table 5–7 are presented as mean � standard deviation (n = 3). The
results with different letter superscripts are significantly different (P < 0.05) from
any paired mean across the row.

The serum biochemical indices of the experimental birds at week one, four and six
are presented in Tables 8–10, respectively.

Results of Tables 8–10 are presented as mean � standard deviation (n = 30). The
results with different letter superscripts are significantly different (P < 0.05) from
any paired mean across the row.

4. Discussion

4.1 Study 1

The observed activated charcoal yield of 71.0% is less than the 74.19% yield from
palm kernel shell alone reported by Kong et al. [42]. The inclusion of pig dung and

Age Parameters Experimental groups

T1 T2 T3 T4

Day 1 Live w. (g) 37.80 � 2.14 38.07 � 2.41 37.73 � 2.13 37.43 � 2.46

Wk 1 Live w. (g) 180.00 � 36.72 197.33 � 18.77 219.33 � 16.26 194.33 � 11.15

Weight gain 120.57 � 1.30 118.63 � 1.76 122.27 � 3.25 199.97 � 5.52

Feed intake 30.33 � 2.37b 28.82 � 2.74a 29.19 � 1.24ab 28.33 � 1.72a

FCR 1.74. �0.01 1.68 � 0.07 1.67 � 0.03 1.65 � 0.05

Wk 4 Live w (g) 933.00 � 115.88 1059.67 � 148.29 1070.67 � 102.81 1053.33 � 153.81

Weight gain 817.37 � 20.96a 886.26 � 18.63b 924.87 � 23.10c 843.27 � 3.27a

Feed intake 95.74 � 8.12c 92.70 � 7.97bc 89.28 � 10.34ab 85.93 � 9.58a

FCR 1.83 � 0.05d 1.61 � 0.03c 1.47 � 0.03a 1.53 � 0.02b

Wk 6 Live w. (g) 1947.67 � 55.08a 2027.67 � 26.41ab 2114.33 � 80.21b 1988.33 � 17.04a

Weight gain 959.83 � 54.62 976.67 � 17.89 1000.33 � 44.58 964.37 � 48.34

Feed intake 156.49 � 8.00b 150.92 � 6.72a 150.96 � 5.67a 153.05 � 8.00ab

FCR 2.07 � 0.07 1.98 � 0.07 1.94 � 0.08 2.02 � 0.11

Table 3.
Growth parameters of broiler chickens fed varying dietary levels activated charcoal.
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Age Parameters Experimental groups

T1 T2 T3 T4

Wk 1 Live weight (g) 180.00 � 36.72 197.33 � 18.77 219.33 � 16.26 194.33 � 11.15

Gizzard+C (%) 7.30 � 0.60 6.69 � 0.62 6.82 � 0.33 7.14 � 0.41

Gizzard (%) 4.85 � 0.22b 4.09 � 0.19a 4.41 � 0.13a 4.40 � 0.27a

Proventri (%) 1.10 � 0.18 0.99 � 025 0.96 � 0.03 1.08 � 0.07

Liver (%) 3.53 � 0.17 3.37 � 0.46 3.42 � 0.11 3.87 � 0.42

Heart (%) 0.72 � 0.10a 0.88 � 0.12ab 0.91 � 0.08b 0.84 � 0.06ab

Intest. L. (cm) 80.37 � 3.89a 112.33 � 3.06b 114.33 � 9.29b 124.00 � 3.00b

Duodenal pH 5.16 � 0.06 5.30 � 0.02 5.20 � 0.17 5.29 � 0.02

Jejunum pH 5.16 � 0.14 5.29 � 0.01 5.23 � 0.12 5.29 � 0.04

Ileal pH 5.27 � 0.02 5.30 � 0.03 5.29 � 0.03 5.26 � 0.02

Rectal pH 5.31 � 0.02 5.30 � 0.03 5.30 � 0.02 5.28 � 0.04

Wk 4 Live weight (g) 933.00 � 155.88 1059.67 � 148.29 1070.67 � 102.81 1053.33 � 153.81

Gizzard+C (%) 3.53 � 0.22a 3.59 � 0.27a 4.28 � 0.15b 4.08 � 0.14b

Gizzard (%) 2.47 � 0.23ab 2.30 � 0.23a 2.84 � 0.04b 2.68 � 0.19ab

Proventri (%) 0.49 � 0.06 0.44 � 0.03 0.53 � 0.12 0.55 � 0.01

Liver (%) 2.52 � 0.18 2.67 � 0.33 2.91 � 0.15 2.84 � 0.36

Heart (%) 0.49 � 0.03 0.53 � 0.06 0.53 � 0.10 0.50 � 0.05

Intest. L. (cm) 148.00 � 19.08a 165.00 � 6.56ab 185.00 � 23.26b 176.00 � 13.08ab

Duodenal pH 6.02 � 0.82 5.90 � 0.36 5.93 � 0.38 6.10 � 0.26

Jejunum pH 6.73 � 0.25b 6.43 � 0.04ab 6.17 � 0.15ab 5.29 � 0.044a

Ileal pH 7.50 � 0.50 8.00 � 1.00 7.17 � 0.15 7.83 � 1.36

Rectal pH 8.10 � 1.39 8.53 � 0.90 6.60 � 0.53 8.50 � 1.47

Wk 6 Live weight (g) 1947.67 � 55.08a 2027.67 � 26.41ab 2114.33 � 80.21b 1988.33 � 17.04a

Carcass. w (g) 1359.64 � 22.67a 1473.67 � 34.39ab 1573.33 � 104.64c 1432.33 � 22.68ab

Dressing % 69.81 � 0.96a 72.67 � 0.90b 74.38 � 2.33b 72.03 � 0.76ab

Gizzard+C (%) 2.25 � 0.12 2.30 � 0.17 2.38 � 0.11 2.20 � 0.10

Gizzard (%) 1.24 � 0.09a 1.56 � 0.17b 1.39 � 0.15ab 1.30 � 0.06a

Proventri (%) 0.36 � 0.02a 0.41 � 0.02b 0.36 � 0.01a 0.37 � 0.02a

Liver (%) 1.54 � 0.06 1.67 � 0.10 1.62 � 0.11 1.68 � 0.15

Heart (%) 0.35 � 0.02 0.38 � 0.04 0.39 � 0.02 0.35 � 0.02

Intest. L. (cm) 166.00 � 17.06a 188.67 � 9.07ab 207.67 � 13.80b 187.33 � 6.51ab

Duodenal pH 5.93 � 0.47 6.03 � 0.64 5.93 � 0.31 5.87 � 0.25

Jejunum pH 6.83 � 0.12c 6.17 � 0.21b 6.17 � 035b 5.97 � 0.25ab

Ileal pH 7.60 � 0.50 7.83 � 0.55 7.93 � 0.67 8.20 � 0.30

Table 4.
Relative organ weight and intestinal parameters of broiler chickens fed varying dietary levels of activated charcoal.
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palm fruit fiber in the present study may have been responsible for the lower activated
charcoal yield obtained. Pig dung and palm fruit fiber are lighter than palm kernel
shell and may have lesser carbon contents. The moisture content of the activated
charcoal obtained from this study (5.37%) was higher than the 3.43% and 3.50%
reported by Okoroigwe et al. [11] and Lima and Marshal [4], respectively, for AC

Parameters T1 T2 T3 T 4

RBC (� 106/mm3) 3.19 � 0.06a 3.67 � 0.11b 3.43 � 0.32a,b 3.61 � 0.17b

PVC (%) 27.33 � 0.58a 31.33 � 1.53b 29.33 � 2.08a,b 31.67 � 1.53b

HbC (g/dl) 9.63 � 0.15a 10.80 � 0.40b 10.07 � 0.83a,b 10.87 � 0.50b

WBC (� 103/mm3) 36.50 � 0.56a 42.57 � 3.19b 40.83 � 4.93a,b 42.97 � 1.44b

Platelet (� 103/mm3) 158.00 � 5.29 161.00 � 11.27 150.67 � 8.02 160.67 � 2.52

MCV(fL) 92.96 � 7.70 90.24 � 5.99 92.32 � 5.91 93.07 � 3.41

MCH (pg/cell) 30.24 � 0.54 29.37 � 0.47 29.42 � 1.29 30.13 � 0.04

MCHC (g/L) 35.25 � 0.28 34.48 � 0.48 33.95 � 1.13 34.71 � 1.04

Neutrophil (%) 30.33 � 1.53 27.67 � 2.31 29.00 � 2.65 28.33 � 0.58

Lymphocytes (%) 63.00 � 2.00 64.67 � 1.16 63.67 � 1.16 65.00 � 1.73

Monocytes (%) 4.67 � 0.58 5.67 � 0.58 5.33 � 1.53 4.67 � 1.16

Eosinophils (%) 2.00 � 0.00 2.00 � 1.00 2.00 � 0.00 1.33 � 0.58

Basophils (%) 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00

Table 5.
Hematological indices at 1 week of age for broiler chicks fed varying dietary levels of activated charcoal.

