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Abstract: Material recycling requires solutions that are technically, as well as economically and
ecologically, viable. In this work, the technical feasibility to separate textile blends of viscose and
polyester using alkaline hydrolysis is demonstrated. Polyester is depolymerized into the monomer
terephthalic acid at high yields, while viscose is recovered in a polymeric form. After the alkaline
treatment, the intrinsic viscosity of cellulose is decreased by up to 35%, which means it may not be
suitable for conventional fiber-to-fiber recycling; however, it might be attractive in other technologies,
such as emerging fiber processes, or as raw material for sugar platforms. Further, we present an
upscaled industrial process layout, which is used to pinpoint the areas of the proposed process that
require further optimization. The NaOH economy is identified as the key to an economically viable
process, and several recommendations are given to decrease the consumption of NaOH. To further
enhance the ecological end economic feasibility of the process, an increased hydrolysis rate and
integration with a pulp mill are suggested.

Keywords: textile recycling; textile blend; viscose; polyester; industrial process layout

1. Introduction

World fiber production has seen a continuous increase over the last decades, and
the current world fiber market reaches well above 100 million tons of produced fibers
per year [1], where the majority is used for apparel and home textiles. Consequently,
the amount of disposed textiles is increasing, and there is an urgent need for improved
handling of end-of-life textiles and textile recycling [2]. One major challenge considering the
recycling of textiles is the abundance of multi-material textiles, i.e., fabrics composed of two
or more different types of polymers. Mechanical recycling of such multi-material textiles
produces materials of inferior properties, due to the distinct properties and processing
needs of the different fiber types. There is currently a lack of recycling options for these
textiles, which results in them being predisposed for landfill or incineration.

The mixture of polyester (PET) and cellulose fibers, especially cotton, is common,
due to the beneficial effect of combining PET, which is durable and inexpensive, with
cellulose fibers, which have good water absorbency, thereby contributing to the comfort of
the fabric. However, to recycle this type of material, a separation is required for further
valorization of the two components. Various routes of cellulose/PET separation have been
investigated, i.e., through degradation, depolymerization, or dissolution of at least one of
the two components.

Sustainability 2022, 14, 7272. https:/ /doi.org/10.3390/su14127272

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14127272
https://doi.org/10.3390/su14127272
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-4691-7012
https://orcid.org/0000-0003-2893-8554
https://doi.org/10.3390/su14127272
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14127272?type=check_update&version=1

Sustainability 2022, 14, 7272

20f16

PET can be maintained in its polymeric form through selective dissolution [3-5] or
hydrolysis [6,7] of cotton. However, the molecular weight of PET is decreased in a recycled
fabric compared to a virgin fabric due to laundering and wear. The lowered molecular
weight of PET may result in recycled PET fibers with inferior mechanical properties, or
even make the melt-spinning process impossible. In contrast, if PET is depolymerized, PET
monomers are obtained, which, after suitable purification, may be used in the production of
new PET [8]. Cotton from cellulose/PET textiles is currently recycled into dissolving pulp
on a commercial or demo scale by actors such as OnceMore, Ambercycle, and WornAgain.

Simultaneous depolymerization of PET and recovery of the cotton fibers through alka-
line hydrolysis has previously been successfully demonstrated [9,10]. While the aqueous
alkaline environment causes hydrolytic cleavage of the ester bond of PET, cotton is rela-
tively resistant to alkali degradation [11]. In particular, in the presence of a phase transfer
catalyst, the depolymerization of PET in 10% NaOH at 90 °C is fulfilled within less than 1 h,
with limited degradation of the cotton fraction [9]. However, whether alkaline hydrolysis
can be successfully applied to fabrics containing PET blended with other types of cellulose
fibers, e.g., regenerated fibers such as viscose or Lyocell, remains to be investigated.

Cotton and regenerated cellulosic fibers differ in several aspects, which will dictate
how the cellulose is affected under alkaline conditions. The first distinction is in the
ultrastructure of fibers, with the presence of a primary cell wall in cotton fibers, a structural
feature that regenerated fibers lack [12]. Compared to regenerated cellulose fibers, the
cellulose in cotton is of much higher molecular weight. Cotton has a typical average degree
of polymerization (DP) of 2000 [13], Lyocell in the range of 400700 [14], and viscose even
lower, between 250-400 [13]. Further, the crystallinity varies between fibers—for native
cotton, it is around 70%, while for viscose about 25-30%. The crystallites in regenerated
fibers are also much smaller compared to cotton, and have a lower degree of orientation [13].

At the relevant process conditions, a NaOH concentration of a maximum of 10 wt%
and temperatures below 100 °C, cellulose is known to undergo peeling reactions. End-
wise peeling results in the removal of anhydroglucose units from the reducing end of
the cellulose chain. Peeling will continue until the competitive stopping reaction occurs,
and, depending on the conditions, i.e., alkalinity and temperature, peeling may proceed
for 50-60 units [15]. Regenerated cellulosic fibers, having a lower DP than cotton, are
potentially more prone to these peeling reactions.

