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Abstract 22 

Textile waste is one type of municipal solid waste growing rapidly in recent years. In 23 

Hong Kong, 306 tonnes of textile waste were produced daily in 2015 and more than 24 

90% of these ended up in landfill. This is the first paper which utilizes textile wastes 25 

as substrate for cellulase production via submerged fungal fermentation, subsequently 26 

uses produced cellulase in textile waste hydrolysis for recovery of glucose and 27 

polyester. Trichoderma reesei ATCC 24449 was selected with the highest cellulase 28 

activity (18.75 FPU/g) after cultivation using textile blending cotton/polyester 40/60 29 

as substrate. Cellulase production was upscaled in a 5-L bioreactor and the resultant 30 

cellulase was used in textile waste hydrolysis. Glucose recovery yield of 41.6% and 31 

44.6% were obtained using fungal cellulase and commercial cellulase, respectively. 32 

These results suggest the proposed process has a great potential in treating textile 33 

waste and facilitating the recovery of glucose and polyester as value-added products. 34 

 35 
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1. Introduction 40 

The amount of textile waste has increased rapidly in the recent years. The 41 

increasing world population inevitably leads to outstripping demand in consumer 42 

products such as textiles and apparel (Hu et al., 2018; Pensupa et al., 2017). In Hong 43 

Kong, 93.2% of textile waste was disposed to landfill directly, while the remaining 44 

6.8% was either recycled locally or exported for recycling in 2015 (HKEPD, 2017). 45 

Major recycling options for textile wastes include second-hand oversea trading and 46 

energy recovery by incineration (Ryu et al., 2007; Stanescu et al., 2009). However, 47 

large material lost in landfilling or incineration are unavoidable in the currently 48 

wasteful, linear system which creates negative impacts on the environment and 49 

society. In addition, textile production accounts for significant greenhouse gas 50 

emissions. On the other hand, cellulosic material has been intensively investigated in 51 

biorefinery to produce biofuels and chemicals (Li et al., 2017; Singhania et al., 2014, 52 

2017). In general, textile waste contains 35-40% of cotton, which is a cellulosic-rich 53 

material with high degree of polymerization and crystallinity (Jeihanipour et al., 2010; 54 

Shen et al., 2013). In most of the bioprocesses utilizing cotton waste, enzymatic 55 

hydrolysis is needed for conversion of cellulose to fermentable sugars (Raj et al., 56 

2009). However, the cost of enzyme remains as one of the main obstacles in 57 

commercialization of these processes. 58 

Currently, the majority of commercial cellulase is produced by filamentous fungi 59 

via submerged fermentation (SmF) (Singhania et al., 2010). Compared to solid state 60 
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fermentation, SmF provides a homogeneous environment, continuous oxygen supply 61 

and better pH control that can further facilitate cellulase secretion by filamentous 62 

fungi (Florencio et al., 2016). In new textiles platform based on the principles of 63 

circular economy, textiles and fibres are kept at their highest value during use and 64 

re-enter the economy afterwards, never ending up as waste (Morlet et al., 2017). With 65 

this in mind, a circular textile recycling initiative could be the one using textile waste 66 

as carbon source for SmF with filamentous fungi for cellulase production. Then the 67 

cellulase could be recovered for the subsequent hydrolysis of textile waste in order to 68 

recover fermentable sugar and the remaining undegradable polyester (PET) fibre.  69 

The present study aims to examine the feasibility for cellulase production using 70 

textile waste by SmF, and evaluate the textile hydrolysis performance between fungal 71 

cellulase and commercial cellulase. Table 1 shows different types of textile wastes 72 

donated by H&M (Hennes & Mauritz, Far East) for this study, and Table 2 shows 73 

different cellulase producing fungal strains which were applied in this investigation. 74 

Extensive optimization of cellulase production including selection of fungal strain and 75 

textile waste, utilization of grinded and pretreated textile, fermentation medium, 76 

nitrogen source, effect of Tween 80 and inducer were carried out in this study. 77 

Upscale of cellulase production in a 5-L bioreactor was also conducted to produce 78 

cellulase for the subsequent textile hydrolysis, and finally the recovery of glucose and 79 

polyester for material recycling and reuse allows the establishment of a truly circular 80 

platform for the textile industry. 81 
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 82 

2. Materials and methods 83 

2.1. Strains and media 84 

Aspergillus niger ATCC 201201, Trichoderma reesei ATCC 24449 and 85 

Trichoderma longibrachiatum ATCC 52326 were purchased from the American Type 86 

Culture Collection (Rockville, MD, USA). A. niger CKB was kindly provided by 87 

Prof. Diannan Lu at Tsinghua University, Beijing, China which was isolated from rice 88 

straw to digest lignocellulosic material. A. niger HDU was a native strain which was 89 

kindly provided by Dr. Chenyu Du from University of Huddersfield at the United 90 

Kingdom that previously used for textile waste treatment via solid state fermentation 91 

(Hu et al., 2018). These three fungi species were often treated as cellulase producer 92 

both in research and commercial area (Karray et al., 2016; Leghlimi et al., 2013; Li et 93 

al., 2016; Singhania et al., 2017). And also been proven that they have a strong ability 94 

to decompose cellulosic materials (Zhao et al., 2018; de Oliveira Gorgulho Silva et al., 95 

2018). 96 

 Spore suspensions of these fungal strains were stored at -80 oC with 30% (w/w) 97 

glycerol. Spore suspension was prepared by spending fungal spore culture (around 10 98 

μL) on the surface of potato dextrose agar (PDA) in a petri dish (60 mm × 15 mm), 99 

and incubated at 28 oC for 5 days. After the incubation period, 6 mL of sterilized 100 

deionized (DI) water was added to extract spores with gentle scratch using sterilized 101 

spatula. After extraction, the spore suspension was aliquoted at 0.5 mL volume per 102 
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cryogenic tube with spore density of 3×107 spores/mL. 103 