Parameters T1 T 2 T3 T4

RBC (� 106/mm3) 4.12 � 0.30b 3.48 � 0.25a 3.72 � 0.33a,b 3.37 � 0.20a

PVC (%) 35.67 � 2.08b 29.67 � 2.52a 32.00 � 2.65a,b 30.67 � 2.31a

HbC (g/dl) 15.03 � 0.67b 12.87 � 0.83a 13.40 � 1.40a,b 13.17 � 0.38a

WBC (� 103/mm3) 39.68 � 2.18 37.43 � 4.66 39.23 � 1.36 44.25 � 5.16

Platelet (� 103/mm3) 270.00 � 54.53 302.67 � 10.60 264.33 � 53.31 295.00 � 6.00

MCV(fL) 86.80 � 5.19 85.12 � 1.81 86.06 � 0.91 86.74 � 2.29

MCH (pg/cell) 36.59 � 1.86 37.18 � 5.15 35.99 � 0.58 37.32 � 1.78

MCHC (g/L) 42.17 � 0.70 43.72 � 6.43 41.83 � 0.90 43.08 � 3.10

Neutrophil (%) 61.67 � 1.53 58.33 � 1.53 61.67 � 2.08 58.00 � 3.61

Lymphocytes (%) 30.00 � 2.00a 36.00 � 1.73b 29.67 � 2.52a 33.67 � 2.52a,b

Monocytes (%) 5.00 � 1.00a,b 4.33 � 0.58a 5.67 � 0.58b 5.00 � 0.00a,b

Eosinophils (%) 3.33 � 0.58b 1.33 � 0.58a 3.00 � 0.00b 3.33 � 1.16b

Basophils (%) 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00

Table 6.
Hematological indices at 4 weeks of age for broiler chickens fed varying dietary levels of activated charcoal.
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derived from palm fruit fiber, and poultry litter, respectively. It was also higher than
that of Nwankwo [43] who recorded 3.50% as moisture content of AC from cow bone
sourced from abattoirs. Kong et al. [42] investigated the moisture content of activated
charcoal derived from PKS and reported a lower moisture content of 1.47%. The lower
moisture contents of the AC reported by these researchers could be attributed to
higher carbonization and activation temperatures which were over 600°C in each case
as against the 300°C [44] employed in the present study. The AC exhibited a slightly
alkaline pH value of 7.67 which was within the preferred range of 6.0–10.0 as reported
for most agricultural residue-derived AC [45]. It has also been noted that acidic and
slightly alkaline activated charcoals exhibited greater adsorption capacity and are

Parameters T1 T2 T3 T 4

RBC (� 106/mm3) 4.01 � 0.17b 3.79 � 0.14a,b 3.86 � 0.04a,b 3.68 � 0.07a

PVC (%) 38.00 � 1.00c 36.00 � 1.00b 36.33 � 0.58b 34.33 � 0.58a

HbC (g/dl) 14.57 � 0.06c 14.03 � 0.06b 14.00 � 0.20b 13.27 � 0.25a

WBC (� 103/mm3) 39.77 � 1.46 38.50 � 1.68 38.70 � 2.55 37.57 � 1.10

Platelet (� 103/mm3) 254.33 � 39.72a 303.00 � 6.56b 281.00 � 11.14a,b 265.67 � 5.51a,b

MCV(fL) 95.39 � 2.50 95.02 � 1.46 94.21 � 0.68 93.39 � 1.16

MCH (pg/cell) 36.33 � 1.43 37.06 � 1.31 36.30 � 0.15 36.10 � 1.37

MCHC (g/L) 3.83 � 0.09 3.90 � 0.10 3.85 � 0.03 3.86 � 0.14

Neutrophil (%) 53.33 � 4.93 53.67 � 3.22 54.67 � 1.53 55.33 � 2.08

Lymphocytes (%) 39.33 � 4.73 39.33 � 4.04 37.67 � 2.08 37.33 � 2.31

Monocytes (%) 4.67 � 0.58 4.00 � 0.00 4.67 � 0.58 4.00 � 0.00

Eosinophils (%) 2.67 � 0.58 3.00 � 1.00 3.00 � 0.00 3.33 � 0.58

Basophils (%) 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00

Table 7.
Hematological indices at 6 weeks of age for broiler chickens fed varying dietary levels of activated charcoal.

Parameters T 1 T2 T3 T 4

Total protein (g/dl) 2.45 � 0.15a 3.03 � 0.34c 2.56 � 0.22ab 2.97 � 0.13bc

Albumin (g/dl) 1.36 � 0.04a 1.52 � 0.05b 1.28 � 0.02a 1.55 � 0.14b

Globulin (g/dl) 1.09 � 0.15 1.44 � 0.27 1.28 � 0.20 1.42 � 0.17

AST (m/l) 36.00 � 6.00 40.00 � 2.65 39.33 � 5.13 33.33 � 2.89

ALT (m/l) 23.33 � 2.31ab 27.33 � 2.52b 23.67 � 2.31ab 21.67 � 2.52a

ALP (m/l) 88.67 � 5.51a 90.00 � 2.00ab 97.67 � 3.79bc 99.00 � 5.29c

Bilirubin (mg/l) 0.45 � 0.05 0.49 � 0.05 0.43 � 0.02 0.48 � 0.07

Cholesterol (mg/dl) 83.03 � 2.31a 105.11 � 1.12b 90.42 � 2.66a 85.28 � 6.67a

Urea (mg/dl) 9.37 � 0.66 9.93 � 2.33 9.44 � 0.73 9.03 � 0.42

Creatinine (mg/dl) 0.88 � 0.07 0.80 � 0.08 0.87 � 0.06 0.79 � 0.05

Table 8.
Serum biochemical indices at 1 week of age for broiler chicks fed varying dietary levels of activated charcoal.
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more effective adsorbents when compared to those with very high pH values [46].
The pH result obtain from this study was however higher than the 6.1, 6.64, and 6.60
reported by Okoroigwe et al. [11], Evbuoman et al. [47] and Nwankwo [43], respec-
tively, using agricultural residues as precursors for pyrolysis. The observed bulk
density of 0.72 g/cm3 was higher than 0.49 g/cm3 reported by Evbuoman et al., [47]
for PKS derived-activated charcoal. The value of the bulk density is however within
the preferred range of 0.06–1.03 g/cm3 as recommended by Bryne and Nagle [48] for
activated charcoal with high adsorption capacity and micro-porosity. The water-
holding capacity of 77.46% reported in this experiment was higher than the value of
47.4% obtained by Kong et al. [42] for PKS derived activated charcoal. Mollinedo et al.
[49] demonstrated the use of AC to improve the water-holding capacity of different
soil samples and discovered that treatment of soil increased water retention capacity
by 25% when compared with untreated control.

Parameters T1 T2 T3 T 4

Total protein (g/dl) 3.27 � 0.24 3.26 � 0.21 3.18 � 0.28 3.14 � 0.13

Albumin (g/dl) 1.90 � 0.06 2.09 � 0.17 2.02 � 0.35 1.90 � 0.06

Globulin (g/dl) 1.37 � 0.27 1.17 � 0.06 1.16 � 0.10 1.23 � 0.08

AST (m/l) 36.33 � 3.21 38.67 � 5.13 38.67 � 2.08 35.33 � 5.03

ALT (m/l) 30.67 � 1.15 28.00 � 3.00 25.33 � 2.52 26.00 � 6.25

ALP (m/l) 91.07 � 5.00 91.60 � 4.44 92.80 � 3.22 93.13 � 3.07

Bilirubin (mg/l) 0.53 � 0.06 0.52 � 0.09 0.57 � 0.04 0.46 � 0.15

Cholesterol (mg/dl) 103.37 � 3.84c 96.27 � 0.71b,c 92.03 � 2.37a,b 84.43 � 9.04a

Urea (mg/dl) 12.20 � 1.87 14.80 � 0.53 14.60 � 2.23 13.33 � 1.59

Creatinine (mg/dl) 0.79 � 0.08 0.79 � 0.09 0.87 � 0.15 0.87 � 0.17

Table 9.
Serum biochemical indices at 4 weeks of age for broiler chicks fed varying dietary levels of activated charcoal.

