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ABSTRACT
The continuous increase in textile waste, coupled with insufficient recycling and reuse strategies, has led to a growing issue of

underutilized raw materials. Mixed textiles account for approximately 50% of global textile waste and commonly consist of tightly

woven cotton blended with synthetic fibers, which complicated material separation and recovery. This study presents an inte-

grated approach that combines mechanochemical pretreatment with subsequent mechanoenzymatic processing to valorize such

complex waste streams. Using sodium hydroxide during milling enables higher solids loadings and supports efficient processing

under moderate conditions. The mechanochemical approach yields glucose recoveries of up to 80.57% after 24 h. Furthermore,

coupling mechanochemical and mechanoenzymatic treatment increases glucose yield by approximately 30% within 6 h, com-

pared with conventional treatment strategies. This combined approach offers a scalable and sustainable pathway for converting

mixed textile waste into valuable products. The process facilitates the selective recovery of polyethylene terephthalate (PET) while

preserving its essential properties, enabling its reuse in subsequent applications or incorporation into established recycling path-

ways. Beyond the recovery of cellulose as glucose, this technology may enable the selective extraction of PET fibers, providing the

basis for more efficient biotechnological processes and promoting enhanced circularity in PET fiber recycling.

1 | Introduction

The conversion of textile waste into valuable rawmaterials is part
of a broader strategy by the European Union [1–3]. This strategy
is fundamental in promoting resource efficiency and in minimiz-
ing the environmental consequences of waste production [2, 4].
Global textile production has increased significantly in recent
years, mainly due to shorter product lifespans [5] and the faster
pace of design and production in the fashion industry [6]. In
2020, approximately 109 million tons of textiles were produced
globally [6], and around 124 million tons by 2023 [7]. This growth
has led to a substantial rise in textile waste, which is

predominantly landfilled or incinerated [5, 8, 9]. In light of
the associated ecological challenges, the development of innova-
tive and environmentally friendly recycling technologies is
becoming increasingly urgent to enable sustainable waste utili-
zation and conserve resources [10].

Globally, less than 1% of textile waste is currently recycled
[7, 10, 11], primarily due to the complex composition of many
textile products [11]. Polycotton (PC) fabrics, made from polyes-
ter and cotton, are especially challenging because the fibers are
tightly bonded and difficult to separate [12]. This structural com-
plexity hinders both mechanical and chemical recycling
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processes. Around 50 wt% of textile waste worldwide consists of
PC blends, including cotton mixed with polyethylene terephthal-
ate (PET) [5, 8, 13]. Nevertheless, given their high availability and
limited recyclability, cotton-PET blended textiles represent a
promising feedstock for the development of alternative pathways
for glucose production in the chemical industry [14].

The enzymatic degradation of cellulose has attracted increasing
scientific interest in recent years, mainly due to the high substrate
specificity of cellulases [11] and their ability to function undermild
reaction conditions [9]. One of the main challenges in enzymatic
hydrolysis of cotton is its high crystallinity, which restricts enzyme
accessibility. Consequently, an effective pretreatment is required
to enable efficient enzymatic conversion [8].

A widely used approach to increase enzyme accessibility is alka-
line treatment with sodium hydroxide [15], commonly referred
as mercerization [16]. This treatment causes swelling of the
crystalline regions and enhances enzymatic degradability
[14]. It induces a structural transformation of native cellulose
into alkali cellulose and subsequently into cellulose. The latter
exhibits reduced crystallinity and increased reactivity toward
cellulases, thereby significantly improving enzymatic degrad-
ability [9].

Mechanoenzymatic treatment has shown promise for processing
both end-of-life (EOL) and pure cotton textiles [17]. In practice,
textile waste is rarely homogeneous, as fibers are often blended to
enhance durability [12]. Due to the differing chemical properties
of cotton and polyester, enzymatic hydrolysis selectively degrades
cotton while leaving PET mainly unaffected, enabling theoretical
separation of both components [5, 11, 18]. The primary aim of
this study is to establish a scalable process that enables the selec-
tive separation of cotton from PC blends in a controlled and tar-
geted manner. Subsequently, the next step involves recovering
pure components, enabling PET to be reintegrated into down-
stream processes [14] or repolymerized within established recy-
cling workflows [19].

To enable such a selective and scalable separation process, this
study extends previous work on mechanical pretreatment [20]
and mechanoenzymatic systems [17] toward mechanochemical
processing strategies. In this context, mechanical processing in
a wet rotor mill is constrained by process-related factors, includ-
ing rotor–stator gap width and solids loading, while further
improvements in glucose conversion may remain limited beyond
a certain energy input [20]. For this purpose, sodium hydroxide is
integrated into the milling process to enhance substrate disinte-
gration and thereby improve conversion efficiency and product
yields. This approach may additionally facilitate the separation of
polyester fractions, thereby contributing to the valorization of
mixed textile waste streams.

To explore the applicability of these processes, two approaches
were investigated. The first combined sodium hydroxide pretreat-
ment with mechanical milling, aiming to identify optimal milling
parameters such as solids loading, energy input, and rotor–stator
gap width. Based on the optimized pretreatment conditions, the
second approach applied mechanoenzymatic hydrolysis to white
cotton (WC), PC, and EOL cotton textiles. For clarity and

consistency, the term dyed cotton waste is used throughout this
study to describe (EOL) cotton textiles.

This investigation focuses on mechanochemical and mechanoen-
zymatic processing methods. For the pretreatment step, a sodium
hydroxide concentration was selected based on previous litera-
ture indicating that such conditions do induce minor alterations
in PET [21, 22]. Consequently, a comparatively moderate concen-
tration of sodium hydroxide (8 wt%) at ambient temperature was
chosen, despite previous reports indicating that these conditions
do not result in complete cellulose conversion of approximately
43.7% after 24 h [15].

2 | Results and Discussion

The following sections present data indicating that the applica-
tion of mechanochemical pretreatment and subsequent mecha-
noenzymatic processing of textile substrates significantly
enhances the efficiency of enzymatic hydrolysis. To assess the
performance of the processing approaches, a range of analytical
methods was employed. These included near-infrared (NIR)
spectroscopy, evaluation of crystallinity, analysis of particle size
distribution, rheological testing, and measurement of glucose
concentrations resulting from enzymatic hydrolysis. Detailed
information on wet rotor mill operation is reported in the
Supporting Information and in the prior publication [20].