 All chemicals used in this study were purchased from VWR (PA, USA) and 104 

Sigma-Aldrich (MO, USA) except otherwise stated.  105 

 Two different cultivation media were compared in this study: (i) Csiszar medium 106 

(Csiszar et al. 2007), and (ii) Mandels medium with yeast extract 107 

(Mandels & Reese, 1957). The compositions of these two media are listed in Table 2. 108 

After preparation, the pH of the medium was adjusted to 5.0 by adding either HCl 109 

(3 mol/L) or NaOH (5 mol/L) prior to autoclave. Tween 80 (0.1%) was added when 110 

necessary. Sole nitrogen source includes beef extract, (NH4)2SO4, yeast extract, 111 

peptone, NaNO3, urea and soybean meal which were used at a concentration of 0.5% 112 

(w/v). Cellulase inducers include sawdust, molasses, wheat bran and cellobiose were 113 

selected for investigation with three different concentrations (0.1%, 0.5% and 1% 114 

w/v). Control groups were set up for both nitrogen source and inducer experiment, 115 

represented no addition of nitrogen source or inducer in fermentation medium. Seed 116 

culture preparation involves the activation of spores on PDA plate to obtain enough 117 

spore suspension solution. Spore solution (2 mL) with 108 spores/mL was inoculated 118 

into 100 mL Mandels medium containing 3% (w/v) glucose. Cultivation was carried 119 

out at 28 ºC and 150 rpm for 48 h. 120 

 121 

2.2. Textile waste handling and pretreatment 122 

Similar to our previous study, different types of textile waste blending of cotton 123 
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and polyester provided by H&M (Hennes & Mauritz, Far East) were used as raw 124 

feedstock in this study (Hu et al., 2018). Pure cotton, pure PET and jeans (99% cotton 125 

and 1% elastane) were also employed. Each type was classified by component and 126 

dyestuff as listed in Table 1. Textile wastes were grinded into small pieces (around 127 

0.8 × 0.8 cm2) using a double shaft shredder (OMS Machinery Co., Ltd., China). 128 

Pretreatment process was conducted by our collaborator Dr. Shao-Yuan Leu in 129 

The Hong Kong Polytechnic University. Briefly, grinded textiles were soaked in a 130 

mixture of 12% NaOH (w/v) and 7% urea (w/v), and then stored at -20 oC for 6 h. 131 

Later, these samples were thawed and washed with DI water until pH dropped to 7.0 132 

(Gholamzad et al., 2014; Kuo and Lee, 2009). 133 

 134 

2.3. Shake flask fermentation 135 

Shake flask fermentation was carried out in a laboratory shaker incubator 136 

(innova®42 New Brunswick Scientific). Temperature and shaking speed were 137 

controlled at 28 oC and 150 rpm, respectively. Shake flasks (DURAN® Erlenmeyer 138 

flask, 250 mL narrow neck) with 100 mL working volume were used. Seed culture of 139 

10 mL was transferred into 90 mL of fermentation media in shake flask experiment. 140 

 141 

2.4. Batch fermentation in 5-L fermentor 142 

Batch fermentation for cellulase production was carried out in a 5-L benchtop 143 

fermentor (BioFlo®/CelliGen® 115 New Brunswick) with 3-L working volume. 144 
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Temperature, agitation, aeration rate and dissolved oxygen (DO) were controlled at 145 

28 oC, 300-800 rpm, 5 L/min and 20% respectively. For aeration, compressed air was 146 

used. Agitation rate was controlled automatically to maintain DO at 20% saturation 147 

value. Inoculation size was 20% (v/v) and 10 g/L textile waste was used as a substrate 148 

in SmF. In addition, 10 g/L glucose was supplemented in Mandels medium for fungal 149 

cultivation in fermentor. 150 

 151 

2.5. Hydrolysis experiment of textile waste 152 

2.5.1 Total cellulase activity 153 

The total cellulase activity was determined by filter paper activity (FPase) 154 

according to the standardized NREL Laboratory Analytical Procedure (Adney & 155 

Baker, 1996). The assay was carried out by adding 0.5 mL enzyme sample into a test 156 

tube containing 1 mL sodium citrate buffer (pH 4.8, 50 mM) and a Whatman No. 1 157 

filter paper strip (1.0 × 6.0 cm, around 50 mg). The mixture was incubated at 50 °C 158 

for 60 min and the releasing sugar was determined by 3,5-dinitrosalicylic acid (DNS) 159 

method. The FPase activity was calculated using Equation 1 according to Adney and 160 

Baker (1996).  161 

 162 

FPase activity (
FPU

mL
) =

0.37

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 𝑡ℎ𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 2.0𝑚𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒
   163 

(1) 164 

 165 
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2.5.2 Textile waste hydrolysis 166 

Pretreated cotton was used as substrate for enzymatic hydrolysis. Fungal cellulase 167 

from textile waste fermentation (fermentation filtrate) and commercial cellulase from 168 

Novozyme® (Celluclast 1.5L) with a dosage of 25 FPU/g were used in hydrolysis. 169 

This is an optimized dosage reported from optimization of hydrolysis of pretreated 170 

cotton using Novozymes® cellulase in our earlier study (Hu et al., 2018). Experiment 171 

was carried out in 250 mL Duran bottles with 35 mL working volume. The hydrolysis 172 

was conducted in duplicate at 50 oC and 350 rpm for 96 h. Samples were taken at 173 

regular time intervals (3 hours interval in first 12 hours, then 24 hours interval from 174 

24th hours till 96 hours) for determination of hydrolysis yield using Equation 2. The 175 

dehydration factor (1.111) was set with consideration for addition of water to the 176 

cellulosic chains (Goshadrou et al., 2013). 177 

 178 

Hydrolysis yield (%) =
Amount of glucose released (g)

Amount of initial cellulose in substrate (g) × 1.111
 × 100%  (2) 179 

 180 

2.6. Analytical methods 181 

For cellulase activity analysis, hydrolysis temperature was maintained at 50 ± 182 