A recent life-cycle analysis study concluded that there are potential environmental
benefits in using cotton rendered from separation of cotton/PET through alkaline hydrol-
ysis as a raw material in viscose or Lyocell production [16]. For regenerated fibers, the
DP might be too low after separation, and, consequently, the cellulose fibers would not
be suitable as raw material for conventional fiber-to-fiber recycling, but may be recovered
as other products [17]. One option could be to produce cellulose nanocrystals from the
cellulose fraction, which has been demonstrated using both cotton and cotton/PET blends
as a raw material [18,19]. Furthermore, the complete depolymerization of cellulose into
glucose allows for the production of specialty chemicals or biofuels [20]. Such processes
to valorize degraded cellulosic textiles have already been proposed, commonly through
a pretreatment of the cellulose, followed by enzymatic hydrolysis. Alkaline pretreatment
with bases such as sodium hydroxide [21] and sodium carbonate [22] has been described,
and could favorably be combined with alkaline hydrolysis of cellulose/PET textile blends.

The properties of the cellulose fraction, after hydrolysis and separation of a vis-
cose/PET textile blend, dictate which recycling pathways will be most promising. Thus,
in this study, alkaline hydrolysis of viscose/PET blends was performed, and the cellulose
fibers were evaluated with respect to yield, molecular weight, and fiber morphology. Fur-
thermore, a process layout for an industrial upscaling of the process for cellulose/PET
separation via alkaline hydrolysis was constructed based on the experimental results. The
process layout was constructed in the form of a mass balance model using the process
simulation tool WIinGEMS, and can serve as a basis to indicate the economic and ecological
potential of an upscaling of the proposed hydrolysis. We believe that applied studies on



Sustainability 2022, 14, 7272

30f16

material recycling can benefit largely from a close collaboration between experimental work
and techno—economical and life-cycle analysis. It allows the direction of the experimental
work to better favor an economically and ecologically viable process, a factor that is often
overlooked. Any recycling option must be better than the use of virgin materials, i.e., have
a lower climate impact, and be economically feasible. In this work, an upscaled industrial
process layout is presented, which identifies the areas of the proposed process that require
further optimization. Moreover, it does not put hard numbers on the operations, a practice
that might prematurely disregard a promising recycling option due to a lack of reliable
data in the early stages of process development.

2. Experimental Section
2.1. Materials

For this study, three types of never-used viscose were used: a commercially available
garment with a blended fabric containing 70% viscose and 30% polyester, a mixture of
70% viscose and 30% polyester filaments, and a pure viscose fabric supplied by a Swedish
fashion company. The two different fabrics were either used as received or washed, and
subsequently cut into approximately 1 x 1 cm pieces. Laundering was performed at 60 °C,
according to Swedish standard SS-EN ISO 6330:2012. A portion of the laundered fabric
was also shredded (New Shunxing, NSX-QT 310). Moreover, a neat polyester fabric was
laundered and cut in the same manner as the neat viscose fabric. Sodium hydroxide (NaOH,
50%) and sulfuric acid (HpSO4, reagent grade, 95-97%) were obtained from Sigma-Aldrich,
and acetic acid (glacial, 99%,) was obtained from Fisher Scientific, and used as received.

2.2. Methods
2.2.1. Hydrolysis

Alkaline hydrolysis of viscose/PET, neat viscose, and neat PET samples was performed
at a solids-to-liquids ratio of 1:100 in aqueous NaOH. The NaOH concentration was 5 wt%.
The aqueous NaOH was heated to 90 °C before adding the oven-dried (2 h, 105 °C) sample
to the reaction vessel. Hydrolysis was performed for the selected time (60-1440 min). The
reaction was quenched by immersing the reactor in an ice bath. Post-reaction, the solid
residue was separated from the reaction solution via filtration, using a tight knit PET-wire
fabric as the barrier. The solids were neutralized in 5% acetic acid, and thereafter washed
with water and dried at 105 °C for 4 h to calculate the gravimetric yield. The filtrate was
kept in the freezer until further analysis.

2.2.2. Composition

The composition of the mixed viscose/PET fabric was probed via selective dissolution
of viscose in cupriethylenediamine (CED), whereafter the weight of the solid PET residue
was determined.

2.2.3. Intrinsic Viscosity

Limiting viscosity of the cellulose samples was measured after dissolution in CED,
according to ISO 5351. The degree of polymerization was calculated from the correlation
formulated by Immergut et al. [23], as cited in SCAN-C 15:62 (DP%9% = 0.75[n], n given in
cm?/g). The correlation is known to be flawed, but is commonly used, which facilitates
comparisons to other studies.

2.2.4. WAXS

The crystallinity of viscose was measured by wide angle X-ray scattering (WAXS) at
Chalmers University of Technology (Mat:Nordic, SAXSLAB) with a 0.9 mm beam diameter,
and a Rigaku 003+ high brilliance microfocus Cu-radiation source at 130 mm distance, with
the sample irradiated over 20 min. The intensity was normalized with transmission.
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2.2.5. FTIR Spectroscopy

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was
performed on a Bruker Tensor 27 equipped with the Specac Golden Gate ATR accessory.