3 | Determination of Digestible Cellulose Fraction

NIR spectroscopy revealed a cellulose content of 94 wt% in both
cotton textile waste and WC, consistent with findings reported in
previous study [20]. For the PC, the composition was determined
to be 61 wt% cotton and 39 wt% polyester, with a standard devia-
tion of 3 wt%.

To support accurate mass balance estimations during enzymatic
hydrolysis and to enable consistent comparison of process out-
comes, reference cellulose contents were defined for the sub-
strate materials. For cotton textile waste and WC, a cellulose
content of 94 wt% was used. For the PC fraction, a cellulose con-
tent of 60 wt% was applied. These reference values were
employed to calculate the glucose yields reported in the follow-
ing sections.

4 | Influence of Milling and Enzymatic Hydrolysis
on Particle Size and Physical Properties

To develop a sustainable pretreatment strategy using sodium
hydroxide (T1–T4), several process approaches were evaluated
(see theMethods section Alkali treatment and Table 1) to identify
the most effective one. Sodium hydroxide was either added
directly during milling (combined treatment) or applied after
(separated treatment). The milling experiments were conducted
at room temperature to ensure comparability between samples.
Nevertheless, localized temperature increases due to high energy
input cannot be excluded. The process options were tested under
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varying solids loads and rotor–stator gap widths. Subsequently,
samples were collected at defined energy input levels, washed,
dried, and subjected to enzymatic hydrolysis under standardized
laboratory conditions, maintaining consistent solids load, tem-
perature, and agitation frequency. The resulting glucose yields
after 24 h, as influenced by the applied energy input during sus-
pension processing, are presented in Figure 1.

Previous studies have shown that even low energy input during
wet rotor milling significantly enhances glucose yield [20, 23].
The desired surface roughening and particle size reduction
induced by the milling process are evidenced by the increased
glucose yield observed when sodium hydroxide treatment is
applied. Without alkaline treatment, a technical limitation was
observed at a gap width of 100 μm with 2.5% solids loading
and at 350 μm with 5% solids loading. When sodium hydroxide
was applied, these limits were extended to 5% at 100 μm and to
7.5% at 350 μm. Previous studies have reported that higher solids
loadings combined with smaller gap widths generate greater
shear forces, thereby improving comminution efficiency [24].
Comparable trends were observed in the present study under
alkaline treatment. When sodium hydroxide was applied after
the milling process (T2), the glucose yield increased from
59.5% (no NaOH, 350 μm, 5 wt%, 200 kWh/t) [20] to 71.59%
under identical milling conditions. The treatment combining
mechanical milling with sodium hydroxide application (T1),
resulted in a slighly higher glucose yield of 75.75%. However,
increasing the solids load proved to be even more advanta-
geous. A maximum glucose yield of 80.57% (T3) was achieved
at 7.5% solids loading and 350 μm gap width.

The data show that glucose yield increases with increasing
energy input. However, as described in the literature [20], a

plateau forms after a certain energy input. This indicates that
higher energy inputs do not necessarily lead to improved enzy-
matic digestibility. This effect may be due to reduced crystallinity.
While it improves hydrolysis at first, it eventually restricts further
breakdown. Alkaline treatment improves cotton fiber accessibil-
ity and promotes enzymatic hydrolysis [5]. However, further
improvement is strongly dependent on milling efficiency.

In contrast to previously reported methods employing higher
sodium hydroxide concentrations, glucose yields of 56.67% were
obtained under conditions of 15 wt% NaOH at 121°C following
24 h of enzymatic hydrolysis [25]. Under ambient conditions
with 20% (w/v) NaOH, a maximum yield of 77.4% was observed,
which remained unchanged even at temperatures of 100°C [15].
Prior studies have demonstrated that optimal pretreatment con-
ditions for cotton and cotton-blend textiles involve the use of 7%
(w/v) NaOH and 12% (w/v) urea at −20°C [5, 21, 22, 25], result-
ing in glucose yields of up to 85% after 24 h of enzymatic hydro-
lysis [22]. The glucose yield of 80.57% (T3) obtained in the present
study approaches these values, despite being achieved under sig-
nificantly milder chemical conditions.

Although the combination of a 350 μm gap width and 7.5% solids
loading during mechanochemical treatment of dyed cotton waste
yielded the highest glucose yield, the operational parameters
were maintained at 350 μm and 5% solids loading. This was done
to prevent issues that occur when working close to technical lim-
its at higher loadings. For further processing, an energy input of
55 kWh/t was selected. At this level, the yield curve reached a
plateau where minor improvements occur, ensuring process
efficiency.

5 | Influence of Mechanoenzymatic Processing

After selecting the optimal process conditions (55 kWh/t, 5 wt%,
350 μm, combined treatment), the study focused on evaluating
the influence of mechanoenzymatic processing. Results can be
seen in Figure 2. Two distinct process configurations involving
dyed cotton waste, PC, and WC were evaluated over a 6-h experi-
mental period. The results demonstrate that mechanoenzymatic
treatment under low energy input conditions (RA 2) consistently
yields the highest glucose recovery, independent of the textile
composition. The maximum glucose yields achieved after 6 h
were 43.91% for WC, 47.51% for dyed cotton waste, and
56.86% for PC. As sodium hydroxide/urea pretreatment of cotton
has been identified as one of the most effective methods for
enhancing enzymatic hydrolysis efficiency [5], these results were
compared with literature data. Reported glucose yields for this
pretreatment are approximately 25% after 8 h [26] and after 6 h
[27] indicating that the present findings represent an improve-
ment of roughly 30% PC. Enzyme concentrations were calculated
based on the total mass of textile material. Given that PC contains

FIGURE 1 | Influence of mechanochemical pretreatment on enzy-

matic hydrolysis of dyed cotton waste (25 FPU/g, 2.5 wt%, 24 h) under

different mechanical treatment conditions: T1, combined treatment

(350 μm, 5 wt%); T2, separate treatment (350 μm, 5 wt%); T3, combined

treatment (350 μm, 7.5 wt%); T4, combined treatment (100 μm, 5 wt%).

