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Recycling strategies for textiles are evidently in need of further development. An upcycling
technique for polyester- cotton blended waste textiles support the creation of a circular
economy aspect for textile waste. However, due to its heterogeneity, it is difficult to recycle
blended textiles. Various methods have been employed to separate waste polyester-cotton
blended textiles for recycling by separating the components or solubilizing or degrading the
component that is to be recycled. But many of them was not successful as the process impacts
the quality of recovered materials.

The separation of cotton and polyester fractions from waste polyester cotton blended textiles
was done with Natural Deep Eutectic Solvent (NADES) treatment. To enable the successful
separation, the treatment time, temperature and solid to DES ratio have been investigated.
The optimum DES treatment condition was 110C, 6h with solid to DES ratio 1:10. The
efficiency of recovered fraction for cotton was 98.2% and for polyester was 99%. The
membrane preparation from the recovered polyester and cotton fraction was studied. The
membrane preparation parameters such as coagulation bath conditions, membrane skin layer
thickness, additives, and polymer concentration impact were researched. The polyethylene
(PEG) 35kDa retention value for 10wt% cellulose membranes was 99%. And for polyester
membrane 18 wt% with 4% PEG as additive, resulted in the retention of 4 kDa PEG value
of 99%. Cotton and Polyester (PET) fractions were successfully separated from waste
polyester cotton blended fabric (WP-CFs) by a novel process based on NADES assisted
solvent extraction procedure. Furthermore, the fabricated membranes can be used in
different wastewater treatment process especially in harsh conditions.
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1 Introduction

The demand for textile products is growing rapidly and the main reasons are to satisfy the
demand of the growing population and the change in the economic development of the
generations. The clothing purchase ability has increased by 40% in less than twenty years in
EU (Dahlbo et al., 2017). On the contrary, a number of environmental and resource
challenges face the textile industry due to its production and overconsumption patterns. The
textile industry is the responsible for fifth most industrial water pollution due to the
production and dyeing process, and it emits 10% of total greenhouse gas emissions, which
IS creating a huge burden on the environment. The amount of solid waste produced by the
textile industry is growing simultaneously as there is no proper recycling process has been
adopted successfully. In many cases, the waste textile products are going to the landfill
which is very harmful to the environment (Liu et al., 2019). In recent years, textile
consumption has more than doubled, but only about 1% of textile waste has been recycled
(Ellen MacArthur Foundation, 2017).

The total textile industry is dominated by synthetic fibres which are about 63% and usually
originated from petroleum or crude oil and emit a huge amount of CO> gases during
production. The second dominating fibre is cotton, which cultivation process is very water
intensive and associated with the use of a huge number of toxic pesticides (Sandin et al.,
2018). As the global consumption of clothing is increasing, by 2030 the demand for
cellulosic fibres will reach at 5.4 kg per person, but the forecasted availability of cotton will
be about 3.1 kg per person. And in this context, if the trend is going like the same, the textile
sector will face a huge crisis of virgin cotton fibre in the coming decades.(Ellen MacArthur
Foundation, 2017)

In recent days, Circular Economy (CE) is gaining a lot of interest to find a new way or
approach to tackling and responding to the largest global challenges, such as depletion of
natural resources, loss of biodiversity and climate change. By applying the CE model, we
can reduce about 22-44% GHG emissions in 2050 compared to the current path and textile
is one of the sectors highlighted by the Ellen MacArthur Foundation (Ellen MacArthur
Foundation, 2017). The textile sector is very much known as water, energy, and chemical
intensives. And today’s linear system of textile products creates negative impacts on the
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environment and people due to the use of a large number of resources. This industry has an
intense footprint on the environment and emits around 4-5 billion tonnes of CO:
annually(Ellen MacArther Foundation, 2017). To make the textile industry sustainable
considering the planetary boundaries we need to take different measures to reduce the impact

and grow the urgent need for reuse and recycling.

The textile recycling process is often considered mechanical and chemical. In mechanical
recycling, the textile waste is mixed with virgin fibre and used as raw material for new
clothing. In many cases, it has been found that during mechanical processing the quality or
the performance of the material has deteriorated compared to the virgin material. In chemical
recycling, the synthetic material is depolymerized, and cellulosic material is often dissolved.
Among all the fibres, cotton textile has drawn the most interest in recycling due to it can be
used in various reinforced materials to be regenerated fibre which can be considered as
upcycling. The second most widely used fibre is cotton polyester blended textile, which is
difficult to recycle due to its heterogenous structure(Haslinger et al., 2019). Thus, the
dissolution of cotton or depolymerization of polyester yet demanded method for the cotton
polyester blend. Dissolution of cotton or cellulosic material with ionic liquids is a widely
used method for now. Though the ionic liquids are not so available or cheap and the
reproducibility of the ionic liquids is not significant. The toxicity and non-biodegradability
of lonics liquids getting less attractive. Therefore, this sector is having been a strong need to

further develop eco-friendly green solvents for the recycling of cellulosic material.

The attractive properties of deep eutectic solvents make them eco-friendly and green
solvents like; non-toxic, non-flammable, biodegradable, cheap, good vapour pressure, easy
recovery, and tuneable physical properties and dissolution capacity (Smith et al., 2014).
Literature review showed that so far there is not much study, which reports the separation of
polyester cotton blended textile via DES media. During the literature investigation, it has
been found the use of DES in the separation of lignin from wood material and their use in

separation membrane (Soto-Salcido et al., 2020).
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2 Research Aim

In this study, the aim was to investigate the possibility of the separation of cotton fraction
from blended waste material and their further use as an ultrafiltration membrane. Usually,
DES consists of two or more different components that give the desired properties of the
solvent. In the current study, Choline Chloride and Lactic Acid have been used as the
component of the DES solvent. Separation efficiency of cotton fractions was investigated at

different conditions.

The recycling of waste polyester cotton blended textiles (WP-CF) has always been
associated with different challenges due to the lack of an established separation method. In
this research work, the WP-CFs separation efficiency with DES solvent was investigated.
Furthermore, the feasibility of reusing the separated cellulose fraction was explored with the
collaboration of Aalto University into a new type of manmade fibre product. Moreover, this
thesis also explored the possibility of fabricating filtration membranes from separated cotton
and polyester fractions which can be used for the industrial wastewater separation process.

Accordingly, the research's objectives can be summarized as follows:

I. Investigate the effect of green solvent on the separation of waste polyester-cotton blended
textile (WP-CF) for different temperatures, ratios of DES-textile, and different time

durations.

I1. The feasibility study to form new staple fibre from the separated cellulose fraction through

the dry jet-wet spinning method.

I11. Investigating whether the separated cellulose and polyester (PET) fraction can be used

to prepare cellulose and polyester-based membranes.

IV. Finally, study the impact of different parameters that can influence the performance of
the fabricated membranes. Parameters such as, coagulation bath conditions, membrane skin

layer thickness, additives, and polymer concentration impact.

12



3 Literature Review

3.1 Textile Value Chain

The textile clothing industry is having great influence on the socioeconomic conditions of
the various countries, where supply chain plays an important role. However, the supply chain
is considered as a fragmented and low-tech system contributing to the major environmental
impacts such as high emission of greenhouse gases, huge amount of water and chemical use,
and waste generation (Leal Filho et al., 2019). Nevertheless, the current textile production
systems are mostly linear and create significant negative societal impacts at global, regional,
labour-intensive and local levels. These linear systems also create pressure on resources and
degrade the ecosystem.

2% @

recycled <1%
feeds{ock frqm closed-loop
other industries recycling’

v

2%
losses during
collection and processing

12%

cascaded ‘
recycling?®

>97% million tonnes

virgin feedstock
9 ANNUAL FIBRE 73% A

PLASTIC (63%) PRODUCTION FOR e .

COTTON (26%) CLOTHING

incinerated
OTHER (11%) ' “

12%
losses in
production®

0.5 million tonnes
microfibre leakage*

II\ l@f? /
k‘:_/

1 Recycling of clothing into the same or similar quality applications

2 Recycling of clothing into other, lower-value applications such as insulation material, wiping cloths, or mattress stuffing
3 Includes factory offcuts and overstock liquidation

4 Plastic microfibres shed through the washing of all textiles released into the ocean

Figure 1. Global material flow (Adopted from “Mac EllenArthur Foundation™)

As highlighted in Figure 1, less than 1 % of textile material is recycled for high value
products, which represents about USD 100 billion. According to the Figure 1, 12% material
is recycled by different means for low value applications such as, wiping clothes stuffing
material, and insulation purposes. Finally, the rest of the material end up in landfills or

incineration. Consequently, this industry has an immense impact on the environment.
13



If we investigate the Finnish textile flows, the net supply for new textiles in 2019 was 18,000
tonnes and end-of-life textiles were 86,000 tonnes. In Finland, the use of textile is 13.5kg
person, however, only a small amount is locally produced. End-of-life textiles mostly
originate from households, and they end up in incineration and energy recovery. However,
a very small portion is reused in material recovery and export. This recycling of textile waste
comprises of different pathways or techniques; the main four techniques are mechanical

recycling, chemical recycling, mixed technologies, and thermal recycling. (Palme et al.,

2014; Dahlbo et al., 2017)

Mechanical Chemical Mixed i
technologies

Energy,
l Cutting \ l Shredding l Melting \ lRawmateriaIs l Carpet \ l Composite \ Ethanol,
Biogas

Figure 2. Main technology pathways for waste textile recycling. (Palme et al., 2014)

Thermal
recycling

As shown in figure 2, there is a distinction between Chemical and mechanical recycling of
textile material. Michaud et al. has conquered the differentiation between these two recycling
ways based on the disassembly process of the recovered material like fabric recycling, fibre
recycling, polymer, and monomer recycling (Environmental benefits of recycling, 2010).
Both pre- and post-consumer textile wastes are possible for mechanical recycling yielding
new fibre, yarn, and finally new textile products. However, this recycling process shortens
fibre length and results in poorer product quality. To avoid this, virgin fibre needs to be
added to the recycled fibre. Chemical close loop of textile material reproduces polymeric
products like polyester, nylon, and acrylic fibre. To process these kind fibres, chemical
breakdown is needed before polymerization and spinning into new yarn. Nevertheless, the
challenge with chemical recycling is the degradation of the polymer during the recycling

steps. (Payne, 2015)
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A number of fibre manufacturers have filed patents on MMCFs using cotton waste as a
feedstock (Haslinger et al., 2019). Processes, such as IONCELL recycles cellulose-rich
textiles into dissolving cotton that can be converted into new types of MMCF with properties
similar to Viscose or Lyocell (Oelerich et al., 2017). There is a significant difference in the
way feedstock is prepared between these processes. Most of these processes are in the very
initial stage and yet to be implemented on an industrial scale, as many of the influencing
factors like feedstock, environmental benefits, and cost of the process need to be considered.
Currently, REFIBRA, Lenzing is the only fully commercialized solution which transforms
the pre-consumer textile to new textile-grade fibre using the Lyocell technology (Roeder,
2013). RENEWCELL also started a commercial project enabling the post-consumer wastes
into a new type of MMCEF with the collaboration with Lenzing. It is evident that new types
of alternatives can play important roles in the textile industry and contribute to the

environmental benefit if the textile recycling models can be explored.

To make the collection and sorting process more efficient, different organizations have
established their own collection methods focusing on the consumer perspectives like drop-
off points at the stores and offering some discounts or points on their shopping. Recently,
many actors are also collecting textile waste and reprocessing as new textiles. However, the
utilization of this process in bulk or industrial scale is still lacking as compared to textile
waste. (Leal Filho et al., 2019)

Table 1. Some examples of recent activities of the textile collection and the possibility of
reuse. (Leal Filho et al., 2019)

Company Product Description of the project
Name Type
Egetaepper Carpets In addition to having a take-back program, the company

makes carpets out of repurposed fishing nets. The use
of resources is minimized, and ownership of the goods

continues after the sale.

H&M Clothing Pre- and postconsumer wastes are collected for its
cotton, wool, and cashmere recycled fiber products. A
product's tag informs the consumer if it contains fibers

from discarded clothing.
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Houdini

Outdoor
Clothing

Customers who have used Houdini items can return
them for reuse or recycling. 100% polyester products
that are worn out are delivered to a plant for recycling.
The business also makes use of recycled nylon and
polyester made from PET bottles. Recyclability is a key
focus of the company, so it strives to streamline
processes, materials, and products as much as possible.

