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Preface

Cotton is one of the most important fiber crops worldwide. It is grown in more than 
100 countries, accounting for about 40% of the world fiber market. More than 350 
million people are directly or indirectly associated with the cotton production indus-
try. Cotton has a major share in the global agriculture economy; however, its produc-
tion and yield are compromised due to various biotic, abiotic, and climatic factors. 
To meet global need, innovative research has been carried out to enhance cotton 
production. Starting from conventional breeding strategies to modern technologies, 
there is a long history of cotton research and development. This book presents the 
milestones of cotton research, including recent and innovative results. It deals with 
cotton biotechnology, cotton genetics and genomics, genetic modification of cotton, 
and other topics.

After an introductory chapter providing an overview of recent technological advances 
in cotton production, Chapter 2 describes the importance of Bt cotton, which is a 
pest-resistant variety. It also discusses the benefits of Bt cotton adoption and technol-
ogy. There are lots of insecticides that are used for the management of insect pests in 
cotton, but these insecticides can be a source of environmental pollution. Bt cotton 
is resistant against insect pests in an environmentally friendly way. Chapter 3 high-
lights abiotic stress as a major limitation for crop production. Abiotic stresses include 
drought, salinity, temperature, and water logging. Chapter 4 describes the use of 
cotton stalks as a potential raw material for the production of bioenergy. It reviews 
potential energy generation from cotton stalks through combustion, hydrothermal 
carbonization, pyrolysis, fermentation, and anaerobic digestion technologies. 
Chapter 5 discusses the two most important factors influencing cotton spinning: 
moisture and temperature. The results show that low temperature and high humidity 
are good for cotton yarn processing.

This book is designed for research students, scientists, academicians, the general 
public, and other stakeholders. I would like to thank IntechOpen for giving me 
the opportunity to edit this book. I am also thankful to Ms. Sara Debeuc, Author 
Service Manager, for her valuable help throughout the editing process. I must thank 
my research associate, Ms. Parwsha Zaib, for her assistance in the preparation of the 
introductory chapter and handling the manuscripts. I am especially thankful to all 
the authors for their valuable contributions to this book.

Mahmood-ur-Rahman Ansari, PhD
Department of Bioinformatics and Biotechnology,

GC University,
Faisalabad, Pakistan
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Chapter 1

Introductory Chapter: Recent 
Trends in “Cotton Research”
Parwasha Zaib, Muhammad Iqbal, Roshina Shahzadi,  
Hafiz Muhammad Ahmad, Bilal Rasool, Shahbaz Ali Khan 
and Mahmood-ur-Rahman Ansari

1. Introduction

Cotton is one of the most important fiber crops in the world. It is cultivated in 
more than 100 countries contributing about 40% of the global market. About 350 
million people are directly or indirectly linked with cotton production and industry. 
Cotton has major share in global agriculture economy; however, its production and 
yield are compromised due to various biotic, abiotic, and climatic factors. To meet 
the global need, innovative research has been carried out to enhance the cotton 
production. Starting from the conventional breeding strategies to the modern tech-
nologies, there is a long history of cotton research. In this chapter, the milestones of 
cotton research have been reviewed with recent and innovative results. The chapter 
briefly deals with cotton biotechnology, cotton cytogenetics, cotton genetics and 
genomics, genetic modification of cotton, genome editing, genome sequencing, etc. 
It contains the latest information in the field of cotton research.

Cotton is major economic crop in the world. However, its production is 
restricted by various biotic and abiotic factors. Its growth and efficiency are rig-
orously influenced by the stresses such as high temperature, salinity, less water 
availability, diseases, insects, etc. The chapter discusses the recent trends in cotton 
research to combat these biotic and abiotic stresses in crop plants.

2. Abiotic stress tolerance in cotton

Drought is a major abiotic stress which limits plant growth and fiber quality. Yield 
is badly affected under less water conditions. It is widely spread in many countries 
and is expected to increase further [1] due to sudden climate changes. Plant growth 
is decreased due to drought stress as photosynthetic rate and nutrient availability in 
soil are reduced. Similarly, salinity causes physiological dryness. High temperature 
can also cause stress [2], which is cause of reduced yield. A lot of research efforts 
have been done with a statement that the better understanding of these mechanisms 
would result in crop production under stress conditions. Desiccation stress results in 
the changing expression pattern of genes in plants, usually arbitrated with abscisic 
acid (ABA) [3] and physiology of plant is badly affected by the drought stress [4].

When a plant is under stress, the genes are turned on or off. Some proteins are 
regulatory in nature and regulate signal transduction and regulate expression of 
stress-responsive genes. Transcription factors also regulate gene expression and 
are grouped into large families, like WRKY, bZIP, AP2/ERF, Cys2His2, MYC, zinc 
finger, MYB, and NAC [5]. The DREB subfamily of proteins belongs to the CBF  
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(C repeat binding factor) proteins. ERF subfamily also has crucial role in plant gene 
expression under abiotic stress response and therefore received considerable atten-
tion in the recent past [6]. Drought causes significant damage to plants [7–9]. Plants 
have their self-defense mechanisms which respond to abiotic stresses at molecular, 
biochemical, and physiological levels [10–14]. Some genes are known to have role in 
the drought stress response at transcription level [8, 13, 15]. Few drought-tolerant 
genes have also been studied, which code for regulatory proteins, involved in 
further regulation of stress-responsive gene expression [14, 15].

Cotton expressing AtNHX1 was grown in the presence of salt, which produced 
more fiber and biomass. Cotton plants overexpressing the AtNHX1 gene resulted 
in the movement of salt (Na+) into the vacuole, which leads to high concentration 
of salt in the vacuole, which leads to high salt tolerance in cotton. AVP1 gene from 
Arabidopsis introduced into the cotton resulted in enhanced salt tolerance and more 
fiber production [16]. CMO gene is a major catalyst in the production of glycine 
betaine and transgenic cotton expressing AhCMO was more tolerant to high salt 
concentration then non-transgenic cotton. Thus, it is clear that the salt tolerance in 
the cotton can be enhanced by the genetic engineering [17]. Cotton plants express-
ing GhDof1 gene resulted in an increased tolerance to cold and salt stress. GhSOD, 
GhMYB, and GhP5CS are the stress-responsive genes [18].

3. Biotic stress tolerance in cotton

GhWRKY3 is a gene which is expressed under biotic stress. Cotton seeds were 
analyzed with three fungi known as Fusarium oxysporum, Rhizoctonia solani, and 
Colletotrichum gossypii to understand the response of GhWRKY3. The level of 
GhWRKY3 protein was increased after infection with these three fungi clearly indi-
cated that GhWRKY3 has an important role in fungal pathogenesis [19]. Increased 
pathogen tolerance can be achieved by the transgenic management of the expres-
sion of the GhLac1 gene in cotton (Gossypium hirsutum). Elevated tolerance to the 
fungal pathogen, Verticillium dahliae, and cotton aphid (Aphis gossypii) resulted in 
response to the up-regulation of GhLac1.

GhWRKY39 present in the nucleus and few cis-acting elements related to stress 
response were studied. GhWRKY39 gene was expressed by the fungal and bacterial 
attack and this gene resulted in the enhanced activity of the SOD, POD, and CAT 
antioxidants after pathogen attack. Thus, GhWRKY39 was found to be involved in 
the plant protection against pathogen attack. GhWRKY39 directs the reactive oxy-
gen species (ROS) system, which positively results in regulation of plant protection 
against pathogens [20].

4. Cell and tissue culture technology

Cotton is included in the list of commercial plants because it can be generated 
from undifferentiated tissues. Tissue can be taken from plant which can be cultured 
on an appropriate media. By using tissue culture technology, cotton plants have been 
screened for disease resistance and embryonic plants produced from the callus young 
plants produced by suspension cultures from callus. Shoot tips were also used to 
regenerate whole cotton plants [21]. Cotton has successfully been regenerated from the 
shoot apex. Problem related to regeneration of plant from callus has been sorted out by 
using shoot apex as explant [21–23]. Cotton was regenerated by the use of shoot apex 
which was less expensive and required less labor to regenerate cotton plant.
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5. Genetically modified cotton

Lots of efforts have been made to genetically modify cotton for insect tolerance. 
Bt cotton is the success story in this regard. It is being grown in more than 20 coun-
tries for the last more than two decades. Extensive studies on Bt cotton have been 
done in different countries like India [24], Mexico [25], China [26], and Argentina 
[27]. Bt cotton verities have good impact on environment and human health. Bt 
cotton has been produced by the transfer of genes from the bacterium known as 
Bacillus thuringiensis which produce the insecticidal proteins. Bt cotton also resulted 
in the production of high level of useful insects [28].

Naturally, 15% oleic acids are present in the cotton seeds. So, transgenic cotton 
was developed to contain high levels of oleic acids. By the subcloning of mutant 
allele of the Fad2 gene from the phaseolin (seed specific promoter), the level of 
Fad2 gene in cotton was decreased. Gas chromatography was used to analyze the 
fatty acids profile of seed lipids from the transgenic cotton varieties. About 21–31% 
oleic acids were seen in the transgenic lines. Progeny of some transformants showed 
high levels of oleic acid (47%). So, genetically modified cotton can be developed to 
produce high level of oleic acid [29].

6. CRISPR/cas9 system in cotton

Genome editing can be used for the functional studies and crop improve-
ments. CRISPR/cas9 system has a sgRNA, which directs the break of double-
stranded DNA but all sgRNAs are not equally good. So, in cotton it is necessary 
to decrease the use of less-efficient sgRNA which can be used in the production 
of genetically transformed plants without the preferred CRISPR/cas9-induced 
mutations. The transient expression system was used to improve the functions 
of sgRNA in cotton. This method was used to check the target sites for the genes 
known as GhEF1, GhPDS, and GhCLA1 and to analyze the nature of mutation 
induced by CRISPR/cas9 system. Most frequent mutations observed were dele-
tions. So, it was confirmed that CRISPR/cas9 can generate the mutations in the 
cotton genes, which are very important for the allotetraploid plant. It was also 
shown that targeting of gene can be achieved by the expression of many sgRNAs. 
CRISPR/cas9 was used to generate the deletions in the GhPDS locus. Genetically 
modified cotton having gene editing mutations in GhCLA1 gene was produced by 
the CRISPR/cas9 system. Intense albino phenotype was produced by the mutation 
in the GhCLA1 gene [30].

Cotton is a significant crop for the production of fiber, oil and bio-fuel. 
Usually, Agrobacterium tumefaciens-mediated transformation into cotton takes 
8–10 months to generate the T0 plants. Scientists used the transient expression 
system to validate the CRISPR/cas9 cassettes in cotton. Efficient CRISPR/Cas9 
cassettes can be selected to get the better mutagenesis rate by the use of GhU6 
promoter instead of Arabidopsis ATU6–29 promoter and GhU6 promoter. When 
CRISPR/cas9 expressed the sgRNA under the GhU6 promoter, CRISPR/cas9 
mutagenesis rate was increased four to six times and expression level of sgRNA 
was increased from six to seven times, which was a great achievement in the 
targeted mutagenesis of cotton by the CRISPR/cas9 system [31]. CRISPR/cas9 
system has been used to generate multiple sites in Gossypium hirsutum. Two genes 
GhCLA1 and DsRed2 were selected as targets. Plants containing edited DsRed2 
gene reverted its character to wild type in T0 generation. Gene editing efficiency 
was 66–100% [32].
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7. Cotton computational analysis

Genomic, genetic, and breeding data are available on the Cottongen (http://
www.cottongen.org), which has information related to markers, gene maps, 
expressed sequence tags, whole genome sequence, and genetic map. Analysis 
tools like BLAST are also available on the Cottongen [33]. Drought-tolerant cDNA 
libraries have been made by suppressive subtractive hybridization (SSH) technique 
and many genes were characterized and expression level of the genes under drought 
stress was studied [34]. DREB gene was identified in cotton (Gossypium arboreum), 
which was cloned and sequenced. Further, it was characterized in silico to study its 
interactions with other genes. It was found to interact with MYB, NAC, ABRE, and 
AREB, which are involved in the drought stress tolerance pathways [35].
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Chapter 2

Tritrophic Association between 
Bt Cotton, Arthropod Pest and 
Natural Enemies
Muhammad Rafiq Shahid, Muhammad Shakeel, 
Muhammad Farooq, Saghir Ahmad and Abid Mahmood

Abstract

Benefits and harmful effects of Bt adoption technology are mainly related with 
cotton production where lot of insecticides are needed for management of arthro-
pod herbivory and possible negative impact of crystalline Bt protein on parasitoids 
and predators is real. Therefore, current review information was focused that 
Bt should be selective for natural enemies and information was collected from 
different sources especially CAB abstracts as well as citations from many review 
articles and books. Usefulness of integrated pest management was highlighted with 
updated literature to cover the contents.

Keywords: biosafety, transgenic crop, beneficial fauna, non-target arthropod, 
parasitoid and non Bt refugia

1. Introduction

Development of transgenic crops is by incorporation of Bt genes that are very 
useful for the effective control of lepidopterous larvae [1]. Bt crops include maize, 
cotton, tobacco, eggplant, tomato, potato, canola, cabbage, soybean, cabbage and 
broccoli [2–5]. Cultivated area of biotech crops have also been increased to (2 bil-
lion hectares in 2015) that was 67.7 million during 2003 [6, 7]. Biological activity of 
Bt against target insect pest succeeds as the most effective pest management strategy 
that can be integrated into pest management module of an economic crop [8–10]. Bt 
crops have environmentally advantage over microbial Bt without its economic draw-
backs because they use sun light energy to manufacture toxin and they are available to 
manage herbivorous arthropod pest throughout the season in the plant [11]. They are 
also useful because their toxin is active only against a narrow range of target pest as 
compared with conventional broad-spectrum insecticides (Table 1).

1.1 Detection of Bt protein

It depends mainly upon the toxin level produced by a plant of specific cultivar. 
However, Bt expression is fluctuated with respect to plant part and the growing 
stage of the crop [13, 14]. At flowering stage an abrupt change in Bt protein has been 
recorded [15]. Physiological changes in Bt concentration also occur when plants 
are damaged [16]. Secondary metabolites alter the effectiveness of Bt protein; 
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terpenoids and condensed tannins both alter the efficacy of Cry1Ac protein. 
Hydrolysable tannins combined with Bt toxins increased the mortality of lepidop-
terous larvae [17, 18]. Environmental stresses also can alter the efficacy of Bt protein 
in the field.

1.2 Factors affecting efficiency of Bt technology

Target larvae of lepidopterous species uptake different amount of Bt toxins by 
feeding on Bt-expressing parts of the plant [19]. Obrist et al. [20] also found that 
thrips, Frankliniella tenuicornis acquired Cry1Ab after feeding on Bt plants. Mellet 
and Schoeman [21] quantified Bt concentration in the body of insects with the help 
of enzyme linked immunological sorbent assay (ELISA) method. Sucking arthro-
pods extract phloem but uptake very minute quantity of Bt toxin as compared with 
lepidopterous larvae [19, 22].

