
ABSTRACT 

VERA VERA, RAMON EDUARDO. Upcycling Textile Waste into Biobased Chemicals and 

Production of Dissolving Pulp from Non-wood Feedstocks. (Under the direction of Dr. Ronalds 

W. Gonzalez, and Dr. Hasan Jameel). 

 

The textile industry is highly polluting and contributes to 10% of global emissions. The 

linear model of make-use-waste is prevalent, with 85% of textile products ending up in landfills 

or being burned. Textile production requires large amounts of resources and energy, and the use 

of dyes generates harmful effluents. Natural fibers (e.g., cotton) and non-degradable synthetic 

fibers (e.g., polyester) are the main raw materials, with synthetic fibers accounting for over 60% 

of the share. With the non-biodegradability of synthetic fibers and the increasing textile landfilling, 

there is a growing need to extend the end-of-life of textile products and adopt a circular economy 

approach. 

Besides recycling, several approaches have been intended for upcycling textile waste but the 

separation of fibers from the common fiber blends (natural and synthetic) is one of the main 

challenges to either reuse or transform textile waste in value-added products. This study considers 

the implementation of sustainable technologies where the enzymatic hydrolysis of cotton is used 

to produce glucose as a precursor of bioproducts while also obtaining polyester fibers as a 

subproduct to be recycled from textile wastes. Moreover, this work evaluates the use of non-wood 

feedstocks (e.g., agricultural residues) to produce dissolving pulp for making textile natural fibers 

and mitigate the overuse of synthetic ones.  

This work has conducted systematic research divided into the following studies:  

The first study shows a literature review on key challenges and opportunities to transform 

cotton textile waste into building blocks (e.g., glucose) via enzymatic hydrolysis. This work shows 

that enzymatic hydrolysis requires pretreating the textile material in order to get acceptable yields 



for feasible textile conversion processes. This review found that dyes in textile can inhibit the 

effect on enzymatic hydrolysis of textile wastes. Moreover, this study reveals that current 

pretreatments reported in the literature require high chemical, high energy, and extremely high 

enzyme dosage to get reasonable conversion yields. On the other hand, mechanical refining was 

identified as a chemical free pretreatment in enzymatic hydrolysis process for lignocellulosic 

biomass but never reported for enzymatic hydrolysis of textile wastes. Thus, mechanical refining 

was suggested as a pretreatment method to understand its impact on chemical, energy, and enzyme 

usage in the enzymatic hydrolysis of textile wastes.  

The second study conducted findings from the literature review to determine the 

effectiveness of mechanical refining as a pretreatment for enzymatic hydrolysis of undyed cotton 

textile wastes. This work focused on the critical impact of mechanical refining intensity on 

conversion yields and fiber morphology modification. This study found that increasing the 

intensity of mechanical refining significantly improves the surface area of the cotton fibers, 

enabling better enzyme adsorption on the cellulosic fibers. Thus, a substantial improvement in the 

enzymatic conversion of cotton into glucose was achieved at low enzyme charges, low energy, 

and non-chemical usage. Findings from this work demonstrate the effectiveness of mechanical 

refining as a pretreatment for enzymatic hydrolysis of undyed cotton textile wastes. 

The third study shows a more realistic assessment when converting dyed textile wastes into 

glucose via enzymatic hydrolysis.  Dyes are corroborated to have a negative effect on the 

enzymatic hydrolysis of dyed textile waste when mechanical refining is used as pretreatment. The 

inhibitory effect of dyes on enzyme performance was found to change based on the type of dye, 

where reactive dyes could be the most impactful in inhibiting the enzymatic conversion of cotton. 

This study demonstrated that total-chlorine free oxidation treatments, such as ozone and alkaline 



hydrogen peroxide, degrade and extract the dye from cotton textile waste. Thus, a fully decolored 

textile can be obtained with enzymatic conversions of up to 90% while using low enzyme, 

chemical, and energy use. Besides extracting the dye helps, this study found that mechanical 

refining is essential to obtain high yields in the enzymatic hydrolysis process of dyed textile wastes.  

The fourth study is focused on evaluating the economic feasibility of producing glucose 

from textile waste via enzymatic hydrolysis when mechanical refining is used as pretreatment. A 

techno-economic assessment was assessed to four different scenarios where the nature of the 

textile waste changed as follows: I) 100% undyed cotton waste, II) 100% dyed cotton waste, III) 

50/50 undyed/dyed cotton, and IV) 50/50 dyed cotton/dyed polyester. Results from this work show 

economic feasibility to produce glucose while recovering and recycling decolored polyester as a 

valuable subproduct. The minimum selling price per glucose metric ton is found to be 300 USD 

where the price of polyester was found to play a significant role in economic feasibility. The 

polyester selling price used in this work is conservative (270USD/ton), considering that recycled 

polyester prices can be above 500USD/ton. 

The fifth study considers the use of non-wood feedstocks to produce dissolving pulp for 

textile making purposes. Wheat straw, switchgrass and hemp hurd has been considered as non-

wood feedstock to be converted into dissolving pulp via Sulfur-Ethanol-Water (SEW) pulping 

process. This study shows that pulp with a high purity of cellulose (higher than 92%) can be 

achieved while meeting requirements for viscose grade pulp that could be suitable for either Rayon 

of Lyocell processes for textile making.  Considering the high share of polyester fibers and the 

limited production of cotton to supply the increasing textile fiber market, non-wood feedstocks 

showed potential for dissolving pulp production.   
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1. INTRODUCTION  

1.1.Textile wastes generation: A concerning environmental problem and an opportunity to 

implement circular economy. 

 

The textile industry is one of the largest and most polluting industries globally as it consumes 

exuberant amount of water, energy, and other primary sources (e.g., cotton, petroleum, etc.) for 

producing a single product like a T-shirt (Grover, 2018). This is an important environmental issue 

considering that textile products are nowadays produced rapidly and cheaply, encouraging 

consumers to buy indiscriminately to then dispose of them quickly (Chavan RB, 2014; Grover, 

2018). Thus, the amount of generated post-consumer textile waste is increasing at an alarming rate, 

which has resulted in more than 100 million tons of textile waste being generated across the world 

every year (Bick et al., 2018; Pandit et al., 2018; United States Environmental Protection Agency, 

2021). More concerningly, 85% of these wastes are either landfilled or burned, taking up valuable 

space and releasing greenhouse gas emissions that contribute to climate change along with 

promoting prominent soil and water pollution because of leaching toxic chemicals (e.g, dyes) while 

degrading (Pandit et al., 2018; Shen et al., 2010),. 

Recycling and upcycling textiles can help reduce waste and extend the lifespan of clothing 

items resulting in a decrease of post-consumer textile landfilling (Damayanti et al., 2021). 

However, nowadays there is a lack of effective and feasible recycling practices reflected in the fact 

that only 15% of textile waste is recycled (Pandit et al., 2018; Shen et al., 2010). As a result, 

alternative upcycling methods, like enzymatic hydrolysis of cotton textile waste, have emerged to 

produce biobased and value-added chemicals (Piribauer et al., 2021; Shojaei et al., 2012). These 

enzymatic methods can also be an effective pathway to separate natural or cellulosic fibers (e.g., 
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cotton) out synthetic ones, resulting in a potential opportunity to implement a circular economy 

with the post-consumer textiles (Li et al., 2019a; Subramanian et al., 2020).  

 

Cotton and other cellulosic fibers represent ca.35% of the fiber share in textile products while 

synthetic fibers represent ca. 65% (Sandin and Peters, 2018). These cellulosic fibers can be 

hydrolyzed with enzymes to produce glucose, an important building block for biobased products 

(Sasaki et al., 2019; Werpy and Petersen, 2004; Yousef et al., 2019) . Figure 1-1 shows a schematic 

of several biobased products that could be synthesized from glucose; some of them having a 

premium price of up to 8,000 USD per ton (Bozell and Petersen, 2010; Werpy and Petersen, 2004). 

On the other hand, an effective conversion of cotton via enzymatic hydrolysis could lead to an 

effective recovery of synthetic fibers from textile products made of fiber blends (typically 

cotton/polyester), thus promoting, and increasing the recycling of synthetic fibers (Li et al., 2019b; 

Subramanian et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Schematic representation of value-added chemicals that can be produced from glucose 

obtained from cotton textile wastes via enzymatic hydrolysis. 
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1.2.Enzymatic hydrolysis as a pathway to produce biobased chemicals from cotton textile 

waste. 

The main component of natural fibers used in the textile industry is cellulose (Heinze and Rojas, 

2016). Cotton is particularly pure cellulose, and its enzymatic hydrolysis is a process that uses 

enzymes to break down the polymeric structure of this cellulosic material into glucose, its 

monomeric component (Hafyan et al., 2020; Kapanji et al., 2019; Kohli et al., 2019; Kwan et al., 

2018a; Magalhães et al., 2019; Özüdoğru et al., 2019; Sadhukhan et al., 2016). Glucose can be 

further processed into a variety of biobased products (Hafyan et al., 2020; Sadhukhan et al., 2016; 

Schmidt et al., 2017). For example, glucose can be fermented into ethanol, which can be used as a 

biofuel. Also, this building block can be used as a feedstock to produce chemicals such as lactic 

acid, which is used in the production of biodegradable plastics (Kohli et al., 2019; Kwan et al., 

2018b) (Figure 1-1). Although the concept of converting cotton textile waste into glucose is 

attractive, several challenges exist regarding the sustainable and feasible enzymatic conversion 

processes. Contaminants such as finishing chemicals, metals and textile dyes must be considered 

due to their potential inhibitory effect toward enzyme performance (Buschle-Diller and Traore, 

1998; Zambrano et al., 2021). Thus, pretreatments are required to deal with those contaminants but 

also to modify fiber and cellulose morphology to improve the enzyme’s effectiveness (typically 

cellulases) and obtain reasonable yields in the enzymatic conversion process of textiles (Daramola 

et al., 2020). Moreover, due to the high cost of enzymes, these pretreatment pathways must be 

capable of promoting an effective enzyme and chemical usage besides having acceptable energy 

consumption.   
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1.3.Non-wood feedstocks as a source for natural textile fibers. 

 

As previously mentioned, synthetic fibers dominate the fiber market share in the textile 

industry. Thus, this type of fiber can represent a concerning issue when textiles are landfilled 

because of their non-biodegradability and their petroleum-based carbon emissions if burned. More 

importantly, because of the ever-increasing textile production, cotton supply is not enough to meet 

market demands due to cotton production has reached its maximal capacity and declined 4.1% 

during 2012-2013 due to the shrinkage of cotton growing land (Ma et al., 2016). Thus, it is essential 

to implement alternative sources for natural fibers that can replace and compete with current market 

fibers in terms of price, performance, and environmental footprint, especially in the case of 

synthetic fibers, which have a significant carbon footprint associated with their use and landfilling 

(Dissanayake and Weerasinghe, 2021).  

Non-wood feedstocks, namely agricultural residues like wheat straw and planted sources such 

as bamboo or switchgrass, are emerging as potential fiber sources for dissolving pulp production 

(Huang et al., 2019; Jahan et al., 2021; Ribas Batalha et al., 2012). Dissolving pulp refers to a low 

yield (30-35%) pulp with a high content of cellulose (>90%), and low amounts of lignin (<0.1%), 

hemicelluloses (<2.5%), and ash (<0.1%). Dissolving pulp is also characterized by a proper degree 

of polymerization (DP) with a narrow distribution, which targeted range depends on the dissolving 

and regeneration process (e.g., viscose) (Bajpai, 2014, 2009). By matching these requirements, 

dissolving pulp is suitable for dissolving, regeneration and fiber spinning for textile production 

(Chen et al., 2016; Duan et al., 2015; Liu et al., 2019).  
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1.3.1. Conversion technologies to attain dissolving pulp. 

Undesired components like hemicellulose, lignin and ash must be extracted from the feedstock, 

typically utilizing conversion processes that promote the purification of the cellulose (Bajpai, 2014, 

2009). In this context, conventional conversion technologies are pre-hydrolysis Kraft, and acid 

sulfite pulping (Figure 1-2). These methods account for about 85-88% of the total dissolving pulp 

market led by wood-derived cellulose (Heinze et al., 2018). Factors identified to significantly affect 

both processes include raw material characteristics, processing conditions such as temperature, 

time, and the type and concentration of chemicals used in the various pulping process stages 

(pretreatment, pulping, and posttreatment) (Balkissoon et al., 2022). 

 

Figure 1-2. Conventional pulping processes for dissolving pulp production. 

 

-Pre-hydrolysis Kraft (PHK): This pulping method is responsible for 56% of global dissolving 

pulp capacity (Jiang et al., 2020). Compared to acid sulfite, PHK can control better the degree of 

polymerization and viscosity, which are crucial dissolving pulp properties (Li et al., 2012). PHK is 

normally used to produce viscose-grade dissolving pulp (Duan et al., 2015). This process consists 

of two stages (Figure 1-2): an acid stage (with water or H2SO4) to hydrolyze and solubilize 

undesired carbohydrates (hemicelluloses) in their monomeric (sugar) form (e.g., xylose, mannose, 
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etc.). Then, the process is followed by a kraft pulping stage to remove most of the lignin (Wei et 

al., 2020). Typically, the pulp is bleached with chlorine dioxide to achieve brightness higher than 

85% to minimize the amount of lignin and ash (Balkissoon et al., 2022). Other total chlorine free 

(TCF) bleaching methods could be used (e.g., ozone or peroxide), however it is not typical because 

of its negative effect on polymerization degree of the dissolving pulp (Dapía et al., 2003).  

-Pre-hydrolysis Soda: This pulping method has similar fundamentals to pre-hydrolysis Kraft. 

However, it only uses NaOH in the pulping stage (Lemma et al., 2023). Soda pulping is typically 

used for non-wood feedstocks due to its mildness toward avoiding the cellulose degradation of the 

non-wood pulp obtained (Gençer and Şahin, 2015). 

-Acid Sulfite Pulping: In general, the sulfite process is versatile to produce pulps for tissue paper, 

packaging and dissolving pulp (Fatehi and Ni, 2011). The liquor preparation consists in the 

adsorption of SO2 gas into either water to form H2SO3 or into alkali solution to form a salt that can 

have Na+, K+, NH3
+, Mg2+ or Ca2+ as counter ion as a result of total or partial acid-base 

neutralization (Fatehi and Ni, 2011).  A pulping with H2SO3 is known as acid sulfite (pH 2-3), 

typically used for dissolving pulp production. On the other hand, a pulping with the partial or 

completed neutralized form of the H2SO3 is called either bisulfate (pH 3-5) or sulfite pulping (pH 

8-10), respectively (Fatehi and Ni, 2011). Bisulfite salt is the “half-neutralized” salt of H2SO3 

where an equilibrium H2SO3:MHSO3 exists (Fatehi and Ni 2011). MHSO3 refers to the bisulfite 

salt where M represents the counterion Na+, K+, NH3
+, Mg2+ or Ca2+.  H2SO3:MHSO3 equilibrium, 

if desired, can be modified with free H2SO3 (normally reported as free SO2) by adding excess of 

SO2 to the aqueous solution. Thus, changes in the liquor pH can be achieved based on the desired 

pulping conditions and the purpose of the final pulp. For dissolving pulp, acid sulfite pulping is 

typically used at temperatures ranges of 100-150 °C, cooking times up to 7 hours and sulfite charges 

up to 30% (Duan et al., 2015). 
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1.3.2. Conventional pulping methods for non-wood feedstocks. 

Table 1-1 shows a compilation of non-wood feedstocks (wheat straw, corn stalk, bamboo, rice 

straw, etc.) converted into dissolving pulp by utilizing the conventional pulping methods explained 

above, being the pre-hydrolysis kraft and pre-hydrolysis soda the most reported in the literature 

(Rosli et al., 2004) . Sulfite pulping for attaining non-wood dissolving pulp is scarcely or practically 

not reported in the literature (Jahan et al. 2021). Typical pulping conditions are related to a pre-

hydrolysis with H2SO4 at charges between 1% and 5% (based on O.D biomass), 100-170 oC, and 

1-2 hours (Ribas et al., 2012). Then, a Kraft/Soda pulping with 12-25% NaOH, 25% sulphidity, 

150-180 oC, and 1-2 hours is applied (Ribas et al., 2012). Most of the dissolving pulps shown in 

Table 1-1 reported α-cellulose composition higher than 90%, matching chemical composition 

requirements. Other dissolving pulp quality such as S10, S18, and Fock reactivity are shown for 

some of the non-wood feedstocks. In terms of quality, S10 refers to the hemicellulose content plus 

the fraction of low molecular weight cellulose that can degrade during the viscose dissolving and 

regeneration process. S18 refers only to the hemicellulose content in the pulp (Mamon Sarkar et 

al., 2021). Lastly, the Fock reactivity gives an approximation on how the dissolving pulp reacts in 

the viscose process. Higher Fock reactivity are desired (Mamon Sarkar et al., 2021). 

Besides having desired chemical composition in terms of cellulose, dissolving pulp from non-

wood feedstocks shows a reasonable reactivity (higher than 60%). However, S10 and S18 values 

could be still higher for some of them. Typically, a good quality viscose grade dissolving pulp 

should have S18 values below or equal to 5%, and the more similar the S10 to the S18 is the better 

(Rydholm, 1965).  The higher the S10 to the S18 can be related to losses in the viscose process 

because of carbohydrate degradation (Rydholm, 1965).  
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Table 1-1. Findings of the literature search carried out about dissolving pulp made from non-

wood agricultural residues. 

 

 

Sourc

e 

Pre-hydrolysis 

conditions 

Pulping 

conditions 

Post- 

Treatment 
Results Ref 

Corn 

stalk 
 Water, 160

o
C, 

30min 

-Kraft 

(170
o
C, 90min, 

20%NaOH, 

25%sulphidity) 

-HEH and 

HEHP 

bleaching 

-Yield: 48.51-

56.81% 

-α-cellulose: 94.7% 

-Ash: 1% 

-DP: 269 

(Behin et al., 

2008) 

Corn 

stalk 

 

Water,150
o
C,60mi

n 

-Potassium 

hydroxide pulping  

(150
o
C, 120min, 

14%KOH) 

-Do(EP)D1 

bleaching 

-Cold KOH 

extraction 

(24% KOH) 

-Yield: 35.1% 

-α-cellulose: 90.4% 

-Kappa: 8.8 

-Brightness: 79.7 

(%ISO) 

-Viscosity: 7.37 

mPa.s 

-S10: 12.33%, S18: 

10.54% 

-Fock reactivity: 

59.25 

(Mamon Sarkar et 

al., 2021) 

Sugar

cane 

bagas

se 

Water, 180
o
C, 

15min 

-Soda 

(180
o
C, 80min, 

12.5-15% NaOH) 

-O-D-(EP)-D-P 

bleaching 

-Yield: 35.1-33.8% 

-Kappa:16.9-9.2 

-Brightness: 88.1-

88.5 (%ISO) 

-α-cellulose: Ḑ92% 

-Hemicellulose: 

Ḑ5% 

-Ash: Ḑ0.4% 

-Viscosity: 295-270 

dm3/kg 

 

(Andrade and 

Colodette, 2014) 

Sugar

cane 

bagas

se 

H2SO4 1.5%, 

120
o
C, 90min 

-Soda 

(165
o
C, 120min, 

25%NaOH, 

0.05%anthraquino

ne catalyst) 

-4 stages of 

chlorine based 

bleaching 

-Yield: 32.8% 

-Kappa:6.2 

- α-cellulose: > 95% 

-Ash: < 0.15% 

-DP: 780 

(Ibrahim et al., 

1996) 

Oil 

palm 

(empt

y fruit 

bunch

es) 

 

H2SO4 1%, 170
o
C, 

120min 

-Soda  

(170
o
C, 90min, 

25% NaOH) 

N/A 

-Yield: 30.62% 

-Kappa: 3.88 

-α-cellulose: 

96.43% 

-Viscosity: 10.19cP 

-Ash: 0.145% 

(Rosli et al., 2004) 

Bamb

oo 
-Water, 170

o
C, 90 

min 

-Soda  

(160
o
C, 90min, 

30% NaOH) 

 

- O-E-D-(EP)-

D-P bleaching 

 

-Cold caustic 

extraction 

(NaOH 

80Kg/ton) 

-Yield: 36.2% 

-Kappa: 3.88 

-α-cellulose: 95% 

Hemicelluloses: 

5.1% 

-Viscosity: 47 

mPa*S 

-Ash: 0.13% 

(Ribas et al., 

2012) 
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1.3.3. Challenges of conventional pulping methods for non-wood feedstocks. 

Although Kraft and Soda pulping seems to have an outstanding performance to get dissolving 

pulp from non-wood feedstocks, these methods present operational challenges related to dealing 

with the spent liquor generated during non-wood pulping (Jahan et al. 2021). When it is wood 

pulping, the spent liquor obtained is usually evaporated to 60% of solid content and burned in a 

recovery boiler, where the organic materials (e.g., lignin) are combusted to generate energy while 

inorganics (e.g., pulping chemicals) are recovered, regenerated and recirculated to the pulping 

process (Jahan et al. 2021). This whole spent liquor treatment is known as chemical recovery 

process (Jahan et al. 2021).  

Table 1-2 shows that non-wood sources has higher content of undesired components than wood 

sources (e.g., hardwood and softwood), particularly ash and hemicellulose (Jahan et al. 2021). The 

high content of ash dissolved in the spent liquor promotes an increment in its viscosity during the 

evaporation process, resulting also is ash precipitation that leads to the formation of scales in the 

evaporators and hard deposits in the recovery boiler. Thus, operational issues like equipment 

corrosion and clogging make the chemical recovery process almost unfeasible for spent liquors 

generated from non-wood sources (Jahan et al. 2021).  

Table 1-2. Compositional analysis of the main non-wood feedstock (Jahan et al. 2021) 

Feedstock Cellulose, % Hemicellulose, % Lining, % Ash, % 

Rice straw 28-36 23-28 12-16 15-20 

Wheat straw 29-35 26-36 16-21 9-10 

Sugarcane 

Bagasse 

41.6 - 21.3 1.2 

Bamboo 26-43 15-26 21-31 2-5 

Banana stem 43.6 14 11 7.1 

Hardwood 45-48 12-20 23-27 0.3-1.0 

Softwood 44-46 9-12 28-30 1.0-3.0 
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Economic challenges associated with supply constraints also exist when utilizing kraft or soda 

pulping of non-wood sources. Non-woody biomass is bulkier compared to woody biomass 

(Ferdous et al., 2021; Hart, 2020; Jahan et al., 2021; Jahan and He, 2018; Rousu et al., 2002). 

Therefore, truck transportation is volume limited, which translates into high transportation costs 

per dry ton of biomass (Gonzalez et al., 2011). While typically pulp mills are designed to process 

1 to 2 million tons of woody feedstock, non-woody processing facilities will be designed to process 

small volumes between 100,000 to 200,000 tons due to transportation costs and biomass 

availability (Jahan et al. 2021).  Chemical recovery in the Kraft or soda processes typically accounts 

for ca. 30% of the capital investment (Huang et al., 2007). Thus, facilities with small processing 

volumes will see a negative effect in the cost per ton of fibers produced (economy of scale, 

specifically capital investment) (Jahan et al. 2021). Therefore, a possible solution is to use 

conversion methods with more flexible processes for spent liquor handling (Jahan et al. 2021). 

1.3.4. Alternative pulping methods for dissolving pulp production from non-wood feedstocks. 

Considering the economic and operational issues challenging the typical chemical recovery 

process to deal with the pulping spent liquor, alternative pulping methods have been developed 

(Jahan et al. 2021; Jahan et al. 2008). These methods are based on changing the nature of the 

pulping chemicals, going from changing the nature of the inorganic chemicals to the utilization of 

solvents and its combination with inorganic salts with more flexibility to recover (Jahan et al. 

2021). In this context, a compilation of alternative pulping methods is shown in Table 1-3 whose 

alternative pulping processes are the following: 

-Pre-hydrolysis soda pulping:  Under the premise of utilizing the spent liquor as fertilizer, the 

pre-hydrolyzed non-wood feedstock could be pulped with KOH and/or NH4OH, resulting in spent 

liquor rich in organic matter and main agricultural macronutrients like potassium and nitrogen. 
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Table 1-3 shows the successful implementation of this pulping approach to corn stalk and wheat 

straw, resulting in Rayon grade dissolving pulp (Mamon Sarkar et al., 2021). Although this pathway 

can technically be successful, some challenges exist regarding the high costs that KOH can have in 

comparison with NaOH. 

-Pre-hydrolysis sulfite pulping:  Although it is not clear its performance for non-wood sources, 

sulfite-based pulping (SO2-based) could have potential for dissolving pulp production from non-

wood feedstocks because of allowing more practical treatments with spent effluents (Huang et al., 

2019; Iakovlev et al., 2014). One of the key advantages of this pulping method is the production of 

water-soluble and highly valuable lignosulfonates with an already-stablished market with prices 

between 500 and 800 USD/ton (Fatehi and Ni 2011). Sulfite pulping processes like ammonium and 

potassium sulfite ((NH4)2SO3 and K2SO3) at alkaline conditions (pH >8) has been reported to 

perform outstanding delignification for non-wood feedstocks (Jahan et al., 2021; Kordsachia et al., 

2004; Latibari et al., 2011). Thus, the alkaline ammonium or potassium sulfite pulping could be 

used after the pre-hydrolysis of non-wood feedstocks, resulting in pulp with high cellulose purity 

(lower hemicellulose and lignin content) (Kordsachia et al., 2004; Liang et al., 2023). Moreover, a 

spent liquor rich in macronutrients (K, N, S, and organic matter) suitable for soil amendment could 

be generated (Jahan et al., 2021). The prehydrolysis sulfite pulping brings the opportunity to avoid 

the chemical recovery process when non-wood feedstocks are considered for dissolving pulp 

production (Jahan et al. 2021).   

-Organosolv/solvent pulping: Organic solvents such as methanol, ethanol, acetone, and acids like 

formic acid, and acetic acid are used in these alternative pulping processes to dissolve lignin in a 

range of temperature and time (Jahan et al., 2021; Huijgen et al., 2010; Snelders et al., 2014). In 

terms of pulping performance, organosolv processes have been reported to generate pulps, with 

competitive quality with those obtained via conventional processes (Iakovlev et al., 2011). Solvent-
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based pulping methods are considered suitable for non-wood feedstocks due to the silica/ash 

remains in the fibers. Moreover, they can have easier and flexible chemical recovery (e.g., 

distillation) (Iakovlev et al., 2011; Jahan et al., 2021). Different organosolv pulping has been 

utilized for dissolving pulp production from non-wood feedstocks (Table 1-3), being formic acid, 

acetic acid, and SO2-ethanol-water (SEW) the most commons (Jahan et al., 2021). Peroxyformic 

acid has the ability to delignify lignocelluloses and oxidize lignin selectively to make it soluble in 

the pulping liquor (Jahan et al., 2015). Moreover, acidic conditions from formic acid dissolves 

lignin and hemicelluloses without affecting cellulose (Jahan et al., 2015). Table 1-3 summarizes 

the acetic acid pulping of jute fibers to attain dissolving pulp. Bleachable pulp with α-cellulose 

composition of up to 98% (Jahan et al., 2008). Mixtures of formic acid/acetic acid/water at boiling 

point and 4h have been reported to generate rice straw dissolving pulp with 94% α-cellulose, 5% 

hemicelluloses, and S10-S18 differences of 1.4% only (Jahan et al., 2015).  

The SO2-ethanol-water (SEW) is another alternative pulping that fractionates non-wood 

biomass efficiently while bringing the opportunity to implement the biorefinery concept in the pulp 

and paper industry (Iakovlev and Van Heiningen, 2011; Jahan et al., 2021a; Yamamoto et al., 

2011). This pulping method is a combination of solvent (ethanol) and acid sulfite pulping (Iakovlev 

and Van Heiningen, 2011). The presence of SO2 promotes an acidic environment that leads to the 

hydrolysis and dissolution of hemicelluloses while dissolving lignin through its sulfonation 

(Iakovlev et al., 2011). This results in pulp with potential for dissolving pulp applications (Table 

1-3) while attaining liquors rich in sugars, lignin and valuable lignosulfonates (Iakovlev et al., 

2011; Jahan et al., 2021). The alcohol in the SEW process increases the impregnation of the SO2 

into the biomass while increasing the dissolution of lignosulfonic acid in the pulping liquor 

(Iakovlev et al., 2011).  It has been demonstrated that optimal alcohol concentration is around 50%, 

allowing SO2 concentrations between 1 and 15%Wt. at cooking temperatures of 135–165 C 



13 

 

(Iakovlev et al., 2011). A key advantage of the SEW pulping is that the chemical recovery (solvent 

+ SO2) can be performed by simple distillation (Iakovlev et al., 2011). SEW is a versatile pulping 

method able to delignify hardwood, softwoods and non-wood feedstocks (Iakovlev et al., 2011). 

Table 1-3 shows that dissolving pulp was obtained from wheat straw and tobacco stalk by using 

SEW pulping at 135 ºC, 10-12%SO2, and 50/50 water/ethanol ratio (Huang et al., 2019; Iakovlev 

et al., 2011). As a result, pulps with high cellulose purity and low hemicellulose content are 

obtained. 

 The simplicity of SEW in terms of chemical recovery, solvent cost, and similar sulfite pulping 

mechanism, makes it an attractive pulping method to better understand the potential of non-wood 

feedstock for dissolving pulp production. Thus, in the heart of the effort to increase the share of 

natural fibers in the textile industry, this dissertation considers the SEW pulping for different non-

wood feedstocks (wheat straw, switchgrass, and hemp hurd)
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Table 1-3. Compilation of alternative pulping methods for dissolving pulp production from non-wood feedstocks 

Source Alternative Pulping method Pulping Conditions Results Ref 

Corn stalk, Rice 

straw, Wheat 

Straw 

Pre-hydrolysis KOH 

-Prehydrolysis  (water,150oC,60min) 

- Potassium hydroxide pulping (150oC, 120min, 14%KOH) 

-Do(EP)D1 bleaching 

-Cold KOH extraction (24% KOH, 25C, 60 min) 

Yield: 35.1% 

-α-cellulose: 90.4% 

-Kappa: 8.8 

-Brightness: 79.7 (%ISO) 

-Viscosity: 7.37 mPa.s 

-S10: 12.33%, S18: 10.54% 

-Fock reactivity: 59.25 

(Mamon 

Sarkar et 

al., 

2021) 

Jute Formic Acid 

- Formic acid 90%, 107 ºC, 1h 

- Peroxyformic acid (90%), 80 ºC, 2h 

- Hydrogen peroxide bleaching 

 (2% H2O2, pH 11, 70 ºC, 1h)  

-Yield:49-59% 

-Brightness: 81-87 (%ISO) 

-α-cellulose: 93.-98.% 

-Hemicellulose: <2.5% 

-Viscosity: 12-20 mPa.s 

-S10: 4-6% 

-S18: 2-3% 

(Jahan et 

al., 2008) 

Rice Straw Acetic acid/formic acid/ H2O mixture 

- Acetic acid/formic acid/ H2O 

mixture (40/50/10) at boiling temperature 

-Alkaline extraction (8%, 90 ºC) 

- DED bleaching 

-Yield: 29.6%, before 

bleach 

-Kappa: 12.5, before 

bleach 

-α-cellulose: 93.6% 

-Viscosity: 10.6 cP 

-Ash: 2.10% 

-Brightness: 80.0% 

-S10: 6.49%, 

-S18: 5.13% 

(Jahan et 

al., 2015) 

Tobacco Stalk SO2-Ethanol-Water (SEW) 

-6% SO2 charge, Water/ethanol 50/50, 135 ºC, 3hr 

-Alkali extraction (1% NaOH)  

-OD0(Ep)D1P bleaching 

- Yield: 24.4% 

-Brightness: 88.1% ISO 

-α-cellulose: 94.8% 

-Viscosity: 15.8 cP 

-Kappa Number: 56.8 

-Hemicellulose:4.40% 

-Ash: 0.20% 

(Huang et 

al., 2019) 

Wheat straw SO2-Ethanol-Water (SEW) 

-12% SO2 charge, Water/ethanol 50/50, 135 ºC, 0.5-1.5 hr 

 

(unbleached pulp) 

- Yield: 60-51% 

-Brightness: 88.1% ISO 

-α-cellulose: 94.8% 

-Viscosity: 15.8 cP 

-Kappa Number: 56.8 

-Hemicellulose:4.40% 

-Ash: 9% 

(Iakovlev 

et al., 

2011) 
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1.4. Motivation, and thesis structure. 

 

Considering the dramatic increase of textile waste generation, it is clear the need of 

implementing suitable and sustainable alternatives to manage properly post-consumer textile 

wastes and implement a circular economy. On the other hand, the need of supplying the market 

with more natural fibers and mitigating the overreliance on synthetic fibers has highlighted the 

importance of exploring alternative non-wood sources (e.g., agricultural residues) as potential 

feedstocks for textile fiber production. 

This dissertation is founded on two research hypotheses to achieve the above goals:  

¶ Implementing enzymatic hydrolysis to upcycle cotton textile waste for producing biobased 

chemicals and implementing a circular economy.  

¶ Using non-wood feedstocks as sources of dissolving pulp for making textile fibers.  

The comprehension, understanding and demonstration of these hypotheses are presented in 6 

chapters that integrate this dissertation and whose objective are described below. Chapter 1 the 

introduction herein presented, provides I) an overview of the textile waste generation and its 

concerning environmental effect, II) a general description of the enzymatic hydrolysis as a pathway 

to convert cotton textile waste into value-added chemicals and implement a circular economy, III) 

an overview of using non-wood feedstock as alternative sources of natural fibers in the textile 

industry, and IV) motivations, work hypotheses and the structure of this dissertation.  

Chapter 2 explores the basic concepts of the enzymatic hydrolysis of cellulosic materials 

besides reviewing key challenges and opportunities to transform cotton textile wastes into biobased 

building blocks. This chapter reviews currently used pretreatments to improve the enzymatic 

hydrolysis of textile wastes and identifies dyes as inhibitory agents in the enzymatic hydrolysis of 
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dyed textiles. As a result, this comprehensive review identifies that mechanical refining, a chemical 

free pretreatment, had never been used in textile waste to promote their high enzymatic conversion. 

In addition, this chapter proposes the use of oxidation (bleaching) methods to mitigate the negative 

effect of dyes on the enzymatic hydrolysis.  

Chapter 3 follows findings in the previous study and evaluates the effect of mechanical refining 

in the enzymatic hydrolysis of undyed cotton to produce glucose. This chapter provides 

fundamentals of the mechanical refining as a pretreatment and corroborate the effect of this 

treatment on cotton fiber morphology, which was helpful to understand the increasing of the 

enzymatic conversion after the application of this pretreatment. Moreover, this chemical free 

pretreatment was found to promote high conversion yields at low enzyme and energy usage. 

Chapter 4 fills the gap of evaluating the effect of dyes on the enzymatic hydrolysis of textile wastes. 

This work also combines mechanical refining and bleaching methods, such as ozone and hydrogen 

peroxide, to mitigate the negative effect of dyes on enzymatic hydrolysis. Fully decolored textiles 

were achieved with enzymatic conversions of up to 90% yield.  

Chapter 3 and 4 build the technical basis for Chapter 5, which presents the technoeconomic 

assessment to evaluate how feasible is the production of glucose via the enzymatic hydrolysis of 

textile waste when mechanical refining and dye oxidation processes are used as pretreatments. This 

chapter considers 4 scenarios that include the use of undyed and dyed cotton wastes. More 

realistically, one of the scenarios considers textile wastes comprised of cotton/polyesters blends. 

This chapter shows a conservative but promising economic feasibility to upcycle textile waste into 

glucose with minimum selling a minimum selling price ranging between USD 215 and USD 475 

per ton, depending on the textile waste blend. In this context, considering cotton/polyester blends 

resulted in the most feasible scenario (lowest minimum selling price per ton of glucose) due to the 
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extra revenue obtained from recycling purified and bleached polyester. Although some challenges 

(e.g., recycled polyester quality) are still untapped, technoeconomic analysis assessed in this 

chapter shows that upcycling textile waste via enzymatic hydrolysis can be feasible to implement 

a circular economy in the textile industry. 

 In an effort to increase the share of natural fibers, Chapter 6 presents the transformation of 

non-wood feedstocks, via organosolv pulping, into dissolving pulp suitable for textile fiber making. 

These natural fibers are presented as a promising alternative to mitigate the overuse of petroleum-

based fibers. This dissertation ends with conclusions and suggestions for future work, presented in 

Chapter 7.  
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2. TRANSFORMING TEXTILE WASTES INTO BIOBASED BUILDING BLOCKS VIA 

ENZYMATIC HYDROLYSIS: KEY CHALLENGES AND OPPORTUNITIES1 

 

Abstract: 

Textile waste generation in the United States represents approximately 17 million tons per year, 

constituting a serious environmental problem. Solutions to this situation have led to upcycling 

cotton-derived textile waste into value-added chemicals through enzymatic hydrolysis. Direct 

enzymatic treatment of cotton textile materials results in low yields given their high degree of 

crystallinity, and the presence of dyes. Thus, several pretreatment methods have been proposed to 

improve performance in converting textile materials into glucose and other biobased building 

blocks. However, high yields are attained at the expense of high enzyme loads, energy usage, and 

chemical demands. This chapter reviews the reported literature and successful examples on 

pretreatment methods to transform cotton textile materials into glucose and its upcycling into 

biobased building blocks, focusing on the challenges when dyes are present in cotton garments. A 

comparison of the feasibility of such processes is overviewed from an economic and environmental 

standpoint. We end by discussing the need to deploy less chemical intensive pretreatments and 

possible solutions for enzyme accessibility to cotton fibers.  