Lindex

Clothing

In collaboration with the NGO Myrorna, the company
began to encourage textile reuse and recycling, starting
with fibers made from recycled plastic waste. In
addition, Lindex incorporates recycled post-consumer
denim into its newest denim lines. Its main goal is for
80% of all of its outfits to be produced more sustainably
by 2020.

Nortex

Duvets

pillows

The "Nortex Care collection™ is a portion of the duvet,
pillow, and cushion production that is primarily
targeted at hospitals. In order to benefit from the trend
toward green procurement, it is difficult yet vital to
appeal to the healthcare sector.

Pure Waste

T-shirts

This company employs its own fibers, which are
produced entirely from recycled materials. The
company purchases these materials from pre-consumer
textile waste and PET fibers made from recycled plastic
bottles. Another crucial feature is the capacity of the
clothing made in this business to be recycled.
Therefore, the designers employ tactics like swapping
out hang labels and utilizing the least amount of
accessories possible. Additionally, cutting back on

waste and packing improves energy efficiency.
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3.2 European Action on Circular Economy of Textile

According to the European Commission, European textile consumption has one of the
highest impacts on climate change and the environment after the food, housing, and mobility
sectors. It creates significant pressure on water and land use (one of the top three) and
contributes to raw material consumption and greenhouse gas emission (one of the top five).
Therefore, the commission has taken the following initiatives to make this supply chain
circular by 2030 and set some strategies for textiles:

1. All textile products which are placed on the EU market must satisfy the following criteria.
e The product must be durable, repairable, and recyclable.
e The materials should be made from recycled fibres.
e The product should be free from hazardous substances.
e The product must be produced respecting social rights and regulations.

2. Fast fashion is out of fashion and consumers should benefit from durable products made
from high-quality textiles.

3. Profitable repair and reuse services should be widely available.

4. Competitive, resilient, and innovative textile sector should take extended responsibility

for its products and the supply chain.

5. With sufficient capacities for recycling, circular product cycles have become the new
norm rather than being thrown away. Incineration and landfilling of the products should be

the least acceptable choices.

The main strategy of the textile sector is to set the design requirements for the textile. In
addition to the minimum recycled content requirements, the strategy will help to make the
product last longer and easier to repair or recycle. For clearer and more transparent
communication between the consumer and other parties about a product and the supply
chain, the digital product passport has been introduced recently. In addition to tackling
greenwashing and empowering consumers, a digital product passport will also raise

awareness about sustainable fashion. Commission regulations also discourage
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overproduction, overconsumption, and destruction of unsold or returned products. To
increase the producer’s responsibility, mandatory eco modulation fees have been proposed.
The commission’s strategy also addresses the unintentional release of microplastic from
synthetic textile material into the environment. The restriction has been imposed on the
export of waste textiles and sustainable textile growth has been encouraged. To promote
this new circular business model for textile products, an incentivization process has been
incorporated for the reuse and repair sectors. To achieve the objectives, different companies
and member states are encouraged to support these visions and textile strategies.(EU strategy
for sustainable textiles, 2021; Digital Product Passport, 2022)

Along with creating new requirements, the commission is putting extra efforts to solve the
irregularities, obstacles, and disparities in the existing regulation that are hindering textile
circularity. To ensure the textile circularity and recycling of end-of-life textile products in
the EU, a proposal has been made to harmonize the existing legislation on waste
management systems and shipment. Additionally, discarded textiles are seen primarily as
valuable raw materials rather than waste. The proposal will promote the proper management
of end-of-life textiles, the progress towards recycling, and new circular business models.
(Finnish Textile & Fashion, 2021)

In 2008, the European Framework Directive (2008/98/EC) was introduced to improve the
management of municipal textile waste. The directive aims to reduce waste, prepare waste
for reuse, facilitate recycling, and reduce the amount of waste disposed in the European
Union by 70% (Bukhari et al., 2018). Due to this waste management legislation, the research
on the Man-Made Cellulosic Fibre processes (MMCEF) in textile recycling has been of
growing interest. The collection, sorting, and pre-processing of textile waste has been so far
the most expensive step, as these processes are manual and labour-intensive. (Hinkka and
Harlin, 2018)

According to European Legislation, post-consumer textile wastes are not considered
problematic anymore. Separate textile waste collection system recently has been added in
the legislation and Finland already implement this legislation from 2023 and this collection
process is starting with the regional waste collection systems. The collection systems will
improve further. In Finland, Lounais-Soumen Jatehuolto (Lounais-Soumen Jatehuolto,
2021)and Restor Oy(Rester, 2023) are the companies collecting the waste textiles, sorting,

and doing mechanical recycling in industrial scale. Pure waste is collaborating with Lounais-
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Soumen Jatehuolto and making the garments from this mechanically recycled post-consumer
textile. To separate these textile materials, NIR (Near-infrared Spectroscopy) received
attention. It is an automatic process to separate the textile feedstock according to the fiber
composition. This technology operates with many data sets which cover most fibre types,
moisture content, surface characteristics and colour properties of textile products.(Rodgers
and Beck, 2009)

3.3 Deep Eutectic Solvent

Deep eutectic solvents (DESs), a new class of environmentally friendly solvents with
nonsymmetric ions and low melting temperatures due to low lattice energy, contain these
ions. They are often produced by homogenizing two or more compounds. As illustrated in
Figure 3, DES typically contain urea, amide, salts as the hydrogen bond donor (HBD), and
quaternary ammonium salt as the hydrogen bond acceptor (HBA). The melting temperature
or point of a DES mixture is low compared to the individual compounds of the DES, which
is known as “eutectic temperature”, which happens due to the delocalization of the hydrogen
bonds. DES can also be categorized as NADESs (natural deep eutectic solvents) because of

their unique qualities, such as biodegradability and biocompatibility.

Scientists have paid a lot of attention to NADES since they satisfy "green™ standards.
Zhekenov (Zhekenov et al., 2017) investigated the function of intra- and intermolecular
hydrogen bonding in the DES. The information demonstrates that the intermolecular
hydrogen bonds between the components are essential to produce these DES. NADES
matrices can therefore be easily tuned by a variety of variables, such as water content,
temperature, and component ratios. (Liu et al., 2018).

There are several advantages to using NADES. They are inexpensive, simple to prepare,
biodegradable and stable when it comes to high temperatures, non-flammable, and
sustainable (Cecone et al., 2022). Figure 4 shows some widely used HBD and HBA to form
eutectic solvents. (Smith et al., 2014; Tomé et al., 2018). For this thesis works we have used

NADES, combination of choline chloride and lactic acid, 1:10 molar ratio.
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Figure 3. NADES composition and advantages. (Cecone et al., 2022)
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3.3.1 DES And Their Uses

DES has received attraction as a competitive solvent, as these solvents are green and have
many other attractive properties for textile recycling process. They are safe, biodegradable,
easy to prepare, cheaper compared to ionic liquid (IL), easy to recycle and finally the solution
properties are adjustable by changing the constituents of the DES. (Ptotka-Wasylka et al.,
2020)

Since Abbott’s first description (Abbott et al., 2004) the use of DES as green solvents for
numerous processes has been researched. They have been used successfully as a solvent in
electrochemistry and the extraction of organic molecules because of their distinctive
physical and chemical characteristics, recyclability, and biodegradability. DES, in
combination with lactic and choline chloride, are used widely for the separation and
purification of lignocellulose material from biomass (Soto-Salcido et al., 2020). Certain
DES also can be used to dissolve cotton or cotton-polyester blended textiles during recycling
(Wang et al., 2022). There are several solvents that are unstable, toxic, hard to recycle, and
costly, including viscose solvents, inorganic acid solvents, copper ammonia solvents, and
non-aqueous system solvents. As a result, these solvents are unable to fulfil the green

chemistry requirements. (Heinze and Koschella, 2005)

In recent days, lonic Liquids (IL) have been widely used because of their excellent cellulose-
dissolving properties. Although they have a high level of cellulose-dissolving properties,
their complexity and cost limit their industrial-scale application. Many studies also pointed
out the toxicity and biodegradability limitations of lonic Liquids (Ptotka-Wasylka et al.,
2020). Therefore, DES are popular green solvents for cellulose recycling. For example, DES
is considered a good solvent for biomass delignification and ChCl-based DES cellulose
separations are being explored (Zhang et al., 2020). The efficient separation of cotton-
polyester blended textile into high-value individual components has been achieved by ChClI-
based DES. The optimal treatment condition using DES can be determined using treatment
duration, temperature, and solid-to-DES ratio. The reuse of DES can reduce the recycling
cost significantly. As an industrial solvent, the main advantages of DES over IL are that DES
are cheaper and can be reused through recycling. Wang also has explored the recyclability
of the DES on the separation of polyester-cotton blended textiles. (Wang et al., 2022)
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3.4 Textile Fibres

3.4.1 Cellulose Fibre

Cellulose materials comprise of 3-D- glucopyranose rings, also known as repeating unit in
the “C; chair-like structure and these units are interconnected by B-1,4 glycosidic bonds
(French, 2017). Figure 5 shows the structure of cellulose. The length of the repeating unit is
1.3 nm. There are three hydroxyl groups present in each anhydrous glucose unit within the
cellulose chain. Two secondary groups at C2 and C3, a primary group at C6 are positioned
in the plane of the ring.(Rojas, 2016)

Repeating unit

OH

Figure 5. Representation of cellulose molecule. (Rojas, 2016)

The hydrogen bonds in the cellulose, have a significant impact on the solubility, and
reactivity with the different solvents and the crystallinity of the cellulose also depends on
the strong hydrogen bonding. The strong interaction between cellulose chains is influenced
by intermolecular hydrogen bonding. Figure 6 shows the structure of cellulose type I and I1.
The bonds are created between cellulose macromolecules mainly oxygen atoms of C3 and
OH at C6 for the native cellulose or cellulose type I. (Rojas, 2016)

The cellulose type Il or regenerated cellulose shows different intermolecular hydrogen bonds
between the hydroxyl group (OH), groups of C6 and C2 of another chain. Due to this
different intermolecular bonding Cellulose type, 11 shows more densely packed with strong
interbond in compared to Cellulose type | and in addition Cellulose type Il also shows less

reactivity. (Rojas, 2016)
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Figure 6. Hydrogen bond system of Cellulose I(a) and I1(b) type. (Rojas, 2016)

The degree of polymerization (DP) of the native cellulose lies in the range between 1000-
30000 which corresponds to the chain length of about 500- 15000 nm. For example, the DP
for virgin cotton is about 9000-15000. Industrial chemical processing, such as hydrolysis or
oxidation, changes the molecular structure of the cellulose chain, and thus, the DP of

cellulose fibres reduce significantly. (Palme et al., 2014)

In this thesis, we work with waste polyester cotton fabric (WP-CF), which is also known as
a post-consumer material. After purchasing a product, it undergoes various processes with
different timelines. Depending on the way of use and duration, degradation of the product
happens differently. To recover usable cellulose from the post-consumer waste for the dry-
jet wet spinning process, the material needs to go through extensive procedures. In general,
it is assumed that the regenerated cellulose also will have the quality, durability, and
solubility like native cellulose. They only differ in the degree of polymerization or the length
of the cellulose chain. The minimum workable limit of intrinsic viscosities for regenerated
cellulose is 150-450ml/g (Woodings, 1995). If the intrinsic viscosity is lower than this limit,
then cellulose is not suitable for the dry-jet-wet spinning process. In that case, additional
virgin substrate can help to improve the viscosity of the regenerated fibre during dry-jet-wet
spinning. (Wedin et al., 2018)

The most commonly regenerated cellulose is Viscose which is produced by dissolving wood
pulp with carbon di sulphide (CS2). Note that CS2 is toxic to the environment. Therefore,
Lyocell is regarded as a safer option. Lyocell is produced by dissolving wood pulp in an N-
methyl morpholine oxide (NMMO) solution, however, a thermal reaction occurs.
Researchers have been working to find a better solution and overcome the mentioned
limitations related to these fibre regeneration processes. As stated earlier, in recent years,
ionic liquid (IL) has been regarded as an attractive solvent to regenerate cellulose. lonic
liquid 1,5 triazabicyclo (4.3.0) non-5-enium acetate (DBNAC) is used to dissolve pulp or
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different cellulose materials(Haslinger et al., 2019). Table 2 compares the starting DP of the
material and the DP of the regenerated cellulose fibre with the IL process. From the table, it
is significant that the DP of regenerated cellulose fibres has been reduced from the starting
point.