8 wt% sodium hydroxide concentration for the liquid phase was applied

in all treatments.

TABLE 1 | Experimental process configurations of mechanochechemical treatment (A, B).

Process option Energy input, kWh/t Solids load, wt% Rotor–stator gap widths, μm Trial time, h

A 40, 55, 85, 135, 200 5 350 24

B 40, 55, 85, 135, 200 5, 7.5 100, 350 24
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60% cotton, a higher effective cellulase concentration was applied
to the cotton component, which may explain the increased glu-
cose yield. However, this interpretation contrasts with findings
reported in the literature [22], which observed no significant
improvement in glucose yield when the enzyme loading was
increased to 40 FPU/g textile. To examine this effect under com-
parable conditions, the same enzyme concentration was applied
to EOL textile. The results are shown in Figure 2C for the EC
curve and are indicated by the marker “OW.” Increasing the
enzyme loading to 40 FPU/g resulted in a glucose yield of
48.52%, indicating only a marginal improvement compared to
47.51%. In contrast, the yields obtained from PC were notably
higher and could not be matched by dyed cotton waste. One plau-
sible explanation is the mechanical impact of milling, particu-
larly its role in promoting liquefaction. This phenomenon
predominantly affects the cellulose fraction, resulting in a
marked reduction in viscosity (see Figure 6) [28]. Given that
PC contains approximately 40% PET, this effect remains moder-
ate, whereas an increased solids loading appears to exert a bene-
ficial influence on comminution. During enzymatic hydrolysis,
cotton fibers may remain physically entangled with polyester
fibers. This structural interlocking [5] can expose the cotton com-
ponent to increased mechanical stress during processing, partic-
ularly under conditions of high solids loading [24]. This can lead
to increased surface area, reduced crystallinity, and enhanced
enzymatic accessibility [29]. This hypothesis is supported by
scanning electron microscopy (SEM) (see Figure 4) and particle
size distribution analysis (see Figure 3), both of which reveal sig-
nificant structural changes. The milling process promotes

continuous mixing of textile material and enzymes, which is
essential for efficient bioconversion [30]. Fourier-transform
infrared (FTIR) spectroscopy further confirms a substantial
reduction in cellulose content following treatment (see Figure 5).

Further results provide additional insight into the role of dyes and
their impact on enzymatic hydrolysis. Additionally, investigation
showed that sodium hydroxide pretreatment followed by a wash-
ing step resulted in comparable glucose yields for WC and dyed
cotton waste under both RAging conditions. This finding suggests
that pretreatment has likely enhanced enzymatic degradability by
removing or reducing dyes and other residual contaminants,
thereby improving substrate accessibility and enabling more uni-
form hydrolysis across different textile types. An alternative expla-
nation could be the mechanochemical treatment, which may have
increased fiber accessibility for both materials in the same way.
This hypothesis appears particularly plausible, as similarly high
yields were observed for EOL material subjected to the same pre-
treatment conditions. However, the exact causes cannot be defini-
tively determined from the present data.

6 | Influence of Milling and Enzymatic
Hydrolysis on Particle Size and Physical Properties

Accurate fiber size determination remains challenging.
Microscopic imaging offers resolution and flexibility but is
resource-intensive [31–33]. Conventional fiber analyzers cover

FIGURE 2 | Effect of mechanochemical pretreatment (T1, 55 kWh/t) and subsequent mechanoenzymatic processing (25 and 40 FPU/g), with

40 FPU/g indicated by marker “O” in plot C and by vertical lines in plot D, at 5 wt%, on the conversion of cellulose into glucose in textile fiber sus-

pensions. Two RAging protocols were applied: RA1 (horizontal lines) and RA2 (solid fill with vertical lines). Analyses were performed on three textile

waste types: A WC, B PC, and C dyed cotton waste (EC).
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0.2–5mm, requiring alternative methods for finer ranges [34].
Laser diffraction was therefore selected for its speed and broad
applicability. Due to inherent variability [35], results were inter-
preted relatively, though trends are consistent with complemen-
tary data.

The impact of sequential mechanochemical and mechanoenzy-
matic treatments on particle size and associated physical prop-
erties was systematically investigated. The results are presented
in Figure 3 and Table 2. Three textile types, including dyed cot-
ton waste, WC, and PC, were subjected to identical processing
protocols (see Figure 7C) and subsequently evaluated based on
their particle size distributions. Particle size analysis was per-
formed during mechanoenzymatic hydrolysis in order to isolate
the effects of mechochemical pretreatment. The parameter x90,3
represents the particle size below which 90% of the total particle
volume is present, whereas x50,3 corresponds to the volume-
based median particle diameter. A distinct decrease in particle
size after 6 h of mechanoenzymatic processing is presented in
Table 2. The median particle sizes (x50,3) were measured at

31.91 μm for WC, 35.14 μm for dyed cotton waste, and
38.90 μm for PC, indicating a comparable level of fragmentation
across the different fiber types. A similar trend is evident in the
x90,3 values. Initially, the PC exhibited an x90,3 of 1372.67 μm,
which decreased to 506.74 μm following enzymatic degradation.
Despite this reduction, the final particle size remains approxi-
mately threefold higher than that of WC and dyed cotton
waste, which exhibited x90,3 values of 160.74 and 164.57 μm,
respectively.

For WC and EC, the coarse fraction decreases significantly after
2 h, while PC exhibits a comparable reduction only after 4 h (see
Figure 3). This delay is likely due to the composite structure of
PC, which requires more time for the disintegration of agglom-
erates and associated fiber fractions. The reduction in the coarse
fraction is achieved through both enzymatic hydrolysis and
mechanical refining [36, 37]. Literature indicates that increased
refining intensity promotes continuous particle size reduction
[29]. As processing time increases, the energy input into the
material rises, and this effect is further enhanced by enzymatic

FIGURE 3 | Influence of mechanochemical pretreatment followed by mechanoenzymatic processing (25 FPU/g, 5 wt%, RA2) at different time inter-

vals (0, 2, 4, 6 h) on particle size distribution. Three distinct cotton-based textile waste materials were evaluated: A WC, B dyed cotton waste (EC), and C

PC. The table below the graph compares particle size distributions at 0 and 6 h of treatment, based on x50,3 (μm) and x90,3 (μm) values.