2.2.6. NMR Spectroscopy

The purity of terephtalic acid (TPA) obtained from PET depolymerization was deter-
mined via nuclear magnetic resonance (NMR) spectroscopy. A small portion of the filtrate
from the sample of Fabric70/30 after hydrolysis for 360 min was acidified with H,SO4
(4M) to precipitate TPA. TPA was dissolved in 5% NaOH/D,O solution prior to analysis.
The NMR measurements were conducted on a Varian 400-MR spectrometer operating at
9.4 T, equipped with a OneNMRProbe. The 'H-NMR spectrum parameters included a 5 ps
'H-detection pulse, 2.5 s acquisition time, 2 s recycle delay, and 32 scans. The samples were
studied using D,O as a solvent, and the chemical shifts were referenced to the residual
solvent signal.

2.2.7. Upscaled Process Layout

The proposed upscaled process layout was based on a mass and energy balance
steady-state model constructed using the process simulation tool WinGEMS (Valmet®,
Espoo, Finland). This modular simulation tool is specifically developed for the pulp and
paper industry, and handles the modeling of suspensions with ease. The first step in
creating the mass and energy balance model involves constructing a hypothetical process
flowsheet, using the so-called blocks in the WinGEMS graphical environment. These are
modular (drag and drop) and pre-coded for a vast set of process operations, spanning
simple splitting and mixing to heat exchangers, evaporators, and washers. Moreover, the
stream structure and its components need to be defined by the user, as do the necessary
chemical reactions. The basic model for a chemical reaction is a simple stoichiometric
conversion whose extent is also defined by the user, while the actual thermodynamic
aspects are usually handled outside of the simulation environment using other, more
rigorous tools. For the establishment of energy balances, WinGEMS has built-in expressions
for estimating the specific enthalpies of the streams. For liquid streams, the enthalpy is a
function of temperature, dissolved and suspended solids, and the specific heat of water and
solids. The enthalpies of steam streams is determined by a built-in steam table (function
of temperature and pressure). The amount of heat from reactions had to be manually
calculated and used as an input for the heat exchanger blocks to estimate changes in the
stream temperatures. In this study, the procedures employed within the experimental work,
including the chemical additions, solids-to-liquids ratio, etc., as well as the experimental
results (reaction yields, product purities, etc.), were used as a basic input for the model
around the hydrolysis and precipitation stages. The remaining stages in the process layout
were proposed based on the general engineering know-how regarding standard industrial
processes (washing, heat exchangers, etc.), experiences from similar studies, reasonable
simplifications and assumptions (discussed in detail in Section 3), as well as the basic
principles of green chemistry. The results are hence to be seen as a first iteration of a
possible upscaling of the process. The overall objective for the upscaling development
was to obtain a hypothetical process layout which was as efficient as possible from the
perspective of chemicals and energy use, and subsequently suggest improvements that
would help to make it economically and environmentally sustainable.

3. Results and Discussion
3.1. Experimental Study

Alkaline hydrolysis of blends of viscose/PET fibers was studied for two different
cases: a 70/30 mix of pure viscose and pure PET filaments (Filament70/30), and a knitted
viscose/PET fabric with a 70/30 composition (Fabric70/30) (Table 1). The composition of
the mixed fabric was confirmed via selective dissolution of viscose in CED and determi-
nation of the weight of the solid PET residue. The choice of samples allows to study the
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efficiency of the separation for samples with different accessibilities, i.e., a mix of filaments
relative to a knit fabric from mixed yarns. Further, alkaline degradation of viscose in terms
of mass loss, DP, and crystallinity was studied for a neat viscose fabric. The accessibility
of neat viscose to alkaline degradation was studied for a 100% viscose fabric (Viscose100)
prepared in three different ways: never laundered, cut to 1 x 1 cm pieces (Viscose100a);
laundered, cut to 1 X 1 cm pieces (Viscose100b); and laundered, shredded to display the
individual fibers (Viscose100c). Finally, the hydrolysis of a knitted PET fabric, which was
laundered and cut to 1 x 1 cm pieces, was studied to produce the data used in the upscaled
process model.

Table 1. Description of viscose-containing samples.

Sample Composition Form Intrinsic Viscosity
4 PET/Viscose (Tp) (mL g—1)

A 0/100 Fabric
Al 0/100 Never laundered, cut 167
A2 0/100 Laundered, cut 170
A3 0/100 Laundred, shredded 171

B 30/70 Filaments 196

Garment from
c 30/70 blended fibers n.d.

Mild reaction conditions (90 °C, 5 wt% NaOH) and reaction times between 60-1440 min
were chosen, as the DP of cellulose has been shown to decrease with increasing temperature
and NaOH concentration during hydrolysis [9]. For closed loop-recycling, i.e., fiber-to-fiber
recycling of regenerated fibers, it is of the utmost importance to preserve the molecular
weight of the cellulose fraction in the mixed fabric. Simultaneously, to allow for separation
of the blended textile, the reaction conditions should allow for full PET depolymerization.
Furthermore, a reaction below the boiling point of the aqueous solution eliminates the need
for a pressurized system and consumes less energy. The reaction yields a solid cellulose
residue, and the PET monomers terephtalic acid (TPA) and ethylene glycol (EG) (Figure 1).