Table 2. Degree of polymerization of Regenerated cellulose fibres (RCFs) and separation
time in IL. (De Silva and Byrne, 2017)

DP of the starting cotton lint Separation time in the IL DP of the RCF

(minutes)
3133+32 390 2680+26
2700128 365 2124420
2543128 330 2025120
241034 320 1894422
1996422 285 1425420
1704+18 270 982+14
1070+16 220 904+15
924+12 190 646+12
87014 180 495114

3.4.2 Polyester Fibre

Polyester is a synthetic fibre, named PET, which is obtained from the condensation reaction
of two monomers; terephthalic acid and ethylene glycol. Figure 7 shows a unit structure of
PET fibre. It is a thermoplastic material, and the melting point is around 264 °C. (Wang et

al., 2022)
O
H
(@]
0]
OH
n
0

Figure 7. Chemical structure of PET. (Wang et al., 2022)
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Either mechanical or chemical processes can be used to recycle polyester. In mechanical
recycling, phase changing, and polymer purification are done by melting polyester. In
chemical recycling, polyester is dissolved in the solvents to purify, and depolymerized into
monomers; ethylene glycol (EG) and terephthalate acid (TPA). These produced monomers
are re-polymerized into PET resin or dope (Wang et al., 2022). The PET resin is pushed
through small holes and cold air is used to solidify the resin filaments. The process is
followed by drawing which helps in the solidification of the resin filament’s structure (Leal
Filho et al., 2019)). Polyester fibres have high crystallinity index which is about 40-55%.
Crystallinity is directly connected with fibre strength. The degradation time for PET fibre is
more than 100 years (Wang et al., 2022). These properties of PET fibre have been presented
in table 3.

For mechanical recycling, PET fabrics are shredded to make nonwoven. This type of
recycling also known as downcycling, as the value of a product becomes lower compared to

the original.

3.4.3 Cotton—Polyester Blended Textile

As cotton and polyester materials have different chemical properties, it is not possible to
recycle or recover them in one process from cotton-polyester blended textiles. Cotton
materials are hydrophilic, whereas polyester materials are hydrophobic and thermoplastic in
nature. To recover or recycle these blended materials, we need to incorporate further
chemical processing, to separate the fractions. The polyester material is only dissolved in
hazardous substances like Dimethyl sulfoxide DMSO, which also impacts the cellulosic
structure of the cotton fibre. This process is not environmentally friendly either. Due to these
limitations, most of the separation approaches have been focused on hydrolysis (Wang et
al., 2022) where cotton fractions can be recovered for further processing (Barot et al., 2015).
For cellulose separation, hydrochloric acid can be used with the optimal condition, where
acid separates the cellulose through a hydrolysis reaction. The main limitation of this
hydrolysis reaction is the degradation of the cellulose particles, and it is not possible to re-
spun through dry-jet-wet spinning as the degree of polymerization reduces. Another concept
of separation of cotton fraction has been highlighted with ionic liquids and N-methyl
morpholine N-Oxide (NMMO). They enable the smooth filtration of polyester while
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preserving the cellulose structure of cotton (Haslinger et al., 2019). This method has not
been commercially explored yet. To close the loop, the recovered polyester fraction can be
depolymerized and used for a new PET fibre-making process.
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Figure 8. FTIR spectrum for cotton polyester (60%/40%) blended textile (Database of ATR-

FT-IR spectra of various material)

Figure 8 presents the typical FT-IR spectrum for cotton-polyester blended textile, where
different peaks confirm the presence of the cotton and polyester fibre. The peaks at 1712cm”
! are associated with C=0 ester stretch of PET. The other significant peak in the range of
3000- 3700 cm? represents the O-H stretching of cellulose. The C-H stretching peak in the
range of 2700-3000cm™ describes the crystalline structure of the cotton. The crystallinity
index for cotton fibre is 53-80% which demonstrates a key characteristic, which has been

presented in table 3.

Table 3 represents the general properties of cotton and polyester fibre, they show the
similarities in strength, modulus, and elongation at break. These properties make the fibre
useful as a textile fibre. The major differences are found in crystallinity index, and moisture
regains, which make the cotton fibre hydrophilic and PET fibre hydrophobic in nature.
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Table 3. Properties of cotton and polyester fibre. (Wang et al., 2022)

Properties Cotton Polyester

Fibre Cross Sectional Shape Kidney-bean Circular or variable
Specific Gravity 1.54 1.38

Moisture Regain (%) 1.0-8.5 0.4

Crystallinity (%) 53-80 40-55

Young’s Modulus 0.6 0.8

Elongation Break (%) 7 15

Degradation (yrs) <0.5 >100

3.5 Membrane

Membranes are semipermeable barriers that can control the flow and separate the molecules
and species in liquid or gaseous phases. They also can be defined as filters which have fine
structures, pores and are capable to segregate individual molecules or ions. The basic
principle of filtration by using a membrane is simple, where a solution is fed onto a
membrane surface and the membrane surface divides the fed into two fractions; one is
permeated through the membrane and the other is retained. The simple process of membrane
separation is shown in Figure 9. (Mulder, 1991)

Phase 1 Membrane Phase 2

o ®O 0
O‘O' @ O [permeac]
oe
o)
eC O 0

driving force
AC, AP, AT, AE

Figure 9. Simple diagram of membrane filtration. (Mulder, 1991)

A wide range of salts, polymers, and microorganisms can be separated. However, the
efficiency of the filtration closely depends on the specific characteristics of the membrane.

The most important characteristic of the membrane is its ability to separate the targeted
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particles, which has already been explained in figure 9. This key attribute describes the
membrane as a semipermeable barrier: targeted compounds are rejected, while others are
permeated through. The filtration capacity of a membrane describes the amount of obtained
permeate through the membrane per unit area and time, which is also described as the flux
and denoted as (L/m?h). (Mulder, 1991)

Generally, there is a linear relationship between the applied pressure and membrane flux. A
complete range of permeability values of a membrane can be defined by measuring fluxes
with different pressure ranges, which is denoted by P. The rejection or retention value of a
membrane is denoted by R%, which describes how efficiently the membrane can separate
the targeted compounds from the feed. Specifically, the number of particles can be removed
from the feed solution and calculate the retention% accordingly. In addition, this value also

defines the effective separation capability of a membrane. (Mulder, 1991)

The quality of the membrane does not only define the performance in phase separation but
also the reusability before it can be disposed of environment friendly. The key properties of
a good membrane are defined as permeability, rejection percentage, no fouling, and
biodegradability of the membranes. (Mulder, 1991)

Every separation process of a membrane is uniquely characterized by the membrane
properties. A membrane can transport most fractions of a component compared to the other
in a mixture as shown in figure 9. This phenomenon is connected to the differences in the
physical and chemical properties of the permeating compounds and membranes. However,
this permeation through the membrane largely depends on a driving force. A continuous
energy supply is required to separate targeted compounds from the mixed solutions, and this
driving force is expressed as a gradient of pressure, temperature, concentration, or electrical
potential. (Mulder, 1991)

The molecular weight cut-off (MWCO) of a membrane is expressed as Dalton (g/mol), and
it is generally defined as 90% rejection of a certain particle size of the solute by a tested
membrane (Xu et al., 2017). This parameter is commonly used for indicating the quantitative
rejection of the membrane. However, due to other numerous factors, it cannot provide a
comprehensive understanding of the membrane separation performance. For example,

hydrophilicity or hydrophobicity of the membrane surface, concentration polarization, and
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polarity of the solvent also have a great influence on the separation efficiency of the

membrane. (Cleveland, Seacord and Zander, 2002)

Generally, the membrane is classified as Microfiltration (MF), Ultrafiltration (UF),
Nanofiltration (NF), and Reverse Osmosis (RO), where Microfiltration is the most open and
Reverse Osmosis is the tightest membrane. Table 4 represents the membrane types as per
the pore size, flux, and typically rejected compounds connected to the membrane type. The
nanofiltration and reverse osmosis membranes typically do not have measurable pores, and

therefore, they need a greater pressure range to induce flux. (Drioli and Giorno, 2020)

Table 4. Flux ranges and pressures in different membrane types. (Yang et al., 2019)

Membrane types Pressure Flux ranges  Pore sizes Rejected
ranges(bar)  (L/m2.h.bar) compounds

Microfiltration 0.1-2.0 > 50 >100nm Bacteria, suspended
solids

Ultrafiltration 1.0-5.0 10-50 2-100nm Colloids,  viruses,
macromolecules

Nanofiltration 5.0-20 1.4-12 1-2nm Monovalent salts

Reverse Osmosis  10-1000 0.05-1.4 <lnm water

A membrane can be natural or synthetic, and it can be charged or neutral. Another type of
classification is based on the morphology or structure of the membrane. The structures of
membranes can be homogenous or heterogenous depending on a few fundamental
characteristics like pore size, material type, and preparation method. The membranes can
differ in thicknesses and their possible means of transport can be active or passive, which
depend on the pressure, concentration, or temperature of the preparation. (Mulder, 1996)

In a synthetic membrane there are two types of cross-sections: symmetric and asymmetric.
If the cross-sectional structure of the membrane is homogeneous, then the membrane is
known as a symmetrical membrane. This type of membranes has homogeneous mixture,
porosity, and transport in all locations. In asymmetrical membranes, the cross-sectional area
possesses heterogeneous structures of several mixtures with different morphologies. The

cross-sectional structure of the membrane has been presented in figure 10. (Mulder, 1991)
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An extended type of asymmetric membrane can also be a composite membrane. In
composite membranes, different polymeric materials are used for the top and sublayers.
Individual layers can be optimized separately. Typically, a thin dense layer is added to the
support layer, which is already an asymmetric membrane. To achieve this type of composite
membrane formation, several methods are used, such as interfacial polymerization, in-situ
polymerization, dip coating, and plasma polymerization. In addition, a wide range of organic
and inorganic polymers are available to have different operational performances. (Mulder,
1991)

Symmetric Asymmetric
homogeneous films integral asymmetric
e o
porous skin homogeneous
layer skin layer

cylindrical pores

FEIALL KRBT TOPrG WRNTrL
sponge-type structures composite structures

Figure 10. Cross-sectional structure of symmetric and asymmetric membranes. (Mulder,
1991)

Typically, for the porous MF and UF membranes, material selection is mostly based on the
resistance against harsh conditions. It also means that the membranes are symmetric, which
makes them simple and easy to use. In contrast, NF and RO membranes have different types
of materials, and therefore, material selection plays an important role to have selective
performance. To acquire the required property of a membrane, the organic polymer layer
should be as thin as possible, which reduces the hydraulic resistance of the membrane.
(Mulder, 1991)
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Table 5. Some common materials for different types of membranes. (Mulder, 1996)

MF UF NF RO

Polyamide Polyamide Polyamide Polyamide
Cellulose ester Cellulose ester Cellulose ester Cellulose ester
Polysulfone Polysulfone

Polyether sulfone Polyether sulphone

Polyether imide Polyimide

Polytetrafluroethylene  polyacrlonitrile

Polyvinylidene fluoride Polyvinylidene fluoride

Table 5 shows some common types of materials for different types of membranes. It is worth
mentioning that polyamide and cellulose base materials are included in all types of

membranes.