 

 

 

 

 

 

 

 

1This chapter has been published as: 

Vera, R. E., Zambrano, F., Suarez, A., Pifano, A., Marquez, R., Farrell, M., ... & Gonzalez, R. 

(2022). Transforming textile wastes into biobased building blocks via enzymatic hydrolysis: A 

review of key challenges and opportunities. Cleaner and Circular Bioeconomy, 100026. 
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2.1. Introduction 

Nowadays, textile wastes represent 5.8% of the municipal solid waste generation in the U.S., 

translating into disposal costs of $0.6 billion per year (Brydges, 2021; Hamawand et al., 2016; 

Johnson et al., 2020; U.S. EPA, 2020). Textile wastes are the 10th most generated waste after food, 

paper, plastic, and glass-derived materials. The growth of the global population has led to an overall 

increase in the manufacturing of textiles. As a result, post-consumer textile generation has also 

increased (Figure 2-1a) (U.S. EPA, 2020). Each year, the world is generating 150 million tons of 

textile waste, of which nearly 17 million tons belong to the United States (Du et al., 2022; U.S. 

EPA, 2020). In an attempt to attenuate the textile generation problem, industry and academia have 

made intensive efforts to promote the circular economy and appropriate waste management of 

disposed textiles (Johnson et al., 2020). However, municipal solid waste data from the U.S. 

Environmental Protection Agency shows that the proposed strategies have not been implemented 

satisfactorily as textile landfilling rates continue to increase (Figure 2-1a) (U.S. EPA, 2020). 

Several routes to manage the generation of textile waste have been proposed and implemented, 

being recycling the one profiled as the most viable solution (Damayanti et al., 2021; Subramanian 

et al., 2020). Nevertheless, only 15% of textiles are recycled, while the rest (85%) ends up in 

landfills (Pandit et al., 2019), where it either decomposes or is incinerated. Thus, producing 

greenhouse gas emissions and leaching of dyes to aquifers, representing a severe environmental 

concern (Shen et al., 2010). 

After synthetic fibers, cotton is the second most used fiber for textile production (Figure 2-1b). 

This is why cotton fabrics account for 25% of the total textile waste globally (Sandin and Peters, 

2018). Different strategies have been developed to either repurpose or upcycle cotton waste. 

Among those, enzymatic hydrolysis is the most advanced pathway with a technology readiness 

level (TRL) between 7 and 8, associated with pre-commercial to commercial scale (Biddy et al., 
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2016; Cybulska et al., 2019; Efe et al., 2013; Kohli et al., 2019; Magalhães et al., 2019; Werpy and 

Petersen, 2004). However, innovative low-chemical pretreatment processes, with a focus on 

sustainability and low equivalent CO2 emissions, have lower TRL, implying that additional efforts 

are necessary to evaluate and deploy them on a commercial scale. Compared to other fibers, cotton 

fibers are inherently unique from a chemical and biological perspective because they are essentially 

pure, natural cellulose (Heinze and Rojas, 2016). This cellulose can be hydrolyzed to produce 

glucose, a simple sugar (Heinze and Rojas, 2016; Ma et al., 2020). Consequently, cotton clothing 

has the potential to be almost completely hydrolyzed into biobased building blocks such as glucose, 

which can then be upcycled into new high-end value-added products (Figure 2-1c) (Sasaki et al., 

2019; Werpy and Petersen, 2004; Yousef et al., 2019). The latter exemplifies the environmental 

and economic benefits attained from the circular economy based on textile waste generation  

(Hafyan et al., 2020; Jia et al., 2020; Parra-Ramírez et al., 2019; Sandin and Peters, 2018; Stanescu, 

2021; Subramanian et al., 2020; Werpy and Petersen, 2004). However, the presence of dyes has 

been reported to affect the enzymatic hydrolysis of cotton negatively by inhibiting its conversion 

into glucose (Czilik et al., 2002; Kuo et al., 2010). Such a negative effect has been found to depend 

on the dye’s chemical structure (Buschle-Diller and Traore, 1998) 

Due to the complexity of the cellulose structure, pretreatments of cotton garments are needed 

to achieve high conversion yields during their enzymatic digestion (Damayanti et al., 2021; de 

Assis et al., 2018; S. Park et al., 2016). A few pretreatment methods are available to transform 

cellulosic textile waste into biobased building blocks. Most of the reported textile pretreatments 

are primarily based on acid or alkaline chemicals, resulting in glucose yields between 40% and 

90% under very aggressive operating conditions, e.g., high consumption of H3PO4, H2SO4, or 

NaOH (Bhutto et al., 2017; Damayanti et al., 2021). These proposed pathways are capital 

investment intensive with high operating costs, mainly related to the high chemical use. Subsequent 
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chemical recovery steps also have high environmental associated footprints (Alvira et al., 2010; 

Jeihanipour and Taherzadeh, 2009; McIntosh et al., 2014; Sasaki et al., 2019). In addition, it is not 

clear which pretreatment minimizes the negative effect of textile dyes on cotton enzymatic 

conversion, a topic that is almost unexplored in the literature.  

 

Figure 2-1. (a) Evolution of textile waste generation and management in the United States (U.S. 

EPA, 2020), (b) Global fiber consumption (Lenzing Group, 2020) and (c) Schematic representation 

of the use of textile wastes to produce value-added chemicals (Hafyan et al., 2020; Johnson et al., 

2020; Kohli et al., 2019; Program et al., 2004) 

 

In this context, developing more sustainable and industrially feasible technologies for the 

production of biobased building blocks from used cotton garments represents a significant step 

forward for the cotton and recycled waste business (Abbati de Assis et al., 2019; Abbati De Assis 

et al., 2017; S. Park et al., 2016; Treasure et al., 2014).  Herein, we present a comprehensive review 
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of the pretreatments that have been studied to transform cotton textile wastes into glucose. To date, 

only chemical and thermal pretreatments for enzymatic hydrolysis have been reported besides a 

few mechanical ones (Binod et al., 2012; Jeihanipour et al., 2010; Jeoh and Agblevor, 2001; Li et 

al., 2019; Shuhua et al., 2020; Wang et al., 2016). Moreover, we also explore state-of-the-art 

pretreatment methods (chemical, thermal and mechanical) applied to lignocellulosic materials with 

the potential to be extrapolated to cotton-based materials (Cantero et al., 2019; Gonzalez et al., 

2011a; Jiang et al., 2015; J. Park et al., 2016; Pu et al., 2011).  

Thus, this chapter is divided into the following sections: 

1. Cellulose and cotton structure and composition. 

2. Production of glucose through enzymatic hydrolysis of cellulose fibers and pathways to 

increase conversion yield. 

3. Dyes and their effect on textile conversion through enzymatic hydrolysis. 

4. Thermomechanical, chemical, and physical pretreatments to upcycle cotton textile waste 

through enzymatic hydrolysis. 

5. Environmental impact of currently applied pretreatments for conditioning textile wastes for 

enzymatic hydrolysis. 

6. Factors affecting the economics of textile waste pretreatments intended for enzymatic hydrolysis. 

7.  Economic potential of transforming cotton textile wastes into biobased building blocks 

8. Perspectives on the use of mechanical refining and dye oxidation processes as prospect 

pretreatments for enzymatic conversion of cotton textile waste.   

Based on the current status of textile waste management, the ultimate goal of this review is to 

highlight the importance of textile wastes as an emerging source for the production of building 

block and platform chemicals. Hence, the manufacture of value-added chemicals is presented as 

one of the solutions to deal with a significant part of the total textile waste generation cotton fibers 

represent.  
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2.2. Methodology 

A literature review was performed by searching the following keywords and descriptors: 

“cotton” + “textile” + “enzymatic hydrolysis” in Scopus and Dimensions databases. The search 

resulted in thirty-six scientific articles. Such articles were analyzed in terms of their relevance to 

the research subject. Twenty two publications were identified in the subject of enzymatic hydrolysis 

of cotton textiles, which are depicted in Table 2-1, along with their corresponding title, main author, 

journal and year of publication. It is important to note that most of the research has been performed 

since the pioneering work of Jeihanipour et al. (2008), although at the beginning of the 1980s the 

first efforts to perform enzymatic hydrolysis of cotton cellulose were made. 

Figure 2-2 shows a concept map obtained by performing text analytics of the selected papers 

presented in Table 2-1, using VOS viewer from Leiden University (https://www.vosviewer.com, 

Netherlands). VOS viewer allows analysis of bibliometric networks through text mining for 

creating term maps based on a corpus of documents. In term maps, the distance between two terms 

is an indication of their relatedness (van Eck and Waltman, 2011). Four clusters of research can be 

identified: (i) upcycling of textile waste through enzymatic hydrolysis to sugars and ethanol 

(purple), (ii) cotton fibers treatments by using cellulases (green), (iii) cellulose degree of 

polymerization effect on enzymatic hydrolysis (yellow), and (iv) treatments of cotton textiles 

(blue). The identified clusters allowed tailoring the literature review contents, including conversion 

of cotton to glucose and building blocks, cellulases mechanism of action, the effect of crystallinity 

and pretreatments on enzymatic hydrolysis reaction yield, and treatments on cotton fibers, 

including dyes effects on the cotton surface.
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Table 2-1. Title, author, journal, year, issue and DOI of selected publications searched with the keywords and descriptors: “cotton” + “textile” + “enzymatic hydrolysis” in 

Scopus and Dimensions databases. 

 Title Main author Journal, year, issue DOI Reference 

1 Strategies and progress in synthetic textile fiber biodegradability Egan, Jeannie SN Applied Sciences, 2021, 4, 1, 22 10.1007/s42452-021-04851-7 (Egan and Salmon, 2021) 

2 Enzymatic textile recycling – best practices and outlook Piribauer, Benjamin 
Waste Management & Research, 

2021, 39, 10, 1277-1290 
10.1177/0734242x211029167 (Piribauer et al., 2021) 

3 
Environmental life cycle assessment of textile bio-recycling – 

valorizing cotton-polyester textile waste to pet fiber and glucose syrup 

Subramanian, 

Karpagam 
Resources Conservation and 

Recycling, 2020, 161, 104989 
10.1016/j.resconrec.2020.104989 (Subramanian et al., 2020) 

4 
Highly Selective Enzymatic Recovery of Building Blocks from Wool-
Cotton-Polyester Textile Waste Blends 

Quartinello, Felice Polymers, 2018, 10, 10, 1107 10.3390/polym10101107 (Quartinello et al., 2018) 

5 
Enhancing energy production from waste textile by hydrolysis of 

synthetic parts 
Hasanzadeh, Elnaz Fuel, 2018, 218, 41-48 10.1016/j.fuel.2018.01.035 (Hasanzadeh et al., 2018) 

6 
Biodegradation of cotton and cotton/polyester fabrics impregnated 
with Ag/TiO2 nanoparticles in soil 

Milošević, Milica 
Carbohydrate Polymers, 2016, 158, 

77-84 
10.1016/j.carbpol.2016.12.006 (Milošević et al., 2017) 

7 
Some factors affecting efficiency of the ultrasound-aided enzymatic 

hydrolysis of cotton cellulose 

Szabo, Orsolya 

Erzsebet 
Carbohydrate Polymers, 2016, 156, 

357-363 
10.1016/j.carbpol.2016.09.039 (Szabo and Csiszar, 2017) 

8 
An Effective Conversion of Cotton Waste Biomass to Ethanol: A 

Critical Review on Pretreatment Processes 

Ranjithkumar, 

Moorthy 
Waste and Biomass Valorization, 

2016, 8, 1, 57-68  
10.1007/s12649-016-9563-8 (Ranjithkumar et al., 2017) 

9 
Challenges in bioethanol production: Utilization of cotton fabrics as a 

feedstock 
Nikolic, Svetlana 

Chemical Industry and Chemical 

Engineering, 2016 ,22, 00, 1-1 
10.2298/ciceq151030001n (Nikolić et al., 2016) 

10 
Kinetic Dynamics in Cellulase Hydrolysis of C.I. Sulfur Black 1 Dyed 

Cotton Fabric 
Yao, Jiming 

,AATCC Journal of Research, 2015, 

2, 4, 8-13 
10.14504/ajr.2.4.2 (Yao et al., 2015) 

11 
Action modes of recombinant endocellulase, EGA, and its domains on 

cotton fabrics 
Yu, Meilan 

Biotechnology Letters, 2015, 37, 8, 

1615-1622 
10.1007/s10529-015-1832-2 (Yu et al., 2015) 

12 
Effective conversion of waste polyester–cotton textile to ethanol and 

recovery of polyester by alkaline pretreatment 
Gholamzad, Elahe 

Chemical Engineering Journal, 2014, 

253, 40-45, 
10.1016/j.cej.2014.04.109 (Gholamzad et al., 2014) 

13 
Simultaneous Saccharification and Fermentation of Waste Textiles for 

Ethanol Production 
Kuo, Chia-Hung BioResources,2014, 9, 2, 2866-2875 10.15376/biores.9.2.2866-2875 (Kuo et al., 2014) 

14 Recycling of Cellulosic Fibers by Enzymatic Process Shojaei, K. M. 
Applied Biochemistry and 

Biotechnology, 2011, 166, 3, 744-

752 
10.1007/s12010-011-9463-0 (Shojaei et al., 2012) 

15 Bacterial cellulose production from cotton-based waste textiles Hong, Feng 
Bioresource Technology, 2011, 104, 

503-508 
10.1016/j.biortech.2011.11.028 (Hong et al., 2012) 

16 
A novel process for ethanol or biogas production from cellulose in 

blended-fibers waste textiles 
Jeihanipour, Azam 

Waste Management, 2010, 30, 12, 

2504-2509 
10.1016/j.wasman.2010.06.026 (Jeihanipour et al., 2010) 

17 Ethanol production from cotton-based waste textiles Jeihanipour, Azam 
Bioresource Technology, 2008, 100, 

2, 1007-1010 
10.1016/j.biortech.2008.07.020 

(Jeihanipour and Taherzadeh, 

2009) 

18 
Acid and Enzymatic Hydrolysis of Pretreated Cellulosic Materials as 

an Analytical Tool 
Ladisch, Christine M. 

Textile Research Journal, 1982, 52, 

7, 423-433 
10.1177/004051758205200701 (Ladisch et al., 1982) 

19 Enzymatic hydrolysis of cotton wastes. Effect of γ‐ray pretreatments Focher, Bonaventura 
Macromolecular Materials and 

Engineering, 1982, 102, 1, 187-197 
10.1002/apmc.1982.051020118 (Focher et al., 1982) 

20 
Effects of structural features of cotton cellulose on enzymatic 
hydrolysis 

Focher, B. 
Journal of Applied Polymer Science, 

1981, 26, 6, 1989-1999 
10.1002/app.1981.070260622 (Focher et al., 1981) 

21 
Recovery of Glucose and Polyester from Textile Waste by Enzymatic 

Hydrolysis 
Xiaotong Li  Waste and Biomass Valorization 

10, 3763–3772. 
https://doi.org/10.1007/s12649-018-0483-7 (Li et al., 2019) 

22 
Enzymatic saccharification coupling with polyester recovery from 
cotton-based waste textiles by phosphoric acid pretreatment. 

Shen, F. 
Bioresource Technology 130, 
248–255. 

https://doi.org/10.1016/j.biortech.2012.12.025 (Shen et al., 2013) 
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Figure 2-2. Concept map obtained by performing text analytics of the papers searched in Scopus 

and Dimensions databases with the keywords and descriptors “cotton” + “textile” + “enzymatic 

hydrolysis” in the title and abstract. Four clusters of research were identified: (i) upcycling of textile 

waste through enzymatic hydrolysis to sugars and ethanol (purple), (ii) cotton fibers treatments by 

using cellulases (green), (iii) cellulose degree of polymerization effect on enzymatic hydrolysis 

(yellow), and (iv) treatments of cotton textiles (blue) 

2.3. Cellulose and cotton structure 

Cellulose (C6H10O5)n is one of the most abundant polymers in nature. Its primary source is the 

cell wall of wood and non-wood fibers, and it can be transformed into multiple products that are 

crucial today, such as paper, packaging products, and cotton garments. Cellulose is built by a linear 

chain of D-glucose linked by β-(1,4)-glycosidic bonds (Heinze and Rojas, 2016; Zambrano et al., 

2020a). The cellulose content can vary depending on the biomass source (Ang et al., 2020; Habibi 

et al., 2010; Nazhad et al., 1995). Cotton is the biomass with the highest cellulose content among 

natural fibers. In addition, the negligible amount of lignin in cotton favors high glucose yields (near 

90% in some cases) during enzymatic hydrolysis, which constitutes a crucial advantage compared 

to other lignocellulosic feedstocks (Bajpai, 2016; Singh and Satapathy, 2018). 

 

 



32 

 

2.3.1. Cotton fiber morphology 

Cotton fibers have a four-layered cell wall that consists of a cuticle, a primary wall, a secondary 

wall, and a central core or lumen (Flint, 1950), shown schematically in Figure 2-3a. The width of 

cotton fiber varies between 12 and 20 μm (Shaker and Nawab, 2020). Micrographs of cotton fibers 

can be seen in Figure 2-3b, c. The average degree of polymerization of cotton ranges between 9,000 

and 15,000, with an average crystallinity of 73%. Both of these values are very high compared to 

other lignocellulosic materials such as wood pulp (D.P. = 600–1,500 and crystallinity = 35%) and 

viscose rayon (D.P. = 250–450 and crystallinity = 60%) (Heinze and Rojas, 2016). 

      

Figure 2-3. (a) Schematic representation of the cotton fiber structure (Khatri et al., 2015). The 

cuticle (not shown) is the most external wall covering the primary wall. Scanning microscopic view 

of cotton fibers: (b) cross section and (c) longitudinal view. Adapted from Shaker and Nawab, 

(2020) 
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2.3.2. Cotton composition 

Cotton presents a cellulose content of approximately 90% or higher. The non-cellulosic 

constituents of cotton include proteins (1.1–1.9 %), pectic substances (0.7–1.2%), ash (0.7–1.6%), 

wax (0.4–1.0%), organic acids (0.5–1.0%) and others components such as amino acids, and 

nitrogen-containing compounds, mainly located in the cuticle and the lumen (Heinze and Rojas, 

2016).  

2.4. Enzymatic hydrolysis of cotton textile wastes 

In the case of cotton textile waste, cellulose is readily available for enzymatic hydrolysis due 

to the very low content of hemicellulose and lignin (Czilik et al., 2002; Hafyan et al., 2020; Huh et 

al., 2006; Kapanji et al., 2019; Klement and Büchs, 2013a; Kohli et al., 2019; Kwan et al., 2018a; 

Magalhães et al., 2019; Nieder-Heitmann et al., 2019a; Özüdoğru et al., 2019; Sadhukhan et al., 

2016; Schmidt et al., 2017). However, unless cotton textile fibers are pretreated and their 

morphology changed, the conversion of cellulose into glucose via enzymatic hydrolysis is slow and 

has a low yield. This is primarily due to the high degree of crystallinity, the small pore size in the 

fiber cell wall, and the presence of dyes. Such factors need to be addressed to increase the 

availability of cellulose chains to react with the enzymes (Chandra et al., 2007; Galbe and Zacchi, 

2007; Singh and Satapathy, 2018). 

Enzymatic hydrolysis is performed using cellulase enzymes. The maximum cellulase activity 

occurs at 50–60 °C and pH between 5.0–5.2 (Fockink et al., 2015; Giakoumakis et al., 2021; 

Hasanzadeh et al., 2018; Jeihanipour and Taherzadeh, 2009; Wang et al., 2016). The enzymatic 

hydrolysis mechanism consists of three stages: (1) adsorption of cellulase onto the cellulose 

surface, (2) biodegradation of cellulose to sugars (mainly glucose), and (3) desorption of cellulase, 

as depicted in Figure 2-4 (Kumar and Sharma, 2017; Pu et al., 2013; Raspolli Galletti and Antonetti, 

2012; Singh and Satapathy, 2018). Enzyme adsorption is the limiting stage on enzymatic hydrolysis 

https://www.sciencedirect.com/topics/materials-science/amino-acids
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kinetics considering that it is a function of (i) enzyme concentration, (ii) available surface area of 

the substrate and its nature, (iii) physical properties of the enzymes, and (iv) hydrolysis 

environment (i.e., pH, salt concentration, temperature) (Ghose and Bisaria, 1979).The behavior 

follows a first-order kinetics: 

Ὠὅ

Ὠὸ
Ὧὅ ὅ  

Where CA is the concentration of adsorbed enzyme, t is the reaction time, CS is the saturation 

concentration of adsorbed enzyme, and k is the adsorption rate constant (Walker and Wilson, 1991). 

To overcome the structural characteristics of cellulose (mainly the high crystallinity, amorphous 

regions, and refractory lignin-containing sites) engineered cellulases have been developed 

(Morjanoff and Gray, 1987; Sun et al., 2015; Walker and Wilson, 1991). Cellulases are multi-

enzyme mixtures, which integrate three different enzymes to complete the conversion of cellulose 

into glucose (Figure 2-4). In the first conversion step, endoglucanases cleave individual bonds to 

yield oligosaccharides with polymerization degrees of 2-6, which are then converted by 

exoglucanases into small oligosaccharides (cellobiose) and finally hydrolyzed by betaglucosidases 

into glucose (Ghose and Bisaria, 1979; Singhania et al., 2013; Zhang et al., 2018). 
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Figure 2-4. Schematic representation of the mechanism of cellulose enzymatic hydrolysis 

2.4.1. Variables affecting the enzymatic hydrolysis of cotton textile wastes 

The surface area in cotton waste materials available to undergo enzymatic hydrolysis has been 

considered a key factor for increasing the yield of glucose production (Cantero et al., 2019; 

Giakoumakis et al., 2021; Hasanzadeh et al., 2018). Specific surface area, cellulose crystallinity, 

and degree of polymerization have also been regarded as physicochemical properties influencing 

glucose yields (Figure 2-5) (Shuhua et al., 2020). Moreover, the presence of dyes in cotton textiles 

has been reported to decrease enzymatic hydrolysis performance (Czilik et al., 2002). This 

particular variable inherent to textile substrates will be discussed in the following section.  

In order to increase enzymatic performance, different pretreatments have been developed to 

modify both the chemical and physical attributes of cellulose (Figure 2-5). Chemical and thermal 
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pretreatments have been the most researched pathways, while mechanical pretreatments of cotton 

textile waste have not been frequently reported. 

 

Figure 2-5. Factors influencing enzymatic hydrolysis yield of cotton substrates. Adapted from 

Chandra et al., (2007) and Czilik et al., (2002).  

2.4.2. Main pretreatments used to upcycle textile waste through enzymatic hydrolysis 

Cotton textile conversion into glucose shows a low yield if no pretreatment is applied prior to 

the enzymatic hydrolysis process. In such case, glucose yields can be lower than 30%, making the 

overall transformation process unfeasible (Hasanzadeh et al., 2018; Jeihanipour et al., 2010; Shen 

et al., 2013). This section outlines the main pretreatments currently applied to textile wastes, as 

well as pretreatments applied to lignocellulosic materials that could be also deployed to pretreat 

cotton fibers.  The main goal of the pretreatment methods mentioned in this section is to break 

down the semi-crystalline structure of cellulose. These pretreatments, per se, increase the 

accessibility and reactivity of the cellulase, providing higher conversion yields. An effective 

pretreatment should thus incorporate several features, namely (i) high digestibility of cellulose in 
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enzymatic hydrolysis, (ii) low generation of degradation products, (iii) low energy demand, and 

(iv) low capital and operational costs (Alvira et al., 2010; Binod et al., 2012; Giakoumakis et al., 

2021; Hasanzadeh et al., 2018; Ma et al., 2020; Ranjithkumar et al., 2017; Yang and Wyman, 2008). 

It is essential to point out that although most of the pretreatments reported in the literature are 

intended to convert lignocellulosic materials into glucose, they may be also applied to cotton textile 

waste considering that cellulose is a main common component between them (Chandra et al., 2009; 

Heinze and Rojas, 2016). Table 2-2 summarizes the pretreatments reported for lignocellulosic 

materials with the potential to be applied to textile waste. Pretreatment methods using non-

biological approaches are divided into different categories which include physical (milling, 

grinding, and irradiation), chemical (alkali, dilute acid, oxidizing agents, and organic solvents), and 

physicochemical (steam pretreatment/autohydrolysis, hydrothermolysis, and wet oxidation) 

procedures (Bhutto et al., 2017) 

It has been a decade since the first studies on glucose and ethanol production from textile waste 

were published. Thereafter, few original research works on the use of cotton textile waste to 

produce glucose as a precursor of biobased building blocks have been published. Based on them, 

Table 3 summarizes the  pretreatments most used in the enzymatic conversion of textile wastes 

(Gholamzad et al., 2014; Giakoumakis et al., 2021; Hasanzadeh et al., 2018; Jeihanipour et al., 

2010; Jeihanipour and Taherzadeh, 2009; Li et al., 2019; Ma et al., 2020; Megala et al., 2020; 

Quartinello et al., 2018; Ranjithkumar et al., 2017; Sasaki et al., 2019; Shen et al., 2013; Shuhua et 

al., 2020; Yousef et al., 2019) 
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Table 2-2. Pretreatment methods applied to cellulosic materials for enzymatic hydrolysis purposes. 

Adapted from (Daramola et al., 2020) 

Pretreatment 

group  
Methodology  Chemical use Energy use Enzyme load 

Physical 

Wet milling 

Dry milling 

Grinding 

Microwave 

Low High  High 

Chemical 

Alkaline pretreatment (NaOH) 

Acid pretreatment (H3PO4, 

H2SO4) 

Dissolving and regeneration (e.g., 

ionic liquids, concentrated acids, 

NaOH-Urea, etc.) 

Organo-solvents 

High  Moderately high High 

Physical-

chemical 

Microwave/ionic liquid 

Liquid hot water 

Steam explosion 

Ammonia fiber explosion 

CO2 explosion 

Moderately high  High  High 

Biological 
Fungal degradation  

High  Moderately low  High 

 

2.4.2.1. Chemical pretreatments  

Chemical pretreatments are the most widely used method in the conversion process of textiles 

through enzymatic hydrolysis. Besides alkaline and acid pretreatments, previous work reports that 

dissolving and regeneration methods are the most common chemical methods to treat cotton waste 

prior to its enzymatic hydrolysis (see Table 2-3).  

Among dissolving and regeneration methods, concentrated organic acids (e.g., H2SO4 and 

H3PO4), concentrated organic alkalis (e.g., NaOH) combined with urea, and ionic liquids (e.g., 
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[AMIM]Cl or NMMO) are utilized to decrease the crystallinity of cellulose through its dissolution 

and subsequente regeneration (Gholamzad et al., 2014). The concentration of the solvent, time, 

agitation and temperature are key variables in the dissolving process. Shen et al. (2013) studied 

blends of polyester and cotton in textile waste where highly concentrated H3PO4 (85%) was used 

to dissolve the cotton. Once the dissolved cotton was separated from the polyester, it was 

regenerated by decreasing the the acid concentration. Finally, enzymatic hydrolysis was applied to 

obtain high yields (79%) although requiring high enzyme loads (7.5 FPU) (Shen et al., 2013).  

Ionic liquids (ILs) are also used to pretreat cotton textiles to be enzymatically hydrolyzed (Guo 

et al., 2016; Kuo et al., 2010). ILs are defined as compounds completely composed of ions with a 

melting point below 100 °C (Lei et al., 2017). There is a vast variety of these ionic compounds, 

however, cholinium, pyrrolidinium, imidazolium and ammonium based ILs are the most frequently 

used (Elgharbawy et al., 2016; Zhao et al., 2009). The mechanism of ILs is based on dissolving 

cellulosic biomass, which then becomes highly suitable for enzymatic conversion into sugar 

(Elgharbawy et al., 2016). Hong et al., (2012) reported that saccharification of cotton-based textiles 

was enhanced to yields higher than 83% after dissolving with 1-allyl-3-methylimidazolium 

chloride ILs (Guo et al., 2016; Hong et al., 2012). Moreover, Jeihanipour et al. (2010) performed 

enzymatic hydrolysis of cotton blue jeans using ionic liquid NMMO (85%) at 120 °C along with a 

very high enzyme dosage (20 FPU), obtaining high glucose yields (90%) (Jeihanipour et al., 2010; 

Jeihanipour and Taherzadeh, 2009). Gholamzad et al., (2014) performed  an enhanced dissolution 

of cotton (blend with polyester) by combining NaOH (12%) and urea (7%) at -20 °C. This 

pretreatment was followed by enzymatic hydrolysis (30 FPU cellulase/g + 60 IU β-glucosidase/g), 

resulting in 98% of cotton conversion into glucose. 

Regarding alkaline pretreatments, the addition of NaOH at low temperatures increases the 

enzymatic hydrolysis rate of cotton textile wastes (Jeihanipour and Taherzadeh, 2009). NaOH 
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pretreatment generates swelling of the porous structures in the biomass, increasing the accessibility 

to enzymatic action (Gholamzad et al., 2014; Jeihanipour and Taherzadeh, 2009; Kim et al., 2016; 

Singh et al., 2015). The most favorable results have been reported at cold temperature (0 °C), 

allowing to attain more than 85% of the theoretical glucose yield within 24 h of enzymatic 

hydrolysis of cotton treated with a 12% NaOH solution (Jeihanipour and Taherzadeh, 2009). It has 

been argued that alkaline treatments generate a decrease in crystallinity of cellulosic materials at 

9–12% NaOH concentration (Liu et al., 2019). Alkaline pretreatment processes are performed at 

much lower temperatures than diluted acid pretreatments but with longer residence times. For 

instance, NaOH pretreatment has shown more significant enzymatic hydrolysis and ethanol yields 

(20% higher) than concentrated phosphoric acid pretreatment (Jeihanipour and Taherzadeh, 2009). 

Other alkaline methods have been studied in polyester/cotton textiles, all of them having in 

common a very high enzyme use (30 FPU) during the enzymatic hydrolysis process (Gholamzad 

et al., 2014; Hasanzadeh et al., 2018; Li et al., 2019).  

The dilute acid pretreatment method is another chemical method that has been widely used with 

success for cotton textiles and lignocellulosic materials (Bhutto et al., 2017; Fockink et al., 2015; 

Giakoumakis et al., 2021; Ma et al., 2020; Singh et al., 2015). Dilute acid pretreatment is performed 

by placing the biomass in a dilute acid solution and then heating it to temperatures between 160 

and 250 °C for several minutes (up to an hour). Sulfuric acid, at concentrations usually below 4% 

(and even as low as 0.5%) has been reported (Dussán et al., 2014; Giakoumakis et al., 2021; 

McIntosh et al., 2014; Sasaki et al., 2019). The advantages of dilute acid pretreatment are higher 

reaction rates and improvement of cellulose hydrolysis. The disadvantages range from the high 

temperatures needed and the formation of degradation by-products to the formation of salts during 

the neutralization step (Jung and Kim, 2015).   
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Besides attaining high yields, several challenges exist regarding using chemical pretreatments 

to perform the enzymatic hydrolysis of cotton textile wastes. The most important ones are related 

to the high quantity of chemicals promoting environmental concerns, their cost, and their recovery 

for reuse (Hong et al., 2012). Several works states that the high cost of the ILs is the main limitation 

of this pretreatment, and therefore there is a need of improved IL recycling processes for practical 

application of the IL-pretreatment technology (Hong et al., 2012; Rieland and Love, 2020) . 

Moreover, finding more innovative methodologies in which low-to-zero chemical dosages are 

implemented effectively is thus necessary (Elgharbawy et al., 2016). 

2.4.2.2. Physical-chemical pretreatments  

Thermomechanical pretreatment processes without the use of chemicals have also been 

reported to reach high conversion in some cases, nonetheless with high enzyme dosage (20 FPU) 

(Sasaki et al., 2019). Giakoumakis et al. (2021) used steam treatment with sulfuric acid obtaining 

95% of conversion with low enzyme use (Giakoumakis et al., 2021). The authors employed white 

medical cotton as the textile substrate in this work. Despite using a low enzyme load, it is essential 

to point out that the size at which the garments were cut was not reported. The latter is an essential 

piece of information if the particle size of the material was largely reduced, considering that this 

feature has an important effect on the enzymatic hydrolysis performance (Austad, 2018).  

Steam explosion pretreatment is a thermal process that promotes partial hydrolysis and 

facilitates access of cellulases into the cellulose fibers (Bajpai, 2016; Heitz et al., 1987; Sasaki et 

al., 2019; Wang et al., 2015). During this pretreatment, the raw material is treated with high-

pressure saturated steam at temperatures of up to 280 °C (corresponding to a pressure of 62 atm.) 

(Sasaki et al., 2019). The pressure is maintained from several seconds to a few minutes, after which 

the vessel containing the material is suddenly depressurized (Cantero et al., 2019; Hendriks and 
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Zeeman, 2009; Singh et al., 2015) (Bajpai, 2016; Jeoh and Agblevor, 2001; Morjanoff and Gray, 

1987). The severity of steam pretreatment can be quantified by a single factor called Ro (Ro = t 

exp(T – 100)/14.75), which correlates the effects of time (t, min) and temperature (T, °C) during 

the pretreatment (Bhutto et al., 2017; Heitz et al., 1987; Jeoh and Agblevor, 2001). Although not 

reported for cotton textiles, this pretreatment can promote conversions higher than 70% for 

lignocellusic biomass (Alvira et al., 2016, 2010) 

Liquid hot water pretreatment uses water in the liquid state at high temperatures (Bajpai, 2016; 

Gonzalez et al., 2012; Hendriks and Zeeman, 2009; Mosier et al., 2005; Pu et al., 2011; Wyman, 

2013).  The pKw decreases with a rise in temperature until reaching a minimum at approximately 

250°C. This method has been already applied to lignocellulosic materials considering that under 

such conditions, water becomes acidic, promoting partial hydrolysis reactions of hemicellulose 

(Imman et al., 2018). Hence, cellulose becomes more available for enzymatic action. The impact 

of hot water pretreatment on cotton fibers has not been reported in detail for textile wastes; 

however, this kind of pretreatment might not work properly for cotton textiles because of their 

predominantly cellulosic chemical composition and structure (i.e., cellulose content > 90%). 

2.4.2.3. Physical pretreatments  

The main objective of physical pretreatments is to decrease particle size and crystallinity, thus 

increasing the surface area of the substrate to improve its digestibility (Inoue et al., 2008; Jiang et 

al., 2016). Recent research used a milling treatment prior to cotton enzymatic hydrolysis, reaching 

conversion yields of up to 50% with an enzyme dosage (up to 30 FPU) (Li et al., 2019). Ball milling 

pretreatment has been also reported to improve the enzymatic digestibility of cotton textiles. Austad 

et al. (2018) reported that ball milling improved the enzymatic hydrolysis conversion of cotton 

textiles over 90%, with the milling time having a significant effect (Austad, 2018). Moreover, they 
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reported that the lower the particle diameter after milling, the higher the conversion yield of the 

enzymatic hydrolysis (Austad, 2018). Likewise, Jiang et al., (2016) reported a higher yield of 

enzymatic digestibility of cellulosic material with increasing milling time (Jiang et al., 2016) 

Physical pretreatments are promising since they avoid the use of chemicals. However, they 

have inherent limitations, particularly their inability to remove dyes which cause an enzymatic 

inhibitory effect. Another drawback is the intensive energy consumption, which has associated 

environmental concerns and high costs for large-scale implementation (Karimi and Taherzadeh, 

2016).
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Table 2-3. Pretreatment conditions and cellulose enzymatic hydrolysis yields for a variety of cotton textile waste feedstocks 

Textile waste Features Type of dye 
Type  of 

pretreatment 
Pretreatment method 

Optimum 

pretreatment 

condition 

Yield without 

pretreatment 

(%) 

Yield with 

pretreatment 

(%) 

Enzyme 

charge/g of 

substrate 

Polyester 

recovery 
Reference 

Blue jeans/cotton 

Dyed 

100%   

cotton   
Unspecified  

Chemical and 

mechanical 

  

Shredded and 
grounded + NaOH 

NaOH 12%, 0 
C, 96h 

24.1  
85.0 (24 h) 
99.0 (96 h) 

Cellulase (20 

FPU/g)  and β –
glucosidase 

(30 IU/g) 

– 
(Jeihanipour and 

Taherzadeh, 2009) 

50/50 

polyester/cotton 

Dyed 

blend 
Unspecified 

Dissolving and 
regeneration of 

cellulose 

Shredded and 

grounded  
+     

N-methyl morpholine-
N-oxide (NMMO) 

NMMO 85%, 

120 C, 2h 
16.4 90.0 

Cellulase (20 

FPU/g)  and β –

glucosidase 
(30 IU/g) 

– 
(Jeihanipour et al., 

2010) 

100% Cotton Dyed  Reactive dyed 

Dissolving and 

regeneration of 

cellulose 

Ionic liquid [AMIM]Cl  
110 C, 75 

min 
10.0 80.0 

Cellulase 3.3 IU 
mL−1  

– (Guo et al., 2016) 

Blue jeans 

polyester/cotton 

Dyed 

blend 
Unspecified 

Dissolving and 

regeneration of 
cellulose 

Milled+Phosphoric 

acid 

H3PO4 85%, 

50 C, 7h 
12.0 79.0 

 Cellulase 

(7.5 FPU/g)  and  

Cellobiase 
(15 CBU/g) 

 

100% (Shen et al., 2013) 

40/60 
polyester/cotton 

Blend N/A 

Dissolving and 

regeneration of 

cellulose 

Milled+NaOH+Urea 

NaOH 7% 

Urea 12%, -

20 C, 1h 

46.3 91.0 

Cellulase (30 

FPU/g)  and β –
glucosidase 

(60 IU/g) 

98% 
(Gholamzad et al., 

2014) 

40/60 

polyester/cotton 

Dyed 

blend 
Unspecified 

Chemical, physical 

and mechanical 

Shredded + Pressure + 

Sodium carbonate 

Na2CO3 0.5M, 

150 C 72h 
28.0 88.0 

Cellulase (30 
FPU/g)  and β –

glucosidase 

(60 IU/g) 

– 
(Hasanzadeh et al., 

2018) 

60/40 

polyester/cotton 

Dyed 

blend 
Unspecified 

Chemical and 

mechanical 
Milled + NaOH + Urea 

NaOH 7%, 
Urea 12%, -

20 C, 6h 

50.0 98.0 

Cellulase (20 
FPU/g)  and β –

glucosidase 

(10 IU/g) 

– (Li et al., 2019) 

Towels 

(88%  cotton) 
Undyed  N/A Thermo-chemical 

Microwave-assisted 

treatment (H2SO4) 

Microwave 200 
°C + 0.5%  

H2SO4 

18.8 80.0 

  Cellulase and β 

–glucosidase 

at 
22 FPU/g 

– (Sasaki et al., 2019) 

20/80 

polyester/cotton 

Reactive 

dye 
Unspecified Chemical 

Freezing alkali/urea 

soaking  

7 w/v% sodium 
hydroxide, 12 

w/v% urea at 

−20 °C for 6 h 

N/A 70.2 

*Cellulase and β 
–glucosidase 

at 
25 FPU/g 

100% (Hu et al., 2018) 

Medical 

cotton waste 

Undyed 

100% 
cotton  

N/A 
Thermomechanical 

and chemical  

Thermomechanical + 

H2SO4 

 H2SO4 0.22%, 

180-220 C, 20-
40 min 

52.4 95.0 

Cellulase and β -

glucosidase (20 
mg/g) 

– 
(Giakoumakis et al., 

2021) 

FPU: Filter Paper Units ; IU: International Unit.    