0.1 oC using a water bath. Measurement of absorbance at 540 nm was done using a 183 

spectrophotometer (JENWAY 7300). Fungal cells were separated from fermentation 184 

broth by centrifugation at 10,000 g for 3 mins. The supernatant was stored at -80 oC 185 

until analysis. Thawed supernatant was filtered by Nylon membrane filter with 186 
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0.22 μm pore size and 13 mm diameter (Jin Teng, China) prior to analysis. Glucose 187 

concentration was analyzed using high-performance liquid chromatography (HPLC, 188 

Waters, UK) equipped with Aminex HPX-87H column (Bio-Rad, CA, USA). In each 189 

analysis, 10 μL sample was injected into the column (60 oC) and was eluted 190 

isocratically with 5 mM H2SO4 at a flow rate of 0.6 mL/min. Detection was 191 

performed by Refractive Index (RI) detector at 35 oC and Photodiode Array (PDA) 192 

analyzer at 210 nm. 193 

 194 

2.7. Microscopic observation and SEM analysis of textile waste substrate 195 

Physical changes of the textile substrate in SmF were detected by Scanning 196 

Electron Microscope (SEM). Images of grinded, pretreated and fermented textile 197 

wastes were taken at magnifications of 70 and 1200 with voltage 20 kV using a 198 

Germany SEM (Carl Zeiss EVO 10). 199 

 200 

3. Results and discussion 201 

3.1. Pretreatment of textile waste for fungal cellulase production 202 

3.1.1. Comparison of grinded and pretreated textile wastes for cellulase 203 

production 204 

Fig. 1 demonstrates the results of cellulase production using pure cotton, jean, 205 

cotton/PET 80/20, cotton/PET 60/40 and cotton/PET 40/60 in both grinded and 206 

pretreated textile waste. It showed that pretreated textile wastes dominated by 207 
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achieving at least 9.5% higher cellulase activity than grinded textile in all five types 208 

of textile wastes. Pretreated textile achieved 1.83-fold higher cellulase activity than 209 

grinded textile when using cotton/PET 40/60 with T. reesei ATCC 24449 in SmF. The 210 

reasons for this observation are manifold. Firstly, the surface of cotton/PET blended 211 

textile was covered by incompact furs, which provided higher contact area and better 212 

oxygen transfer, thereby contributing to fungal growth and metabolism (Hu et al., 213 

2018). Additionally, pretreatment with alkaline also washed out the coating on textile 214 

surface which was conducted primarily to increase textile resistance to the 215 

environment (Saxena et al., 1992; Shen et al., 2013). Thus, after pretreatment, the 216 

cotton component in textile waste became more accessible to fungal growth and 217 

metabolism, thereby resulting in higher cellulase activities. 218 

 219 

3.1.2. Comparison of textile waste surface morphology using Scanning Electron 220 

Microscopy (SEM) 221 

Initial experiments were performed in shake flasks in order to determine the 222 

ability of fungal strains to grow on textile waste as substrate. After cultivation, textile 223 

waste’s surface morphology and fungal growth were observed by SEM. Fig. 2(a), (b), 224 

(c) at a magnification of 70 show that the textile structure was partly broken down 225 

after freezing soda pretreatment process and single fibers were released after SmF. Fig. 226 

2(d), (e), (f) illustrate the comparison of fiber surface structure after SmF at a higher 227 

magnification of 1200. After pretreatment, fiber surface was obviously rougher. In 228 
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addition, significant break down of fibre surface and coverage of fungal biomass was 229 

observed after SmF. These results indicate that pretreatment of textile waste with 230 

freezing soda leads to rougher fibers, which facilitates the fibers to be easily accessed 231 

by enzymes (Hu et al., 2018). The pretreated textile was further decomposed both in 232 

single fibers and blending structure during fermentation due to the biocatalytic 233 

reactions from fungal cellulase produced. 234 

 235 

3.2. Optimization of substrates and fermentation media 236 

3.2.1. Selection of fungal strains for fungal fermentation of textile wastes  237 

In this study, evaluation of five fungal strains and six types of textile wastes for 238 

cellulase production was conducted. Fig. 3 depicts cellulase production of different 239 

fungal strains with different types of textile wastes. Different fungal strains exhibited 240 

a clear preference on textile waste type in terms of cellulase production capacity. 241 

Results from this study showed that for jean, the highest cellulase production of 242 

5.68 FPU/g was achieved when fungal fermentation was conducted using A. niger 243 

ATCC 201201. Comparatively higher cellulase productions of 6.88 FPU/g, 7.50 244 

FPU/g and 7.51 FPU/g were obtained when pure cotton, cotton/PET 80/20 and 245 

cotton/PET 60/40 were used with A. niger HDU. It was found that SmF using 246 

T. reesei ATCC 24449 resulted in the highest level of cellulase activity (6.73 FPU/g) 247 

with textile blending containing higher PET content (i.e. cotton/PET 40/60). One of 248 

the ultimate aims in the proposed circular textile waste-based biorefinery strategy is to 249 
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eliminate the textile waste downstream by enabling the close-loop recycling for 250 

textiles industry via capturing the embodied value of the PET fibre. Therefore, T. 251 

reesei ATCC 24449 would be the preferred fungus when using textile waste stream 252 

with high portion of PET. The experimental results in this section show that optimal 253 

combination of specific fungal strain and textile waste would lead to higher cellulase 254 

production in SmF. As shown in Fig. 2, A. niger HDU was used for pure cotton, 255 

cotton/PET 80/20 and cotton/PET 60/40, while A. niger ATCC 201201 was used for 256 

jean and T. reesei ATCC 24449 was used for cotton/PET 40/60.  257 

The rest of fungal strains examined namely A. niger CKB and T. longibrachiatum 258 

ATCC 52326 resulted in lower cellulase production as compared to others. For 259 

A. niger CKB, although it produced 6.75 FPU/g cellulase with pretreated cotton/PET 260 

60/40, the amount was still less than that produced by A. niger HDU (7.51 FPU/g). 261 