1.3 Bio-safety detection of transgenic crops

Pest species is suppressed by naturally occurring biological and environmental 
agents. Living organisms are found to kill, weaken or reduce the reproductive 
potential of pest species. Effectiveness of biological control agents is enhanced 
by “conservation” of biocontrol agent, i.e., to protect and maintain population of 
naturally existing biocontrol agents. Conservation techniques include reducing or 
eliminating insecticide applications. If the number of biocontrol agents are less than 
the pest species population existing in a locality, the biocontrol agents can be reared 
in laboratory and released to increase their population in that area. This is called as 
“augmentation of biocontrol agents.” Sometimes few number of beneficial insects 
are needed to be released in several locations to suppress population of local insect 
pest, i.e., called inoculative release and in other case large numbers are released on 
a single locality, i.e., called as inundative release. If the population of biocontrol 
agents exists high in one locality they can also be redistributed to the new locality 
where there is pest problem and beneficial fauna is low. The biocontrol agents can 
also be imported from one country to the country where there is pest problem. All 
these techniques are very useful from pest management point of view and have very 
useful results as biological control against invertebrate pest species. Effectiveness 
of biocontrol agents is affected by environmental resistance/climatic adaptability, 
synchrony with life cycle of insect pest, insecticidal and Bt toxin effects.

Toxin Year Bollworms Event

Cry-1Ac 1996 Helicoverpa, Pectinophora, 
Earias spp.

Bollgard® Delta and pineland/
Monsanto

Cry1Ac + Cry2Ab 2003 Helicoverpa, Pectinophora, 
Earias, Spodoptera spp.

Bollgard-II® Delta and 
pineland/Monsanto

Cry1Ac + Cry1Ab and 
or CpTi

1997 Pectinophora, Earias spp. Bollgard-II® Delta and 
pineland/Monsanto

Cry1Ac + Cry1Fa 2005 Helicoverpa, Pectinophora, 
Earias, Spodoptera spp.

Wide Strike® Dow Agro 
Sciences

Vip3A 2005 Helicoverpa, Pectinophora, 
Earias, Spodoptera, Agrotis spp.

Vip Cot® Syngenta

Modified from Tabashnik et al. [12].

Table 1. 
Generations of Bt and their potential benefits.
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Benefits and risks of transgenic crops are common concerns of Bt technology. 
Potential benefits are reduction in use of broad-spectrum insecticides. It produced 
an opportunity for conservation of biological control agents. It has less hazardous 
effects on non-target arthropods than insecticides. Its long term cultivation also had 
no significant impact on soil health [23]. However, effect of Bt insecticidal proteins 
on beneficial insects is given in  Table 2

1.4 Risks of Bt on target and non-target species

However, there are also some putative risks related with development of Bt 
resistance in target insect pest [24] and direct or indirect effect on non-target 
arthropod biodiversity [25]. Pollen drift by out crossing in open pollinated crops 
and release of Bt toxin into soil through root exudation, natural wounding or root 
cell senescence and its effect on soil health as well as its degradation are the other 
risks of Bt technology [26].

1.5 Effect of Bt on predators

Little change in pest community has ability to change the community of associ-
ated beneficial fauna of natural enemies. It is due to direct feeding on transgenic 
plant tissue and indirectly due to change in food quality by emission of volatile exu-
dates that can attract or repel the pest/non targeted arthropod fauna and ultimately 
affect the food-web [27]. Cry1Ac toxin of Bt plant is transferred through non-target 
herbivores to natural enemies at different trophic levels. Therefore, harmful effects 
on natural enemy population are appeared [28]. It is due to change in food-web [27]. 
Predators population is reduced either due to change in tritrophic interaction, i.e., 
shortage of pray or ill effect of Cry protein on beneficial [29].

1.5.1 Heteropteran predators

Geocoris punctipes and Orius insidiosus species are common and important 
members of the natural enemies of a variety of food crops worldwide. They are 
omnivorous feeders and their generalized feeders of sucking insect pest and acquire 
Cry1Ab from the body of insect herbivory [21, 30]. However, uptake of Cry1Ac 
toxin differed with respect to size and feeding requirement of the predators. It was 
comparatively high in spined soldier bugs, Podisus maculiventris that consumed 
considerably more prey biomass compared to small predatory heteropterans  
(G. punctipes and O. insidiosus) [31, 32]. Insecticidal Bt protein exerted adverse 

Crop Bt protein Targeted 
arthropod

Tritrophic effect 
on Non-targeted 
arthropod

Detrimental 
effect

References

Cabbage Cry1Ac Plutella xylostella Parasitoid Not detected [33]

Cabbage Cry1Ac P. xylostella Chrysoperla carnea 
larvae

Detected [33]

Rice Cry1Ac, 
Cry2Aa or 
Cry1Ca

Brown 
Planthopper

Pond wolf spider No [34]

Cotton Cry1Ac Helicoverpa 
armigera

C. carnea larvae Not detected [31, 32]

Table 2. 
Tritrophic impact of Bt on populations of the major beneficial predators.
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effect on the biology of beneficial fauna. When heteropteran predators fed on 
Spodoptera exigua collected from Cry1Ac cotton field, effect of Bt on biological 
activity of predators were observed and longevity of Orius tristicolor and Geocoris 
punctipes was reduced as compared to non-transgenic treatments.

1.5.2 Effect of Bt on lady bug

Coccinellid beetles belong to very important and most diverse group of 
insects that have very useful predatory potential. Birch et al. [35] reported that 
when lady bugs consumed aphids that had picked Bt for 2–3 weeks, fecundity, 
egg viability and longevity ladybird longevity was reduced up to 51%. Adverse 
effects on ladybird reproduction, caused by eating peach-potato aphids from 
transgenic potatoes, were reversed after switching ladybirds to feeding on 
pea aphids from non-transgenic bean plants. These results demonstrated that 
expression of a lectin gene for insect resistance in a transgenic potato line can 
cause adverse effects to a predatory ladybird via aphids in its food chain. Zhao 
et al. [36] reported added Bt toxin Cry1Ah and Cry2Ab toxin to artificial diet of 
Aphis gossypii and same aphids were used as feed of coccinellid beetle to inves-
tigate the tritrophic effect of Bt on beetle. They reported that development, 
survival and pupae formation of predatory beetle was not affected by Bt crystal-
line protein.

1.5.3 Effect of Cry1Ac in spider

Cry1Ac toxin uptake was comparatively high in spined soldier bugs, Podisus 
maculiventris that consumed considerably more prey biomass compared to small 
predatory heteropterans (G. punctipes, N. roseipennis and O. insidiosus) [31, 32]. 
According to [34] transgenic Bt rice lines producing Cry1Ac, Cry2Aa or Cry1Ca 
had no detrimental effects on pond wolf spider (PWS), Pardosa pseudoannulata. 
However, Zhou et al. [37] reported that the activities of three key metabolic 
enzymes were significantly influenced in spider after feeding on fruit flies contain-
ing Cry1Ab.

1.5.4 Effect of BT on Chrysoperla

Larval stage of C. carnea has very useful predatory potential and rank an 
important status from pest management point of view. Mellet and Schoeman [21] 
reported 55.6% survivorship of C. carnea larvae after feeding Spodoptera littoralis 
reared on Bt-free isoline. However, the survivorship of C. carnea larvae fed  
S. littoralis reared on Bt was significantly reduced to 17.7%, indicating that there 
may be an additional negative effect of consuming the intoxicated prey source. 
Similarly Feeding effect of Bt prolonged development of C. carnea and increased 
larval mortality as reported by Romeis et al. [38]. However, Tian et al. [39] reported 
that Bt crystalline protein had no direct and indirect effect on Chrysoperla.

1.5.5 Effect of BT on rove beetle

Riddick and Barbosa [40] monitored numbers of Lebia grandis, a predatory 
ground beetle that specializes on Colorado potato beetle. The numbers of L. grandis 
were significantly smaller in transgenic and mixed fields. Garcia-Alonso et al., [41] 
reported no effects of exposure to the toxin Cry1Ab through Bt maize fed-prey 
on the performance and digestive physiology of the predatory rove beetle Atheta 
coriaria.
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1.5.6 Effect of BT on pollinator

Honey bees are important cotton pollinators that visit the flowers of the same 
plant or randomly the flowers of several other plants and one-third of the crops are 
insect-pollinated. Non targeted insects are directly and indirectly affected by the toxin 
produced by the transgenic plants [42]. Likewise, honey bees are exposed to direct 
exposure of Bt during nectar collection and ingestion of contaminated pollen [43].

1.6 Effect of Bt on parasitoids

Parasitoids population is reduced either due to shortage of pray or ill effect of 
Cry protein [29]. Cui and Xia [44] also demonstrated that parasitoid population 
was highly reduced in the Bt cotton plots. Host larvae emerged from Bt protein had 
prolonged larval duration but with less weight of larvae, pupae and adult similarly 
emergence of parasitoids and adult longevity were also negatively affected on such 
diet [45]. Baur and Boethel [46] reported that development of Cotesia marginiven-
tris inside the body of Pseudoplusia includens larvae fed on Bt cotton had reduced 
longevity and oviposition. Sometimes it becomes difficult for parasitoids larvae to 
complete development either due to the premature death of larvae or behavior of 
prey (Schuler et al., 1999); [47–49]. Baur and Boethel [46] reported that Cotesia 
marginiventris developing inside Pseudoplusia includens larvae after feeding on Bt 
cotton had reduced longevity and females with less number of eggs. Parasitoid 
larvae also could not complete their development because Bt-susceptible hosts were 
not able to survive on Bt leaves [48, 49].

1.7 Risks of Bt resistance in herbivorous arthropods

Bt technology has altered the arthropod community by reducing population 
of targeted lepidopterous larvae. This disturbance is mainly due to unavailability 
of prey for the predator/parasitoids. Mellet and Schoeman [21] reported high-
est mortality and delay in development of lepidopterous larvae after feeding on 
Bt as compared with control non-Bt plants. For clarity of results researchers have 
suggested that the effect of transgenic crops on arthropod community should be 
monitored on long term basis by using Simpson waiver index (SWI). This index is 
used to find out species richness [2].

This wide spread adoption of Bt by growers have also resulted in development 
of resistance in targeted arthropods to Bt crops and Bt sprays in the field [50]. Now 
many targeted lepidopteron species have field evolved resistance problem [51, 52]. 
Plutella xylostella, Spodoptera exigua, Helicoverpa armigera and Pectinophora gossypi-
ella are the most common ones with field evolved resistance to Bt [53–56].

Bt-susceptible larvae of Spodoptera exigua from commercial non Bt-cotton fields 
contained around 2.7-fold less toxin in their bodies than resistant larvae from Bt. 
Similarly, Tetranychus urticae contained approximately 10-fold more toxin after 
feeding on Bt [57] (Table 3).

1.8 Use of eco-friendly, integrated pest management techniques

The suppression of pest population by the use of all suitable ways either through 
prevention, observation and intervention of arthropod pest species. Prevention 
means to manage pests rather than to eliminate them. In this case initial severity 
of pest is reduced through crop rotation, change in cropping pattern, plant breed-
ing, changing of planting and harvesting time, use of trap crops as well as clean 
cultivation. Observation is related with pest scouting, harmful and beneficial insect 
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identification, decision of ETL (economic threshold level) and to determine when 
and what actions should be taken. Intervention is adaptation of various methods 
used to reduce the effect of economically damaging pest population. They all are the 
basic components of IPM (integrated pest management) including use of biological 
control, physical, cultural and chemical control.

1.9 Cultural control

It is the deliberate manipulation of environment to make it less suitable for the 
pest by eliminating its food, shelter and create hindrance to multiply insect pest on 
economic crops. The detail of cultural practices is given below.

1.9.1 Crop rotation

Rotations of crops and clean cultivation are the best cultural management tactics 
which can be used for the management of insect pest species. Sometimes move-
ment of infested plants from one area serves as source of carryover to a new locality 
[63]. Preventive action that creates unfavorable condition for the pest will help to 
overcome such problem. More difficult is to decide cropping pattern year after year. 
Growing of same crop each year increases chance of pest problem. Crop cultivation 
serve as food chain of the arthropod herbivory and both arthropod population is 
interconnected with crop cultivation and planting date of the crops. It has been 
reported that highest population of arthropod species were present in the continu-
ous cropping fields as compared with fallow fields. Fallow lands were used to break 
the life cycle of arthropod herbivory due to food shortage and un-availability 
of host plant [64]. Available crop also affects the feeding behavior of targeted 
arthropods. Many number of arthropods are monophagous (feed on single crop) or 
oligophagous (having two or narrow range of host plants). They will be naturally 
died due to unavailability of food by using crop rotation technique.

1.9.2 Trap cropping

Trap cropping technique practiced before the beginning of modern synthetic 
insecticides, is making a revival comeback now a day in many countries of the 
world [65]. The unique feature of trap crop is that it provides more attraction as 
food source and oviposition site than to the original economic crop [66]. Trap 
crops have been tested against many arthropod herbivores. In a dual choice test of 
plants, aphids preferred to lay eggs on brassica rather than wheat indicating that 
brassica has potential to serve as a trap crop for the management of wheat aphid 
[45]. Similarly, collard crop served as highly preferred for oviposition of P. xylostella 
than cabbage and it laid 300 times more eggs than on cabbage [67]. Trap crops are 
therefore recommended as an important tool for the management of arthropod 
herbivory and to protect the economic crops.

USA Bollgard 1 2000 [58]

India Bollgard 1 2003 [59]

China Bollgard 1 1997 [53–56, 60]

Australia Bollgard 1 2004 [61]

Pakistan Bollgard 1 2009 [62]

Table 3. 
Reports of Cry1Ac resistance in the world.
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1.9.3 Planting and harvesting time

Change in planting and harvesting time creates discontinuity in food supply for 
the insect pest species. This technique is called as “phenological asynchrony.” Crops 
are matured before or after the onset of insect pest incidence. So they escape insect 
pest attack and farmers easily manage insect pests on economic crop. Similarly 
planting density and plant spacing can affect the pest population and searching 
behavior of insect pest for food and oviposition site.

1.9.4 Induced resistance

Plant nutrition can influence the feeding, longevity and fecundity of arthropod 
herbivory. Some macro and micronutrients enhance the resistance mechanism of 
the plants against insect pest species. They also help the help the plant to compen-
sate damage caused by insect pest. Fertilizer and irrigation application also help the 
plant to overcome environmental and arthropod feeding damage stress.

1.9.5 Use of plant resistance

The useful technique for the control of insect pests is plant resistance, rather 
than Bt property resistant plants have many physical and chemical characteristics 
that are used to overcome insect pest problem. It has been reported that resistant 
plants/varieties are less infested by insect pest herbivory than susceptible ones. In 
this way population of insect pest are managed on resistant crops and it is due to the 
food preference property of the pest [68, 69]. The other biological parameters of 
the pest are also affected on resistant plants due to presence of primary and second-
ary metabolites [68]. In this way they provide natural control of the pest without 
use of pesticides. Resistant plants are safe for natural enemies so also conserve and 
promote beneficial fauna [70].

