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Citrated cellulose nanocrystals from post-consumer 
cotton textiles

The main steps for the extraction of citrated cellulose 
nanocrystals (CitCNCs) from post-consumer cotton textiles 
are shown. An esterifi cation with citric acid followed by 
mechanical fi brillation results in CitCNCs with high yield 
and high surface charge attributed to the carboxylic groups 
covalently attached via mono and di-ester linkages.
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e nanocrystals from post-
consumer cotton textiles†
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Anna-Karin Hellström, b Jutta Hildenbrand, b Mikael Larsson, b

Aleksander Jaworski, a Joseph S. M. Samec, c Panu Lahtinen, d

Tekla Tammelin d and Aji P. Mathew *a

We propose a newmethod for the extraction of cellulose nanocrystals (CNCs) from post-consumer cotton

textiles through surface functionalization followed by mechanical treatment. Cotton-based textiles were

esterified using an 85 wt% solution of citric acid at 100 °C, then further fibrillated in a microfluidizer. The

final product, citrated cellulose nanocrystals (CitCNCs), was a dispersion of needle-like nanoparticles

with high crystallinity. Up to 78 wt% of the cotton fabric was converted to CitCNCs that exhibited higher

yields and a higher surface group content than CNCs extracted through H2SO4 hydrolysis, although

CitCNCs showed a broader size distribution and decreased thermal stability. Experimental data

supported by DFT calculations showed that the carboxyl groups on the CitCNC surface are bonded to

cellulose by mono or diester linkages. An early-stage life cycle assessment (LCA) was performed to

evaluate the environmental impact of using discarded textiles as a source of cellulose and analyze the

environmental performance of the production of CitCNCs. Our work showed a significant reduction in

the environmental burden of CNC extraction using post-consumer cotton instead of wood pulp, making

clothing a good feedstock. The environmental impact of CitCNC production was mainly dominated by

citric acid. As a proof of concept, around 58 wt% of the citric acid was recovered through evaporation

and subsequent crystallization, which could reduce climate impact by 40%. With this work, we introduce

a catalyst-free route to valorize textiles with the extraction of CitCNCs and how conducting LCA in

laboratory-scale processes might guide future development and optimization.
Introduction

Clothing is considered a basic need for humans,1 but the
expansion of fast fashion, the drop in market prices, and the
increased efficiency of textile production and delivery have
increased the consumption of clothing worldwide.2,3 According to
recent statistics, an EU national consumes around 26 kg of
textiles and discards around 11 kg every year.3 The clothing
industry is based on a linear model on which the largest share of
post-consumer textiles is incinerated or landlled,3,4 while the
garments collected for recycling are mainly diverted to other
applications (e.g., insulating materials, cleaning cloths, etc.), and
only 1% of raw materials are recycled back for producing new
clothing.4 With growing environmental awareness and
ental Chemistry, Stockholm University,

athew@mmk.su.se

dal, SE-43153, Sweden

holm University, SE-10691 Stockholm,

Tietotie 4E, FL-02044 VTT, Finland

tion (ESI) available. See DOI:

854–6868
considering the societal and economic impacts of textile waste,
the need to nd new routes for textile recycling becomes
essential.

Textile waste is composed of both natural and synthetic
bers. Cotton is the major natural ber used in the clothing
industry and represented approximately 24% of global ber
production in 2020.5 The production of cotton has heavy envi-
ronmental impacts mainly due to the huge amounts of water
required, land occupation, and use of pesticides for its culti-
vation.6 As cotton cultivation severely contributes to water
scarcity and pollution, there is a great need to look for alter-
natives that extend the life cycle of cotton, for example, trans-
forming post-consumer cotton into high-quality materials.

Cellulose nanomaterials (CNMs) are isolated from cellulose
sources following mechanical and chemical routes. In recent
decades, CNMs have generated great interest as reinforcement
agents and building blocks for functional materials due to their
renewability, biocompatibility, tunable surface chemistry, high
specic surface area, low density, low thermal conductivity, and
good mechanical properties.7,8 CNMs can be extracted from
a wide range of sources, such as wood, cotton, ramie, sisal, ax,
This journal is © The Royal Society of Chemistry 2023
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tunicate, and algae,7 and their properties vary depending on the
cellulose source they are extracted from ref. 9 and 10.