* Enzymes made from fungal solid state fermentation of cotton textile waste                                                                             
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2.5.Effect of dyes on the conversion of cotton textile wastes into glucose 

The textile industry uses dyes to make more attractive fabrics and to be more competitive in 

the marketplace (Benkhaya et al., 2020). Dyes have been reported to harm the enzymatic hydrolysis 

of cotton due to their interactions with the cellulose surface (e.g., adsorption and chemical 

reactions), and the possible bonding (e.g., hydrogen and covalent) of some dyes with cellulose in 

the dyeing process (Buschle-Diller and Traore, 1998; Kuo et al., 2010; Zambrano et al., 2021). 

Dyes and their classification will be briefly described to then discuss the effect of their chemical 

structure on the enzymatic hydrolysis of textiles. 

Dyes are organic compounds that absorb light in the visible spectrum (400–700 nm) (Lellis et 

al., 2019). Moreover, the dye must have the assembly of three essential functional groups in their 

specific molecule to have the coloration effect: 

- At least a chromophore group (color-bearing group), which are groups of atoms in which 

the arrangement of successive single and double bonds resonates with the unstable 

mesomeric form thus allowing the absorption of light rays (Berradi et al., 2019). Azo group 

(ïN=Nï) is one of the most common chromophores. (Berradi et al., 2019; Lellis et al., 2019) 

- Auxochrome groups, which allow the fixation of the dyes and can modify the color of the 

dye, being this the reason why they are called color aids.  Additionally, auxochromes groups 

can influence the dye solubility in water (Berradi et al., 2019).   

- And, a conjugated system structure with alternating double and single bonds such as 

benzene rings, anthracene, perylene, etc. (Benkhaya et al., 2020; Berradi et al., 2019; Lellis 

et al., 2019). 
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2.5.1. Classification of dyes  

Dyes can be classified according to both their chemical structure (e.g., chromophore group) and 

their industrial application, as shown in Table 2-4 and Table 2-5, respectively. A classification of 

auxochrome groups can be found in Table 2-4 as well. Chromophore groups have specific 

independent properties such as color and the ability to be fixed on textiles (Benkhaya et al., 2020). 

In this classification, azo dyes constitute the most significant chromophore family as they 

contribute to 70% of the world's annual production of synthetic dyes (Berradi et al., 2019). They 

are comprised of either one or more azo groups (–N=N– and hydroxyl (–OH) or amino (–NH2) 

auxochrome groups. Anthraquinone dyes are the most important class after azo dyes. Their main 

chemical structure consists of an anthracene molecule with a quinone nucleus chromophore group, 

where hydroxyl (–OH) or amino (–NH2) groups can be attached (Berradi et al., 2019; Routoula and 

Patwardhan, 2020).  Further information regarding the other chromophore groups (e.g., 

polymethine, nitro, ethylenic, ketone-imine, etc.) is vastly found in the literature (Benkhaya et al., 

2020; Berradi et al., 2019). 
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Table 2- 4. Chromophoric and auxochromic groups of textile dyes. Adapted from Benkhaya et al. 

(2020) and Berradi et al. (2019) 

Chromophore group Chemical structure sample Auxochromic groups 

Azo (–N=N–) 
 

Yellow Reactive 4 

Amino (–NH2) 

Nitro and 

Nitroso 

(–NO or –N-OH, 

(–NO2 or =NO–
OH) 

 
2-nitrophenol 

Methylamino (–NHCH3) 

Carbonyl (>C=O) 
 

Indigo Blue 

Dimethylamino (–N(CH3)2) 

Sulfure (>C–S) 

 
Sulfur Black 

Hydroxyl (–OH) 

Ketone-imine (>C=NH) 

 
Basic Yellow 37 

Alkoxyl  (–OR) 

Polymethine 
(=HC–HC = 

CH–CH =) 
 

Basic Yellow 28 

Electron donor 

groups 

(–NO2) 

Anthraquinone 

 
 

Reactive Blue 19 (RB19) 

(–CO2H) 

Phtalocyanine 

  
Pigment Blue 15/3 

(–SO3H), 

(–SO3Na) 

Triphenylmethane 

 
 

Light Green 

(–OCH3), 

Cl, Br, I, At 
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Table 2-5. Dyes Classification according to their application. Adapted from Benkhaya et al., 

(2020), Berradi et al. (2019) and Hunger (2003). 

Dye type Chemical Structure Example Principal substrate Application method 

Reactive dyes 

Reactive Black 5 

Cotton, wool, silk and 

nylon 

React with functional 

groups on fiber to form 

covalent bond under 

influence of heat and pH 

(alkaline) 

Acid or anionic dyes 

 
Acid Blue 74 

Nylon, wool, silk, 

paper, inks, and 

leather 

Usually from neutral to 

acidic dyebaths 

Basic dyes or cationic 

dyes 

 
Ketone Imine 

Paper, 

polyacrylonitrile, 

modified nylon, 

polyester and inks 

Applied from acidic 

dyebaths 

Direct or substantive 

dyes 

 
Direct Blue 1 

Cotton, rayon, paper, 

leather and nylon 

Applied from neutral or 

slightly alkaline baths 

containing additional 

electrolyte 

Vat dyes 

 
Blue Indanthrene R.S. 

Cotton, rayon, and 

wool 

Solubilized by reducing 

with sodium 

hydrogensulfite, then 

exhausted on fiber and 

reoxidized 

Sulfur dyes 

 

 
Sulfur Blue 15 

Cotton and rayon 

Aromatic substrate vatted 

with sodium sulfide and 

reoxidized to insoluble 

sulfur-containing 

products on fiber 

Disperse or dispersible 

dyes 
 

Red Disperse 60 

Polyester, polyamide, 

acetate, acrylic and 

plastics 

Dispersions of dyes 

applied by high 

temperature/pressure or 

lower temperature carrier 

methods; a dye may be 

padded on cloth and 

baked on or thermofixed 
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The industrial classification (Table 2-5) is related to how the dye is applied and the substrate 

where the dye can perform optimally. In this classification, reactive dyes are the most reported 

group, as they are the only textile colorant designed to have a covalent bond with the substrate 

(usually cotton) in the dyeing process (Arivithamani and Dev, 2017; Farouk and Gaffer, 2013). 

They contain chromophore groups mainly derived from azo, anthraquinone, and phthalocyanine 

families (Berradi et al., 2019). Vat dyes are water-insoluble applied primarily to cellulosic fibers 

(Hunger, 2003). They become soluble and substantive by reduction in a very alkaline medium, 

usually with hydrogen sulfite (Berradi et al., 2019; Chaari et al., 2009; Hunger, 2003). Sulfur dyes 

are similar to vat dyes in terms of the application method, but they present sulfur-containing 

molecules and have different chemical structures with high molecular weight (Benkhaya et al., 

2020; Berradi et al., 2019). Disperse or dispersible dyes are very insoluble in water and are applied 

as a fine powder dispersed in a dye bath (Benkhaya et al., 2020; Berradi et al., 2019). Most disperse 

dyes are based on azo structures (Benkhaya et al., 2020). Disperse dyes are widely used in the 

dyeing of most manufactured fibers, especially polyester and polyamide in the presence of a 

dispersing agent (Berradi et al., 2019). Therefore, they are often used in significant quantities, with 

the generation of vast amounts of wastewater (Benkhaya et al., 2020)



50 

 

2.5.2. Effect of dye’s chemical structure on cotton enzymatic hydrolysis  

The literature researching the effect of dyes on cotton textile conversion into glucose is scarce. 

Buschle-Diller and Traore (1998) reported a reduction in the enzymatic conversion of cellulose 

from cotton dyed with direct and reactive dyes (Buschle-Diller and Traore, 1998). This work 

questioned whether the substitution of cellulose’s hydroxyl groups with the dye affected the 

enzyme performance to degrade cotton (Figure 2-5). Compared to undyed cotton, reactive dyes 

(e.g., reactive blue 19) were reported to reduce the conversion by 90% after 12 hours of incubation. 

Moreover, they observed that the molecular size of direct dyes influenced the enzymatic hydrolysis 

of cotton fabrics. When comparing the effect of Direct Red 81 and Direct Green 26, the latter with 

a larger molecular size, exhibited a stronger inhibitory effect on the enzymatic hydrolysis. 

Compared to direct dyes, reactive dyes were reported to have a more substantial ability to inhibit 

the enzymatic degradation of cotton fabrics (Buschle-Diller and Traore, 1998). Other authors have 

reported that reactive dyes have a more substantial effect on cotton enzymatic hydrolysis than vat 

and sulfur dyes (Guo et al., 2016; Yamada et al., 2005). Moreover, dyes covalently-conjugated to 

the cellulosic cotton structure also hinder the attack of cellulases, decreasing the hydrolysis rate of 

cellulose (Guo et al., 2016). Figure 2-6 shows the enzyme activity schematically for both undyed 

and reactive-dyed cotton. 

Although it is not clear yet, the number of chromophore groups (e.g., mono or polyfunctional 

reactive dyes) in the dye’s molecular structure has been identified as an essential feature governing 

the inhibitory effect of dyes on textile enzymatic hydrolysis (Buschle-Diller and Traore, 1998). 

Compared to undyed cotton, Buschle-Diller and Traore (1998) reported that monofunctional dyes 

(just one chromophore group) such as reactive Yellow 17 caused a reduction in conversion of up 

to 20% after 12 hours. On the other hand, a bifunctional reactive dye (e.g., reactive black 5) was 
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reported to cause a reduction in the degree of cotton hydrolysis of up to 10 times (Buschle-Diller 

and Traore, 1998).  These findings suggest that the molecular structure of dyes plays a critical role 

in their inhibitory effect on cotton enzymatic hydrolysis (Buschle-Diller and Traore, 1998; Guo et 

al., 2016). Moreover, cotton conversion into glucose has been reported to decrease as the 

concentration of dye attached to the textile increases (Guo et al., 2016; Yamada et al., 2005).  

 

Figure 2-6. Schematic representation of enzymes action on both undyed and reactive-dyed cotton 

where a general mechanism of cellulose dyeing reaction with reactive dye is shown.  Dyed cellulose 

photograph and dyeing mechanism of cotton are adapted from Zambrano et al., (2021) and 

Arivithamani and Dev, (2017) 
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Regarding the improvement of enzymatic saccharification of dyed textiles, it is important to 

highlight that most pretreatments reported in the literature for dyed textiles are based on cellulose 

dissolution and regeneration methods (see section 3.2.1). These pretreatments eliminate the 

inhibitory effect of dyes due to the cellulose dissolution that allows breaking the covalent bonds 

between the dye and the cellulose substrate. Thus, a high enzymatic hydrolysis yield can be attained 

(Guo et al., 2016). However, it is imperative to mention that these pretreatments rely on high cost 

and hazardous chemicals (e.g., phosphoric acid at 85%) besides energy-intensive conditions (e.g., 

temperature at 150 °C) (Guo et al., 2016; Jeihanipour et al., 2010; Jeihanipour and Taherzadeh, 

2009; Kuo et al., 2010). These observations suggest that the application of less chemical-intensive 

and environmentally friendly pretreatments to inhibit the negative impact of dyes on the enzymatic 

conversion of textile waste is an untapped research area. To that end, regulations in the use of dyes 

could be implemented in the future to ease textile upcycling processes. Such regulations could 

require a specific range of molecular weight and chemical structure of the dyes. A possible trend 

in the years to come may be the formulation of new dye molecules that would allow enzymes to 

work at the surface of the fiber, thus facilitating enzymatic conversion treatments.  

2.6. Considerations to implement feasible pretreatments for textile wastes conversion  

The upcycling of textile wastes to produce value-added chemicals through enzymatic 

hydrolysis aims to solve a current environmental issue promoted by the increasing generation of 

textile wastes in the U.S. and across the world (U.S. EPA, 2020). However, the environmental 

impact and economic feasibility are factors to consider when implementing pretreatments for the 

enzymatic hydrolysis process. This section discusses the inherent challenges associated with both 
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aspects, considering pretreatment methods currently accesible and conditions required for their 

application.  

2.6.1. Environmental impact  

Few works that consider the environmental impact of the upcycling of textile wastes to produce 

glucose are available. Recently, Subramanian et al., (2020) performed an environmental life cycle 

assessment (LCA) for recycled polyester from cotton-polyester textile wastes (Subramanian et al., 

2020). Although the recovery of polyester was the main objective of the work, blended cotton was 

separated via enzymatic hydrolysis (converted into sugars) by applying a pretreatment with 7 w/v% 

NaOH and 12 w/v% urea at −20 °C for 6 h. After identifying the environmental hotspots, their 

results showed that the alkaline pretreatment contributes to most (around 60%) of the evaluated 

environmental categories, as depicted in Figure 2-7a. The authors reported that these high impacts 

are caused by the process’s energy and chemicals used for the alkali treatment. In this case, the 

major contributors were the production of NaOH, urea, cooling, neutralization, and heating 

(Subramanian et al., 2020). Table 2-3 shows that most of the pretreatments implemented to upcycle 

textile wastes might be comparable to the work carried out by Subramanian et al., (2020). High 

dosification of chemicals (e.g., NaOH, and H3PO4) and extreme process conditions such as 

temperatures at either -20 °C or 200 °C make these pretreatments processes unlikely to be applied 

sustainably on an industrial scale, considering they could have a similar high environmental 

footprint. This demonstrates that more LCA studies around the conversion of textile wastes into 

value-added chemicals via enzymatic hydrolysis are needed to better understand how pretreatments 

influence the environmental impact of the overall process. This could also optimize the textile 

conversion process to attain more sustainable conversion pathways.  

Despite not being specifically focused on glucose production from textile wastes, previous 

works have evaluated the environmental impact of different pretreatments to convert 
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lignocellulosic biomass into sugars (Prasad et al., 2016; Zhao et al., 2020). Prasad et al., (2016) 

compared the environmental impact of four different pretreatments to produce 1 kg of glucose from 

lignocellulosic biomass for biofuel production purposes (Prasad et al., 2016). The evaluated 

methods were liquid hot water, steam explosion, dilute acid, and organosolv. Results from this 

work showed that chemical pretreatments are the ones with the most negative environmental 

impact. Dilute acid pretreatment (chemical) promoted the highest emissions in most studied 

environmental categories. On the other hand, liquid hot water had the lowest emissions (Prasad et 

al., 2016). Figure 2-7b shows the influence of the pretreatment pathway on greenhouse emissions 

(CO2 emissions) associated with the enzymatic hydrolysis process.  

The significant difference found between the dilute acid and liquid hot water pretreatments is 

attributed to the use of chemicals and the high energy consumption of the former compared to the 

latter (Prasad et al., 2016). Unlike the liquid hot water pretreatment, the dilute acid pretreatment 

used 1.1 wt% of HCl for 40 mins at 120 °C. This treatment was followed by additional treatment 

with 10 wt% lime (CaO) at 60 °C for 12h. Besides the chemical use, the contribution of both power 

and energy to keep high temperatures during prolonged times (e.g., 12 h) played a significant role 

in generating environmental emissions (Prasad et al., 2016). On the other hand, the liquid hot water 

treatment only uses deionized water for 5 minutes at 190 °C, which explains why this pretreatment 

had a lower environmental impact (Prasad et al., 2016).  

Works carried out by both Prasad et al., (2016) and Subramanian et al., (2020) show that the 

carbon footprint of the production of glucose from cellulosic material (e.g., cotton textile) is highly 

sensitive to the pretreatment and its thermal and chemical conditions. This reveals a need to develop 

new pretreatment methods or improve existing ones to increase conversion yields of textile wastes 

while reducing their overall environmental impact. 
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a) Environmental impact at midpoint categories to recycle 1 Kg of polyester 

 

b) Effect of the pretreatment on global warming potential  

 

Figure 2- 7. (a) Midpoint assessment results of a textile bio-recycling method used to recover 1 kg 

of polyester fibers from cotton/polyester textile wastes. Adapted from Subramanian et al., (2020). 

(b) Effect of different pretreatments on the global warming potential to produce 1 kg of sugars via 

enzymatic hydrolysis of lignocellulosic biomass. Adapted from Prasad et al., (2016) 
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2.6.2. Economic feasibility  

Enzymatic hydrolysis by itself has been considered an expensive pathway to produce chemicals 

from cellulosic feedstock. Factors such as the high cost of enzymes and increased capital 

expenditure, the latter caused by long residence times, considerably drive up the conversion cost 

(Abbati De Assis et al., 2018; Bajpai, 2016; Gonzalez et al., 2011b; Singh et al., 2015). 

Implementing a pretreatment stage helps mitigate this problem by increasing yields and reducing 

enzyme usage, making the process more economically attractive (Bhutto et al., 2017; Giakoumakis 

et al., 2021; J. Park et al., 2016). Moreover, enzymes represent one of the most critical components 

of the cost structure in the enzymatic hydrolysis process. In that sense, high yields may not 

necessarily compensate for the cost associated with a very high enzyme dosage, making these 

processes non-profitable. This could be the case for some of the strategies described in Table 2-3 

where high enzyme loads (30 FPU/g of cotton) are implemented to get 90% glucose yields. 

Considering that cellulase enzyme prices can range between 2,000 and 5000 USD per ton, an 

enzyme charge of 30 FPU/g could be worth between 470 and 780 USD per ton of glucose produced 

(Davis et al., 2013; de Assis et al., 2018; Gonzalez et al., 2011b; Novozymes, 2017, 2010; Ou et 

al., 2021). Hence, the conversion process would be unviable considering that the sugar price is 

approximately 400 USD per ton (Trading Economics, 2022).  

In this context, making the enzymatic hydrolysis of textile wastes a viable method with the 

potential to be upscaled into an industrial application requires developing a process with a low 

enzyme, low chemical, and low energy usage. However, implementing a pretreatment also adds up 

to the overall cost of the final product (Ranjithkumar et al., 2017). Therefore, aspects such as (i) 

the ability to increase the enzymatic hydrolysis yield, (ii) additional capital expenditure, and (iii) 

the cost of chemicals, energy, and other materials affect the costs associated with the pretreatment 
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stages and need to be understood (Bajpai, 2016; Bastidas-Oyanedel and Schmidt, 2019; Jiang et 

al., 2015; Wyman, 2013). 

Increasing the yield of enzymatic hydrolysis is one of the most critical features affecting the 

pretreatment economics of cellulosic materials. It is influenced by factors such as the pretreatment 

process, amount of chemicals used, and process conditions (Gonzalez et al., 2011a; Haghighi Mood 

et al., 2013; Humbird et al., 2011). Higher yields imply a better use of raw materials and, therefore, 

a reduction in their associated costs. Consequently, it is imperative to achieve higher yields to 

ensure the economic feasibility of the process (Gonzalez et al., 2011b; Humbird et al., 2011). 

Capital expenditure could also be an essential element influencing the economics and feasibility 

of cotton textile waste pretreatments and conversion (Chukwuma et al., 2020; Eggeman and 

Elander, 2005; Gonzalez et al., 2011b; Kapanji et al., 2019). In the case of textile wastes,  reaction 

conditions during the pretreatment stage affect capital expenditure. Moreover, different factors 

such as the blend of cotton with non-degradable fibers (e.g., polyester) affect the cellulose content 

per ton of textile fed into the conversion process. As a result, blended systems with lower cotton 

(cellulose) content required the implementation of either fiber sorting and separation equipment or 

larger equipment, and therefore, higher capital investment (de Assis et al., 2018; Gonzalez et al., 

2012, 2011b). On the other hand, textile solid concentrations above 30% no longer resemble 

slurries but instead behave like moist or slightly wetted materials, increasing the energy and capital 

expenditure requirements for transporting and mixing the fluids (Bajpai, 2016; Wyman, 2013) 

(Bastidas-Oyanedel and Schmidt, 2019).  

Moreover, the process conditions during the biomass pretreatment have cost implications, 

particularly on the equipment design elements. For example, acidic conditions are associated with 

the need for more corrosion-resistant materials (Bajpai, 2016; Chandra et al., 2007; Eggeman and 

Elander, 2005; Galbe and Zacchi, 2007; Haghighi Mood et al., 2013), while high temperatures 
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require the use of equipment capable of resisting higher pressures (Bajpai, 2016; Prasad et al., 2016; 

Wyman, 2013). In both cases, more costly equipment is needed. Finally, if solvent recovery or 

toxic waste treatment is required, more capital is expended, increasing the overall cost of the 

process (Chukwuma et al., 2020).  

Lastly, the amount and type of chemicals and energy used for biomass pretreatment also impact 

the process economics. Higher operating costs result from higher chemicals and energy 

requirements (Eggeman and Elander, 2005; Gu et al., 2019; Haghighi Mood et al., 2013). In 

addition, the cost and loading percentage of chemicals ultimately determine whether chemical 

recovery and waste treatment are needed. This subsequent chemical recovery and neutralization 

steps bring additional costs and additional waste out of the system, which must be disposed of 

(Bastidas-Oyanedel and Schmidt, 2019; Wyman, 2013). Table 2-6 summarizes different economic 

challenges reported in the literature for selected pretreatment methods based on the aforementioned 

factors.  
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Table 2- 6. Economic challenges associated with different pretreatment methods (Ahmad et al., 

2020; Beig et al., 2020; Chukwuma et al., 2020; Haghighi Mood et al., 2013) 

Method Economic challenge 

Mechanical pretreatment 
High energy consumption  

Acid pretreatment  

High cost of chemicals  

High cost of chemicals recovery and waste treatment  

High capital investment associated with corrosivity resistance  

Alkaline pretreatment  

High capital cost associated with long residence times  

High cost of chemicals and catalysts  

High cost of chemical recovery 

By-products treatment  

Steam explosion pretreatment  

Low ability to increase enzymatic yield  

High cost of acid catalysts  

High thermal energy cost  

Liquid hot water  

Low ability to increase enzymatic yield  

High thermal energy cost  

Solvent-based pretreatment  

High cost of solvents  

High capital investment associated with solvent recovery  

High energy cost associated with solvent recovery  

2.7. Economic potential of transforming cotton textile wastes into biobased building blocks 

Compared to lignocellulosic feedstock, the enzymatic process of cotton textile waste has not 

been studied to the same extent. Cotton textile waste has been explored more recently as biomass 

to obtain ethanol and biobased building blocks (via enzymatic hydrolysis) that can be upcycled into 

value-added materials from glucose (e.g., levulinic acid, succinic acid, itaconic acid, and glutamic 

acid) (Cok et al., 2014; Humbird et al., 2011; Ortiz et al., 2022; Werpy and Petersen, 2004). Table 

2-7 presents a preliminary performance and economical screening of selected value-added biobased 

chemicals obtained from glucose (Johnson et al., 2020). From an economic standpoint, it is evident 

that the production of glucose from textile waste through enzymatic hydrolysis processes would 
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probably not be attractive due to the low market price of such product (~300 USD/ton) (Parra-

Ramírez et al., 2019). On the other hand, there might be an added value in the hundreds to thousands 

of dollars per ton for different types of glucose-derived chemicals (Table 2-7). For instance, 

levulinic, succinic, and itaconic acid are the first in the ranking based on their market price and 

yield. Levulinic acid can be transformed into building blocks (5-HMF, 1,4-butanediol esters, γ-

valerolactone) to produce fuels, lubricants, and resins, among others (Kohli et al., 2019; Schmidt 

et al., 2017; Werpy and Petersen, 2004). Succinic acid is a potential platform chemical to obtain 

petrochemical products such as 1,4- butanediol, tetrahydrofuran, γ-butyrolactone, and 

pyrrolidinone derivatives (Bozell and Petersen, 2010a; Cok et al., 2014; Delhomme et al., 2009). 

Lastly, itaconic acid can be converted into polymers with vinylic monomers, polyols, polyamines, 

etc. (De Carvalho et al., 2018; Okabe et al., 2009; Willke and Vorlop, 2001) 
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Table 2-7. Review and ranking of value-added biobased chemicals derived from glucose (Bozell and Petersen, 2010b; Werpy and Petersen, 2004) 

Value-added 

chemical 
Formula Application Process 

Theoretical 

yield (g 

product g-1 

glucose) 

Yield (g 

product g-1 

glucose) 

Conditions (T, 

P, Residence 

time) 

Catalyst  

Market price 

(2018) 

(USD/Ton) 

Approx. market 

volume (2018) 

(MMton/year) 
Ref. 

Levulinic 

acid 
C5H8O3 

Methyltetrahydro
furan (MeTHF) 

δ-aminolevulinic 

acid 
1,4-butanediol 

esters 

γ-valerolactone 

Na levulinates 

Valeric acid 

Hydrogenation of 
5 HMF from 

glucose 

0.6 0.44 
200 °C, 30 min, 

50 bar N2 

Methanesulfo

nic or sulfuric 

acid 0.63M (6 
%) aprox 

5,350 –8,880 

 
0.01 

(Hafyan et al., 
2020; 

Sadhukhan et 

al., 2016; 
Schmidt et al., 

2017) 

Succinic acid C4H6O4 

1,4-butanediol 

Tetrahydrofuran 

γ-butyrolactone 
Pyrrolidinone 

Maleic acid 

Fermentation of 

glucose 
0.7 0.73 30 °C, 2h 

Saccharomyc

es cerevisiae 
2,500 0.04 

(Huh et al., 

2006; Nieder-
Heitmann et al., 

2019b) 

 
 

Itaconic acid C5H6O4 

Building block 

for Biobased 
polymers: 

Styrene 

derivatives 
Polyacrylates 

Polyester 

Polyamides 
Diols, Diamines 

Fermentation of 

glucose 
0.7 0.6 35 °C, 7 days A. terreus 1,900 0.08 

 

(Klement and 

Büchs, 2013b; 
Magalhães et 

al., 2019) 

Glutamic acid 

(amino acid) 
C5H9NO4 

Polyesters 

Foods 
(neurotransmitter 

and flavor 

enhancer, 
nutrient) 

Plant growth 

Fermentation of 
glucose 

0.8 0.4 33 °C, 28.5 h 

Brevibacteriu

m 

divaricatum 

3,625 1 

(Delaunay et 

al., 1999; 
Özüdoğru et al., 

2019) 

Sorbitol C6H14O6 
Sugar alcohol 

L-ascorbic acid 
Polyols 

Reduction of 

glucose 
1 0.56 

50% glucose 

solution, 120 
°C,70 bar H2 

5% Raney 

nickel catalyst 
655 2.6 

(Kapanji et al., 

2019) 

Glucaric acid C6H10O8 

Biobased adipic 

acid: 
Polyurethanes 

Non-phthalate 

Biodegradable 
polyesters 

Nylon-6,6 fibers 

Glucose 

oxidation with 

nitric acid 

1.2 0.58 40 °C, 2 bar 

Oxidation 

with nitric 

acid 

2,910 2.6 
(Kapanji et al., 

2019) 

Lactic acid C3H6O3 
Polylactic acid 

Lactate esters 

(green solvents) 

Fermentation of 

glucose 
0.5 0.72 37 °C, 36 h 

Lactobacillus 

casei 
1,874 1.4 

(Kohli et al., 

2019; Kwan et 

al., 2018b) 
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2.8. Perspectives on the use of mechanical refining and dye oxidation processes as prospect 

pretreatments for enzymatic conversion of cotton textile waste.  

A crucial drawback to the sustainable circularity of cotton textile wastes via enzymatic 

hydrolysis is the use of chemicals at extremely high concentrations and high thermal conditions in 

the pretreatment stage. Although not reported for cotton textile waste, recent research has indicated 

that the impact of mechanical refining on fiber properties could maximize the reactivity of fibers 

towards enzymatic hydrolysis at lower energy consumption and, more importantly, with either low 

or no chemical use (Corbett et al., 2020, 2018; de Assis et al., 2018; Jones et al., 2017). Table 2-8 

presents a summary of scholarly research where the effect of mechanical refining on enzymatic 

hydrolysis of lignocellulosic biomass has been studied. Most of the findings indicate that a cellulose 

conversion yield greater than 70% can be achieved using mechanical refining as a pretreatment. 

Moreover, compared to conventional and already-reviewed processes, a significantly lower 

concentration of enzyme (e.g., 5 FPU per OD gram of fibers) is used (Corbett et al., 2020, 2018; 

de Assis et al., 2018; Jones et al., 2017). Thus, the conversion process could be economically 

feasible (Jones et al., 2014, 2013).  

Mechanical refining is a technique that has been used for many years in the pulp and paper 

industry (Smook and Kocurek, 1982). It differs from mechanical milling mainly due to the 

characteristics of the mechanical action on the fibers. Mechanical refining is used to modify fiber 

morphology and increase the available surface area through delamination and fibrillation without 

a significant decrease in the fiber length (Zambrano et al., 2020b, 2020a), while milling only 

decreases fiber length. Fibrillation is generally an external effect and involves peeling smaller fiber 

fragments away from the main fiber mass due to shearing forces. Lastly, delamination is generally 

an internal effect arising from repeated compression and decompression of fibers as they are 
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squeezed between the bars and grooves of the refiner plates (Corbett et al., 2020; de Assis et al., 

2018). Figure 2-8 shows schematically the forces involved in the mechanical refining process and 

its effect on fiber morphology.  

 

 

Figure 2-8. Effect of mechanical refining on lignocellulosic fibers. a) Unrefined fibers, b) PFI 

refiner, c) Refined fibers and d) Schematic illustration of the mechanical refining mechanism. 

Adapted from Corbett et al., (2020), de Assis et al. (2018), Gharehkhani et al., (2015), Jones et al., 

(2017, 2014, 2013)  
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Table 2- 8. Summary of scholarly research that has reported on the effect of mechanical refining (with low to zero chemicals in the pretreatment 

stage) in enzymatic hydrolysis of lignocellulosic. 

*Example for refining intensity: PFI 0 (68%) refers to unrefined condition has conversion of 68%. 2,000 rev (71%) refers to 2,000 rev in a PFI mill 

has 71% conversion 

 

**PFI (PFI-mill refiner), rev (revolutions), rpm (revolutions per minute), NR (Not reported), unref (unrefined) 

 

Biomass Refining intensity* 

Fiber length 

(mm) Max PFI 

rev used 

Fines (%) Pretreatment 
T 

(°C) 

Time 

(min) 

Enzymatic 

hydrolysis 

Yield (max glucose 

conversion, %) 
Ref. 

Wheat straw PFI 6,000 rev NR NR Liquid hot water 190 10 
CTEC2+HTEC2 4 

and 10 FPU, 96 h 
76% in 96 h 

(Ertas et 

al., 2014) 

Sugarcane 

bagasse 

PFI 0 (68%), 2,000 rev (71%), 

4,000 rev (73%), 6,000 rev (74%), 

8,000 rev (77.2%) 

0.3 NR Liquid hot water 190 10 

CTEC2+HTEC2 5 

FPU, pH=5.0, 

50 °C, 96 h 

77.2% in 96 h 

(de Assis 

et al., 

2018) 

Hardwood 

Sodium 

Carbonate pulp 

12" Sprout Waldron TMP 2,950 

rpm 0.127 mm gap 
1.25 8.5 

Thermomechani

cal pulping 

(TMP) 

110 NR 

CTEC2+HTEC2 5 

FPU, pH=5.0, 

50 °C, 96 h 

39.2% (no ref) - 

89.5% (TMP) in 96 h 

(Jones et 

al., 2017) 

Kraft Hardwood 

biomass 
PFI 0 – 8,000 rev 0.8 1 

Green liquor 

Batch digester 

Na2CO3 and 

Na2S 

160 NR 

CTEC2+HTEC2 5 

FPU, pH=5.0, 

50 °C, 96 h 

78% in 96 h 
(Jones et 

al., 2013) 

Corn stover 
PFI 0 (52%), 2,000 rev (74%), 

4,000 rev (76%), 8,000 rev (79%) 
0.084 NR 

0.5 % sulfuric 

acid 
50 NR 

CTEC2 15 FPU, 

50 °C 
79% in 168 h 

(Chen et 

al., 2013) 

Southern 

hardwood sodium 

carbonate pulp 

12" Sprout Waldron TMP 1,775 

rpm 0.05-0.12 mm gap 
NR NR No chemicals 121 3 h 

CTEC2+HTEC25 

10 FPU, pH=4.8-

5.3, 50 °C, 96 h 

70% 5 FPU (36% 

unref), 90% 10 FPU 

(59% unref) 

(Corbett 

et al., 

2018) 

Southern 

hardwood sodium 

carbonate pulp 

12" Sprout Waldron TMP 1,775 

rpm 0.05-0.12 mm gap 

0.25-0.8 mm (4 

fiber fractions) 

2 (<0.074mm) -70 % 

(>1.41 mm) (4 fiber 

fractions) 

No chemicals 121 3 h 

CTEC2+HTEC2 5 

FPU, pH=5.3, 

50 °C, 96 h 

70% refined, 45% 

unrefined 

(Corbett 

et al., 

2020) 

Hardwood 

sodium carbonate 

pulp 

PFI 0 (52%), 2,000 rev (74%), 

4,000 rev (76%), 8,000 rev (79%) 
0.9-1.1 mm 10 No pretreatment, only pulping 

CTEC2+HTEC2 

1, 3, and 5 FPU, 

pH=4.8, 50 °C, 96 

h 

36% (unrefined) 

65% (refined) 144 h 

(Jones et 

al., 2014) 
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One of the limitations to use only mechanical refining and pretreat cotton textiles might be its 

inability to deal with the presence of dyes, which have an inhibitory effect on the enzyme 

performance to convert the cotton into glucose (Buschle-Diller and Traore, 1998; Czilik et al., 

2002). Several oxidation processes to decompose dyes in both textiles and industrial wastewater 

have been reported in the literature but never related to the enzymatic hydrolysis of cotton. Ozone, 

Hydrogen peroxide, Fenton, and Enzymatic biodegradation (e.g., using laccases) are some of the 

most up-to-date discoloration treatments because of their high capability to bleach and their low 

environmental impact due to low chemical usage and rapid decomposition into water and oxygen 

(Abdul and Narendra, 2013; Arooj et al., 2020; Asghar et al., 2015; Forootanfar et al., 2012; Fu et 

al., 2019; Gül and Özcan-Yildirim, 2009; Khaled et al., 2022; Li et al., 2021; Sözen et al., 2020; 

Wong and Yu, 1999).  In a general point of view, most of the oxidation methods to degrade dyes 

have their fundament in the formation of strong oxidant radicals (e.g. HO•). These species are 

generated to react with the dyes and break the coloring functional group in their molecular 

structure.Thus, discoloration is achieved (Fang et al., 2017; Powar et al., 2020; Sözen et al., 2020; 

Sun et al., 2018; Wang et al., 2020). Efforts are being performed in this upcycling route, which will 

be presented in a follow up paper to our most recent research (Vera et al., 2022) 
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2.9. Conclusions and future perspective 

Available pretreatment processes for enzymatic hydrolysis of cotton textile are chemical and 

energy-intensive, besides requiring high enzyme concentrations to attain high conversion yields. 

Consequently, their deployment becomes challenging from an economic and environmental 

standpoint.  

In this context, developing sustainable pretreatment processes tailored to upcycle cotton textile 

waste into glucose with low enzymatic, chemical and energy demand is crucial. These 

pretreatments must be also capable of dealing with the vast types of dyes, their different chemical 

structures, sizes and molecular weights that significantly influence the enzymatic activity. This 

suggests that, in the future, regulations in the use of dyes could emerge to attain more feasible 

upcycling processes of textiles. Such regulations could require a specific range of molecular 

weight and chemical structure of the dyes.  