1.10 Monitoring of pest population

Forecasting, monitoring and pest scouting are considered as important part to 
devise an IPM strategy. These techniques are used to determine the population and 
stage of insect pest infestation as well as the population of biocontrol. These are very 
useful techniques to decide action plan on the basis of economic threshold level of 
the pest and existing population of the predators. Pest monitoring is done by using 
various traps like pheromone, light, colored, sticky, pitfall and suction traps [71]. 
All of the traps have their unique importance because pheromone traps based on sex 
attraction are sensitive and species specific, light trap attract general pest and non-
target flying insects, colored and sticky traps attract insect pest toward and their 
specific color, pitfall traps are used to trap soil dwelling insects and suction traps are 
used to suck minute soft bodied insects [72, 73].

1.10.1 Pheromone traps

However, sex pheromone traps are considered as valuable tools from monitoring 
point of view [74]. Due to specificity and least hazardous for non-target species 
pheromone traps are considered the best as compared with chemical control and are 
acceptable among various alternatives control. The first pheromone trap as a mating 
disruptant was used by [75] from Bombyx mori. Sex pheromone against pink boll-
worm, Pectinophora gossypiella was developed during 1970s. Chemists have identi-
fied 30 compounds with properties of pheromones and now they are commercially 
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available for more than 300 targeted arthropod herbivory [76]. They are packaged 
in slow-release dispensers used as lures in traps for mass trapping of sexually active 
adults. In this way they create mating disruption. Their efficiency pheromone traps 
depend upon the ratios of the active component, dose rates and dispensers applied. 
They are very valuable source of insect pest monitoring because more male moths 
can be captured in trap even when population is at initial stage [77, 78].

1.11 Refuge crop for pest

A genetic change in population occurs due to the mortality of susceptible 
arthropod herbivory induced by continuous exposure of Bt toxin. Some out of these 
organisms survive due to natural tolerance against Bt toxin. Breeding of tolerant 
insects with each other develop ability to survive and changed to become a whole 
resistant population. In order to tackle the Bt resistance problem, growing of at 
least 5% area of non-Bt refugia around Bt crop is recommended. Basically non-Bt 
refuge allows the targeted arthropods to survive and reproduce. So resistance alleles 
would be suppressed by susceptible alleles. The lepidopterous insects that express 
resistance and survived in Bt crop would have chance to mate with susceptible 
ones grown on non Bt refugia. Susceptible generation produced on non Bt crop will 
compete for food, shelter and mating with resistant strain of targeted arthropod 
herbivory. The final result will be reduction in multiplication rate of insect therefore 
chances for development of susceptible strain are increased after many generations. 
Seed companies are now using technique of non Bt seed mixing with the Bt crops to 
suppress problem of Bt resistance. Commercial packets of Bt crop seed also contain 
premixed non-Bt seeds.

1.12 Refugia for beneficial arthropods

Uncultivated land can sustain a diverse range of beneficial fauna has long been 
known. Refugia may be located within the cultivated crop and outside the crop. 
Within crop natural refugia may exist in the form of unsprayed crop area, protected 
parts of the plant and alternative host plants. Outside the crop field borders, live 
fences, mixed cropping, intercropping and strip planting have been used to provide 
refugia for natural fauna. Generalist predators and parasitoids move among these 
crops depending upon the availability of their host (prey). However, effective use of 
refugia normally requires crop-pest and natural interaction. Such type of interaction 

Figure 1. 
Importance of non Bt refugia in reducing Bt resistance in targeted larvae.
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is called as Tritrophic interaction. Effectiveness of interaction depends upon the time 
and space because floral composition of refugia, its location and area dimension as 
well as synchronization of pest and beneficial fauna play an important role from 
pest management point of view. Planting of Medicago sativa strips in cotton has been 
reported to increase the predatory fauna especially the beetles, Chrysoperla carnea 
that was 5–7 times more abundant on Medicago strips than on cotton. This beneficial 
fauna then migrated to cotton and its population was double on cotton with Medicago 
plots in comparison with cotton without. Refugia have dual function from pest man-
agement point of view it has ability to serve as trap crop for pest and conservation of 
natural enemies. It has also potential to serve as wind speed breaker and overwinter-
ing sites for parasitoids. Some natural enemies overwinter within the parts of the 
plants like wise predatory mite Typhlodromus spp., overwinter in calyx activities of 
apple fruit. The damaged fruits serve as refugia for it and should be left on ground 
during winter to enhance the population of this type of predatory mite (Figure 1).

2. Conclusion

Concerns of bio-safety has been and should be a compulsory component for 
the long lasting sustainability of transgenic/Bt technology. As mentioned earlier 
negative impact of Bt on some predators and parasitoids are actual therefore mode 
of action of Cry1Ac on predators should be investigated by testing of binding 
and pore formation capacity of toxins to epithelial vesicles of gut membrane, 
because activity of Cry1Ac toxin is specific for a particular predator. Further 
food preference difference of predator between Bt and non Bt crop should also be 
investigated. Difference between availability of semiochemicals in transgenic and 
conventional crops should also be evaluated because they have tendency to repel 
the beneficial arthropods. Population of predatory fauna is also badly affected in 
Bt plots due to reduction of food prey (arthropod herbivory). The key point of the 
review paper is that Bt crops are more dangerous for the parasitoids than preda-
tors. Therefore, we should focus our research on tritrophic impact of Bt crops on 
parasitoids. Moreover, it was concluded that refugia play an important role from 
pest management point of view; it can mitigate field evolved resistance in arthro-
pod herbivory on one hand and can sustain the natural parasitoid/predatory fauna 
on the other hand.

3. Study Questions

1. What is Bt and its significance in pest management? Discuss in the light of 
modern outlook.

2. Discuss about different generations of Bt.

3. Enlist the factors affecting efficacy of Bt.

4. Elaborate about biosafety detection of transgenic crops for beneficial fauna.

5. Discuss about the Bt resistance problem in target insects.

6. Importance of Integrated Pest Management.

7. Useful of Non Bt Refugia.
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Abstract

Cotton (Gossypium hirsutum L.) is a vital fiber crop that is being cultivated 
under diverse climatic conditions across the globe. The demand for cotton and its 
by-products is increasing day by day due to more consumption of this fiber in the 
textile industry and the utilization of cotton seed as a source of edible oil. However, 
the average seed cotton yield in the world is below that of the potential yield of cul-
tivars. The factors responsible for low yield includes shortage of approved seed, pest 
and disease attack, weed infestation, unwise use of nutrients, and the incidence of 
abiotic stresses (including drought, heat, and salinity). Among these, the abiotic 
stresses are a single major factor, which is responsible for reducing the yield now 
and will affect the productivity of cotton in future. In this scenario, it is necessary to 
adopt ways to improve the tolerance of cotton against abiotic stresses. The strategies 
for improving tolerance against abiotic stresses may include the wise use of macro- 
and micronutrients, the use of osmoprotectants, the use of arbuscular mycorrhizal 
fungi, and the plant-growth promoting rhizobacteria.

Keywords: nutrient management, PGPRs, osmolytes, plant hormones, fiber

1. Introduction

Abiotic stresses are major limiting factors that affect the growth, yield, and 
development of cotton. It is a fiber crop. It is cultivated in many countries across the 
globe. Medicinal products, home stuff, and cloth products are being processed from 
cotton crop. The raw material for the textile industry and also human oil consump-
tion requirement are fulfilled by this crop. Extreme temperature, salinity stress, 
and water depletion are the main abiotic stresses that are considered the primary 
factors, which limit the productivity of cotton. The worldwide reduction of cotton 
crop is 50% due to the abiotic stress [1].

For maximum yield of cotton crops, they require optimum growth conditions 
like other field crops. For example, a temperature of 27–32°C is preferred by cotton 
crop during the formation of boll. At ≥36°C [2], the major reduction in carbon 
fixation was found in cotton crop, and for optimum photosynthesis, the optimum 
temperature is ~33°C. Poor yield and growth of the plant are caused by the major 
impact of salinity and alkalinity. The water stress in cotton is caused by salt acting 
as an osmoticum.

Specific ion toxicity is also a major cause of low yield in this crop. Inequity 
of nutrients is also a major cause. Plant metabolism is affected by impairing the 
photosynthetic process and membrane thermostability due to high temperature 
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management. At the higher temperatures, the protein may be denatured and the 
activity of enzyme is more sensitive. Due to the effect of drought stress, the cell 
growth is influenced by the decrease in turgor pressure in cotton crop. The carbo-
hydrate metabolism as well as photosynthesis is influenced by the drought stress 
directly or indirectly. Any change in carbon uptake also changes the process of 
photosynthesis resulting in the decrease of boll maintenance of the cotton plant and 
also the area of leaf that is a response to the stress due to drought [3]. The fiber qual-
ity, yield, and growth of this crop are affected by different abiotic stresses. In this 
chapter, we have discussed the impacts of different abiotic stresses on cotton perfor-
mance and have enlisted possible improvement in its performance through applica-
tion of plant hormones (auxin, cytokinins, abscisic acid, brassinosteroids, ethylene, 
and gibberellins) and plant nutrients (macronutrients and micronutrients).

2. Salinity stress

Throughout the biosphere, the salinity stress has been the most important 
restrictions for the productivity of agriculture [4]. The cultivated area affected by 
the stress of salinity all over the world is 20% [5]. Because of decline in water uptake 
by emerging seeds, plant roots, photosynthesis, respiration, and protein synthesis, 
germination is reduced due to impact of salt stress. It also affects productivity and 
growth of the cotton crop [6]. In mitochondria and chloroplast, the undue accumu-
lation and generation of reactive oxygen species [ROS; like superoxide anion (O−2), 
the hydroxyl radicals (OH), and hydrogen peroxide (H2O2)] are a result of the effect 
of soil salinity stress [7, 8]. Excessive salts in soil affect negatively the productivity 
and growth of cotton [9]; however, cotton is one of the most salt-tolerant crops. 
Plants own a number of antioxidant enzymes such ascorbate peroxidase (APX), 
glutathione reductase (GR), and superoxide dismutase (SOD) for fortification 
against the damaging effect of ROS (e.g., superoxide anion (O2−)) [10]. Under the 
unfavorable condition, the osmolytes metabolize the function in cotton to produce 
sugar alcohol [11]. Glycinebetaine and Proline serve as scavengers of ROS and also 
well-suited protectants, osmolytes for the macromolecules under the condition of 
salt stress. With specific references to stress and photosynthesis metabolism for 
controlling the survival and productivity, little information is present on biochemi-
cal and physiological features of cotton under the salt stress conditions. At the 
persistent salinity of 17 dS m−1, the yield reduction is 50%, and when the salinity is 
at threshold level, which is 7.7 dS m−1, a notable decline in seed cotton yield occurs. 
In conclusion, soil salinity negatively impacts the cotton growth and yield by affect-
ing the plant physiological and biochemical traits.

3. Drought stress

For all the agricultural commodities, the availability of water is a determin-
ing factor for the yield and growth of the cotton plants under stress situations. 
Increasing human demand for water availability and demands for water for agri-
culture purpose in increasing and changing climate condition are the main factors 
restraining accessibility to water for agriculture. The shorter plants with small 
number of nodes resulted due to the drought stress in the cotton plants during the 
squaring period. With the help of drought stress treatments, there would be high-
est yields of the cotton plants. Except the full application of irrigation, the fiber 
quality parameters were significantly improved. The poor fiber quality, lowest fruit 
retention, and lowest yield production at the flowering stages are more sensitive to 
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drought stress. There is poor fiber quality and yield losses at the squaring as a result 
of stress due to drought [12]. The severity and timing of the drought determine what 
will be the effect of water stress on yield. Photosynthesis process is slowed down 
because of a decrease in the number and size of cotton leaves. Krieg [13] showed that 
water stress reduced crop growth rate.

The variability in genotype responses to drought stress in cotton has been 
reported [14]. Compared to drought tolerance, many morpho-physiological 
characters have been recommended as significant selection criteria for cotton 
crops. The distance from the first main lateral root to transition zone is increased 
due to drought stress in cotton, and also the increase in taproot weight, seedling 
vigor, the amount of lateral roots, and also the development of root system is rapid 
[15]. The temperature of canopy, the discrimination of carbon isotope, leaf water 
content, conductance of stomata, and rate of photosynthesis also reduce the rate 
of transpiration due to the effect of drought [16]. Cotton crop has taproot system. 
In cotton seedlings, a number of lateral roots are produced, which depends on the 
xylem poles for water absorption [17]. The amount of vascular bundles increases 
due to the increase of branching intensities of lateral roots in the cotton crop [18]. In 
cotton, decreasing leaf transpiration by stomatal transpiration (TRst) and cuticular 
transpiration (TRcu) is the important physiological indicator of water stress [19].

Stomatal conductance controls stomatal transpiration (TRst) under water stress 
conditions. Leaf surface characters like morphological structure and the thickness 
of the wax layer affect the cuticular transpiration (TRcu) [20]. Lewitt showed that 
stomatal closing can avoid drought in plants. Stomatal closing and opening are 
regulated by the help of guard cells. Overproduction of reactive oxygen species (e.g., 
superoxide and peroxide) is followed by drought stress. Inhibition of photosynthesis 
and cellular damage are a result of this. This process is known as oxidative stress and 
is a major cause of plant damage due to stresses of environment [21] in many crops. 
According to McMichael et al. [17], in the present cotton cultivars, genetic variability 
is low for many drought-tolerant characters. So, under high rainfall and humid situ-
ations, much of the current cultivars are opted. Potential sources of traits associated 
with drought tolerance are considered as primitive race stocks of upland cotton [22].

4. Heat stress

By virtue of its geographical position, the cotton belt of Pakistan is present in the 
area of high level of temperature. In the Kharif season, the temperature approaches 
50°C. The water stress and high temperature increase the impact that reduces the 
yield or quality of fiber, and fewer plants per unit area are a result of the heat stress 
with the other environmental stresses [23]. It is estimated that the harmful effect of 
heat stress causes the cotton crop to achieve only about 25% of yield potential [24]. 
The effect of these stresses is location-specific, exhibiting variation in frequency, 
intensity, and duration. The environmental stresses are site-specific, exhibit-
ing frequency variation, light intensity, and duration of light. It is the practical 
approach to estimate the responses of heat responses by field evaluation of cotton 
under high temperatures with appropriate irrigations [10]. The ability to screen for 
heat tolerance might be affected by the timing of heat stress. It has been suggested 
that the identification of relative cell injury level from leaf disks at high temperature 
is the screening technique for heat tolerance in plants [25]. Plant development rate 
is much increased at high temperature, which reduces the life period besides other 
detrimental effects like denaturing of membranous structures [26]. Lint yields and 
quality are negatively correlated with the high temperature [27, 28]. The first and 
foremost requirement is to identify the suitable stock(s) to be used in breeding in 
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any crop improvement program [29]. It was reported that in most dry land cotton 
production areas seedling heat tolerance is essential. Under heat conditions, emerg-
ing cotton seedlings poorly develop root system and show burning effects on the 
leaves; particularly, the younger leaves are adversely affected [11]. When plants 
grown in pots are exposed to high air temperatures, the shoots and the roots are 
challenged with hot condition, and it was observed that optimum temperature for 
leaf area development was 26°C for cotton [30].

