Journal of Environmental Management 342 (2023) 118366

e 4

ELSEVIER

Contents lists available at ScienceDirect
Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

Joueaa of
Environmental
“Management

Research article

Approach to anaerobic bio-degradation of natural and synthetic fabrics:

Check for

updates

Physico-chemical study of the alteration processes

Jesiis Azcona®, Catherine Olguin®, Adridn Duran® , Juana Fernandez-Rodriguez

2 University of Navarra, Department of Chemistry, Irunlarrea 1, 31008, Pamplona, Spain

a, b, *%k

Y University of Cadiz. Department of Environmental Technologies, IVAGRO, Faculty of Marine and Environmental Sciences (CASEM), Pol. Rio San Pedro S/n, 11510,

Puerto Real, Cadiz, Spain

ARTICLE INFO ABSTRACT

Keywords:

Anaerobic digestion

Natural and synthetic fabrics
Structural changes

Polymers

In this paper, the mesophilic Biochemical Methane Potential of several fabrics was assessed at different Total
Solid concentrations (1-4%TS). Physico-chemical techniques were applied to explore the arising structural
changes on fibers during the anaerobic digestion process. Additionally, the modified Gompertz model was used
to assess and compare the AD performance of the fabrics. In cellulose-based fibers the production of biogas was
enhanced thanks to the easy solubilization of acetate, which is generated upon partial breakage of cellulose

bonds. The crystallinity of vegetal fibers decreased significantly from day 19. The highest methane yields were
attained for silk and wool fabrics at the lowest TS concentrations. Conformational changes in fibroin and keratin
were detected. The highest degrees of degradation were observed in solid samples with lower solid concentra-
tions. Accordingly, the maximum methane yields were reported in the reactors operating with lower TS.

1. Introduction

Worldwide, 32 kg of textile waste per capita are disposed of each
year, of which approximately 87% ends up in landfills (Moazzem et al.,
2021). In March 2020, the European Commission adopted a new Action
Plan for the Circular Economy, also concerning textile products.

Fabrics aimed at manufacturing clothes and other materials related
to the textile sector are made up of fibers. The classification of textile
fibers can be summarised into three main groups: natural, artificial and
synthetic (Thomas, 2010).

Cellulose is the predominant polymer in cotton, linen and jute, which
are vegetal natural fibers; proteins can be found in silk and wool, which
are animal natural fibers, and polyester is an example of synthetic fiber.
Cotton can be considered as the purest form of cellulose in nature
(Hsieh, 2007). Its chemical composition is 85.0-90.0% cellulose,
1.0-3.0% hemicellulose, 0.7-1.6% lignin and 0.8-1.8% pectin. The
chemical composition of linen is 85.0% cellulose, 9.0% hemicellulose,
4.0% lignin and 1.8-2.0% pectin. Jute is chemically composed of cel-
lulose (58-63%), hemicellulose (20-24%) and lignin (12-15%) (Ram-
awat and Ahuja, 2016). Silk is mainly made up of fibroin, which is
composed of the amino acids tyrosine, serine, alanine and glycine,
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forming B-structure (Morton and Hearle, 2008). The silk fibroin is a
natural protein with semi crystalline structure, which provides strength
to the fiber. Additionally, the sericin acts as an adhesive to hold the
structure. Wool is mainly composed of the a-keratin protein (Morton and
Hearle, 2008). Polyester is the most commonly used synthetic fibers; its
composition is based on an ester of a dihydric alcohol and terephthalic
acid.

Anaerobic degradation, happening in the bottom of landfills, can
modify the structure of fibers and weaken their bonds within (also
forming new compounds), especially those of natural sources. The
decomposition process involves the emission of gases, specifically biogas
in anaerobic conditions. Sustainable management should be promoted
for these substrates. Anaerobic Digestion (AD) could be applied to
convert the organic matter of fibers into useful biogas. The microbial
processes of AD can be described in sequential process steps: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis (Bhatia et al., 2018). As
a consequence of the microorganisms’ metabolism, the organic matter is
converted into biogas, enriched in methane. The most common range of
temperatures are: mesophilic (20-45 °C) and thermophilic (>45 °C)
(Fernandez-Rodriguez et al., 2013; Kothari et al., 2014). The mesophilic
range, with an optimal temperature at 35 °C, has shown operational
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advantages since the accumulation of inhibitors (as ammonia) is avoi-
ded. On the other hand, mesophilic temperatures are more similar to
those that can be found in landfills (Fernandez-Rodriguez et al., 2010).