Parameters T1 T2 T3 T4

Total protein (g/dl) 3.46 � 0.03c 3.21 � 0.03b 3.12 � 0.08a,b 3.06 � 0.07a

Albumin (g/dl) 2.18 � 0.08c 1.92 � 0.04b 1.80 � 0.01a 1.80 � 0.04a

Globulin (g/dl) 1.28 � 0.10 1.29 � 0.03 1.32 � 0.08 1.26 � 0.03

AST (m/l) 40.33 � 0.58b 36.67 � 2.89a,b 34.33 � 2.08a 40.33 � 1.53b

ALT (m/l) 29.67 � 1.53 27.33 � 2.52 27.00 � 2.65 28.67 � 1.15

ALP (m/l) 85.67 � 4.04 89.00 � 3.61 83.33 � 3.06 84.67 � 2.52

Bilirubin (mg/l) 0.56 � 0.04 0.60 � 0.03 0.58 � 0.02 0.57 � 0.03

Cholesterol (mg/dl) 97.17 � 0.95c 90.87 � 1.32b 86.33 � 5.05a,b 81.50 � 0.92a

Urea (mg/dl) 9.50 � 0.28 9.57 � 0.99 9.17 � 0.13 9.07 � 0.21

Creatinine (mg/dl) 0.84 � 0.02 0.81 � 0.04 0.83 � 0.02 0.86 � 0.06

Table 10.
Serum biochemical indices at 6 weeks of age for broiler chicks fed varying dietary levels of activated charcoal.
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The AC produced in this study is suitable for increasing the water retention
capacity of soil considering its high water-holding capacity. Enhanced soil water
retention will improve plant nutrient availability and uptake; thereby improving crop
yield [50, 51]. It will have additional fertilizer value because of its high concentration
of important plant macro nutrients such as potassium and phosphorus [52]. The use of
rice husk-activated charcoal to fertilize rice fields had been a common practice in
Asian countries [52]. The urban encroachments on poultry facilities have resulted in
increased complaints from local residents [53, 54], due to bad odor and nuisance flies.
In addition, farmers incure huge economic losses associated with poor litter in poultry
farms resulting from foot and leg problems, respiratory diseases, poor weight gain and
inferior feed conversion [55]. The high water holding capacity of AC could be benefi-
cial in minimizing problems associated with wet litter in livestock and poultry farms.
Sashikala et al. [56] compared the odor abatement of poultry litter using three odor
control products (activated charcoal, silica gel, and zeolite) under controlled environ-
mental conditions and reported that activated charcoal and silica gel exhibited prom-
inent adsorption or reduction in litter volatiles. Specific gravity (SG) otherwise called
relative density is the ratio of the density of substances to the density of water [34].
This physical parameter plays a vital role in the transit of digesta through the gastro-
intestinal (GIT) tract of animals [57]. The value of the specific gravity obtained in this
research 0.730 was lower than the 1.61 reported by Evbuoman et al. [47] but higher
than the 0.64 reported by Okoroigwe et al. [11] for bamboo and palm kernel shell-
derived activated charcoal, respectively. It should be recalled that particles with spe-
cific gravity of less than 1.20 were more likely to float in the gastrointestinal tract of
animals thereby increasing their retention time while those greater than 1.50 sink
leading to a reduced retention time [57, 58]. The specific gravity recorded in this study
was far higher than the range of 0.33–0.46 reported by Omede [34] for conventional
feed ingredients produced in Nigeria and hence may enhance the specific gravity of
feeds when supplemented in rations.

The oil adsorption capacity (OAC) and surface area (SA) obtained in this experi-
ment were 118.47% and 587cm2/g, respectively. The value for surface area is higher
than the range of 248–253 cm2/g reported by Lima and Marshal [4] for AC derived
from poultry litter material. The high surface area coupled with the slightly alkaline
pH of 7.67 could be responsible for the high oil adsorption capacity of 118.42%
observed. It has been reported that low pH values and high surface area tend to
increase the oil adsorption capacity of ACs [46]. With these outstanding properties,
the activated charcoal derived from this study could be beneficial for gastrointestinal
de-contamination when used as feed additive [55, 59–61]. It has also been reported
that low-cost materials such as palm kernel shell, palm fruit fiber, and animal wastes
are good precursors for producing AC for use as adsorbents because of well-developed
pore structure and high surface area responsible for extensive adsorption capacity [62,
63]. Therefore, the AC produced in this study could be suitable for use in water
remediation in cases of oil spillage in oil producing communities [60]. Activated
charcoal produced from readily available and renewable agricultural residues would
be less expensive and serve as replacement for other more costly adsorbents imported
for this and similar purposes, thereby transforming waste into wealth [5, 64]. Fur-
thermore, natural water sources available to most communities in developing coun-
tries like Nigeria are rivers, and natural ponds mostly contaminated with heavy metals
and effluents discharged from industries [61]. Studies by [65, 66] showed that such
heavy metal contaminated water used in animal feeding have negative effects on
performance. Activated charcoal such as produced in the present study could be
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suitable for purifying contaminated water for farm and domestic use by adsorption of
metallic ions and bacterial toxins [59].

The value of the carbon content was 79.43% which is higher than the 65.4%
reported by [42]. It is also higher than that of wood-derived activated charcoal (AC)
(71.40%) and coconut shell-derived AC (60.07%) as reported byWidowati and Asnah
[67] but lower than the 85.0, and 88.4% reported by Hidayu and Musa [68], and
Okoroigwe et al. [11], respectively, using palm kernel shell and oil palm fiber as
precursor materials. Lima and Marshal [4] pyrolysed poultry litter and recorded a
carbon content of 29% which was far below the carbon content obtained in this study.
The value obtained in the present experiment was however within the preferred range
of 62.20–92.40% recommended by Domingues et al. [69] for activated charcoal with
high degree of micro-porosity and adsorption capacity. More so, the carbon content
value obtained in this study can be adjudged to be high when compared to the
International Biochar Initiative (IBI) standard which requires 10% minimum organic
carbon in activated charcoal [70]. The European Biochar Foundation also
recommended that for any residue left after pyrolysis to qualify as activated charcoal,
the carbon content should not be less than 10% [71]. Several studies have shown that
the most important factors that affect carbon yield and carbon content of AC are
density and nature of the carbonized material or precursor [72]. This could be the
reason why different agricultural residues exhibit different physicochemical charac-
teristics even with the same method of treatment or activation. Martinez et al. [73]
observed that the texture, carbon yield and carbon content as well as development of
pores of AC were strongly affected by the physical and chemical characteristics of the
starting material or precursor.

The concentration of minerals evaluated in the present study were calcium
(6185.11 mg/kg), phosphorus (18,603.29 mg/kg), sodium (1722.47 mg/kg), potassium
(10,275.48 mg/kg), magnesium (3980.14 mg/kg), manganese (721.00 mg/kg), iron
(996.35 mg/kg), zinc (95.47 mg/kg), copper (33.69 mg/kg), arsenic (13.38 mg/kg),
and nitrogen (3008.04 mg/kg). These mineral concentrations were much higher than
the values reported by Okoroigwe et al. [11] and that of Gunamartha andWidana [30]
for PKS and cow dung-derived activated charcoals, respectively. These variations
could be attributed to the nature of the starting material (precursor) which
influences the mineral composition and concentration of the resulting activated char-
coal [74–76]. More so, the properties of the AC and its elemental composition can be
influenced by the method of activation, duration of activation, and carbonization
temperature [77, 78]. The high concentration of potassium in the activated charcoal
produced in this experiment could be attributed to the inclusion of palm fruit fiber as
one of the precursors. Activated charcoal rich in potassium could serve as fertilizers to
enrich soils for enhanced crop yield [79]. The heavy metals, for example, arsenic and
the micro mineral (zinc) were within the allowable threshold for these elements in
activated charcoals namely lead <150 mg/kg, copper <30 mg/kg, zinc <400 mg/kg,
and arsenic <30 mg/kg [70].