5. Waterlogging stress

In areas with poor drainage or level, due to the excess of drainage and rainfall, the 
soil surface becomes saturated with water and this state of land is called waterlog-
ging. Every year, the land area of the world experienced by waterlogging is about 
10% [31]. The following are the two conditions: one is anoxic (oxygen absent: energy 
gain by fermentation is the only condition) and the other is hypoxic (low oxygen 
concentration: mitochondrial respiration is reduced and the process of fermentation 
takes place) because the microbial activity and plant activity use maximum amount 
of oxygen. During the conditions when the soil is waterlogged, the physicochemical 
properties such as the redox potential and pH are strongly changed due to the lack 
of oxygen concentration [32]. The effect of waterlogging on the salt-containing soil 
is more than 50% and these soils are mostly used for high-value crops such as cotton 
[33]. There are many drawbacks of the consequences of waterlogging for the plants 
of cotton, which may include terminated growth and the death of root apices, and 
also, increasing nutrient patterns may also be changed. For the growth of cotton, a 
waterlogged environment is lethal because it stops exchanging of gas and also results 
in energy problems [34]. Through the process of waterlogging, yield formation and 
the growth of cotton are strongly affected. But also these processes are complicated 
and remain unclear. It is reported that the adoption of cotton to the waterlogged stress 
is very poor [35]. But the cotton crop is that type of species that has indeterminate 
growth habit and has the large ability to compensate after the effect of abiotic stress. 

6. Improving abiotic stress tolerance in cotton

6.1 Plant hormones

6.1.1 Auxins

For the development of the body and for the life cycle of plants, auxins are essen-
tial. These hormones play a critical role in the coordination of behavioral process and 
also in the growth of the plant. These hormones are present in all parts of plants. For 
the different process, the amount of these hormones is also different; for example, the 
most dominating and effective auxin is indole acetic acid (IAA). For the growth of 
cotton plants in abiotic stress, the dynamic and environment-responsive pattern of this 
hormone distribution within the plants of cotton is a key factor for their growth. These 
are also very important for the development of plant organs such as leaves or flowers 
and for the environmental reaction under the abiotic stress. Through the plant body, 
the process of polar auxin transport is achieved by the complex and well-coordinated 
active movement of these hormones from cell to cell in the plant body. Indole-3-
propionic acid, indole-3-butyric acid, phenylacetic acid, indole-3-acetic acid, and 
4-chloroindole-3-acetic acid are the five naturally occurring auxins, which are endog-
enous in nature [36]. For the proper development of plant growth, these hormones are 
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very essential and contribute to giving the shape to the organ. Plants would be merely 
successful heaps of similar cells without hormonal regulation and organization of 
auxin hormone. The development of primary growth poles and future buds are formed 
by the auxin application. The employment of auxin begins in the embryo of the plant, 
and for subsequent growth, the distribution of the hormone is directional under the 
abiotic stresses [37]. This hormone is very important for proper growth and develop-
ment. Also, with the help of this hormone, fruit senescence is delayed. In cotton, auxin 
plays a small role in initiation of the flowering and for reproductive organ develop-
ment. Under the abiotic stress condition, when there is low concentration of auxin 
hormone, the senescence of the flower is delayed. In cotton, the lower concentration of 
this hormone can inhibit the formation of ethylene and also higher concentration can 
disturb the synthesis of ethylene. In cotton plants under abiotic stress, the auxin hor-
mone influences a different kind of process such as the developmental and physiologi-
cal. Through the auxin hormone application under stress conditions, rapid alteration in 
the roots of cotton occurs. Under abiotic stresses, in the cotton plants, various signaling 
auxin components appear that mediate diverse physiological and developmental 
processes. The target of various auxin-signaling components might be the strategy of 
potential to enhance the tolerance in cotton plants under abiotic stresses.

6.1.2 Cytokinins

Cytokinins are naturally occurring type of plant hormones. Under the drought 
condition, with the help of that hormone, the production of cotton is increased under 
stress. This increases the cell division and growth. The growth of the plant’s main stem 
and branches is motivated in cotton by these hormones. For the growth and yield of 
cotton, there are many commercially produced hormones available, which are applied 
under the stress condition. In the area where there is absence of water or no irrigation, 
through the application of these hormones, the growth is also improved under stress 
conditions. Half of the production of cotton from Asia is in arid high water-shortage 
areas. The 60–65% of the acreage in the area is dry and depends on the rainfall for the 
moisture of the soil in short growing season. There is more difficulty for the cotton 
plants to absorb the soil water because the young cotton plant seedlings have small 
root systems under stress conditions. In the young plant, the defense for the water is 
promoted by that hormone. Also for the absorption of the soil moisture, it helps to 
promote the plants to build a strong and deep root system. To prevent the loss of water 
under stress conditions, it stimulates the growth of protective wax on the surface of 
the plants. Under water-stressed conditions, it has been reported that the application 
of cytokinins increases the yield by 5–10%. The cytokinins can be applied in the early 
season when conducting normal weed management practices, and no extra work 
is involved for the grower. It should be applied at a relatively low concentration to 
cotton seeds or to cotton plants at an early stage of development. The developmental 
and various physiological processes in the cotton plants are done by cytokinins. The 
division of the cell in plants also increases under the abiotic stress [38].

Cytokinins have a vital function in seed and root development. This hormone also 
retarded fiber elongation at elevated concentration in ovule culture. Cotton fiber and 
seed yield were improved by slightly raising the level of endogenous cytokinins. This 
also decreases the expression of cytokinin dehydrogenase [39]. Plant hormones play 
a significant role during interaction with physiological and developmental ‘switches’ 
involved in fiber growth. Cytokines also help in cell elongation by loosening the cell 
wall and supplying structural materials under stress conditions. During this process, 
secondary cell wall deposition and increased cellulose formation are key roles of that 
hormone. The opposed effect of some hormones may act as a restraining factor for 
fiber cell development under the abiotic stress conditions. The exogenous application 
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of plant growth regulators at a particular time may be helpful for the appropriate 
cell development. Little is known about how some of the cells are differentiated into 
lint (long fibers) and others into fuzz (short fibers) from the same ovule epidermis. 
Selective utilization of nutrients for elongation of long fibers is the main reason under 
the stress. When a number of cells differentiate into fiber, some substances from 
ovule epidermal cells are transferred into fuzz, which affects other cells to develop 
into full-length fibers, which is another important reason under the stress condition.

6.1.3 Abscisic acid

The role of the abscisic acid (ABA) in the fiber development is an inhibitor. The 
growth of the fiber is also decreased when using the ABA to unfertilized cultured 
ovules [40]. The inhibitory function of ABA is somewhat balanced in the presence 
of cytokinins, which inhibits fiber development in the absence of ABA. At the time 
of boll formation, the concentration of ABA is low and also decreases during the 
next 2 days [41].

It was found that the ABA level was higher in mature cotton fruits as compared 
to young healthy fruits [42]. It was concluded that the internal ABA level exhibited 
a reverse correlation with the rate of fiber elongation. Among the different cotton 
cultivars, it is shown that high internal ABA contents result in shorter fiber and 
the reverse relationship exists between ABA contents and fiber length. Dasani and 
Thaker [43] tested the fiber of different cultivars of cotton under stress condition. 
The function of the ABA is revealed in both in vitro and in vivo situations for the 
improvement of fiber. The inhibitory effect of ABA on fiber length was reduced due 
to the addition of growth promoters like naphthaleneacetic acid (NAA) and gib-
berellic acid (GA) along with ABA. From the results of in vivo and in vitro experi-
ments, it can be concluded that ABA may be playing an inhibitory role in fiber 
elongation and is a positive indicator of the onset of cell wall thickening.

6.1.4 Brassinosteroids

Brassinosteroids are naturally occurring hormones with steroid chemistry 
and are found throughout the kingdom Plantae. They elicit growth stimulation at 
nanomolar concentrations. Brassinosteroids enhance cell elongation and affect 
cytoskeleton and cell wall structure.

It is stated that adding a minute concentration of brassinosteroid (brassinolide 
(BL)) to cultured cotton ovules increased cotton fiber elongation, while the use of 
brassinazole 2001 (BRZ) and also the inhibitor of BR biosynthesis retarded fiber 
length and ovule size [44]. The application of BR biosynthesis inhibitor (brassinaz-
ole 2001) hindered fiber initiation probably due to alteration in the differentiation 
of ovule epidermal cells into fibers. The exogenous application of BL increases the 
formation of fiber, while the application of BRZ reverses the effect [45]. BR signal 
transduction plays a role in determining cotton fiber length. Transgenic plants with 
altered brassinosteroid insensitive 1 (BRI1) expression produce fibers similar in 
length to wild-type plants. The thicker secondary wall with fiber is produced by the 
plants that overexpress BRI1. These are the changes in fiber cell growth correlated 
with changing in expression of cellulose formation gene in fiber development.

6.1.5 Ethylene

Ethylene biosynthesis is the most important pathway that is upregulated during 
cotton fiber cell elongation in accordance with recent physiology and gene expres-
sion analysis [46] under optimal and suboptimal conditions. During the 10–15 DPA 
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(days post anthesis), the involvement of 1-aminocyclopropane-1-carboxylic acid 
oxidase 1–3 (ACO1–3) was predicted very effective for fiber growth elongation under 
the abiotic stress condition. The exogenous application of the ethylene inhibitor, 
2-aminoethoxyvinyl glycine (AVG), inhibits the growth of fiber, and ethylene 
increased fiber cell expansion under the stress condition [45]. According to the 
results, under the stress condition, this hormone has a significant role in support-
ing cotton fiber growth and elongation. Additionally, ethylene might enhance cell 
elongation by escalating the expression of tubulin, sucrose synthase, and expansion 
genes [46]. Detection of ethylene in fibers proved that it affects fiber elongation.

Ethylene biosynthesis genes (ACO1–3) are expressed at fiber elongation stage. 
According to that, it may interact with BR and ROS signaling pathway. Experiments 
on cultured ovules have shown that exogenous application of ethylene ameliorate 
the problem of fiber elongation caused due to BR biosynthesis inhibition. The 
exogenous application of both ethylene and BR on cultured ovules triggered the 
expression of genes for biosynthesis of other phytohormones. This cross-talk 
between hormones and genes may regulate fiber development in both negative and 
positive perspectives [47].

6.1.6 Gibberellins

The combination of auxin and gibberellins has been found to increase the fiber 
growth in in vitro cultured ovules [48]. Under abiotic stress, the application of auxin 
and gibberellins from exogenous source is vital for fiber growth in unfertilized 
ovules [49]. Studies on gene expression also explored the role of gibberellins and 
auxin in fiber growth. In DNA microarray, a cupin super family protein was found 
to be upregulated in 10 DPA ovules [50]. Because the plants have tissue sensitivity 
to improve the crop yield and quality, the transgenic approach has increased the 
manipulation of the hormones’ concentration [51]. At a molecular level, to improve 
the fiber length and micronaire value, much effort has been made by scientists. 
Also the increased fiber for lint percentage and elongation was observed in cotton 
crop [52]. The targeted expression of an IAA biosynthetic gene under floral bind-
ing protein promoter (FBP7) was also shown in several studies and amplified the 
endogenous IAA levels at the fiber initiation stage under the abiotic stress [53]. The 
main aim of cotton-producing countries is to improve the yield of crop. By develop-
ing the seed that gives more yield of fiber under abiotic stress conditions, this aim of 
high yield can be fulfilled. The development of plant hormones plays an important 
role for the maximum growth and development of the crop [54]. The exogenous 
application of GA3 not only promotes the fiber length but also enhances the thickness 
of cell wall significantly. During abiotic stress, long length cotton fibers with thicker 
cell wall and increased dry weight per unit cell length were obtained.

6.2 Plant nutrients

6.2.1 Macronutrients

6.2.1.1 Nitrogen

Nitrogen is a significant constituent of nucleic acids and amino acids and is 
required in high concentrations to plants. Maximum yields are not obtained from 
optimum nitrogen supply in the absence of adequate water, and optimum water 
supply will also not give maximum yield in the absence of adequate nitrogen supply 
[55]. Cotton that grows in different moisture stress levels in sandy soil shows similar 
special interactive effects of nitrogen supply and drought stress. Nitrogen shows 
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genetic variation, selection, and breeding of lineages that are more effective in their 
N uptake. It is the more efficient strategy in arid land than in temperate zone [56]. 
When salinity is not severe, the addition of nitrogen enhances the growth and yield 
of crops [57].

Nitrogen also plays a key role in the synthesis of chlorophyll and proteins as well 
as in cell division. But cotton production can also be improved by foliar application 
in salinity stress [58]. Root development, germination, senescence, respiration, cell 
death, disease resistance, and hormone responses in crops are also influenced by 
nitrogen application. During abiotic stress in cotton, nitrogen plays an important 
role to activate the antioxidant defense in cotton [59]. Therefore, when the supply 
of nitrogen is adequate, root restriction increases the root activity. It also increases 
the availability of photoassimilates to above-ground plant parts. Hence, with the 
application of nitrogen to cotton, shoot growth and the ratio of shoot and root are 
enhanced.

6.2.1.2 Phosphorus

Phosphorus (P) is an essential component of nucleic acids, phosphor-lipids, 
and adenosine triphosphate. It also plays an important role in the storage, energy 
transfer, and also transport of carbohydrate. The pH is high and soils are calcare-
ous in arid areas. Under the drought stress condition, phosphorous application 
can improve the growth of cotton crop [13]. The foliar application of urea and 
diammonium phosphate is the main source of phosphorous for the improvement of 
growth and development of cotton crop [60–62]. Improvement of fiber in cotton 
crop under the stress conditions can be obtained by the foliar spray of phosphorous 
at the boll formation stage [63]. In addition, boll weight and seed cotton yield are 
increased under stress [64].

Phosphorous is constituent of cell nuclei, and it is essential for cell division and 
development of meristematic tissues [65]. Phosphorous also influences the forma-
tion of nucleic acid, protein, and lipids as well as photosynthesis. In biotic stress 
conditions, the application of phosphorous improves the quality parameters of 
cotton. Cotton shows positive and economical response to phosphorous application 
[66]. Hence, plant height, shoots, and roots in cotton plants in abiotic stress condi-
tions are enhanced by the application of phosphorous.

Phosphorous is efficiently applied to soil by fertigation as compared to 
broadcast application. However, in abiotic stress conditions, cotton yield can be 
improved with adequate amount of phosphorous fertilizer application at appro-
priate time. The reduced canopy is the result of the unbalanced nutrients in soil 
from the improper input of nutrients. Therefore, under abiotic stress conditions, 
photosynthesis rate and the yield of the cotton are reduced [67].

In abiotic stress conditions, the rate of leaf expansion and photosynthesis per 
unit leaf area of cotton crop are reduced due to phosphorous deficiency [68]. Crop 
growth, nitrogen and potassium uptake, total chlorophyll content, and dry matter 
yield of cotton plant are significantly enhanced by phosphorous [69]. The applica-
tion of phosphorous leads to increased phosphorous uptake and content in leaf, 
stem, and reproductive parts such as seeds [70]. Phosphorous has a stimulating 
effect on number of flower buds and bolls per plant as well as is essential for cell 
division. Plant height, number of sympodial branches, seed index, boll weight, and 
seed cotton yield vary in all cotton cultivars due to genotypic variation [71, 72].