3.5.1 Cellulose Membrane

Cellulose-based membranes were the first synthetic membranes and can be prepared through
various techniques; such as sintering, phase inversion (P1), and track-etching. Among all, PI
techniques are the most popular due to their controllable properties of preparation
parameters. During the phase inversion technique, the dissolved polymer is precipitated by
adding a non-solvent phase, like a liquid or gas phase. The polymer also can be precipitated
by sharply decreasing the temperature of the polymer solution, which reduces the solubility
of the polymer and results in precipitation. Using PI techniques, a homogeneous polymer
solution needs to be prepared with an appropriate type of solvent. The structural property of
the membrane depends on the type of polymer, the chemical composition of the solvent and
non-solvent that are used to prepare the membrane. The phase inversion method is finally

followed by a residual solvent removal process. (Mulder, 1996)

To illustrate the physical and chemical properties of a polymer solution of the membrane,
the ternary phase diagram can be used. The ternary phase diagram Figure 11 shows the idea
of membrane formation, copolymers, and additives. To achieve the selective performance

of the membrane, the polymer needs to be dissolved fully in the solvent mixture. The figure
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also illustrates that the utilized solvent and non-solvent for the preparation process should
be fully miscible. (Strathmann, Giorno and Drioli, 2006)

Miscible region i
Binodal curve

Polymer solution a d Membrane

Tie | Immiscible
line ™! region

S NS

Figure 11. Schematic diagram of ternary system phase of polymer solution (Polymer P,
Solvent S, and non-solvent NS). (Strathmann, Giorno and Drioli, 2006)

In the ternary phase diagram, the polymer (P), solvent (N), and nonsolvent (NS) represent
the states of the polymer solutions. The phase diagram indicates the completely miscible
region at the left side of the black arc. The right side of the black arc represents the
immiscible region where two phases are getting separated. This black curve line is known
as binodal which divides the diagram into these two distinct regions. In the figure, “a”
denotes the starting point of membrane preparation having a low-concentrated polymer
solution (dope). When the polymer solution is cast as a membrane and immersed into the
non-solvent system, coagulation occurs, and the process moves to point “b” by crossing the
binodal. At the same time, the phase transition from liquid to solid begins. As a result, the
polymer-rich part moves to the upper part of the tie line. Note that the lower end of the tie
line represents the poor phase of the polymer. (Dingyu, 2012)

3.5.2 PET Membrane

For a sustainable future, the chemical industry needs to move towards environmentally
friendly processes. Generally, about 40% of the total energy consumption in the chemical
industry is mainly used for separation and purification processes. Membranes allow selective

separation of the targeted molecules to pass through and blocking others which enables the
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separation of desired substances without excessive energy use like boiling or distillation
process. Membrane separation typically operate at lower temperature. Membrane separation
can also minimize or eliminate the need for chemical reagents of solvents reducing the
associated energy consumption. Therefore, membrane-based separation processes can be
good alternatives to traditional energy-based processes. Consequently, the interest in
membrane application is growing rapidly. However, membrane-based processes are limited
by the availability of solvent-resistant membranes. In many cases, it has been proven that
commercially available polymeric membranes are unstable under different harsh conditions.
At the same time, the cost is a major bottleneck for the scalability of highly resistant
membranes.(Pulido et al., 2019)

PET or copolyester
solution

Dissolution Casting

Poly(ethylene
terephthalate)
or copolyester

Non-solvent
induced
phase separation
(inversion)

Porous membrane
Washing * S Phase separation

(inversion)
Figure 12. The process of PET-based membrane with non-solvent induced phase separation.
(Kirshanov et al., 2022)

Immersion

To make this membrane technology more sustainable with a zero-carbon footprint, it is
important to have polymers with a lower environmental impact, such as recovered polyester
material from waste polyester cotton blended textile (WP-CF). Moreover, polyester has
recyclability and chemical resistance properties which make it more promising for
membrane-based separation process. Membranes with PET materials are used mainly for
water treatment, gas purification, and different nanomaterial matrix separations. This PET-
based membrane process from textile waste material can be classified as upcycling due to
the value addition of the final product. (Pulido et al., 2019)
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To produce PET-based membranes, three main methods have been widely used: ion track
technology, electrospinning, and phase inversion. The membrane obtained from the phase
inversion method is mainly used for water treatment, specifically for ultrafiltration. In this
process, the porous membranes are obtained by removing the solvent. Depending on how
the solvent is removed, vapor and non-solvent-induced phase separations are distinguished.
In this process, the PET material is first dissolved in a suitable solvent, followed by the
formation of a thin film, which is subsequently submerged in a non-solvent precipitation
bath, as shown in Figure 12. After obtaining the membrane, it is washed with water
thoroughly. The selection of the solvent is an important technological factor that can impact
the type and performance of the membrane. The composition of the solvent and non-solvent
is variable. Table 6 shows the available solvents and non-solvents for the PET-based
membrane formation via phase inversion. (Kirshanov et al., 2022)

Table 6. Types of Solvent, Non-solvent, and selected substances for PET-based membrane
formation. (Kirshanov et al., 2022)

Component Type Substances

Solvent Trifluoroacetic acid, dichloromethane
Trifluoroacetic acid
1,1,1,3,3,3- Hexfluoro -2-propanol
Phenol, 100 °C
m-Cresol,100 °C
Dimethyl sulfoxide, 100 °C

Non-solvent Water
Methanol
Ethanol
n-Propanol

n-Butanol
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3.5.3 Rejection Percentage

The main purpose of the membrane is to separate the impurities or pollutants from liquid
that are bigger than the membrane pore diameter. To define this capability of a membrane,
the molecular weight cut-off is typically used. This is the most widely used quantitative
method which indicates the rejection performance of the membranes. However, it does not
give acomprehensive understanding of the membrane performance, as there are other factors
which influence the performance of the membrane, such as polarity of the solvents,
hydrophilicity or hydrophobicity of the membrane, and concentration polarization. The
general recommendation, to determine the MWCO of the membrane is to have a 1 bar
pressure, 25 °C temperature, and a targeted feed solution of 0.1% concentration. The volume
of the tested solution and the agitation should be high enough to assure minimized
polarization effects of the solution and to maintain constant concentration of the feed

solution. (Rohani, Hyland and Patterson, 2011)

However, the chosen model compounds and the filtering conditions have a significant
influence on MWCO of membranes. For example, some molecules are absorbed easily by
the membrane surface compared to others due to higher affinity to the membrane surface
and have an inaccurate higher rejection value. In addition, the solutes are also absorbed by
the membrane surface due to the concentration polarization contributing to the inaccurate
values of membrane rejections. To avoid these inaccuracies and have reproducible MWCO
values; low concentration feeds, low pressure, and maximum agitation of the solution must
be applied. (Boddeker, 2018)

In addition to the MWCO values of membranes, the sharpness characteristics of cut-off
values also have significance. The cut-off sharpness of the membrane can be obtained by
plotting the rejection performance of different molecular weight components against the
pressure as shown in Figurel3. It expresses the distribution of pore size in membranes, and
depending on it, the cut-off gets either sharp or diffuse values. To ensure successful

applications, the cut-off of a membrane must be as sharp as possible. (Bdddeker, 2018)
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Figure 13. Rejection characteristics of the membrane. (Bdddeker, 2018)

The rejection parameter is widely used for selecting and characterizing membranes. The
rejection property of the membrane is not only related to the molecular weight but also is
influenced by the effective dimensions of the molecules. Therefore, to have an accurate idea
about membrane performance, it is suggested to measure pore size distribution before
determining the MWCO of a membrane. (Boddeker, 2018)

The rejection or retention percentage (R) of a membrane is generally defined by,

R=|(1 2Cp 100 1
B Cr+ Cr M

where Cp, Ct and Cy are the permeate, feed and retentate concentrations of the targeted

solution.
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4 Materials and Methods

4.1 Materials

A waste polyester-cotton blended textile lab coat composed of 65% polyester and 35% of
cotton had been shredded into a nominal size of 1cm x 1 cm as a base material for further
experiments. To confirm the cotton-polyester blend percentage, sulphuric acid (H.SO4) was
used (CAS # 7664-93-9). The confirmation test had been done following EN ISO 1833-
11:2010 and EN ISO 1833-1:2020.

The separation of cotton from the blended textile using DES was achieved using choline
chloride (ChCI) (CAS # 67-48-1, Sigma-Aldrich) as a hydrogen bond acceptor (HBA) and
lactic acid (LA) as a hydrogen bond donor (HBD), which were mixed at a mole ratio of 1:10.
Separated fractions were filtered and washed with water.

The cellulose membrane casting solution from NADES recovered cotton was prepared using
an ionic liquid 1-ethyl-3-methylimidazolium acetate, 95% ([Emim][OAc], CAS # 143314-
17-4, lolitec lonic Liquids Technologies GmbH) and DMSO (CAS # 67-68-5, Merck KGaA,

Darmstadt, Germany).

The polyester membrane casting solution from NADES recovered polyester was prepared
using dichloromethane (CAS # 75-09-2) and trifluoracetic acid (CAS # 76-05-1) was used.

For the membrane casting process, a flat sheet of nonwoven membrane casting substrate
Novatexx 2484 with a thickness of 1.12mm and a weight of 85 g/m? with an air permeability
of 60 L/m?2. s at 200 pa was used.

To measure the cut-off value of the membrane the model compound of 4 different
polyethylene glycol (PEG 35, Mw 35000g/mol, CAS # 25322-86-3, Merck KGaA,
Darmstadt, Germany ), (PEG 12, Mw 12000 g/mol, CAS # 25322-86-3, Merck KGaA,
Darmstadt, Germany ), (PEG 8, Mw 8000 g/mol, CAS # 25322-86-3, Merck KGaA,
Darmstadt, German), (PEG 4, Mw 4000 g/mol, CAS # 25322-86-3, Fluka AG, Switzerland)

were used.
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To understand the impact of additives on the properties of polyester (PET) membrane PEG
1kDa (Mw 1000g/mol, CAS # 25322-68-3) was used.

4.2 Methods
4.2.1 NADES Preparation

NADES was prepared by mixing choline chloride and lactic acid at a molar ratio of 1:10,
followed by vigorous agitation at 85°C for 2 hours. The resulting clear liquid was then set
aside to cool down gradually at room temperature without absorbing any moisture in an

airtight container without the presence of solid particles.
4.2.2 Fractionation of WP-CFs

NADES-aided fractionation of WP-CFs was carried out in a pressure-resistant glass
container. The WP-CFs were cut into small pieces (1x1 cm?), and each dry sample (5.0 g)
was mixed with NADES and heated to the desired temperature (90-140 °C) with a different
solvent to WP-CFs ratio. Heating is provided on a hotplate equipped with a magnetic stirrer,
and an oil bath was used to ensure homogenous heating during the treatment period. After
that, the mixture was filtered through a 350 um size filter mesh to separate the solid residue
(polyester) from the DES solution enriched with cotton macromolecules. Then the polyester
was washed with distilled water, and finally, the fraction was dried at 60 °C for 12 h to obtain
the product. Cotton-rich spent DES was then mixed with 1L of DI water to induce the
precipitation of cotton, which was separated by centrifugation and decantation. Finally, the
recovered cotton was dried at 50 °C for 12 h by following the “patent 20205756. The water
was evaporated using Heidolph Hei-VAP value digital rotary evaporator, to recover the
spent DES for reuse. The evaporator's operating conditions were 60°C and 100 rpm. The
separation efficiency of cotton fraction was calculated by the following equation 2,

X = (M) 100% (2)

mo
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where X is the separation efficiency of the cotton fraction in %, mo is the initial mass of the
cotton fraction in g, and my is the remaining mass of the cotton fraction in g after DES

treatment.

4.2.3 Casting Solution Preparation

Cellulose membrane: The NADES-recovered cotton was dissolved in a mixture of DMSO
and IL-1-ethyl-3-methylimidazolium acetate to prepare the casting solution. The mass ratio
was 2:8 respectively. After pouring the necessary amount of [Emim][OAc]-DMSO solvent
into the serum bottle, the mixture was heated to around 80°C and stirred at 100 rpm. In this
study dope mixing temperature was different from Lopatina et al., 2021 other parameters
remained the same. The recovered cotton powder has been added to the solvent slowly to
have the complete dissolution of the recovered cotton. The bottle was on the hot plate for
around 24 h and confirmed the complete dissolution. (Lopatina et al., 2021)

Polyester membrane: To prepare the dope solution for the polyester membrane the recovered
polyester has been dissolved in the mixture of Dichloromethane (DCM) and Trifluoracetic
acid (TFA) at a volume ratio of 2:1 respectively. To make the dissolving process for the
NADES-recovered polyester easier, the solvent was first placed into the serum bottle, and
then the required amount of polyester fraction was added to the solution (Pulido et al., 2019).
The bottle was then placed on the hot plate magnetic stirrer at ambient temperature with a
stirring rate of 200 rpm for 30 min and confirmed the complete dissolution of the fractions.