4.2 Study 2

The feed intakes of broilers as seen in Table 3 were higher in the control when
compared with the supplemented groups except in week 5 and in week 3 where that of
the control did not vary significantly with group 2 probably because of its lowest
inclusion rate. This trend of reduction in feed intake in the supplemented groups
(T2–T4) was in agreement with the report of Kutlu et al. [80] who observed that
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activated charcoal reduced feed intake which was attributed to higher bulk density of
activated charcoal supplemented feeds [81]. More so, the blackening of feeds by
charcoal might cause reduction in palatability [81, 82] which could be responsible for
the significant reduction in feed intakes for the supplemented broiler groups. The
implication is that feedstuffs with high bulk density exhibit high water-holding
capacity and absorb excess water in the gastrointestinal tract (GIT) capable of trig-
gering satiety resulting to low feed intakes [34]. Satiety signal such as cholecystokinin
(CCK) provides information about feed intake to the brain which thereby suppress
appetite [83–86]. As for the control group, there was a decreased expression of the
satiety receptor (CCKR) that was responsible for the increased feed intakes [87].
These reductions in feed intake in the supplemented groups is expected in view of the
fact that activated charcoal is a prebiotic which improve the nutrient status of animal
by enabling more and efficient use of the nutrient present in the diet and not by
stimulating appetite [88]. The non-significant variation in feed intake between
broilers in group 1 and group 2 at 3 weeks of age may be attributed to the lowest
inclusion of activated charcoal (0.5 kg/100 kg of feed) in diet of broilers in group T2
which may not have adversely affected feed intake. More so, the blackening of the
feeds by charcoal at this lowest inclusion was also not too noticeable.

According to the results in Table 3, the live weight of broilers in the supplemented
groups (T2–T4) was significantly higher than the control group (T1) at 6 weeks of age
with the exception of group 4 that did not vary significantly with group 1. This non-
significant variation between the live weights of broilers in groups T1 and T4 can be
attributed to the highest inclusion level of activated charcoal in the diet of broilers in
group 4 which was 1.5 kg/100 kg of feed which maximally reduced feed intake. The
increment in the live weights and weight gains in group T2 and T3 as shown in
Table 3 and the FCR that favored the supplemented groups were in agreement with
the findings of Dim et al. [26] who reported that the final body weight, average daily
weights and FCR favored birds placed on diet supplemented with activated charcoal
than the control after 56 days trial period. The results were also in conformity with the
report of Jiya et al. [24] whose results showed improved performance on inclusion of
activated charcoal in broiler diets. The effect on live weights and weight gains were
significantly better in group 3 with 10% charcoal inclusion than in group T2 and T4.
These results were exactly similar with the findings of Durunna et al. [25] who
recommended 1.0 kg/100 kg of the feed as the best inclusion level for broilers as
against 0.6 kg/100 kg of feed by Dim et al. [26]. The live weights of broilers in group
T4 were comparable to those in group T1 probably due to the high bulk density and
the blackening of the broiler diets of G4 at 1.5 kg/100 kg inclusion that resulted to the
lower feed intakes [80–82]. According to the results in Table 3, the feed conversion
ratio (FCR) were better in group T3 than other groups especially at week 4 where it
showed significant difference. The improvement in the feed conversion efficiency in
the supplemented groups especially in group T3 could be attributed to the ability of
the birds fed AC to maximally utilize the vitamin-mineral premix especially iron and
B-complex vitamins in the diet probably due to the binding of AC with toxins and
anti-nutritional factors in the gut [26].

More so, the higher intestinal length of the supplemented groups as seen in
Table 4 could be responsible for their high performance due to increased area avail-
able for adsorption of nutrients coupled with the significant reductions in the pH of
their jejunum at 4 and 6 weeks of age. The weight of the gizzard with content and
gizzard were significantly higher in group T3 and T2, respectively, at 4th and 6th
week in each case which resulted to their increased dressing percentages. The weight
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of the proventriculus and heart were significantly higher in groups T2 and T3, respec-
tively, which together with gizzard are the major organs determining performance of
birds and the economics of production [89]. Weight of internal organs expressed as
percentage of live weight were significantly higher with respect to gizzard and gizzard
with content in groups T3 and T4 at 4 weeks of age than group 2 while the gizzard of
group T2 and T3 were significantly higher than the control at 6 weeks of age as shown
in Table 4 as against the gizzard of the control group that was relatively higher at first
week of age. More so, the weight of the heart expressed as percentage of live weight
was significantly greater in the supplemented groups than the control group T1. These
significant variations in weights are expected as the gut (gizzard) and heart are the
major organs determining performance of birds and the economics of production
[89]. The significant differences noticed in the weights of the heart in relation to live
weight of the supplemented group can be attributed to the lowering effect of AC on
serum cholesterol levels which may be responsible for the increased activity and
weights of the heart. Activated charcoal interferes with the entero-hepatic circulation
of bile acid and cholesterol, thereby lowering serum cholesterol in cases of hypercho-
lesterolemia [90, 91]. In a related development, Shabani et al. [92] and Dim et al. [26]
reported that plasma cholesterol levels were reduced in birds whose diets were
supplemented with activated charcoal.

According to Table 4, there were no significant difference in the liver and
proventricular weights relative to live weight between the broilers in the
supplemented group and the control except at 6th week where the relative weights of
the proventriculus to live weight was significantly higher in T2 than other groups.
This was in agreement with the findings of Majewska and Zaborowski [93] that liver
weights did not show any significant variations between the groups whose diets were
supplemented with AC and control. There were no significant difference in the
weights of the gizzard + contents relative to live weight between the groups at first
and 6 weeks of age except at 4 weeks of age when groups T3 and T4 were significantly
higher than group T1 and group T2. At 4 weeks of age, the relative weight of the
gizzard to live weight was significantly higher in group 3 than other groups and at 6
weeks of age by group T3 and group T2. This higher relative weight of the gizzards to
live weights in group T3 in the 4th and 6th week could be responsible for its higher
performance since weight is an index of growth and performance.

At 1 week of age, hematological values (RBC, PCV, HbC, and WBC) were signif-
icantly higher in the supplemented treatment groups (T2 and T4) than the control
(T1). These results were in conformity with the report of Dim et al. [26] who reported
that AC inclusion in broiler feeds improved significantly the hematological indices
such as hemoglobin concentration (Hb) and red blood cells counts (RBC). This trend
was not the case at 4 and 6 weeks of age where T1 recorded RBC, PCV, and Hb that
were significantly higher than T4. At 1 week of age, the broilers in the supplemented
treatment groups (T2–T4) had better hematological picture than the control but with
the continuous supplementation of activated charcoal till 6th week, it turned in favor
of T1 followed by T3 signifying a negative correlation.

In accordance with Jindal et al. [82] and Evans et al. [81], the inclusion of AC in
poultry feeds increased the bulk density and caused blackening of the feeds which
caused some degree of unpalatability responsible for low feed intakes and subsequent
reduction RBC counts, PCV and Hb especially in T4 with the highest inclusion level of
AC as witnessed in the 4th and 6th week of age. The hematological components which
consist of PCV, RBC, Hb, MCV, MCH and MCHC all fell within the normal range for
broilers as reported by previous researchers with MCV, MCH and MCHC showing no
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significant differences between the supplemented treatment groups (T2–T4) and
the control (T1) as shown in Tables 1 and 3. Iyaode et al. [94] reported normal
hematological range for broilers as 25.60–32.50% for PCV, 8.93–10.45 g/dl for Hb
and 3.53–3.80 x 106/μL for RBC count in broilers. Marcos et al. [95] reported broiler
hematological references range to be 22–35% for PCV, 2.5–3.5 x 106 / μL for RBC,
7–13 g/dl for Hb and 12–30 � 103/μL for WBC. Hidayat et al. [96] recorded normal
range for Hb in broilers as 6.65–7.4 g/dl while Salam et al. [97] and Sugiharto et al.
[98] both reported range of hemoglobin concentration (Hb) in broilers to be
between 5.18 and 9.30 g/dl.

The results were in agreement with the report of Dim et al. [26] noted that the
hemoglobin concentration (Hb) and the red blood cell (RBC) count were significantly
improved, while the cholesterol levels were significantly reduced in broilers whose
diets were supplemented with activated charcoal. The authors attributed the ability of
the birds fed activated charcoal to maximally utilize the vitamin-mineral premix in
the diet especially iron and B-complex vitamins probably due to the binding of acti-
vated charcoal with toxins and anti-nutritional factors in the gut of bird. At 4 and 6
weeks of age, there were dose-dependent reductions in the serum cholesterol levels in
the supplemented treatment groups (T2–T4) which were significantly lower when
compared with T1 as shown in Tables 8–10. This was in agreement with the results of
previous researchers that confirmed that serum cholesterol levels were reduced in
birds whose diets were supplemented with activated charcoal [26, 92].