T. longibrachiatum ATCC 52326 only produced 2.78 FPU/g of cellulase at supreme, 262 

which was only 30-50% as compared to other fungal strains examined. Thus, these 263 

two strains were not applied in the subsequent experiments. Another important 264 

consideration is that pure PET textile waste can neither be decomposed by 265 

pretreatment nor utilized in fungal fermentation. This was also observed by almost no 266 

cellulase activity resulted from all fungi grown on pure PET as substrate. Therefore, 267 

pure PET textile waste was not considered in the subsequent investigation. 268 

 269 

3.2.2. Effect of nitrogen source on cellulase production 270 
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Cellulase production could be significantly influenced by the effect of nitrogen 271 

source (Matkar et al., 2013; Pensupa et al., 2013). In Mandels medium, the nitrogen 272 

source consists of a mixture of yeast extract, urea and (NH4)2SO4 273 

(Mandels & Reese, 1957). Investigation of the preferred sole nitrogen source using 274 

different types of nitrogen sources was conducted in this study. Fig. 4(a) shows that 275 

for pretreated jean fermented with A. niger ATCC 201201, the use of NH4NO3 as 276 

nitrogen source resulted in the highest cellulase activity of 5.02 FPU/g, and peptone 277 

resulted in the second highest cellulase activity of 4.01 FPU/g. In terms of inorganic 278 

source, the cellulase activities achieved by NH4NO3 were around 2-fold higher than 279 

both (NH4)2SO4 and NaNO3. Comparison of cellulase activities with several organic 280 

nitrogen sources revealed that the values for urea and soybean meal were similar, 281 

which were 2.95 FPU/g and 3.09 FPU/g, respectively. The cellulase activities of these 282 

two sources were lower than peptone (4.01 FPU/g), but higher than beef extract and 283 

yeast extract. On the other hand, for pretreated cotton/PET 80/20 fermented with 284 

A. niger HDU, the use of soybean meal as nitrogen source led to the highest cellulase 285 

activity of 4.38 FPU/g. Other nitrogen sources produced lower cellulase activities 286 

around 2.00 FPU/g. These results indicate that the nitrogen sources presented in 287 

Mandels medium were not the optimal nitrogen sources among those examined in 288 

textile waste SmF. Therefore, this medium component could be replaced with other 289 

types of nitrogen sources (e.g. use of soybean meal for cotton/PET 80/20) to achieve a 290 

higher cellulase production when using textile waste as a substrate in SmF. 291 
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 292 

3.2.3. Effect of Tween 80 on cellulase production 293 

Tween 80 has been reported in several literatures to have controversial effect in 294 

cellulase production as well as cellulose hydrolysis (Yang et al., 2011; Zeng et al., 295 

2006). Zeng et al. (2006) reported that Tween 80 has a positive effect on production of 296 

amylase, CMCase and xylanase, but exerted a negative effect on protease production. 297 

While in hydrolysis of cellulose, Tween 80 shows an obvious improvement of 298 

cellulose conversion in higher shaking speed mainly because Tween 80 has a 299 

protection effect on adsorbed cellulase (Yang et al., 2011). Tween 80 is a surfactant 300 

which can enhance the transportation between cells and broth (Reese & Maguire, 301 

1969). Another effect of adding Tween 80 was enhancing the removal of dyestuffs on 302 

textile waste to fermentation (result not shown) and therefore, textile surface would be 303 

more accessible by fungal cells, resulting in ease of fungal biomass accumulation. 304 

Thus, it is necessary to determine the influence of Tween 80 on SmF with different 305 

types of strains as well as different textiles. Fig. 4(b) shows that for pure cotton, 306 

cotton/PET 80/20, cotton/PET 60/40 and cotton/PET 40/60, the addition of Tween 80 307 

in culture medium has a negative effect on cellulase production. These four types of 308 

textiles were dyed with reactive dyestuff (Table 1). Dönmez (2002) reported that for 309 

Candida tropicalis, prolonged lag period and decreased cell growth rate occurred 310 

when yeast cells accumulated reactive dyes. Nevertheless, A. niger SA1 strain was 311 

also reported very robust in dyestuffs accumulation and textile wastewater 312 
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clarification (Ali et al., 2010; Fu & Viraraghavan, 2001). From our observations, 313 

reactive dyestuffs were partly washed out from textiles into the medium during 314 

autoclaving of fermentation medium. Accumulation of dyestuffs in fungal cells was 315 

observed by gradual change of fungal biomass color according to the color of dyes. 316 

Interestingly, fungal cells did not show an obvious growth inhibition due to the 317 

presence of dyes, as shown by no difference in (fungal) cell dry weight upon 318 

fermentation using colored textiles. However,  cellulase production was affected 319 

negatively by these reactive dyestuffs. Furthermore, the addition of Tween 80 in jean 320 

fermentation using A. niger ATCC 201201 showed a positive effect of 8.3% increase 321 

in cellulase production. A logical hypothesis could be that the indigo dye in jean is 322 

usually harvested from plants, and behaves to be less harmful than other reactive dyes 323 

in cellulase production. In summary, Tween 80 is not a suitable additive for A. niger 324 

HDU and T. reesei ATCC 24449 strains in SmF using textile with reactive dyestuff, 325 

but it would certainly benefit the cellulase production for A. niger ATCC 201201 326 

using jean with indigo dye. Therefore, Tween 80 was applied in the subsequent 327 

fermentation using jean as substrate. 328 

 329 

3.2.4. Effect of inducer on cellulase production 330 

Cellulase induction is a widely applied strategy in commercial cellulase 331 

production wherein the inducer functions in regulation of cellulase gene expression 332 