4.2.4 Membrane Preparation

The membranes were prepared using an Automatic Film Applicator L (BYK, Gardner,
USA). Due to the substantial viscosity of the cellulose casting solution, which increased as
it cooled to room temperature, the membrane was cast without any solution cooling. The
prepared solution was then poured onto the casting plate for the membrane and distributed
at a speed of 50 mm/s, using a casting knife. Afterwards, the casted membrane was immersed
in a coagulation bath without first experiencing a dry phase inversion in the air, as
highlighted in Figure 14. For the cellulose membrane ice water has been used as a

coagulation bath. For the polyester membrane, the preparation was also the same, and there
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were no difficulties with dope viscosity. The PET membranes were fabricated from both
water and ethanol coagulation baths. All the produced membranes were then cut into circles
with a surface area of 0.0038 m? and washed in DI water to confirm that all the solvents had

been fully removed.

: /B

Magnetic stirrer Casting Coagulation bath Casted membrane

Membrane coupon

DES recovered cotton/
polyester

Figure 14. Graphical representation of membrane preparation.

Table 11 (page 58) gives an overview of different parameters of the membrane preparation.

The following parameters were studied:
e concentration of the casting solution
e temperature of coagulation bath (CBT)
e membrane casting thickness
e selection of nonsolvent

e use of additives (PEG 1000)

4.3 Characterization

4.3.1 Acid Hydrolysis

In accordance with the EU regulation 1007/2011, the cotton and polyester content in the
WP-CFs was determined. The blended textile was treated with 75% H>SO4 solution at 50 °C
in a water bath for an hour. The liquor to sample ratio was 200:1. To ensure complete
dissolution of the cellulose component the flask was shake in every 10 minutes. Then, the
mixture was filtered with crucible glass filter washed two times with 100 ml of 2 M ammonia

solution. The polyester residue was filtered off, rinsed with water in steps until it reaches in
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neutral pH. The recovered residue was dried at 50 °C for 6 hours in a vacuum oven. Weights
were compared with blend percentages based on the obtained weights. The blend percentage

was calculated by following the equation 3. (Wang et al., 2022)

X% = (241100 (3)

My

Where Mo is the initial weight of the textile and M is the recovered weight after drying the

recovered fraction from acid hydrolysis.
4.3.2 Fourier Transform Infrared Spectroscopy

To characterize the untreated WP-CF and NADES recovered fractions, Fourier transform
infrared spectroscopy (FTIR) spectra were obtained with a Perkin Elmer Frontier
spectrometer with an Attenuated Total Reflection module (Diamond crystal). The FTIR
spectrum was measured with a resolution of 4 cm™ in the wavenumber range of 4000-400
cm™L. Measurements were conducted in the absorbance mode with 4 scans and a 1-cm data
interval on all spectra. An ATR correction and baseline correction were performed on the
co-added spectra, followed by normalization. In addition, to confirm the integrity of the
recovered cellulose the spectra of 100% cotton textile were also recorded according to the
above-mentioned method.

4.3.3 Scanning Electron Microscopy

The SU-3500 (Hitachi SU 3500, Tokyo, Japan) was used to record SEM images on untreated
WP-CF and NADES fractions in high vacuum under acceleration voltage of 15 kV. A thin
layer of gold was coated on the samples using an Edwards Scancoat Six Pirani 501 sputter

coating machine (Edwards High VVacuum International, Crawley, UK).
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4.3.4 Thermogravimetric Analysis

A mass spectrophotometer (MS 403C Aolos Mass Spectrophotometer, NETZSCH-
Geratebau GmbH, Selb, Germany) that was coupled with TGA was used to analyze the
evolved gas emission (EGA) during TGA. The analyzed mass range was 10-110 a.m.u. The
results were interpreted with N-Proteus® software (NETZSCH-Geratebau GmbH, Selb,
Germany). For this analysis, approximately 10£0.1 mg of the specimen was heated from 25
°C to 900 °C. The heating rate was 10 °C/min under a constant nitrogen flow with flow rate
40 mL/min.

4.3.5 X-Ray Diffraction

To reveal any changes in Cotton (cellulose) recovered from the NADES-aided separation of
cotton and polyester fractions from WP-CFs, the crystallinity of the recovered material was
analyzed with an X-ray diffraction (XRD) device (Bruker AXS D8 Advance X-ray
diffractometer). A Cu K X-ray radiation source (A = 1.5418) was used to measure the X-ray
diffraction patterns at a voltage of 40 kV and 40 mA. The X-ray data were collected in the
range of 20 = 10° — 60° at 25°C. The degree of crystallinity of the cellulose was calculated
using the crystallinity index (Crl) determined by Segal et al., 1959, based on the XRD

patterns. The following equation has been used to determine CI.

Crl = (’fjﬂ) 100 4)

tot

where Crl is the crystallinity index, It is the intensity at around 26 ~ 22°, represents the
crystalline and amorphous region, and lam, is the intensity at the valley between the two main

peaks at about 20 ~ 18°, represents the amorphous region.
4.3.6 High-Performance Liquid Chromatography

Agilent Technologies 1260 Infinity HPLC system with size-exclusion chromatography

(SEC) connected to a refractive index detector (RID), were used to measure the PEG
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concentrations of the feed, permeate, and retention streams. The guard column was 300 x
7.8 mm PolySep-GFC-P 3000, and DI water was used as the eluent. Samples contained four
PEGs with different molar masses. The samples were filtrated through 0.45 um regenerated
cellulose filters prior to any measurements. In an SEC column, smaller compounds have the
longest retention periods, while bigger compounds elute most quickly. Finally, the peaks in
the signal from the RI detector could be integrated to produce an area that represented the

concentration of each PEG.
4.3.7 Membrane Permeability and Rejection Assessment

An experimental study of membrane permeability and separation capability was conducted
with Amicon 1 dead-end stirring cells (Millipore, USA, Cat No.: XFUF07611, diameter of
the stirring device 60 mm). As shown in Figure 15, the circular membrane with 0.0038 m?
surface area was cut from the casted sheet, placed in the Amicon filtration cell and then filled
with approximately 300 ml of DI water. To minimize errors associated with compaction, the
membrane was compacted at 5 bars for 30 minutes before permeability determination.
Additionally, this process will ensure that the solvents used during membrane manufacturing
were completely rinsed off.

In order to determine the membrane's permeability, DI water was run through the membrane
at 1, 2, 3, and 4 bars for 11 minutes for each. Pure water permeability (PWP) was determined
at a stirring speed of approximately 150 rpm, while PEG permeability was determined at a
stirring speed of approximately 500 rpm. The temperature was maintained at 25+0.5 °C for

both cases. The permeability value was calculated according to the following equation 5,

7/1000

p = 2000
A.(E).AP

(5)

Where P is the permeability of the tested membrane (L/m?.h.bar), J is the mass of the water
or targeted solution that permeated through the membrane at 1 min, 4 is the area of the
membrane in m?, AP is the applied pressure difference in bar. For the rejection study, a
solution of model compounds with 4 different PEGs (35 kDa, 12 kDa, 8 kDa, and 4 kDa)
was prepared with a concentration of 400 ppm and 100 ppm for each PEG. The subsequent
step involved filtering the solution through the membrane using a certain pressure that was

chosen based on the permeability of each membrane. The samples of feed, permeate, and
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retentate was collected from each filtration, and concentration was determined by HPLC.
The rejection of individual compounds was determined using equation 6, where R is
rejection %.

R = (1 - M) 100 (6)

Cfeed + Cretentate

Pressure Indicator

O-ring Temperature Indicator Pressure valve control

Membrane sample

'::." ..'-_‘. g I_ _____________________ E _____ .
Spacer _{ |

Magnetic stirrer

—

0.00 g
N, gas bottle

_Digital balance

Figure 15. Schematic diagram of dead-end Amicon 1.

The PEGs rejection percentages were then plotted as a function of their molar masses to
calculate the MWCO value for each membrane. The MWCO values of the prepared
membrane were determined from the PEG rejection graph by finding the molar mass number

that corresponds to 90% rejection.
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4.3.8 Zeta Potential

SurPASS electrokinetic analyzer using an adjustable gap cell method was used to
characterize the surface charge of the fabricated membranes. All the membranes were stored
in a fridge at 5 °C for 24 h. Then, two pieces of 1 cm x 2 cm membranes were attached to
the sample holder with the tape and mounted to the adjustable gap cell. The system was first
washed with deionized water and with a 1 mmol/L KCI solution respectively. The gap
between the samples was set to 130 pm during the washing process. Before starting the
measurement, the pH of the solution was adjusted to pH 8.0 with 0.1 M KOH, and during
the experiment, the solution was automatically titrated to pH 3.0 with 0.05 mol/L HCL
solution. Continuous N2 gas had been provided to the solution to prevent any pH changes
caused by dissolved CO2. The sequence of the measurements was automatic titration with
0.05 m/L HCL, then rinsing at 200 mbar for 160 s and measuring the streaming current
between 0 and 200 mbar for 20 s. The zeta potential data point was an average of four
repetitive ramps. The steaming currents obtained at different pH were converted to zeta

potential with the Helmholtz-Smoluchowski equation 7,

—dlser m L
( - dAp £.9 A (7)

Here {is the zeta potential in mv, # is the viscosity of the electrolyte solution in kg/ms, Istr
is the streaming current A, L is the streaming channel length in m, p is the pressure in bar, &
is the dielectric constant, o is the vacuum permittivity F/m, A is the streaming channel cross-

section in m2.
4.3.9 Contact Angle

To investigate the membrane hydrophilicity, the contact angles of the selected membranes
were measured. The membrane prepared from recovered polyester was measured based on
the sessile drop method dry state method. For the sessile drop method, a dried piece of the
membrane was attached to the glass plate with double-sided tape and drop a of DI water was
placed with the help of a syringe. For each membrane, the measurement was taken 5 times,
and the average value was recorded as the final CA. The KSV CAM101 equipment (KSV

Instruments 54 Ltd., Finland) was used to record the images, and it was coupled with a CCD
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camera (DMK 21F04, The Imaging Source Europe GmbH, Bremen, Germany). The curve
fitting study was carried out using the CAM 2008 program to calculate the CA from the
collected images.
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5 Results and discussion related to WP-CF fractions

It is required to investigate the cotton separation ability of NADES in various treatment
conditions to have selective separation of the cotton fraction from waste polyester-cotton
blended textile waste. An experimental design that is based on science has been established
to do it. The yields of recovered cellulose were used in this experiment design as an indicator
for the successful separation of cotton. It has been investigated how the treatment
temperature, duration, and solid-to-DES ratio affect the results. The experimental factors
and results have been shown in Tables 7, 8, and 9. When considering the sustainable use of
resources, the increased efficiency of cotton separation with less solvent and low energy

consumption has been thought to be ideal.

Figure. 16 shows the steps of the schematic for the WP-CFs separation process. The WP-
CFs (Fig. 16a) were cut into 1 x1 cm pieces of NADES-treated WP-CFs (mainly polyester
fraction) (Fig. 16b), and then the recovered cotton from spent NADES after treatment
(mainly the cotton fraction) (Fig. 16¢). Spent NADES after water evaporation ready for reuse
and Fresh NADES before the treatment of WP-CFs (Fig. 16d).

‘ < (\i‘) a
WP-CF
——
DES treatment
Cellulose
powder

DES (ChCl: LA)

3(‘ :
Recycling of DES | d

Figure 16. Schematic for WP-CF separation process where a: Picture of the WP-CFs before
NADES treatment, b: NADES recovered PET, c: recovered cotton from spent NADES, and
d: spent and fresh NADES.
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Effect of temperature on cotton separation:

The procedure for the separation of polyester-cotton blended textiles and recovery of the
polyester and cotton fractions is shown in Figure 16. To investigate the impact of the
temperature gradient on cotton separation efficiency, four different treatment temperatures
have been considered. For this treatment, 5g of shredded waste blended textile was added to
the serum bottle to make 75g of DES, where the solid to DES weight ratio was 1:15. Four
different temperatures were, 90 °C, 110 °C, 125 °C, and 140 °C with 4 h of fixed treatment
duration. The remaining polyester fractions were separated with a metal sieve of 250 pum,
and precipitated cellulose powder was separated from DES by centrifugation process. All
the recovered fractions were washed thoroughly with DI water and maintained at a neutral
pH. Then the polyester fractions were dried at 60°C for 24 h whereas cotton fractions were
dried at 40 °C for 24 h. The cotton separation efficiency was finally calculated from the
weight loss of the recovered fractions by following equation 2. Table 7 shows that there were
significant changes in the separation efficiency with the increase in treatment temperature,
and there was a linear correlation between cotton separation efficiency and temperature
gradient. It is worth mentioning that for the high treatment temperatures of 125 °C and 140
°C, the color of the DES was changed to a brown color, which also impacted the color of the

recovered fractions.