These reductions in serum cholesterol levels have elucidated the fact that activated
charcoal could be useful in the treatment of hypercholesterolemia [90, 91]. This is
achieved by its interference on entero-hepatic circulation by binding to cholesterol
and cholesterol-containing bile acids in the gut, thus preventing them from being
absorbed [99]. When bile acids are excreted, plasma cholesterol is converted to bile
acids to normalize bile acids levels which eventually lowers plasma and serum choles-
terol levels [90, 91]. It should be recalled that approximately 2/3 of intestinal choles-
terol is derived from bile while just about 1/3 comes from diet [91, 99]. Hence the
serum cholesterol is determined by the balance of its synthesis, catabolism and intes-
tinal absorption [90]. The most common statin based therapy for hypercholesterol-
emia acts by inhibiting the HMG-CoA reductase enzyme to reduce cholesterol
synthesis while activated charcoals are useful in reducing the intestinal absorption
[90, 91]. Therefore, blocking intestinal absorption is a key point in hypercholesterol-
emia therapy. Activated charcoal used in this study was able to absorb excess of
cholesterol in the intestine before it entered the blood circulation as corroborated by
the reports of Joseph et al. [99] and Roosdiana et al. [91]. This is in agreement with the
findings of Boonanuntansarn [100] that activated charcoal had a significant reduction
on the blood cholesterol levels in 4-week old Nile Tilapia.

Ugbogo et al. [101] stated that although cholesterol plays central role in many
biochemical processes where it helps to digest fats, strengthen cell membranes and
make hormones, it is majorly known for its association with cardiovascular diseases.
Hypercholesterolemia is a metabolic disease which is caused by an elevated total
cholesterol level in blood circulation. This may result to its build up on arterial walls,
hence narrowing the lumen and increasing risk of blood clots, heart attack and stroke
often associated with disease like diabetes mellitus, hypertension and some form of
thyroid, liver and kidney disease [91, 101]. About 40–70% of the world’s population
suffers from hypercholesterolemia [102] and it had also been reported in cats and dogs
[103]. A long-term treatment of this condition using a synthetic drug known as statin
was associated with side effect including joint pains and liver damage [91]. It became
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imperative to explore alternative medication derived from natural products such as
AC to overcome this problem.

At 1 week of age, the ALP, albumin, and total proteins were significantly higher in
broiler groups whose diets were supplemented with activated charcoal (T2–T4). This
was unlike at 6 weeks of age where the total protein and albumin level were signifi-
cantly higher in T1 than in T2, T3 and T4 with its AST significantly higher than T3.
According to Ugboho et al. [101], total protein and ALP levels present in the blood can
be used to evaluate unexplained weight loss and symptoms of liver damage. The ALP,
albumin and total protein were significantly higher in the supplemented treatment
groups but the trend was not maintained at 6 weeks of age. The significant increase in
the albumin and total protein levels in the control (T1) at 6 weeks of age when
compared to the supplemented treatment groups (T2–T4) can be due to the metabolic
demand from the liver resulting from the high feed intake [94]. Most of the biochem-
ical parameters were within the patterns often found in avian species as reported by
Marcos et al. [95]. The total proteins recorded in this study were in the range of 2.5–
4.5 g/dl as cited by Thrall [104] while the ALT were in range of 19–50 μ/L as reported
by Lumeji [105]. Globulin also was within the normal range for Gallus gallus specie
(0.5–1.8 g/dl) as reported by Thrall [104].

5. Conclusion and recommendation

The study showed that the activated charcoal produced using these agricultural
residues (pig dung, palm fruit fiber, and PKS) was of high physicochemical properties
within the range of most activated charcoals produced for gastrointestinal decontami-
nation, water treatment and environmental remediation. Its inclusion in broiler feed
improved performance and carcass yield and could serve as alternative feed additive in
view of the ban placed on sub-therapeutic inclusion of antibiotics for growth promotion
due to antimicrobial resistance. The hematological and biochemical parameters exam-
ined were within the patterns often found in avian species signifying that activated
charcoal is non-toxic and safe to be used in oral administration at best inclusion level of
1 kg/100 kg of feed. Therefore, the agricultural waste-derived activated charcoal used in
this study is suitable for improvement of hematological parameters in young chicks and
in cases of hypercholesterolemia to bind cholesterol and cholesterol-containing bile
acids in the gut. It could also serve as a replacement for the synthetic drug used for this
condition which is currently very expensive coupled with their long standing side
effects which have generated a lot of complaints from patients.
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Chapter 9

Vermiconversion of Textile 
Industrial Sludge: Waste 
Management and Nutrients 
Recycling
Sharda Dhadse

Abstract

The present study aimed for the conversion of textile industrial sludge (TIS) 
amended with the cow dung into vermicompost operated by the epigenic earthworm 
Eudrilus eugeniae. To accomplish the intent of the experiment, the substrate was 
allowed to decompose for 30 days, under monitored environmental conditions. Three 
different combinations were prepared (V25%, V50%, and V75%) from TIS, and compared 
with Vagro (vermicompost prepared from agricultural waste) and Vsoil. Among the 
entire three treatments, V75% was shown by physicochemical parameters for Trigonella 
foenum (Fenugreek/Methi) plant growth, seed germination, and leave production in 
the tested pot. The maximum amount of available nitrogen, phosphorus, potassium 
(NPK) was recorded at V75%. On the other side, toxic metal (Cr, Mn, Cu, Pb Cd, and 
Zn) concentrations were diluted to minimum levels. The result advised that vermi-
composting consider one of the alternative methods for waste management and energy 
recovery from industrial waste.

Keywords: textile industrial sludge, agricultural waste, toxic heavy metal, 
vermicomposting, energy recovery, waste management

1. Introduction

The increase in solid waste generation in developing countries is more worrisome 
than in developed countries owing to the shortage of supply and the need for suitable 
disposal techniques. The research was prepared the vermibed from three different 
vegetable waste, rice straw and cow dung in a different ratio, and inoculated with two 
different species of earthworm (Eisenia fetida and Perionyx excavates) E. fetida showed 
that the total organic carbon (TOC) decreased, pH was falling to neutral and the NPK 
ratio, microflora (nitrogen fixing bacteria (NFB), phosphate solubilizing bacteria (PSB), 
and total bacteria) was raised by vermicomposting [1]. Sludge generation in industries 
is generally a solid/semi-solid substance, which is contaminated with toxic elements 
and other contaminants. Generated waste management and recovery of energy is a 
difficult procedure. It is directly related to technological progress, economic growth, 
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and industrialization. Various industries, such as pulp, paper, sugar, cement, tanneries 
produce sludge and disposal. To manage industrial waste, safe, eco-friendly, cost-effec-
tive, and socially acceptable techniques are needed [2]. Industrial sludge, irrespective of 
scale or location, presents a major challenge for all Indian industries as a result of strict 
national disposal requirements. Industrial growth has led to the higher production of 
goods, and enhanced urban livelihoods, but has degraded cities’ environmental qual-
ity. The major issues faced due to toxic industrial wastes include: (a) groundwater and 
surface water pollution by the toxins in the sludge by leaching, (b) contamination caused 
by the heavy metals and chemicals present in the sludge, (c) color imparted on water or 
soil, (d) odor issue, and (e) risk to human health that calls for public concern. There have 
been several strategies for the disposal of solid waste worldwide. Open dumping, land-
filling, composting, thermal drying, and incineration are some of the major techniques 
used for disposal of solid waste. Each approach has both benefits and disadvantages. 
There is no single approach with absolute applicability [3]. Industrial waste disposal 
methods are expensive and hard to handle, integrating the biosolid waste composting 
with vermistabilization provides a sustainable development value [4]. Industrial sludge 
disposal practicing on open roadsides/railway track beside and in agricultural fields in 
addition to poorly designed and maintained landfill sites by various Indian industries 
owing to high capital needs, operational costs for sludge treatment, and stricter waste 
disposal regulations, where there is a huge risk of soil or water contamination and health 
hazards eventually damage to the ecological balance. Also, open dumping is impractical 
as after a certain period there will be a limitation in open spaces. Because of the costs of 
installing sludge stabilization and dehydration systems, sludge management remains a 
challenging task [5].

Textile industrial sludge (TIS) comprises a mixture of organic and inorganic heavy 
metal complexes, such as Fe, Cu, Cd, Zn, and Cr. Textile industrial use various dyes 
and chemicals are employed in various steps and the emissions polluted with differ-
ent inorganic and organic chemicals [6]. As compared to conventional methods of 
disposal methods, such as land-filling and incineration, vermicomposting is a better 
option ecologically and economically [7]. The industrial sludge stabilized by vermi-
composting will reduce the toxic elements in the compost, moreover, it may apply in 
agricultural practices [8]. Agricultural solid residue can be converted and used for 
plant growth, it can provide nutrients and enhance the quality of the soil [9].