Some studies have been carried out involving the AD of textile in-
dustry wastewater (Li et al., 2020; Yurtsever et al., 2017). Refractory
compounds have also been studied as substrates for the AD process, such
as cellulosic materials focusing on improving the methane production
(Sasaki et al., 2021). Hamzah et al. (2021) published a review about the
valorisation of pineapple waste, a lignocellulosic residue, which
involved AD. Cotton wastes are potential substrates for biogas produc-
tion (Isci and Demirer, 2007; Juanga-Labayen et al., 2020; Binczarski
et al., 2022). Nevertheless, the conversion yield of cotton-based textile
wastes is very low because of its crystalline structure. Cotton material in
combination with paper waste and polyester fraction was tested in
mesophilic AD conditions (Juanga-Labayen and Yuan, 2021). In this
study, the cotton blend produced the highest biogas and methane yields
compared to polycotton. Keratin-rich by-products have also been re-
ported as suitable substrates for AD (Kuzmanova et al., 2018).

X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy
(FTIR) were employed in the study of cotton stalks, used for biogas
production (Zhang et al., 2018). FTIR and SEM (scanning electron mi-
croscopy) helped to describe the degradation processes of the cotton
stalk and boll (Ghasemian et al., 2016). The changes in lignocellulose
biomass from rice straw in the production of biomethane was studied by
using XRD and FTIR (Ran et al., 2022), and by XRD, FTIR and thermal
analysis (Xia et al., 2018). Rice straw fibers were pretreated with diluted
acid and studied by FTIR and SEM (Peng et al., 2019). In the case of the
production of biogas with textiles, polyester/cotton were studied after
sodium carbonate pretreatment by using SEM and FTIR (Hasanzadeh
et al., 2018). The effectiveness of the acid hydrolysis of the cotton fibres
wastes was studied by SEM, FTIR and Raman spectroscopy (Binczarski
et al., 2022).

In a future practical scenario, this work can contribute to the sus-
tainability of the textile industry. The European principle of Extended
Producer Responsibility (OPR) obliges clothing manufacturers to
manage waste in a post-consumer stage of a product’s life cycle. This
study could set the basis for the recovery of textile waste through the
anaerobic digestion process, with recovery of useful products such as
biogas.

In this work, the AD process of natural and synthetic fabrics was
assessed in mesophilic conditions at different concentrations. The
monitoring parameters from the process were in liquids, gases and solids
substrates, being studied the chemical composition and the structural
changes of the solids. The combined use of optical microscopy (OM),
colorimetry, FTIR, thermogravimetry (TG) and XRD provides novelty to
the study of solid fibers of fabrics under AD. The evolution of the
morphology and the colour changes of the fibers, the weakening,
breaking and/or formation of bonds, the temperatures of degradation
and the modifications in the crystalline structures have been reported.

2. Materials and methods
2.1. Substrates: textile fabrics and inoculum

The textile fabrics studied in this work were: natural vegetal fibers
(cotton, linen and jute), natural animal fibers (silk and wool) and syn-
thetic fibers (polyester). The fabric fibers were acquired in a local fabric
store from Pamplona in Spain. The fabrics were cut in squares (size of 4
x 4 cm, approximately). The effluent of a mesophilic reactor from a local
wastewater treatment plant (Arazuri WWTP) was used as inoculum.

2.2. Experimental system
Biochemical Methane Potential (BMP) assays were carried out in

batch reactors (Holliger et al., 2016). In Figure S1 — Supplementary
material, a scheme of the experimental set-up can be observed, similar to
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De Diego-Diaz et al., 2019. The reactors were made of polyvinyl chloride
(PVC) with 5.0 Liotal volume and 3.0 Lyorking volume. The reactors were
placed in a closed thermostatic chamber with a constant temperature of
35 + 1 °C. Wet range was chosen and the inoculum supposed 1/4 of the
working volume (0.75 L). The inoculum to substrate ratio (I/S) was in
the range 0.3-1.3 (Table 1), since previous studies reported that 0.6
approx. was the ratio for the maximum methane yield in the Anaerobic
Codigestion (AcoD) of Food Waste (FW) and sludge (Johnravindar et al.,
2023). Synthetic wastewater with a relationship of C/N/P 100/10/2
used in previous literature (Wang et al., 2016; Villain et al., 2014) was
prepared to feed the reactors (2.25 L/reactor) (Table S1-Supplementary
material). The synthetic wastewater supplied, in a balanced composi-
tion, the nutritional support to the anaerobic microorganisms. In the
batch reactors, the solid fabrics under different concentrations (TS%)
were added as well as the inoculum and the water. Table 1
summarize-up the experimental set-up.

2.3. Analytical methods

The samples: liquid, gas and solid; were collected from the batch
reactors on different days (0, 3, 11, 19, 30 and 40).