Table 7. The effect of temperature on the separation efficiency of WP-CFs.

Sample Starting Ending weight Recovered
weight (g) (9) cotton (%)

A: 1:15 (Solid: DES) at 90°C for 4h 5 3.87 68%

B: 1:15 (Solid: DES) at 110°C for 4 h 5 3.59 85%

C: 1:15 (Solid: DES) at 125°C for 4h 5 3.52 89%

D: 1:15 (Solid: DES) at 140°C for 4h 5 3.48 92%

Effect of time on the cotton separation efficiency:

In addition to the investigation of the temperature effect on the cotton separation efficiency,
the effect of the reaction time was also explored. In this experiment, three different reaction
durations were studied for a fixed solid-to-DES ratio (1:15) and temperature (110 °C). The
results from this experiment were presented in table 8. From the separation efficiency results
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it is evident that with the prolonged reaction time, the cotton separation efficiency has
increased. In addition to that, the lowest treatment time has the lowest efficiency on the
separation of cotton fractions and assumed cotton fractions remained with the separated PET
fractions. This parameter is one of the most important factors influencing cotton separation
efficiency. Separated fractions were further characterized to ensure the integrity of the

separation process.

Table 8. The effect of treatment time on the separation efficiency of WP-CFs

Sample Starting Ending weight Recovered
weight (g) (9) cotton (%)

E: 1:15 (Solid: DES) at 110°C for 2h 5 3.80 75%

F: 1: 15 (Solid: DES) at 110°C for 4 h 5 3.59 85%

G: 1: 15 (Solid: DES) at 110°C for 8h 5 351 90%

Effect of solid to DES ratio on the cotton separation efficiency:

Furthermore, the effect of NADES-WP-CFs ratio on the efficiency of separation of cotton
from WP-CF was investigated at 110°C, for 4 h. NADES treatment using 4 different
NADES-WP-CFs ratios, from 1:5 until 1:20 were assessed. There were slight difficulties
that arise when the solid-to-solvent ratio was low (1:5) due to that fact, to achieve a complete
mixture or to ensure that all the textile materials are properly covered with the solvent. This
was also overcome by vigorous shaking of the flask before the start of the treatment. This
problem was not the case as the solid-to-solvent ratio increased. Thus, the need for more
solvent for the treatment was considered for subsequent experiments. Table 9 represents the
cotton weight loss percentage of solids to different DES ratios. It is noted that the effect of
DES content was significant in the separation of cotton from the WP-CFs and this parameter

has been considered the important influencing factor for cotton separation.

Table 9. The effect of solid to-DES ratio on the cotton separation efficiency from WP-CFs.

Sample Starting Ending weight Recovered
weight () (9) cotton (%)

H: 1:10 (Solid: DES) at 110°C for 4h 5 3.75 75%

I: 1: 15 (Solid: DES) at 110°C for 4 h 5 3.59 85%

J: 1: 20 (Solid: DES) at 110°C for 4h 5 3.49 92%
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Efficiency of NADES aided separation of WP-CFs

Acid hydrolysis is generally applied for the depolymerization of cellulose. The efficiency of
this procedure depends on the acid concentration, treatment period, and temperature.
Usually, low sulfuric acid concentrations cannot completely hydrolyze cellulose, but high
molarities and high temperatures result in rapid and effective hydrolysis. Furthermore, due
to the selective separation of various cotton/polyester blends, which is made possible by the
noticeably short hydrolysis times, the resulting cellulose fractions can still be recovered as
undissolved powder. It has been reported that longer treatment periods produce water soluble
and degraded proudcts. (Ouchi et al., 2010). Thus, the degradation of cellulose to water-
soluble degradation products is obtained in order to measure the amount of cotton and
polyester in mixed materials. Consequentially, the remaining polyester is unaffected by acid
hydrolysis and can be easily separated, providing accurate information on the reliable blend
percentage. When calculating the mix concentration, the dry matter content must be taken
into account because polyester has a tendency to absorb less moisture than cotton. Therefore,
treatment durations and acid concentrations were adjusted to ensure the full dissolving of
the cotton component. Based on all the experiment conditions’ separation efficiency which
is shown in Figure 18 an optimum separation condition was tried with a bigger quantity of
WP-CFs. In addition to the consideration of separation efficiency, sustainable use of DES,
energy, and time was also considered to investigate the optimum treatment condition for the
separation of cotton fraction from WP-CF. The trial was done with 50 g of WP-CFs with a
1:10 solid-to-DES ratio and the treatment duration was 6 h with vigorous stirring conditions.
The amount of recovered polyester from this trial was 33.6 g, which served as proof that the
cotton fraction was successfully separated from the WP-CF. This result also indicates that
the bulk trial was more efficient than the lab trial, and stirring conditions can influence
separation efficiency significantly. The trial was denoted by K," and the separated polyester
and cotton fractions were represented as R-PET and R-Cell, respectively. This trial was a
simulation of a mini-bulk trial. The result from this trial is presented in Table 10.
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Table 10. Separation efficiency of cotton fraction in the ideal treatment condition.

Sample Polyester Cellulose
content (%) content (%)

WP-CFs: Waste polyester-cotton blend fabrics 67+3.1 33+2.1

K: NADES recovered PET at 110°C for 6h (R-PET) 99+0.1 0.051+0.9

K: NADES recovered cellulose at 110°C for 6h (R-Cell)  0.05+0.2 98.2 +2.1

It is worth mentioning that all the DES has been recovered after the experiments, recycled,

and stored for further use as stated in the Materials and Method chapter.

According to the experimental design, the cotton separation efficiency has been plotted in a
bar diagram in Figure 17 alongside reaction time, temperature, and solid-to-DES ratio effects

on separation efficiency.
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Figure 17. Diagram of experimental schemes and results of selective DES treatment.
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5.1 Characterization

To assess the integrity of the separated fractions from WP-CF and compare them to the
properties of pure cellulose and polyester fabric, the following techniques were used: TGA,
FTIR, XRD, and SEM.

5.1.1 TGA Analysis

TGA curves for the WP-CFs and NADES recovered fractions are presented in Figure 18.
For the cellulose and cellulose-contained fractions, as depicted in Figure 18, there were
typically three primary thermal events. For the WPCF a slight weight loss was observed in
the temperature range of 100-180 °C, which was mainly attributed to the evaporation of
water. For the NADES recovered fractions, the whole decomposition process could be
divided into two parts. In the first phase, cotton component decomposition of the blends
begins at about 310°C and ends approximately at 380-390°C. The second phase continues
until 470-485°C, which corresponds to polyester component decomposition. The WP-CFs
at the point, when the first decomposition stage ended, had about 17% of their initial weight
loss. There was initially a gentler downward trend in the second range of the TGA diagram
of WP-CFs, but then a rapid decline occurred afterward. Further, these results are analogous
to TGA results reported (Wang et al., 2022), where all the tested textile blends have more
weight loss compared to pure polyester, while there is less weight loss reported for pure
cotton fabric. Based on the char yield data, the trend indicated that more char was produced
when fabrics contained a higher polyester content. (Wang et al., 2022)

For the NADES recovered cellulose powder (R-cell) shows a mass change from 320° to
around 380 °C and approximately 84% of mass has been reduced. Also, this TGA analysis
has the lowest char yield which is around 11% and these results have similarity with the
100% pure cellulose thermal stability (Molto et al., 2006). Based on these results it can be
said that the thermal stability of NADES-recovered cellulose (R-Cell) has not been changed.
The TGA curves for the “sample D” with treatment condition, 1:15 (Solid: DES) at 140°C
for 4h, shows the similar weight loss curve with R-PET indicates the absent of cotton
fractions. Contrarily, “sample I”” with treatment condition 1: 15 (Solid: DES) at 110°C for 4
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h shows the similar pattern of WP-CFs which indicates the presence of cotton fractions in
the NADES recovered fractions.
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Figure 18. TGA curve of WP-CF and NADES-recovered polyester fractions.

5.1.2 FTIR Analysis

FT-IR spectroscopy was used to investigate the functional groups of the WP-CFs, before
and after NADES treatment, and the cotton recovered from the spent NADES. The FT-IR
spectra of all samples are illustrated in Figure 19 (a and b). In Figure 19a, the broadband at
the region of 3300 cm™ is attributed to the -OH absorption being very prominent in the
spectra of the recovered cotton and the untreated WP-CFs indicating the presence of cotton
in the untreated WP-CFs. In addition, a frequency of 2900 cm-1 was found for the stretching
of C-H, and frequencies of 1650, 1064, and 1383 cm-1 were found for the stretching of the
C=0 bond, C-O-C glycosidic bond, and the bonding of CH, respectively (Ouchi et al., 2010;
Punnadiyil, Sreejith and Purushothaman, 2016). Also, the absorbance peaks of cellulose -
glycosidic linkage were found at 894 cm™ (Figure.19).

To investigate the integrity of the separated cotton fraction, the FTIR spectra of pure

cellulose fabric also has been recorded. All these spectral data reveal that the precipitated
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solid material from the spent NADES has similar characteristic absorption peaks with pure
cotton (cellulose), indicating the selective removal of cotton from WP-CFs by NADES
treatment.

The IR signal of residual polyester from the NADES treatment of the WP-CFs process can
be seen in the range between 1150-1250 cmt, and 1715-1740 cm™, as well as at 718 cm™ in
Figure 19b. The first band was assigned to the C-O stretch, and the second to the C=0
stretch, both from the ester bonds in the polyester, these are mostly present in both the
untreated and the recovered solid sample after the NADES treatment of WP-CFs. In addition
to that, the FTIR peaks of the pure polyester fabric also have been recorded which show
similar peaks with the R-PET.

From the comparison graph, it can be seen that the selected NADES recovered PET fraction
which is denoted by “I”, shows a small peak at the region of 3300 cm™. The peak indicates
the presence of cellulose with the recovered polyester fraction. This also means that this
treatment condition was not so efficient to separate the cotton fraction from WP-CF. The
other selected treatment conditions which were represented as D and R-PET did not show
any extra peak in the hydroxyl region, which confirmed the cotton fractions were separated
efficiently from the WP-CF.
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Figure 19. FTIR spectra of a) comparison of FTIR peaks of cotton fractions from selected
DES treatment (R-cell), WP-CF, and 100% cellulose fabric b) Comparison of FTIR peaks
of NADES recovered PET, WP-CF, and 100% polyester fabric.

5.1.3 X-Ray Diffraction

The crystalline structure of recovered polyester and recovered cotton (cellulose) from the
NADES, after the treatment WP-CFs was studied by XRD, the XRD patterns are presented
in Figure 20. The XRD pattern of WP-CF exhibited similar crystalline patterns that are
typically for polyester and either native cotton or cellulose. The recovered polyester as
shown in Figure 20a revealed the defined peaks at 20 values at 17.7°, 22.9°, and 26.1°
corresponding to the (0 1 0), (1 1 0), and (1 0 0) crystallographic planes respectively (Wang
et al., 2022). For the XRD patterns of recovered cotton illustrated in Figure 21b, typical
cellulose I structure is defined by the reflections at 260 values of 14.6°, 16.3°, 20.6°, 22.5°,
and 34.5°corresponding to the (11 0), (11 0), (10 2), (20 0), and (0 4 0) crystallographic
planes, respectively (Leppénen et al., 2009). The crystallinity index of recovered cotton (R-
Cell) was around 70 and was calculated by following equation 4. The crystallinity index
value is worth high, indicating the removal of the amorphous regions after the NADES
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treatment. Furthermore, the crystallinity index value also suggests that the recovered cotton
exhibits a high rigidity (Leppanen et al., 2009; Shi et al., 2018). In addition to that, the XRD
pattern of R-PET and R-cell illustrates that the separation of cotton fraction from WP-CF
was successful and the properties of the recovered cotton and polyester fractions have

remained unchanged.
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Figure 20. XRD peaks a) for the untreated WP-CF and NADES recovered polyester (R-
PET), b) NADES recovered cellulose powder (R-cell).
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5.1.4 SEM Analysis

Scanning electric microscopy (SEM) images of WP-CF and NADES recovered fractions are
shown in Figure 21. The SEM examination of textiles provides important surface
morphological information of both untreated and recovered textile fractions. The twisted
cotton fiber and smooth PET fiber were entangled together in the blended WP-CF which has
been shown in Figure 21 (a, b). As illustrated in the figure the untreated surface has no
morphological change. Figure 21 (c, d) represents the smooth and stretched surface structure
of NADES-recovered polyester fractions. These SEM images also represent the successful

separation of cotton from the WP-CF blended textile.