2. Methodology

2.1 Sample collection

Samples were collected from the textile industry where completely organic dyes 
are being used for coloring the bed materials. Therefore, the wastewater and sludge 
were containing organic waste. That helps to easily degrade the mechanism for 
earthworms.

2.2 Textile industrial sludge

It was collected from the textile industry, in Gujarat, India. It was allowed to air 
dry and converted to a fine powder. The main chemical characteristics were analyzed 
pH (8.12), TOC (15.7%), available nitrogen (890.6 kg/ha), available phosphorus 
(167.9 kg/ha), available potassium (3160.6 kg/ha), and C:N ratio as 394.8.
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2.3 Cow dung

Raw cow dung was brought from a cow farm. Major properties of the cow dung 
were pH (8.12), TOC (16.6%), available nitrogen (752.6 kg/ha), available phosphorus 
(46.1 kg/ha), available potassium (2383.2 kg/ha), and the C:N ratio 494.

2.4 Eudrilus eugeniae

Healthy earthworms (E. eugeniae) were collected randomly from the vermiculture.

2.5 Stoichiometry

Sampled waste materials were dried under sunlight, dehydrated waste crushed 
into powder, and then poured into four different ports for decomposition.

2.6 Experimental design

Three feed mixtures had distinct ratios of TIS and cow dung, together one filled 
with only cow dung (CD). One-and-a-half-liter cylindrical mud vessels were lined 
with a layer of rice straw and packed with 600 g of crushed and air-dried CD in pot-1 
(VC), 450 g of crushed and air-dried CD with the combination of 150 g crushed 
and air-dried TIS in pot-2 (V25%), 300 g of crushed and air-dried CD and 300 g of 
crushed and air-dried TIS in pot-3 (V50%), and finally, 150 g of crushed and air-dried 
CD and 450 g of crushed and air-dried TIS were in the pot-4 (V75%) (Table 1). Vessels 
remained under darkness with room temperature 22–26°C and maintained moisture 
by 60–80% by sprinkling the required amount of water over the experiment period. 
To provide additional aeration, and overcome the volatile toxic chemicals the blend 
was tuned manually after 15 days we introduced 40 healthy earthworms (E. eugeniae) 
to the pods and coved the pods with a green mesh cloth to protect earthworms from 
rodents and heat. After 30 days decomposed mixture from the pod was taken out, 
separated the cocoons were allowed to be air-dried, finally, compost was grained and 
stored in plastic cylindrical pods for further applications.

2.7 Chemical analysis

Homogenized samples were collected from the reactor vessels and recorded the 
physicochemical parameters with different standard methodologies, pH and EC 
were recorded by pH conductivity meter, bulk density, porosity, and water holding 
capacity of vermicompost were taken and estimated in sediment [10]. Total available 
nitrogen, phosphorous, and potassium were estimated with the Kjeldahl method 
[11], Estimated the C:N ratio based on the measured quantity of C and N [12], TOC, 
and organic matter concentration (OMC) of the sample was recorded with the help 
of the titration method [13], heavy metals, such as Al, Ba, Cd, Co, Cr, Cu, Li, Mn, 
Mo, Ni, Pb, and Zn were estimated by the adaptation of atomic absorption spectro-
photometer [14].

2.8 Seed germination and plant growth observations

Six pods were collected and filled with 250 g of soil and added 25 g of prepared 
vermicompost to VC, V25%, V50%, and V75%, another cylinder Vagro has filled with 
prepared vermicompost, finally, the sixth pot Vsoil was poured soil only it left without 
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adding prepared vermicompost. After that in each pot, 30 soaked seeds of Trigonella 
foenum (Fenugreek/Methi) were sown and the six pots were monitored in regular 
intervals for seed germination, recording the aspects, such as the number of seeds 
germinated, the number of leaves produced, and measuring the plant height in 
10 days frequent intervals of 30 days’ time period (Figure 1).

3. Result and discussions

3.1 Mineral consignment of prepared vermicompost

Vermicompost prepared by various treatments on the expanse of feedstock after 
30 days, the final product was more stable, odour free, appear dark brown, and enriched 
with nutrients. Newly formed vermicompost physicochemical parameter changes were 
recorded (Table 1). pH vermicompost was prepared with cotton industrial waste with 
a combination of sheep manure and the decomposition was carried by earthworms, 
they were observed that the pH was reduced. On the other side, compared with the 
vermicompost prepared without earthworms’ treatment, cation exchange capacity 
(CEC), total mineralization was raised and total nitrogen was decreased but at the same 
time nitrates were raised in the prepared vermicompost [15]. pH plays an important role 
in vermicompost for encouraging plant growth, in this study, we observed the gradual 
reduction of pH in treatment 1–3 after 30 days of decomposition (T1–T3), the pH 
decreases due to the conversion of N, P, and organic material into nitrates, orthophos-
phates, and organic acids, it was helpful to identify the alkalinity nature. In this analysis, 
V25% were recorded and exhibited maximum pH reduction from 7.82 to 7.12 with a 
standard deviation value of 0.9–1.01, the lowest reduction was noticed in V50% 6.97 with 
a value of the standard deviation of 1.41, and the medium pH reduction was observed in 
V75% treatment 6.55 with a standard deviation value of 1.28 (Table 1).

3.2 Electrical conductivity

EC measured based on the formation of TDS (total dissolved salts) in the 
decomposed substrate (vermicompost), it decreases in compost and vermiwash 

Figure 1. 
Effects of prepared vermicompost (textile sludge compost) on T. foenum germination, growth, and leaves 
production in the pot (Vagro, V25%, V50%, V75%, VC, and Vsoil).
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while decomposing time, moisture concentration in vermicomposting increases the 
electrical conductivity it can be observed in bio-fertilizers [16]. Increased electrical 
conductivity was observed in the decomposed vermicompost (after 30 days) due to 
the release of various minerals salts in available form, the highest EC was noticed in 
V75% treatment 2140 dSm−1 with a standard deviation value of 73 and the lowest EC 
was recorded in V50% 1967 dSm−1 with a standard deviation value of 113 (Table 1). 
Stabilized, textile sludge is a good source of nutrients, it contains various organic 
molecules and inorganic plant nutrients, which are essential for growth like NPK and 
many trace elements and can become a good fertilizer after vermistabilization free of 
chemicals and pathogens. It is an undesirable toxic bi-product from wastewater treat-
ment plants and other industries; it can trigger biohazards in the environment [5].

3.3 Available nitrogen

Herbal and pharmaceutical effluents were exposed to vermitechnology, as the 
result, the wastewater and the herbal waste were converted to enriched nutrients  
[17, 18]. Yadav and Garg [2] demonstrated in their experiment, that bakery industrial 
sludge combined with cow dung generates valuable vermicompost, they set up the 
six plastic bins containing 100% CD + 0% bakery industry sludge (BIS) to 50% 
CD + 50% BIS and observed that all the bins showed a reduction in TOC, pH, and C:N 
ratio up to 65.4–83.5% but at same time increment was noticed in all bins. Maximum 
reduction in TOC and C:N ratio were observed in bin 1 in which the combination was 
100% CD + 0% BIS and the highest increment in TKN (total Kjeldahl nitrogen) was 
in the bin in which the combination was 90% CD + 10% BIS and the highest incre-
ment in TAP (total available phosphorous) and TK (total potassium) content in bin 1 
in which combination was 100% CD + 0% BIS and maximum biomass of worms were 
found in bin 6, which contain 50% CD + 50% BIS (Table 1). Utilization of sludge 
from recirculating aquaculture system (RAS) in vermicomposting and produced-
mineral rich compost. They prepared the setup with 5%, 10%, 15%, and 20% RAS, 
respectively along with 200 g of shredded wheat straw with initial 70% moisture 
content and observed the percentage of RAS increased and an increased number of 
juvenile and cocoons were noticed. Moreover, the end product of this sludge holed a 
higher amount of available nitrogen, available phosphorous, and other minerals [19]. 
Available nitrogen was increased in decomposed vermicompost, it was observed that 
V75% treatment raised from 1672.1 to 2101.8 kg/ha with a standard deviation value 
of 117–77, and the lowest available nitrogen concentrations were recorded in V25% 
1517.8 kg/ha with a standard deviation value of 96.5 (Table 1). Vermicompost from 
the sewage sludge along with cow dung, they set up the 4-treatment contained sewage 
sludge and cow dung in ratios 70:30, 80:20, 90:10, and 95:5. Treatment ratio con-
tained 70:30 (SS:CD) and 80:20 (SS:CD) observed the highest survival and reproduc-
tion rate and in ratio 95:05 any earthworm did not survive and in ratio 90:10 observed 
the highest available nitrogen, available phosphorous and other minerals [20].