The successful development of such pretreatment processes could help to decrease the 

environmental footprint of poorly managed textile wastes, while offering a pathway for converting 

used garments into sustainable, value-added products. The latter is essential to insert textile wastes 

into the circularity of bioresources and deploy a wide variety of upcycled biobased building blocks, 

which is an important contribution to the upcycling waste business.      
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3. UPCYCLING COTTON TEXTILE WASTE INTO BIO-BASED BUILDING BLOCKS 

THROUGH AN ENVIRONMENTALLY FRIENDLY AND HIGH-YIELD CONVERSION 

PROCESS2 

 

Abstract 

This chapter presents mechanical refining as a chemical-free pretreatment of cotton textile waste 

to be converted into glucose via enzymatic hydrolysis. Both Cellic® CTec2 and CTec3 cellulase 

enzymes were evaluated to perform the enzymatic hydrolysis. Mechanical refining enabled cotton 

fiber fibrillation, thus increasing its specific surface area, water swellability, enzyme adsorption, 

and the efficiency of cotton conversion into sugars. Compared to conventional pretreatments, 

mechanical refining promoted sugar yields above 90% after enzymatic hydrolysis at lower enzyme 

usage (4-6 FPU/O.D g). From experimental data, a non-linear model was developed to predict 

cotton conversion. The predictive model allowed the optimization of the conversion process, 

which resulted in maximum yields of 89.3 and 98.3% when CTec2 and CTec3 were respectively 

used. Results from this chapter open the window to deploy mechanical refining as a promising and 

more sustainable transformation approach to produce sugar-based building blocks within the 

circular economy framework of textile waste.  

 

 

2This chapter has been published as: 

Vera, R. E., Suarez, A., Zambrano, F., Marquez, R., Bedard, J., Vivas, K. A., ... & Gonzalez, R. 

(2023). Upcycling cotton textile waste into bio-based building blocks through an environmentally 

friendly and high-yield conversion process. Resources, Conservation and Recycling, 189, 106715.  
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3.1. Introduction 

The textile industry has historically operated under a linear "take-make-waste" model as 

products are manufactured, sold, used, and disposed of (Hamawand et al., 2016; Johnson et al., 

2020). As a result, more than 100 million tons of textiles are either incinerated or sent to landfills 

worldwide every year (Bick et al., 2018; Pandit et al., 2018; United States Environmental 

Protection Agency, 2021). In addition, some analyses have tagged this industry as one of the most 

polluting in the world due to the chemical nature of conventional textile manufacturing processes 

(i.e., bleaching, dyeing, printing, chemical bathing) and the current end-of-life management 

practices of textile products (Brydges, 2021; D’Adamo et al., 2022; Hamawand et al., 2016). Thus, 

from this perspective, textile waste represents an environmental challenge of high concern since it 

contributes to both global warming and ecotoxicity by producing greenhouse gases during 

degradation or incineration and by leaching chemicals to the ground while decomposing (Bick et 

al., 2018; Fortuna and Diyamandoglu, 2017; Pandit et al., 2018).   

As a response to global efforts to create a more sustainable society, circular economy strategies 

currently applied in the textile industry include reusing and recycling  (Colasante and D’Adamo, 

2021; D’Adamo and Colasante, 2022; Jia et al., 2020). Nevertheless, textile waste in landfills could 

be drastically reduced by redesigning products, manufacturing processes, and supply chains to 

upcycle waste after the textile’s end-of-life to create high-value products (Esteve-Turrillas and de 

la Guardia, 2017; Sassanelli et al., 2019). Cotton and cellulose derivatives represent on average 

30–50 wt. % of the textile waste (Sandin and Peters, 2018; Yousef et al., 2019; Zambrano et al., 

2021a). Compared to other fibers, cotton textile fibers are inherently unique from a chemical 

perspective because they are essentially made from pure and natural cellulose (Heinze and Rojas, 
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2016; Singh and Satapathy, 2018; Zambrano et al., 2020a). Thus, they possess the potential to be 

treated and converted into bio-based building blocks, which are in turn suitable to manufacture a 

myriad of value-added, and bio-based chemicals (Gonzalez et al., 2012; Treasure et al., 2014; Vera 

et al., 2022). 

Enzymatic hydrolysis has been widely studied as a conversion pathway to transform cellulosic 

materials (e.g., cotton) into value-added chemicals (de Assis et al., 2018; Hasanzadeh et al., 2018; 

Quartinello et al., 2018). The process involves using enzymes to break cellulose polymeric chains 

into monomeric sugars. Thus, enzyme concentration, temperature, and pH have a fundamental role 

in the enzymatic reaction (Hasanzadeh et al., 2018; Jeihanipour and Taherzadeh, 2009; Vera et al., 

2022). Specifically, maximum enzyme activity has been reported to occur at 50–60°C and pH near 

5.0–5.2 (de Assis et al., 2018; Fockink et al., 2015). Enzyme adsorption onto cellulose and 

cellulose's accessibility also play an important function in the enzymatic reaction (Kumar and 

Sharma, 2017; Raspolli Galletti and Antonetti, 2012; Singh and Satapathy, 2018). Consequently, 

surface area, crystallinity, and degree of polymerization are described as the most important 

physicochemical properties affecting the conversion yield of cellulose into glucose (Giakoumakis 

et al., 2021; Kumar and Sharma, 2017; Shuhua et al., 2020). Thus, due to the recalcitrance of the 

cellulosic material, it needs to be pretreated to improve the enzymatic hydrolysis at economically 

viable dosages of enzymes (Chandra et al., 2007; de Assis et al., 2018; Kumar and Sharma, 2017).  

Several pretreatment pathways have been suggested as possible alternatives to convert old 

cotton-derived textile garments into bio-based building blocks with conversion rates as high as 

90%(Jeihanipour et al., 2010; Quartinello et al., 2018; Vera et al., 2022). Vera et al., 2022 

summarizes a variety of used pretreatments to convert textile wastes into sugars via enzymatic 

hydrolysis. Nevertheless, those approaches are still far from commercial deployment due to a 
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combination of factors such as technical complexity, very high chemical and enzyme use, and 

extreme thermal conditions, which also contribute to an overall high environmental impact (Vera 

et al., 2022).  

Mechanical refining is used as a pretreatment that modifies cellulose properties, promoting the 

increase of the surface area and contributing to changes in fiber morphology (e.g., crystallinity 

under extreme refining conditions) (Park et al., 2016; Pawlak et al., 2022; Zambrano et al., 2020a). 

This is based on three mechanisms that alter the fiber structure: cutting (fiber length reduction), 

shearing (surface fiber fibrillation), and internal delamination (de Assis et al., 2018; Zambrano et 

al., 2020a). Previous studies have reported the positive effect of mechanical refining on the 

enzymatic hydrolysis of lignocellulosic biomass (de Assis et al., 2018; Jones et al., 2013a; Park et 

al., 2016). However, its application to cotton textiles has not yet been reported.  

This chapter introduces for the first time mechanical refining as a pathway to pretreat cotton-

derive textile waste and improve its conversion into glucose via enzymatic hydrolysis. Mechanical 

refining is presented as a low-capital investment, low operational cost, low-risk, and low 

environmental impact pretreatment with no chemicals used in comparison to current state-of-the-

art processes previously reported for textile waste conversion, i.e., high use of H2SO4, NaOH or 

H3PO4 (de Assis et al., 2018; Vera et al., 2022). The objective was to convert cotton textile waste 

into a bio-based chemical such as glucose through an innovative high-yield pathway with a lower 

carbon footprint. Moreover, a predictive model was also developed to optimize both the 

pretreatment and the conversion process of cotton textile waste. Outcomes from this strategy are 

at the heart of the circular economy as they include the reduction of landfilled cotton textile waste 

and their associated environmental impact (Acerbi et al., 2021; D’Adamo et al., 2022; Vinante et 

al., 2021). 
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3.2. Experimental Methods 

3.2.1. Materials  

3.2.1.1.Waste cotton textiles and chemicals 

Samples of white cotton t-shirts were provided by Cotton Inc. (Weston Pkwy, Cary, NC). 

Cotton textile samples had a cellulose composition close to 95% estimated from compositional 

analysis according to the TAPPI T-249 standard method. Sulfuric acid 72% w/w and sodium 

carbonate (Certified ACS) from Fisher Chemicals (Hampton, NH, USA) were used for the 

compositional analysis of cotton textiles.  

Sodium acetate (crystalline/certified ACS) and acetic acid (glacial, certified ACS), both from 

Fisher Chemicals (Hampton, NH, USA), were used to prepare the buffer solution at pH 5.2 for the 

enzymatic hydrolysis process. 

3.2.1.2. Enzyme 

Cellic® CTec2 and CTec3 Cellulase enzymes (Novozymes, Bagsværd, Denmark) were used 

to perform the enzymatic hydrolysis experiments. The activity of both CTec2 and CTec3 cellulases 

was respectively determined to be 139.7 FPU/mL and 196.0 FPU/mL by following the standard 

method for estimation of cellulase activity (Adney and Baker, 1996). 

3.2.2. Methods 

The effect of mechanical refining on the enzymatic hydrolysis yield of cotton was evaluated 

according to the experimental design presented in Figure 3-1. Different levels of mechanical 

refining were applied to previously ground white cotton (Figure 3-1). Enzymatic hydrolysis with 

CTec2 or CTec3 was performed on the refined cotton at different enzyme loads and residence 

times. To understand the effect of mechanical refining on the morphology of cotton fibers, 
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measurements of water retention value (WRV), specific surface area (SSA) and scanning electron 

microscopy (SEM) were carried out. 

Unrefined 

2,500 PFI 

revs

Mechanical refining

Residence timeEnzyme load  Intensity

Enzymatic Hydrolysis (pH=5.2 and T=50 ºC)

Glucose 
cotton

Ground
5,000 PFI 

revs

10,000 PFI 

revs

20,000 PFI 

revs

4 FPU/O.D g

5 FPU/O.D g

6 FPU/O.D g

48 h

96 h

72 h

Figure 3-1. Schematic of the variables evaluated during the enzymatic hydrolysis of cotton waste  

 

3.2.2.1. Mechanical pretreatment  

3.2.2.1.1. Cotton grinding and mechanical refining 

100% cotton t-shirts (Figure 3-2a) were cut into ½ inch x ½ inch pieces (Figure 3-2b) using a 

guillotine-style paper trimmer and then ground in a Wiley mill with a 35-mesh screen (Figure 3-

2c). Ground cotton was disintegrated in a standard pulp disintegrator (Pulp Disintegrator, Testing 

Machines Inc., New Castle DE, USA) at 1.2% solids content (cotton mass/total mass), 

using 15,000 revs. Then, the disintegrated cotton was filtered and diluted with water to obtain a 

suspension at 10% solids content before proceeding to mechanical refining (Figure 3-2d). Cotton 

at 10% consistency was mechanically refined in a PFI mill (Norwegian Pulp and Paper Institute, 

Oslo, Norway) at intensities of 2,500, 5,000, 10,000, and 20,000 PFI revs. The number of "PFI 

revs" is proportional to the amount of energy used for refining the fibers (Chakraborty et al., 2007; 

Jones et al., 2014). The PFI energy consumption is estimated to be 0.18kWh/ton per PFI rev 
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(Chakraborty et al., 2007; Jones et al., 2014). After refining, the refined pulp (Figure 3-2e) was 

collected and stored at 4 °C without washing.  

 
Figure 3-2. Pretreatment of a cotton t-shirt to be converted into glucose. (a) Initial cotton t-shirt, 

(b) Cutting, (c) Grinding, (d) Mechanical refining, and (e) Refined Cotton.  

 

3.2.2.2. Enzymatic hydrolysis  

Enzymatic hydrolysis experiments were conducted for 1 oven-dried (O.D) g basis of cotton at 

a 5% solids content in 50 mL conical tubes. The aqueous phase was comprised of a sodium acetate-

acetic acid buffer solution at pH 5.2. Deionized water was used in all experiments. A rotating 

incubator (FinePCR COMBI-D24, Seoul, Korea) was used to perform the cotton enzymatic 

hydrolysis at 50°C and 12 rpm for 48, 72, 96, and 192 h. After enzymatic hydrolysis, each 

sample was centrifuged for 10 min at 4,300 rpm (Eppendorf centrifuge 5702, Germany). The 

supernatant was used to determine glucose and total carbohydrate conversion during enzymatic 

hydrolysis. Glucose analysis was carried out using high-performance liquid chromatography 

(Agilent 1200 HPLC system w/ VWD). 
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3.2.2.3. Determination of enzyme adsorption  

To study the effect of mechanical refining on the enzymatic adsorption onto cotton, 1 O.D g 

of mechanically refined cotton samples (2,500; 5,000; 10,000; and 20,000 PFI revs) were put in 

contact (without stirring) with an enzyme solution containing 0.6 mg of enzyme per ml of sodium 

acetate buffer (0.1 M, pH 5). Then, samples were incubated for 4 h at 4°C without stirring (Chen, 

2014; M. Zambrano et al., 2021). The ratio of O.D cotton to liquid was 1:20, resulting in a cotton 

slurry at 5% solids content. The enzyme concentration before and after incubation was determined 

using the Pierce Rapid Gold BCA Protein Assay Kit (Thermo Scientific, 2021) and measurements 

of UV–Vis absorbency (Perkin Elmer, Waltham, MA, USA) at 480 nm. The amount of enzyme 

adsorbed (Qe) onto cotton was calculated by the mass balance relation shown in Eqn. 3-1:  

1Å ÍÇȾÇ
  

       Eqn. 3-1 

Where C0 and Ce are respectively the initial and the equilibrium concentration of enzyme 

(mg/ml), V is the volume of the enzyme solution (ml) and m is the weigh O.D of cotton samples 

(g). 

3.2.2.4. Fiber morphology analysis  

3.2.2.4.1. Water retention value 

Water retention value (WRV) is defined as the water absorbed by the cellulosic substrate 

relative to the oven-dried mass of the substrate (Jones et al., 2014). WRV was measured following 

the standard TAPPI method UM 256 to estimate the swelling capacity of fibers (Thomsen et al., 

2021; Zambrano et al., 2020ab; Zambrano, 2021c). The experiments were performed by 

determining gravimetrically (by dry) the amount of water retained in a wet and swollen sample 
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after centrifugation (Thomsen et al., 2021; Zambrano et al., 2021a). All of the WRV measurements 

were carried out in triplicate. 

3.2.2.4.2. Determination of specific surface area  

The specific surface area (SSA) of cotton was determined using the Congo red adsorption 

method (Goodrich and Winter, 2007; Spence et al., 2010). Mechanically refined cotton (2,500, 

5,000, 10,000 and 20,000 PFI revs) was contacted with Congo red solutions at different 

concentrations (from 0.03 to 0.7 wt. %) and pH 6. The samples were incubated at 60°C for 24 h 

and then centrifuged at 10,000 rpm for 15 min. The supernatant was filtered with 0.22 µm filters 

(Millipore Millex, Ireland) and analyzed through UV–Vis spectroscopy (Perkin Elmer, Waltham, 

MA, USA) at 500 nm to determine Congo red concentration. The congo red adsorption parameters 

were determined using the Langmuir isotherm linear model, according to Eqn. 3-2: 

ᶻ
            Eqn. 3-2 

where [E] is the concentration of Congo red in the supernatant at adsorption equilibrium 

(mg/ml), [A] is the adsorbed amount of Congo red on the cotton surface (mg/g), Amax corresponds 

to the maximum value of adsorbed Congo red (mg/g), and Kad is the equilibrium constant(Spence 

et al., 2010). Values for Amax were extracted from the reciprocal of the slope in a linear plot of free 

dye concentration versus free dye concentration/dye on fiber (Eqn. 3-2). The specific surface area 

(SSA) was determined using Eqn. 3-3: 

    ὛὛὃ   z    z  

 z  
           Eqn. 3-3 
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where N is the Avogadro's constant, SA is the surface area of a single dye molecule, and MW 

is the molecular weight of Congo red (696 g/mole). Adsorption measurements were performed in 

triplicate. 

3.2.2.4.3. Scanning electron microscopy (SEM) measurements 

Imaging of cotton fibers was performed using a field-emission scanning electron microscope 

(FE-SEM, FEI Verios 460 L, Hillsboro, OR). The accelerating voltage was operated at a relatively 

low range (0.5–1.0 kV) to ensure good image resolution without causing damage to the fibrils. 

Air -dried cotton pads were SEM imaging.                                                                                                                                                                                                                       

3.2.2.4.4. Crystallinity  

X-ray diffraction (XRD) was measured for both unrefined and refined cotton using a Rigaku 

SmartLab X-ray Diffractometer (The Woodlands, Texas, USA) with a Cu Kα radiation at 44 kV 

and 40 mA. The diffracted intensity was detected in the range of 2θ = 5°–45° at a scanning rate of 

1◦/min (Park et al., 2010; Zambrano et al., 2021b). The crystallinity index (CI) was estimated, as 

described in Eqn. 4, from the maximum intensity height of the crystalline peak at 2θ between 22° 

and 23° (I200) and the minimum intensity height at 2θ between 18° and 19° (Iam), according to 

the Segal method (Park et al., 2010; Segal et al., 1959). 

ὅὍ ρzππ            Eqn. 3-4 

3.2.2.5. Data analysis and modeling 

Experimental data of cotton enzymatic hydrolysis was fitted to a multi-regression quadratic 

model (see Eqn. 3-5) using JMP Pro statistical software (v.16, SAS Institute Inc., USA). The cotton 

conversion when either CTec2 or CTec3 are used as enzymes was modeled separately. Thus, the 
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cotton conversion can be predicted when any of the two studied enzymes is used. Reaction time 

(hour), enzyme charge (FPU/cotton O.D grams), and mechanical refining intensity (PFI revs) were 

the input variables for both modeled data sets (CTec 2 and CTec3). Temperature and pH were not 

considered in this model, considering that temperature was fixed at 50°C and pH at 5.2. The 

prediction expression is given by: 

ϷÃÏÎÖ ɼ В ɻ ÌzÏÇ ὓ  В ɼ ÌzÏÇὉ  В ʖ ÌzÏÇ Ὕ           Eqn. 3-5 

where %conv is the cotton conversion (%), β0 is the intercept, M represents mechanical refining 

intensity (PFI revs), E represents enzyme charge (FPU/g), T represents enzymatic hydrolysis time 

(hour), αi is the parameter corresponding to Mi variable, βi is the parameter corresponding to Ei 

variable, and ωi is the parameter corresponding to Ti variable. The model accuracy was estimated 

with p-value, R2, R2
adj, and the standard error of the parameter estimates (SEE) of the model (Bai 

et al., 2021; Biswas et al., 2020).Optimization of the pretreatment parameters was performed to 

maximize cotton conversion response by using the desirability function in JMP pro-16.  

The desirability function is a multi-response optimization method incorporated into JMP, 

which allows maximize, minimize, or find a target value of the response (Zidan et al., 2007). This 

approach consists of transforming the response of the dependent variable (e.g., cotton conversion) 

into values between 0 and 1. On the other hand, a value of 0 means a totally undesirable response. 

On the other hand, a value of 1 means the most desirable response (Mishra, 2017; Obermiller, 

1997). In this case, a desirability approach was carried out to obtain enzymatic hydrolysis time, 

enzyme charge, and mechanical refining intensity which maximized the conversion of cotton. 
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3.3. Results and discussion 

3.3.1. Effect of mechanical refining on the morphology of cotton fibers  

3.3.1.1. Fibrillation  

The external morphology of untreated cotton fibers and mechanically refined cotton at 

different refining levels are shown in Figures 3-2a and 3-2b-e, respectively. The mechanical 

refining action opens up the cellulosic fiber structure through its delamination, internal and 

external fibrillation, and fiber cutting (Chandra et al., 2007; de Assis et al., 2018; Zambrano et al., 

2020a). This phenomenology is intensified with the level of refining applied as qualitatively 

depicted in Figure 3-2. Unrefined cotton (Figure 3-2a) has fully intact, flat fibers with a smooth 

surface and large fiber bundles. When slightly refined (2,500 PFI revs), a small degree of 

defibrillation is observed (Figure 3-2b), despite many fibers appearing to be still intact. Notable 

morphological changes appear when cotton is refined at higher intensities (e.g., 5,000, 10,000, and 

20,000 PFI revs). A rough, heterogeneous, and striated surface is highly visible when cotton is 

mechanically refined at 5,000 PFI revs (Figure 3-2c). Furthermore, it can be observed how fibers 

collapse at intensities of 10,000 (Figure 3-2d) and 20,000 PFI revs (Figure 3-2e), where it is clear 

that fiber-to-fiber bonding increases as well as the specific surface area of fibers.     
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Figure 3-2. Morphology of (a) unrefined cotton and refined cotton fibers at (b) 2,500 PFI revs, (c) 

5,000 PFI revs, (d) 10,000 PFI revs, and (e) 20,000 PFI revs using scanning electron microscopy  

 

 

a b 

c d 

e 
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3.3.1.2. Water retention value (WRV) and specific surface area (SSA) 

Specific surface area (SSA) and water retention value (WRV) have been recognized as 

important variables to understand the cellulose accessibility to enzymes and its conversion into 

sugars (Chandra et al., 2009; Thomsen et al., 2021). A significant increment in these variables will 

be translated into a higher performance of the enzyme in the cellulosic conversion process 

(Chandra et al., 2009; Koo et al., 2011; Thomsen et al., 2021). 

Thus, the effect of mechanical refining on the specific surface area (SSA) of cotton and the 

ability of the fibers to swell with water was assessed through the Congo red adsorption method 

(Spence et al., 2010) and the water retention value (WRV), respectively (Chandra et al., 2019; 

Thomsen et al., 2021; Zambrano et al., 2020a). Mechanical refining was related to the increase of 

SSA and the ability of the cotton fibers to swell. This is depicted in Figure 3-3a, where SSA, 

expressed as square meters per grams of cotton (m2/g), and WRV, expressed as grams of retained 

water per grams of fiber (g/g), significantly increased with mechanical refining intensity. Table 3-

1 summarizes WRV values and Langmuir adsorption parameters to determine the SSA. In general, 

an increase of up to ca. 33% and 257% was observed for SSA and WRV respectively as mechanical 

refining intensity increased. These results are in accordance with previous works (Chandra et al., 

2019, 2009; Jones et al., 2014, 2013b; Thomsen et al., 2021), and show the potential of mechanical 

refining to improve the enzymatic activity in the conversion process of textile waste.  

The increase of WRV and SSA can be related to changes in fiber morphology promoted by 

mechanical refining (Zambrano et al., 2021b). The surface area increases as layers of cellulose are 

gradually peeled off from the fiber surface due to the fibrillation of the external fiber cell wall 

(Figure 2) (Gu et al., 2018; Ogiwara and Arai, 1968). Mechanical refining also exposes hydrophilic 

groups of cellulose (e.g., -OH and –COO), which promote higher WRV as water can permeate the 
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fiber and form more hydrogen bonding (Ogiwara and Arai, 1968; Zambrano et al., 2021b). Thus, 

higher cotton capability to swell with water is achieved.  

3.3.1.3. Crystallinity  

The accessibility of enzymes to cellulose can also be related to its crystallinity index, which 

could be modified after the severe mechanical beating of the fiber (Hall et al., 2010; van Hai et al., 

2013; Zambrano et al., 2020b). Lower crystallinity index values are reported to promote higher 

enzymatic conversion of cellulose (Hall et al., 2010). However, this is a controversial theory as 

high enzymatic conversion yields have been attained after applying pretreatments that do not 

promote crystallinity changes in cellulosic substrates (Corbett et al., 2018; de Assis et al., 2018)   

Figure 3-3b shows the X-ray diffractogram (XRD) normalized at the maximum intensity of 

(200) lattice diffraction (2θ around 22.5°) for both unrefined and refined cotton, while Table 3-1 

summarizes the crystallinity index for unrefined and refined cotton calculated by using Eqn. 3-4. 

No differences are observed in the peak at an intensity of 200 when unrefined cotton is contrasted 

with refined cotton. The effect of mechanical refining on the crystalline structure of cotton, having 

a high crystalline index (CI) of 91%, seems to be negligible. These results match previous works 

where the effect of mechanical refining on cellulosic fibers has been studied using a PFI mill (de 

Assis et al., 2018; van Hai et al., 2013).  
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Table 3- 1. Water retention value (WRV) and Langmuir isotherm parameters to determine the 

specific surface area (SSA) of cotton at different refining levels. 

Cotton refining 

level (PFI revs) 

 

Crystallinity 

Index (%) 

WRV (g/g) 

Langmuir isotherm parameters for Congo red 

adsorption 

═□╪●
 Amax (mg/g) SSA (m2/g) 

Unrefined 91.1 0.070 ± 0.01 0.034 29.0 43.4 ± 0.60 

2,500 91.7 0.120 ± 0.01 0.033 29.7 44.4 ± 0.90 

5,000 92.5 0.190 ± 0.01 0.030 32.9 49.2 ± 0.99 

10,000 91.8 0.230 ± 0.01 0.025 35.2 52.7 ± 0.70 

20,000 91.7 0.250 ± 0.01 0.026 38.6 57.8 ± 1.11 

 

3.3.2. Effect of mechanical refining on enzyme adsorption on cotton 

The impact of mechanical refining on the adsorption of CTec2 and CTec3 onto cotton is shown 

in Figure 3-3c. As the specific refining energy increases, the enzyme adsorption improves. 

Moreover, it can be noticed that CTec3 has higher adsorption than CTec2 at the same refining 

level. The amount of enzyme adsorbed onto unrefined cotton is 5.7 and 6.4 mg/O.D g for CTec2 

and CTec3, respectively. However, mechanical treatment increased the enzyme adsorption up to 

7.3 mg/O.D g and 9.8 mg/O.D g for CTec2 and CTec3, respectively at 10,000 PFI revs. This 

represents an increase of 30% and 54% in the adsorbed amount of CTec2 and CTec3 per unit of 

cotton mass. These results are associated with the effect of the mechanical refining on the creation 

of more fiber surface area so that the enzymes will have more interaction with the cellulosic 

structure (Chandra et al., 2019, 2009; Koo et al., 2011). A maximum adsorbed amount is found for 

both enzymes when cotton is mechanically refined at 10,000 PFI revs, with no further effect 

observed at higher refining levels (e.g., 20,000 PFI revs).  
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Figure 3-3. Effect of mechanical refining intensity on (a) cotton water retention value and specific 

surface area; (b) cotton crystallinity and (c) adsorption of both CTec2 and CTec3 on cotton. 

Adsorption carried out at 4 °C, during 4h and an initial enzyme concentration of 0.6 mg/ml 

 

3.3.3. Effect of mechanical refining on cotton enzymatic hydrolysis 

The effect of mechanical refining on the enzymatic hydrolysis of cotton was evaluated. 

Conversion into glucose using enzymes CTec2 (Figure 3-4a) and CTec3 (Figure 3-4b) at loads of 

5 FPU/O.D g, and residence times of 48, 72, and 96 h was assessed at different refining levels 

(2,500; 5,000; 10,000; and 20,000 PFI revs). As depicted in Figure 3-4, a significant improvement 

in the conversion yield was obtained when mechanical refining was applied as a pretreatment. In 

addition, cotton conversion yields increased as both enzymatic hydrolysis time, and intensity of 
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the mechanical pretreatment increased. As opposed to the limited conversion yields obtained from 

unrefined cotton of ca. 30%, the important role of mechanical refining is highlighted by increasing 

yields to up to 83% and 96% for CTec2 and CTec3, respectively. It was also observed that yields 

remain approximately constant (plateaued) at intensities higher than 10,000 PFI revs. These results 

are in accordance with the maximum adsorption of the enzymes at 10,000 PFI revs of mechanical 

refining (Figure 3-3c). Moreover, the experimental evidence indicates that CTec3 performs better 

than CTec2, since the highest cotton conversion promoted by CTec2 (83%), which occurs at 

10,000 revs and 96 h, can be achieved by CTec3 under milder pretreatment conditions (e.g., 2,500 

PFI rev and 96 h, or 5,000 PFI revs and 72 h). The enzyme performance to transform cotton is 

related to the nature of the enzyme itself and its capability to interact with the substrate (Kanu et 

al., 2009). CTec3 is a new generation of cellulase enzymes from Novozymes that, based on the 

filter paper unit method (FPU), has 1.4-1.5 times higher conversion efficiency than CTec2 

(Mboowa et al., 2020). CTec3 preparation has been tailored to contain a higher proportion and 

variety of cellulase proteins while containing key non-cellulase enzymes (β-glucosidase, xylanase 

and β-xylosidase). Thus, a synergistic behavior is achieved, which results in a better hydrolysis 

performance compared to CTec2 (Sun et al., 2015).   
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Figure 3- 4. Effect of mechanical refining and residence time on cotton conversion into glucose 

through enzymatic hydrolysis using (a) CTec2 and (b) CTec3 at 50 °C and pH 5.2. Enzyme 

concentration was set at 5 FPU/O.D g cotton 

The improvement in enzymatic hydrolysis yield promoted by mechanical refining can be 

directly related to the change in cotton fiber morphology (Figure 3-2) (de Assis et al., 2018; Jones 

et al., 2014; Park et al., 2016). Although no changes were observed in the crystallinity index of 

cotton fibers when mechanical refining was applied (Figure 3-3c), the change in morphology is 

primarily related to the fibrillation and delamination of the cotton fiber (Figure 3-2). These changes 

in fiber structure favored an increase in cellulose WRV and SSA (Figure 3-3a) and the increment 

of enzyme accessibility to perform the hydrolysis (Chandra et al., 2019; de Assis et al., 2018; Jones 

et al., 2014). Hence, an increase in enzyme adsorption on refined cotton (Figure 3-3b) was 

observed, resulting in improved enzymatic digestibility of the cotton to sugars. These results 

suggest that the higher the mechanical refining intensity, the more the SSA, WRV, enzyme 

adsorption and the enzymatic hydrolysis yield. However, there is a limit to which conversion yields 

reach a plateau at mechanical refining levels higher than 10,000 PFI revs. This phenomenology 

has been previously reported and attributed to the creation of smalls pores that do not allow more 
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enzyme accessibility at high mechanical refining intensities (Chen et al., 2016; Corbett et al., 2018; 

Jones et al., 2014)  

3.3.4. Effect of the enzyme load on the cotton enzymatic hydrolysis  

The effect of enzyme load on the conversion of refined cotton into glucose after 48, 72, and 96 

h of enzymatic hydrolysis are shown in Figure 3-5. In this case, cotton was refined at 10,000 PFI 

revs, considering that, under this condition, the mechanical treatment promotes the highest 

conversion (see section 3.3.3). The experimental evidence shows that cotton conversion increases 

as the load of the enzyme and hydrolysis time increase. Such observations are consistent with 

results previously reported(de Assis et al., 2018; Jones et al., 2013a; Park et al., 2016). However, 

it is important to highlight that at least 5 FPU/O.D g and 72 h are needed to achieve a conversion 

greater than 80 % when CTec2 is used. In contrast, conversions higher than 90% can be achieved 

when CTec3 is used under similar conditions. Additionally, glucose yields of up to 97% can be 

achieved with CTec3 at a load of 6 FPU/O.D g and 96 h of the enzymatic hydrolysis reaction, 

demonstrating that Ctec3 has a better performance than CTec2. 
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Figure 3-5. Effect of enzyme load and time on cotton conversion into glucose through enzymatic 

hydrolysis using (a) CTec2 and (b) CTec3 at 50 °C and pH 5.2. Cotton was mechanically refined 

at 10,000 PFI revs. 

 

3.3.5. Modeling and optimization of cotton conversion  

SAS JMP® pro 16 was used to develop a quadratic model to predict the enzymatic conversion 

of cotton textile waste and find optimal operating conditions. This model was built using reaction 

times (h), enzyme loads (FPU/g), and the intensity of the mechanical refining pretreatment (PFI 

revs) as input variables. The data was obtained from 18 experimental scenarios shown in a 

supplementary document. The model predicts the impact on enzymatic hydrolysis derived from 

the effect of residence times between 48-96 hours, enzyme charge within 4-6 FPU/g, and a 

mechanical refining intensity between 2,500-20,000 PFI revs. 

The effectivity of the model is evaluated by plotting actual (experimental) and predicted values 

of cotton conversion when CTec2 (Figure 3-6a) or CTec3 (Figure 3-6b) are respectively used. The 

higher the similarity between actual and predicted values, the higher the fit of the model (Garg et 

al., 2013). Figure 3-6a-b shows that the model has a good prediction fit since the linear regression’s 
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equation of the mean values is near to be a Y=X function due to its slope and intercept being near 

one and zero, respectively (Bai et al., 2021; Foster et al., 1998; Garg et al., 2013). This indicates 

that cotton conversion values predicted by the model have a low deviation compared to the 

experimental ones (Bai et al., 2021; Biswas et al., 2020). In addition, Figure 3-6 shows the 95% 

confidence interval band, which gives an insight into the range of the expected values for a 

conversion predicted by the model (Bailey and Michelson, 2013; Foster et al., 1998). The 95% 

prediction interval band is also shown in Figure 3-6 to give a comprehension into the range or 

limits of future predicted values when evaluating new reaction times (h), enzyme loads (FPU/g), 

and the mechanical refining intensity (PFI revs) (Bailey and Michelson, 2013; Foster et al., 1998). 

 

             

Figure 3-6. Actual versus predicted values of yields of cotton conversion into glucose yield when 

enzymatic hydrolysis is performed with (a) CTec2 and (b) CTec3.   

 

The model’s prediction equation and the value of its coefficients can also be found in Table 3-

2 where the high reliability of the prediction model is confirmed with both R2 and R2
adj, having 

values higher than 0.92. The closer the values of both R2 and R2
adj are to 1, the better the fit to the 

experimental data (Bai et al., 2021). Moreover, from the value of the model coefficients, Table 3-

a b 
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2 indicates that refining intensity and the enzymatic hydrolysis time have the highest absolute 

value, having the most significant impact on the conversion of white cotton into glucose. The 

significance of the parameters composing the modeling equation was determined by the statistical 

p-values. Coefficients with p-value < 0.05 were considered while those with p-value > 0.05 were 

disregarded. Thus, a 95% confidence level was considered (Bai et al., 2021; Terán Hilares et al., 

2018).  
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Table 3-2. Model fit parameter and parameter estimates of cotton conversion model.  

 CTec2 CTec3 

Variables Factor Coefficient 
Coefficient 

estimate 
Standard error p-Value 

Coefficient 

estimate 

Standard 

error 
p-value 

 Intercept β0 -1103.830 14.32 <0.0001 -1581.642 10.11 <0.0001 

 

Mechanical 

refining 

intensity 

(PFI revs) 

 

M α1 213.304 0.945 <0.0001 105.214 0.662 <0.0001 

M2 α2 -11.225 1.249 <0.0001 -5.666 0.874 <0.0001 

Enzyme 

Charge 

(FPU/O.D 

g) 

 

 

E β1 38.562 4.78 <0.0001 24.776 3.34 <0.0001 

E2 β2 - - - - - - 

 

Enzymatic 

Hydrolysis 

time (h) 

 

T ω1 24.264 1.974 <0.0001 504.539 1.442 <0.0001 

T2 ω2 - - - -55.482 7.174 <0.0001 

 

R2 

 

0.924 

 

0.953 

R2
adj 0.919 0.947 

Root mean square error 4.124 2.885 

 

ϷÃÏÎÖ ɼ ɻ ÌzÏÇ ὓ  ɼ ÌzÏÇὉ  ʖ ÌzÏÇ Ὕ    
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The pretreatment variables (mechanical refining intensity) and enzymatic hydrolysis 

parameters (time and enzyme charge) were optimized to maximize the cotton hydrolysis yield. 

The convergence of all three studied variables to get maximum cotton conversion was found with 

the prediction model and the desirability function maximization of JMP software, (Bai et al., 2021; 

Biswas et al., 2020). Table 3-3 summarizes the optimum conditions to obtain the highest 

conversion of white cotton, including predicted and experimental values. As shown in Figure 3-7, 

maximum conversion of 89.3 and 98.2% were predicted for CTec2 and CTec3, respectively. These 

conversion values were also experimentally confirmed where 90.4 and 97.1% of glucose yield 

were achieved when CTec2 and CTec3 were respectively used. Compared to predicted maximum 

conversion values, experimental ones have discrepancy values lower than 1.5%. Thus, the modeled 

results were consistent with the actual values. 

Table 3-3. Optimum pretreatment and enzymatic hydrolysis condition to maximize white cotton 

conversion.  

 CTec2 CTec3 

Variables Predicted Experimental Predicted Experimental 

Mechanical refining intensity 

(PFI revs) 
13,300 13,300 10,800 10,800 

Enzyme Charge (FPU/O.D g) 6 6 6 6 

Enzymatic Hydrolysis time 

(h) 
96 96 96 96 

Conversion (%) 89.3 90.4 98.3 97.1 

% Discrepancy 1.22 1.12 
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Figure 3-7. Predictive graph and maximum desirability to optimize pretreatment and enzymatic 

hydrolysis variables in the cotton conversion process when (a) CTec2 and (b) CTec3 are used as 

enzymes. 
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3.3.6. Implications of the use of mechanical refining as a pretreatment method for enzymatic 

hydrolysis of cotton 

Mechanical refining is presented as a highly efficient pretreatment method to convert cotton 

textiles waste into glucose through enzymatic hydrolysis. This pretreatment eliminates the need 

for hazardous chemicals in this stage of the process reported in previous work (Corbett et al., 2018; 

de Assis et al., 2018; Jones et al., 2017), and more importantly, high conversion rates are achieved 

at low loads of enzymes (Figure 3-4,5). Thus, mechanical refining can potentially make the 

enzymatic management of textile wastes more eco-friendly (chemical-free) than conventional 

pretreatments (de Assis et al., 2018; Vera et al., 2022; Zambrano et al., 2020a). In addition, 

mechanical refining is a low-cost process widely used in the paper industry, and it can be easily 

implemented on a commercial scale (Chen et al., 2012; Koo et al., 2011; Zhu and Pan, 2010). Since 

refiners are available in different sizes, equipment for textile conversion plants with different 

production rates could be easily designed. Due to mechanical refining is a process highly used in 

the pulp and paper and bio refinery industry, it can be considered as low risk due to this an already 

proven technology (de Assis et al., 2018; Jones et al., 2013a; Park et al., 2016). Other significant 

advantages of mechanical refining as a pretreatment method for enzymatic hydrolysis of cotton 

include the excellent conversion rates obtained (up to 97%)(de Assis et al., 2018; Sandin and 

Peters, 2018). 