TABLE 2 | Influence of mechanochemical pretreatment followed by mechanoenzymatic processing on characteristic particle sizes (x50,3 and x90,3)

after 0 and 6 h.

A: WC B: EC C: PC

x50,3, μm x90,3, μm x50,3, μm x90,3, μm x50,3, μm x90,3, μm

0 h 137.54 1455.29 132.40 1527.32 144.86 1372.67

6 h 31.91 160.74 35.14 164.57 38.90 506.74
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hydrolysis. Across all materials, a consistent increase in the fine
fraction is observed.

In PC, mechanical forces contribute to the fragmentation of both
PET and cotton fibers. However, the synergistic effect of enzy-
matic hydrolysis and mechanical energy applies exclusively to
the cotton fraction. As a result, enzymatic hydrolysis exerts a
comparatively minor effect on PC relative to pure cotton frac-
tions. In comparison to the other two materials, the increase
in the fine fraction is less pronounced. This suggests that enzy-
matic hydrolysis may be limited by the presence of nondegrad-
able cellulose and PET components.

Focusing on the PC, only minor differences are observed between
the untreated fibers and those subjected to sodium hydroxide
treatment, indicating limited structural alteration at this stage.
With enzymatic hydrolysis, SEM images (see Figure 4) show par-
tial detachment of individual fiber layers, with loosely connected
fibrillar structures emerging on the surface. Furthermore, clear
signs of delamination and fibrillation are visible [38], indicating
progressive degradation of the fiber matrix. Since the image was
taken after 6 h of enzymatic hydrolysis, it is likely that the defib-
rillated fibers are mainly cotton. In contrast, intact fibers were
also observed, which are most likely attributable to the PET com-
ponent of the blend, given their undamaged morphology and
resistance to enzymatic degradation [22]. The morphological
alterations observed through SEM analysis align with the trends
identified in particle size measurements and are further sup-
ported by complementary characterization techniques.

FTIR spectroscopy was additionally used to assess the purity of
the polyester fibers and to monitor the crystallinity reduction

content during processing. This technique allows for a more
detailed analysis of cellulose decomposition over time [14].
Figure 5 presents FTIR spectra, whereas Table 3 provides crys-
tallinity data for PC samples in three conditions: untreated,
sodium hydroxide–treated, and after 6 h of enzymatic processing.
Details on the calculation of the adsorption ratio are described in
the Methods section.

A noticeable decline in cellulose-specific peaks (3350, 3000–2800,
1020 cm−1) [14] is observed, while PET-related signals (1700,
1250, 1200, 1015, 720 cm−1) [14] become more prominent.
These findings suggest that cellulose undergoes partial degrada-
tion, whereas the polyester component remains structurally
intact and can be clearly identified through its characteristic
absorption bands. Furthermore, the ratios of characteristic

FIGURE 4 | Influence of mechanochemical pretreatment (combined treatment 5%, 350 μm) and mechanoenzymatic processing (25 FPU/g, 5 wt%,

RA2) on morphology of PC. SEM images are presented as follows: A crude textile (PC), B NaOH treatment (NaOH), C mechanoenzymatic processing

(EA). Scale bar: 20 μm.

FIGURE 5 | FTIR spectra from PC are shown at three processing

stages. PC, crude textile (untreated); PC NaOH, after mechanochemical

treatment; PC EA, after mechanoenzymatic processing (25 FPU/g,

5 wt%, RA2).
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adsorption bands of PET were determined using the distinct
gauche/trans conformational pairs.

Sodium hydroxide treatment resulted in no detectable reduction
in PET crystallinity. In contrast, enzymatic hydrolysis led to a
decrease in the gauche/trans ratio, evident across all calculated
values. This indicates a moderate reduction in trans conforma-
tions in enzymatically treated PC compared to untreated mate-
rial, suggesting a potential decrease in crystallinity [21, 39].
Overall, the applied process configuration appears to exert only
a minimal influence on the crystallinity of PET fibers.

The rheological properties of textile suspensions in conjunction
with enzymatic hydrolysis were investigated to assess the influ-
ence of material composition on glucose production. Figure 6
illustrates the reduction in viscosity observed across different
process configurations involving textile fiber suspensions.

A pronounced liquefaction of the suspension was observed in the
conducted experiments, consistent with previously reported
behavior for corn stover pellets [28] and other lignocellulosic sub-
strates [40]. This process is accompanied by substantial altera-
tions in the rheological properties of the suspension [40, 41].

A distinct reduction in viscosity was observed within the first
hour of processing, thereby improving enzymatic accessibility.
For both WC and dyed cotton waste, viscosity decreased from
approximately 3000 to 500mPa s. A comparable trend was
observed in PC, where viscosity stabilized at around 500mPa s
after 1 h. Given that cellulases predominantly hydrolyze the

amorphous cellulose domains located at the fiber surface [40],
the persistently elevated viscosity can be attributed largely to
the remaining crystalline cellulose fractions as well as the
PET component within the blended substrate. This behavior
may be particularly advantageous for PC, as the tightly interwo-
ven structure of the two fiber types facilitates more effective
transmission of shear forces to the cotton fraction. The increased
viscosity improves the transmission of shear forces throughout
the suspension [24]. As a result, enzymatic hydrolysis proceeds
more efficiently than in pure cotton, potentially explaining the
higher glucose yields. That fiber size reduction becomes apparent
only after 4 h of processing does not conflict with these findings.
Viscosity decreases are generally known to occur prior to the ini-
tiation of saccharification [42].

7 | Conclusion

This study demonstrates that tailored pretreatment strategies can
significantly enhance the enzymatic hydrolysis of PC blends,
facilitating the recovery of PET component and glucose. The
most effective approach combined sodium hydroxide treatment
with mechanical processing, achieving glucose yields of up to
80.60% after 24 h of enzymatic hydrolysis for dyed cotton waste
and enabling milling at a solids load of 7.5 wt%.