3.4 Available phosphorus

Biofertilizer was prepared from municipal sewage sludge (MSS) through the ver-
micomposting process using tiger worms (E. fetida) after 21 days of vermicomposting 
process available nitrogen was increased up to 19.6–35.7 mg/l, total phosphorous from 
9.45 to 10.87 mg/l and TP from 3.44 to 4.80 mg/l, and conversion of MSS to vermi-
compost found to be 93% by weight and worm biomass showed 30% increment from 
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its initial weight [21]. Mineralization and mobilization of phosphorus by bacterial 
and phosphatase activity of earthworms could be the main reason for phosphorus 
improvement in vermicompost. Maximum available phosphorus was recorded in V75% 
383.5 kg/ha with a standard deviation value of 11.1, and the lowest amount of avail-
able phosphorus was noticed in V50% 357.2 kg/ha with a standard deviation value of 
1.11 (Table 1). Textile mill sludge (TMS) along with cow dung (CD) can be utilized 
as the raw material for vermicompost, they inoculated three microbial species in 
their experiment and found out that as the cow dung concentration decreased the 
growth of microbes was also decreased but as the inoculation of microbes in vermibed 
increased, available nitrogen and available phosphate were increased comparison to 
which did not have any microbes inoculated in them, they also noticed that vermi-
compost which only contains CD was more productive for the growth and multiplica-
tion of all the three bacteria than CD + TMS vermicompost, Azotobacter chroococcum 
treated vermicomposts showed the maximum available nitrogen, Pseudomonas 
maltophila inoculated CD vermicompost showed the maximum available phospho-
rous and finalized that as the number of microbes increased during vermicomposting 
the available N, P also increased and C:N ratio also decreased [22].

3.5 Available potassium

Vermicomposting was carried out by utilizing a different variety of waste, such as 
textile sludge, agricultural residue, and vegetable waste, final compost was shown an 
increase in phosphorous (1.4–6.5 folds) and potassium (4.4–5.8 folds) concentrations 
in the feed mixture [23]. Available potassium was observed to be increased in pre-
pared vermicompost (after 30 decomposition) due to liberation of different soluble 
mineral salts in organic matter decomposition, and the potassium mineral salts were 
present in the form of available. An increased amount of available potassium was 
noticed in all of the treatments among all of them V50% was raised at a high concentra-
tion of 8570.6 kg/ha with a standard deviation value of 136.4 and the lowest increase 
was noticed in V25% 6898.4 kg/ha with a standard deviation value of 755.2 (Table 1). 
Vermicompost was prepared from pig manure with dissolved organic matter and 
observed the effects on heavy metal behavior. Pig manure mixed with rice straw in 
different combinations. Concentrations of Cu and Zn in earthworms increased from 
8.24 and 17.63 to 40.75 and 362.78 mg/kg separately after vermicomposting, and also 
increased their availability, the C:N ratio also decreased after vermicomposting from 
10.37 to 8.60. The available NPK was observed to be increased after vermiconversion 
of pig manure with rice straws [24].

3.6 Calcium (Ca2+), magnesium (Mg2+), and sodium (Na+)

Vermiconversion of paper mill sludge by the earthworms drives the sludge into 
mineralization effectively and converts the bound form into free minerals forms, 
Ca, Mg, and Na concentrations were found to be more (12.9%) in treatment 2 [25]. 
Ca2+, Mg2+, and Na+ concentrations were increased in prepared textile vermicompost, 
among all the three treatments V75% reactor recorded as highest concentrations 
of 27.2%, 22.8%, and 2.97% with standard deviation values of 0.9, 1.4, and 0.79, 
respectively, lowest concentrations were found in V25% as 15.2%, 18.8%, and 2.54 with 
standard deviation values of 0.9, 1.3, and 0.33, respectively. Calcium concentration 
was more than the other elements in the prepared vermicompost, and earthworms 
(E. eugeniae) operated the mineralization effectively and converted a huge amount 
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of Ca2+, Mg2+, and Na+ in the organic matter (Table 1). Vermicomposting of bakery 
waste and cow dung by employing the earthworms E. fetida, thus the resulting 
nutrient-rich vermicompost produced, it was highly stabilized and mineralized than 
the initial food sludge waste more over heavy metal concentration were raise was 
observed in the newly developed vermicompost [2].

3.7 Bulk density and porosity

It has been found that concentrations of the minerals were more in aquatic weeds 
than in prepared vermicompost, according to the Fertilizer Control Order [26] 
decrease in bulk density was due to the gut action performed inside the earthworm 
and it caused the particle size changes. The bulk density and porosity of the newly 
prepared vermicompost were analyzed and recorded, it was observed that the V75% 
treatment contain less bulk density of 0.25 g/cm3 with a standard deviation value of 
0.132, and the highest porosity of 93.58% with a standard deviation value of 1.34, 
then the resulting water holding capacity of the prepared compost was more. V50% 
treatment noticed a medium bulk density of 0.37 g/cm3 with a standard deviation 
value of 0.08 and a medium porosity of 90.32% with a standard deviation value of 
1.09, a higher bulk density (0.51 g/cm3) with a standard deviation value of 0.09, and 
lowest porosity of 82.01% with a standard deviation value of 2.01 was recorded in the 
V25% treatment (Table 1).

3.8 Total organic carbon

A study was conducted on food industrial sludge combined with various organic 
waste and allowed for decomposition and the final results were an increase in total 
nitrogen, phosphorous, sodium, and potassium at the same time decrease in pH, 
TOC, and C:N ratio was noticed [27]. TOC was observed in prepared vermicompost, 
the result suggested that a useful biodegradable pool of organic carbon was slowly 
used during the reduction of TOCs. In V75%, the maximum reduction was noticed 
at 06.1% with a standard deviation value of 0.9, and the lowest amount of TOC was 
noticed in V25% treatment at 12.8% with a standard deviation value of 1.2, the loss was 
due to the utilization of carbon by earthworms and microbial consumption and the 
microbial respiration leads to loss of carbon in the form of CO2 during the decomposi-
tion. Further, the rise in earthworms’ population, due to the conversion of some part 
of the organic fraction of the substrate, can also cause the stabilization of organic 
matter by earthworms. The lowest TOC content indicates the richness of humic 
substances, stability, and maturity of compost (Table 1). The key concerns related to 
conventional thermophilic composting are the process takes a long period, the pace 
of turning of the waste, the size and volume of the materials are often needed to be 
decreased to provide the necessary surface area, and the loss of nutrients during the 
lengthy process and the final product is heterogeneous nature. In this composting 
process, to maintain aerobic conditions, the waste must be turned regularly or aerated 
in some other way. Mostly, this requires powerful and costly machinery to handle the 
residuals as efficiently as necessary on a massive scale [4].

3.9 C:N ratio

Vermicompost prepared from milk processing industrial sludge combined 
with sugarcane trash and cow dung. They prepared nine various combinations 
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of vermibeds with MPIS, ST, and CD. MPIS (60%) + CD (10%) + ST (30%) and 
MPIS (60%) + CD (10%) + WS (30%) containing mixture show highest reduc-
tion, organic carbon and C:N ratio and it exhibited highest raised concentrations in 
available nitrogen, available phosphorous, and exchangeable potassium [28]. C:N 
ratios minimized with time in all the vermicomposting treatments, the decline in the 
C:N ratio may be due to the loss of carbon through microbial respiration in the form 
of CO2. In the V75% treatment, the maximum reduction of C:N ratio (65.0) with a 
standard deviation value of 0.79 was recorded and the lowest C:N ratio was noticed 
in V25%188.9 with a standard deviation value of 14.3 (Table 1). The research observed 
the N and P content after inoculation of A. chroococcum strains, Azospirillum 
lipoferum, and the phosphate solubilizing Pseudomonas striata. Total six treatments 
were prepared, such as T1-(V + A. chroococcum. Mac 27), T2-(V + A. chroococcum 
.54 – 1), T3-(V + A. chroococcum .35-47), T4-(V + A. lipoferum), T5-(V + P. striata), 
and T6-(V + P. striata + Mussoorie rock phosphate 1%). On day 0, the vermicompost 
initially contained only 1.40 (g/100 g) of N. On the 60th day following inoculation 
with A. chrooccocum (Mac 27), it was increased to 2.72 (g/100 g) Chrooccal (Mac 27). 
Similarly, N content increased to 2.53 and 2.50 (g/100 g) with inoculation of other 
Azotobacter strains. P. striata also increase the phosphorous content after inoculation 
in vermicompost [29].