PET

Terephtalic acid
I :
i Viscose /

Viscose/PET fabric
Alkaline hydrolysis

Cellulosicresidue

Figure 1. Schematic of the reaction.

The mass losses of samples Filament70/30 and Fabric70/30 were comparable after
60 min of hydrolysis (Figure 2a), and were also in the same range as Viscose100 (Figure 2b).
This implies that no major hydrolysis of PET occurs within the first 60 min of reaction, but
the mass loss originates predominantly from viscose. We ascribe this to fast degradation
of low molecular weight fragments and accessible regions of the cellulose in viscose. At
longer reaction times, the mixed yarns and knitted structure of Fabric70/30 does decrease
the hydrolysis rate and, consequently, the mass loss compared to Filament70/30 is also
decreased. Even after 24 h of hydrolysis, PET removal is not complete in Fabric70/30,
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indicated by the <30% mass loss. This is confirmed by FTIR analysis, where the ester peak
at 1705 cm™1, significant for PET, is still visible after 24 h of hydrolysis (Figure 3).

50
a) Viscose/PET 70/30

40 mfabric @filament ¢
e
n 30
3 ° ¥
o 20 .
£

°
0fgm "™ .
0
0 200 400 600 800 1000 1200 1400 1600
time (min)
>0 b Vi 100%
) Iscose 0 ® never-laundered, cut

40 Alaundered, cut
e laundered, shredded
— 30
(72]
o
a 20
©
E N\

10 'n &8 R 4 v

0

0 200 400 600 800 1000 1200 1400 1600
time (min)

Figure 2. Mass loss during hydrolysis of (a) blends of PET and viscose and (b) 100% viscose fabric.
The yellow part in Figure 2a represents the wt% of PET in the samples.

In contrast, Filament70/30 shows a 40% mass loss, indicating full depolymerization
of PET and an additional 10% mass loss from cellulose, consistent with the mass loss in
a neat viscose sample after 24 h reaction. Textile construction of a blended fabric, hence,
has a substantial impact on the hydrolysis rate of PET. Contrary, for Viscosel00 there
is no significant difference between the mass losses of samples of different accessibility.
Laundering the sample at 60 °C removes surface finishing and other processing aids
remnant on the fabric which increase the exposure to the alkaline environment during
hydrolysis, while shredding increases the surface area of fabrics. Interestingly, most of
the mass loss is seen during the first 60 min of reaction for all viscose samples (Figure 2b),
where the never-laundered sample displays a 10% weight loss and the laundered samples,
cut or shredded, 8 and 9%, respectively. After 24 h the weight loss has increased to 13% for
the never-laundered sample and 12 and 14% for the laundered cut and shredded samples,

respectively. Thus, more than 50% of the total mass loss occurs during the early stages of
reaction.
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intensity (arbitraty units)

—Viscose 100%

—\/iscose/PES 70/30 fabric 24 h hydrolysis

2400 2200 2000 1800 1600 1400 1200 1000
wavenumber (cm™)

Figure 3. FTIR spectra of the viscose/PET fabric after 24 h of hydrolysis, and a reference 100% viscose
fabric. Highlighted is the peak at 1705 cm™!, significant for the ester bonds in PET.

Characterization of Reaction Products

The mass loss during the first 60 min of reaction is accompanied with a significant
increase in the crystallinity of the Viscosel00b sample (Figure 4). This is signified by
a sharpening of the peaks centered around 26 values of 12 and 20. These peaks have
previously been assigned to cellulose II, the crystalline structure of regenerated cellulosic
fibers [24]. The supramolecular structure of cellulose is decisive to the kinetics of all
degradation reactions [25], and a higher rate of alkaline peeling is expected in disordered,
compared to crystalline, regions. The increase in crystallinity is in line with our postulate
that the mass loss during the first hour of hydrolysis is due to the removal of low molecular
weight fragments and accessible regions of the viscose, by means of peeling reactions.

1000 0 min
60 min
750 160 min
2 _
2 260 min
£ 500 | ——=1440min
250
0
5 10 15 20 25
20

Figure 4. WAXS 1D spectra of sample Viscosel00b after 60, 160, 260, and 1440 min of reaction time,
as well as the reference sample prior to immersion in hot alkali.

The purity of precipitated TPA from the viscose/PET fabric was determined via NMR
spectroscopy, with a commercial TPA as the reference. The spectrum of the precipitate
shows a distinct singlet at 7.58 ppm, which is assigned to pure TPA (Figure 5). A zoom-in of
the baseline around the signal is shown as an insert. No other signals than the 13C-satellites
from singlet A (in the insert marked with an *) can be seen in the zoom-in, proving that no
residues of other reaction products stemming from incomplete depolymerization of PET
are present in the precipitate. This is in accordance with the literature, where hydrolysis
of PET is described as taking place at the external surface of the solid-state PET, with the
major decomposition reaction occurring at the ends of the polymer chains [26].
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Figure 5. 'H-NMR spectra of TPA precipitated from the reaction filtrate, along with a commercial
TPA reference. The singlet from TPA is marked with an A, and in the zoom-in of this signal, the
13C-satellites from A is marked with an *. Zoom-in around 3.4 ppm show residual viscose degradation
products.