2.3.1. Liquid samples: The analytical methods for quantification of
pH, soluble Chemical Oxygen Demand (CODs), Total Organic Carbon
(TOC) and Dissolved Organic Carbon (DOC) in liquid samples were
carried out according to standardized methods (APHA/AWWA/WPCF,
2012; De Diego-Diaz et al., 2019).

2.3.2. Gas samples: The biogas production was determined by
bubbling it through a gasometer and CH4 content was analysed with a
gasometer containing an alkaline solution (Holliger et al., 2016; De
Diego-Diaz et al., 2019). Additionally, a biogas analyzer (Geotech
Biogas5000) was used to quantify the composition of biogas.

2.3.3. Solid samples of fiber fabrics: FTIR, XRD, thermal analysis and
optical microscopy were employed as in previous papers (De Diego-Diaz
et al., 2019; Olguin et al., 2022). For the cellulose-based fibers, two
ratios were considered in FTIR: acetate content = I;549/I1635 (Eq. 1); and
amorphous content = I1335/11314 (Eq. 2). In the case of the protein-based
fibers, amino acid content in silk = Iyp02/I3284 (Eq. 3) and degree of
degradation (peptide bond hydrolysis) = I1626/I1516 (Eq. 4). The crys-
tallinity of the cellulose fibers was estimated by using CrI = (1 - 2=).100

Ioo2

(Eq. 5) in XRD. The CIEL*a*b* colorimetry experiments were performed
by triplicate using a KONICA MINOLTA Spectrophotometer CM-2300
d with light D65.

2.4. Kinetic analysis

The methane production kinetic was modelled through modified
Gompertz model based on (Zwietering et al., 1990), since the methane
production would correspond to methanogenic population growth.
Several studies about AD of fibers were fitted to Gompertz model, as
cotton (Juanga-Labayen and Yuan, 2021) or cellulose-based substrates
(Krungkaew et al., 2022; Ebrahimzade et al., 2022; Zieminski and
Kowalska-Wentel, 2015). The modified Gompertz equation as follows:

() =y .exp{ —exp {Rm‘“- e (h—1)+ 1]}

m

(Eq. 6)

where.

y(t) is the cumulative methane yield (L/kg) at a time t (days).

Rmax. is the maximum specific methane production rate (L/(kg-VS.
day))

Ym is the maximum methane yield potential (L/kg-VS).

A is the lag-phase time (days).

e is a mathematical constant (2.71828).
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Table 1
Description of the experimental set-up.
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Textile fabric TS (%) Nomenclature Fabric mass (g) Inoculum (L) 1/S ratio Synthetic wastewater (L)
Blank 0 B 0 0.75 - 2.25
Natural Vegetal (cellulose-based) Cotton 4 Cc4 120 0.75 0.3 2.25
2 Cc2 60 0.75 0.6 2.25
Linen 4 L4 120 0.75 0.3 2.25
2 L2 60 0.75 0.6 2.25
Jute 4 J4 120 0.75 0.3 2.25
2 J2 60 0.75 0.6 2.25
Animal (protein-based) Silk 2 S2 60 0.75 0.6 2.25
1 S1 30 0.75 1.3 2.25
Wool 2 w2 60 0.75 0.6 2.25
1 w1 30 0.75 1.3 2.25
Synthetic Polyester 2 P2 60 0.75 0.6 2.25
1 P1 30 0.75 1.3 2.25

3. Results and discussion
3.1. Cellulose-based fabrics

The highest values of biogas production were found on day 14 in
reactors with cotton, linen and jute, which corresponded to the hydro-
lytic and acidogenic stages. The methane composition was located in the
range 74-76 + 4% in the reactors (Table 2). From day 14, biogas pro-
duction began to drop, until a plateau was reached from day 21 (Fig. 1a
and 1b). The highest values of biogas production were found in reactors
with the lower solid concentrations (C2 and J2) except for linen. In this
case, L4 showed the highest value of daily biogas production, ca. 1.2 L,
at 14 days (Figs. 1a) and 12.2 L of accumulated biogas (Fig. 1b). In some
fabrics -L2, J4-, an increment in biogas could be reported in the last days
of experimentation, 37-40 days. Those increments are consistent with
acetate content in the material (Fig. 1d).

pH was measured to maintain an optimal state for methanogenic
microorganisms’ action. NaOH was added in order to maintain the pH
values around 7.5 (Lee et al., 2009). However, acidification was re-
ported in all the cellulosic reactors until day 11 (Fig. 1c), due to the
hydrolytic and acidogenic phases in which Volatile Fatty Acids (VFA)
were released. During the acetogenesis step, these VFA were consumed,
and pH values increased (Jeihanipour et al., 2013). The pH decreases
average in the three fibers types from 0 to 11 day was 25.3%, being
maximum in linen and cotton (30%) and minimum in jute (12%). The
higher concentration of non-inhibitory VFA can be related to the
maximum production of biogas in the system, which would justify the
performance of L4. In this system, the pH was lower than other condi-
tions during the first 30 days, reaching the methanogens optimal pH at
the end of the assay. From day 11, the pH values began to increase be-
tween 6.5 and 7.5, which were optimal values for the biomethanization
process.