Cotton is facing decline in yield and quality because of abiotic stresses. Several 
genes for genetic engineering have been made from the cloning technology such as 
those related to fiber development (cytokinin dehydrogenase), disease resistance 
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(PR-3 and PR-10), and stress responses (GbRLI)3. These genes play an important 
role in successfully generating transgenic cotton lines with greater abiotic stress 
tolerance [73].

6.2.1.3 Calcium

Calcium plays a vital role in maintaining the many physiological processes that 
impact both the growth of cotton plants and also the responses to environmental 
stress. All the biotic and abiotic stresses and damages are repaired and act as defense 
for the cotton plants by the processes of translocation and respiratory metabolism. 
Concentration of water and the movement of the solutes influence these processes. 
These processes are also influenced by the Ca2+ on the structure of membrane 
and on the function of stomata. The uptake of calcium is minimized under stress 
conditions as compared to other elements. Hence, the accumulation of calcium 
is decreased to small extent as compared to phosphorous and potassium and this 
accumulation was in the range of 40, 71, and 91% for phosphorous, potassium, 
and calcium, respectively, in dry conditions in the mature cotton crops. The direct 
application of calcium is an efficient method for increasing the fiber yield of cotton. 
The incidence of fungal pathogens is reduced leading to increase in yield, and 
several physiological disorders are minimized by the application of calcium salt.

6.2.1.4 Potassium

The optimal supply and the good source of potassium (K) are very critical for 
increasing the growth and yield of the cotton crop. With the help of stomatal cell, 
the turgor pressure and osmotic pressure are increased with the help of K under the 
drought stress condition [74]. Soil salinity problem widely affects all the agronomic 
and physiological parameters of the cotton crop. These effects were lowered by the 
optimal application of potassium fertilizers [75]. Potassium increases the uptake 
of other essential nutrients, so the productivity of cotton is badly affected through 
the low application of potassium [76]. With no application of potassium, the 
cotton yield and also yield-contributing factors and fiber quality will reduce [77]. 
It was suggested in a study that under drought stress, the application of potassium 
influences the physiological functions of cotton [78]. The two cultivars of cotton 
were planted in drought stress and well-watered conditions with three potassium 
rates (0, 150, and 300 K2O kg/ha) and these plants were showing higher leaf water 
potential, stomatal conductance, photosynthesis rate, and the maximum and actual 
quantum yield of PSII. With the application of potassium, the cotton plants were 
showing lower lipid peroxidation, higher antioxidant enzyme activity, as well as 
increased proline accumulation as compared to nonapplication of potassium, and a 
significant relationship was observed between photosynthetic recovery and potas-
sium application.

Maintaining surplus water pressure within the boll also decreases the incidence 
of disease and improves the water use efficiency and fiber quality with the applica-
tion of potassium [79]. Potassium application in cotton is also believed to extend 
the absorption of nitrogen, which causes vigorous vegetative growth and seed 
cotton yield. Also, the use of potassium in cotton enhanced the metabolic activity 
and improved the staple length, tensile strength, and fiber length and decreased 
the amount of damaged fiber [14]. Several other studies have reported an improve-
ment in yield of cotton seed and quality of fiber due to potassium input in cotton 
under optimal and suboptimal conditions [80–82]. Combined foliar application of 
magnesium in combination with potassium and nitrogen improved the seed cotton 
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yield, fiber quality, leaf nitrogen, potassium and magnesium concentration, and 
water use efficiency of cotton. The improvement in fiber quality was also visible 
through improvement in fiber strength, staple length, and fiber uniformity index 
owing to combined foliar application of magnesium in combination with potassium 
and nitrogen in abiotic stress in cotton crops [83].

Potassium plays a role in maintaining nitrogen metabolism and osmotic 
adjustment to sustain growth in soil under drought conditions [78]. Cotton plants 
under drought stress with potassium application not only showed higher osmotic 
adjustment with accumulation of osmolytes as well as maintaining higher enzyme 
activity, soluble proteins, and chlorophyll content but also regulate the nitrogen 
metabolism as compared to the plants without K application [84].

6.2.1.5 Micronutrients

As the cropping intensity increases, magnesium (Mg) deficiency occurs more 
frequently. Deficiency symptoms of sulfur are associated with the decrease in 
atmospheric sulfur. The uptake of magnesium and sulfur nutrients is reduced in 
cotton crop under drought stress. It has severe consequences for S nutrition and 
crop production. The plants uptake micronutrients through the process of dif-
fusion decline because there is low soil moisture [85]. Cotton crop needs smaller 
quantities of micronutrients. Therefore, the effect of drought stress on micronu-
trients (Mg and S) is not the same as for macronutrients (P and N). Due to drought 
stress, deficiency of boron occurs in cotton crop. Due to the accumulation of 
silicon under drought conditions, the growth of cotton is improved and silicon is 
accumulated due to the reduction in transpiration rate [86, 87]. The main factors 
of saline and sodic soil on which they depend for availability of micronutrients 
are solubility of the micronutrients, pH, and the nature of the binding sites on the 
organic- and inorganic-particle surfaces. Salinity stress also affects the concentra-
tion of micronutrients in cotton plants, and soil salinity levels are also influenced 
by the salinity stress [88]. Inorganic nutrients play a significant role in determining 
plants’ resistance to drought or salinity. Hence, both growth and development of 
cotton plants are similarly influenced by drought and salinity.

7. Use of osmoprotectants

The accumulation of organic osmolytes has been reported in many plants under 
abiotic stresses. These include polyhydroxylic compounds and zwitterionic alkyl 
amines. The accumulation of osmolytes is widely discussed nowadays especially in 
cotton crops [89, 90].

Osmotically active solute is completed by the entry of water into the cell. This 
water provides sufficient concentrations for turgor pressure, which is necessary for 
the expansion of cells.

Cotton plants remain fit under stressful environmental conditions due to 
osmotic adjustment [91]. Therefore, high concentrations of several but not all com-
patible solutes protect the crop from oxidative damage. Their damage is reduced by 
scavenging free radicals in addition to their rules in preservation of osmotic equilib-
rium without disturbing macromolecule solvent relations.

The resistance against the oxidative stress of cotton has recently increased 
with the action of chloroplast accumulation of mannitol as well as consistent 
with high diffusion rate limited reactivity of hydroxyl radicals toward the most 
metabolic intermediates [92]. A significant role is played by the compatible solutes 
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in terminating free radical chain reaction. The stress tolerance appears due to the 
critical element glycinebetaine in the cotton plants.

The growth of cotton plants is strongly influenced by the drought and saline 
environments with the osmoprotectants. Osmoprotectants are enormously pro-
ficient compatible solutes. The accumulation of glycinebetaine is induced and 
improves the tolerance to abiotic stress conditions [93]. The treatment of cotton 
seeds with the external application of glycinebetaine at increased the cotton seed 
yield by 18 and 22%, respectively. The growth and survival of extensive variet-
ies of plants such as cotton crops are improved by the exogenous application of 
glycinebetaine.
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Chapter 4

Bioenergy Recovery from
Cotton Stalk
Rafat Al Afif, Christoph Pfeifer and Tobias Pröll

Abstract

Cotton stalk (CS) plant residue left in the field following harvest must be buried
or burned to prevent it from serving as an overwintering site for insects such as the
pink bollworm (PBW). This pest incurs economic costs and detrimental environ-
mental effects. However, CS contains lignin and carbohydrates, like cellulose and
hemicelluloses, which can be converted into a variety of usable forms of energy.
Thermochemical or biochemical processes are considered technologically advanta-
geous solutions. This chapter reviews potential energy generation from cotton stalks
through combustion, hydrothermal carbonization, pyrolysis, fermentation, and
anaerobic digestion technologies, focusing on the most relevant technologies and on
the properties of the different products. The chapter is concluded with some
comments on the future potential of these processes.

Keywords: cotton stalk, thermochemical, biochemical, bioenergy

1. Introduction

Worldwide energy demand and greenhouse gas (GHG) emissions are predicted
to increase by 70 and 60%, respectively, between 2011 and 2050 according to the
International Energy Agency (IEA) [1]. An increase in GHG emissions is unequiv-
ocally the largest anthropogenic contributor to exacerbating climate change [2].
Currently, the majority of energy is derived from fossil fuels. As reported in 2017, it
is estimated that if consumption of fossil fuels persists at 2016 levels, reserves of
coal, gas, and oil will last only 153, 52.5, and 50.6 more years, respectively [3].
Therefore, other forms of energy such as biomass have significant potential to offset
traditional energy sources [4]. Biomass, as a zero CO2 emission fuel, can offer one
solution in the reduction of CO2 atmosphere content. In 2016 renewable energy
accounted for 18.2% of the 576 exajoules (EJ) of total primary energy supply
(TPES), of which 13% came from biomass [1, 5]. Biomass provided 46.4 EJ of TPES
in 2016, and expert scientific analysis predicts that by 2050 the bioenergy share of
TPES could reach 100–300 EJ per year (year�1) with the highest theoretical share
proposed at 500 EJ year�1 [5, 6]. Although renewable energy makes up only a small
percentage of current TPES, it has the theoretical potential to provide all of the
human energy requirements on earth [7]. By 2035, biofuels could realistically pro-
vide at least a quarter of the estimated world’s TPES of 623 EJ. To increase the
proportions of renewables in the TPES, innovative feedstocks or inputs are required
[8]. A significant source of biomass for renewable energy is available globally in the
form of agricultural waste. Agricultural wastes pose expensive and challenging
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issues for crop producers. With exception to the fraction of residues tilled back into
the soil to increase soil organic carbon (SOC) content and enhance other soil phys-
ical characteristics, many of these wastes have little to negative value, and knowl-
edge of revenue streams are sparse [9, 10]. For example, cotton biomass waste is an
abundant and available waste from agricultural production at a high estimate of
roughly 50 million tons annually [11]. Similarly, other crops produce even more
abundant waste, such as rice husks which sum up to 822 million tons of waste with
no real end of use application [12].

It has been reported that cotton residues left during harvest are carriers of the
pest; therefore, adequate disposal of these residues is necessary [13]. However, it is
worth considering that one of the major complications of cotton production is the
management of the pink bollworm (PBW) (Pectinophora gossypiella). It is consid-
ered one of the most detrimental cotton pests because of its hardiness to insecticides
[14]. PBW’s life cycle consists of four stages: egg, larva, pupa, and adult. During the
first stage, females lay 200–500 tiny eggs in single or small groups of 5–10 each on
cotton plants which hatch 3–4 days later. During the second and most destructive
stage, the larvae bore into the bolls to grow before cotton boll blossoming occurs.
Here the larvae feed on seeds for 12–15 days where they mature to 12 mm long as a
fully developed larva. The most significant damage occurs to the seed and lint.
Before pupation, the larva experiences diapause during the winter for 2–4 months
in which they do not feed or move. They may be found in bolls, in stems, or in the
soil in which they are safe in a silken cocoon until spring. During the pupation stage,
spring conditions cause the larva to drop to the soil beneath the cotton plants where
they pupate; the pupa is roughly 7 mm long and brown, and the pupal period is
between 7 and 8 days. During the adult stage in spring, first-generation adults
develop from the pupae and are gray brown small moth which mate and lay eggs. In
the summer, larvae from the previous generation fall to the soil, pupate, and emerge
as second-generation moths, completing the life cycle. The entire cycle from egg to
egg takes roughly 32 days, and the PBW can persist, on average, for up to six
summer cycles [15, 16]. This pest is distributed globally where cotton is grown and
is considered the key cotton pest. Its main effect on cotton crops is preventing
flowering buds to open, shedding of the fruit, seed loss, and damage to lint. Trials in
the USA have shown that the potential loss of harvest without control was 61%,
whereas losses of 9% were estimated when the pest was controlled through insecti-
cide application. In 1998, the total US crop yield of cotton was reduced by 2.7%,
while in Egypt it is estimated that the PBW causes losses of about 10–20% of cotton
crop annually [13, 15]. In 2014, it was reported that the PBW had been eradicated
from California, Arizona, New Mexico, and Texas in the USA as well as Chihuahua
in Northern Mexico. The eradication is attributed to a combination of insecticides
and genetic modification of the cotton crop as well as releases of sterile PBW
throughout the region [17]. In countries without robust pest management strate-
gies, the most common method of PBW prevention is through burning the residues
in the field or by shredding and plowing the residues to a depth of 6 inches into the
soil, the latter of which is time and energy intensive [11, 15]. In light of the global
challenges associated with cotton agricultural residuals, a promising method of
cotton waste disposal is through their utilization as an energy source.

Studies indicate that undebarked cotton stalks are unsuitable for the production
of fine paper and dissolving pulps [18, 19]. Furthermore, cotton stalks and other
agricultural residues are unsuitable for hardboard and particle board due to
their high water absorption and thickness swelling (deteriorated dimensional
stability) [20, 21].

In contrast, the usage of cotton waste as an energy feedstock has become a
subject of numerous studies in recent years [22–24]. Researchers generally focused
on the production of biogas, ethanol, and the production of fuel pellets or

44

Advances in Cotton Research



briquettes. Several studies on the subject of cotton waste pyrolysis indicate that
pyrolysis of cotton stalks is deemed to have potential as one of the technological
solutions for its management.

The purpose of the study is to review current bioenergy conversion technologies
and to provide quantitative data and interpretation of the heating value, proximate
and elemental analysis, and product yields specific to bioenergy recovery from CS.
The hypothesis is that resulting data will be consistent with past research proving
that CS residues have a high potential for use as an energy source. Moreover, some
products from the conversion (e.g., biochar from pyrolysis) can be used as soil
additive to recover nutrients and carbon to the soil. The latter can additionally act as
water storage. This subject is important because there are significant quantities of
CS waste from agricultural production globally, which is a potential source of
revenue. Furthermore, other risks associated with cotton waste such as farm
hygiene by pesticide remnants and soilborne pathogens can be addressed. There-
fore, utilizing CS biomass has the potential to be a significant source of energy and
an opportunity to reduce their environmental issues and financial costs [11]. This
study contributes to the needed understanding of energy derived from thermal and
biological conversion products of cotton stalks.

2. Cotton stalk residues for energy

Cotton stalks are a common agricultural residue with little economic value. They
may be utilized without direct competition to food or feed provision. It is a renew-
able lignocellulosic biomass produced during cotton production. Daud et al. report
values of 58.5% cellulose, 14.4% hemicellulose, and 21.4% lignin, which makes it a
particularly attractive feedstock for thermochemical conversion processes [25].
Based on biomass classifications, cotton agricultural waste is a primary residue and
herbaceous biomass fuel [26, 27]. Cotton crop cultivation occurs between July and
February, while harvesting occurs from October to March [28]. Cotton agricultural
wastes consist of the main stem, branches, bur, boll rinds, bracts, peduncle, roots,
petioles, and leaf blades (Figure 1) left as residual biomass after harvesting the
floral cotton bolls for commercial purposes, equivalent to roughly 3–5 times the
weight of the produced cotton. The roots are 23.2% of the whole plant in average
with the measured values ranging between 14.3 and 29.1%. However, based on
observations of the amount of the soil stacked on the roots during fieldwork, it was
decided in most studies to investigate the possibility of collecting only the aerial part
of the residue, leaving the roots in the field. It was anticipated that the collected

Figure 1.
Cotton residual wastes after harvesting.
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material would be free of soil and with less moisture content. These factors would
make its storage easier and its use for energy production by thermal conversions
more attractive [29].