The use of mechanical refining pretreatment has already been reported in the process of 

transforming lignocellulosic biomass into sugars (de Assis et al., 2018; Jones et al., 2013a; Park et 

al., 2016). However, to the best of the author's knowledge, this is the first time this pretreatment 

has been used in the enzymatic conversion of cotton textile waste.  In terms of both circular 

economy and sustainability concepts, the outstanding effect of the mechanical refining to 
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transform textile waste into sugars (glucose) represents an untapped opportunity, not only to 

reduce the negative environmental impact of textile waste but also to valorize textile waste for 

production of glucose-derived chemicals such as levulinic acid , succinic acid, lactic acid, glutamic 

acid, glucaric acid, citric acid, among others (Acerbi et al., 2021; D’Adamo et al., 2021; Huh et 

al., 2006; Özüdoğru et al., 2019; Stanescu, 2021). Moreover, the high conversion rates of cotton 

textiles promoted by mechanical refining could also be a promising alternative to recover and 

upcycle synthetic non-biodegradable fibers (60% of textiles fibers) such as polyester found in 

cotton/polyester textiles (Muthu, 2020; Shen et al., 2013; Shuhua et al., 2020; Subramanian et al., 

2020).   

3.4. Conclusions 

In this chapter, mechanical refining is presented for the first time as a novel way to pretreat 

cotton textile wastes to be converted into glucose via enzymatic hydrolysis in an efficient and eco-

friendly pathway. It was found that this pretreatment can promote cotton conversion rates as high 

as 97 %, due to a significant change in fiber morphology that results from an increase in surface 

area availability, water retention value, and enzyme adsorption. Mechanical refining did not 

change the crystallinity of the cotton fibers.  

The conversion of cotton into glucose increased with mechanical refining intensity, enzyme 

load, and time. The enzymatic hydrolysis performance improved with the mechanical pretreatment 

intensity until 10,000 PFI revs. Beyond this level of PFI revolutions no further improvements in 

enzymatic conversion were measured.  

A prediction model and the process optimization were performed based on refining level, 

residence times, and enzyme loads. The model was statistically and experimentally validated 
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where p-values were <0.0001 and both R2 and R2
adj were higher than 0.92. Accordingly, at 

optimum conditions, maximum conversion yields were predicted to be 89.3 (13,300 PFI revs, 96h 

and enzyme charge of 6 FPU/O.D g ) and 98.3% ( 10,800 PFI revs, 96h, and enzyme charge of 6 

FPU/O.D g ) for CTec2 and CTec3, respectively, which differs less than 1.5% from experimental 

values.  

In summary, considering that mechanical refining is a well-known technology and the high 

yields attained in the enzymatic conversion of cotton textiles, this work highlights the potential of 

mechanical refining to convert textile wastes into sugars at an industrial scale. Nevertheless, should 

this technology be considered as a pretreatment for enzymatic hydrolysis of cotton textile waste, 

there are two main challenges to overcome. On the one hand, textiles are usually mixtures of 

synthetic and natural fibers, e.g., cotton and polyester (Subramanian et al., 2020); this could be 

overcome by the deployment of textile waste sorting technologies (Du et al., 2022). On the other 

hand, the presence of persistent dyes that hinder the enzyme activity to convert cotton fibers 

(Buschle-Diller and Traore, 1998; Czilik et al., 2002). Recently, a comprehensive summary of 

such challenges has been reported (Vera et al., 2022). Future work will focus on the pretreatment 

of colored textile waste, which will be published in follow-up research reports. The effect of other 

factors such as the presence of synthetic fibers, softeners and finishing chemicals will be also 

considered. 
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4. ENVIRONMENTALLY FRIENDLY OXIDATION PRETREATMENTS TO 

PRODUCE SUGAR-BASED BUILDING BLOCKS FROM DYED TEXTILE WASTES 

VIA ENZYMATIC HYDROLYSIS3.  

 

Abstract 

Given the increasing concern over textile waste management and the proliferation of textile 

landfills, enzymatic hydrolysis of cotton represents a potential pathway to upcycle textile waste 

into valuable chemical building blocks. However, this pathway is challenged by the presence of 

persistent dyes, hindering enzyme performance. To overcome this issue, environmentally friendly 

and total chlorine free oxidation methods such as ozone and alkaline hydrogen peroxide were used 

in combination with mechanical refining pretreatment. The results showed that the enzymatic 

conversion of black-dyed cotton, without oxidation, resulted in a glucose yield of only 60% as 

compared to 95% for undyed cotton fibers. On the other hand, the inclusion of oxidation processes 

in the pretreatment stage resulted in a glucose yield of 90% via enzymatic hydrolysis at expense 

of using low oxidation chemicals and low enzyme charges. This chapter highlights the potential 

of oxidation methods, enzymatic hydrolysis, and mechanical refining as an ecofriendly pathway 

for generating value-added chemicals from cotton textile waste while promoting economic 

circularity.  

 

 

3This chapter has been published as: 

Vera, R. E., Zambrano, F., Marquez, R., Vivas, K., Forfora, N., Bedard, J., ... & Gonzalez, R. 

(2023). Environmentally friendly oxidation pretreatments to produce sugar-based building blocks 

from dyed textile wastes via enzymatic hydrolysis. Chemical Engineering Journal, 143321. 
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4.1. Introduction 

Current end-of-life management practices for textile products have gained significant research 

attention due to the generation of over 100 million tons worldwide annually (Bick et al., 2018; 

Fortuna and Diyamandoglu, 2017; United States Environmental Protection Agency, 2021). In the 

United States alone, the generation of textile waste reaches 17 million tons per year, with over 

85% being either landfilled or incinerated (Hamawand et al., 2016; Johnson et al., 2020).  This 

poses a significant environmental challenge as textile landfilling contributes to global warming by 

producing potent greenhouse gases during degradation or combustion and may also leads potential 

leaching of toxic dyes, which constitutes an environmental concern (Fortuna and Diyamandoglu, 

2017; Lellis et al., 2019; Manzoor and Sharma, 2019).  To address this challenge, the textile 

industry has been seeking alternatives and emerging technologies to implement circular economy 

practices throughout the textile production life cycle to significantly reduce landfilling (Esteve-

Turrillas and de la Guardia, 2017; Jia et al., 2020; Sandin and Peters, 2018; Subramanian et al., 

2020; Yousef et al., 2019a). 

Cotton is the most widely used natural fiber used in the textile industry, representing 30-50% 

of the total fibers used (Singh and Satapathy, 2018; Zambrano et al., 2020). Natural fibers like 

cotton, which are essentially almost pure cellulose, have a unique chemical composition that 

allows for enzymatic hydrolysis (EH) and conversion into glucose (Vera et al., 2023; Vera et al., 

2022). Such conversion of cotton textile waste into glucose not only helps to reduce textile waste 

landfilling, but also presents the opportunity to generate a sugar that can be used as a raw material 

to produce various bio-based chemicals that can substitute petroleum-based ones and be sold at a 

premium price (Efe et al., 2013; Kohli et al., 2019; Ortiz et al., 2022; Stanescu, 2021).  
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Enzymatic hydrolysis, which involves the use of enzymes to break down cellulose polymeric 

chains into monomeric sugars (e.g., glucose), is the most widely studied pathway for the 

conversion of cotton into value-added chemicals (Cybulska et al., 2019; De Assis et al., 2018; 

Hasanzadeh et al., 2018; Jeihanipour et al., 2010a). Factors such as substrate composition and 

structure, enzyme charge, temperature, and pH play a crucial role in the enzymatic reaction (De 

Assis et al., 2018). However, due to the complex nature of the cellulose polymeric chain, simple 

EH of textiles results in low yields (lower than 40%) (Vera et al., 2022). Thus, pretreatments are 

necessary to improve the conversion of cellulosic materials into glucose and make the process 

economically viable (Vera et al., 2022).  

As a result, both chemical and mechanical pre-treatments have been developed to increase 

cellulose accessibility in order to improve the enzymatic hydrolysis performance, but at expense 

of extremely high chemical, thermal, and enzyme use (Chandra et al., 2009; Hasanzadeh et al., 

2018; Jeihanipour and Taherzadeh, 2009; Vera et al., 2022; Yousef et al., 2019a). Recently, 

mechanical refining has emerged as an environmentally friendly pretreatment for the conversion 

of textile wastes via EH (Vera et al., 2023). This pretreatment requires no chemical and has low 

capital investment cost, making it already an attractive option for the pulp & paper and biorefinery 

industry (Corbett et al., 2018; De Assis et al., 2018; Park et al., 2016; F. Zambrano et al., 2021). 

Mechanical refining modifies cellulose properties, increases the surface area, and alters cellulose 

fiber morphology (De Assis et al., 2018; Vera et al., 2023; Vera et al., 2022). Thus, cotton 

conversion yield is also increased, even when using significantly lower charge of enzyme (De 

Assis et al., 2018; Jeihanipour et al., 2010b; Jeihanipour and Taherzadeh, 2009; Vera et al., 2023). 

In addition, the use of mechanical refining as a pretreatment method has the added advantage of 

requiring either no or minimal chemical usage(Vera et al., 2023), making it an ecofriendly and 
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highly efficient option with cotton conversion yields exceeding 90% (De Assis et al., 2018; Vera 

et al., 2023). 

Even when promoting significant improvements in EH yields, mechanical refining might not 

be able to efficiently convert dyed textiles as dyes have been reported to drastically hinder enzymes 

performance and their ability to convert cotton to glucose (Buschle-Diller and Traore, 1998; Czilik 

et al., 2002; Vera et al., 2022; Yamada et al., 2005; M. C. Zambrano et al., 2021). Several 

techniques to degrade dyes have been developed and used for either the treatment of textile 

wastewater or textile fibers per se. These techniques are called dye oxidation, bleaching, or 

stripping processes, which consists of either extracting or breaking down the structure of dyes to 

achieve textile discoloration (Arooj et al., 2020; Li, 2021; Powar et al., 2020a; Sun et al., 2018).  

Dye oxidation (bleaching) methods typically rely on the formation and utilization of strong 

oxidant radicals (e.g., HO•), which react with dyes and break the colored functional groups(Fang 

et al., 2017a; Powar et al., 2020a; Sözen et al., 2020; Sun et al., 2018; Wang et al., 2020). Recent 

research has focused on Total Chlorine Free (TCF) methods where the most used chemicals are 

ozone (Z), and alkaline hydrogen peroxide (AHP) because of their capability to bleach and their 

low environmental impact because of the absence of chlorine-containing compounds (Javaid and 

Qazi, 2019; Powar et al., 2020b; Wang et al., 2020).  The performance of oxidation (bleaching) 

processes will depend on several factors such as the nature of the dye, type and charge of oxidation 

agents, time, pH and temperature (Eren et al., 2016; Gias Uddin and Islam, 2011; Li, 2021; Powar 

et al., 2020b; J. Wu et al., 2008a).  

However, the relation between bleaching of dyed textiles and the mechanical refining to 

improve the EH has not been reported yet (Vera et al., 2022).  This chapter aims to evaluate the 

impact of mechanical refining on the EH of dyed cotton, expected to be lower compared to 
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processing undyed cotton. Therefore, TCF oxidation methods such as ozone, alkaline hydrogen 

peroxide, and their combination are shown to degrade persistent dyes and enhance the enzymatic 

conversion of dyed textile waste, where mechanical refining is highly important to assure high 

conversions at low enzyme and chemical charges. The effective conversion of cotton textile wastes 

into glucose promoted after textiles decolorization is a critical step toward a proper management 

of textile waste and the creation of a circular bioeconomy to fight the growing and concerning 

textile landfilling and burning.  

4.2. Material and methods 

4.2.1. Materials  

Waste cotton textiles:  Samples of undyed and dyed t-shirts made of 100% cotton were 

provided by Cotton Inc. (Weston Pkwy, Cary, NC). Compositional analysis was carried to the 

cotton samples where cellulose represents 96% of cotton composition.  Sulfuric acid 72% w/w and 

Sodium Carbonate (Certified ACS) from Fisher Chemicals (Hampton, NH, USA) were used for 

the compositional analysis of cotton textiles. 

Enzyme: Cellic CTec3 cellulase enzyme (Novozymes, Bagsværd, Denmark) was used to 

perform the EH experiments. The activity of CTec3 cellulase was determined to be 196 FPU/mL 

by following the standard method for estimation of cellulase activity (Adney and Baker, 1996).  

Chemicals: Sodium hydroxide (Fisher Scientific Co, USA) and hydrogen peroxide (Fisher 

Scientific Co, USA) were used for the bleaching process of cotton. Sodium acetate 

(Crystalline/Certified ACS) and acetic acid (glacial, Certified ACS), both from Fisher Chemicals 

(Hampton, NH, USA), were used to prepare the buffer solution at pH 5.2 for the EH  process.  
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4.2.2. Mechanical pre-treatment  

Cotton grinding: Cotton textiles cutting was performed in a guillotine style paper trimmer (½ 

inch x ½ inch), and then grinded in a Wiley mill  with a 35 mesh screen. Milled 

cotton was disintegrated in a standard pulp disintegrator (Pulp Disintegrator, Testing Machines 

Inc., New Castle—D.E., USA) at 1.2% solids concentration (cotton mass/total mass), using 15,000 

revs. Then, the cotton was filtered and diluted with water in order to get 10% solids concentration 

to proceed with the mechanical refining (Vera et al., 2023). 

Mechanical refining: Cotton at 10% of solids content was mechanically refined in a PFI mill 

(Norwegian Pulp and Paper Institute (PFI), Oslo, Norway), at an intensity of 2,500, 5,000, 10,000 

and 20,000 PFI revs. After refining, the refined cotton was collected and stored at 4 °C without 

washing.  

4.2.3. Cotton bleaching treatments  

100% black cotton t-shirts previously milled were used for the bleaching treatments. Ozone 

(Z), alkaline hydrogen peroxide (AHP) and the combination of these oxidation treatments were 

explored to bleach black cotton t-shirts at the basis conditions shown in Table 4-1. AHP treatment 

was performed in sealed polyethylene bags immersed in a temperature-controlled water bath.  

Starting from the base case (Table 4-1) and following a one-factor-at-time (OFAT) sequence, the 

effect of bleaching variables such as temperature, NaOH charge, H2O2 charge, time and solids 

content was evaluated.  Z treatments were applied at 3% of solids content and at room temperature 

to cotton pre-conditioned at different pH (pH = 3, pH=7 and pH=11 adjusted with either NaOH or 

sulfuric acid). A gas flow containing 8 wt% O3 was produced using a laboratory ozone generator 

(PCI Ozone & Control Systems Inc., West Caldwell, NJ). Different ozone charges were applied 
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by varying the contact time of the gas flow (1 L/min) with the cotton. Ozone charge is evaluated 

as the difference between the O3 entering and the O3 leaving the reactor, which is trapped into a 

KI solution (F. Zambrano et al., 2021). The manipulation of ozone charge was accomplished by 

varying the reaction time during the ozonation process, with longer oxidation processes resulting 

in higher ozone charge. The ozone consumption on the textile was calculated by the mass 

difference between the ozone fed into the reactor and the unreacted ozone. After each bleaching 

stage, the textile was washed with DI water and filtered through cloth mesh until obtaining a 

clarified filtrate. In the case of the Z-treated cotton, the pH was adjusted to 7.5 with NaOH (1% 

w/v) after washing. The washed cotton pulp was centrifuged to approximately 30% solid content 

and fluffed (Zambrano et al., 2022). An undiluted aliquot of the filtrates was collected for 

measuring pH.  

Table 4- 1. Base case conditions for bleaching treatments (F. Zambrano et al., 2021) 

Type of Bleach 
Time 

(minutes) 

Temperature 

(°C) 

Solid content 

(%) 
Chemical concentrations (%) 

Alkaline Hydrogen 

Peroxide (AHP) 
90  90 10 

-H2O2: 4 wt.% 

-NaOH: 3 wt.% 

Ozone 30 25 3 
-O3: 7.5 wt.% 

at 1L/min ; pH: 3 

Ozone+AHP 60 70 10 

- First Stage (Ozone) 

-O3: 7.5 wt.% at 1L/min ; pH: 3 

Second Stage (AHP) 

-H2O2: 1 wt.% 

-NaOH: 2 wt.% 
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4.2.4. Potassium permanganate consumption and brightness. 

The performance of the bleaching process to remove or degrade dye was related to the 

permanganate consumption, and brightness methods (Zambrano et al., 2022) . The first method is 

highly used in the pulp and paper industry to determine kappa number being related to the lignin 

content of the pulp (F. Zambrano et al., 2021).   Samples ranging from 1 to 3 oven dried (O.D) 

grams of the refined and bleached cotton were added to a beaker with 800 mL of distilled water 

and blended for 2 min. Then, 100 mL of KMnO4 at 0.1 N and 100 mL of sulfuric acid at 4 N were 

mixed and added to the sample. The oxidation of the dye was stopped after 10 min by adding 20 

mL of potassium iodide at 0.1 N. The determination of the remaining KMnO4 was performed by 

a back titration using sodium thiosulphate at 0.2 N.  Textile pads were made to measure brightness, 

which was determined by following ISO standards (ISO 2470–1, 2016), and using Technidyne 

Color-Touch X model CTX-ISO (New Albany, IN).  

4.2.5. X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) 

measurements 

Imaging of cotton fibers was performed using a field-emission scanning electron microscope 

(FE-SEM, FEI Verios 460 L, Hillsboro, OR). The accelerating voltage was operated at a relatively 

low range (0.5–1.0 kV) to ensure good image resolution without causing damage to the fibrils. 

Air -dried cotton pads were used for SEM images.  The fiber surface functional groups were 

investigated using X-ray photoelectron spectroscopy (XPS) assessed with a SPECS Flex-Mod 

electron spectrometer (Berlin, Germany). 
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4.2.6. Enzymatic hydrolysis  

EH experiments were conducted for a 1 O.D. (oven-dried) g basis of mechanically refined (and 

bleached) cotton at a 5% solids content, using 50 mL conical tubes.  The aqueous phase was 

comprised of a CTec3 enzyme at 6 FPU/O.D g of cotton, and sodium acetate - acetic acid buffer 

solution at pH 5.2. Deionized water was used in all experiments. A rotating incubator (FinePCR 

COMBI-D24, Seoul, Korea) was used to perform EH of cotton at 50 ºC and 12 rpm for 96 h. Then, 

each sample was centrifuged for 10 min at 4,300 rpm using an Eppendorf Centrifuge 570. The 

supernatant was used for glucose determination and for calculation of carbohydrate conversion 

during enzymatic hydrolysis. Glucose analysis was carried out on the high-performance liquid 

chromatography (HPLC) system, following standard procedure (Sluiter et al., 2010).  
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4.3. Results and discussion 

4.3.1. Effect of mechanical refining on the enzymatic hydrolysis of dyed cotton.  

Previous work has shown mechanical refining, as a pretreatment, to improve significantly the 

conversion of undyed cotton textile waste into glucose and potential value-added chemicals via 

EH (Vera et al., 2023). In a more realistic scenario, this pretreatment has been applied to dyed 

cotton to evaluate how dyes can impact the performance of the mechanical refining in the 

enzymatic conversion of dyed textile waste. Fig. 4-1a compares the EH of both undyed and black-

dyed cotton at various levels of mechanical refining (2,500; 5,000; 10,000 and 20,000 PFI revs) 

and an enzyme charge 6FPU/O.D grams of cotton. The sugar yield improved with increasing 

mechanical refining intensity in both cases, but the conversion rate was significantly lower for 

dyed cotton. Thus, the importance of corroborating the inhibitory effect of dyes to the cotton EH 

performance (Buschle-Diller and Traore, 1998; M. C. Zambrano et al., 2021). Dyes confer a 

hydrophobic nature to the cotton surface, hindering enzyme accessibility to the cellulosic surface 

and negatively impacting their performance to convert cellulose into sugars (M. C. Zambrano et 

al., 2021).  

The enzymatic conversion of cotton is significantly influenced by the nature of the dye, which 

is observed in Fig. 4-1b for refined and differently colored cotton textile waste. While certain dyes 

(e.g., grey, green, and blue) did not result in a significant decrease in cotton conversion, red and 

black dye reduced the conversion yield by up to 40% when compared to undyed cotton conversion. 

Fig. 4-1c-h depicts fiber degradation after EH for differently dyed cotton. The morphology of 

undyed, grey, and green fibers (Fig. 4-1c-f) appear to be disrupted, while both red and black dyed 

fibers appear to retain more structural integrity. The substantial variation in the ability of dyes to 

inhibit EH could be directly linked to the dye’s molecular structure and the mechanism by which 
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they are attached to the cellulosic structure of cotton (Buschle-Diller and Traore, 1998; Guo et al., 

2016; Vera et al., 2022). 

       

   

           

Figure 4-1. (a) Effect of the mechanical refining and (b) dyes on enzymatic hydrolysis of dyed 

textile wastes. All enzymatic hydrolysis tests were assessed with an enzyme charge of 6FPU/O.D 

g of cotton during 96h at 50 ºC. Dyed textiles were mechanically refined at 10,000 PFI revs. Fiber 

morphology after enzymatic hydrolysis of (c) undyed, (d) grey, (e) green, (f) blue, (g) red and (h) 

black cotton. Enzymatic hydrolysis experiments were done by triplicate. 
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Reactive dyes have been reported to have the strongest inhibitory effect on enzyme activity 

and to reduce cotton EH compared to direct or disperse dyes (Buschle-Dill er and Traore, 1998; 

Guo et al., 2016). Specifically, reactive dyes form covalent bonds with cellulose after undergoing 

chemical reaction (Hunger, 2003). On the other hand, other dyeing mechanisms such as dye 

adsorption (direct, vat, and sulfur dyes), and ion-pair formation (acid, and cationic dyes) may not 

have as strong inhibitory effect on enzyme activity compared to reactive dyes (Buschle-Diller and 

Traore, 1998; Guo et al., 2016; Vera et al., 2022; Yamada et al., 2005). Dye concentration, 

molecular weight, and the number of chromophore groups have been also correlated to the 

performance of the EH of textiles (Buschle-Diller and Traore, 1998; Guo et al., 2016; Vera et al., 

2022; Yamada et al., 2005). 

The effectiveness of mechanical refining as a pretreatment to enhance cotton conversion via 

EH can be hindered by the presence of dyes, as evidenced by the low cotton conversion. This 

inherent constraint renders it impractical to use this conversion process(Vera et al., 2022).  Thus, 

the combination of dye oxidation (bleaching) processes with mechanical refining is evaluated in 

the next section in an attempt to improve the conversion of dyed textiles. 

4.3.2. Effect of dye oxidation on cotton enzymatic hydrolysis. 

This section outlines for the first time the outcomes of a systematic study that assessed the 

performance of mechanical refining combined with oxidation treatments (Alkaline hydrogen 

peroxide (AHP), ozone (Z), and their combination) to improve the EH yields of black-dyed cotton. 

All the evaluated oxidation treatments fall under the category of TCF and have been previously 

reported for textiles (Abdul and Narendra, 2013; Li et al., 2021). 
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4.3.2.1. Alkaline hydrogen peroxide oxidation process 

The AHP treatment was evaluated and the effect of its main process variables such as caustic 

charge (Fig. 4-2a), H2O2 charge (Fig. 4-2b), time (Fig. 4-2c), temperature (Fig. 4-2d) and solids 

concentration (Fig. 4-2e) on removing the dye were considered. Dye removal from mechanically 

refined cotton (10,000 PFI revs) was observed after AHP treatment, which resulted in an increase 

in EH yield, as shown in Fig. 4-2. Enzymatic conversion improved significantly after treatment 

with AHP, resulting in yields up to 86% when oxidation conditions were 4% H2O2, 3% NaOH, 90 

°C and 90 minutes. Fig. 4-2 also shows that cotton conversion into glucose increased when the 

charge of both NaOH and H2O2 increases in the AHP process. Moreover, an increase in residence 

time, temperature, and the solids concentration also resulted in better dye removal and thus higher 

glucose yield. AHP process consists of generating oxidant radicals (e.g., HO•) that either degrade 

or break covalent bonds to extract the dyes from the cotton surface (Fang et al., 2017a; Powar et 

al., 2020a; Sözen et al., 2020; Sun et al., 2018; Wang et al., 2020).  Those radicals are formed 

when NaOH reacts with H2O2, thus an increment of the charge of these chemicals will create more 

radicals to improve the oxidation performance.  

The AHP process did not result in significant textile discoloration but showed a significant dye 

extraction as observed in the after-oxidation residual solution (Fig. 4-2f). This is consistent with 

previous studies claiming that achieving a white coloration in the treated textile is difficult as the 

dye removal occurs via a migration of the dye from the textile to the alkaline peroxide 

solution(Chadwick and Ter, 1966).  Moreover, some authors suggest that the mechanism of the 

AHP is based on destroying the bonding of the dye molecule with the fiber rather than destroying 

the molecular structure of the dye per se, which is necessary to achieve discoloration (Li, 2021; 

Vera et al., 2022). Thus, dye is removed instead of being oxidized and degraded (Fig. 4-2f).  
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The AHP process demonstrates that dye removal from cotton surface improves EH 

significantly (Fig. 4-2). Additionally, the chemical charges and thermal conditions used in the AHP 

process to achieve an enzymatic cotton conversion close to 90% are much lower (e.g., 3%NaOH, 

4% H2O2 and 90 °C) compared to conventional pretreatments reported in the literature (e.g., 

12%NaOH, 85% H3PO4, 150 °C) (Vera et al., 2022).  However, the generation of colored 

wastewater residual after the AHP process (Fig. 4-2f) poses a significant sustainability challenge 

due to the detrimental effect that dyed wastewater could have on the environment (Turhan and 

Ozturkcan, 2013). To mitigate this issue, further oxidation strategies and wastewater treatments 

would be needed (Asghar et al., 2015; Berradi et al., 2019; Bigambo et al., 2021; Fang et al., 2017b; 

Wen et al., 2018; C. H. Wu et al., 2008).  

While the conversion of dyed cotton is significantly improved after the AHP treatment, the 

fact that some of the dye remains on the cotton surface (see Fig. 4-2) could also be challenging for 

further conversion processes. Colored hydrolysate after EH could hinder, for example, glucose 

fermentation to produce either ethanol or succinic acid because of the presence of aromatic 

molecules, which is a main characteristic of dyes chemical structure (Wang et al., 2018). Thus, 

oxidation processes that either extract and break down the chemical structure of dyes and promote 

textile discoloration are more desirable.   
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Figure 4- 2. Effect of alkaline hydrogen peroxide bleaching variables on enzymatic hydrolysis of 

mechanically refined cotton (10,000 PFI revs). Effect of (a) H2O2 charge, (b) NaOH charge, (c) 

time, (d) temperature, and (e) Solid concentration. (f) Water residual after AHP process. Enzymatic 

hydrolysis was carried out by using CTec3 at 6FPU/O.D grams of cotton during 96h at 50 ºC. The 

study of each variable in the AHP process has the following base case: 4% H2O2 and 3%NaOH 

during 90 mins at 90 ºC and a solid concentration of 5%wt.   

 

4.3.2.2. Ozone oxidation process 

The ozone (Z) process is a potent oxidation method that overcomes the use of chemicals unlike 

most conventional stripping processes of dyes, including AHP(Arooj et al., 2013). Moreover, 

besides not requiring high thermal conditions, this ecofriendly process uses only ozone gas and a 

significantly lower amount of chemicals for adjusting the pH, leading to effluents that are easy to 

decompose and biodegrade(Arooj et al., 2013). This section discusses the impact of the main 

parameters of the Z oxidation process, namely the ozone charge and pH, on black-dyed cotton. As 

illustrated in Fig. 4-3, the ozone treatment resulted in partial cotton discoloration. Moreover, dyed 

cotton discoloration is directly linked to the enhancement of cotton conversion into glucose. In 
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addition to the unbleached cotton conversion (60%), Fig. 3a shows the EH conversion of cotton 

bleached with ozone under different pH values and at a solid concentration of 3 wt.%.  Dyed cotton 

discoloration and its conversion into glucose was highly dependent on the pH, being the acidic 

environment (pH = 3) the one displaying the highest brightening performance and the highest 

cotton conversion into glucose (78%). The high performance of Z process to degrade dyes under 

acidic conditions can be attributed to the fact that ozone gas is more soluble, stable, and selective 

in reaction with dyes at lower pH (Adams and Gorg, 2002; Arooj et al., 2020). The chromophore 

double bonds (e.g., -N = N-) bonding aromatic rings of the dye are broken due to their high 

susceptibility to react with ozone (Arooj et al., 2020). Once chromophore groups are degraded, the 

coloring capacity of the dye disappears (Arooj et al., 2020; C. H. Wu et al., 2008).   

At acidic conditions (pH= 3), the effect of ozone charge was assessed, and it is evident that 

both color removal and cotton conversion into glucose were enhanced with the increasing of ozone 

charge (Fig. 4-3b). Ozone charge refers to the quantity of ozone that reacted with the dye during 

the oxidation process. In this case, the evaluated ozone charges were assessed at oxidation times 

of 10, 20, and 30 minutes. A cotton conversion into glucose of 78% is reached after treating cotton 

with an ozone charge of 3.2% (30 min of reaction). 

Although the Z process was more effective to brighten the cotton, EH performance was not 

better than cotton treated with AHP. As a result, ozone treatment appears to be limited to a 

conversion of about 78%, which may affect the conversion economics of the overall process.  The 

low yield obtained from transforming cotton into glucose after Z bleaching may be attributed to 

the selectivity of the ozone oxidation mechanism to cleave benzene rings and double bonds of the 

dye related to its chromophore structure (e.g., -C=C- and -N=N) rather than the concept of 

degrading and extracting the entirety dye’s organic matter attached to the cellulose (Wen et al., 
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2018). Thus, the reaction of the original dye molecule with ozone may result in the transformation 

of most of the organic compounds into carbonyl and carboxylic acid groups, which may remain 

attached to the cotton surface after oxidation process (Wen et al., 2018; F. Zambrano et al., 2021). 

4.3.2.3. Ozone and AHP oxidation sequences.  

Transformation of colored textile waste into glucose is significantly improved when both 

AHP and ozone are applied even though they have important limitations (Fig. 4-3c). The AHP 

process, while not effective at decolorizing, is capable of extracting the dye from the textile 

surface, thus achieving high cotton conversion (higher than 80%) via enzymatic hydrolysis. On 

the other hand, ozone has a potent brightening effect but does not promote cotton conversions 

higher than 78%. Therefore, the combination of both oxidation processes has been designed into 

a sequence where ozone was applied initially to degrade and break down the dye chemical structure 

and bleach the cotton textile waste. As a second stage, AHP was applied at low H2O2 and NaOH 

charge to extract the residual dye left on the cotton surface after ozone stage.  

In this section, Z process was assessed with an ozone charge of 3.2% (based on O.D mass) at 

acidic conditions (pH=3), room temperature and a duration of 30 min. A second discoloration stage 

was performed using AHP extraction with 1% H2O2 and 2% NaOH for 60 min at 70 ºC. Fig. 4-3c 

shows that white cotton was achieved after these two evaluated bleaching stages. Moreover, EH 

yield also increased to 90% which is a significant conversion increment compared to unbleached 

(60%), cotton treated only with ozone (78%) or only with AHP (86%).  

Compared to either Z or AHP processes separately, the ozone + AHP oxidation sequence 

promoted a synergistic effect that resulted in a higher conversion of dyed cotton (~ 90%) even at 

lower chemical charges. There is a significant difference in the effluents generated after the entire 
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oxidation process, with AHP producing dyed wastewater and ozone generating an undyed and 

nearly crystalline effluent (Fig. 4-3d). Moreover, white cotton would yield an undyed hydrolysate, 

leading to a more efficient production of value-added chemicals from glucose. It is important to 

emphasize that while bleaching is required to remove dye from textiles, mechanical refining 

remains the most crucial pretreatment to improve the enzymatic conversion of cotton textiles. As 

shown in Fig. 4-3e, even bleached material cannot have conversion yields higher than 60% without 

mechanical refining. In contrast, cotton conversion increases when mechanical refining is applied, 

particularly when the pretreatment intensity increases, resulting in yields higher than 90%.  

 

Figure 4-3.  Effect of Ozone bleaching variables on enzymatic hydrolysis of mechanically refined 

cotton (10,000 PFI revs). Effect of (a) pH, and (b) Ozone charge. (c) Effect of Ozone bleaching 

followed by AHP extraction on enzymatic hydrolysis of mechanically refined cotton (10,000 PFI 

revs). (d) Water residual after Ozone bleaching process. (e) Enzymatic hydrolysis of cotton textile 

waste at different levels of mechanical refining and bleaching processes. Enzymatic hydrolysis 

was assessed by using CTec3 at 6FPU/O.D grams of cotton during 96h at 50 ºC and a solid content 

of 5%wt. Enzymatic hydrolysis experiments were done by triplicate. The study of each variable in 

the Ozone process has the following base case: 3.2% O3, pH 3 and a solid concentration of 3%  
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The change in the surface composition following each treatment allows to shed light on the 

underlying oxidation mechanism. The application of TCF oxidation treatments generates chemical 

changes on the textile surface (Figure 4-4), which could be also related to the subsequent enzymatic 

hydrolysis performance.  Ozone reacts with all the aromatic structures of the dye, leading to an 

increase in the formation of carboxyl (C4) and carbonyl (or O–C–O, C3) groups (Ismail and Sakai, 

2022; Zambrano et al., 2022). This could result in the formation of muconic acid and quinonoid 

structures (Argyropoulos et al., 1995; Zambrano et al., 2022). The cleavage of conjugated double 

bonds in the side aromatic chains also generates carbonyl species (Figure 4-4). The generation of 

carbonyl groups after the application of oxidative treatments is one of the main mechanisms by 

which some colors can remain in the textile (e.g., the yellow color after Z treatment) (Pipon et al., 

2007). This suggests that carbonyl groups present in the colored intermediate species known to 

form during ozonation were further oxidized into carboxyl groups. This is also reflected in a 

decreasing of the O/C ratio for a textile treated with ozone (Table 4-2). The overall lower O/C ratio 

may be related to the formation of oxidized dye structures that remain on the textile surface, which 

could still hinder the enzyme performance. In the AHP process, the persistence of the black 

chromophore on the fiber surface has been related to the low oxidation of the dye structure that 

make color removal more difficult (Argyropoulos et al., 1995). Similarly, oxidation of dyes with 

reagents of low oxidative potential such as AHP could result in the formation of chromophore 

species containing carbonyl groups that are detrimental to discoloration (Zambrano et al., 2022) . 

The latter can be observed in Figure 4-4 where the C3 groups composition increase compared to 

the dyed (unbleached) textile. On the other hand, compared to Z process, AHP process provided a 

textile surface with higher C-OH (C2 ) groups which could be related to the extraction of dye and 

the exposure of hydroxyl group of the mechanically refined cellulose.   
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Regarding the effect of the Z + AHP oxidation sequence on the textile surface chemistry, 

Figure 4-4 shows a significant decrease of carboxyl groups (C4) and carbonyl (or O–C–O, C3) 

groups. This is likely the main reason why the resulting textile substrate became white and showed 

significantly improved enzymatic hydrolysis performance. Overall, the formation and presence of 

carboxyl and carbonyl groups on textile surface appears to have a negative effect on enzymatic 

hydrolysis performance following oxidation treatments. Further research is needed to better 

understand the amount of textile surface and surface extractives that remain after ozone (Z) and 

hydrogen peroxide (AHP) oxidation treatments. However, such a highly complex assessment falls 

outside the scope of this work, given the variety of secondary chemical species that can be 

generated on the textile surface after oxidation treatments. 

 

Figure 4-4. Effect of oxidation processes on surface functional group composition of textile 

wastes. Functional groups were determined by X-ray photoelectron spectroscopy. 
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Table 4-2. Surface composition and enzymatic hydrolysis of dyed and oxidized textile waste. 