(Fekete et al., 2008; Singhania et al., 2017). In this study, sawdust, molasses, wheat 333 
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bran and cellobiose were selected as the potential inducers. Sawdust and wheat bran 334 

are side-products from forestry and food processing industry. They are lignocellulosic 335 

biomass with low economic value (Pensupa et al., 2013). Molasses is also a 336 

by-product from sugar industry which contains variety of sugars including sucrose, 337 

fructose and glucose. On the other hand, cellobiose is a widely used inducer in 338 

commercial cellulase production with good induction effect but high price (Kuhad et 339 

al., 2016). In this study, cellobiose was assigned as a representative inducer in order to 340 

compare the effectiveness of other selected inducers. Inducer addition levels were set 341 

as 0.1%, 0.5% and 1% (w/v) to determine their possible effects on cellulase 342 

production using textile wastes as substrates (Morikawa et al., 1995; Zhang et al., 343 

2017). Results of inducer addition are shown in Table 2. For A. niger ATCC 201201 344 

with jean, the highest cellulase activity was 9.72 FPU/g with addition of 0.1% 345 

molasses. For A. niger HDU with pure cotton, cotton/PET 80/20 and cotton/PET 346 

60/40, the highest results were obtained at 9.97 FPU/g with 1% cellobiose, 13.10 347 

FPU/g with 1% wheat bran and 9.84 FPU/g with 1% wheat bran, respectively. For T. 348 

reesei ATCC 24449 with 40/60, 18.75 FPU/g of cellulase was obtained with addition 349 

of 1% cellobiose, which was also the highest cellulase activity achieved in all shake 350 

flask experiments. These results indicated that molasses efficiently facilitated higher 351 

cellulase activity than cellobiose in A. niger ATCC 201201 with jean. Wheat bran 352 

gave higher cellulase activity than cellobiose in A. niger HDU fermentation with both 353 

cotton/PET 80/20 and cotton/PET 60/40. However, these by-products are more cost 354 
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competitive as compared to cellobiose, and therefore are more suitable for use as 355 

inducers in cellulase production using textile waste.  356 

 357 

3.3. Upscale experiment with 5-L bench-top fermentor 358 

Further efforts on upscaling fungal fermentation were carried out using a 5-L 359 

bench-top fermentor with 3-L working volume. Soybean meal was used as nitrogen 360 

source because of its good performance in both jean and cotton/PET 80/20, also 361 

because it is an inexpensive nitrogen source compare to yeast extract and peptone etc. 362 

Tween 80 was added in jean fermentation but not in pure cotton and mixed textile 363 

fermentation. For inducers, we added 0.1% molasses for jean, 1% cellobiose for pure 364 

cotton and 1% wheat bran for mixed textile (based on table 2, inducers with highest 365 

cellulase production were selected). 366 

 During the fermentation, rapid fungal growth in the form of white hyphen was 367 

generated at around 12 h. Compared with smaller scale shake flask fermentation, the 368 

difference of fungal morphology would be attributed to the higher initial glucose 369 

concentration and better oxygen supply, which significantly enhanced fungal growth. 370 

Fig. 5 depicts the highest cellulase activity of 5.46 FPU/g for jean fermented with A. 371 

niger ATCC 201201. A similar result was obtained using pure cotton as substrate 372 

which produced 5.66 FPU/g cellulase. This was the highest cellulase activity obtained 373 

in upscale study, which was significantly lower than the values obtained in shake flask 374 

fermentation. It was suspected that the high fungal cell biomass in upscale bioreactor 375 
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inhibited cellulase production (Singhania et al., 2017). Since textile wastes are usually 376 

discarded as mixtures without any source separation into textile types based on their 377 

compositions, it was considered worthwhile to investigate the utilization of mixed 378 

textiles as substrate for fungal cellulase fermentation. Mixed textile fermentation was 379 

carried out using three types of cotton/PET textile blends, with blending ratios of 380 

80/20, 60/40 and 40/60. As expected, the results of cellulase production using mixed 381 

textiles were lower as compared to the use of one type of textile waste as sole 382 

feedstock. The maximum cellulase activity of 2.88 FPU/g was obtained using A. niger 383 

HDU in the SmF. Overall, the results of this study shows the possibility of using 384 

textile waste as a substrate in submerged cellulase production. Further efforts are 385 

needed for optimization of fermentation conditions in upscale fermentation.  386 

 387 

3.4. Enzymatic hydrolysis of textile waste 388 

In order to recycle cellulosic component and PET material, the pretreated cotton 389 

was hydrolyzed from cellulose to glucose. The fungal cellulase which resulted from 390 

SmF (i.e. fungal fermentation filtrate) using mixed textile waste in Section 3.3 with 391 

total cellulase activity of 2.88 FPU/g was used as the enzyme source. In comparison, 392 

commercial cellulase was also employed under the same hydrolysis condition. The 393 

time profile of hydrolysis yield was plotted in Fig. 6. It was observed that from 0 to 394 

12 h, fungal fermentation filtrate presented improved hydrolytic efficiency as 395 

compared to commercial cellulase. This could be attributed to relatively higher ratio 396 
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of endocellulase in fungal fermentation filtrate as compared to those in commercial 397 

cellulase, so it could quickly break down the crystalline structure of cellulose and 398 

therefore accelerate the rate of hydrolysis in the initial stage (Singhania et al., 2017). 399 

However, the hydrolysis yield from commercial cellulase became higher than SmF 400 

after 12 h. The rate of hydrolytic reaction was sufficiently fast and hydrolysis reached 401 

equilibrium at 24 h for both fungal fermentation filtrate and commercial cellulase. 402 