The data obtained of biogas production and pH, which indicated the
beginning of the acetogenic phase in the day 11, clearly matched those
from the IR spectra of cotton, linen and jute. From day 11, two bands
appeared in the spectra of solid fibers at 1540 and 1390 cm™! (Fig. 2).
These bands may be due to the presence of acetate, assigning the 1540
cm ! band to the COO™ asymmetric stretching vibrations, and the 1390
cm™! band to the COO~ symmetric stretching vibrations. Band at 1635
cm ! was assigned to the groups C-O (de Diego-Diaz et al., 2019). As can
be seen in Fig. 1d, the increase in the generation of acetate (Eq. 1)

occurred from day 11 until day 19, and after a plateau was observed.

The production of biogas was enhanced when the solubilization of
acetate generated by the partial breakage of bonds in the fibers was
possible, causing an important drop in the pH values; these phenomena
were mainly observed until the day 14 (Fig. 1a—c). The highest values of
acetate detected in the fibers which remained without solubilizing were
observed from day 19 (Fig. 1d); at these periods, the production of
biogas reduced drastically (Fig. 1a).

Fig. 3a shows the evolution of CODs in the reactors. During the first
days, a slight increase was recorded due to the solubilization of organic
matter in the hydrolysis and acidogenesis stages. However, in the case of
L4, it solubilized until day 30, detecting a great difference with other
reactors. This result coincided with the highest production of biogas of
reactor L4 (Fig. 1a and b). In the case of L2, C2, C4, J2, J4, the solubi-
lization took place during the first 19 days, when the production of
biogas enhanced. The trend in DOC was similar to that registered in
CODs (Fig. 3a and b). Again, these results indicated that the production
of biogas was mainly produced in the first stages (until day 19). In
general, higher DOC and CODs were measured for C2, L2 and J2. As
well, the maximum methane yields were obtained in the reactors C2, L2
and J2 (Table 2).

The signal at 1335 cm™" was assigned to —OH in plane bending vi-
bration and that at 1314 cm™! to the CH, wagging vibration (Colom
etal., 2003). In Fig. 3c it was depicted this ratio (Eq. 2), which increased
as the process progressed, therefore increasing the content of amorphous
cellulose I (Colom et al., 2003). This behaviour was more significant
from the day 19 of the process. As they were degraded the two IR signals
evolved into a single band at 1305 cm ™, mainly at day 40 (Fig. 2).

The crystallinity index (CrI) results obtained by XRD (Eq. 5) agreed
with the data of amorphous content obtained by IR. In this sense, the
highest values of Crl for C4, L4 and L2 occurred at 19 days, which
matched with the minor values of amorphous content observed by IR.
There was a marked decrease in the CrlI of cotton, linen and jute from
day 19 to day 40 (Fig. 3d and Table S2 — Supplementary material). The
XRD diffractograms of the cellulose-based fibers at 0, 19 and 40 days are
shown in Fig. S2-Supplementary material. Peaks at ca. 20 = 22.3° cor-
responded to the (200) plane, considered as the crystalline phase whilst
that at ca. 20 = 16.3° was assigned to the amorphous phase.

Considering the linear regression on the data to estimate the Crl
changes velocity (Table S3-supplementary material), it can be observed
that J4 and J2 showed a faster decrease of the Crl (—0.47; —0.45 Crl/

1
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Table 2

TOC and CODs consumptions; biogas and methane productions and yields in AD of different textile fabrics.

Consumption/Production

P1

P2

w1

w2

S1

S2

J2

J4

L2

L4

Cc2

C4

8.80

72.40 87.64 212.23 144.20 138.83 7.34
+4.23 +9.18 +6.98 +5.55

25.50

9.39

29.34 29.16

4.89

TOCconsumed (mMg/L)

+0.45

+0.30

+1.12 +3.18

+0.38

+1.19 +1.18

+0.18
9.