Sample 

EH 

conversion 

% 

O/C 

ratio 

% C1 

(C-C, C-H) 

%C2 

(C-O, C-OH) 

%C3 

(C=O, O-C-O) 

%C4 

(O-C=O) 

Dyed 60 0.56 39.8 51.4 6.1 2.66 

AHP 86 0.58 22.1 68.1 8.7 1.09 

Z 70 0.53 25.8 56.5 14.5 3.81 

Z+AHP 90 0.59 35.1 58.8 5.3 0.38 

 

4.3.2.4. Oxidation performance and its correlation with KMnO4 consumption and 

brightness  

The oxidation performance of both Z and AHP processes was related to the KMnO4 

consumption per O.D g of cotton and brightness (Fig. 4-5a). KMnO4 consumption is a method 

commonly used in the pulp and paper industry to quantify the lignin content (kappa number) left 

on fibers after pulping cellulosic feedstock (F. Zambrano et al., 2021). This is an effective method 

to assess the amount of dye/oxidizing groups left on the cotton surface after bleaching (Li, 2021; 

F. Zambrano et al., 2021). It was observed that both AHP and Z treatments exhibited a linear 

correlation between KMnO4 consumption and cotton conversion (Fig. 4-5a), indicating that a 

lower KMnO4 consumption corresponds to a lower amount of residual dye/oxidizing groups, and 

thus, higher cotton conversion is achieved. In addition, Fig. 4-5b shows that brightness is also 

linearly correlated with the conversion of cotton into glucose after a bleaching process. The results 

demonstrated that efficiency of the oxidation process to degrade and remove the dye plays a crucial 

role in achieving higher brightness and enzymatic conversion of cotton after bleaching. Moreover, 

Fig. 4-5c revealed that a lower permanganate consumption is associated with higher brightness, 

indicating a lower amount of residual dye in the bleached cotton. 
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Fig. 4-5 reveals that the slopes of the linear correlations are dependent on the bleaching method 

employed, which is likely linked to the specific mechanism of dye removal. Compared to AHP, 

ozone is notably more efficient at bleaching due to its ability to degrade the chromophoric structure 

of the dye, including aromatic benzene rings (Gomes et al., 2012; J. Wu et al., 2008b). In a future 

perspective, these linear correlations may aid in predicting the conversion of cotton textile waste 

via EH following an oxidation process. Linearity is expected to change as a function of the nature 

of the dye, which would change optimum bleaching parameters (e.g., temperature, chemical 

charge, etc.) and performance.  

 

Figure 4-5.  Correlation between cotton enzymatic hydrolysis and bleaching performance via (a) 

KMnO4 consumption, and (b) ISO brightness. (c) Correlation between KMnO4 and ISO brightness   
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4.3.2.5. Implications of converting cotton textile waste via enzymatic hydrolysis when both 

mechanical refining and TCF bleaching are used as pretreatment. 

The need for pretreatments using extremely high chemical dosage and high thermal conditions 

to enhance the enzymatic hydrolysis of cotton textile wastes can be overcome by using mechanical 

refining and bleaching processes presented in this chapter. These technologies, already 

implemented in other industries (e.g., pulp & paper and Biorefinery), could be easily installed at 

industrial scale for textile waste management. Table 4-3 compares this new pretreatment pathway 

with the most conventional pretreatment methods to convert textile waste into value-added 

products via EH. The application of mechanical refining combined with TCF oxidation process 

uses up to 6 times less chemicals than conventional methods and up to 3 times less enzyme in the 

enzymatic hydrolysis of textile wastes.  From an environmental perspective, it is worth noting that 

the process herein allows an important reduction in chemicals and energy, with potential 

opportunities to be more environmentally friendly compared to other methods. 

The feasible conversion of cotton textile waste into glucose to then produce value-added 

chemicals (e.g., biofuels, succinic acid, levulinic acid, etc.) signifies a promising alternative to 

address the growing issue of textile waste generation and to implement an ecofriendly circular 

economy. Aligned with the global effort to combat climate change, these value-added chemicals 

produced from textile waste not only would help to solve the textile landfilling issue but also would 

help to replace petroleum-based chemicals. Moreover, the enzymatic conversion of cotton textile 

waste into glucose would also be beneficial for separating textile fiber blends (normally cotton-

polyester), allowing the recyclability of fully bleached synthetic fibers (e.g., polyester). Future 

work will be focused on demonstrating the economic and environmental feasibility of this textile 
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waste management approach while considering the production of value-added chemicals beyond 

glucose.  

Even though black-dyed cotton has been taken as a reference for this study, it should be noted 

that the treatments presented in this work can be extended to all other colored cotton textile wastes 

and dyes (Arivithamani and Dev, 2017; Gül and Özcan-Yildirim, 2009; Powar et al., 2020a; J. Wu 

et al., 2008c; Yousef et al., 2019b). Ease of bleaching and process conditions are expected to 

change based on the nature of the dye, chemical structure, molecular weight, chromophore groups, 

etc. (Vera et al., 2022).  These observations highlight the potential for future environmental 

policies and regulations toward the development of dyes that are easier to bleach and degrade for 

optimum textile waste management.  For example, implementation of either natural dyes or dyes 

with low molecular weight seems to be a promising alternative for a more sustainable life cycle of 

textile products.  
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Table 4-3. Conditions for a variety of common pretreatments to upcycle cotton textile waste via enzymatic hydrolysis.  

 

Textile waste 

features 

Type of 

pretreatment 

Pretreatment 

method 

Pretreatment 

condition 

Enzyme 

charge/g of 

substrate 

EH yield 

without 

pretreatment 

(%) 

EH yield 

with 

pretreatment 

(%) 

Chemical 

Use a 

Energy 

Use b 

Enzyme 

Use c 
Reference 

Blue 

jeans/cotton 

dyed 

Chemical and 

mechanical 

Shredded and 

grounded + NaOH 

NaOH 12%, 

0 C, 96h 

Cellulase (20 

FPU/g) and β 

–glucosidase 

(30 IU/g) 

24.1 99 + + + + + + + + + + + 

(Jeihanipour 

and 

Taherzadeh, 

2009) 

50/50 

polyester/cotton 

dyed 

Dissolving 

and 

regeneration 

of cellulose 

Milled+Phosphoric 

acid 

H3PO4 85%, 

50 C, 7h 

Cellulase 

(7.5 FPU/g) 

and 

Cellobiase 

(15 CBU/g) 

12 79 + + + + + + + + + + 
(Shen et al., 

2013) 

40/60 

polyester/cotton 

dyed 

Dissolving 

and 

regeneration 

of cellulose 

Freezing 

alkali/urea soaking 

NaOH 7% Urea 

12%, 

-20 C, 1h 

Cellulase (30 

FPU/g) and β 

–glucosidase 

(60 IU/g) 

46 91 + + + + + +  + + + + 
(Li et al., 

2019) 

 

50/50 

polyester/cotton 

Dyed 

Dissolving 

and 

regeneration 

of cellulose 

Shredded and 

grounded 

+ 

N-methyl 

morpholine-N-

oxide (NMMO) 

NMMO 85%, 

120 C, 2h 

Cellulase (20 

FPU/g) and β 

–glucosidase 

(30 IU/g) 

16 90 + + + + + +  + + + + 

(Jeihanipour 

et al., 

2010a) 

 

Cotton T-shirts 

(our previous 

work) 

Mechanical 
Mechanical 

Refining 

No chemicals 

25 C 

Cellulase (6 

FPU/g) 
60 95 + +  + 

(Ramon E 

Vera et al., 

2023) 

Cotton T-shirts 

Dyed 

Chemo-

mechanical 

Mechanical 

Refining + TCF 

Oxidation 

processes 

2% NaOH, 

1% H2O2, 3.2% 

O3 

70C, 1h 

Cellulase (6 

FPU/g) 
30 90 + + + + + (Our work) 

Legend: +++ High, ++ medium, + Low; Consulted references:(Jeihanipour et al., 2010a; Jeihanipour and Taherzadeh, 2009; Li et al., 2019; Shen et al., 2013; Ramon 

E Vera et al., 2023; Vera et al., 2022) ; a Refers to chemical use for pretreatments. b Refers to energy use during pretreatment. c Refers to enzyme use during the enzymatic 

hydrolysis stage. 
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4.4. Conclusions 

Enzymatic hydrolysis of textile waste has been identified as a promising pathway to produce 

value-added chemicals and implement economic circularity in the life cycle of textiles. Mechanical 

refining has been developed as a pretreatment to facilitate the conversion of undyed cotton textile 

waste into glucose with yields up to 90%, while using low energy and low enzyme dosage of 6 

FPU/O. D g of cotton. However, the presence of persistent dyes in textile wastes poses a significant 

challenge to feasibly achieve their enzymatic conversion. To overcome this issue, mechanical 

refining combined with TCF oxidation methods (e.g., ozone and hydrogen peroxide) have been 

demonstrated to be a practical and unique pretreatment to convert dyed textile waste via enzymatic 

hydrolysis. Ozone and alkaline hydrogen peroxide oxidation treatments showed different 

mechanisms to minimize the negative effect of dye on the enzymatic conversion of cotton.  

Compared to the conversion of dyed cotton (60%), AHP was more efficient to extract the dye (low 

brightening performance) and improve cotton conversions up to 86%, while Z was more effective 

for brightening the cotton and enhance its enzymatic conversion with yields of 78%. 

The two-stage oxidation with ozone (1st stage) and hydrogen peroxide (2nd stage) produced a 

white textile with glucose yields up to 90% at very low enzyme charges (6FPU/g). Fully degraded 

dyes are translated into white textile waste, and then uncolored enzymatic hydrolysate, which is 

desired for further production of value-added chemicals. The combined approach of ozone and 

alkaline hydrogen peroxide allowed also to decrease the chemical consumption as only 1% of H2O2 

and 2% of NaOH (based on dried mass of textile) at a maximum temperature of 70 ºC, which is 

significantly lower energy consumption and chemical dosage compared to AHP by its own.  

 



146 

 

 

Results from this chapter reinforce the use of the mechanical refining, bleaching processes and 

enzymatic hydrolysis to deal with the ever-increasing cotton textile waste landfilling and burning. 

Bleaching technologies applied to textiles can be used for all types of textile dyes. However, their 

performance and optimum conditions are expected to change based on the nature of dyes such as 

the molecular weight, chromophore groups, etc. Thus, this chapter also emphasizes the 

implementation of policies to use either low molecular weight or natural dyes that ease the 

bleachability and management of textile waste.  
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5. TEXTILE WASTE AS AN ADVANCED RESOURCE: TECHNO-ECONOMIC 

ANALYSIS BEHIND THE INTEGRATION OF POLYESTER RECYCLING AND 

GLUCOSE SYRUP PRODUCTION TO VALORIZE FAST FASHION GARMENTS5 

 

 

Abstract. 

 

Upcycling cotton textile waste into valuable chemicals represents a promising opportunity to 

combat textile landfilling and foster the circular economy in the industry. The process involves 

innovative mechanical refining pretreatment and total chlorine-free oxidation (TCF) of dyes to 

achieve over 90% improvement in enzymatic hydrolysis yields. This study presents a 

technoeconomic analysis for a 14,000-ton annual glucose production line using both 100% cotton 

and 50/50 cotton/polyester blends. Capital investments range from USD 5.6 to 7.9 million, with 

manufacturing costs per ton of glucose varying between USD 215 and USD 475, depending on the 

textile blend. The scenario with cotton/polyester blends results in the most cost-effective option 

(USD 290 per ton of glucose) due to revenue from unhydrolyzed polyester sales. A sensitivity 

analysis highlights the significant influence of recycled polyester prices and content on the 

economics. This chapter demonstrates the potential economic viability of enzymatic hydrolysis, 

mechanical refining, and TCF oxidation for industrial-scale upcycling while promoting the 

recycling of synthetic fibers. 

 

 

 

5This chapter has been submitted to a peer review and high impact journal. 
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5.1. Introduction  

Textile waste constitutes one of the most pressing environmental and social challenges facing 

our world today (Vera et al., 2022). Driven by the increasing demand for fast fashion and the 

prevalence of clothing disposal, the amount of textile waste continues to grow at an alarming rate. 

The U.S. generated 17 million tons of textile waste in 2018, where 85% of which was either 

landfilled or incinerated for energy production (EPA - United States Enviromental Protection 

Agency, 2020). The landfilling and incineration of these materials is contributing to additional 

greenhouse gas emissions, and can eventually lead to leaching of potentially hazardous dyes into 

water sources, posing substantial environmental consequences (Saini, 2017; Subramanian et al., 

2020).  

Considering that the combined percentage of incinerated and landfilled textiles is 

disproportionately high, developing technologies to manage this type of waste material could have 

a major positive impact on the environment (Kwan, 2018). Cotton represents up to 40% of the 

commercial textile fibers in the U.S., offering a unique opportunity to develop a circular economy 

model (Kwan, 2018; Vera et al., 2023a). Cotton, composed of pure cellulose, can be transformed 

into glucose via enzymatic hydrolysis (Li et al., 2019).  Glucose is the monomeric form of cellulose 

(Gonzalez et al., 2023). This simple sugar is rising as a significant raw material to produce value-

added bioproducts in the chemical industry (Gonzalez et al., 2023; Kapanji et al., 2021; Vera et 

al., 2022). In 2020, the global glucose market reached a size of USD 42.9 billion, with glucose 

syrup alone accounting for the highest revenue share at 69.2% (“Glucose Market Size, Share | 

Industry Report, 2020-2028,” 2023). Moreover, the market is expected to expand at a compound 

annual growth rate (CAGR) of 5.0% by 2028. Given this expanding market, the production of 
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glucose from textile waste represents a great opportunity to address the striking environmental 

challenges posed by both textile landfilling and burning.  

The highest share of textile fibers belongs to synthetic fibers, with polyester (e.g., PET) being 

among the most widely used (Palacios-Mateo et al., 2021). Textile products often feature 

cotton/polyester blends that challenges the recycling or upcycling of fibers from textile waste due 

to complexities inherent in feasible fiber separation processes (Subramanian et al., 2020). One 

promising method to address this challenge is the enzymatic hydrolysis of cotton, yielding glucose 

as a valuable product while also having the opportunity to separate, purificate, and recycle 

synthetic fibers (Subramanian et al., 2020). Leading companies and textile brands are committed 

to replacing between 40 and 100% of virgin synthetic fibers with recycled ones (“2025 Recycled 

Polyester Challenge First Annual Report,” 2022). Consequently, synthetic fibers recovered in the 

enzymatic hydrolysis process of mixed cotton/polyester textile wastes could serve as a valuable 

byproduct (Subramanian et al., 2020).  

The enzymatic hydrolysis (EH) process employs enzymes (e.g., cellulases) to break down the 

cellulosic fibers into glucose. Cotton contains a very high cellulose content (~94%) with negligible 

amounts of hemicellulose or lignin, thus making it a promising substrate for EH (McCall and 

Jurgens, 1951; Pérez and Samain, 2010). Despite the cellulose content in cotton is particularly 

high, factors inherent to the cellulose structure and other contaminants (e.g., dyes)  can also inhibit 

hydrolysis yields (Vera et al., 2022). Most textiles contain dyes that adsorb and bind to the 

cellulose surface, thereby limiting enzyme accessibility and contaminating the hydrolysate 

solution for further chemical synthesis processes (Gonzalez et al., 2023; Vera et al., 2022). On the 

other hand, the inherent physical and chemical characteristics of cotton cellulosic fabrics includes 

several characteristics that also hinder the enzymatic performance to convert cotton.  For example, 
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the high crystallinity of cellulose in cotton presents its own sets of challenges for the 

implementation of EH (Hall et al., 2010). Furthermore, cellulose accessibility to enzymes has been 

demonstrated to be dependent on the substrate surface area and its hydrophilicity (Chandra et al., 

2009, 2007).  

In attempts to overcome or mitigate the effect of such limitations, various pretreatment 

strategies have been developed, with chemical pretreatments being the most employed (Vera et 

al., 2022). Among them, alkaline pretreatment is the most reported in the literature for the 

transformation of cotton textile wastes into glucose (Vera et al., 2022).  Designed to achieve 

glucose yields exceeding 90%, this technology has been extensively studied in recent years. The 

most common processes use high NaOH dosages (e.g., 12% wt.) and elevated temperature 

conditions besides consuming significant quantities of enzymes that challenge the economic and 

environmental feasibility of the process (Gholamzad et al., 2014; Hasanzadeh et al., 2018; 

Jeihanipour et al., 2010; Kuo et al., 2010; Kuo and Lee, 2009; Quartinello et al., 2018).  These 

chemical pretreatments at these severe chemical and thermal conditions have been identified as 

the stage with the highest emissions in the enzymatic hydrolysis process (Subramanian et al., 

2020).  

Mechanical refining is a chemical-free pretreatment recently implemented to enhance the 

enzymatic hydrolysis of textile waste, achieving glucose yields of up to 95% (De Assis et al., 2018; 

Pawlak et al., 2022). Widely employed in the pulp and paper and biorefinery industries, 

mechanical refining modifies the properties and morphology of cellulosic fibers, thereby 

increasing the fiber surface area and enzyme accessibility to carbohydrates (De Assis et al., 2018; 

Jones et al., 2013). A previous study reported for the first time that this pretreatment could promote 

enzymatic hydrolysis yields above 90% at a low enzyme usage (4-6 FPU/O.D g) and mechanical 
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refining intensity up to 10,000 PFI revs (180 KWh/ton) while using CTec3 cellulases from 

Novozyme (Vera et al., 2023a). On the other hand, for dyed textile wastes, mechanical refining 

has been combined with a total-chlorine-free (TCF) oxidation process (Ozone + Peroxide) to 

overcome the negative effect of dyes on cotton enzymatic hydrolysis. As a result, fully bleached 

textile waste has been obtained while increasing cotton conversion into glucose from 60% (when 

dyed and only applying mechanical refining) to 90% at very low chemical, energy, and enzyme 

usage (Gonzalez et al., 2023). 

Glucose is probably the most important biobased building block due to its abundance and its 

versatility to produce high value chemicals (Vera et al., 2022). Amid market rising, the price of 

food-grade glucose syrup has been reported to increase up to 900 USD/ton in 2022 (USDA, 2023). 

This bio-based chemical is industrially produced from the hydrolysis of feedstocks such as corn. 

(Ou et al., 2021).   

Given the novelty of utilizing the mechanical refining pretreatment in conjunction with TCF 

oxidation to produce glucose from enzymatically hydrolyzed textile waste, there is a lack of 

techno-economic studies that ascertain the economic viability for scaling up this conversion 

process at an industrial level. Thus, understanding the economics of glucose production via 

enzymatic hydrolysis of cotton textile waste is critical to determine its feasibility at industrial scale. 

This chapter aims to perform a techno-economic assessment for glucose manufacturing at an 

industrial scale from the EH conversion of textile waste. To that end, the following scenarios are 

proposed: 
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1. Converting undyed cotton textile waste (100% cotton) via enzymatic hydrolysis, using 

mechanical refining as a pretreatment. 

2. Converting dyed cotton textile waste (100% cotton) via enzymatic hydrolysis, 

incorporating mechanical refining as a pretreatment in combination with a TCF bleaching 

process.  

3. Converting dyed/undyed cotton blends (50/50), employing mechanical refining as a 

pretreatment in combination with a TCF bleaching process.  

4. Converting cotton from cotton/polyester blends (50/50). PET fiber will be considered as a 

byproduct to be recycled for new generations of textiles.  

Capital investment, manufacturing costs, and minimum selling price (MSP) of glucose 

produced from textile waste will be calculated for an integrated facility producing 14,000 ton of 

glucose syrup per year. The findings from this chapter are anticipated to contribute substantively 

to the generation of a circular economy and the industrial scalability of textile waste management 

via enzymatic hydrolysis conversion. 

5.2. Methods 

5.2.1.Techno-economic assessment 

The techno-economic analysis (TEA) for glucose manufacturing from cotton textile waste was 

adapted from the collection of both lab-scale experiments and literature data. The collected 

information, including production yields, raw materials, enzyme dosage, and energy requirements, 

allowed designing a comprehensive process flow diagram where main streams and unit operations 

of the conversion process at industrial scale were identified (Figure 5-1). Subsequently, mass and 

energy balances were adjusted (by using Microsoft excel), to estimate production flow rates and 

then scale the main equipment for the process (tanks, mechanical refiner, reactor, evaporator, etc.).  
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While numerous techno-economic studies have been conducted on biochemical conversion of 

biomass to ethanol, few have adapted these processes to the context of textile waste. Equipment 

costs, scaling factors, and energy requirements for the equipment were obtained from NREL’s 

bioconversion reports when available (Davis et al., 2018, 2015, 2013; Dreiblatt, 2011). Additional 

equipment costs were either acquired or estimated using cost estimation tool database ensuring 

that all equipment is scaled to the glucose syrup production capabilities (Kwan, 2018; Peters et al., 

2018). Subsequently, capital investment was estimated by applying factors that account for direct 

costs (equipment installation, controls, labor, service facilities, and land) and indirect costs 

(engineering, construction, legal expenses, contractor fees, inflation, and contingency). On the 

other hand, manufacturing costs comprise direct and indirect costs for producing each ton of syrup 

glucose. Direct operating costs, which are subjected to production rate, were estimated by 

considering raw material, chemical treatment, and associated utilities for the process equipment 

including power, water, and energy. Additional operating costs (labor, maintenance, and 

depreciation) were estimated based on the personnel required in each area of the production line, 

the yearly glucose production and capital investment.  

The financial analysis was constructed by following a cash flow model and financial 

assumptions shown in Table 5-1, where minimum selling price (MSP) of glucose syrup at plant 

gate is back calculated to achieve an internal rate of return (IRR) of 15%. The assessment was 

supported by sensitivity analyses performed in Microsoft excel to reveal the effect of CAPEX, and 

main manufacturing cost contributors, glucose production, and polyester content on MSP.  
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Table 5-1: Financial assumptions for techno-economic assessment 

Financial Assumptions  
Value Reference 

Project term (Years) 20 Assumed 

Production year 0 80% (de Assis et al., 2017) 

Production year 1 100% (de Assis et al., 2017) 

% Capex year (-2) 50% (de Assis et al., 2017) 

% Capex year (-1) 50% (de Assis et al., 2017) 

Maintenance, % ISBLa 5% (Davis et al., 2018) 

Taxes on EBIT 30% (Dreiblatt, 2011) 

Discount rate (established 

IRR) 

15% (Davis et al., 2018) 

Working capital, % 

revenue 

5% Assumed  

Textile waste cost, USD/t 40 Confidential source 

PET Selling price, USD/t 270 (“Prices for most recycled plastics 

continue to rise - Resource Recycling,” 

2023) 

CTec3 enzyme price, USD/t 5,000 Confidential source 

Water price, USD/t 0.66 (“FisherSolve® Next,” 2023.) 

Acetic acid price, USD/t 480 (Guevara-Fernandez et al., 2022) 

H2O2 price, USD/t 880 (“FisherSolve® Next,” 2023.) 

Ozone price, USD/ton 1,000 (Assis et al., 2016; “FisherSolve® Next,” 

2023) 

Power cost, USD/MWh 65 (“Electric Power Monthly - U.S. Energy 

Information Administration (EIA),” 

2023.) 

Natural gas cost, 

USD/mmBTU 

2.6 (“Natural Gas PRICE Today | Natural 

Gas Spot Price Chart | Live Price of 

Natural Gas per Ounce | Markets 

Insider,” 2023.) 
a. Inside battery limits   
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5.2.2 Feedstock and process design 

A general description of the process can be observed in Figure 5-1, targeting a integrating plant 

with an annual production of 14,000 tons of glucose. Glucose production process starts from the 

textile waste feedstock preparation, wherein shredding and milling serve as the main unit 

operations until particle diameters between 0.5 and 1mm are attained. A pretreatment stage is 

included in the process where mechanical refining figures as the main pretreatment to modify 

textile fiber morphology and enhance the enzyme activity, thereby achieving feasible glucose 

yields (Corbett et al., 2018; De Assis et al., 2018; Jones et al., 2013; Vera et al., 2023a). Disk 

refiners will be considered for the mechanical refining process at 10% solid content with an energy 

consumption equivalent to 10,000 PFI revs (180 KWh/ton) (Chakraborty et al., 2007; Vera et al., 

2023a).  

  

In instances where dyed feedstock is utilized, an oxidation process comprised of two bleaching 

stages to eliminate the dye on the textile. The first oxidation stage consists of an ozone treatment 

with a charge of 3%, based on the oven-dried (O.D) mass of the textile. This is followed by a 

second stage that consists of an alkaline hydrogen peroxide extraction, wherein 2% of NaOH and 

1% of H2O2 - both percentages calculated based on O.D. mass- are used at 70 C for 1 hour. The 

pretreated and oxidized textile is subsequently sent to the enzymatic hydrolysis stage, conducted 

using textiles at 5 wt.% of cotton content, at pH 5.2, and a temperature of 50 ºC, over a 96 h period. 

The aqueous phase is comprised of a sodium acetate-acetic acid buffer solution at pH 5.2. Cellic® 

CTec3 cellulase enzyme (Novozymes, Bagsværd, Denmark) was used to perform the enzymatic 

hydrolysis experiments at 6FPU/O.D g of cotton, equivalent to 0.04g of enzyme per O.D g of 

cotton (Gonzalez et al., 2023).  
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Figure 5-1. General process flow diagram to convert textile waste into glucose via enzymatic 

hydrolysis. 

5.2.3 Description of scenarios assessed 

Four different scenarios have been chosen for the TEA, which utilized cotton as main feedstock 

to be converted into glucose. Additionally, some scenarios include cotton combined with synthetic 

fibers, in this case polyester (PET), as well as persistent dyes. Scenarios with persistent dyes and 

content of synthetic fibers, in this case polyester (PET), are also evaluated. Detailed descriptions 

of the evaluated scenarios are shown below and are summarized in Figure 5-1. 

Base-case scenario: 100% cotton (undyed). This scenario serves as the base-case for being the 

simplest and the most ideal one. Here, undyed cotton (100% cotton) will figure as feedstock, while 
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mechanical refining is employed as a pretreatment prior to enzymatic hydrolysis. A conversion 

yield of 95% is considered based on previous studies (Vera et al., 2023a) 

Scenario 2: Conversion of dyed cotton. This case incorporates the presence of persistent dyes on 

textile waste. Alongside mechanical refining, two stages of bleaching are incorporated into the 

pretreatment stage. This scenario considers an enzymatic hydrolysis yield of 90%, based on 

previous work to convert dyed textile waste into glucose (Vera et al., 2023b).  

Scenario 3: Conversion of dyed cotton mixed with undyed cotton. This scenario considers the 

blends (50/50) of dyed and undyed cotton in the conversion process. It also considers an enzymatic 

hydrolysis yield of 92% as an average from scenarios 1 and 2.  

Scenario 4: Conversion of dyed cotton/dyed polyester textile blend. This is the most realistic 

scenario, where 50/50 dyed cotton/polyester feedstock are assessed to evaluate the influence of 

textile composition on the economics of glucose conversion. This scenario keeps the presence of 

dyes and the pretreatment described in scenario 2. Moreover, after enzymatic hydrolysis, non-

hydrolysable PET is separated and sold as a value-added byproduct. This scenario assumes that 

polyester does not affect the enzyme performance. Thereby, maintaining an enzymatic hydrolysis 

yield of 90% as shown in scenario 2 for dyed cotton.  

5.2.4 Assumptions 

The plant facility is assumed to be co-located in a chemical plant producing some of the value-

added chemicals derived from glucose (e.g., levulinic acid, succinic acid, etc.). Consequently, 

energy and power needed for the glucose production process are supplied by the factory's existing 

generators. Thus, capital expenditure associated with energy (e.g., boilers and furnaces) and power 

generation equipment is not considered in the economic assessment. Likewise, capital expenditure 

related to wastewater treatment facilities is not considered. However, their operational costs are 
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considered based on literature values (e.g., natural gas and electricity cost). Cost of textile waste 

includes raw material, sorting operations and transportation from municipal waste centers to the 

chemical plant. As a collocated facility supplying glucose syrup for downstream chemical 

processes within a chemical factory, the delivery costs associated with selling the glucose are not 

considered. Consequently, the minimum selling price of glucose is intended to be considered as a 

raw material cost in the production of other value-added chemicals (e.g., levulinic acid, 

biosurfactants, etc.).  All  the process conditions and assumptions are delineated in Table 5-2. 

Process assumptions for glucose manufacturing at industrial scale.Table 5-2. 

The chosen plant size was estimated based on data from the Environmental Protection Agency 

(EPA) on textile waste landfilled each year in the U.S (0.05 ton per habitant) scaled for the 

population of the Raleigh (NC)-metropolitan area. According to EPA statistics, 14,000 short tons 

of textile waste are landfilled each year (“Raleigh, NC Metro Area - Profile data - Census 

Reporter”, 2023). Considering that the process has conversion superior to 90%, this led us to 

assume a plant size to process 14,000 tons of glucose processed per year.  
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Table 5-2. Process assumptions for glucose manufacturing at industrial scale. 

Process Assumptions 

Input Value Unit Reference 

General    

Glucose production rate 14,000 OD ton/year Assumed 

Annual operating hours 8400 h Assumed 

Feedstock preparation    

Energy consumption at shredding milling 

stage 
0.54 MWh/ton 

(Subraman

ian et al., 

2020) 

Pretreatment 
Mechanical 

refining 
- - 

Mechanical refining pretreatment intensity 
10,000 (180 

KWh/ton) 

PFI revs 

(kWh/ton) 
 

Solid content at pretreatment 10% wt. 

(Vera et 

al., 2023a, 

2023b) 

Temperature at pretreatment 25 C 
(Vera et 

al., 2022) 

Enzymatic hydrolysis    

Enzymatic hydrolysis temperature 50 C 
(Vera et 

al., 2023a) 

Energy consumption at enzymatic hydrolysis 0.4 mmBTU/ton 

From mass 

and energy 

balance 

Enzymatic hydrolysis time 96h hour 
(Vera et 

al., 2023a) 

Enzymatic hydrolysis yield** 95% wt. % 
(Vera et 

al., 2023a) 

Solid content at enzymatic hydrolysis (based on 

cotton mass) 
10% wt. % 

(Vera et 

al., 2023a) 

Enzyme charge 26 
mg/g of OD 

cotton 

(Vera et 

al., 2023a) 

Enzyme charge 6 FPU/O. D g 
(Vera et 

al., 2023a) 

Bleaching/ TCF oxidation    

NaOH charge in oxidation 

(based on O.D mass) 
1% wt. % 

(Vera et 

al., 2023b) 

H2O2 charge in oxidation 

(based on O.D mass) 
1% wt. % 

(Vera et 

al., 2023b) 

Ozone charge in oxidation 

(based on O.D mass) 
2% wt. % 

(Vera et 

al., 2023b) 

Energy consumption at oxidation stage 1.8 mmBTU/ton 

From mass 

and energy 

balance 

Washing    

Power consumption at washing stage 36 kWh/ton calculated 

Dilution factor in washing stage after oxidation 3 - Assumed 

Overall equipment efficiency 92 % Assumed 
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5.3 Results and discussions 

5.3.1 Capital expenditure 

The estimated capital expenditure (CAPEX) of the processes for each of the four scenarios is 

depicted in Figure 5-2. The estimated CAPEX ranges from USD 5.6 million to 7.9 million.  As 

expected, the CAPEX for Scenario 1 (100% undyed cotton) was the lowest among the four 

scenarios. This is attributable to the textile processing, being limited to pure cotton textile supply. 

Additionally, Scenario 1 did not consider dyed cotton into the process. Thus, requiring fewer 

pretreatment steps (no oxidation/bleaching) in the conversion process. Conversely, Scenarios 2, 3 

and 4 required higher CAPEX than Scenario 1 due to the incorporation of the bleaching process 

to remove dyes in the pretreatment stage. Compared to scenario 2 and 4, scenario 3 had a lower 

capital investment because it involved 50% less textile to bleach, thereby reducing the required 

CAPEX for the bleaching process. On the other hand, scenarios 2 and 4 presented the higher  

CAPEX due to the bleaching of 100% of the managed textile.   In general, the major contributors 

to the CAPEX are the evaporators for sugar concentration followed by enzymatic hydrolysis 

reactors, disk refiners, and the bleaching process (when applicable).  
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Figure 5-2. Top: a) Estimated capital investment for each of the four studied scenarios. Total 

CAPEX associated with the process. b) Estimated manufacturing cost per Mt of glucose including 

both indirect and direct costs and b) minimum selling price of glucose for all four scenarios. 

Scenario 1: 100% undyed cotton; Scenario 2: Dyed cotton textiles; Scenario 3: Dyed cotton textiles 

mixed with undyed cotton textiles at a 50/50 ratio; Scenario 4: Dyed cotton/ polyester textiles 

comprised of 50% cotton. Middle: Sensitivity analysis on minimum selling price of glucose 
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production from textile waste containing: c) 100% cotton (undyed) and d) 50% dyed cotton + 50% 

dyed polyester. Bottom: e) Effect of glucose production capacity on minimum selling price.  f) 

Effect of the polyester content on minimum selling price of glucose obtained from textile wastes, 

and effect of the polyester content on total cost per ton of glucose, revenue from polyester and 

minimum selling price. This assessment was performed to produce 14,000 ton/year of glucose 

syrup from undyed/dyed textile waste. 

 

5.3.2 Manufacturing cost and minimum selling price 

The estimated manufacturing cost and minimum selling price (MSP) per metric ton of glucose 

are depicted and broken down in Figure 5-2b for each of the evaluated scenarios.  Manufacturing 

cost considers all direct and indirect cost of the production of 1 ton of glucose syrup, such as, 

textile waste, enzyme, electricity (power), natural gas, chemicals, water, labor, maintenance, and 

depreciation as well as credits due to recycled polyester sales in Scenario 4. Manufacturing costs 

vary from USD 215 to USD 475 per ton of glucose (on a dry basis), depending on the evaluated 

scenario. For scenarios 1-3, enzyme cost is the main contributor to the manufacturing costs, while 

for scenario 4, it is the chemical cost. Scenario 1 had the lowest manufacturing cost of USD 215 

per ton of glucose due to the absence of a bleaching process. The main energy consumption in 

scenario 1 is related to the evaporation stage to obtain the glucose syrup production.   

Manufacturing costs for scenario 2 are 38% higher than scenario 1. This is attributable to the 

processing of 100% dyed cotton, which includes two bleaching stages in the pretreatment using 

NaOH and H2O2. Thus, chemical cost has the highest contribution in the cost structure followed 

by energy, textile waste and labor. The increase in textile waste cost is due to the presence of dye, 

which results in a lower EH yield. As a result, more textile waste is needed to produce 1 ton of 

glucose syrup. Figure 5-2b shows that scenario 3 has a manufacturing cost 15% lower when 

compared to scenario 2. This can be attributed to a reduced volume of textile requiring bleaching, 

representing 50% of the total cotton textile to be hydrolyzed.  
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Figure 5-2b also reveals that scenario 4 has the highest manufacturing cost (USD 475) per ton 

of glucose produced. Processing textile wastes containing only 50% of hydrolysable material 

decreases the overall yield of the conversion process, requiring almost twice the amount of textile 

material, chemicals, power, energy, water, and other utilities per ton of glucose. Nevertheless, 

white polyester fibers, generated as a valuable byproduct, serve as an additional revenue of the 

process. The price of recycled polyester is considered to be 270 USD per ton (confidential source), 

which can make a revenue of 300USD per ton of glucose produced.  

On the other hand, the MSP was estimated based on obtaining an internal rate of return (IRR) 

of 15% and ranges between USD 290 and 391 per ton of glucose produced. The lowest MSP is 

when recycled polyester is recovered and sold as a byproduct, representing a significant revenue 

to mitigate the high manufacturing cost per ton of glucose from cotton/polyester blends. It 

highlights the economic benefits that come with the presence and recovery of polyester fibers in 

the process. Regarding scenario 1-3, MSP increased when the textile waste needs to be bleached 

prior to the EH process.  

5.3.3 Sensitivity analysis 

5.3.3.1 Effect of cost variations 

A sensitivity analysis was conducted to identify the cost and revenue variables with the highest 

influence on the MSP. In addition to capital investment, the evaluated cost variables include textile 

waste, enzymes, electricity, power, natural gas, sodium hydroxide, hydrogen peroxide, sulfuric 

acid, acetic acid, sodium acetate, fresh water, and recycled polyester price (only in scenario 4).  A 

variation of ± 25% was considered for each cost variable and the results are depicted in Figure 5-

2c-d for scenarios 1 and 4, respectively. Scenario 1 was chosen as it serves as the base case 
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scenario, while scenario 4 was selected since it is the most realistic case and presents the highest 

manufacturing costs.  

For both scenarios, CAPEX, power and textile waste cost are variables with a significant 

positive effect on MSP (as these costs increase, MSP increases), while recycled polyester sales 

reveal a substantial negative effect on MSP (as it increases, MSP decrease) in scenario 4. For 

scenario 1, a 25% increase in CAPEX leads to a notable increment in MSP from USD 305 to USD 

334. On the other hand, in scenario 4, a 25% increase of polyester price results in an MSP 

decreasing from USD 290 to USD 215.  

5.3.3.2 Effect of production capacity 

The effect of the production capacity on the MSP per ton of glucose is shown in Figure 5-2e. 

The MSP was estimated for glucose production capacities of 14,000, 28,000 and 42,000 tons per 

year.  It can be observed that the MSP decreases significantly with higher production rates of 

glucose. In this context, the base-case scenario (100% undyed cotton) went from USD 391 (14,000 

ton/year) to USD 339 (42,000 ton/year), representing 13% of MSP reduction. Scenarios 2 and 3 

exhibited similar trends, with MSP decreasing up to 15%. The scenario that considered a 

cotton/polyester 50/50 blends showed a more significant sensitivity to the glucose production 

capacity, going from USD 290 (14,000 ton/year) to USD 219 (42,000 ton/year). This represents a 

25% decrease in MSP, therefore reinforcing the potential economic feasibility of upcycling cotton 

textile waste while promoting the recycling of synthetic fibers. 
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5.3.3.3 Effect of polyester content 

Polyester recycling plays a significant role in the economics of glucose from textile waste. 