Around 3.4 ppm, the experimentally obtained TPA displays some additional small
peaks, characteristic for protons in the vicinity of oxygen, as seen in the insert. These are
assigned to traces of viscose degradation products, such as D-glucoisosaccharinic acids, the
predominant product of peeling reactions during alkaline conditions [15].

Having confirmed the purity of TPA obtained from hydrolysis of PET from vis-
cose/PET, further characterization of the cellulosic residue was undertaken. The molecular
weight of cellulose is commonly approximated by the intrinsic viscosity (IV) of a cellu-
lose solution in cupri—ethylene diamine (CED). Prior to alkaline treatment, the viscose
filaments in sample Filament70/30 had an IV of 200 mL g~ !, while the IV of Viscose100
was slightly lower, 170 mL g’1 (Table 1). The IV of Fabric70/30 could not be measured, due
to degradation. Cellulose is known to degrade in CED, i.e., the solvent used for measuring
IV. Even when finely dispersed in the solvent, complete dissolution of the cellulose part
of the viscose/PET fabric could not be achieved before degradation occurred, hence the
obtained IV values were not reliable, and are therefore not reported. However, data on PET
depolymerization from Fabric 70/30 (Figure 3) indicate that a reaction time of at least 24 h
is needed for full PET depolymerization under the present, mild reaction conditions. We
assume that the degradation of viscose will not be significantly impacted by the presence
of polyester in the blended fabric, and may be approximated by the IV of neat viscose
samples. For all neat viscose samples, the IV decreased with reaction time, and measured
between 130-150 mL g~ ! after 24 h (Figure 6). The IV may be approximatively converted
to DP, using the relationship formulated by Immergut [23] (c.f. Experimental section):

DPY% = 0.75[n] (1)

where [n] is the intrinsic viscosity in mL g’l. After 24-h reaction, the IV is decreased by
between 20-50 mL g_l, which, using Equation (1), corresponds to 20-55 glucose units.
The decrease in DP is in line with a peeling reaction, which typically proceeds for up to
50-60 units before a stopping reaction occurs [15]. The final IV of samples is too low for
applications in commercial regenerated cellulose fibers or cellulose derivates, such as cellu-
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lose ethers, nitrates, and acetates, which typically lies in the range of 400-600 mL g~ [27].
However, low molecular weight polysaccharides can find other uses, e.g., by hydrolysis into
nanocrystalline cellulose [28] or in sugar platforms for further valorization into specialty
chemicals and biofuels [29].

220
200 o
180 '@ o

0 200 400 600 800 1000 1200 1400 1600
time (min)

©70/30 filament 100 viscose washed cut
100 viscose washed shredded
Figure 6. Intrinsic viscosities of samples as a function of hydrolysis time.

3.2. Upscaled Process Layout

Based on the relevant experimental results in the section above, as well as a number
of assumptions, a process layout for a greenfield standalone industrial upscaling of the
viscose/PET separation process was constructed. The process layout aims at providing
guidelines on the aspects of the proposed industrial process, which require more devel-
opment and optimization for the whole process to become viable from an economic and
environmental point of view. In essence, the process layout should be seen as a first step
on a necessary path of various iterations between process development and experimental
work to lift the process to higher technology readiness levels (TRLs). With respect to the
early experimental results of the project, rather than conducting a conventional quantitative
techno—economic evaluation, which may result in irrelevant results at this stage, this study
emphasizes the qualitative measures to be implemented in future projects. The ultimate
objective of the process is to completely hydrolyze PET and separate its monomers, TPA
and EG, while keeping the viscose fraction as intact as possible. The PET monomers could
be sold for production of PET, or used as a platform chemical. The IV of viscose afterhy-
drolysis (Figure 6) is likely too low for fiber-to-fiber recycling, and while other outputs are
proposed, these are currently not available on an industrial scale, and their economic value
is difficult to estimate.

3.2.1. Use of Experimental Data

The yields used in the hydrolysis stage in the model were based on experiments with
pure fabric fractions of PET and viscose, respectively, as demonstrated in Table 2. The
composition of the inlet textile in the model is 70/30 viscose/PET. The textile-to-solvent
ratio and NaOH concentration were kept at 1:100 and 5 wt%, respectively, the same as in
the experimental study.
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Table 2. Experimental values of mass loss from hydrolysis of neat viscose or neat PET fabric used in
the model.

Time of Hydrolysis (min) Viscose Mass Loss (%) PET Mass Loss (%)
60 8.0 15.6
160 10.6 35.1
260 10.0 56.2
360 10.4 68.5
1440 11.6 99.8

Since it was difficult to obtain a reliable alkali consumption from the experimental
results, a theoretical consumption based on the respective mass losses of PET and viscose
was assumed. The hydrolysis of PET into its monomers was modeled according to Equation
(2). It was assumed that the PET fabric is composed of only poly(ethylene terephthalate)
(PET), i.e., the hydrolysis of PET requires two moles of NaOH per repeating unit. While
this is true for most textile PET, textile terminology does not distinguish between PET and
other types of polyesters. Furthermore, according to the same textile terminology, up to
15% of non-polyester copolymers are allowed in the polymer chain [30]. For viscose, it
was approximated that all of the degraded viscose would be recovered as glucose, and the
formation of each glucose molecule would consume one OH™ ion.