The separated CS consists of the main stem, branches, burs, boll rinds, bracts,
and peduncles [28, 30]. The stem has an outer fibrous bark weighing 20% of the
weight of the stalk as well as an inner pith [11, 31]. It reaches between 1 and 1.75 m
long, and the diameter above ground varies between 1 and 2.5 cm. On average
depending upon species and crop conditions, 2 to 3 tons of CS are generated per
each hectare of land annually; it’s worth noting that the moisture content was found
to drop from 50% to under 20% when the stalks were left in the field, after
harvesting, for 3 weeks [28].

According to the US Department of Agriculture (USDA), the total global pro-
duction of cotton was roughly 26.9 million metric tons for the reporting year of
2018 from August 1, 2017, to August 1, 2018, which has been relatively steady for
the last 5 years of data collection. The three largest global producers of cotton in
2018 were India, China, and the USA. India produced 6.3 million metric tons of
cotton, China produced 6.0 million tons, and the USA produced 4.5 million tons.
The remaining countries produce less than 2 million tons year�1 [32].

To determine the total CS residue or collectable dry residue from the cotton
production values, several factors are required. These are the annual production,
residue to the crop factor, dry weight factor, and the availability factor [33]. The
annual production is reported yearly by each respective country and collected by
the USDA [32]. The residue factor is based on the ratio of the fresh weight of
residue to the grain weight harvested at field moisture. It describes the relationship
between crop grown for product and the residual biomass leftover after harvest.
The relationship is specific to the type of crop variety [33, 34]. As mentioned
previously, the residue typically weighs three to five times the harvested cotton
[31]. Klass and co-workers estimate the residue factor to be 2.45 [33]. The avail-
ability factor is based on the end use of the CS residue and howmuch is available for
collection. The availability of crop residues may be limited due to tilling some
residues into the soil to reduce erosion risk; to provide structure; to preserve fertil-
ity; to use as a fertilizer, as fibrous material for various agricultural uses; or to feed
to livestock [34]. Therefore, it can be best described as the sustainable removal rate
of a residue [35]. Typically, in areas with low SOC, more crop residues will be tilled
into the soil, while in areas with high SOC, more crops can be sustainably removed
[34]. Many studies assume roughly 25% of total available agricultural residues can
be recovered; however, recovery percentages may be higher or lower depending on
the crop [35, 36]. It is estimated that in the USA, up to 70% of the residues are tilled
back into the soil for nutrient cycling and soil health, whereas in India 15% is used
for fuel, while the remainder is burned in the field [28, 30]. Klass et al. report a
residue factor of 0.6 for cotton agriculture. Lastly, the dry weight factor is the
amount of moisture in the freshly harvested cotton residue. Therefore, collectable
dry biomass can be calculated with all of these values [33]. It is worth noting that
harvesting crop residues for energy has been shown to be efficient and the energy
required to collect and process residues is a small percentage of the energy content
of the residue itself [37].

3. Characterization of cotton stalks for determination of
energy potential

In order to get an overview of the main fuel properties of cotton stalks, proxi-
mate as well as ultimate analyses need to be performed. Schaffer et al. [24] com-
pared data from cotton stalks to data for wheat straw and beechwood (Table 1). In
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comparison with wood, the agricultural by-products are characterized by higher ash
contents. The lower heating value (LHV) of dry cotton stalks is equivalent to poor-
quality wood and varies from 16.4 to 18.26 MJ/kg [38]. Compared with wheat straw
(LHV of 17.28–18.41 MJ/kg [38]), the cotton stalk can be considered as a biofuel
with respect to its energy content. However, a clean and energy-efficient utilization
in combustion plants is counterindicated by high contents of elements like Cl, K,
and Na that decrease the ash melting point of SiO2 and lead to fouling and corrosion
in the boiler plant. Although straw and stalks are, therefore, not suitable for con-
ventional combustion plants, low-temperature thermochemical conversion could be
applied with the effect to yield biologically stable biochar containing the critical ash
constituents and also plant nutrients, while the ash-free volatiles can be used in
high-temperature conversion routes such as combustion in gas boilers or cofiring in
pulverized coal boilers. In this respect, it is important to notice that the fixed carbon
content obtained in the proximate analysis is higher for cotton stalks than wheat
straw and beechwood. This observation holds true also when looking at other fuel
samples available in the literature cited in Table 1. Furthermore, it is seen that
cotton stalks possess high amounts of carbon (47.05%) and oxygen (40.77%) and its
composition is relatively similar to wheat straw and wood. The presence of these
elements in biomass leads to more char formation as well as to the high calorific
value of the product. Therefore, because cotton stalks, wheat straw, and wood have
high carbon and oxygen contents, they are suitable for energy production and could
be combined with the supply of biochar.

Proviso studies have shown that raw CS provides higher combustion efficiency
and longer burn time than some other agricultural residuals; furthermore, the
energy needed to collect and process these residues is a small percentage of the
energy contained within them [11]. To summarize, cotton stalk can be considered a
typical biofuel with respect to its energy content.

4. Bioenergy conversion technologies

Bioenergy carriers are solid, liquid, or gaseous fuels which can be obtained from
the available technologies. Liquid fuels are commonly used in transportation vehi-
cles but can also be used in stationary engines especially turbines. Solid fuels are

Properties Unit Basis Biomass

Cotton stalks Wheat straw Wood (beech)

Proximate analysis Ash wt% Dry 5.51 4.35 0.82

Volatile matter wt% Dry 73.29 79 84

Fixed carbon wt% Dry 21.20 17 15

Ultimate analysis Carbon wt% Dry 47.05 47.82 48.26

Hydrogen wt% Dry 5.35 5.29 5.80

Nitrogen wt% Dry 0.65 0.47 0.29

Sulfur wt% Dry 0.21 0.08 0.03

Oxygen wt% Dry 40.77 41.59 44.80

Lower heating value (LHV) MJ/kg Dry 17.1 17.7 17.4

Representative values based on analyses reported in the literature [29, 38, 39]

Table 1.
Fuel properties of cotton stalks, wheat straw, and wood on a dry basis.
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directly combusted to obtain heat, power, or combined heat and power (CHP).
Gaseous fuels can be applied to the full range of end uses. As CS calorific value is
equivalent to poor-quality woody biomass. A method of increasing the calorific
value of the feedstock while simultaneously utilizing the residue is the technological
processing through thermal and bioconversions to yield high-energy-content prod-
ucts which can be more easily transported and stored for use at a later time [11, 22].
CS can be converted into several useful forms of energy using different processes
(conversion technologies). Bioenergy is the term used to describe energy derived
from CS feedstocks. Several processing steps are required to convert raw CS into
useful energy using mainly the two main process technology groups available:
biochemical and thermochemical. Biochemical conversion encompasses two pri-
mary process options: anaerobic digestion (to biogas) and fermentation (to etha-
nol). For the thermochemical conversion routes, the four main process options
presented here are pyrolysis, gasification, combustion, and hydrothermal
processing (basically hydrothermal carbonization (HTC)). Figure 2 provides a
broad classification of energy conversion processes for CS.

4.1 Thermochemical conversion

Thermochemical conversion of biomass is the process of utilizing heat and, in
some cases, chemical reagents, to create more energetically useful products. The
output from the process is heat, gaseous, liquid, or solid fuels [40]. The four major
thermal processes for converting biomass to useful energy are combustion, gasifi-
cation, pyrolysis, and hydrothermal processes (see Figure 2). Hydrothermal pro-
cesses summarize three distinct processes such as hydrothermal carbonization,
liquefaction, and gasification. Hydrothermal carbonization is the process which fits
best to cotton stalks and is the most developed, and therefore the focus is here on
this conversion route. Pyrolysis, gasification, and combustion can be seen as state-
of-the-art technologies, although not implemented in demonstration scale for cot-
ton stalks yet. All processes can be implemented in similar plant configurations (fix
bed, fluidized bed, entrained flow). Pyrolysis seems to be the most promising
thermochemical conversion route due to its robustness, flexibility, and the possi-
bility to provide a method to recover nutrients. Thus, pyrolysis is described in
more details.

Figure 2.
Schematic diagram of the processes of energy conversion of cotton stalks.
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4.1.1 Combustion

Combustion, or direct burning, of biomass consists of full oxidation of combus-
tibles in air or oxygen-enriched air. Generally, biomass combustion produces a
variety of pollutants and particulate matter (PM), as well as flue gas which requires
special treatment of unburned particles. In comparison to gasification and depen-
dent on the feedstock used for fuel, combustion can release the acid rain contribut-
ing pollutants sulfur oxides (SOx) and nitrogen dioxide (NO2) at roughly 40 times
and 9 times, respectively [41]. Combustion of biomass with high ash content has
several drawbacks in comparison with low-ash biomass. The remnant ash content is
left deposited on the internal heating surfaces, which forms slags and causes fouling
to the process, affecting the heating rate negatively and decreasing process effi-
ciency [9]. The inorganic compounds in the biomass feedstock may lead to an
increase in particulate matter (PM) concentrations, such as crystalline silica, which
has detrimental health effects in the air [9, 42]. With consideration to the detri-
mental impacts of ash on combustion processes, the ash content of the CS is rela-
tively high with 5.5 wt% db. Although straw and stalks are, therefore, not suitable
for conventional combustion plants, the ash problem can be avoided by separating
it into biochar through pyrolysis at low temperatures prior to combustion [9]. This
can be also done by air staging in the boiler to separate the oxidation of the gases
from contact to the ash. However, it has been reported in a number of studies that
CS provides the highest burning efficiency and longest burn time compared to corn
stover and soybean residues. The greater the density, the longer the duration of
combustion. This could lead to the necessity to pelletize the feedstock for certain
applications. In the study by Coates [37], it was shown that cotton plant residue
could be incorporated with pecan shells to produce commercially acceptable bri-
quettes. However, changeover of the existing factories to facilitate utilization of CS
would require an initial infusion of capital. This should be compensated by lower
raw material costs in a reasonable period of time.

4.1.2 Gasification

Gasification is the thermochemical conversion of biomass by partial oxidation
with O2 and the reformation by steam, carbon dioxide, or other gasification agents,
producing syngas as a chemical product or fuel. The biomass is exposed to less O2

than in combustion but more than in conditions of pyrolysis. Gasification may be
allo- or autothermal; therefore, the heat required for endothermal processing is
provided by ex or in situ combustion of char or gas [43]. Gasification is one of the
most efficient methods for converting the chemical energy stored in biomass into
heat and other useful forms of energy. Estimates of overall exergetic efficiency
range from high estimates between 80.5 and 87.6% [44]. It is closely related to
pyrolysis, in which both processes undergo devolatilization of biomass in the
absence of O2 or air to yield suitable products for energy without entire combustion.
However, the process is optimized for maximum gas yield through oxidation and
subsequent reduction [41, 44]. Gasification is processed at temperatures of typically
750–900°C for fixed and fluidized bed, 1200–1500°C for entrained flow, and up to
3000°C for plasma applications.

The products yielded by gasification include a high proportion of gases, namely,
carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), water (H2O),
hydrogen (H2), gaseous hydrocarbons, minimal char residue, and condensed oil and
tar. An oxidizing agent is added to the reaction in the form of air, O2, or steam; and
the gaseous tar or oil in the gas is condensed to acquire the desired product,
producer gas. The gas may have a low energy content for autothermal operation,
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between 3 and 5 MJ/m3, 10% of the heating value of natural gas; however, it is
enough to power gas engines and increases the value of feedstocks that would
otherwise be considered wasteful [41, 44]. For allothermal operation heating values
of 12–14 MJ/m3 are achieved. The relatively low temperature of the process leaves a
char residue, which can subsequently be gasified through burning it at a high
temperature, such as at 1000°C, while simultaneously injecting steam into the
process. This breaks down the steam into oxygen (O2) and hydrogen (H2) which
react with the carbon (C) from the char to create CO and H2. By using O2 rather
than air, high-quality syngas can be produced from the CO and H2 yield of the
reaction, after impurities such as sulfur (H2S), ammonia (NH3), and tar have been
removed. This syngas has the potential to be synthesized into methanol (CH3OH), a
high value liquid fuel, as well as other types of hydrocarbon compounds through the
Fischer-Tropsch process. The efficiency of the overall process varies from 40% in
simple designs to roughly 75% in processes which are well designed [41]. Allesina
et al. [45] indicate that cotton residue gasification represents the basis for local
circular economy models.

4.1.3 Pyrolysis

Pyrolysis is the process of thermochemical decomposition of a substance in the
absence of O2 [46]. Pyrolysis is a similar process to gasification; however, gasifica-
tion controls the O2 more precisely and generally; pyrolysis produces a significantly
larger portion of biochar and is therefore sometimes called carbonization [47].
Pyrolysis is typically operated at 400–600°C. Pyrolysis produces a bio-oil liquid
which can be used directly as a fuel and as a pretreatment intermediate step for
converting biomass into a high-energy liquid which may be processed for power,
heat, biofuels, and chemicals. Compared to the other technologies, pyrolysis is
expected to offer more versatility, environmental stewardship, and higher effi-
ciency [48]. Economically, periods of the energy crisis and fluctuating prices and
availability have made biomass pyrolysis a more significant technology for devel-
opment and research [49].

4.1.3.1 Pyrolysis product yields

Cotton stalk pyrolysis in a fixed-bed reactor has been studied to demonstrate
products yield variation for different temperature regions [50]. They indicate that
temperature increase from 650 to 800°C favored gas production, while char pro-
duction decreased from 66.5 to 26.73 wt%, as the temperature increased from 250 to
650 C. This effect can be thought of as more volatile material being forced out of the
char at higher temperatures, thereby reducing yield but increasing the proportion of
carbon in the char. As far as the liquid fraction of the products is concerned, there is
an optimum temperature at which maximum oil yield obtained (41% at �550°C).
Further temperature increases resulted in tar and liquid cracking into gases, and
hence a high gas production is achieved. Similar results are also reported by [51].
The higher heating value (HHV) of pyrolysis oil is 16–23 MJ/l compared to fossil
fuel which is 37 MJ/l. Pyrolysis oil has a low pH value of around 3, which must be
taken into account in its handling and use. The (hydrophilic) bio-oil has water
contents of typically 15–35 wt%. Typically, phase separation does occur when the
water content is higher than about 30–45%.

4.1.3.2 Pyrolysis system

Pyrolysis reactors can be operated in continuous or batch mode. Typical contin-
uous pyrolysis reactors include fluidized-bed pyrolysis, auger/screw-type
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pyrolysers, and rotary kilns. These reactors involve continuous input of feedstock
and output of biochar, bio-oil, and syngas and often result in higher biochar yields
and operational efficiencies than batch processes [52]. Compared to batch reactors,
continuous reactors are more complex and expensive to design and operate and
may require a reliable source of electricity [52, 53]. Therefore, continuous reactors
are ideal for medium- to large-scale biochar production systems relying on central-
ized large quantities of feedstock. Additional information about the particularities
of different pyrolysis systems can be found in the literature [48]. Nevertheless,
some continuous reactor types are suitable for application in small to medium
scale, too [53–56].