Figures 21 (a,b) in the NADES-recovered R-PET and R-cell FTIR spectra showed that the
recovered fractions' spectra were identical to those of pure polyester and cellulose fabric.
Throughout the separation process, no extra peaks appeared, indicating that the separated

fractions have the same properties as the pure ones.

Figure 21. SEM images of samples (a, b) untreated WP-CF; (c, d) NADES recovered
fraction (R-PET).
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The X-ray diffraction pattern of recovered PET and cellulose fractions are illustrated in
Figure 20 (a and b). Similar to pure polyester, the NADES recovered polyester had three
distinct peaks. This makes it very evident that the structure of R-PET underwent no
substantial alterations. The pattern of recovered cellulose resembles that of type | pure
cellulose. The crystallinity index of the recovered cotton was higher which indicates that the

separation process has little influence on the amorphous region of the recovered cotton.

Figure 18 shows the thermal stability of the NADES-recovered R-PET and R-cell. There
was just one peak for the R-PET, proving that the cotton fraction from blended WP-CF could
be successfully separated. The thermogravimetric analysis of R-cell samples also confirms

that the pattern of weight loss is identical to pure cellulose.

In conclusion, it can be said that the cotton fraction can be efficiently separated from the
waste polyester-cotton blended textile with the association of NADES green solvent. The
recovered fractions’ have high purity and comparable structure with the pure polyester and
cotton fabric. These results also show the greater possibility of the reuse of the fractions as

the raw material of regenerated cellulose fibre and new PET yarn in the textile industry.

As part of the close loop cycle of circular economy, Aalto University is collaborating in the

development of new cellulose fibres with the recovered cellulose fraction.

In addition, the other potential application with the separated fractions can be to make new
types of membranes and use them in the separation technology. Furthermore, this application
process contributes to closing the loop of waste polyester cotton blended textile recycling
and creating value-added products. The membrane preparation and their possibility to use

have been explored further which has been described in the next chapter.

6 Results and Discussion related to Membrane preparation

To determine and understand the different parameters of the prepared membrane, the
hydrophilicity, surface charge, permeability, and PEG rejection percentage were
investigated as per the described procedure in the materials and methods.
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Table 11. Membrane preparation conditions.

Sample Polymer type Solvent Dope (%) Dope  Mixing (h)  Casting Thickness CBT(°C) Nonsolvent
No mixing support (um)

Temp.

(C)
M1 R-Cell IL+DMSO 5% 80 24 Polyester 300 0 H20
M2 R-Cell IL+DMSO 8% 80 24 300 0 H20
M3 R-Cell IL+DMSO  10% 80 24 300 0 H20
M4 R-PET DCM+TFA 25% AT 2 200 10 H20
M5 R-PET DCM+TFA 20% AT 2 200 10 H20
M6 R-PET DCM+TFA  20% AT 2 200 AT EtOH
M7 R-PET DCM+TFA  20% AT 2 150 10 H20
M8 R-PET DCM+TFA 15% AT 2 200 AT H20
M9 R-PET DCM+TFA  18% +4% PEG1 AT 2 200 AT EtOH
M10 R-PET DCM+TFA  18% +4% PEG1 AT 2 200 10 H20
M11 R-PET DCM+TFA  15% +4% PEG1 AT 2 200 AT EtOH
M12 R-PET DCM+TFA  15% +4% PEG1 AT 2 200 10 H20

*Blue color = PET membranes

*AT

= Ambient Temperature
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6.1 FTIR Analysis for Membranes

6.1.1 Cellulose Membrane

Two selected membranes were prepared in this study to investigate the functional groups of
cellulose, as recovered cotton powder was dissolved in IL and the membranes were prepared.
The FTIR recorded peaks was presented in Figure 22. There is an increase in intensity in the
cellulose amorphous region at 899 cm™, and this changes in cellulose structure due to
separation and regeneration processes, which has been reported earlier (Leppénen et al.,
2009). The peak at 1730 cm™ is recorded from NADES-recovered cellulose powder and
prepared membranes. This peak on this graph can be interpreted as the result of a
derivatization side-reaction during cellulose separation, which has already been discussed in
several works (Ouchi et al., 2010; Chen et al., 2016). The intensity of the peak has been
reduced in membranes in comparison to the NADES-recovered cellulose powder. The
signature peak assignments of the cellulose membranes from NADES-recovered cellulose

powder are described in Table 12.
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Figure 22. a, b) FTIR spectra for pure cotton textile, NADES recovered cellulose powder

and representative membranes.

Table 12. Interpretation of FTIR peaks from cellulose membrane. (Chen et al., 2016;
Lopatina et al., 2021; Wang et al., 2022)

Wavenumber cm*

Signature assignments

3600-3000

2896, 2906,1373
1730/1734

1645/1622

1428, 1367,1360
1314,1315

1278

1158,1107, 1054, 1029,983

660-500

OH (hydroxyl group) stretching, broad peak

Stretching and deformation vibration of CH group
CO (carboxy group) stretching

OH bending/H20 in fibre
CH2 bending

CH2 wagging

CH deformation

Asymmetric CO stretching in C-O-C and C-O-H
fragments

OH, plane bending
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6.1.2 PET Membrane

To understand the purity and structural confirmation of the membranes prepared from the
recovered fractions were done by spectroscopic techniques. The characteristic ATR-FTIR
peaks are at 2948, 1711, 1408, 1237, 1092, 1017, 874, and 720 cm™L. The spectra are shown
in Figure 23b. The peak at 1715 cm ™ associated to the carbonyl group from the ester and the
2955 cm! peak corresponds to the C—H aliphatic vibrations. In addition, all the bands from
the hydroxyl region have been removed. The selected membranes did not contain any

additional signals, indicating that there was no impurity present. (Wang et al., 2022)

1711 1237

1015 720

2500 2000 1500 1000 500

Wavenumuber [cm-1]

—M6 M12 M9 R-PET ——100% PET

Figure 23. FTIR spectra of NADES recovered polyester fraction and representative
membranes.
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Table 13.Interpretation of FTIR peaks from the polyester membrane. (El-Saftawy et al.,
2014; Kusumocahyo et al., 2021; Wang et al., 2022)

Wavenumber cm™ Signature assignments
3054 C-H bond of Phenyl group
2968-2969 C-H bond of the ethyl group
2907 C=0 bond

1711 C=0 bond

1237 C-O bond of the ester group
1015 C-O bond of the ester group
720 C-H bond of ethyl group

6.2 Membrane Hydrophilicity

The hydrophilicity or wettability of all the prepared membranes was evaluated using the sisal
drop water contact angle measurements. The results from this study were presented in Table
14. All the results were below 90°. The data used in wettability investigations are typically
the measurement of contact angles, which shows how the membrane interacts when they
encounter a solid or liquid. Large contact angles (>90°) are associated with low wettability,
while small contact angles (<90°) are associated with high wettability. For the cellulose
membranes, it was not possible to measure the contact angle with this method as the
hydrophilicity of the membrane was so high that it absorbs the water drop immediately.
Lopatina also classified the cellulose membranes as very hydrophilic (Lopatina et al., 2021).
As cellulose is hydrophilic in nature due to the presence of OH groups, the prepared
membrane from recovered cellulose powder also shows similar properties. As also shown in
the FTIR Figure 22, the cellulose membrane has less negative functional groups which are

also accompanied by the hydrophilicity characteristics of the membrane.

Contrarily, the polyester membranes show a higher contact angle, which is more than 50°,
and some are near about 90°. The polyester fabric itself is hydrophobic. This phenomenon
can be due to the presence of negative functional groups, which have been described in the
FTIR figure. The membranes produced from NADES-recovered polyester (R-PET) also

have a similar characteristic, which can be due to the C=0 groups of the polyester structure.
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In addition to that, the type of coagulation bath also influences the characteristics of the
membrane. As shown in Table 14, membranes M5, and M6 have the same polymer
composition, but the coagulation baths were water and 100% ethanol, respectively.
According to the findings, the membrane's hydrophobicity has increased, which is owing to
the ethanol coagulation bath. This phenomenon can be attributed to the increased pore
density and membrane layer thickness due to ethanol coagulation (Ali et al., 2007). In
addition, due to the lack of research on the polyester membrane with additives, the changes

in contact angle between M11 and M12 membranes have limited information.

Table 14. The contact angle of selected polyester membranes.

Membranes Contact angle (°)
M5 64.1+0.1

M6 72.2+26

M9 83+21

M11 67409

M12 825+ 1.1

6.3 Zeta Potential

The surface charge of the prepared membranes with different NADES recovered fractions
was measured by means of zeta potential as a function of pH and has been plotted in Figure
24. According to the figure, all the tested membranes have a negatively charged surface over
a wide pH range and their isoelectric points (IEP) are in the strongly acidic region. Based on
the results, it can be concluded that all membranes are capable of effectively treating water
because charge repellence will support the retention of natural organic matter (NOM).
(Breite et al., 2015). In the case of cellulose membranes, two selected membranes were
characterized, and it was found that the zeta potential increased with the increase of polymer
concentration. Also, the IEP points shifted a little which can be due to the increase in the
negative charge of the membrane which is shown in Figure 24a. This result shows a good
agreement with Lopatina’s works (Lopatina et al., 2021). From the FTIR spectrum of the

recovered cellulose, the presence of C=0 groups reveals that the membrane can contain a
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trace number of esterified groups in its structure and influence the negative surface charge
of the membrane. The selected polyester membranes also show a highly negatively charged
membrane surface which is shown in Figure 24b. The possible reason can be the presence
of ester group C=0 in the polyester structure. Due to the membrane layer thickness
difference, the IEP value shifted significantly for M5 and M7 membranes. It may be assumed
that the concentration of the polymer influences the IEP values and the surface charge of the
membranes due to the increase of negative functional groups. The membrane fabricated with
PEG 1kDa additive also shows a significant change in the surface charge. One reason can
be the influence of coagulation bath as ethanol bath increase the pore density and another

reason can be the increase in the thickness of fabricated membrane due to the additive use.

10 pH
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Figure 24. Zeta potential graph for the selected fabricated membrane a) selected R-Cell
fabricated membranes, b) Selected R-PET fabricated membranes.

6.4 Permeability Performance of Cellulose Membranes

Effects of varying casting solution concentrations at constant membrane preparation
parameters on pure water permeability and retention values are shown in figure 25 and 26
respectively. The membrane has been cast with cellulose concentrations 5,8 and 10%
resulting in uniform membrane film showing good adhesion to the carrier material. The

results of filtration experiments from these three membranes are presented in the figure.

It can be seen that all the fabricated membranes show the same permeability trend. With the
increasing pressure, the permeability of pure water decreases as shown in Table 15. The
increasing polymer concentration in casting solution from 5 (M1) to 8%(M2) and 10% (M3)
increases the PEG retention performance of the membranes and decreases pure water
permeability. In addition, with the increase of applied transmembrane pressure from 1 to 4

bar, the permeability of pure water decreases. It is possible that this tendency resulted from
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the high affinity of the membrane material for water, which caused its partial compaction

when exposed to higher pressures.

Table 15. Permeability trends of the selected membranes.

Pressure M1 M2 M3

(Bar) Permeability (L/m?h bar) Permeability (L/m?hbar) Permeability (L/m?h bar)
0 0.00 0.00 0.00

1 25.31 19.67 18.35

2 23.88 18.26 16.20

3 23.22 16.45 15.18

4 22.78 15.07 14.36

To check whether this effect was reversible, the membrane permeability was measured

again. This characteristic was verified to be reversible after it was released from pressure.

Before every measurement of permeability and retention check, compaction was ensured.
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Figure 25. Pure water flux of different applied pressure measured by Amicon Cell at 25°C,

mixing rate 150 rpm.