PET, + 2NaOH — TPAgy; + EG @)

The consumption of sulfuric acid in precipitation of TPA was based on the stoichio-
metric reactions in Equations (3)—(5). TPA has a pKa of 3.5, and sulfuric acid is consumed
in the acidification of the filtrate as well as the protonation of TPA. The consumption of
sulfuric acid required to reach a pH of 3.5 was estimated by a simulated titration in OLL It
was assumed that the complete precipitation of TPA took place in the model.

H2S04 +2 NaOH — NaySO4 +2 HyO €)
HySO4 +2 HyO — 2 SO +2 H;0™" 4)
H2SO04 + TPAgqy — NaySOy + TPAcig ®)

3.2.2. Proposed Process Layout

With the exception of the experimental data presented in the previous section, all other
process stages and values in the process layout originate from assumptions and estimates.
Figure 7 displays the first proposed process layout for an upscaling of the viscose/PET
separation process.

The textile feed is first mixed with the alkaline solvent before it is heated via two
indirect heat exchangers to the temperature of the hydrolysis reactor. The heat of reaction
from the neutralization of alkali (~57 k] /mol NaOH) is used to heat exchange the textile—
solvent feed in the first heat exchanger. The heat of reaction was calculated from the
standard enthalpies of formation of HySO4 (aq), NaOH, NaySOy4, and HyO (1) [31]. External
heating is required to ramp up the textile-solvent feed to the temperature of the hydrolysis
reactor. A natural gas burner, operating at 3 bar, supplies the second heat exchanger
with saturated steam. A gas burner was chosen above other technologies (e.g., biomass
boiler, electric boiler) due to its simplicity, as well as the lower investment and operating
costs. However, this means that the process must be placed in the proximity of a chemical
cluster, with access to a natural gas infrastructure. The modeled residence time in the
hydrolysis reactor, and, consequently, the yield, can be any of the ones presented in Table 2.
Following the hydrolysis reactor is a simple dewatering press (without a wash liquor),
from which the outlet consistency is 30%. It is assumed that the carryover, i.e., the liquid
following the viscose fraction, has the same composition as the filtrate from the press. Next,
two counter-current wash presses with the same discharge consistency purify the viscose
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fraction from residual alkali, dissolved PET monomers, etc. The assumed displacement
ratio (washing efficiency) and dilution factor (mass of excess filtrate per mass of viscose)
is ~0.5 and ~5 ton/ton viscose, respectively. Both the displacement ratio and the dilution
factor are typical parameters applied in pulp mills during the washing of the pulp. The
filtrate from the wash presses is subsequently mixed with the filtrate from the dewatering
press. To make the viscose fraction easier to transport, a pressing and drying section
increases the viscose consistency to 90%. The gas burner also supplies the drying section
with the necessary heat.

#

|

Temp - [°C]
Gas burner Wash Wash water
1 ton/h Steam, 3 bar, sat. press 5 ton
70% - Viscose 20 °C
30% - PES Heat transferred Press l
Textile Feed 3.9 MW _— ) 30% cons 90% cons
—_—— o o ° lydrolysis ~Te ) o -
20 °C 54 °C gret 90 °C (90°C, 5 wt% NaOH, 1-16 5 30% cons
NaOH solv. h) 2.1ton
100 ton Heat transferred Pressing and drying
5.0 ton NaOH 4.0 MW steam 0.7 ton
0.3 MW steam
5 ton NaOH
[ 3 ©
S % 88 °C
g Z
8=
[=]
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S S .
=2 Separation of EG from Na,SO,
~
Y
H,S0, Filtration | EG+Na,SO,
6 ton H,SO, 95 °C 64 °C 0.03 ton EG
20 °C 8.8 ton Na,S0O,

TPA precipitation
and alkali neutralisation

TPA
0.2 ton TPA

Hazardous waste

Figure 7. The proposed process layout for the viscose/PET separation process via alkaline hydrolysis.
Purple values indicate total flow, green indicates component flow in the stream, brown indicates heat
transfer, and red indicates the temperature. The values are to be seen as indicative and, in this case,
pertain to a hydrolysis residence time of 24 h.

The filtrate from the dewatering press is sent to a vessel for precipitation of TPA with
sulfuric acid. As mentioned previously, the reaction of neutralizing alkali with sulfuric acid
is heavily exothermic, and the excess heat is used to pre-heat the feed. Subsequent washing
and filtering of the outlet stream is then performed to separate the TPA from the process.
The remaining aqueous phase contains EG, degraded viscose, and NaySOy, formed during
the neutralization of the residual alkali. As indicated by Figure 7, the most suitable fate of
this stream is still uncertain, and will be discussed further at a later stage.