For the present study with cotton stalks as the feedstock, the continuously
operated, indirectly heated rotary kiln reactor has been recommended according to
Figure 3. The reasons for this decision are:

• The technology is robust and industrially proven not only for biomass but also
for waste [57].

• Small- to medium-scale technology is readily available for distributed
application in cotton-producing countries.

The elements chlorine and potassium, which are critical for combustion
systems, remain quantitatively in the pyrolysis char fraction [55], and about 50% of
the primary fuel energy can be exported with the gas and oil fraction, while less
than 50% of the primary fuel energy stays in the char fraction. Thus, if the char is
not further converted but returned to the soil, the problematic compounds may
even have positive effects as nutrients and the related carbon will not be released as
CO2. Therefore, researchers consider the potential application of the pyrolysis
char as a soil additive to increase crop yield [56, 59] or as a negative emission
technology [24, 60].

Figure 3.
Example of an indirectly heated rotary kiln pyrolysis process scheme [58].
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4.1.3.3 Char utilization from cotton stalks for sustainable soil enhancement
and carbon storage

Currently, the cotton stalks are often burnt on the fields causing high local
pollution. However, the solid residues of the stalks remain on the field supplying
nutrients. The same effects can be reached by the application of biochar from stalks.
Cotton crops typically grow in hot regions on sandy soils, where biochar addition
has been reported to enhance the soil fertility [59]. Mild conversion conditions
below 600°C avoid ash melting and keep nutrients available for microorganisms
and plants. With respect to the carbon storage effect, biochar from pyrolysis at
>500°C shows sufficiently low O/C ratios to promise longevity in the soil [61].
Generally, slow pyrolysis is preferred for increased char yield [40]. The steady-state
process simulation environment IPSEpro was used by Schaffer et al. [24] to assess a
virtual pyrolysis conversion of cotton stalks, and they indicated that 52.8% of the
carbon contained in the biomass accumulates in the biochar, whereas 38% of the
input energy can be exported as heat energy at temperature levels suitable for
electricity generation or industrial heat supply. The pyrolysis char shows a low
molecular O/C ratio of 0.07 and an H/C ratio of 0.26. The expected half-lives of
biochar in the soil are in the order of 1000 years for O/C ratios below 0.2. This
makes the presented approach an interesting low-tech negative emission option.
The predicted net negative emissions through stored carbon amount to 2.42 t CO2

per hectare and year (Figure 4). The overall CO2 emission avoidance effect can be
increased if fossil fuel is substituted by the energy exported from the pyrolysis
process.

From Figure 5 one can see that 52.8 wt% of the total amount of carbon stored in
cotton stalks is converted to char. Furthermore, the inorganic matter contained in
the char, which includes important nutrients, remains in the char. The nutrients are
then available for the new generation of plants if the char is used as soil additive.

The remaining part of carbon in pyrolysis gas and oil can be used for energy
production as shown in the energy flow diagram in Figure 6. Energy streams are

Figure 4.
Net carbon removal from the atmosphere through pyrolysis of cotton stalks and soil application of the pyrolysis
char [24].
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assessed based on the lower heating value and sensible heat with a reference
temperature (sensible heat of zero) of 273.

In conclusion, the use of agricultural wastes such as cotton stalks in distributed,
small- to medium-scale, energy-autonomous pyrolysis plants will allow for quasi-
permanent soil storage of a part of the carbon contained in the biomass without the
need for CO2 storage sites. As a side-effect, it is expected that soil quality can be
maintained and even improved by the application of biochar.

4.1.4 Hydrothermal carbonization

Nowadays hydrothermal carbonization is mentioned as a promising technology
to convert biomass into a high-quality bioproduct, namely, hydrochar, as well as
process water to recover nutrients (e.g., P, N, K, Si, etc.). Carbonization depletes
compounds rich in oxygen and hydrogen and thereby increases the carbon content
in the coal compared to the starting material. The depleted compounds are found
essentially in the so-called process water and at low levels in the resulting process
gas again. The product hydrochar is more hydrophobic than the source material,

Figure 5.
Carbon mass flow diagram for an indirectly heated rotary kiln pyrolysis process without condensation of
pyrolysis oil [24].

Figure 6.
Energy flow through an indirectly heated rotary kiln pyrolysis process without condensation of pyrolysis oil [24].
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and the drainage is less energy intensive than the dewatering of fresh biomass. In
addition, essential reactions are exothermic, and upon carbonization, after initial
energy input, heat energy is released. Due to the increased carbon content of the
hydrochar, the heating value increases. The hydrothermal carbonization, e.g., of CS,
kills the eggs of the pink bollworm and other pathogens. There is still a need for
research in the area of reduction of impurities and in the accumulation of nutrients
in the coal. The distribution of nutrients between the solid, liquid, and gaseous
phase can be adjusted via the process conditions (pressure, temperature, residence
time, heating rate, pH, additives, catalysts, etc.). The considered process is
shown in Figure 7.

Al Afif et al. [62] investigate the use of HTC in the production of hydrochar
from CS. They concluded that hydrothermal carbonization is a promising conver-
sion technology to provide bioenergy from CS. And there was a strong dependence
between the residence time and the char quality, as the LHV of the hydrochar
from CS increased with increasing residence time, whereas the total amount of
hydrochar was decreased.

4.2 Biochemical conversion

Cotton stalk, as lignocellulosic biomasses, is difficult to hydrolyze due to its
complex structure and a large amount of lignin present in it. Basic steps involved in
bioconversion process of lignocellulosic biomass are pretreatment (physical, chem-
ical, biological, and their combination) for cell wall destruction for biogas produc-
tion, hydrolysis (acid or enzymatic) for soluble sugar release, and fermentation
(bacteria or yeast) for ethanol production. Due to recalcitrant nature of lignin and
its binding with holocellulose, a pretreatment step is required for fractioning of
different cell wall components. Pretreatment exposes the cellulose surface for
enzymatic attack and improves enzymatic digestibility and subsequent processes.
Pretreatment identifies one of the major economic costs in the biochemical conver-
sion process [63]. Generally, both process routes as discussed in the following are
technically feasible, but techno-economic assessments are missing.

4.2.1 Ethanol production

The six-carbon sugars, or hexoses, glucose, galactose, and mannose, can be
fermented to ethanol by many naturally occurring organisms. Baker’s yeast, or
Saccharomyces cerevisiae, has been traditionally used in the brewing industry to
produce ethanol from hexoses. Recently, engineered yeasts have been reported to
efficiently ferment xylose and arabinose, as well as mixtures of xylose and arabi-
nose. In order to effectively utilize cotton stalk as a feedstock for ethanol

Figure 7.
System boundaries of the considered hydrothermal carbonization process.
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production, optimal pretreatment is required to render the cellulose fibers more
amenable to the action of hydrolytic enzymes. Generally, alkaline pretreatment is
found to be more effective on agricultural residues and herbaceous crops such as
cotton [64]. Christopher et al. [65] indicate that a hydrolytic efficiency of 80% was
achieved for alkali-treated biomass using cellulase supplemented with beta-
glucosidase and concluded that cotton stalks have great potential as a bioethanol
feedstock.

4.2.2 Biogas production

Anaerobic digestion is a technology widely used for treatment of organic waste
for biogas production. Biogas is a combustible gas derived from decomposing bio-
logical waste in the absence of oxygen. Biogas normally consists of 50–60% meth-
ane. It is currently captured from landfill sites, sewage treatment plants, livestock
feedlots, and agricultural wastes. There were only a few studies on the subject of
biogas production from cotton wastes. Isci and Demirer [23] studied the biogas
production potential of cotton wastes. They indicated that cotton wastes can be
digested anaerobically yielding 65–86 lN CH4 kg

�1 VS (24 days)�1. A two-stage
digestion technique for biogas production from co-fermentation of organic wastes
(rice, maize, cotton) was also investigated [66]. This study indicated that under
anaerobic conditions from the main components in CS, the cell wall carbohydrates
were well preserved, while the level of soluble carbohydrate was low. Pretreatment
of lignocellulosic biomass is a necessary step to overcome the hindrance of lignin
and to increase solubilization [67]. Al Afif et al. [22] investigated the anaerobic
digestion of cotton stalk (CS) using organosolv plus supercritical (SC) carbon diox-
ide pretreatment of cotton stalks for methane production. Results indicated that
supercritical carbon dioxide pretreatment of CS is a potential option for improving
the energy output, as the pretreatment of CS samples with organosolv plus SC-CO2

increased the methane yield up to 20% compared with the untreated samples. The
highest methane yield of 177 lN kg�1 VS was achieved by pretreatment with
organosolv plus SC-CO2 at 100 bars and 180°C for 140 minutes. It is worth noting
that the quality of biogas was good and increased with pretreatment from 50 to 60%
CH4. To summarize, cotton stalks can be digested anaerobically and is a good source
of biogas; nevertheless, pretreatment of cotton stalks is a necessary step to increase
solubilization hence the methane production.

4.3 Future perspectives

This study contributes to enhancing our understanding of the feasibility of
bioenergy recovery from cotton stalks. The findings have the potential to lead to a
sustainable solution for the treatment of cotton stalks.

Figure 8.
The system boundary of coupling anaerobic digestion and pyrolysis process.
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However, for higher bioenergy recovery, a study of the techno-economic
feasibility of the integrated processes of anaerobic digestion and pyrolysis is
recommended (see Figure 8).

5. Conclusions

It has been shown in this study that:

• CS is an agricultural residue with low economic value, and there is no direct
competition to food or feed provision.

• CS contains lignin and carbohydrates, like cellulose and hemicelluloses, which
can be converted into a variety of usable forms of energy.

• CS is more appropriate for the production of energy pellets due to its woody
structure; however, due to the ash content of the CS which is relatively high
with 5.5 wt% db, the ash problem can be avoided by separating it into biochar
through pyrolysis at low temperatures prior to combustion.

• The use of pyrolysis and hydrothermal processes for CS treatment would result
in the conversion of the major amount of carbon to char, which would mean a
significant decrease in CO2 release, compared to the state-of-the-art treatment
paths. Also using biochar in the soil will reduce the need for mineral fertilizer
since nutrients return to the soil with the char.

• CS can be digested anaerobically and is a good source of biogas or fermented to
produce ethanol. However, pretreatment of cotton stalks is a necessary step to
increase solubilization hence the methane and ethanol production.

The findings have the potential to lead to a sustainable solution for the treatment
of cotton stalks. However, for higher bioenergy recovery more studies are needed to
prove the effectiveness of cotton waste utilization.
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Chapter 5

Analyzing Chemical and Physical 
Variations in Selected Cotton 
Wires at Ambient Temperatures 
and Conditions
Clara Silvestre de Souza and José U.L. Mendes

Abstract

Cotton, a hydrophilic textile fiber, has unstable characteristics and, for this rea-
son, it varies its properties according to the environmental changes. Moisture and 
temperature are the two most important factors that lead a cotton spinning sector 
and influence its quality. Those two properties can change the entire spinning 
process. Understanding this, moisture and temperature must be kept under control 
during the spinning process; once the environment is hot and dry, the cotton yarns 
absorb moisture and lose the minimal consistency. According to this information, 
this chapter was developed testing four types of cotton yarns, one kind of cot-
ton from Brazil and the others from Egypt. The yarns were exposed to different 
temperatures and moisture in five different tests, and in each test, six samples were 
examined through physical and mechanical tests: resistance, strength, tenacity, 
yarn’s hairiness, yarn’s evenness, and yarn’s twisting. All the analyses were accom-
plished at Laboratório de Mecânica dos Fluidos and at COATS Corrente S.A., where 
it was possible to use the equipment which were fundamental to development 
of this chapter, such as the STATIMAT ME, which measures strength, tenac-
ity; Zweigler G566, which measure hairiness in the yarn; a skein machine; and a 
twisting machine. The analyses revealed alterations in the yarn’s characteristics 
in a direct way; for example, as moisture and temperature were increased, the 
yarn’s strength, tenacity, and hairiness were increased as well. Having the results 
of all analyses, it is possible to say that with a relatively low temperature and high 
humidity, cotton yarns have the best performance.

Keywords: temperature, moisture, cotton yarn, yarn twisting, yarn hairiness

1. Introduction

The cotton fiber is the basic raw material for cotton spinning mills in cotton 
wires production. This fiber is the largest input material for cotton wire produc-
tion used in clothing due to mainly comfort characteristics it contains. Cotton, 
being a natural fiber, possesses several irregularities in its physical characteristics 
and plenty of impurities during harvesting and ginning process. From the cotton 
harvesting to the yarn, some processes are necessary, and they are known as the 
cotton mill process.
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The lack of quality and the incidence of imperfections on cotton wires may 
result in major financial losses for the company that produces them and for the 
client who buys them. For this reason, the objective of a successful spinning is to 
produce high quality cotton yarns, economically. It is only possible by the oriented 
and controlled utilization of the raw material in the spinning process.

The humidity and the temperature are very important factors in a textile indus-
try. Given that the cotton is a hygroscopic fiber, it is capable of absorbing a great 
amount of water, and it is necessary to keep it conditioning in an environment with 
relatively high humidity. To avoid fires or rupture accidents, the air temperature 
should be relatively medium, around 20–25°C. The humidity measured inside a 
cotton mill is, indeed, the relative humidity of the air, which means relative humid-
ity is the water vapor ratio present in the air and the percent (%) of the maximum 
possible water vapor quantity that is currently in the air. As the maximum humidity 
is temperature dependent, relative humidity changes with the temperature even 
when absolute humidity remains constant.

With the objective of analyzing cotton wires, derived from the ring spinning, 
and the effect caused by the temperature and the humidity in its manufacturing 
process, this write-up was conducted in partnership with Universidade Federal do 
Rio Grande do Norte and COATS Corrente S.A.. The analyses carried had the aim of 
testing the different behaviors presented by cotton yarns when exposed to distinct 
values of temperature and humidity. The characteristics analyzed were count, nepi-
ness, twist threads, and tensile strength. The experiments were performed in the 
COATS Corrente S.A. Laboratory of Quality Control. The tests were carried using 
three types of cotton material: Giza 88 carded, Giza 86 (carding and drawing), and 
Meridional carded. For each type of cotton, six bobbins were used. Daily analyses 
were conducted, and there were changes in the temperature and the humidity for 
each test day. After the analyzing the material and observing the results, it has been 
found that the carding and drawing wires submitted to different values of tempera-
ture and humidity presented strength and nepiness values directly proportional to 
the temperature increase.

Hence, this work was aimed to analyze physical and mechanical properties of 
cotton yarns, deriving from ring spinning, suffering temperature and humidity 
variations.

2. Bibliographic review

Cotton consists in a fibrous material surrounding the seeds of cotton, belong-
ing to the mallow family, Gossypium spp. It is used in textile industry and is a plant 
of hot weather that cannot handle cold. According to the older documents, it is 
originated in India, expanded through Iran and Western Asia, in a westerly and 
northerly direction.