16.96
+0.70
1.39

14.13

174.39
+6.98
4.78

220.31
+8.88
0.72

306.27 331.81

216.65
+9.18
7.99

223.52
+8.99
3.12

112.27
+4.50
7.20

70.05

113.3
+4.55
2.25

42

CODsconsumed (mg02/L)

+0.60
0.62

+13.27
11.67
+0.55
8.72

+15.18
10.10

+2.89
8.36

+0.38
0.56

12.90
+0.62
9.68

Biogas (L)

+0.08
1.02

+0.10 +0.38 +0.30 +0.15 +0.35 +0.50 +0.10 +0.19 +0.10
6.29 5.35 2.34 5.96 7.51 0.53 3.55 0.46

1.70

+0.11
0.43

Total methane (L)

+0.08 +0.35 +0.38 +0.22 +0.18 +0.28 +0.58 +0.36 +0.09 +0.18 +0.10 +0.08

+0.09

73.10 £
0.40

75.63 + 75.32 + 75.06 + 74.34 + 75.08 + 74.67 £ 74.13 £ 74.20 + 74.35 + 74.69 + 75.20 +
2.46 3.76 1.99 0.91 2.37 0.11 1.25 2.78 3.20 0.20

0.65

76.50 +
0.18

Methane (%)

Yields

P1

P2

w1

w2

S1

S2

J2

J4

L2

L4

Cc2

C4

38.63

21.02
+1.10

1.23 8.52
0.

13.69
+0.80
8.76

28.56
+1.30
8.17

30.57 27.45

189.87
+8.51

71.94
+3.23

29.20 19.33
+0.87

+1.35

Methane/TOCconsumed (ML/g)

+1.86

+0.48
6.

08

+1.26
9.17

+1.39
3.49

20.05
+0.95

10.91
0.51

78

0.80

15.88
+0.71

29.95

5.01
+0.28

15.16
+0.75

Methane/CODS ¢onsumed (ML/mg)

+0.41 +0.43 +0.06 +0.41
9.

+0.51

+0.21

+1.35
105.41
+4.84

1133.33
+49.00

90.13 19.65 100.17 125.41 291.11 13 122.14 256.94
+0.89 +4.55 +5.84 +5.60

81.59
+3.68

14.25
+0.71

Methane/VS (L/kg)

+11.56

+0.54

+13.10

+4.13
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days) comparing to C4 with —0.26 Crl/days. This can be related with
the highest values of the amorphous content in this fabric.

The fiber textiles with the highest values of amorphous content
corresponded to J2 and J4 (Fig. 3c) and consequently showed the minor
crystallinity indexes (Fig. 3d and Table S2 — Supplementary material).
On the contrary, the minor values in amorphicity were observed for
both C2 and C4 (Fig. 3c), and also the highest values for Crl (Fig. 3d and
Table S2 — Supplementary material). Cotton is considered as the purest
form of cellulose in nature (Hsieh, 2007), having the highest values of
cellulose compounds (ca. 90%) whilst jute usually shows a composition
with cellulose ranging between 55% and 70% (Hsieh, 2007; Duan et al.,
2017). The removal of non-cellulosic materials provided a rapid in-
crease in relative crystallinity (Duan et al., 2017). Accordingly, in our
study the highest crystallinity values were found when the composition
of non-cellulosic materials (hemicellulose, lignin, pectin) was the minor
as occurs for cotton.

The main mass losses corresponding to decomposition of cellulose
within cotton, linen and jute occurred around 360 °C (Table 3 and
Fig. S3-Supplementary material). As can be seen in Table S2 — Sup-
plementary material, the fibers underwent a sudden change in tem-
perature from day 19, so decomposition took place at much lower
temperatures. The maxima of DTG were seen lower due to changes in
crystallinity (Pérez-Rodriguez et al., 2018).

The degradation velocity (Table S4-Supplementary material)
showed that the effect of the temperature in the cotton was more
accentuated, since the slope was higher (—1.18 for C4; —1.10 °C/days
for C2) comparing to Jute (—0.82 for J4; —0.65 °C/days for J2).

From the morphological point of view, C2, L2 and J2 at day 19 were
seen more frayed than C4, L4 and J4, respectively (Fig. 4). This result
was in line with those from both CrI (Fig. 3d) and amorphous content
(Fig. 3c). Likewise, lower L* values were obtained in the fabrics sub-
merged in the reactors with lower TS (C2, L2 and J2); decrease in values
was clearly observed through the degradation processes (Table S5 —
Supplementary material). Yellowing occurred in all fabrics over the
days, higher in the case of the cotton (b* values from —6.57 to 18.22 for
C4 and from 5.49 to 24.94 for C2).