Mechanochemical treatment followed by a mechanoenzymatic
treatment with low energy input achieved the highest glucose
yields, around 43.91% for WC, 47.51% for dyed cotton waste,
and 56.86% for PC after 6 h of enzymatic hydrolysis. PET
fibers remained largely unaffected by mechanochemical treat-
ment, as confirmed by FTIR analysis; however, a minor reduc-
tion in PET in crystallinity was observed after enzymatic
hydrolysis. Future work will concentrate on developing a scal-
able process for the controlled and selective separation of PET
from PC blends, achieved through degradation of the cotton
component followed by employing density-based separation
techniques. To ensure reliable process control, the analytical
framework will be expanded to include differential scanning
calorimetry (DSC) and molecular weight analysis. The subse-
quent goal is to utilize the recovered PET in downstream appli-
cations or repolymerize it within established recycling systems.
The glucose released can be further utilized in fermentation
processes, holding potential for integrated biotechnological
applications. Given that approximately 56.86% of the cellulose
is degraded within the first 6 h, the necessity of extending
the reaction time to 24 h should be critically evaluated in
future studies, especially with regard to process efficiency
and resource consumption.

FIGURE 6 | Effect of mechanochemical pretreatment (combined

treatment 5%, 350 μm) and subsequent mechanoenzymatic processing

(25 and 40 FPU/g (O) at 5 wt%) on the rheological properties of textile

fiber suspensions. One RAging protocol was applied: RA2. The analysis

was performed on three textile waste types: WC, dyed cotton waste (EC),

and PC.

TABLE 3 | Adsorption ratios from polycotton are shown at three processing stages.

Sample A1340/A1370 A1471/A1453 A848/A898 A972/A1043

PC EA 1.46 ± 0.03 0.89 ± 0.02 0.96 ± 0.02 0.65 ± 0.04

PC NaOH 1.62 ± 0.02 0.91 ± 0.01 1.03 ± 0.02 0.82 ± 0.01

PC 1.63 ± 0.07 0.88 ± 0.02 0.99 ± 0.04 0.77 ± 0.05

Note: PC, crude textile (untreated); PC NaOH, after mechanochemical treatment; PC EA, after mechanoenzymatic processing.
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8 | Experimental Section

Detailed information on all materials and experimental proce-
dures is provided in the Supporting Information (Appendix:
Experimental Details).

8.1 | Materials

Two representative textile blend samples were sourced from
ModaRe (Caritas, Madrid, Spain). For comparative purposes, a
third substrate consisting of commercially available WC (ATM
Handel and Service GmbH, Winsen/Luhe, Germany) was
included in the study. Before mechanical pretreatment, the mate-
rial was manually cut into pieces of uniform size to ensure con-
sistency during experimental procedures. The cellulose content
of all textile samples was verified using NIR spectroscopy.

8.2 | Methods

8.2.1 | Mechanical Pretreatment

8.2.1.1 | Dry Shredding. Initial size reduction of the textile
materials was performed using a Pallmann PS 3 ½ (Pallmann,
Zweibrücken, Germany) and a Wanner C17.26s (Wanner
Technik, Wertheim, Germany) cutting mill. The desired fiber size
was achieved by employing a 2-mm Conidur sieve (Hein,
Lehmann GmbH, Krefeld, Germany).

8.2.1.2 | Wet Milling. Further mechanical fiber processing
was performed using a Fryma MZ 80 wet rotor mill
(FrymaKoruma, Rheinfelden, Germany). A stirrer was installed
in the feed tank of the mill, operating at a controlled speed of
150 rpm, regulated via the IKA Eurostar 60 control system
(IKA, Staufen im Breisgau, Germany). The gap width was set
to 350 μm, and solids concentrations of 5 wt% were investigated.
Temperature regulation of both the feed tank and the feed pipe
was ensured using a MAGIO MS BC 4 circulation thermostat
(Julabo, Seelbach (Schütter), Baden-Württemberg, Germany).

8.2.1.3 | Alkali Treatment. In chemical treatment step,
250 g of each textile fraction was initially soaked in 3990 g of
water for 30 min. Subsequently, 760 g of a 50 wt% sodium hydrox-
ide solution (AnalytiChem, Oberhausen, Germany) was added,
yielding a final NaOH concentration of 8 wt% in the liquid phase.
Samples were taken during milling at specific energy inputs of 40,
55, 85, 135, and 200 kWh/t. Each experimental condition was
evaluated at solids concentrations of 5.0 and 7.5 wt% and
rotor–stator gap widths of 350 and 100 μm. The 2-h exposure
to sodium hydroxide began concurrently with the start of the
milling process. All steps were carried out at ambient tempera-
ture. Additionally, an alternative process configuration was
investigated in which milling was performed prior to the addition
of sodium hydroxide. In this setup, the textile material was first
mechanically processed, followed by the introduction of NaOH
and a soaking period of 2 h under ambient conditions. Following
chemical treatment, the fibers were thoroughly rinsed with dis-
tilled water until a neutral pH of 7 was reached. The washed sam-
ples were pressed to remove excess water and then stored in a
refrigerator to keep them stable.

8.2.2 | Process Configuration

Process configurations are illustrated in Figure 7, and process
parameters are summarized in Tables 1 and 4. To investigate
the effects of mechanochemical and mechanoenzymatic treat-
ment, a range of processing conditions was applied to dyed cotton
waste, PC, and WC. Initial trials evaluated mechanochemical
treatment with different parameters in combination with sodium
hydroxide and milling using separated treatment (see Figure 7A)
and combined treatment (Figure 7B) for dyed cotton waste. Best
suitable pretreatment (Figure 7B, 5 wt%, 350 μm, 55 kWh/t)
was selected for subsequent mechanoenzymatic treatment
(Figure 7C). The experiment started by adding enzymes and pro-
ceeded according to an RAging protocol with two cycle types: one
involving 1min of milling followed by 29min of resting (RA 1,
see Figure 7C), and another comprising 0.16 min of milling fol-
lowed by 29.84 min of resting (RA 2, see Figure 7C).