Cotton can be classified in various ways, including length, type of cotton, 
uniformity of length, index or contents of short fibers (%), fineness, resiliency, 
strength, elasticity, flexibility, reliability, balance, maturity, humidity and  
regain, color, shine, and light reflectance.

With respect to mechanical characteristics of the cotton fibers, they are probably 
the most important properties, contributing for fibers behavior during the process, 
and its properties on final product. Due to their magnitude, the most important 
mechanical properties of the fibers are the tensile strength properties, its behavior 
under the application of forces, and deformities along the axis of the fiber. One of 
these, the easier to study, experimentally, is the extension (elongation), and finally 
rupture, under a load that increases in ascending order.
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The tensile strength is a measurement of the force applied in order to break 
the yarn or the fiber. For a single yarn, the strength is measured according to the 
breaking load, and when multiple twisted yarns are tested, the breaking load is also 
called tenacity. When the elongation is measured before breaking the yarn, the most 
important point to verify is the tension that every yarn may sustain, as it may be 
observed in the results. Another mechanical property tested was the rupture point, 
the necessary energy to burst the yarn.

Yarns are textile material constituted by natural or manufactured fibers, presenting 
fineness and high ratio of length, formed through various spinning operations. They 
are characterized by their regularity, diameter, and weight; the last two characteristics 
determine the count of the wire. Overall, the yarn can be defined as a grouping of 
linear fibers or filaments, which form a continuous line with textile characteristics. 
These textile characteristics include high tensile strength and high flexibility.

The staple fibers or filament wires, flat and textured, could be twisted with the 
purpose of increasing water resistance. Made from a single yarn, or inside a single 
yarn, a variety of effects in the wire may be created, Figure 1 [1].

The cotton yarns used in this study were derived from the ring spinning. The 
bobbins containing the wires were donated by COATS Corrente S.A., which manu-
factures, mainly, sewing and embroidery threads. The single yarns manufactured 
and used in the analyses were three types: Giza 88 combed (200 dtex), Giza 86 
carded and combed (220 and 222 dtex), and Meridional carded (660 dtex). For 
each analysis, six bobbins had been used for each type of cotton.

The ring spinning process occurs when the cards output the cards output fuses 
fibers and the input on a runner, where they are duplicated herewith with other 
fuses and then, join together again to form a fuse, this function is used to reduce 
mass variation per length. After that the fuses go to the roving machine in order to 
twist the fuse into a wick, and then wind on bobbins throughout a ring in a spin-
ning machine. In the final part, they go from the bobbins to the cones on the cone 
winder. The yarn made by this method is named carded yarn. With conventional 
spinning, it is also possible to manufacture a combed yarn. The difference dur-
ing the process is an addition of two more machines after carding, which are the 
Assembling Winder and the Comber, whose main function is to extract short fibers 
resulting in the production of high quality yarns, less nepiness, and higher strength, 
beside the production on very fine yarns [2].

Aiming to avoid yarns break during the spinning process, a properly humidi-
fied area and a significant cooling are necessary. The control of the room humidity 
ensures an increase in production due to a superior strength and flexibility of the 

Figure 1. 
Single twisted yarn; multiple twisted yarn; multiple twisted yarn twice twisted [1].
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textile fibers when processed between 65 and 70% relative humidity. Furthermore, 
these conditions guarantee the reduction of air dust. Most textile fibers, especially 
natural fibers, are hygroscopic, that is to say, they are capable of absorbing or 
releasing humidity. When there is the excess or lack of humidity in the environ-
ment, the fiber’s physical characteristics like weight, strength, etc., are altered. For 
example, linen and cotton show a considerable strength increase when their humid-
ity increases. The quantity of humidity in a fiber sample may be described as Regain 
or recovery, or even in terms of humidity content [3, 4].

Cotton fiber Regain may change physical properties and interfere with the capacity 
of spin of the fiber, hence altering the results. In addition, it is known that humidity 
distributions along the yarn are not homogenous; therefore, humidity changes, imper-
fections, and defect levels shall be expected. Preconditioning in a dry atmosphere for 
several days and a subsequent conditioning for, at least 24 h, are some cares that must 
be observed [5]. Thereby, any influence resulting from thermo hygrometers conditions 
is completely eliminated. Therefore, textile fibers hygroscopicity is a remarkable prop-
erty because of its effect on textile articles properties. Leonardo Da Vinci (1452–1519) 
once mentioned the property hygroscopicity  in his notebooks, imagining a scale in 
which one plate e put cotton an in the other one, an equal mass of wax.

3. Methodology

For the carried out experiments, six bobbins (100% cotton) were donated by 
COATS Corrente from four types of cotton, which were Giza 88 combed 200 dtex, 
Giza 86 carded 222 dtex, Giza 86 combed 220 dtex, and cotton Meridional combed 
660 dtex. The cotton characteristics may be checked in Table 1.

To get the analysis conducted, a refrigerator Consul, 120 l capacity, has been 
used. To take measures, a Thermo Hygrometer Oregon Scientific, temperature 
variation at −20 to 60°C and relative humidity 25 to 90%, has been chosen.

By choosing the refrigerator as a climatic chamber, some difficulties appeared; 
for example, the fact the equipment loses relative humidity to the same extent the 
temperature decreases. Also the abrupt reduction of the temperature compromised 
the research. Aiming to find the righteous temperature and humidity required by 
the chapter, there has been a lot of research conducted on the equipment intending 
to adapt the refrigerator into a climatic chamber.

After the equipment acquisition, first, analyses were made to test its capacity. The 
refrigerator has a thermostat for three different temperatures: MIN, MAX, and MED, 
as shown in Table 2. The refrigerator analyses were conducted in Laboratório de 
Mecânica dos Fluídos at Núcleo de Tecnologia da Universidade Federal do Rio Grande 

Source: Author

Table 1. 
Types of cotton used in the analysis and their characteristics.
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do Norte, and, the yarn analyses, in Laboratório de Controle de Qualidade at COATS 
Corrente, in November and December, 2010, and in February and April, 2011.

After an overall evaluation of their results, it that the temperature which 
is best suited to analyses is the temperature reached with the thermostat on 
MAX. This was owed to the coordination with Brazilian technical standard 
NBR8428, which sets out that the ambient temperature must be around 20°C and 
relative humidity 65%.

With temperature variations analyses accomplished, there was a need to keep 
constant humidity inside the refrigerator. It was complicated, since the refrigera-
tion equipment works taking off the humidity from the room where it is planning 
to refrigerate, leaving the climatic chamber dry. As there was an absence in this 
respect, it was necessary to supply it. The first analysis was carried in order to 
measure the decrease in humidity inside the refrigerator.

It could be verified, as was expected, that the temperature has dropped quickly 
inside the equipment, reaching approximately 0°C within 2 h.

Subsequently, a nebulizer has been inserted inside the refrigerator with an aim to 
increase the humidity inside the refrigerator. Nebulizer has also the task of increas-
ing the temperature and stabilizing it.

Utilizing the nebulizer, relative humidity remained stable between 54 and 57%; 
however, the temperature continued to fall. Subsequently, temperature stabiliza-
tion was analyzed. Humidity had a slight stabilization although it was considerable 
as compared with the previous day. To achieve this goal, a more complex test has 
been done. With the nebulizer turned on, the refrigerator had a small opening 
near the door, 8 cm, which permitted the equipment to exchange heat with the 
environment.

With the opening of the door, the temperature increases immediately reaching 
0°C; however, humidity remains the same. About 2 h and 17 min of experiment 
later, it can be verified that temperature ranged and after stabilized, with the door 
opened, the humidity stabilized but decreased again.

Previous reviews have proved that nebulizer can sustain a stable humidity 
although it was not enough. It was also substantiated that temperature stabilizes 
with the door opened, exchanging heat with the external environment. Therefore, 
it was decided that the standard would be the use of two beakers (500 and 1000 ml) 
and, aiming to increase the temperature inside the refrigerator from 20 to 22°C, the 
door would be opened from 8 to 16 cm.

After the temperature and humidity analysis were made inside the climatic 
chamber, the equipment has been taken to COATS Corrente in Extremoz, Rio 
Grande do Norte. In the Laboratório de Controle da Qualidade da empresa, it was 
possible to conduct other analyses regarding tensile strength, nepiness, count, and 
torsion on cotton yarns.

Table 2. 
Temperature corresponding to the thermostat position.
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Analyses and tests were carried in COATS Corrente with a time interval of 24 h, 
under the NBR 8428 standard specifications. After the confinement inside the refrig-
erator, Figure 2, bobbins follow to: count, torsion, tensile strength, and nepiness. 
Initially, with temperature 27°C, 24 bobbins were taken directly from the spinning 
mill to the Laboratório de Controle da Qualidade to conduct the analyses, in an 
atmosphere of 27°C and relative humidity 45%. Next, bobbins were placed for 24 h 
in a 27°C temperature and relative humidity 33% inside the disconnected chamber.

Regarding the equipment’s used for testing the refrigerated bobbins, the 
STATIMAT ME was used to conduct tensile strength tests on wires and for nepi-
ness, Zweigle G566 was used. The Hairiness Tester Zweigle evaluates the amount of 
irregularities per millimeter on the yarn.

The count tests were carried using a winder and an electronic scale. The winder, as 
main purpose, creates skeins from yarns wrapped on bobbins with a predetermined 
length. The COATS tests, the Giza 86 and 88 winds had 100 m long and cotton, 50 m 
long, because of its count, thicker.

During the test, a certain length was placed between the two claws of the torsion 
machine and then, one of it twists and the other gnarled the yarn.

The tests conducted in COATS were carried using company’s own standards, i.e., 
COATS quality standard.

4. Results

The main objective of the tests analyzed in this chapter was to observe physical 
characteristic behaviors of cotton yarns under temperature and humidity altera-
tions. To this end, tests were carried on the wires, varying on the fluctuation of 
temperature and the relative humidity of the air, Table 3.

4.1 Tensile strength

Tensile strength tests were divided in two: tenacity is the energy required to 
fracture or break a part of a sample and describes its ability to absorb energy before 
rupture. Elongation at fracture is also a quite important factor for the wire quality 
since it qualifies yarns as resistant or strong, and rupture force which is character-
ized by the required quantity of energy to break the wire. All tests occurred in the 
same equipment.

To analyze tenacity, a behavior already expected was shown by the bobbins but 
with higher values on the last day of tests, which means, lowest relative humidity of 
the room, due to air conditioning.

Figure 2. 
Refrigerator with the door opened in 8 cm and bobbins inside the refrigerator. Source: Author
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On the other days, the values were lower due to variation in temperature and humid-
ity. The test proved that Giza cotton has a better quality than Meridional cotton [6].

Elongation at fracture analysis has shown distinct results due to the complexity 
from the yarn. Meridional cotton, even with an inferior quality when compared with 
the other types, and a lower tenacity, presented a higher elongation, seen in Figure 3. It 
has also been evident that a combined cotton has higher elongation than a carded one.

Regarding rupture force, Meridional cotton had higher values. It is because of a 
higher count. Other analysis shown a linear behavior, almost uniform, not having force 
increase or loss, even varying temperature and humidity. As have been proved in the 
elongation test, combed cotton presented a better performance than the carded cotton.

With regard to rupture work, Meridional cotton carded 660 dtex was analyzed 
and, as its count is higher than the other types of cotton tested, Meridional shown 
a rupture work value higher than the others. The other types of cotton presented 
lower values.

4.2 Count

The count of each sample is obtained through a relation between the fuse weight 
(grams) and the fuse length (meters). The COATS equipment used provided the 
weight of the sample (grams) and automatically converted into the count fuse value.

It may be said that there were not great variations on the count medium value. 
The variations were irrelevant and they may occur because of temperature and 
humidity changes, whether by the position of the wire on the bobbin, or even by the 
torsion applied on the spinning mill. There are many reasons for this slight altera-
tion in the count value; however, the temperature and the humidity changes have 
not altered on a relevant way the bobbins medium value.

Source: Author

Table 3. 
The values of temperature and humidity for each experiment day.

Figure 3. 
Graphs related to (a) tenacity and (b) rupture force. Elongation graphs is not presented because of a similar 
behavior to tensile strength which has occurred. A similar performance occurred with rupture force and work. 
Source: Author
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Table 4 shows the quotient of count variation and standard deviation. It may 
be seen through these values that even with this slight modifications, there was no 
major changes in the medium final result, and therefore it may be concluded that 
temperature and humidity alterations have not affected considerably the count.

4.3 Torsion

Torsion process was similar to the count process. An arithmetic mean was 
carried after analyses in each of every six bobbins. To create the torsion pattern, a 
quality control table from COATS has been used, and it can be seen in Table 4.

Torsion analyses were carried through a torsion machine. The edge of the strip 
value is important to close the torsion because it is the maximum point which can be 
twisted and gnarled.

The behavior related to the torsion was similar to the count. There were no 
expressive variations, except for Meridional cotton; however, this is due to a major 
part of its formation at the spinning mill and the shape from the bobbins where it is 
wrapped on.

4.4 Nepiness

Nepiness testes conducted on yarns have revealed higher temperature and 
humidity influence on count and torsion.

For example, being a noble cotton, Giza 88 presented lower values for nepiness 
in all tests, mainly, when exposed to a lower temperature.

Even being a carded wire, Giza 86 presented an adequate behavior related to 
nepiness. Similar as happened with Giza 88 carded, Giza 86 has shown less neps on 
the second and third days. This is due to humidity decreased on the second day and 
temperature decreased on the third day.

Even passing through the combing process, which removes short fibers parallel-
ing yarns, combed Giza 86 presented a great quantity of neps, and the appearance 
of 12-mm long fibers could still be noticed. Due to combing process, long fibers 
remained and short fibers are eliminated.

Being thicker and having a higher count value than the other types of cotton 
tested, Meridional cotton wires presented a different perspective in other analyses. 
This yarn showed a higher short fibers quantity and a negligible amount of long 
fibers. This fact is due to carding process, which do not remove short fibers like the 
combing process.

Source: Author

Table 4. 
Values of count medium variables for each of four cotton types.
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5. Conclusion

From the realization of the tests that rendered graphs and tables, some conclu-
sions could be obtained:

a. Yarn Giza 86 presented different results for carded and combed wires. This is 
because the combed yarns become more resistant to traction than the carded wire, 
since short fibers are removed.

b. Count and torsion have not shown significant alterations proving that the 
temperature and the humidity do not influence these characteristics. However, 
if humidity value was higher than the one used in the test, it could have been 
assigned another perspective, regarding the count.

c. The results obtained with the Hairiness tester were directly proportional 
to the data obtained from the tensile strength test, in other words, the lowest 
is the resistance to traction, the highest is the short fibers quantity. That result 
can also be compared with the temperature results, so with the temperature 
increased, it has been and increasing of both parameters.

d. Cotton Giza 88 and Giza 86 combed have the best results for all the analyzed 
parameters, this is due to both yarn are combed.

e. Cotton Giza 86 combed has shown to best performer to all parameters analyzed, 
and it has proven the best for the final purpose, that is to say, sewing thread.

f. Meridional cotton, having a higher count value (thicker), has shown that a 
higher tensile strength to break as well as a superior resistance to the other are 
necessary. Due to its count value and stronger characteristics, it could not be 
used or delicate yarns, being used as rustic sewing threads.
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