3.10 Heavy metal concentration in vermicompost

Aquatic weeds accumulated with most of the essential elements can be used in 
the food chain, the paper deals with bioconversion of textile sludge decomposition 
with the help of earthworm feeding. Heavy metal concentrations of the textile 
sludge were decreased by the action of earthworm digitations. Significant toxic 
element (Cd, Cr, Ni, Cu, Pb, and Zn) reduction was observed in the co-vermistabi-
lization experiment [30]. Heavy metal degradation in any substance is not possible 
but it can be reduced by implementing the recommended methodologies, which are 
immobilization and toxic reduction/removal. The critical reciprocity of the earth 
warms and lowers the concentrations of heavy metals in developed vermicompost. 
Maximum heavy metal concentrations in the developed vermicompost were alumi-
num (Al), barium (Ba), lead (Pb), and zinc (Zn) (Table 2). Significant reduction 
of Al had been observed in V75% treatment, it was from 5.01 to 2.61 ppm with the 
values of standard deviation 0.02–0.36 by the earthworms (E. eugeniae), and less 
reduction of Al had been noticed in V25% treatment, it was from 3.56 to 2.24 ppm 
with the values of standard deviation 0.08–0.1. The highest barium content reduc-
tion was recorded in the V75% treatment, which was from 30.56 to 3.55 ppm with 
the values of standard deviation 1.11–0.56 and the lowest reduction capacity was 
sported in the V25% reactor, which was from 11.79 to 1.57 ppm with the values of 
standard deviation 0.8–0.1. Cd, Co, Cr, Cu, Fe, Li, and Ni concentrations were less 
in all of the treatment reactors (Table 2). Manganese (Mn) reduction was more in 
the V75% reactor, it was minimized from 1.47 to 0.05 ppm, with the values of stan-
dard deviation 0.06–0.01. Lead (Pb) content was less in the V75% reactor and the 
zinc minimization and presence were good in the V75% reactor, it was from 0.02 to 
0.01 ppm with the values of standard deviation 0.001–0.079 (Table 2). An experi-
ment was carried out to immobilize the heavy metals in fresh industrial sludge and 
composite industrial sludge and added the prepared compost to degraded agricul-
tural soils, a surprisingly significant decrease in the heavy metals in the agricultural 
subsoils was noticed [31].
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3.11  Growth rate estimation of T. foenum (Fenugreek/Methi) seeds in soil mixed 
with VC, V25%, V50%, V75% prepared vermicompost

An experiment carried out on the combination of vermicompost and NPK fertil-
izers, enhances the yield of Allium sativum, six experimental plots were prepared: 
T1 (recommended NPK), T2 (vermicompost 15 t/ha), T3 (20 t/ha vermicompost), 
T4 (15 t/ha vermicompost + 50% NPK), T5 (15 t/ha farmyard manure), and T6 
(farmyard manure 15 t/ha + 100% recommended NPK) to observed the effect on 
garlic, it was exhibited the highest growth in root length, shoot length leaf length in 
T4 treatment plot [32]. A total of six cylindrical plastic pots were collected and filled 
with different portions of prepared compost, cow dung, and soil, one reactor total 
portion was filled with soil and labeled as Vsoil, second one was filled with cow dung, 
labeled as VC reactor and the same three cylinders were (V25%, V50%, and V75%) filled 
with approximately 250 g of soil in each of them 25 g of prepared 25%, 50%, and 75% 
vermicompost was poured in different reactors and labeled as VC, V25%, V50%, and 
V75%. Every reactor was sown with 30 seeds of T. foenum (Fenugreek/Methi) plant, 
and all of the five reactors were monitored for seed germination, the number of leaves 
production, and the growth of plants in 10 days frequent intervals of a total of 30 days 
(Figure 1). An experiment was conducted on the chemical nutritional variations in 
vermicompost, and pit compost, it was tested on the growth of Pisum sativum and 
observed the pot composed of vermicompost. It was exhibited that the maximum 
growth in every parameter of P. sativum plant as compared to pit compost, and garden 
soil (control). They noticed significant growth of root length, more number of leaves 
production, and healthy growth of plant height in the vermicompost, the above 
parameters were less when compared to the control and pit compost [33]. In Vagro pot 
28 seeds were geminated out of 30 sown seeds, VCcow dung pot was observed with 26 
seeds germination out of 30 sown seeds, and V25%, V50%, and V75% pots were observed 
with 26, 27, and 29 germinated seeds out of 30 sown seeds, Vsoil was observed with 
25 seed germination. Maximum seed germination was noticed in the V75% reactor 
due presence of 75% of the prepared vermicompost in the sampled pot soil and the 
minimum seed germination was observed in VC and V25% pot due to the low nutri-
tional value (Figure 2). Pig manure-based vermicompost when used for the growth 

Figure 2. 
Number of T. foenum plant seeds germinated on prepared textile sludge vermicompost.
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of tomato (Lycopersicon esculentum Mill.). It was observed that tomato seedlings had 
been decreased in the potting mixture containing 100% pig manure vermicompost, 
likely due to high soluble salt concentrations in vermicompost and lower porosity and 
aeration. The growth of tomato seedlings was maximum after metro-mix 360 was 
replaced with between 25% and 50% pig manure vermicompost, with better growth 
occurring in combinations of pig manure vermicompost and regularly treated with a 
liquid fertilizer solution than in those without fertilizer [34].

3.12 Plant growth in relation with height

The relative rates of growth (RGR), based on the primary data, net assimilation 
rate (NAR), leaf area ratio (LAR), and components, thereof, specific leaf area (SLA) 
and leaf weight fraction (LWF) was calculated for the nursery stage and the trans-
plant date, respectively. The growth response coefficients are based on the assump-
tion RGR = NAR × SLA × LWF (GRC), the relative contribution of each parameter to 
an RGR change was calculated for NAR, SLA, and LWF. Vermin compost was discov-
ered an effective growth medium for the propagation of vegetable seedlings, used 
individually or in the mixture [35]. The mean plant growth (height) was significant 
in V75% pot, grown was observed up to 15.7 cm in 30 days, it was due to the availability 
of nutrients in prepared vermicompost from textile sludge. On the other hand, lesser 
plant height was observed in Vsoil which was grown up to 11.3 cm. Vsoil pot was filled 
with soil only, and no additional vermicompost/nutrients were available in the pot, 
the resulting in the lesser plant growth (Figure 3).

3.13 Mature plant leaves production and leaf growth

The highest growth was observed in plants treated with humic acid-rich vermi-
compost, which was prepared using fungal pretreatment. The highest root and shoot 
weight were also observed in plants treated with HARV, as compared to normal ver-
micompost and control (without compost), HARV treated plants observed 109.17% 

Figure 3. 
T. foenum plant growth (height cm) by textile sludge vermicompost.
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plant yield, 82.97% in root biomass, and 51.61% in total height as compared to control 
in which any kind of vermicompost was not used [36]. Matured leaves were counted 
per pot in all of the five sown pots, the vermicompost use was not significantly 
different but in the absence of vermicompost noticed the difference in the formation 
of leaf number count. It was significantly more in all the vermicompost used media 
as compared to the control soil media. Height mature leaf count was found in V75% 
pot (304 leaves) and the lowest count was found in Vsoil pot (243 leaves) (Figure 4). 
A research team conducted two experiments in the greenhouse to observe the effect 
of peat compost and vermicompost on the growth of Sorghum bicolor. Two types of 
compost were used, pig manure vermicompost and pet compost, the sterile seed of 
Sorghum bicolor was grown in one experiment containing pet compost and experi-
ment 2 contain vermicompost. After 21 days of germination, they were observed that 
pod compost experiment 1 induced root colonization in the plant after inoculation of 
AMF, and the dry weight was more in plant treated with vermicompost but did not 
induce any root colonization in plants [37].

4. Conclusion

TIS had significant organic and inorganic nutritional value with very low 
handling costs the disposal management problems can be overcome. The TIS waste 
can also be used in energy and nutrient recovery rather than used for landfill. 
Management and energy recovery from the TIS mixed with cow dung in different 
compositions was attempted to vermicompost by employing the earthworms. The 
final compost matter found was nutrient-rich, free from odor, it was stable, and 
highly mature, among all of the treatments V75% reported the highest NPK values 
and micronutrients (Ca+2, Mg+2, and Na+2) for plant growth.
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