8.2.3 | Analysis of Product Properties

8.2.3.1 | Crystallinity Measurement. FTIR spectroscopy
was employed to characterize gauche and trans conformations
within the cotton polyester matrix [43]. Spectral measurements
were conducted in triplicates for each sample, and the resulting
data were averaged to ensure accuracy. To investigate structural
variations between crystalline and amorphous regions of PET,
specific gauche/trans band pairs were analyzed, as these reflect
the relative abundance of amorphous (gauche) versus crystalline
(trans) conformations [39, 43, 44]. Quantification of this ratio was
achieved by calculating intensity ratios of selected absorption
bands, such as 1471 cm−1/1466 cm−1, corresponding to the bend-
ing vibration of the glycol group [45]. Additional ratios utilized
include 1043 cm−1/972 cm−1 for gauche/trans-related C–O
stretching vibrations of the glycol unit [43], 898 cm−1/
848 cm−1 for CH2 rocking modes [45], and 1340 cm−1/
1370 cm−1 for CH2 wagging vibrations associated with the glycol
group [43].

8.2.3.2 | Particle Size Distribution Analysis. The particle
size distribution of the textile suspensions was determined using
laser diffraction analysis, performed with the wet dispersion
module of the Mastersizer 3000 (Malvern Panalytical, UK).
Measurements were conducted in at least three replicates to
ensure statistical reliability. To prevent sedimentation or phase
separation within the aqueous dispersant, continuous stirring
at 2000 rpm was applied throughout the measurement process.
Sample concentration was adjusted based on the obscuration
parameter, which was maintained within the optimal range of
5%–20%. Particle size distribution was calculated using the
Mastersizer 3000 software employing Fraunhofer scattering
theory.

8.2.3.3 | Viscosity Measurements. Viscosity measure-
ments of textile suspensions were performed at 30-min intervals
over a total duration of 6 h during enzymatic hydrolysis. A rota-
tional viscometer (HAAKE Viscotester 3, Thermo Fisher
Scientific, Karlsruhe, Germany) was utilized to quantify shear
stress under deformation at a constant shear rate of
62.5 min–1. Measurements were conducted at ambient tempera-
ture (21°C) using measurement cup no. 3 (internal diameter,
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90 mm; height, 75.5 mm) in combination with rotor no. 3 (diam-
eter, 45.1 mm; height, 47 mm).

8.2.4 | FTIR Analysis

FTIR spectroscopy was performed using a Vertex 70 spectrometer
(Bruker Optik GmbH, Ettlingen, Germany), equipped with a
single-reflection diamond attenuated total reflectance (ATR)
accessory (MIRacle, Pike Technologies) and a liquid-cooled mer-
cury cadmium telluride (MCT) detector. To minimize interfer-
ence from atmospheric moisture and carbon dioxide, the
Vertex 70 was continuously purged with dry, CO2-free air.
Spectral data were collected over the range of 4000–6000 cm–1,
with 64 scans per spectrum, using the OPUS 7.0 software package
(Bruker Optik GmbH). All measurements were conducted under
dry sample conditions. Each spectrum underwent baseline cor-
rection and area normalization. To account for temporal baseline
drift, a background spectrum was recorded against ambient air
immediately before sample measurement.

8.2.5 | SEM

Following each experimental trial, fiber samples were collected
and subjected to drying in a laboratory oven (Heraeus, Hanau,
Germany) at 50°C for a period of 3 days to eliminate residual
moisture. SEM was employed to investigate the morphological
characteristics of textile fibers using a Zeiss Supra 55 VP instru-
ment. All images were acquired at an accelerating voltage of
3 kV. A qualitative assessment of the SEM images was conducted

to evaluate microstructural alterations induced by the mecha-
noenzymatic pretreatment.

9 | Enzymatic Hydrolysis

The enzymatic hydrolysis of textiles was carried out using the
commercial cellulase formulation Cellic CTec2 (Novonesis; sup-
plied by Sigma–Aldrich, SAE 0020–50 mL). Reactions were per-
formed in a 50 mmol/L citrate buffer (pH 4.8) with 1 g/L
polyethylene glycol (PEG 6000, AnalytiChem, Eschborn,
Germany) at 50°C within a feed tank connected to a wet rotor
mill (FrymaKoruma, Rheinfelden, Germany), enabling simulta-
neous mechanical and enzymatic treatment. An enzyme loading
of 25 FPU/g was applied in all experiments, with 40 FPU/g used
in one case. Textile suspensions were prepared with a solid con-
tent of 5 wt%.

To evaluate the effect of NaOH pretreatment, additional enzy-
matic hydrolysis experiments were performed in an orbital
incubator (INFORS Multitron, Bottmingen, Switzerland) set
to 150 rpm with a shaking orbit of 25 mm. Reactions were car-
ried out with a textile substrate loading of 2.5 wt% and an
enzyme concentration of 25 FPU/g substrate. Enzymes were
added at the beginning of each reaction. Aliquots of 400 μL
were withdrawn at 0, 3, 6, and 24 h for subsequent analysis.
Glucose concentrations were determined using a Cedex Bio
Analyzer 3D Lab (Roche, Basel, Switzerland) equipped with
software version 3.0.

TABLE 4 | Experimental process configurations of mechanoenzymatic treatment (C, D).

Process option Material RAging cycle, RA Trial time, h

C: RA 1 Cotton textile waste
White cotton

Polycotton (60/40)

1 min/29min 6

D: RA 2 Cotton textile waste
White cotton

Polycotton (60/40)

0.16 min/29.04 min 6

FIGURE 7 | Schematic workflow of the mechanochemical (A,B) and mechanoenzymatic treatment (C,D) procedures.

ChemSusChem, 2026 9 of 11

 1864564x, 2026, 11, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.70784 by T
echnische U

niversität H
am

burg U
niversitätsbibliothek, W

iley O
nline L

ibrary on [15/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Funding

This study was supported by the BASF.

Acknowledgements

Open Access funding enabled and organized by Projekt DEAL.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. European Comission, “EU Strategy for Sustainable and Circular
Textiles,” Communications from the Commission, COM (2022) 141 final,
Brussels, 2022.

2. S. Trzepacz, D. B. Lingås, L. Asscherickx, H. V. D. Karolien Peeters, and
M. Akerboom, “LCA-Based Assessment of the Management of European
Used Textiles,” Norion Consult/Vito/EigenDraads (2023): 1-70.

3. J. Deckers, T. Duhoux, S. Due, “Textile Waste Management in Europe’s
Circular Economy, ETC Report 2024/5, European Environment Agency
(EEA)/European Topic Centre on Circular Economy and Resource Use
(ETC CE),” (2024): 1-52.