Final hydrolysis yields of 41.6% and 44.6% were resulted by fungal cellulase and 403 

commercial cellulase, respectively. These results indicated that a comparable 404 

enzymatic effect was obtained using fungal cellulase as compared to commercial 405 

cellulase in textile waste hydrolysis. Finally, the PET recovered after hydrolysis could 406 

be processed into regenerated PET fiber by melting spinning for reuse in textile 407 

applications. As far as what we have achieved, firstly, the feasibility of this biological 408 

recycling method has been proved. The raw textiles were first pretreated with physical 409 

crush and chemical treatment. Then pretreated textiles were fermented by fungi to 410 

produce cellulase. Afterwards, cellulase activity was improved through optimization 411 

of fermentation parameters including strain selection, nitrogen source, inducer and 412 

surfactant. Cellulase production was used to hydrolyze pretreated cotton and 413 

competitive hydrolysis yield was achieved compared to commercial cellulase. 414 

However, cellulase yield is still not high even after optimization. Main challenge of 415 

this biological method would be the improvement of cellulase activity in submerged 416 

fermentation. 417 
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 As shown in Fig. 7, we propose a new textile waste lifecycle via biological 418 

recycling method. Textile waste is first used as carbon source in submerged fungal 419 

fermentation to produce cellulase. Subsequently, the produced cellulase is used for 420 

textile waste hydrolysis to obtain glucose-rich hydrolysate and PET fiber. The 421 

hydrolysate could be further converted to bioplastics such as poly (lactic acid) and 422 

polyhydroxybutyrate via bioconversion, and the remaining PET fiber could be re-spun 423 

for new textiles application. The textile waste-based biorefinery approach developed 424 

in this study illustrates the effective use of resources via replacement of 425 

non-renewable resources with recycled feedstock. At the same time, reduced 426 

throughput in the circular textile system by maximising clothing utilisations are key 427 

contributors in significantly reducing resource usage.   428 

 429 

4. Conclusions 430 

This study developed a novel method for valorization of textile waste using 431 

submerged fungal fermentation. Optimization of fermentation media indicated that 432 

pretreated textile and Mandels medium are preferred for cellulase production. The 433 

highest cellulase activity of 18.75 FPU/g was achieved by T. reesei ATCC 24449 with 434 

cotton/PET 40/60 based textile and 1% cellobiose addition. Fungal cellulase obtained 435 

from SmF resulted in similar hydrolysis yields as commercial cellulase in textile 436 

waste hydrolysis. The research outcomes demonstrated practical implementation of 437 

circular textile concept via SmF with creation of a new global textiles system whereby 438 
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textile products could be effectively recycled within the industry. This would enable 439 

the shift of the global textiles economy towards a circular economy framework. 440 

 441 

Acknowledgements 442 

The authors are grateful to the Hong Kong Research Institute of Textiles and 443 

Apparel (HKRITA) and the Hong Kong Innovation and Technology Commission for 444 

the Innovation and Technology Fund (ITP/109/15TP). We acknowledge the industrial 445 

sponsors H&M Conscious Foundation and H&M (Far East) Ltd. Sincere appreciation 446 

to Prof. Diannan Lu (Tsinghua University, China) for providing the fungal strain 447 

A. niger CKB. 448 

 449 

  450 



23 

 

References 451 

Adney, B., Baker, J. 1996. Measurement of cellulase activities. Laboratory Analytical 452 

Procedure, 6, 1996. 453 

Ali, N., Hameed, A., Ahmed, S. 2010. Role of brown-rot fungi in the bioremoval of 454 

azo dyes under different conditions. Brazilian Journal of Microbiology, 41, 455 

907-915. 456 

Csiszar, E., Szakacs, G., Koczka, B. 2007. Biopreparation of cotton fabric with 457 

enzymes produced by solid-state fermentation. Enzyme and Microbial 458 

Technology, 40(7), 1765-1771. 459 

Dönmez, G. 2002. Bioaccumulation of the reactive textile dyes by Candida tropicalis 460 

growing in molasses medium. Enzyme and Microbial Technology, 30(3), 461 

363-366. 462 

de Oliveira Gorgulho Silva, C., de Aquino Ribeiro, J.A., Souto, A.L., Abdelnur, P.V., 463 

Batista, L.R., Rodrigues, K.A., Parachin, N.S., Filho, E.X.F. 2018. Sugarcane 464 

Bagasse Hydrothermal Pretreatment Liquors as Suitable Carbon Sources for 465 

Hemicellulase Production by Aspergillus niger. BioEnergy Research, 11(2), 466 

316-329. 467 

Deswal, D., Khasa, Y.P., Kuhad, R.C. 2011. Optimization of cellulase production by a 468 

brown rot fungus Fomitopsis sp. RCK2010 under solid state fermentation. 469 

Bioresource Technology, 102(10), 6065-6072. 470 

Fekete, E., Seiboth, B., Kubicek, C.P., Szentirmai, A., Karaffa, L. 2008. Lack of 471 

aldose 1-epimerase in Hypocrea jecorina (anamorph Trichoderma reesei): a 472 

key to cellulase gene expression on lactose. Proceedings of the National 473 

Academy of Sciences, 105(20), 7141-7146. 474 

Florencio, C., Cunha, F.M., Badino, A.C., Farinas, C.S., Ximenes, E., Ladisch, M.R. 475 

2016. Secretome analysis of Trichoderma reesei and Aspergillus niger 476 

cultivated by submerged and sequential fermentation processes: Enzyme 477 

production for sugarcane bagasse hydrolysis. Enzyme and Microbial 478 



24 

 

Technology, 90, 53-60. 479 

Fu, Y., Viraraghavan, T. 2001. Fungal decolorization of dye wastewaters: a review. 480 

Bioresource Technology, 79(3), 251-262. 481 

Gholamzad, E., Karimi, K., Masoomi, M. 2014. Effective conversion of waste 482 

polyester–cotton textile to ethanol and recovery of polyester by alkaline 483 

pretreatment. Chemical Engineering Journal, 253, 40-45. 484 

Goshadrou, A., Karimi, K., Lefsrud, M. 2013. Characterization of ionic liquid 485 

pretreated aspen wood using semi-quantitative methods for ethanol production. 486 

Carbohydrate Polymers, 96(2), 440-449. 487 

HKEPD. 2017. Monitoring of Solid Waste in Hong Kong Waste Statistics for 2015. 488 