3.2. Protein-based fabrics

Asseen in Fig. 5a and b, the highest production of biogas for silk and
wool occurred at 7 and 3 days respectively; this period corresponded to
the hydrolytic and the first steps of the acidogenic stage (Fig. 5c).
Therefore, the maxima biogas values concerning the protein-based fi-
bers occurred at lower days compared with those found for the
cellulose-based fibers (Fig. 1a and b). In all the protein-based fabrics
studied, the methane composition was located in the range 74.1-74.7
+ 3.2% (Table 2). The higher values of biogas production were found
when the concentration of solid fibers was minor (S1, W1). S1 showed
the highest value of daily biogas production, ca. 1.0 L, at day 7 (Fig. 5a).
The production of biogas was produced since proteins were broken
down to amino acids, solubilized in a few days and quickly passed to be
digested by microorganisms. A decrease in biogas production from day
7 was observed. Moreover, the minimum pH value was obtained at day
3 for both silk and wool (Fig. 5c), so it took only a few days for the
hydrolytic and acidogenic phases to occur (Jeihanipour et al., 2013;
Deublein and Steinhauser, 2008). The solubilization of the organic
matter was produced at first stages, reaching the highest values at the
first days and then, reducing or maintaining those (Fig. 5d and e).
Therefore, no increase in CODs and DOC was observed through the
process (Deublein and Steinhauser, 2008). In fact, the consumption of
CODs and DOC in the liquid had led to the increment of biogas from the
textile waste. The maximum methane yields were recorded in S2 and S1
compared to wool (Table 2).

The increase in amino acid content was clearly observed in silk by
the presence of bands that appeared at 1002 and 985 cm™!, corre-
sponding to the gly-gly and gly-ala sequences respectively (Fig. 6a and
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Fig. 1. (a) Daily biogas production in the reactors (L/Lreactor); (b) Accumulated biogas (L); (c) pH in the reactors; (d) Acetate content (using Eq. 1).

]—C40 days j——C20day: 1635 1540 1335
(a) {—Céndays (b)] —c211 days 1390 2255
1—C4 19 days j——C219days
——C4 30 days ~]——C230days
S ]——C4 40 days 51 ——C2 40 days
&7 £
=1
£ £
s 2
5 5]
2] -E
< e
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000
Wavenumber (cm?!) Wavenumber (cm)
—L2 0 days
S . 5 3
(©) 140 days 6 1335 () 151 dhes 1635 1340 1300
]—L411 days 1340 13% ——L219days
——L4 19 days —]—L230 days
~ {——L430days 5 1—L2 40 days
3 ——L4 40 days £
Pt @
-
£ %]
2 ] A
& -
2 =
T T T T T T T T T T—T—T—T—T—
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000
( ) Wavenumber (cm™) Wavenumber (cm?)
e ——J4 0 days —J2 0 days 1335
] —¥11days s 1340 1390 305 D15 e 1540 1300
—#10days 14T ——J2 19 days 2
1 —J4 30days f ~]—13230 dﬂ:‘rs
F ] ——J440days : ——J2 40 days
g o
E @
57 £
g 3 $
2 2
- =
2000 1500 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000
Wavenumber (cm-1) Wavenumber (corl)
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b). In the silk, the fibroin has a high crystallinity index due to the ar-
ranged fB-sheets, showing the sericin a more random structure (Zang and
Wyeth, 2010; Aksakal, 2016). The band at 3284 cm ! was assigned to
the N-H stretching vibration of the amide A group (Aksakal, 2016). The
ratio of intensities bands (Eq. 3) largely increased until day 19, espe-
cially the samples with the minor concentration, S1 in this case (Fig. 7a).
The higher production of biogas also happened for S1 (Fig. 5a and b)
thanks to the easier production of amino acids and biodegradation by
microorganisms, which was mainly produced until day 14. Also, the
degree of degradation of silk fibers was studied by relating the in-
tensities of the bands at 1615 and 1655 cm ™! (Eq. 4 and Fig. 7b), which
corresponded to the crystalline p-sheets and the random coil arrange-
ment respectively (Aksakal, 2016; Baimark et al., 2010). As can be seen
in Fig. 7b, the crystallinity index decreased rapidly in the first days of the
process due to the easier degradation of the proteins as they were in
amorphous or randomly form.

The peak of loss of mass of silk fibers occurred around 320 °C
(Table 4 and Fig. S3-Supplementary material), which corresponded to
the breaking of peptide bonds in addition to the decomposition of the
groups found in the side chains of amino acid residues (Duan et al.,
2017). The temperatures decreased, especially for the S1 samples
(Table 4).