Figure 5-2f shows the effect of the polyester content on the minimum selling price for an annual 

production of 14,000 tons of glucose. The higher the polyester content, the lower the MSP per ton 

of glucose. Even though the manufacturing cost per ton of glucose rises with increased polyester 

content, the revenue generated from polyester recycling offsets this increase in cost. This is evident 

in the scenario involving textiles waste containing 75% of polyester, where the manufacturing cost 

per ton of glucose would be USD 865, but with a revenue from polyester of USD 901 per ton of 

glucose produced. This resulted in glucose minimum selling price to be 147 USD/ton. It is 

important to note that treating textiles with 75% polyester would require larger equipment as more 

textiles waste would be required to achieve targeted glucose production. Therefore, although 

having lower MSP, capital investment increases to nearly USD 13 million (~100% compared to 

base case). 

5.3.4 Perspective on the economic potential to upcycle cotton textile waste containing 

synthetic fibers. 

The findings from this chapter show that implementation mechanical refining combined with 

dye an oxidation process (ozone + peroxide) may be a cost-effective pretreatment for the 

industrial-scale production of glucose from textile waste via enzymatic hydrolysis. These 

pretreatments have been proven to significantly boost the enzymatic hydrolysis of dyed textile 

wastes at low chemical and energy use, compared to EH process without these pretreatments (Vera 

et al., 2023b). On the other hand, the efficacy of textile bleaching coupled with the high yield in 

the enzymatic hydrolysis of cotton, generated by mechanical refining, opens the door to utilize 

textile waste containing synthetic fibers to further recycle them. Such synthetic fibers constitute a 
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valuable byproduct with a significant contribution to improve the economics of glucose 

production.   

Figure 5-3 provides data from the United States Department of Agriculture (USDA) related to 

the growing market for glucose syrup (Figure 5-3a), including its price-per-ton increment in the 

last 20 years (Figure 5-3a). Figure 5-3a shows that the price per ton of glucose syrup rose from 

USD 200 in the year 2000 to USD 890 in 2022. Figure 5-3b further highlights that the current 

utilization of glucose syrup for non-food purposes is considerably higher than food uses, indicating 

the growing interest of the industry in producing glucose-derived chemicals, market where the 

syrup glucose produced from textile waste would take place. In this context, although those prices 

shown in Figure 5-3a are for food grade glucose, minimum selling prices per ton of glucose 

obtained in this techno economics analysis are promising and could be within the range prices of 

the current market of glucose for industrial processes. Moreover, the glucose produced from textile 

waste offers the potential for downstream processing for higher value and more sustainable bio-

based chemicals, as shown in Figure 5-3. 
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Figure 5-3.  a) Annual trend of glucose price per ton and b) Annual glucose production by 

purpose. Data obtained from the USDA Sugar and Sweeteners Yearbook Tables (USDA, 2023). 
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Table 5-3. Value-added biobased chemicals derived from glucose. Adapted from (Vera et al., 2022) 

Value-added 

chemical 
Formula Application  Process 

Theoretical 

yield (g 

product g-1 

glucose) 

Yield (g 

product g-1 

glucose) 

Conditions (T, 

P, Residence 

time) 

Catalyst  

Market price 

(2018) 

(USD/ton) 

Approx. market 

volume (2018) 

(MMton/year)  

Ref. 

Levulinic 

acid 
C5H8O3 

Methyltetrahydro

furan (MeTHF) 

ŭ-aminolevulinic 
acid 

1,4-butanediol 

esters 
ɔ-valerolactone 

Na levulinates 
Valeric acid 

Hydrogenation of 

5 HMF from 

glucose 

0.6 0.44 
200 °C, 30 min, 

50 bar N2 

Methanesulfo

nic or sulfuric 
acid 0.63M (6 

%) aprox 

5,350 ï8,880 
 

0.01 

(Hafyan et al., 

2020; Sadhukhan 

et al., 2016; 

Schmidt et al., 

2017) 

Succinic acid C4H6O4 

1,4-butanediol 

Tetrahydrofuran 

ɔ-butyrolactone 
Pyrrolidinone 

Maleic acid 

Fermentation of 

glucose 
0.7 0.73 30 °C, 2h 

Saccharomyc

es cerevisiae 
2,500 0.04 

(Huh et al., 2006; 

Nieder-Heitmann 

et al., 2019) 

 

 

Itaconic acid C5H6O4 

Building block 
for Biobased 

polymers: 

Styrene 
derivatives 

Polyacrylates 

Polyester 
Polyamides 

Diols, Diamines 

Fermentation of 

glucose 
0.7 0.6 35 °C, 7 days A. terreus 1,900 0.08 

 

(Klement and 

Büchs, 2013; 

Magalhães et al., 

2019) 

Glutamic acid 

(amino acid) 
C5H9NO4 

Polyesters 

Foods 

(neurotransmitter 

and flavor 

enhancer, 
nutrient) 

Plant growth 

Fermentation of 
glucose 

0.8 0.4 33 °C, 28.5 h 

Brevibacteriu

m 

divaricatum 

3,625 1 
(Delaunay et al., 

1999; ¥z¿doĵru 

et al., 2019) 

Sorbitol C6H14O6 
Sugar alcohol 

L-ascorbic acid 

Polyols 

Reduction of 

glucose 
1 0.56 

50% glucose 
solution, 120 

°C,70 bar H2 

5% Raney 

nickel catalyst 
655 2.6 

(Kapanji et al., 

2019) 

Glucaric acid C6H10O8 

Biobased adipic 
acid: 

Polyurethanes 

Non-phthalate 
Biodegradable 

polyesters 

Nylon-6,6 fibers 

Glucose 

oxidation with 
nitric acid 

1.2 0.58 40 °C, 2 bar 

Oxidation 

with nitric 
acid 

2,910 2.6 
(Kapanji et al., 

2019) 

Lactic acid C3H6O3 
Polylactic acid 
Lactate esters 

(green solvents) 

Fermentation of 

glucose 
0.5 0.72 37 °C, 36 h 

Lactobacillus 

casei 
1,874 1.4 

(Kohli et al., 

2019; Kwan et al., 

2018) 

Rhamnolipids - 
Bioremediation, 

surfactants, 

emulsifiers 

Fermentation of 

glucose 
0.72 0.1-0.15**  37 °C 

Pseudomonas 

aeruginosa 

20,000-50,000

  
- 

(Déziel et al., 

2020) 
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Regarding the prospect of producing recycled polyester as a byproduct and its contribution to 

the economics of producing glucose from textile waste, it is important to emphasize that there is a 

growing consumer demand for sustainable and eco-friendly products (e.g., textiles and 

nonwovens). It has led to an increase in the interest in recycled polyester fibers, which can be 

obtained from post-consumer waste materials. This is evident in the claims of multiple textiles 

companies and brands committed to having between 45% and 100% recycled polyester in their 

products by 2025 (“2025 Recycled Polyester Challenge First Annual Report,” 

2022).Consequently, recycled polyester fiber market is expected to grow from USD 7.4 Billion in 

2022 to USD 11.0 Billion by 2030, at a CAGR of 5.81% (“Recycled Polyester Fiber Market 

Insights and Forecast to 2030 | by Rupanjali Dixit Report Prime | Medium, 2023).  

 

Prices of recycled polyester can change based on multiple variables such as its quality (e.g., 

polymerization degree), purity, market, and desired applications(Ignatyev et al., 2014). Based on 

confidential data from industrial partners, a reasonable range of recycled polyester price for textile 

applications can range from USD 110 to USD 440 per ton, from which a conservative value of 

USD 270 per ton was chosen for this work. However, recycled polyester price is expected to 

increase based on its the increasing demand for textile, apparel, and nonwoven applications. 

Although some challenges still exist, this work shows that upcycling cotton textile waste into 

value-added chemicals could be more cost effective when recycling synthetic fiber is considered 

as a byproduct.  
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5.3.5 Challenges, and opportunities 

Although recycling synthetic fibers can be promising to make the process feasible, some 

challenges remain. There is still uncertainty regarding the quality of the synthetic fibers, 

particularly their purity (still cellulosic leftover or presence of different synthetic fibers) and 

performance in desired applications (e.g., textiles). A better understanding of those aspects would 

enable more accurate pricing for recycled synthetic fibers from the enzymatic hydrolysis of 

cellulosic textile waste discussed herein.  

Another challenge relates to the effect of polyester on the enzymatic hydrolysis performance. 

Existing literature has considered synthetic fibers as a non-inhibitor of the enzymes performance 

to convert cotton into glucose(Quartinello et al., 2018; Subramanian et al., 2020). However, this 

assumption must be demonstrated.  If the performance of the enzymatic hydrolysis is hindered by 

the presence of polyester, the decrease of the cotton conversion yield will negatively affect the 

glucose manufacturing cost, its minimum selling price alongside the purity and price of the 

synthetic fibers sold as byproduct.  On the other hand, it is important to consider the enzymatic 

hydrolysis performance to convert cellulosic fibers other than cotton (e.g., nylon, rayon, etc.). 

Moreover, although previous work shows that the glucose syrup obtained in this process is 

colorless (Vera et al., 2023b), the quality and reactivity of the glucose hydrolysate must be 

corroborated since this product will be used as a raw material for chemicals with higher prices 

(Table 5-3). Thus, it is important to evaluate whether dye molecule leftovers after bleaching and 

other impurities can prejudice the conversion yield from glucose to another building block (e.g., 

furfural or levulinic acid). 

Regarding opportunities, enzymatic hydrolysis of textile waste has shown promising results 

from a technical, economical, and promising sustainability point of view when mechanical refining 
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and total chlorine free oxidation processes are used together as pretreatment. The production of 

glucose syrup from cotton textiles alongside the recovery of polyester is presented as a potential 

alternative to implement the circular economy in the highly-pollutant textile industry. This would 

lead to reduced textile landfilling, currently rated at more than 100 million ton per year (Vera et 

al., 2022). Moreover, glucose and recycled polyester are presented as potentially more sustainable 

sources to replace fossil-based chemicals or materials. 

Opportunities to further reduce costs in the process shown in this work exist. To illustrate, 

novel and expensive CTec3 enzymes considered in this work are a cocktail comprised of 

cellulases, xylanases and other types of enzymes. As most of the natural fibers used for textiles 

contain cellulose content exceeding 90%, using only cellulases could keep the high yield in the 

enzymatic hydrolysis (Paralikar and Bhatawdekar,1984).  Consequently, using only cellulases 

could decrease enzyme cost.   Moreover, finding less expensive bleaching chemicals can 

significantly contribute to decrease costs as they are one of the main cost contributors.  

Understanding the sustainability of the conversion process in terms of CO2 emissions is an 

important next step to compare this process with conventional ones. The process herein presented 

is expected to be more sustainable due to the low chemical use, low energy required, and low 

enzyme demand (Gonzalez et al., 2023; Vera et al., 2023a, 2022). Moreover, attributional and 

consequential life cycle analyses are necessary to understand the environmental impact of not only 

producing but also replacing virgin polyester with the recycled one obtained in this process. Thus, 

it is crucial to quantify the environmental benefits from reducing textile landfilling and burning 

while replacing petroleum-based chemicals with glucose-derived ones.    

The combined approach of enzymatic hydrolysis, mechanical refining, and dye oxidation 

emerges as a technologically and economically feasible pathway for converting cotton textile 
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waste into glucose at an industrial scale. Utilizing bleached polyester as a byproduct contributed 

significantly to the economic feasibility of glucose production from cotton textile waste. The 

methodology not only promises economic benefits but also aligns well with the goals of circular 

economy models, offering a sustainable alternative to conventional practices of textile landfilling 

and incineration. 

5.4 Conclusions 

This chapter aimed to estimate the production cost of glucose via enzymatic hydrolysis of 

cotton textile waste, considering mechanical refining and total chlorine free oxidation as 

pretreatment methods. The analysis focused on a collocated/integrated production with an annual 

glucose capacity of 14,000 tons. Four distinct scenarios were investigated, varying textile waste 

compositions, from 100% cotton (undyed), to a 50% cotton (dyed) + 50% polyester (dyed) blend. 

Capital investments ranged from USD 5.6 to 7.9 million, and manufacturing costs per ton of 

glucose varied between USD 215 and USD 475. Scenarios involving dyed textiles had higher 

capital and operational costs, attributable to the dye oxidation processes and synthetic fiber 

content.  

Minimum selling prices for glucose ranged from USD 290 to USD 391 per ton. Remarkably, 

the scenario processing a 50/50 cotton/polyester blend had the lowest minimum selling price, 

benefiting from revenue generated by selling bleached polyester as a high-value byproduct. 

Key cost-driving parameters were identified to include recycled polyester prices, capital 

expenditures, enzymatic costs, and energy expenditures. Incremental escalations in annual glucose 

production rates translated into a substantial reduction of minimum selling prices, evidenced by a 

15% to 25% decrease across different scenarios. Higher polyester content in textile waste led to 
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lower minimum selling prices, ranging from USD 391 to USD 147 per ton of glucose as polyester 

content increased from 0% to 75%. 

The combined approach of enzymatic hydrolysis, mechanical refining, and dye oxidation 

emerges as a technologically and financially viable pathway for converting textile waste into 

glucose at an industrial scale. Utilizing bleached polyester as a byproduct contributed significantly 

to the economic feasibility of glucose production from textile waste. The methodology not only 

promises economic benefits but also aligns well with the goals of circular economy models, 

offering a sustainable alternative to conventional practices of textile landfilling and incineration. 
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6. TRANSFORMING NON-WOOD FEEDSTOCKS INTO DISSOLVING PULP VIA 

ORGANOSOLV PULPING: AN ALTERNATIVE STRATEGY TO BOOST THE SHARE 

OF NATURAL FIBERS IN THE TEXTILE INDUSTRY 6. 

 

Abstract.   

This chapter evaluates wheat straw, switchgrass, and hemp hurd as potential alternatives for 

producing dissolving pulp using sulfur dioxide (SO2)-ethanol-water (SEW) pulping. The SEW 

process is detailly described for wheat straw, and the best pulping conditions were 130ºC, 4h, and 

10% SO2 concentration comprised in a sulfur-ethanol-water ratio of 10-45-45. This resulted in a 

viscose-grade pulp with 93% α-cellulose, 2.0% hemicelluloses, <0.1% lignin, 0.2% ash content 

and a viscosity of 4.7 cP. The best pulping conditions for wheat straw were applied to switchgrass 

and hemp hurd. Wheat straw and switchgrass had similar pulp quality, while hemp hurd had a 

higher hemicellulose content and lower viscosity. This work suggests that non-wood feedstocks 

such as wheat straw and switchgrass can be promising alternatives for dissolving pulp production, 

which can help reduce the pressure on the textile industry to increase the use of natural fibers and 

mitigate the environmental impact of non-biodegradable synthetic fibers. 

 

 

6 This chapter has been published as: 

Vera, R. E., Vivas, K. A., Urdaneta, F., Franco, J., Sun, R., Forfora, N., ... & Gonzalez, R. (2023). 

Transforming non-wood feedstocks into dissolving pulp via organosolv pulping: An alternative 

strategy to boost the share of natural fibers in the textile industry. Journal of Cleaner Production, 

429, 139394. 
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6.1. Introduction  

In 2021, global textile fiber production reached approximately 100 million metric tons 

(Industrievereinigung Chemiefaser, 2022), with non-biodegradable, petroleum-based fibers 

dominating the market and accounting for around 65% of total production (Fig. 6-1) (“Global 

textile fiber market share by type 2021 | Statista,” 2023). Cotton, along with other natural fibers 

such as hemp bast, jute, and wool, constitutes the second-largest player in the market, representing 

approximately 30% of total production (“Global textile fiber market share by type 2021 | Statista,” 

2023). Unlike synthetic fibers, natural fibers can be biodegraded up to 60% after just 100 days in 

landfills (Zambrano et al., 2021a). However, recycling of blended textiles containing both natural 

and synthetic fibers remain a challenge, with over 80% of discarded textiles ending up in landfills 

or being burned (Gonzalez et al., 2023; Vera et al., 2023). 

Another major concern associated with synthetic fibers is the generation of microplastics, 

which pose a significant environmental and health risk (Campanale et al., 2020; Prata et al., 2020). 

Microplastics are small particulate matter, measuring five millimeters or less in diameter, that shed 

from larger plastic pieces, such as synthetic fibers (Nawaz and Sengupta, 2019). The washing 

process of textiles is a primary source of microplastic particle generation, with the number of 

particles generated dependent on fiber composition and morphology (Zambrano et al., 2021b). 

While cotton is biodegradable, its cultivation practices, extensive land use, and processing 

generate a significant carbon footprint (Karthik and Murugan, 2017). In China, cotton cultivation 

has been estimated to produce 6,000 kg of CO2 emissions per hectare (Huang et al., 2022). 

Moreover, global production of cotton is reported to use 200 Gm3 of water yearly (Chapagain et 

al., 2006). Furthermore, cotton production has reached its maximal capacity and declined 4.1% 

during 2012-2013 due to the shrinkage of cotton growing land (Ma et al., 2016). With population 
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growth, estimated market shortage of native cellulosic textile fibers is at least 1.7 Kg per capita by 

2030 (Hauru et al., 2013). Thus, it is essential to implement alternative natural fiber sources that 

can replace and compete with current market fibers in terms of price, performance, and 

environmental footprint, especially in the case of synthetic fibers, which have a significant carbon 

footprint associated with their use.  

 

  

Figure 6-1. a) Annual textile production. b) Breakdown of fiber production. Redraw from 

(Lenzing, 2021).  

a) 

b) 
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After cotton, cellulosic man-made fibers such as viscose, and lyocell are the main source of 

natural fibers, which are produced from dissolving pulp (DSP) processes (Felgueiras et al., 2021; 

Liebert, 2010; Röder et al., 2009). DSP refers to a pulp with a high content of cellulose (>90%), 

and low amounts of lignin (<0.1%), hemicelluloses (<2.5%), and ash (<0.1%). Matching these 

requirements, DSP is suitable for dissolving, regeneration and fiber spinning for textile production 

(Chen et al., 2016; Duan et al., 2015; Liu et al., 2019). DSP is also characterized by a proper degree 

of polymerization (DP) with a narrow distribution, which targeted range depends on the dissolving 

and regeneration process (e.g., viscose) (Bajpai, 2014, 2009). DSP is traditionally made from wood 

by using chemical pulping processes to significantly reduce hemicelluloses and lignin 

content(Alam and Christopher, 2017; Kumar and Christopher, 2017).  Pre-hydrolysis Kraft (PHK) 

and acid sulfite (AS) are the most common pulping processes for DSP production (Heinze and 

Liebert, 2012). PHK is normally used to produce viscose-grade dissolving pulp (Duan et al., 2015). 

This process consists of two stages: an acid stage (with water or H2SO4) to hydrolyze and solubilize 

undesired carbohydrates (hemicelluloses) in their monomeric (sugar) form (e.g., xylose, mannose, 

etc.). Then, the process is followed by a kraft pulping stage to remove lignin (Wei et al., 2020). 

On the other hand, AS pulping is a process conducted under acidic conditions where sulfite (SO2) 

and its alkali salts (Na+, K+, NH4+, Mg2+ or Ca2+) react with lignin to produce water-soluble and 

highly valuable lignosulfonates (Duan et al., 2015; Zinovyev, 2015).This process leads to easy-to-

bleach pulps with a low content of hemicelluloses(Ma et al., 2022), which is hydrolyzed due to 

acidic conditions (Maciej Serda et al., 1999). AS and PHK are the most industrially used where 

the latest requires complex chemical recovery and power generation cycles that are only viable at 

large scale (Maciej Serda et al., 1999).  
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With more than ten thousand million tons of lignocellulosic agricultural residues produced 

worldwide (e.g., wheat straw), in addition to the potential utilization of purposely planted 

feedstock (e.g., bamboo, or switchgrass) or agro-industrial residues (e.g., sugarcane bagasse or 

hemp hurd) (Jahan et al., 2021),  non-woody biomass represent a viable feedstock alternative to 

produce cellulosic engineered fibers for use in the textile industry (Jahan et al., 2021). However, 

unlike wood, these alternative feedstocks are not compatible with the industry standard processes 

(e.g., PHK, Kraft) due to their high content of silica, which dissolves in the liquor during pulping 

and causes scaling problems downstream in the conversion process (Jahan et al., 2021). Different 

pulping methods such as Organosolvs are emerging since they possess simpler chemical recovery 

systems (Yadollahi et al., 2018). Sulfur dioxide-Ethanol-Water (SEW) pulping is one of such 

processes, where the dissolution of lignin is catalyzed by the SO2, promoting alpha-cleavages while 

the ethanol increases the solubility of both sulfonated and non-sulfonated lignin and to prevent 

acid-catalyzed condensation reactions (Rodríguez et al., 2018; Yadollahi et al., 2018). The SEW 

fractionation process is a type of organosolv process that is used in biorefinery systems to create a 

variety of high-value products, such as pulp, paper, lignosulfonates, and biofuels (Iakovlev et al., 

2014; Jahan et al., 2021).  

Compared to conventional pulping methods, organosolv processes like SEW have several 

advantages when it is related to converting non-wood sources (Iakovlev et al., 2014; Jahan et al., 

2021). It facilitates the installation of small pulping facilities suitable for non-wood feedstocks. 

Moreover, these processes promote faster, easier, and circular recovery of chemicals through 

distillation, due to the presence of fractionation chemicals such as ethanol and unreacted SO2 

(Huang et al., 2019; Iakovlev et al., 2014). The SEW process also produces a high-quality and 

easy-to-bleach dissolving pulp while generating a high-purity spent liquor (Yadollahi et al., 2018). 
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In addition, it retains the carbohydrates in the pulping liquor, creating easy-to-recover 

monosaccharides that are ideal for biorefinery purposes like biofuels and green chemicals (Blair 

and Mabee, 2021; Firouzabadi and Tatari, 2023). Another advantage of the SEW process is that it 

can process different feedstocks at approximately the same performance (Blair and Mabee, 2021; 

Iakovlev et al., 2014). This suggests that the SEW process has high potential to meet the 

requirements of future biorefineries and could eventually replace the acid sulfite pulping process 

for the production of dissolving pulps (Iakovlev et al., 2014). Thus, compared to conventional 

pulping techniques, SEW represents a promising pulping method for non-wood feedstocks 

(Sridach, 2010).   

This work highlights the potential of three non-wood feedstocks, namely wheat straw, 

switchgrass, and hemp hurd for dissolving pulp applications, particularly viscose-grade pulp, as 

an alternative to petroleum based, synthetic material. To achieve this, a sulfur-ethanol-water 

(SEW) pulping process has been implemented, where the effect of pulping parameters on pulp 

quality is also evaluated. The successful production of dissolving pulp from non-wood biomass 

aligns with the objective of promoting sustainable textile production and reducing the reliance on 

synthetic fibers in the textile industry. 

6.2. Experimental 

6.2.1. Materials:  

Wheat straw (Triticum Aestivum) supplied by Ag. Processing Solutions Inc., Montana, 

switchgrass (Panicum virgatum) supplied by Genera Inc, Tennessee, and hemp hurd (Cannabis 

sativa ) supplied by Ag. Processing Solutions Inc., Montana were used as non-wood feedstock for 

SEW pulping. Chemical characterization of the feedstocks including benzene-ethanol extractives 
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and primary chemical components were assessed according to TAPPI T207, and TAPPI T204 

respectively. All the feedstocks were hammer milled and screened prior to the chemical 

composition analysis. The α-cellulose and hemicellulose contents were determined according to 

the National Renewable Energy Laboratory (NREL) standard methods (Sluiter et al., 2008). Lignin 

and ash content was estimated by following the TAPPI T 222 om-02 standard method. SO2 gas 

(99% purity, Millipore Sigma, USA), Reagent alcohol (99% purity, Fisher scientific, USA) and 

Deionized (DI) water were used for the SEW liquor. 

6.2.2. Methods  

6.2.2.1. Sulfur-ethanol-water pulping  

  Based on previous works, the SEW pulping liquor was comprised by SO2-Ethanol-Water at a 

ratio 10-45-45 wt.% respectively (Huang et al., 2019; Iakovlev et al., 2014, 2010; Iakovlev and 

Van Heiningen, 2011). To achieve that composition, an ethanol-water solution was first prepared 

at a 50-50wt.% ratio and placed overnight into the freezer to ensure temperatures close to 0 ºC 

degrees. Low temperatures facilitated the adsorption of the SO2 gas, which was bubbled into the 

ethanol-water solution as shown in Fig. 6-2. The SO2 concentration was controlled by mass 

balance, monitoring the total weight of the final solution (Huang et al., 2019; Iakovlev et al., 2014). 

The pulping was assessed in a laboratory rotary digester (Model: SKZ1021, China) at a 10:1 liquor-

to-wood ratio for 300 oven-dried (O.D) grams of biomass. Pulping temperature was evaluated in 

a range between 100 and 135 ºC, while pulping time was performed over a range of 1-4 hours. The 

main pulping assessment was evaluated on wheat straw. Then, the best pulping conditions for 

wheat straw were applied to the other two feedstocks. After pulping, the pulp was washed with a 

50/50 ethanol-water mixture at room temperature to then apply an overnight washing with DI 

water. After washing, the pulp was collected, centrifuged, and stored for further post-treatment.  
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Figure 6-2. Schematic of the sulfur-ethanol-water liquor preparation.  

 

6.2.2.2. Alkaline extraction post-treatment. 

The SEW pulp was immersed in a 2% NaOH solution at a liquor-to -wood ratio of 10:1 at 70 

°C for 1 h. After extraction, the pulp was washed, collected, centrifuged, and stored at 4 °C for 

subsequent experiments and analyses. 

6.2.2.3. Pulp bleaching.  

A chlorine dioxide (D) bleaching sequence was considered to bleach the SEW pulp after 

alkaline extraction (E). The bleaching was a D0ED1 sequence where the D0 stage was carried out 

with chlorine dioxide under a kappa factor of 0.25, a liquor-to-wood ratio of 10:1, 70 °C and 1 

hour. The E stage was an alkaline extraction as described in section 6.2.2.2. Lastly, the D1 stage 

was carried out at a ClO2 charge of 0.16% based on the O.D mass at a liquor-to-wood ratio of 10:1, 

70 °C and 1 hour (Kumar et al., 2022).  
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6.2.2.4. Pulp characterization and chemical composition. 

Pulp was characterized after SEW pulping, alkaline extraction and bleaching respectively. 

Kappa number, viscosity, brightness, S10, and S18 were tested according to TAPPI T236, TAPPI 

T230, TAPPI T203, and TAPPI T452 standards, respectively. 

The composition of the SEW pulp was tracked in all the processes to obtain the dissolving pulp 

grade (including pulping, alkaline extraction, and bleaching). The chemical composition of the 

pulps was analyzed following the NREL standard method (Huang et al., 2019). Monomeric sugars 

such as α-cellulose and hemicelluloses were measured using a high-performance liquid 

chromatography (HPLC) system (1200; Agilent Technologies Inc., Santa Clara, CA, USA) to 

estimate the αcellulose and hemicelluloses content respectively in the pulp. 

6.2.2.5. Data analysis and modeling 

The conversion of wheat straw into dissolving pulp via SEW pulping was analyzed by fitting 

experimental data to a multi-regression surface model, using JMP Pro statistical software (v.16, 

SAS Institute Inc., USA). The model’s input variables were pulping time (hour), and temperature 

(ºC) since the liquid-to-wood mass ratio was kept constant at 10:1 while the mass composition of 

the sulfur-ethanol-water liquor composition was kept at 10-45-45%, respectively. The response 

variables of the model were yield (%), kappa, viscosity (cP), ISO brightness (%), and pulp 

chemical components namely % lignin, % cellulose, % hemicelluloses, and % ash. The accuracy 

of the model was evaluated using p-value, R2, R2adj, and the standard error of the parameter 

estimates (SEE) (Bai et al., 2021; Biswas et al., 2020). The model was used to predict the pulp 

characteristics and chemical composition of the pulp while profiling the response of all the 



196 

 

 

variables as function of pulping time and temperature. This was useful to visualize and predict the 

maximization of cellulose composition and hemicelluloses reduction among other variables.   

6.3. Results and Discussion 

6.3.1. Feedstock characterization 

The breakdown of the chemical composition of raw wheat straw, switchgrass, and hemp hurd 

is shown in Fig. 6-3.  It can be noticed that all feedstocks have a high content of ash, within a range 

of 2.9 to 5% ash content, wheat straw being the one with the highest ash content. In general, the 

feedstocks have α-cellulose (represented as glucose) and lignin content around 35 and 25 wt.% 

respectively. There is a significant difference regarding the hemicelluloses content, represented by 

the summation of xylose, mannose, and arabinose. While wheat straw contains 22.1 wt.% of 

hemicelluloses, switchgrass and hemp hurd contain 23.1 and 23.3wt.%, respectively. The content 

of Benzene-ethanol extractives from the feedstocks were 5.4, 4.5, and 3.7wt.% for wheat straw, 

hemp hurd and switchgrass, respectively.  
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Figure 6-3. Chemical composition of wheat straw, switchgrass, and hemp hurd.   

 

6.3.2. SEW pulping for wheat straw. 

This section shows a systematic assessment of SEW pulping for wheat straw; results are 

summarized in Table 6-1 for twelve SEW trials. Fig. 6-4 shows the effect of the temperature and 

pulping time on the pulping yield (Fig.6-4a), kappa (Fig. 6-4b), and viscosity (Fig. 6-4c). Pulping 

performance and pulp characteristics seem to be highly sensitive to the temperature and time 

evaluated in the range of 100-130 ºC and 1-4h respectively. Total yield, kappa, and viscosity are 

observed to decrease with the increase in temperature or time. Total yield is observed to be between 

58 and 35% in the evaluated range of temperature and pulping time. The decrease in yield is 

expected due to higher delignification, also reflected by a decrease in kappa number (Fig. 6-4b).  
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Table 6-1. Characterization and chemical composition of wheat straw after SEW pulping. 

 

Pulping 

Conditions 

SO2-Ethanol-

Water (10-45-

45%wt.) 

 Unbleached Pulp characterization Chemical Composition, % 
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, 
%

 

A
s
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, 
%

 

SEW1 100 1 58 35 33.1 19.8 13.8 60.1 13.9 3.9 

SEW2 110 1 57 34 34.7 17.6 13.3 60.5 13.7 3.7 

SEW3 120 1 53 22 40.5 15.1 11.5 64.6 13.3 3.5 

SEW4 130 1 46 13 44.2 11.3 10.2 66.9 12.6 3.3 

SEW5 100 2 57 25 39.6 16.4 12.9 62.3 13.2 3.5 

SEW6 110 2 55 22 41.9 15.5 12.1 62.9 13.6 2.4 

SEW7 120 2 46 11 46.3 14.6 6.4 70.8 11.9 3.2 

SEW8 130 2 41 9 55.3 7.4 4.9 74.6 9.8 3.2 

SEW9 100 4 46 12 49.0 15.7 7.4 70.1 11.9 3.4 

SEW10 110 4 44 9.6 53.0 14.1 6.6 73.3 10.2 2.9 

SEW11 120 4 40 8 57.5 13.6 3.7 77.7 8.1 2.3 

SEW12 130 4 34 7 57.0 4.9 2.3 83.7 2.9 2.2 

a) pH of white liquor: 2.5; b) pH of black liquor: below 1.5; c) No lignin condensation (black/burnt pulp) was 

observed in the evaluated range of temperature and time. d) Trial 11 and 12 are selected for alkaline extraction 

and bleaching treatments. 

 

Kappa is observed to plateau after 120 ºC and 2 hours of pulping while a dramatic decrease in 

viscosity is observed at 130 ºC after 2 hours of pulping. The decrease in viscosity is related to the 

hydrolysis of carbohydrates (especially hemicelluloses) under acidic conditions in the SEW 

pulping (pH~2.5). Thus, carbohydrates are depolymerized, which also contributes to a decrease in 

the molecular weight distribution of the pulp, reflected by a decrease in viscosity (Huang et al., 

2019; Thielemans et al., 2022).  

Figure 6-4 also shows the correlation of Kappa number with pulp yield (Fig. 6-4d), viscosity 

(Fig. 6-4e), and ISO brightness (Fig. 6-4f), which have shown a non-linear tendency that could be 

related to the first order kinetic of delignification and carbohydrate hydrolysis reported in previous 
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works (Iakovlev et al., 2014; Yamamoto et al., 2011). As expected, pulping yield decreases and 

ISO brightness increases when the kappa number decreases. On the other hand, viscosity was 

observed to decrease when kappa number decreases (Fig. 6-4e). On the other hand, viscosity was 

observed to decrease up to 3 times (from 15 to 5 Cp) at kappa numbers below 10.  

Table 6-1 shows the changes of chemical composition of the pulp represented as α-cellulose, 

hemicelluloses, lignin and ash content for all the SEW trials. Similarly for lignin removal, it is 

noticeable that temperature and pulping time have a strong effect on the removal of hemicelluloses. 

On the other hand, due to the acidic conditions, ash content seems to remain high at all the 

evaluated pulping conditions (Pan et al., 1999). Alongside delignification and hemicelluloses 

extraction, it is noticeable that the cellulose proportion increases significantly, which is desired for 

dissolving pulp.  In terms of chemical composition, a suitable range of pulp’s components for 

viscose dissolving pulp grade must be accomplished. Theoretically, a viscose-grade pulp should 

have cellulose content above 90% while having a hemicelluloses, lignin, and ash content below 

2.5%, 0.1%, and 0.1% respectively (Chen et al., 2016; Duan et al., 2015).  
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Figure 6-4. Effect of pulping temperature and time on a) Yield, b) Kappa, and c) Viscosity. Kappa 

correlations with d) Yield, e) Viscosity, and f) Brightness.  
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Figure 6-1. Effect of pulping temperature and time on a) Yield, b) Kappa, and c) Viscosity. Kappa correlations with d) Yield, e) Viscosity, and f) Brightness.  
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6.3.2.1. Data modeling of SEW pulping for wheat straw. 

SEW pulping data shown in Table 1 was used to assess a surface modeling to the SEW pulping 

process when a sulfur-water-ethanol composition of 10 - 45 - 45% (based on weight) is used.  Fig. 

6-5 shows the correlation between actual and predicted values of all the main response variables 

of the process, including yield (Fig.6-5a), kappa (Fig. 6-5b), ISO brightness (Fig.6-5c), and 

viscosity (Fig.6-5d). Additionally, the modeling adjustment for chemical composition of the pulp, 

namely %hemicelluloses (Fig. 6-5e), %lignin (Fig.6-5f), %cellulose (Fig.6-5g) and %ash (Fig.6-

5h) is shown. Generally, the models showed a high fit based on obtaining R2 higher than 90% 

while obtaining p-values lower than 0.05 indicating a 95% of confidence, except for ash content 

which did not show a significant variability during the pulping process. Thus, as expected, the 

modeling of ash content showed the lowest R2 and the highest p-value, which were 0.74 and 0.035 

respectively (Fig. 6-5h).  

Figure 6-5 also shows the summary effect of the pulping variables, where the time seems to be 

more significant than temperature toward the pulping performance, which can be also corroborated 

in Fig 6-2. Modeling parameters are summarized in Table 6-3, including the corresponding 

coefficient parameters for all the evaluated response variables. The significance of the parameters 

composing the modeling equation was determined by the statistical p-values. Coefficients with p-

value < 0.05 were considered while those with p-value > 0.05 were disregarded to assure a 95% 

of confidence.  The model also profiled the response of all the studied variables to the variation of 

pulping time and temperature, as depicted in Fig. 6-6. It is possible to observed that, in a range of 

temperature and time of 100-130C and 1-4h, the maximization of cellulose content in the pulp to 

93% is associated with a significant reduction of pulping yield (33%), viscosity (5.01 Cp), 

hemicelluloses (3.2%), and lignin (1.3%), corresponding to the SEW12 trial. 
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Figure 6-5. Actual versus predicted values of a) yield, b) kappa, c) brightness, d) viscosity, e) 

hemicellulose, f) lignin, g) cellulose, and h) ash in a SEW pulping process for wheat straw. i) 

summary effect of the pulping variables.  
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Figure 6-6. Profiling of output variables as a function of pulping time and temperature in a SEW 

pulping of wheat straw. 
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Table 6-2 . Fit parameters and parameters estimate of SEW pulping model for wheat straw.  

  Response Variables* 

 Yield % Kappa ISO Brightness, % Viscosity, Cp Cellulose, % Hemicelluloses, % Lignin, % Ash% 

Variables 
Factor Coefficient 

Coefficient 

estimate 

Coefficient 

estimate 

Coefficient 

estimate 

Coefficient 

estimate 

Coefficient 

estimate 

Coefficient 

 estimate 

Coefficient 

estimate 

Coefficient 

estimate 

Intercept β0 -28.2666 82.7466 22.7016 -87.215 116.14 -60.603 12.415 19.1983 

 

Pulping time (h) 

 

t α1 -5.5928 -29.0143 10.54 1.0957 -2.5914 7.8292 -1.4528 0.6435 

t2 α2 - - - - - - - - 

Pulping Temperature 

(ºC) 

 

 

T β1 2.0066 0.0813 -0.3181 2.096 -1.2535 1.288 0.219 -0.269 

T2 β2 -0.0108 -0.0046 0.0035 -0.0102 0.0065 -0.0054 -0.0017 0.0011 

Pulping Temperature 

(ºC) * Pulping time (h) 

 

T*t  c1 0.0121 0.2057 -0.0467 -0.0215 0.0605 -0.0831 -0.0077 -0.0081 

 

R2 

0.97 

 

0.93 

 
0.94 0.96 0.98 0.98 0.92 0.74 

R2
adj 0.96 0.89 0.91 0.94 0.97 0.96 0.87 0.59 

Root mean square error 1.556 3.215 2.4382 1.0398 1.1737 0.562. 1.4023 0.3540 

 

2ÅÓÐÏÎÓÅ 6ÁÒÉÁÂÌÅɼ  α1*t + α2*t
2 + β1*T + β2*T + c1* T*t  

*All the coefficients estimate shown in this table have p-values lower than 0.0001.  