4. S. Abagnato, L. Rigamonti, and M. Grosso, “Life Cycle Assessment
Applications to Reuse, Recycling and Circular Practices for Textiles: A
Review,” Waste Management 182 (2024): 74–90.

5. N. Leenders, G. P. M. van Klink, and G.-J. M. Gruter, “Towards
Polycotton Waste Valorisation: Depolymerisation of Cotton to Glucose
with Polyester Preservation,” RSC Sustainability 3 (2025): 3863.

6. A. Scott, “Transforming Textiles- How Chemical Recycling
Technologies Could Play a Key Role in Slashing the Textile Industry’s
Environmental Footprint,” Chemical & Engineering News 100 (2022):
23–28.

7. Textile Exchange, “Materials Market Report,” (2024): 1-76.

8. S.-L. Loo, E. Yu, and X. Hu, “Tackling Critical Challenges in Textile
Circularity: A Review on Strategies for Recycling Cellulose and Polyester
from Blended Fabrics,” Journal of Environmental Chemical Engineering
11 (2023): 110482.

9. K. Steiner, V. Leitner, F. Zeppetzauer, et al., “Optimising Chemo-
Enzymatic Separation of Polyester Cellulose Blends,” Resources,
Conservation and Recycling 202 (2024): 107369.

10. H. Elkamel, Ş. Taşar, N. Duranay, and M. Yılgın, “Evaluation of
Textile Industry Wastes: Cellulose Recovery from Cotton/Polyester
Blend Shearing Waste,” Waste Management 203 (2025): 114850.

11. N. Gupta, T. H. Nguyen, Y. Y. Hng, et al., “Enabling Waterless
Polycotton Textile Waste Recycling via Controlled Partial Depolymeriza-
tion of Polyester Resources,” Conservation and Recycling 223 (2025):
108512.

12. H. Poy, M. Capilla, E. Lladosa, et al., “Mild Valorisation Process of
Polycotton Waste Using a Recyclable Ionic Liquid for Lactic Acid
Production, Combined with Polyester Recovery,” Journal of
Environmental Chemical Engineering 13 (2025): 119892.

13. Y. S. Khoo, Y. N. Liang, X. Hu, and J. W. Chew, “A Greener Approach
for Physical Separation of Polycotton Textile Waste,” Journal of
Environmental Chemical Engineering 12 (2024): 114281.

14. S. M. Gritsch, S. Mihalyi, A. Bartl, et al., “Closing the Cycle: Enzymatic
Recovery of High Purity Glucose and Polyester from Textile Blends
Resources,” Conservation and Recycling 188 (2023): 106701.

15. A. Jeihanipour and M. J. Taherzadeh, “Ethanol Production from
Cotton-Based Waste Textiles,” Bioresource Technology 100 (2009):
1007–1010.

16. E. J. Cho, Y. G. Lee, Y. Song, H. Y. Kim, D.-T. Nguyen, and H.-J. Bae,
“Converting Textile Waste into Value-Added Chemicals: An Integrated
Bio-Refinery Process,” Environmental Science and Ecotechnology 15
(2023): 100238.

17. M. M. Schaake, O. Pikhard, M. Bross, et al., “Combination of
Mechanical Treatment and Enzymatic Hydrolysis During Post-
Consumer Cotton Waste Processing,” ChemSusChem 19 (2026): e70698.

18. W. Hou, C. Ling, S. Shi, et al., “Separation and Characterization of
Waste Cotton/Polyester Blend Fabric with Hydrothermal Method,”
Fibers Polym 19 (2018): 742–750.

19. N. Leenders, R. M. Moerbeek, M. J. Puijk, et al., “Polycotton Waste
Textile Recycling by Sequential Hydrolysis and Glycolysis,” Nature
Communications 16 (2025): 738.

20. M. M. Schaake, O. Pikhard, M. Bross, et al., “Optimizing Mechanical
Pretreatment of Cotton Textile Waste to Enhance Enzymatic Hydrolysis,”
Waste Management 204 (2025): 114967.

21. E. Gholamzad, K. Karimi, and M. Masoomi, “Effective Conversion of
Waste Polyester–cotton Textile to Ethanol and Recovery of Polyester by
Alkaline Pretreatment,” Chemical Engineering Journal 253 (2014): 40–45.

22. X. Li, Y. Hu, C. Du, and C. S. K. Lin, “Recovery of Glucose and
Polyester from Textile Waste by Enzymatic Hydrolysis,” Waste
Biomass Valor 10 (2019): 3763–3772.

23. R. E. Vera, A. Suarez, F. Zambrano, et al., “Upcycling Cotton Textile
Waste into Bio-Based Building Blocks through an Environmentally
Friendly and High-Yield Conversion Process Resources,” Conservation
and Recycling 189 (2023): 106715.

24. B. Heinrich and L. Kreitner, “Nasszerkleinerungsysteme für Die
Fein- Und Feinstzerkleinerung in der Chemischen Industrie,” Aufbere-
itungstechnik 10 (1981): 556–562.

25. A. Boondaeng, J. Keabpimai, P. Srichola, P. Vaithanomsat,
C. Trakunjae, and N. Niyomvong, “Optimization of Textile Waste
Blends of Cotton and PET by Enzymatic Hydrolysis with Reusable
Chemical Pretreatment,” Polymers 15 (2023): 1964.

26. Y. Hu, C. Du, S.-Y. Leu, H. Jing, X. Li, and C. S. K. Lin, “Valorisation
of Textile Waste by Fungal Solid State Fermentation: An Example
of Circular Waste-Based Biorefinery Resources,” Conservation and
Recycling 129 (2018): 27–35.

27. H. Wang, G. Kaur, N. Pensupa, et al., “Textile Waste Valorization
Using Submerged Filamentous Fungal Fermentation,” Process Safety
and Environmental Protection 118 (2018): 143–151.

28. L. A. Serra, R. G. da Silva Cruz, D. M. R. Gutierrez, et al., “Screening
Method for Enzyme-Based Liquefaction of Corn Stover Pellets at High
Solids,” Bioresource Technology 363 (2022): 127999.