As for the wool, amide I, IT and III bonds correspond to the charac-
teristic peptide bonds of the keratin protein found in this fiber. The
wavenumber and absorbance intensity changes observed in the amide
signals were attributed to modifications in the keratin conformations,
mainly in helical (a-keratin) or rectal (p-keratin) forms (Wojciechowska
et al., 1999). The peak at ca. 1626 cm ™! was assigned to Amide I, con-
nected with v (C=0) vibration, and that at 1516 cm~! to Amide II,
connected with deformating 6 (N-H) and stretching v (C-N) vibrations
(Fig. 6). Amide III was related with bands at 1217 and 1244 cm !
(Wojciechowska et al., 1999). Following Eq. 4, this one increased until
day 11 as shown in Fig. 7b. An increase in this ratio was the result of the
higher hydrolysis of peptide bonds, producing the largest increase dur-
ing the first days of the process, coinciding with the data obtained by
using the other techniques. From day 11, a plateau was observed
(Fig. 7b). The hydrolysis of the wool in the AD reactor was clearly higher
when the solid amount was minor (W1 compared with W2). This

significant increase in peptide bond hydrolysis during the first days
correlated with the data obtained in thermal analysis, where a drastic
decrease in decomposition temperature occurred in the first eleven days
(Table 4 and Fig. S3-supplementary material). The mass loss signal
located at 345 °C corresponded to the denaturation of the polypeptide
chain in keratin. As of day 11, the decomposition temperature also
dropped slightly.

In the case of protein-based fibers, the degradation velocity, using a
linear regression (Table S4-Supplementary material) showed that the
effect of temperature in silk was lower (—0.08 for S2; —0.26 °C/days for
S1) compared to wool (—0.84 for W2; —0.64 °C/days for W1).

Major degradation was visually detected for S1 and W1 (Fig. 4).
Likewise, in these samples (S1 and W1) a tendency to higher b* values
were measured. The values of L* also decreased, especially for W1
(Table S5 — Supplementary material).

3.3. Synthetic fabric

Fig. 8 shows the different biomethanization parameters measured for
polyester fibers at different concentrations (P1 and P2). The biogas
values obtained were very low in comparison with those obtained for
cellulosic and protein-based fabrics (Fig. 1a, b, 5a and 5b). Maxima of
0.09 L were found for P1 and P2 in day 14, whilst the maxima for
cellulose-based fibers were ranging 0.2-1.1 L/day and those for protein-
based fibers between 0.1 and 1.0 L/day. As for the pH, a slight decrease
until day 11 was observed, after which it raised slightly (Fig. 8c). In
addition, a slight increase in CODs was observed in the first 19 days
(Fig. 8d). In contrast, an increase in DOC was not observed (Fig. 8e).

Table 3
Temperatures of maximum mass loss rate (in °C) for cellulose-based fabrics
according to time of anaerobic biodegradation (days).

C4 C2 L4 L2 J4 J2
0 days 355.10 355.10 359.66 359.66 366.70 366.70
11 days 353.58 352.88 349.45 355.38 367.51 358.30
19 days 344.73 354.31 326.75 353.17 349.19 351.51
30 days 329.18 326.56 320.74 325.27 339.64 345.35
40 days 309.07 314.16 313.28 317.25 339.49 340.86
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Fig. 4. Micrographs corresponding to the fibers (C4, C2, L4, L2, J4, J2, S2, S1, W2, W1, P2 and P2) after the biodegradation processes at 0, 19 and 40 days.
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Table 4
Temperatures of maximum mass loss rate (in °C) for protein fibers according to
time of anaerobic biodegradation (days).

S2 S1 w2 w1
0 days 323.27 323.27 345.43 345.43
11 days 319.61 322.54 320.78 319.46
19 days 320.98 321.75 315.39 314.74
30 days 319.99 317.76 308.05 313.16
40 days 319.38 312.84 310.08 316.95

The stability of the polyester fibres was also demonstrated by using
both IR and XRD techniques (Fig. S4-Supplementary material).
Regarding the thermal analysis, polyester suffered a single mass loss at
ca. 440 °C (Table 5 and Fig. S4-Supplementary material) due to depo-
lymerization processes. A slight diminution in the DTG temperatures
was detected in the first 11 days (from 440 °C to 432 °C for P2, and from
440 °C to 435 °C for P1), matching rather well with data of the maxima
biogas production at the first days. From the types of fibers studied, the
polyester was the one less affected by the temperature degradation, with
a velocity of —0.20; —0.17 °C/days (Table S4-Supplementary material).
The morphology of the fibres of polyester and colour were not signifi-
cantly affected with the treatment (Fig. 4 and Table S5 — Supplementary

material).

3.4. Kinetic analysis

The model fitted accurately all the experimental conditions, being
the coefficient of determination R? ranged from 0.921 to 0.983, similar
values to those reported in the literature (Table 6) (Juanga-Labayen and
Yuan, 2021; Krungkaew et al., 2022; Ebrahimzade et al., 2022). The
maximum methane yield, y,,, represents the methane production po-
tential. The variation of specific methane yield potential was highest in
the S1 (271.79 L/kgVSadded) compared to polyester (2% 0.48 and 1%
1.93 L/kgVSadded), highlighting the low biodegradation of synthetic
fibers.