34. 489 

Hu, Y., Du, C., Leu, S.-Y., Jing, H., Li, X., Lin, C.S.K. 2018. Valorisation of textile 490 

waste by fungal solid state fermentation: An example of circular waste-based 491 

biorefinery. Resources, Conservation and Recycling, 129, 27-35. 492 

Jeihanipour, A., Karimi, K., Niklasson, C., Taherzadeh, M.J. 2010. A novel process 493 

for ethanol or biogas production from cellulose in blended-fibers waste textiles. 494 

Waste Management, 30(12), 2504-2509. 495 

Karray, R., Hamza, M., Sayadi, S. 2016. Production and characterization of enzymatic 496 

cocktail produced by Aspergillus niger using green macroalgae as nitrogen 497 

source and its application in the pre-treatment for biogas production from Ulva 498 

rigida. Bioresource Technology, 216, 622-628. 499 

Kuhad, R.C., Deswal, D., Sharma, S., Bhattacharya, A., Jain, K.K., Kaur, A., 500 

Pletschke, B.I., Singh, A., Karp, M. 2016. Revisiting cellulase production and 501 

redefining current strategies based on major challenges. Renewable and 502 

Sustainable Energy Reviews, 55(Supplement C), 249-272. 503 

Kuo, C.-H., Lee, C.-K. 2009. Enhancement of enzymatic saccharification of cellulose 504 

by cellulose dissolution pretreatments. Carbohydrate Polymers, 77(1), 41-46. 505 

Leghlimi, H., Meraihi, Z., Boukhalfa-Lezzar, H., Copinet, E., Duchiron, F. 2013. 506 



25 

 

Production and characterization of cellulolytic activities produced by 507 

Trichoderma longibrachiatum (GHL). African Journal of biotechnology, 508 

12(5). 509 

Li, C., Gao, S., Yang, X., Lin, C.S.K. 2017. Green and sustainable succinic acid 510 

production from crude glycerol by engineered Yarrowia lipolytica via 511 

agricultural residue based in situ fibrous bed bioreactor. Bioresource 512 

Technology. 513 

Li, Y., Liu, C., Bai, F., Zhao, X. 2016. Overproduction of cellulase by Trichoderma 514 

reesei RUT C30 through batch-feeding of synthesized low-cost sugar mixture. 515 

Bioresource Technology, 216, 503-510. 516 

Mandels, M., Reese, E.T. 1957. Induction of cellulase in Trichoderma viride as 517 

influenced by carbon sources and metals. Journal of Bacteriology, 73(2), 269. 518 

Matkar, K., Chapla, D., Divecha, J., Nighojkar, A., Madamwar, D. 2013. Production 519 

of cellulase by a newly isolated strain of Aspergillus sydowii and its 520 

optimization under submerged fermentation. International Biodeterioration & 521 

Biodegradation, 78, 24-33. 522 

Morikawa, Y., Ohashi, T., Mantani, O., Okada, H. 1995. Cellulase induction by 523 

lactose in Trichoderma reesei PC-3-7. Applied Microbiology and 524 

Biotechnology, 44(1), 106-111. 525 

Morlet, A., Opsomer, R., Herrmann, S., Balmond, L., Gillet, C., Fuchs, L. 2017. A 526 

new textiles economy: Redesigning fashion's future. 527 

 528 

Pensupa, N., Jin, M., Kokolski, M., Archer, D.B., Du, C. 2013. A solid state fungal 529 

fermentation-based strategy for the hydrolysis of wheat straw. Bioresource 530 

Technology, 149, 261-267. 531 

Pensupa, N., Leu, S.-Y., Hu, Y., Du, C., Liu, H., Jing, H., Wang, H., Lin, C.S.K. 2017. 532 

Recent Trends in Sustainable Textile Waste Recycling Methods: Current 533 

Situation and Future Prospects. Topics in Current Chemistry, 375(5), 76. 534 



26 

 

Raj, C., Arul, S., Sendilvelan, S., Saravanan, C. 2009. Bio Gas from Textile Cotton 535 

Waste- An Alternate Fuel for Diesel Engines. Open Waste Management 536 

Journal, 2, 1-5. 537 

Reese, E., Maguire, A. 1969. Surfactants as stimulants of enzyme production by 538 

microorganisms. Applied Microbiology, 17(2), 242-245. 539 

Ryu, C., Phan, A.N., Sharifi, V.N., Swithenbank, J. 2007. Combustion of textile 540 

residues in a packed bed. Experimental Thermal and Fluid Science, 31(8), 541 

887-895. 542 

Saxena, A., Garg, S., Verma, J. 1992. Simultaneous saccharification and fermentation 543 

of waste newspaper to ethanol. Bioresource Technology, 42(1), 13-15. 544 

Shen, F., Xiao, W., Lin, L., Yang, G., Zhang, Y., Deng, S. 2013. Enzymatic 545 

saccharification coupling with polyester recovery from cotton-based waste 546 

textiles by phosphoric acid pretreatment. Bioresource Technology, 130, 547 

248-255. 548 

Singhania, R.R., Adsul, M., Pandey, A., Patel, A.K. 2017. 4 - Cellulases. in: Current 549 

Developments in Biotechnology and Bioengineering, Elsevier, pp. 73-101. 550 

Singhania, R.R., Saini, J.K., Saini, R., Adsul, M., Mathur, A., Gupta, R., Tuli, D.K. 551 

2014. Bioethanol production from wheat straw via enzymatic route employing 552 

Penicillium janthinellum cellulases. Bioresource Technology, 169, 490-495. 553 

Singhania, R.R., Sukumaran, R.K., Patel, A.K., Larroche, C., Pandey, A. 2010. 554 

Advancement and comparative profiles in the production technologies using 555 

solid-state and submerged fermentation for microbial cellulases. Enzyme and 556 

Microbial Technology, 46(7), 541-549. 557 

Stanescu, M.D., Fogorasi, M., Dochia, M., Mihuta, S., Lozinsky, V.I. 2009. 558 

Biotechnology for Textile Waste Valorization. Revista De Chimie, 60(1), 559 

59-62. 560 

Yang, M., Zhang, A., Liu, B., Li, W., Xing, J. 2011. Improvement of cellulose 561 

conversion caused by the protection of Tween-80 on the adsorbed cellulase. 562 



27 

 