29. T. de Assis, S. Huang, C. E. Driemeier, et al., “Toward an
Understanding of the Increase in Enzymatic Hydrolysis by Mechanical
Refining,” Biotechnology for Biofuels 11 (2018): 289.

30. A. Gaikwad and S. Chakraborty, “Mixing Effects on the Kinetics of
Enzymatic Hydrolysis of Avicel for Batch Production of Cellulosic
Ethanol,” Industrial & Engineering Chemistry Research 52 (2013):
3988–3999.

31. R. Ditscherlein, O. Furat, M. de Langlard, et al., “Multiscale
Tomographic Analysis for Micron-Sized Particulate Samples,”
Microscopy and Microanalysis 26 (2020): 676–688.

32. H. Kangas, P. Lahtinen, A. Sneck, A.-M. Saariaho, O. Laitinen, and
E. Hellén, “Characterization of Fibrillated Celluloses. A Short Review and

10 of 11 ChemSusChem, 2026

 1864564x, 2026, 11, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.70784 by T
echnische U

niversität H
am

burg U
niversitätsbibliothek, W

iley O
nline L

ibrary on [15/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Evaluation of Characteristics with a Combination of Methods,” Nordic
Pulp & Paper Research Journal 29 (2014): 129–143.

33. R. Moon, L. Johnston, C. Land-Hensdal, and W. Batchelor,
“Perspectives on Cellulose Nanofibril Size Measurement Using
Scanning Electron Microscopy,” Cellulose 32 (2025): 2793–2810.

34. N. Carter, I. Grant, M. Dewey, M. Bourque, and D. J. Neivandt,
“Production and Characterization of Cellulose Nanofiber Slurries and
Sheets for Biomedical Applications,” Frontiers in Nanotechnology 3
(2021): 729743.

35. Q. Chen, W. Liu, W. Wang, J. C. Thomas, and J. Shen, “Particle Sizing
by the Fraunhofer Diffraction Method Based on an Approximate Non-
Negatively Constrained Chin-Shifrin Algorithm,” Powder Technology
317 (2017): 95–103.

36. R. Glaser, “Enzyme-Based Lignocellulose Hydrolyzation—Sauter
Mean Diameter of Raw Materials as a Basis for Cellulase Performance
Characterization and Yield Prediction,” Journal of Biotechnology 214
(2015): 9–16.

37. B.-W. Koo, T. H. Treasure, H. Jameel, R. B. Phillips, H. Chang, and
S. Park, “Reduction of Enzyme Dosage by Oxygen Delignification and
Mechanical Refining for Enzymatic Hydrolysis of Green Liquor-
Pretreated Hardwood,” Applied Biochemistry and Biotechnology 165
(2011): 832–844.

38. J. H. Lee, J. H. Kwon, T. H. Kim, and W. I. Choi, “Impact of Planetary
Ball Mills on Corn Stover Characteristics and Enzymatic Digestibility
Depending on Grinding Ball Properties,” Bioresource Technology 241
(2017): 1094–1100.

39. M. Mecozzi and L. Nisini, “The Differentiation of Biodegradable and
Non-Biodegradable Polyethylene Terephthalate (PET) Samples by FTIR
Spectroscopy: A Potential Support for the Structural Differentiation of
PET in Environmental Analysis,” Infrared Physics & Technology 101
(2019): 119–126.

40. J. Du, F. Zhang, Y. Li, et al., “Enzymatic Liquefaction and
Saccharification of Pretreated Corn Stover at High-Solids
Concentrations in a Horizontal Rotating Bioreactor,” Bioprocess and
Biosystems Engineering 37 (2014): 173–181.

41. F. M. Cunha, T. Kreke, A. C. Badino, C. S. Farinas, E. Ximenes, and
M. R. Ladisch, “Liquefaction of Sugarcane Bagasse for Enzyme
Production,” Bioresource Technology 172 (2014): 249–252.

42. T. Van der Zwan, J. Hu, and J. N. Saddler, “Mechanistic Insights into
the Liquefaction Stage of Enzyme-Mediated Biomass Deconstruction,”
Wiley-Biotechnology and Bioengineering 114 (2017): 2489–2496.

43. M. Djebara, J. P. Stoquert, M. Abdesselam, D. Muller, and
A. C. Chami, “FTIR Analysis of Polyethylene Terephthalate Irradiated
by MeV He+,” Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 274 (2012): 70–77.

44. J. D. Badia, E. Strömberg, S. Karlsson, and A. Ribes-Greus, “The Role
of Crystalline, Mobile Amorphous and Rigid Amorphous Fractions in the
Performance of Recycled Poly (ethylene Terephthalate) (PET),” Polymer
Degradation and Stability 97 (2012): 98–107.

45. Y. Ko, J. P. Hinestroza, and T. Uyar, “Structural Investigation on
Electrospun Nanofibers from Postconsumer Polyester Textiles and PET
Bottles,” ACS Applied Polymer Materials 5 (2023): 7298–7307.

46. B. Adney and J. Baker, “Measurement of Cellulase Activities:
Laboratory Analytical Procedure (LAP),” NREL/TP-510-42628,
National Renewable Energy Laboratory (2008): 1-8.

47. J. Li, S. Li, C. Fan, and Z. Yan, “The Mechanism of Poly(ethylene
Glycol) 4000 Effect on Enzymatic Hydrolysis of Lignocellulose,”
Colloids and Surfaces B: Biointerfaces 89 (2012): 203–210.

48. V. Pihlajaniemi, A. Kallioinen, M. H. Sipponen, and A. Nyyssölä,
“Modeling and Optimization of Polyethylene Glycol (PEG) Addition
for Cost-Efficient Enzymatic Hydrolysis of Lignocellulose,” Biochemical
Engineering Journal 167 (2021): 107894.

49. A. Goshadrou, K. Karimi, and M. Lefsrud, “Characterization of Ionic
Liquid Pretreated Aspen Wood Using Semi-Quantitative Methods for
Ethanol Production,” Carbohydrate Polymers 96 (2013): 440–449.

50. A. Jeihanipour, K. Karimi, C. Niklasson, and M. J. Taherzadeh, “A
Novel Process for Ethanol or Biogas Production from Cellulose in
Blended-Fibers Waste Textiles,” Waste Management 30 (2010): 2504–
2509.
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