When the polymer concentration increases, the intrinsic viscosity of the solution also

increases and leads to a thicker membrane by forming small pores. Therefore, during the

precipitation of the phase inversion process, the demixing process between solvent and non-
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Retention [%]

solvent are getting delayed. As demixing is occurring at a lower speed the polymer
concentration between the nonsolvent and casting solution increases, resulting in a less
porous layer. The results of PWP which were fabricated with the NADES-recovered
cellulose are in agreement with Lopatina et al., 2021. According to Sani et al., 2015, the
polymer concentration influences the properties and performance of the fabricated
membrane by reducing the microvoids. Additionally, the polymer concentration
significantly affects the membrane's MWCO, such as a higher polymer concentration

corresponds to a higher rejection %.
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Figure 26. PEGs retention percentage of cellulose membranes with different dope
concentrations using Amicon cell at 25°C mixing rate 500 rpm.

The PEG retention values of the different membranes were presented in Figure 26. The
figure shows that the lower polymer concentration has a lower retention, which means the
higher permeability of the membrane has a lower retention of the PEGs. A possible
explanation can be that with the increase of the polymer concentration of the membrane, the
denser polymer net has been formed, and due to that pore size also decreased which limited
the permeability of the different sizes of PEG molecules.
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This study also intends to evaluate whether the prepared membranes are competitive
compared to other regenerated membranes prepared by other research groups. In this study,
membranes prepared by other research groups were selected for comparison due to the
presence of common parameters, such as comparable solvent composition and cellulose
concentration in the casting solution. It is worth noting that the comparison study done here
is merely notional because different studies have different combinations of cellulose source,
casting settings, and performance characteristics.

Figure 26 also illustrates the difference in performance between the NADES-recovered
cotton membranes and the other lab-made membranes in this study. The regenerated
membrane is prepared from waste cotton with 5% cellulose concentration with the mixture
of casting solution [Emim][OAc]-DMSO has significantly higher retention compared to the
membranes prepared within the current study (Lopatina et al., 2021). According to the study,
the "Durmaz" membrane prepared with 8% cellulose concentration with the same casting
solution had higher rejection performance compared with all the membranes. The rejection
performance was evaluated with Blue Dextron (20 kDa) (Durmaz et al., 2018). It is worth
mentioning that the prepared membrane from NADES-recovered cellulose powder with 10%

concentration shows 99% rejection for PEG 35.

The comparison shows that NADES-separated cotton fraction is a suitable raw material for
membrane preparation as it demonstrated competitive performance when compared with
laboratory-made membranes fabricated from readily available cellulose feedstocks, such as
cotton linter and microcrystalline cellulose. It is important to note that the addition of
different additives with a low concentration of separated cellulose such as 5 and 8%, is

possible to improve the rejection performance. (Lopatina et al., 2023)

6.5 Permeability Performance Polyester Membranes

The fabricated membranes used in this study were produced by casting a solution that
exclusively contained NADES-recovered polyester (R-PET) and solvent (DMC: TFA), with
water or ethanol bath serving as the nonsolvent. Casting solution with R-PET concentrations
of 10, 15, 20, and 25 wt%, resulted in the formation of uniform film and showed strong
adhesion to the carrier material. Though the fabricated membrane with 10 wt% showed
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strong adhesion, however, it was not possible to perform the filtration experiments with the
casted membrane as the membrane was so open. Contrary, the membrane prepared from 25
wt% was so dense and was not able to perform the filtration experiments. For filtration
experiments with these chosen parameters, three membranes were used, and the results are

presented in Figure 27.
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Figure 27. Comparison of pure water flux for the selected membranes at different pressure.

From the figure, it can be seen that all fabricated membranes show the same trend of
permeabilities. With the increase of concentration of R-PET in the casting solution the
permeability decreases. The highest value has been obtained from 15 wt%, from the ambient
temperature coagulation bath. The increase of polymer concentration in the solvent leads to
lower porosity in the fabricated membrane resulting in lower permeability. The results also
reveal that the membrane fabricated at 150 um show noticeably higher permeabilities than
the membrane with the same concentration but fabricated at 200 um. This difference might
be explained by the physical differences between the membranes, both in terms of their

thickness and possibly their microvoid structures.
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The retention values measured of these membranes were measured with PEG 8 and PEG 35
model solutions presented in the figure. The lowest retention was observed for 20 wt% with
150 pum and the highest retention has been observed for 20 wt% with low permeabilities
value. From this result, it can be concluded that fabricated membrane with higher R-PET

concentration has lower permeabilities and higher retention values which are in agreement
with Pulido et al., 2019.
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Figure 28. PEG retention performance of the selected membranes was measured by Amicon
Cell at 25°C and a 500 rpm mixing rate.

The second approach to tune the morphology of the fabricated R-PET membranes was to
change the coagulation bath from water to ethanol, other parameters of membrane

preparation were the same. In this approach, 100% ethanol has been used as a coagulation
bath.

The findings of the investigation on the permeability and retention of membranes are
displayed in Figure 29. Ali et al. 2007, claimed that the use of ethanol as a nonsolvent
coagulation bath led to a significant change in the pore size and distribution, which helps to
improve the pure water flux. Contrary, pure flux is inversely proportional to the rejection
performance of the membrane.
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Figure 29. Pure water flux was measured at four different applied pressure by Amicon Cell
at 25°C and a 150 rpm mixing rate; b) PEG retention was measured by Amicon Cell at 25°C
and a 500 rpm mixing rate.

The obtained pure water flux of the membranes from the water and ethanol coagulation bath
shows similar results. From the membrane flux result shown in Figure 29a, it is assumed that
the ethanol bath controlled the surface structure by generating pore and pore size
distribution, and no excessive pores have been formed. However, the retention % trends have
similarity with the studies which has been described previously, deterioration of the
membrane performance from water to ethanol. Based on rejection studies using a mixture of
PEG model solution in water at room temperature (Figure 29b), the membranes’ MWCOs
were determined. The membrane with R-PET 20 wt%, layer thickness 200 um, and water
bath led to MWCO of 35kDa.

The addition of pore-forming additives was another approach for improving membrane
performance and controlling membrane morphology. Since the additives should be easily
soluble in both the casting solvent and the nonsolvent, they should preferentially leach out
of the membrane matrix during phase inversion. There are a number of common additives
used in the preparation of membranes, including polyethylene glycol (PEG), polyvinyl
alcohol (PVA), and polyvinylpyrrolidone (PVP). As additives are added to the casting
solution, the viscosity increases significantly. In order to obtain a homogeneous cast solution
with an additive, it is crucial to carefully choose the additive's molecular weight and
concentration. It is likely that a membrane with a greater molecular weight or a higher
concentration will have lower permeability. All these factors led to the choice of adding 4
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wt% PEG 1 kDa in these experiments. It is worth mentioning for R-PET 20 wt% membrane
casting solution was not suitable for this additive. When this additive is combined with this
casting solution, the viscosity increases significantly, and the membrane cannot be
fabricated. Another important factor is that the kinetics of phase separation is slowed by
additives. Consequently, there is a less abrupt intrusion of nonsolvent and less formation of

finger-like cavities.

To study the effect of different types of coagulation baths, two different membranes were
fabricated. One type was derived from a water bath and another from an ethanol bath. Apart

from that, all other parameters of membrane preparation remained the same.

The investigation of rejection and permeance performance of the prepared membranes with
15 and 18 wt % PET with PEG 1 kDa, 4 wt% immersed in an ethanol coagulation bath have
promising characteristics in comparison to the water bath. The water permeability has 10
and 2 L/m?.h.bar respectively, shown in Figure 30a. The rejection performance of these
prepared membranes has been measured with the PEG model solution. As shown in Figure
30b, all membranes showed 75% rejection for 35 kDa. PEG rejection tests for membrane
M9 show 95% rejection for PEG 4 and the MWCO of this membrane may be even lower
than that of PEG. Additionally, the membranes that were fabricated with additives and a
water coagulation bath also showed good performance in rejecting PEG. Since M10 and
M12 membranes were quite dense due to the effect of the coagulation bath, water
permeability was very low, 0.2 L/m? h bar for M10 and 0.9 L/m? h bar for M12. These
membranes had MWCOs of approximately 34 and 32 kDa, respectively.
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Figure 30. Pure water flux was measured at four different applied pressure by Amicon Cell
at 25°C and a 150 rpm mixing rate; b) PEG retention was measured by Amicon Cell at 25°C

and a 500 rpm mixing rate.
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7 Conclusion

Cotton and Polyester (PET) fractions were successfully separated from waste polyester
cotton blended textile (WP-CFs) by a novel process based on Natural Deep Eutectic Solvent
(NADES) assisted procedure. The optimal separation efficiency obtained under this novel
process was solid-liquid ratio 1:10, NADES as a solvent, at 110°C, for 6h. Two pure
fractions of polyester and cotton obtained, where the purity of cotton fraction is 98.2% and
polyester fraction content is 99%. The results presented in this thesis show that this novel
procedure is a suitable technique to recycle waste fabric toward the recovery of pure
fractions of cotton and PET. WP-CFs could be separated into cotton and PET under mild
conditions, such as low temperature, non-toxic solvent, and considerable time, thus,

providing an alternative way for obtained raw material to reuse.

The NADES-recovered fractions from WP-CF have been used to prepare cellulose and
polyester membranes. Different characterization methods such as FTIR, contact angle, and
surface charge have been conducted to evaluate the integrity and purity of the membranes.
In addition to this, the effect of different polymer concentrations, coagulation baths, and
additives on the properties of the membrane was investigated. Finally, the permeability of
pure water and retention of PEG model compounds (35 kDa, 12 kDa, 8 kDa, 4 kDa)
performance has been evaluated for all the fabricated membranes. Based on the results of

the experiments, the following conclusions can be drawn:

1. The experimental design for the separation of cotton fraction from waste polyester-cotton
blended textile with green solvent DES treatment was efficient. The best condition was
110°C, 1:10, 6 h considering the sustainable use of resources.

2. The purity and integrity of the separated polyester and cotton fractions were the same as

the pure ones.

3. The NADES-recovered polyester and cotton fraction can be utilized for the preparation
of the ultrafiltration membranes which will promote the close loop cycle and upcycling of
the WP-CFs.
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5. Cellulose membranes are hydrophilic in nature and polyester membranes are hydrophobic

which has been determined by contact angle measurement of the selected membranes

6. All the membranes have high negative surface charge and polyester membranes possess

comparatively higher.

4. The permeability and rejection performance of the cellulose membrane was like the
cellulose membrane prepared from pure cotton textiles. Cellulose membrane with 10 wt%
shows 99% rejection for PEG 35000.

5. Generally, PET membranes have shown low pure water permeability and high rejection

performance.

6. Type and temperature of the coagulation bath impact significantly the performance of the

PET membranes.

7. Pore-forming additives PEG 1000 can improve the rejection performance of PET

membranes significantly.

76



8 Recommendations for Further Studies

Despite the satisfactory results obtained from this study, further research on separation
methods for waste polyester cotton blended textiles is needed to be carried out on a larger
scale to adjust treatment conditions to achieve long-term sustainable results. Membranes
derived from the recovered cotton and polyester fractions of NADES met the basic
requirements of ultrafiltration and nanofiltration respectively. It is possible to improve the
performance of the cellulose membrane further with the use of additives that form pores. A
new type of research was conducted on preparing PET membranes from separated polyester
fractions from waste blended textiles. However, little information was available about this
study. Although these membranes performed reasonably, the membrane preparation
conditions should be further studied to refine the process. Lastly, the required amounts of
separated fractions to make the membrane are very small, so we need to continue the process

of making fibre from the separated fractions to enhance the use of the waste textiles.
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Appendices

Appendix 1. Photographs of NADES-recovered polyester and cotton fractions

Figure 31.Visual appearance of DES-recovered polyester fraction from WP-CF.

Figure 32. Visual appearance of DES-recovered cotton fraction form WP-CF.
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Appendix 2. EDS-SEM graph of WP-CF and NADES recovered PET fraction.
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Figure 33. EDS-SEM of Untreated WP-CF.
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Figure 34. EDS-SEM of NADES-recovered PET fraction.



Appendix 3. Rejection performance of selective PET membranes.
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Figure 35. PEG retention performance of the selected PET membranes was measured by
Amiconl, 25°C, mixing rate 500rpm.
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