Below is a list of additional assumptions in the process layout:

There is no heat loss from the heat exchangers;
The hydrolysis reactor is assumed to be well-insulated, so that the temperature of
90 °C can be held constantly during the reaction, with no need for supporting heat;

e  The viscose fraction is still pumpable at a consistency of 30%;

e For the heating of water, the specific heat capacity is 4.2 k] kg K~1.

3.2.3. Suggestions for Process Optimization

The proposed process layout in Figure 7 is, in essence, a direct translation of the
laboratory procedures, and results in an upscaled process; consequently, certain areas and
aspects of the proposed process need further elaboration to make them more efficient and
applicable. Minimizing the basic operational expenditures (chemicals, energy etc.) is one
of the most apparent and necessary actions to focus on. Investigation into the most suitable
management of the residual EG/NaySOy fraction, as well as the best application for the
viscose fraction, would also be required to further develop the process.
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The basic operational expenditures of the process are NaOH, natural gas, and HySOj4.
In this process, the use of NaOH has been identified as the weakest point. Since NaOH is a
relatively expensive chemical (~550 EUR/ton [32]), due to the high power consumption
during its production, and, given its prominent role in the proposed process, efficient
use of NaOH is key to the process economy. 5 tons NaOH/ton of textile feed is fed to
the current process to reach the pH at which the reaction is assumed to proceed most
efficiently. However, even in the process case with the highest alkali consumption, i.e., 24 h
of hydrolysis (Table 2), the amount of residual alkali leaving the reactor is still as much as
~4.85 ton/ton of textile feed, i.e., only a fraction of this valuable chemical is irreversibly
consumed. In the proposed process, this means that a massive amount of unused alkali,
a value of around 2670 EUR/ton textile, follows the filtrate to the TPA precipitation tank,
and is neutralized into NaySO4. Not only is this an inefficient use of NaOH, but it is also
an inefficient use of HySO4 which is used for neutralization. At least three robust process
improvements, to be evaluated separately and subsequently in combination, to increase
the NaOH economy have been identified:

1.  Lower the textile-to-solvent ratio during hydrolysis significantly from 1:100. Assum-
ing the same alkali consumption for a textile-to-solvent ratio of 1:10 would mean an
input of 0.50 ton NaOH/ton textile, a residual alkali of 0.35 ton/ton textile, and a
value of ~193 EUR/ton textile that is neutralized. Initial experimental results show
that wetting of the cut fabric is possible down to a textile-to-solvent ratio of 1:15, and
that full depolymerization of neat PET textile is achieved after 24 h of hydrolysis at
this ratio.

2. Lower the concentration of NaOH in the solvent from 5 wt%. Similar to the reduc-
tion of the textile-to-solvent ratio, this process change must also be experimentally
evaluated to determine the lowest possible NaOH concentration without the risk of
decreased yields.

3.  Separate the TPA salt in the filtrate from the dewatering press before precipitation
(Figure 7) with a nano filtration (NF) membrane and/or ion exchange technology.
By doing so, the permeate, with most of the residual alkali, could be recycled, and
mixed back in with the textile feed. There are pH-stable NF membranes that appear
as promising candidates which are able to withstand the alkaline filtrate, with a
cutoff down to 200 Dalton [33]. The TPA salt (TPA-Na;) has a molecular weight of
210 g/mol, and might possibly be effectively separated in the NF membrane, although
this should also be verified experimentally.

For the third process improvement listed above, a new iteration of the process layout
was created (Figure 8). In it, it is assumed that an effective recirculation of 90% of the
residual alkali with the aid of a NF membrane is possible. It is assumed that 10% of the total
flow follows the retentate with up-concentrated TPA. Compared to Figure 7, the required
makeup of fresh NaOH decreases by 87%, and the charge of H,SO, decreases by 88%. The
energy consumption also decreases by 72%, since the recycling of the high temperature
residual alkali stream, at 87 °C, drastically lowers the need for external heating for the
ramp up to 90 °C.

As mentioned previously, it will be necessary to identify treatment options for the
residual EG/NaySOy fraction after TPA precipitation. Within the frames of this work, it
has not yet been clarified whether it is possible to separate EG from Na;SO4. Although
commercially available technologies for glycol recovery do exist, preliminary discussions
with one of the providers of such a technology (cleantech company Recyctec [34]) indicate
that the EG/NaySO, stream in question might be difficult to process due to its high
conductivity. Furthermore, the amount of EG in the stream is relatively small, and it
might not be economically viable to separate it, but perhaps it could be for Na;SO,, which
dominates the composition of the stream. If it is suspected that the fraction cannot be
separated, the question remains whether to regard it as hazardous waste, or if it can simply
be treated in a wastewater treatment plant. A recycling company [35], which was contacted,
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concluded that a detailed composition of the stream would need to be available for the
proper classification.

Temp - [°C]
Gas burner Wash Wash water
1ton/h Steam, 3 bar, sat. press S ton
70% - Viscose 20 °C
30% - PES 100 ton Press l
Textile Feed 5.0 ton NaOH
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4.4 ton NaOH 99 ton 0.3 MW steam
87 °C 4.8 ton NaOH
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20 °C 1.1 ton Na,SO,
TPA precipitation lTPA Hazardous waste
and alkali neutralisation 0.2 ton TPA

Figure 8. The proposed process layout for the viscose/PET separation process with the improvement
of separating and recycling residual alkali back to the textile feed. Purple values indicate total flow,
green indicates component flow in the stream, brown indicates heat transfer, and red indicates the
temperature. The values are to be seen as indicative and, in this case, refer to a hydrolysis residence
time of 16 h.