* This model is limited to an operation range of 1-4h and 100-130 0C 

* The output of this model could be useful for other applications such as tissue paper. 
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Based on the viscose-grade criteria, experimental results, and the modeling outputs, the best 

pulping conditions for wheat straw were 130 ºC and 4 hours of pulping (SEW12 trial). However, 

after pulping, lignin and ash composition are still high and further post-treatments must be carried 

out to minimize these undesired components in the pulp. Thus, alkaline extraction and D0ED1 

bleaching were performed, which results are shown in the next sections for pulp obtained in 

SEW12.  On the other hand, pulp from SEW11 trial containing high hemicellulose content was 

also chosen to better evaluate the purification performance of these post-treatments on SEW pulp. 

6.3.2.2. Alkaline extraction 

Table 6-2 shows that alkaline extraction had an important effect on reducing lignin, and ash in 

wheat straw pulp.  However, this post-treatment was not effective enough to reduce the 

hemicellulose content, i.e., from 8.1% to 7.9% for SEW11 and from 2.9% to 2.3% for SEW12 pulp. 

Considering that the alkaline extraction was assessed at a 2% NaOH charge (based on dry mass), 

higher charges of NaOH are expected to extract more hemicelluloses at the expense process 

economics. A good example is the cold caustic extraction that uses chemical charges of NaOH up 

to 18% (Dou and Tang, 2017). However, these high alkaline conditions were not evaluated in this 

work to avoid the possible modification of cellulose from cellulose I to cellulose II, negatively 

affecting the reactivity of the pulp. Previous work has reported the negative effect of cellulose II 

on some dissolving and regeneration process at viscose-grade levels (e.g., Lyocell process) (Dou 

and Tang, 2017).  

S10 and S18 values are also shown in Table 6-2, which are two important quality-indicator 

parameters for dissolving pulp. S10 refers to the quantification of the percentage of carbohydrates 

soluble in a 10% NaOH solution. Under these conditions, both hemicelluloses and low molecular 

weight cellulose are expected to dissolve, considering that at 10%wt NaOH concentration occurs 
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the maximum swelling of cellulose (Dou and Tang, 2017).  S18 refers to the percentage of 

carbohydrates soluble in 18% NaOH solution, which is only hemicelluloses. Thus, S18 is an 

approximation of the hemicellulose content of the pulp. The lower the S10 and S18 values, the 

higher the quality of the dissolving pulp (Dou and Tang, 2017). S18 is usually lower than S10 

values and the difference S10 – S18 shows approximately the fraction of the dissolving pulp that 

could be lost in viscose dissolving and regeneration processes (Rydholm, 1965). SEW11 and 

SEW12 trials had S18 values of 9.4 and 3.45 respectively after alkaline extraction.  

Compared to SEW11, SEW12 pulp had lower S18 value, which was expected due to its lower 

hemicellulose content.  Regarding S10 values, SEW12 had similar results compared to SEW11 

pulp. This might be related to a significant depolymerization of cellulose at SEW12 pulping 

conditions, also reflected in an important in viscosity reduction (Figure 6-2c). Thus, a major 

proportion of low molecular weight cellulose might be present in SEW12 pulp. 

6.3.2.3. Pulp Bleaching 

After Alkaline extraction, a D0ED1 bleaching sequence was assessed for both SEW11 and 

SEW12 pulps. Figure 6-7 shows the pulping sequence particularly for SEW12 trial, where a white 

pulp is obtained, related to a full delignification (Table 6-2). After bleaching, a decrease in the ash 

content to 0.2% for both SEW11 and SEW12 was also observed, which can be associated with the 

alkaline extraction stage (E stage) able to solubilize more ash from the pulp.    

The bleaching sequence did not extract xylose in a representative way, but it is important to 

mention that, after bleaching, SEW12 pulp is the most suitable for viscose-grade applications due 

to having the lowest impurities, namely hemicellulose (2.1%), lignin (<0.1%), and ash content 

(0.2%), as shown in table 2.  
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Figure 6-7. Conversion sequence of pulping, alkaline extraction and D0ED1 bleaching for 

converting wheat straw into dissolving pulp via SEW12 pulping trial at 130C, 4h and 10% SO2.  
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Table 6-3. Pulp characterization after pulping, alkaline extraction and D0ED1 bleaching.  
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After D0ED1 Bleaching 

T
ri

a
l 

 

Pulp characterization Chemical composition, % 

B
le

a
c
h

in
g

 

y
ie

ld
 %

 

K
a

p
p

a 

IS
O

 

B
ri

g
h

tn
e

s
s
, 

% 

V
is

c
o

s
it
y
, 

C
p 

S
1

0 

S
1

8 

L
ig

n
in

,%
 

C
e

llu
lo

s
e

,%
 

H
e

m
ic

e
llu

lo
s
e

,

%
 

A
s
h

,%
 

SEW11 98 N/A 90 14.4 9.3 7.8 <0.1 84.7 7.1 0.2 

SEW12 98 N/A 91 4.7 11.3 3.1 <0.1 92.8 2.0 0.2 

 

6.3.3. Comparison of wheat straw with other non-wood feedstocks. 

While it is acknowledged that the optimal conditions for pulping wheat straw may not be 

applicable to other feedstocks, the SEW12 treatment conditions were implemented in the 

processing of two other alternative non-wood sources, namely switchgrass and hemp hurd. Table 

6-4 summarizes the pulp characterization and final chemical composition for all three feedstocks 

after pulping, alkaline extraction, and bleaching. Table 6-4 shows that obtaining pulps with minimal 
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hemicellulose content was possible for both wheat straw and switchgrass, but not for hemp hurd, 

which had important differences in terms of pulp quality. Switchgrass was shown to be the 

feedstock with the lowest S10 and S18 values while hemp hurd was the one with the highest values. 

Differences can be attributed to the nature of the feedstock, including species, anatomical structure, 

and morphology that influence the ease of the feedstocks to be pulped (Huang et al., 2019). 

Table 6- 4. Comparison of non-wood dissolving pulp. 

Pulp 
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Wheat 

Straw 
33 91 4.7 11.3 3.1 8.2 <0.1 92.8 2.0 0.2 

Switchgrass 34 89 5.3 9.8 2.9 6.9 <0.1 93.7 2.4 0.2 

Hemp 

Hurd 
39 89 2.2* 18.7 7.6 12.7 <0.1 91.1 4.1 0.1 

* Might be out appreciation scale of the viscometer. 

 

S10-S18 values show the potential of having diminished yields during subsequent dissolving, 

regeneration, and spinning procedures (such as the viscose or lyocell process) in textile making 

processes. Compared to both wheat straw and switchgrass, hemp hurd exhibited significantly 

higher S10-S18 values, which could challenge its quality for dissolving pulp application. On the 

other hand, wheat straw and switchgrass show a promising avenue for utilization in textile 

production due to having high purities (very low hemicellulose content) and reasonable S10 and 

S18 values (Olmos et al., 2021).  

Regarding viscosity, switchgrass showed a slightly higher viscosity than wheat straw. On the 

other hand, hemp hurd had the lowest viscosity which could be attributed to a lower degree of 

polymerization after pulping. The effect of viscosity on pulp quality is subjected to meet spinning 

process criteria. Beyond chemical composition requirements succeeded in this work, degree of 
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polymerization (related to the viscosity) requirements changes based on the type of spinning 

process. For example, lyocell process requires DP about 550-650 while Viscose (rayon) process 

requires about 450-750 (Biswas et al., 2021; Jiang et al., 2020). Thus, future assessment will be 

focused on identifying spinning processes suitable for the non-wood dissolving pulp obtained in 

this work.  

6.3.4. Challenges and Opportunities 

Non-wood feedstocks are emerging as an alternative source to produce dissolving grade pulp 

for multiple applications, with a major interest in textiles (Lawson et al., 2022). Perennial grasses, 

agricultural residues and agro-industrial residues such as wheat straw, hemp and switchgrass are 

presented in this chapter as alternative feedstock to produce dissolving grade pulps with viscose-

grade features. However, from a technical point of view, one of the main issues to pulping these 

types of raw materials is related to the high content of ash, challenging the conventional pulping 

and chemical recovery methods (Jahan et al., 2021). Thus, alternative pulping methods such as 

SEW emerged to have chemical recovery processes more affordable for these types of raw material 

(Huang et al., 2019; Sixta et al., 2013).  The results of this study suggest that the production of 

dissolving pulp from non-wood feedstocks offers a good opportunity to increase the supply of 

natural fibers in the textile industry. 

From an economic point standpoint, challenges persist, mainly related to the supply of the non-

wood feedstocks, which could make it difficult to have facilities with high production rates 

(Gonzalez et al., 2011). Another existing challenge is the still high content of ash of non-wood 

pulps, which could limit their use to viscose-grade applications. Acetate grades would need pulps 

with even higher purity (Yadollahi et al., 2018). However, the application of chemical treatments 
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like chelating agents could be helpful to reach ash content below 0.2% (see the appendix in section 

6.5) (Edmunds et al., 2017).   

 Regarding opportunities, the development of feasible processes to convert non-wood 

feedstocks into dissolving pulp would be increase the profit of farmers and processing facilities 

that have non-wood materials as wastes or secondary products, which is the case for wheat straw 

or hemp hurd (Hart, 2020; Naithani et al., 2020). From an environmental point of view, the adoption 

of non-wood fibers can also make a significant contribution. Feedstocks like switchgrass can 

sequester high contents of CO2 in the soil during farming, making them a raw material with a lower 

carbon footprint (Bai et al., 2022). More importantly, the role of non-wood sources in increasing 

the production of natural man-made fibers and decreasing the market share of synthetic fibers (e.g., 

polyester) in the textile industry is the main environmental contribution of these non-woody 

biomasses. A significant reduction in using these synthetic fibers would be beneficial in the 

reduction of non-biodegradable fibers that also represents a significant share in the detrimental 

microplastic generation, and textile landfilling (Vera et al., 2023, 2022). Moreover, increasing the 

production of textile with natural fibers would increase the recent adoption of producing dissolving 

pulp from textile waste (Mendes et al., 2021) 

6.3.5. Future Perspective 

Global megatrends, such as sustainability and changes in social behavior, are shaping the 

way to adopt sustainability, resulting in creating unique opportunities to develop sustainable fibers 

from agricultural biomass to replace petroleum-based textile materials (Lawson et al., 2022). These 

global megatrends will lead the next generations to demand feasible and sustainable processes for 

better product acceptance in the market(Luo et al., 2023). Thus, alternative and sustainable fibers 
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from non-wood biomass represent a unique opportunity to match societal and environmental 

demands, especially in the textile industry (De Oliveira Neto et al., 2019; Keijsers, 2021).  

Besides evaluating DSP spinnability, future work will focus on demonstrating both the 

economic and sustainable feasibility of converting non-wood feedstocks into DSP. In addition, it 

will be crucial to quantify the environmental impact of replacing synthetic fibers with non-wood 

fibers. This will involve conducting life cycle assessments to determine the environmental benefits 

of using non-wood fibers and identifying potential areas for further improvement in the production 

and supply chain processes. 

6.4. Conclusions 

Dissolving pulp was obtained from wheat straw, switchgrass, and hemp hurd by using SEW 

pulping. The best conditions for wheat straw were found to be at 130C for 4 hours, then applied to 

switchgrass and hemp hurd. SEW pulping produced non-wood pulp with acceptable hemicellulose 

content for viscose-grade pulp and over 90% cellulose content after bleaching post-treatments. 

Although switchgrass and wheat straw had similar pulp quality suitable for viscose-grade 

dissolving pulp, hemp hurd had higher hemicellulose content and the lowest pulp quality, making 

it challenging for dissolving pulp applications. Dissolving pulp from non-wood biomass offers an 

opportunity for potential fiber spinning and subsequent manufacturing of textile products made of 

natural fibers. Future assessments will be focused on demonstrating the production of regenerated 

cellulose (fiber spinning) from the dissolving pulp obtained in this work. 
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6.5. Appendix 

Figure 6-8 shows preliminary results of the significant reduction of ash that chelating agents like 

EDTA can promote on non-wood dissolving pulp. In this specific case, the dissolving pulp was 

treated with 1% EDTA (pH 5, 70C and 1h), resulting in a reduction of ash from 0.2% to 0.07%.  

This finding opens the door for a more systematic study (effect of charge, temperature, 

impregnation time, other chelating agents, etc.) on the effect of chelating agents toward the 

reduction of ash in non-wood dissolving pulp.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-8. Preliminary results on the effect of EDTA on reducing the ash content in wheat straw 

dissolving pulp. EDTA treatment was performed at pH 5, 70C, and 1h with an EDTA charge of 

1% based on O.D mass of biomass. 

 

 

 

 

 

 

 

 

 

 

 

 

 



214 

 

 

6.6. References 

  

Alam, M.N., Christopher, L.P., 2017. A novel, cost-effective and eco-friendly method for 

preparation of textile fibers from cellulosic pulps. Carbohydr Polym 173, 253–258. 

https://doi.org/10.1016/j.carbpol.2017.06.005 

Bai, J., Luo, L., Li, A., Lai, X., Zhang, X., Yu, Y., Wang, H., Wu, N., Zhang, L., 2022. Effects of 

Biofuel Crop Switchgrass (Panicum virgatum) Cultivation on Soil Carbon Sequestration and 

Greenhouse Gas Emissions: A Review. Life 2022, Vol. 12, Page 2105 12, 2105. 

https://doi.org/10.3390/LIFE12122105 

Bajpai, P., 2009. Xylanases. Encyclopedia of Microbiology 600–612. 

https://doi.org/10.1016/B978-012373944-5.00165-6 

Bajpai, P., 2014. Industrial Applications of Xylanases. Xylanolytic Enzymes 69–104. 

https://doi.org/10.1016/B978-0-12-801020-4.00008-1 

Biswas, M.C., Dwyer, R., Jimenez, J., Su, H.-C., Ford, E., 2021. Strengthening Regenerated 

Cellulose Fibers Sourced from Recycled Cotton T-Shirt Using Glucaric Acid for Antiplasticization. 

Polysaccharides 2021, Vol. 2, Pages 138-153 2, 138–153. 

https://doi.org/10.3390/POLYSACCHARIDES2010010 

Blair, M.J., Mabee, W.E., 2021. Techno-economic and market analysis of two emerging forest 

biorefining technologies. Biofuels, Bioproducts and Biorefining 15, 1301–1317. 

https://doi.org/10.1002/BBB.2218 

Campanale, C., Massarelli, C., Savino, I., Locaputo, V., Uricchio, V.F., 2020. A detailed review 

study on potential effects of microplastics and additives of concern on human health. Int J Environ 

Res Public Health 17. https://doi.org/10.3390/IJERPH17041212 

Chapagain, A.K., Hoekstra, A.Y., Savenije, H.H.G., Gautam, R., 2006. The water footprint of 

cotton consumption: An assessment of the impact of worldwide consumption of cotton products 

on the water resources in the cotton producing countries. Ecological Economics 60, 186–203. 

https://doi.org/10.1016/J.ECOLECON.2005.11.027 

Chen, C., Duan, C., Li, J., Liu, Y., Ma, X., Zheng, L., Stavik, J., Ni, Y., 2016. Cellulose (Dissolving 

Pulp) Manufacturing Processes and Properties: A Mini-Review. Bioresources 11, 5553–5564. 

De Oliveira Neto, G.C., Ferreira Correia, J.M., Silva, P.C., De Oliveira Sanches, A.G., Lucato, 

W.C., 2019. Cleaner Production in the textile industry and its relationship to sustainable 

development goals. J Clean Prod 228, 1514–1525. 

Dou, X., Tang, Y., 2017. The Influence of Cold Caustic Extraction on the Purity, Accessibility and 

Reactivity of Dissolving-Grade Pulp. ChemistrySelect 2, 11462–11468. 

https://doi.org/10.1002/SLCT.201701551 



215 

 

 

Duan, C., Li, J., Ma, X., Chen, C., Liu, Y., Stavik, J., Ni, Y., 2015. Comparison of acid sulfite 

(AS)- and prehydrolysis kraft (PHK)-based dissolving pulps. Cellulose 22, 4017–4026. 

https://doi.org/10.1007/s10570-015-0781-1 

Edmunds, C.W., Hamilton, C., Kim, K., Chmely, S.C., Labbé, N., 2017. Using a chelating agent 

to generate low ash bioenergy feedstock. Biomass and Bioenergy 96, 12–18. 

https://doi.org/10.1016/J.BIOMBIOE.2016.11.001 

Felgueiras, C., Azoia, N.G., Gonçalves, C., Gama, M., Dourado, F., 2021. Trends on the Cellulose-

Based Textiles: Raw Materials and Technologies. Front Bioeng Biotechnol. 

https://doi.org/10.3389/fbioe.2021.608826 

Firouzabadi, M.D., Tatari, A., 2023. SO2-ethanol–water (SEW) and Kraft pulp and paper 

properties of Eldar pine (Pinus eldarica): a comparison study. Biomass Convers Biorefin 1, 1–9. 

https://doi.org/10.1007/S13399-023-03785-X/TABLES/7 

Global textile fiber market share by type 2021 | Statista [WWW Document], 2023. . Statista. URL 

https://www.statista.com/statistics/1250812/global-fiber-production-share-type/ (accessed 2.8.23). 

Gonzalez, R., Phillips, R., Saloni, D., Jameel, H., Abt, R., Pirraglia, A., Wright, J., 2011. Biomass 

to energy   costs. BioResources 6, 2954–2976. 

Gonzalez, R., Vera, R.E., Zambrano, F., Marquez, R., Vivas, K., Forfora, N., Bedard, J., Farrell, 

M., Ankeny, M., Jameel, H., 2023. Environmentally Friendly Oxidation Pretreatments to Produce 

Sugar-Based Building Blocks from Dyed Textile Wastes Via Enzymatic Hydrolysis. SSRN 

Electronic Journal. https://doi.org/10.2139/SSRN.4385542 

Hart, P.W., 2020. Wheat straw as an alternative pulp fiber. Tappi J. 19, 41–52. 

https://doi.org/10.32964/tj19.1.41 

Hauru, L.K.J., Ma, Y., Hummel, M., Alekhina, M., King, A.W.T., Kilpeläinen, I., Penttilä, P.A., 

Serimaa, R., Sixta, H., 2013. Enhancement of ionic liquid-aided fractionation of birchwood. Part 

1: autohydrolysis pretreatment. RSC Adv 3, 16365–16373. https://doi.org/10.1039/C3RA41529E 

Heinze, T., Liebert, T., 2012. Celluloses and Polyoses/Hemicelluloses. Polymer Science: A 

Comprehensive Reference, 10 Volume Set 10, 83–152. https://doi.org/10.1016/B978-0-444-

53349-4.00255-7 

Huang, C., Sun, R., Chang, H.M., Yong, Q., Jameel, H., Phillips, R., 2019. Production of dissolving 

grade pulp from tobacco stalk through SO2-ethanol-water fractionation, alkaline extraction, and 

bleaching processes. Bioresources 14, 5544–5558. https://doi.org/10.15376/BIORES.14.3.5544-

5558 

Huang, C., Sun, R., Chang, H.M., Yong, Q., Jameel, H., Phillips, R., 2019. Production of dissolving 

grade pulp from tobacco stalk through SO2-ethanol-water fractionation, alkaline extraction, and 

bleaching processes. BioResources 14, 5544–5558. https://doi.org/10.15376/BIORES.14.3.5544-

5558 



216 

 

 

Huang, W., Wu, F., Han, W., Li, Q., Han, Y., Wang, G., Feng, L., Li, X., Yang, B., Lei, Y., Fan, 

Z., Xiong, S., Xin, M., Li, Y., Wang, Z., 2022. Carbon footprint of cotton production in China: 

Composition, spatiotemporal changes and driving factors. Science of The Total Environment 821, 

153407. https://doi.org/10.1016/J.SCITOTENV.2022.153407 

Iakovlev, M., Hiltunen, E., Van Heiningen, A., 2010. Paper technical potential of spruce so2-

Ethanol-Water (SEW) pulp compared to kraft pulp. Nord Pulp Paper Res J 25, 428–433. 

https://doi.org/10.3183/npprj-2010-25-04-p428-433 

Iakovlev, M., Van Heiningen, A., 2011. SO2-ethanol-water (SEW) pulping: I. Lignin 

determination in pulps and liquors. Journal of Wood Chemistry and Technology 31, 233–249. 

https://doi.org/10.1080/02773813.2010.523161 

Iakovlev, M., You, X., van Heiningen, A., Sixta, H., 2014. SO2-ethanol-water (SEW) fractionation 

process: Production of dissolving pulp from spruce. Cellulose 21, 1419–1429. 

https://doi.org/10.1007/s10570-014-0202-x 

Industrievereinigung Chemiefaser, 2022. Chemical and textile fibers production worldwide 2021 | 

Statista [WWW Document]. Statista. URL https://www.statista.com/statistics/263154/worldwide-

production-volume-of-textile-fibers-since-1975/ (accessed 2.8.23). 

Jahan, M.S., Rahman, M.M., Ni, Y., 2021. Alternative initiatives for non-wood chemical pulping 

and integration with the biorefinery concept: A review. Biofuels, Bioproducts and Biorefining. 

https://doi.org/10.1002/bbb.2143 

Jiang, X., Bai, Y., Chen, X., Liu, W., 2020. A review on raw materials, commercial production and 

properties of lyocell fiber. Journal of Bioresources and Bioproducts 5, 16–25. 

https://doi.org/10.1016/J.JOBAB.2020.03.002 

Karthik, T., Murugan, R., 2017. Carbon footprint in denim manufacturing. Sustain. Denim 

125–159. https://doi.org/10.1016/B978-0-08-102043-2.00006-X 

Keijsers, E., 2021. Spinning Future Threads Institute for Sustainable Communities Vivek Adhia, 

India Country Director Spinning Future Threads. 

Kumar, H., Christopher, L.P., 2017. Recent trends and developments in dissolving pulp production 

and application. Cellulose. https://doi.org/10.1007/s10570-017-1285-y 

Kumar, R., Zambrano, F., Peszlen, I., Venditti, R., Pawlak, J., Jameel, H., Gonzalez, R., 2022. 

High-performance sustainable tissue paper from agricultural residue: a case study on fique fibers 

from Colombia. Cellulose 29, 6907–6924. https://doi.org/10.1007/S10570-022-04687-

3/FIGURES/9 

Lawson, L., Degenstein, L.M., Bates, B., Chute, W., King, D., Dolez, P.I., 2022. Cellulose Textiles 

from Hemp Biomass: Opportunities and Challenges. Sustainability 2022, Vol. 14, Page 15337 14, 

15337. https://doi.org/10.3390/SU142215337 

Lenzing, 2021. General market environment. 



217 

 

 

Liebert, T., 2010. Cellulose solvents-remarkable history, bright future. ACS Symposium Series 

1033, 3–54. https://doi.org/10.1021/BK-2010-1033.CH001/ASSET/IMAGES/LARGE/BK-2009-

00063R_G047.JPEG 

Liu, W., Liu, S., Liu, Tian, Liu, Tuan, Zhang, J., Liu, H., 2019. Eco-friendly post-consumer cotton 

waste recycling for regenerated cellulose fibers. Carbohydr Polym 206, 141–148. 

https://doi.org/10.1016/j.carbpol.2018.10.046 

Luo, Q., Forscher, T., Shaheen, S., Deakin, E., Walker, J.L., 2023. Impact of the COVID-19 

pandemic and generational heterogeneity on ecommerce shopping styles – A case study of 

Sacramento, California. Communications in Transportation Research 3, 100091. 

https://doi.org/10.1016/J.COMMTR.2023.100091 

Ma, Q., Hirth, K., Agarwal, U.P., Zhu, J.Y., 2022. Oxidative delignification: The roles of lignin 

reactivity and accessibility. J Clean Prod 363. https://doi.org/10.1016/J.JCLEPRO.2022.132351 

Ma, Y., Hummel, M., Määttänen, M., Särkilahti, A., Harlin, A., Sixta, H., 2016. Upcycling of waste 

paper and cardboard to textiles †. Green Chemistry 18, 858. https://doi.org/10.1039/c5gc01679g 

Maciej Serda, Becker, F.G., Cleary, M., Team, R.M., Holtermann, H., The, D., Agenda, N., 

Science, P., Sk, S.K., Hinnebusch, R., Hinnebusch A, R., Rabinovich, I., Olmert, Y., Uld, 

D.Q.G.L.Q., Ri, W.K.H.U., Lq, V., Frxqwu, W.K.H., Zklfk, E., Edvhg, L. v, Wkh, R.Q., Becker, 

F.G., Aboueldahab, N., Khalaf, R., de Elvira, L.R., Zintl, T., Hinnebusch, R., Karimi, M., Mousavi 

Shafaee, S.M., O ’driscoll, D., Watts, S., Kavanagh, J., Frederick, B., Norlen, T., O’Mahony, A., 

Voorhies, P., Szayna, T., Spalding, N., Jackson, M.O., Morelli, M., Satpathy, B., Muniapan, B., 

Dass, M., Katsamunska, P., Pamuk, Y., Stahn, A., Commission, E., Piccone, T.E.D., Annan, Mr.K., 

Djankov, S., Reynal-Querol, M., Couttenier, M., Soubeyran, R., Vym, P., Prague, E., World Bank, 

Bodea, C., Sambanis, N., Florea, A., Florea, A., Karimi, M., Mousavi Shafaee, S.M., Spalding, N., 

Sambanis, N.,  ,.1999فاطمی, ح . Papermaking Science and Technology, Book 6: Chemical Pulping. 

Uniwersytet śląski 7, 343–354. https://doi.org/10.2/JQUERY.MIN.JS 

Mendes, I.S.F., Prates, A., Evtuguin, D. V., 2021. Production of rayon fibres from cellulosic pulps: 

State of the art and current developments. Carbohydr. Polym. 273, 118466. 

https://doi.org/10.1016/J.CARBPOL.2021.118466 

Naithani, V., Tyagi, P., Jameel, H., Lucia, L.A., Pal, L., 2020. Ecofriendly and innovative 

processing of hemp hurds fibers for tissue and towel paper. BioResources 15, 706–720. 

https://doi.org/10.15376/biores.15.1.706-720 

Nawaz, T., Sengupta, S., 2019. Contaminants of Emerging Concern: Occurrence, Fate, and 

Remediation. Advances in Water Purification Techniques: Meeting the Needs of Developed and 

Developing Countries 67–114. https://doi.org/10.1016/B978-0-12-814790-0.00004-1 

Olmos, G.V., Taleb, M.C., Felissia, F.E., Ehman, N.V., Peresin, M.S., Area, M.C., Vallejos, M.E., 

Maximino, M.G., 2021. Dissolving Pulp From Eucalyptus Sawdust For Regenerated Cellulose 

Products. https://doi.org/10.21203/rs.3.rs-857064/v1 



218 

 

 

Pan, X.J., Sano, Y., Ito, T., 1999. Atmospheric acetic acid pulping of rice straw II: behavior of ash 

and silica in rice straw during atmospheric acetic acid pulping and bleaching. Holzforschung 53, 

49–55. https://doi.org/10.1515/HF.1999.009 

Prata, J.C., da Costa, J.P., Lopes, I., Duarte, A.C., Rocha-Santos, T., 2020. Environmental exposure 

to microplastics: An overview on possible human health effects. Science of The Total Environment 

702, 134455. https://doi.org/10.1016/J.SCITOTENV.2019.134455 

Röder, T., Moosbauer, J., Kliba, G., Schlader, S., Zuckerstätter, G., Sixta, H., 2009. Comparative 

characterization of man-made regenerated cellulose fibres. Lenzinger Berichte 87, 98–105. 

Rodríguez, A., Espinosa, E., Domínguez-Robles, J., Sánchez, R., Bascón, I., Rosal, A., Rodríguez, 

A., Espinosa, E., Domínguez-Robles, J., Sánchez, R., Bascón, I., Rosal, A., 2018. Different 

Solvents for Organosolv Pulping. Pulp and Paper Processing. 

https://doi.org/10.5772/INTECHOPEN.79015 

Rydholm, S.A. 1923-, 1965. Pulping processes. 1269. 

Sixta, H., Iakovlev, M., Testova, L., Roselli, A., Hummel, M., Borrega, M., van Heiningen, A., 

Froschauer, C., Schottenberger, H., 2013. Novel concepts of dissolving pulp production. Cellulose. 

https://doi.org/10.1007/s10570-013-9943-1 

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., Crocker, D., 2008. 

Determination of Structural Carbohydrates and Lignin in Biomass: Laboratory Analytical 

Procedure (LAP) (Revised July 2011). National Renewable Energy Laboratory, 1617(1), 1-16. 

Sridach, W., 2010. The environmentally benign pulping process of non-wood fibers. Suranaree 

journal of science and technology 17, 105–123. 

Thielemans, K., De Bondt, Y., Van den Bosch, S., Bautil, A., Roye, C., Deneyer, A., Courtin, C.M., 

Sels, B.F., 2022. Decreasing the degree of polymerization of microcrystalline cellulose by 

mechanical impact and acid hydrolysis. Carbohydr Polym 294, 119764. 

https://doi.org/10.1016/J.CARBPOL.2022.119764 

Vera, R.E., Suarez, A., Zambrano, F., Marquez, R., Bedard, J., Vivas, K.A., Pifano, A., Farrell, M., 

Ankeny, M., Jameel, H., Gonzalez, R., 2023. Upcycling cotton textile waste into bio-based building 

blocks through an environmentally friendly and high-yield conversion process. Resour Conserv 

Recycl 189, 106715. https://doi.org/https://doi.org/10.1016/j.resconrec.2022.106715 

Vera, R.E., Zambrano, F., Suarez, A., Pifano, A., Marquez, R., Farrell, M., Ankeny, M., Jameel, 

H., Gonzalez, R., 2022. Transforming textile wastes into biobased building blocks via enzymatic 

hydrolysis: A review of key challenges and opportunities. Cleaner and Circular Bioeconomy 3, 

100026. https://doi.org/10.1016/J.CLCB.2022.100026 

Wei, W., Tian, Z., Ji, X., Wang, Q., Chen, J., Zhang, G., Lucia, L.A., 2020. Understanding the 

Effect of Severity Factor of Prehydrolysis on Dissolving Pulp Production Using Prehydrolysis 

Kraft Pulping and Elemental Chlorine-free Bleaching Sequence. Bioresources 15, 4323–4336. 



219 

 

 

Yadollahi, R., Dehghani Firouzabadi, M., Resalati, H., Borrega, M., Mahdavi, H., Saraeyan, A., 

Sixta, H., 2018. SO2–ethanol–water (SEW) and kraft pulping of giant milkweed (Calotropis 

procera) for cellulose acetate film production. Cellulose 25, 3281–3294. 

https://doi.org/10.1007/S10570-018-1802-7/FIGURES/7 

Yamamoto, M., Iakovlev, M., Van Heiningen, A., 2011. Total mass balances of SO2-ethanol-water 

(SEW) fractionation of forest biomass, in: Holzforschung. pp. 559–565. 

https://doi.org/10.1515/HF.2011.098 

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Venditti, R.A., 2021a. Impact of dyes and 

finishes on the aquatic biodegradability of cotton textile fibers and microfibers released on 

laundering clothes: Correlations between enzyme adsorption and activity and biodegradation rates. 

Mar Pollut Bull 165, 112030. https://doi.org/10.1016/J.MARPOLBUL.2021.112030 

Zinovyev, G., 2015. The influence of delignification methods on the overall yield and quality of 

cellulose : a review 1–25.



  220 

 

7. CONCLUSIONS AND FUTURE WORK 

 

This dissertation proposes alternatives for a more sustainable textile industry, focusing on: I) 

Implementing more sustainable strategies to upcycling textile waste into value-added building 

blocks via enzymatic hydrolysis and II ) Transforming non-wood feedstocks into dissolving pulp 

with potential for textile applications.  

Main conclusions of this dissertation are presented as follow: 

¶ Developing sustainable pretreatment processes tailored to upcycle cotton textile waste 

into glucose via enzymatic hydrolysis with low enzyme, chemical and energy demand 

is crucial for a more sustainable textile waste management. Mechanical refining was 

demonstrated to be a chemical-free and low energy pretreatment that significantly 

improved the enzymatic hydrolysis of cotton textile wastes to produce glucose. This 

was reflected in high yields of enzymatic cotton conversions, boosted from 50% to 95% 

conversion by using enzyme dosages as low as 5FPU/g of cotton.  

¶ The presence of persistent dyes in textile waste poses a significant challenge to the 

mechanical refining pretreatment for the enzymatic hydrolysis of textile wastes. 

Combining mechanical refining with total-chlorine-free(TCF) oxidation methods (e.g., 

ozone and hydrogen peroxide) has been demonstrated as a practical approach to 

overcoming this challenge. The two-stage oxidation with ozone and hydrogen peroxide 

produced a white textile waste, which resulted in high glucose yields up to 90% after 

enzymatic hydrolysis at low enzyme charges. This makes mechanical refining and TCF 

processes promising pretreatments to boost the enzymatic hydrolysis pathway for 

producing value-added chemicals and implementing economic circularity in the life 

cycle of textiles.  
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¶ A techno-economic analysis was performed on a collocated facility to produce glucose 

from textile wastes at an annual capacity of 14,000 tons. Four distinct scenarios were 

investigated, varying textile waste compositions, from 100% cotton (undyed) to a 50% 

cotton (dyed) + 50% polyester (dyed) blend. Capital investments ranged from USD 5.6 

to 7.9 million while minimum selling prices for glucose ranged from USD 290 to USD 

391 per ton, depending on the evaluated scenario. Remarkably, the scenario processing 

a 50/50 cotton/polyester blend had the lowest minimum selling price per ton of glucose, 

benefiting from revenue generated by selling bleached polyester as a high-value 

byproduct. The combined approach of enzymatic hydrolysis, mechanical refining, and 

dye oxidation not only promises economic benefits but also aligns well with the goals 

of circular economy models, offering a sustainable alternative to conventional practices 

of textile landfilling and incineration. 

¶ In an effort to boost the share of natural fibers for textile applications, dissolving pulp 

was produced from wheat straw, switchgrass, and hemp hurd by using Sulfur-Ethanol-

Water (SEW) pulping. SEW pulping generated non-wood pulp with acceptable 

hemicellulose content for viscose-grade pulp (below 4%) and over 90% cellulose 

content. The quality of the dissolving pulp varied based on the nature of the feedstock. 

Although switchgrass and wheat straw had similar pulp quality suitable for viscose-

grade dissolving pulp, hemp hurd had higher hemicellulose content and the lowest pulp 

quality, making it challenging for dissolving pulp applications. Utilizing alternative 

fibers from non-wood biomass offers an opportunity for eco-friendly textile products 

that meet society and the environment's demands. Investing in sustainable fiber 
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technologies will be vital to fight climate change and meet sustainability-focused 

consumer demands. 

Future work suggestions are presented as follow: 

7.1. Effect of the solid content on enzymatic hydrolysis of textile when mechanical refining 

is used as pretreatment.  

Although high conversion is obtained when using a solid content of 5% during the enzymatic 

hydrolysis of cotton textiles, increasing the solid content to 10% or 20% would increase the 

enzyme performance. Thus, further opportunities to reduce the enzyme charge and obtain similar 

conversion rates could be possible while reducing capital cost. 

7.2. Effect of polyester on enzymatic hydrolysis of cotton textile wastes.  

The effect of polyester on enzymatic hydrolysis of textile waste needs to be validated when 

mechanical refining is used as pretreatment. This research will be important toward economics of 

upcycling textile wastes from textile blends sources, particularly at different blend ratios of cotton 

and polyester. 

7.3. Conversion of glucose from textile waste into value-added chemicals 

Conversion of the glucose obtained in the enzymatic hydrolysis of cotton textiles is a gap left 

in this dissertation. The successful production of value-added chemicals like succinic acid could 

be a significant contribution toward feasibility of upcycling textile waste. Understanding the effect 

of contaminants (e.g., oxidized dye leftover, bleaching chemical leftovers, etc.) in the hydrolysate 

on the conversion of sugars in other valuable building blacks would be crucial. 
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7.4. Characterization of polyester obtained in the enzymatic hydrolysis process of 

cotton/polyester textiles. 

The quality of the polyester obtained in this conversion process is highly determinant in the 

economic feasibility of producing value-added chemicals from textile waste via enzymatic 

hydrolysis. High quality of polyester will be translated into high price and thus higher revenue 

from this byproduct.  

7.5. Optimization of SEW pulping toward producing dissolving pulp from non-wood 

feedstocks.  

SO2 charges and liquor:biomass ratio must be optimized in the SEW pulping, looking for 

having a more feasible process. Lower liquor:biomass ratio (e.g., 4:1) could lead to the obtention 

of dissolving pulp at shorter pulping times and lower SO2 charges.  

7.6. Application of other sulfite pulping methods as an alternative to SEW pulping.  

Although SEW pulping process has shown to be effective to produce dissolving pulp from 

non-wood feedstocks, simpler and industrially applied sulfite pulping process must be considered. 

The combination of prehydrolysis and sulfite pulping at alkaline conditions (e.g., pH > 8.3) could 

be a promising pathway to produce dissolving pulp from non-wood feedstocks. Thus, valuable 

lignosulfonates could be obtained in the pulping process, representing a potential byproduct for 

extra revenue in the process while avoiding the need of expensive chemical recovery systems. 

 

 

 

 