Biochemical Engineering Journal, 56(3), 125-129. 563 

Zeng, G.-M., Shi, J.-G., Yuan, X.-Z., Liu, J., Zhang, Z.-B., Huang, G.-H., Li, J.-B., Xi, 564 

B.-D., Liu, H.-L. 2006. Effects of Tween 80 and rhamnolipid on the 565 

extracellular enzymes of Penicillium simplicissimum isolated from compost. 566 

Enzyme and Microbial Technology, 39(7), 1451-1456. 567 

Zhang, J.-G., Li, Q.-M., Thakur, K., Faisal, S., Wei, Z.-J. 2017. A possible 568 

water-soluble inducer for synthesis of cellulase in Aspergillus niger. 569 

Bioresource Technology, 226(Supplement C), 262-266. 570 

Zhao, C., Deng, L., Fang, H. 2018. Mixed culture of recombinant Trichoderma reesei 571 

and Aspergillus niger for cellulase production to increase the cellulose 572 

degrading capability. Biomass and Bioenergy, 112, 93-98. 573 

  574 



28 

 

 575 

Fig. 1. Cellulase activity achieved with pretreated cotton, jean, cotton/PET 80/20, 576 

cotton/PET 60/40, cotton/PET 40/60 and grinded pure cotton, jean, cotton/PET 80/20, 577 

cotton/PET 60/40, cotton/PET 40/60. 578 

  579 
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 (a)           (b) 580 

  581 

(c)           (d) 582 

  583 

(e)          (f) 584 

  585 

Fig. 2. SEM images of grinded jean, pretreated jean and fermented jean. (a) grinded 586 

jean, magnification of 70; (b) pretreated jean, magnification of 70; (c) fermented jean, 587 

magnification of 70; (d) grinded jean, magnification of 1,200; (e) pretreated jean, 588 

magnification of 1,200; (f) fermented jean, magnification of 1,200. 589 
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591 

  592 

Fig. 3. Compare of cellulase production using A. niger ATCC 201201, A. niger HDU, 593 

A. niger CKB, T. reesei ATCC 24449, T. longibrachiatum ATCC 52326 fermented 594 

with grinded pure cotton, jean, cotton/PET 80/20, cotton/PET 60/40, cotton/PET 595 

40/60 and pure PET. 596 

  597 
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(a) 598 

 599 

(b) 600 

   601 
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Fig. 4. Medium optimizations include nitrogenous and Tween 80. (a) Effect of sole 602 

nitrogen source in cellulase production on both pretreated jean with A. niger 603 

ATCC 201201 and pretreated cotton/PET 80/20 with A. niger HDU. Nitrogen source 604 

loading ratio is 0.5% (w/v) and control group means without nitrogen source addition. 605 

(b) Effect of Tween 80 (0.01% w/v) in cellulase production on pretreated jean, pure 606 

cotton, cotton/PET 80/20, cotton/PET 60/40 and cotton/PET 40/60. 607 
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 609 

Fig. 5. Upscale fermentation using pure cotton, jean and mixed textile separately in 610 

5-L bioreactor. Mixed textile contains equal amount of pretreated textile waste 611 

cotton/PET 80/20, cotton/PET 60/40 and cotton/PET 40/60, respectively.  612 
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  614 

Fig. 6. Textile hydrolysis by commercial cellulase and fungal cellulase from textile 615 

waste, with pretreated cotton as substrate. 616 
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 618 

 619 

 620 

Fig.7. Process flow diagram for biological recycling and regeneration of textile waste. 621 
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 623 

Component (w/w%) Dyestuff 

Pure cotton 

Cotton/PET (80/20) 

Cotton/PET (60/40) 

Cotton/PET (40/60) 

Pure PET 

Jeans (cotton 99% and elastane 1%) 

Reactive dyestuff 

Reactive dyestuff 

Reactive dyestuff 

Reactive dyestuff 

Disperse dyestuff 

Indigo dyestuff 

Table 1. Textile wastes used in this study. 624 
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Textile Strain Inducer type & 

concentration (w/v) % a 

Cellulase activity 

(FPU/g) a 

Jean A. niger ATCC 201201 Sawdust 1% 5.49 ± 0.23 

  Molasses 0.1% 9.72 ± 0.65 

  Cellobiose 0.1% 9.04 ± 0.32 

  Wheat bran 1% 8.35 ± 1.01 

  Control b 1.23 ± 0.09 

Pure cotton A. niger HDU Sawdust 0.1% 8.54 ± 0.10 

  Molasses 0.1% 7.76 ± 0.17 

  Cellobiose 1% 9.97 ± 0.54 

  Wheat bran 1% 3.40 ± 0.07 

  Control b 1.56 ± 0.04 

Cotton/ PET (80/20) A. niger HDU Sawdust 0.1% 3.76 ± 0.98 

  Molasses 0.1% 10.83 ± 1.64 

  Cellobiose 1% 7.96 ± 1.79 

  Wheat bran 1% 13.10 ± 0.50 

  Control b 0.80 ± 0.12 

Cotton/ PET (60/40) A. niger HDU Sawdust 0.1% 5.69 ± 0.11 

  Molasses 1% 9.55 ± 0.64 

  Cellobiose 1% 6.66 ± 0.47 

  Wheat bran 1% 9.84 ± 0.31 
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  Control b 1.18 ± 0.05 

Cotton/ PET (40/60) T. reesei ATCC 24449 Sawdust 0.1% 7.12 ± 0.18 

  Molasses 1% 8.61 ± 0.36 

  Cellobiose 1% 18.75 ± 0.81 

  Wheat bran 1% 8.16 ± 0.24 

  Control b 1.04 ± 0.07 

Table 2. Results of submerged fermentation with addition of inducer. 626 

a Values in this table only show the highest cellulase activity and the concentration 627 

used for each type of inducer.  628 

b Control means no addition of inducer in fermentation medium. 629 