It is of great importance to allow the PET hydrolysis to be completed to avoid contam-
ination of the viscose fraction by the remaining PET. Experimental results indicate that up
to 16 h are required for complete hydrolysis of neat PET and the Filament70/30 sample.
However, for the blended fabric, Fabric70/30, complete removal of PET was not achieved,
even after 24h of hydrolysis (Figure 2a). Phase transfer catalysts have previously been
used in alkaline hydrolysis of both PET and cotton/PET blends, and their use might be
advisable to speed up reaction, debottleneck the process, and minimize the volume of the
reaction vessel. One potential alternative would be to conduct the hydrolysis in multiple
step reactors, with a countercurrent flow of the alkaline solution.

The proposed process in this work depicts a standalone plant. It is well known that
integration between chemical industrial processes might have various economic and envi-
ronmental benefits, as compared to a standalone process. Integration of the viscose/PET
separation process with a Kraft pulp mill would yield several potential benefits:

1.  Instead of having a gas burner, low pressure steam could be bought from the pulp mill.
This removes the capital expenditure (gas burner) of the viscose/PET process, and,
further, the pulp mill steam should be less expensive, as well as renewable, compared
to natural gas.

If it is not possible to separate the EG/NaySO; fraction, the existing infrastructure at
the pulp mill may offer some alternatives for its disposal. If the EG/NaySO4 stream
can be treated as a normal effluent, it could simply be sent to the wastewater treatment
plant. Otherwise, it could perhaps be evaporated, and subsequently incinerated in the
recovery boiler; however, this would be at the expense of increased energy consump-
tion in the mill’s evaporation plant. Furthermore, it must be investigated whether the
amount of NaySO; in the stream will significantly alter the pulp mill’s Na/S balance,
possibly increasing the NaOH makeup demand, as well as the associated costs.
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3. The chemicals used in the viscose/PET process, NaOH and H;50;, are already used
in the pulp mill. The viscose/PET process can potentially directly use the prepared
solutions of these chemicals from the pulp mill.

4.  Other economic benefits related to infrastructure, such as a reduced need for land
and ground preparation, shared buildings, and utilities infrastructure (e.g., power
substation, fresh- and cooling water), as well as shipping and/or transportation.

4. Conclusions

Alkaline hydrolysis of PET from viscose/PET fabrics was shown to render pure
terephthalic acid and a cellulose fraction with a decreased molecular weight and increased
crystallinity. A complete depolymerization of PET, as well as the subsequent separation
of the blended fabric, requires long reaction times, >24 h under the present, mild reaction
conditions. The intrinsic viscosity of cellulose after hydrolysis is 130-150 mL g~ !, too
low for use in commercially regenerated fibers or traditional cellulose derivatives, such
as cellulose ethers or nitrates. In fact, all samples show an initial IV, prior to hydrolysis,
below the desired IV range for dissolving pulps aimed for use in various commercial uses,
probably due to a reduction in molecular weight as a function of viscose processing. How-
ever, low molecular weight polysaccharides can find other uses, e.g., through hydrolysis
into nanocrystalline cellulose, or in sugar platforms for further valorization into specialty
chemicals and biofuels. An upscaled process layout was constructed, based on the pro-
posed process, with the objective of optimizing chemical and energy use. From this model,
a number of process developments were suggested. We believe that an iterative process
between small-scale experimental work and techno—economic and life cycle analysis is
highly beneficial in developing recycling processes which are economically and ecologically
viable.

Future Suggestions

The inefficient use of NaOH was recognized as the weakest point in the proposed
process, whose cost, at present, would very likely exceed any reasonable revenue from the
sales of TPA, EG, and the cellulose fraction. Efforts must be dedicated to reducing NaOH
consumption, e.g., by the use of an NF membrane or a lower textile-to-solvent ratio. These
results should be used as a guide to further experimental work, to favor an economically
and ecologically viable process.

Further, experimental work should focus on increasing the hydrolysis rate, as the slow
kinetics of hydrolysis of the blended textile require large volume reactors. This may be
accomplished using a phase transfer catalyst, or an increase in either temperature or NaOH
concentration.

In future studies, proper characterization of the EG/NaySO; stream and identification
of separation technologies and waste treatment alternatives should be included. Given
the low content of EG in the stream, it is possibly more relevant to identify technologies
which could be used to separate Na;SO4, which dominates the composition of the stream.
Furthermore, the process would probably largely benefit from an integration with a pulp
mill.

It is emphasized that the values, presented as output from the process layouts, should
be seen as indicative for the overall process. Even though some aspects of the proposed
process do not seem encouraging at this current stage, it is far too early to reject it. Instead,
the suggested actions to take in future work should be seen as important steppingstones to
close the loop for a fraction of the multi-material textiles.
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