Lower results also were reported in natural fibers in W2, C4 and J4
with 8.22, 12.97 and 18.21 L/kgVSadded, respectively. In all cases, the
higher concentration of total solids in the reactor is limiting the per-
formance of AD. In the previous conditions: W1 133.04; C2 98.96, and
J2 104.44 L/kgVSadded). Similar conclusions were obtained by
Fernandez-Rodriguez et al. (2010), and Juanga-Labayen and Yuan,
2021.

Similar trends were observed in the maximum methane production
rate, Rpayx.. The highest value was found in S1 (11.32 L/kgVSadded.day
respectively) and the lowest in polyester (Table 6). C4 reached 5.28 L/
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Table 5
Temperatures of maximum mass loss rate (in °C) for polyester fabrics ac-
cording to time of anaerobic biodegradation (days).

kgVSadded.day, value in concordance to Juanga-Labayen and Yuan
(2021), who reported 4.02 L/kgVSadded.day in AD of cotton waste.
However, Ebrahimzade et al. (2022) informed 22 and 40 mL CH4/g.VS.
day in AD of cellulosic starch-based bioplastic.

The minimum time to produce methane, the lag time, A, was over

P2 P1 0 days in all the animal fibers. However, in the vegetal fibers, cotton and
0 days 440.38 44038 linen lasted 1.34-1.93 days and jute around 3.5 days. During the first
11 days 431.75 430.40 moments of AD, the anaerobic microbiota scarcely produces methane
19 days 430.78 430.79 from substrates based on a complex structure as lignocellulosic materials
30 days 429.10 432.52 (Zieminski and Kowalska-Wentel, 2015).
40 days 432.03 430.94
Table 6
Kinetic parameters of the modified Gompertz model for the BMP of natural and synthetic textile fibers.
Cotton 4% Cotton 2% Linen 4% Linen 2% Jute 4% Jute 2%
Rmax (L/kg-VSadded day) 0.78 +0.14 5.28 +0.93 3.30 +0.59 2.71 +0.42 0.78 +0.17 3.50 +0.45
A (days) 1.42 +1.31 1.38 +1.45 1.93 +1.81 1.34 +2.12 3.07 +2.27 3.78 +1.56
L/kg-VS, 12.97 98.96 77.21 95.91 18.21 104.44
Yin (L/kg-VSaden) +0.56 +4.83 +5.32 +13.02 +1.62 £9.00
R? 0.974 0.973 0.970 0.969 0.958 0.983
Wool 2% Wool 1% Silk 2% Silk 1% Polyester 2% Polyester 1%
Rmax (L/kg-VSaddea day) 0.76 +0.35 3.51 +0.57 3.97 +0.74 11.32 +2.40 0.02 +0.00 0.03 +0.00
A (days) -1.59 +2.35 -2.48 +2.32 0.25 +2.36 —0.04 +2.14 4.72 +1.71 4.64 +3.57
L/kg-VS, 8.22 133.04 127.32 271.79 0.48 1.93
Ym (L/kg-VSaaden) +0.62 +17.30 +15.50 +21.38 +0.03 +0.88
R? 0.921 0.964 0.959 0.954 0.980 0.978
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4. Conclusions

For the cellulose-based fibers, the production of biogas was enhanced
until day 14 thanks to the easier solubilization of acetate. The highest
values of acetate detected in the fibers, which remain without solubi-
lizing, were observed from day 19; at these periods, the production of
biogas decreased drastically. The amorphicity of cotton, linen and jute
decidedly increased from day 19. Except for linen, the highest genera-
tion of biogas and methane yield was produced for the samples with
lower solid concentrations (C2, L2 and J2 showed the highest amor-
phous values and C4, L4 and J4 the highest crystallinity index). The
maxima in the biogas production of the protein-based fibers occurred at
lower days (day 7 for the silk and day 3 for the wool). The maximum
methane yield was detected for the samples with minor solid amounts.
The arrangement of the fibroin and keratin proteins was modified.
Gompertz model fitted properly the experimental data (R? from 0.921 to
0.983), showing that the lag phase was almost 0 days in the animal fibers
and around 2 days in the cellulose-based fibers. The maximum specific
methane production rate was detected in silk with lower solid concen-
tration, 1%, with 11.32 L/kgVS,qded-day.

Based on the results, the anaerobic digestion of natural fabrics can
carry out, since the process modified the structure of the fibers. Perhaps,
the performance could be optimized applying new configurations like
thermophilic temperature (55 °C), an extended residence time of fabrics
in the reactors or, even, the application of pretreatment strategies (acid,
basic or both chemical media).
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