One of the challenges associated with the widespread use of
CNMs is their sustainability.9 There have been continuing
efforts to produce CNMs more sustainably, including the
extraction from waste biomaterials such as agricultural resi-
dues, industrial residues, and side streams. This might be
a promising solution to valorize cotton-sourced materials
through safe and sustainable routes. Besides, extracting nano-
cellulose from textiles can diminish most of the defects on the
bers, which are mainly caused by everyday use and laundering,
while producing cellulose-based nano “building blocks”. These
building blocks show great potential for use in diverse areas
such as composites and energy.11,12

Although wood is the main source of cellulose for the
extraction of CNMs,13 multiple steps are necessary for isolating
pure cellulose from wood14 since wood contains between 40–
50% cellulose.15 Cotton bers, on the other hand, are the purest
form of cellulose,16 and possess a high degree of polymerization
and crystallinity16 among plant-based cellulose sources. There-
fore, discarded cotton textiles can be seen as a valuable raw
material and source of CNMs.

Cellulose nanocrystals (CNCs) are rod-like nanomaterials
with high crystallinity commonly extracted through acid
hydrolysis.10 In our previous work, we extracted CNCs from post-
consumer cotton and blended fabrics through sulfuric acid
hydrolysis.17 Our results showed that while residual dyes
remained attached to the nanocrystals, their properties were
equivalent to CNCs extracted from virgin cotton.17 There have
also been a few other studies attempting to recycle cotton
textiles by following different disintegration routes such as
hydrolysis,18–20 and oxidation,20,21 or through some mechanical
treatment (i.e., shredding) to use the bers as reinforcement
material.22 New routes for waste valorization could induce
subsequently environmental impacts and costs, so it is impor-
tant to also evaluate the feasibility of these routes from an
environmental sustainability point of view. Besides, performing
these evaluations on the lab scale will help to identify the crit-
ical steps in the earlier stages and guide research efforts to
improve the sustainability performance of a new route.

Life-cycle assessment (LCA)23 is a widely used tool for envi-
ronmental analysis. LCA is a standardized method used to
evaluate the impact associated with all life cycle stages of
a product or material from the extraction of raw materials
(cradle) to end-of-life (grave) and disposal, including potential
recycling routes, and considering the resources used in all
stages such as chemicals, materials, water, and energy. Despite
the high uncertainty of laboratory data, implementing LCA
studies in the early stages can assist in identifying hotspots24

which can facilitate future scale-up. Multiple studies have been
done assessing the environmental impact of the production
and/or applications of cellulose nanobrils25–27 and CNCs.28–30

For example, Bondancia and colleagues29 assessed the envi-
ronmental performance of the extraction of CNCs from sugar
cane bagasse through organic and/or inorganic acid hydrolysis
and showed the environmental burden of using citric acid as
hydrolysis media.
This journal is © The Royal Society of Chemistry 2023
In this work, we present a route for the valorization of post-
consumer cotton textiles through the extraction of CNCs by
functionalization with citric acid and subsequent brillation.
Citric acid is a tricarboxylic acid commercially produced by
fermentation that can react with cellulose to produce cellulose
citrate.31,32 Previous studies have shown that it is possible to
extract CNCs from multiple sources using organic acids33,34

including citric acid,35–40 but to the best of our knowledge, this is
the rst report on real post-consumer cotton-based fabrics, and
of CNC extraction in high-yield through the combination of
chemical and mechanical treatments. By implementing an LCA
study based on laboratory-scale data, we evaluated the environ-
mental impact of using cotton textiles as the source of cellulose
over wood pulp, and the environmental burden of each process
stage of our route and identied its environmental hotspots. The
novelty presented in the current work is not only the possibility
of efficiently valorizing old cotton garments but also identifying
the bottlenecks of new lab-scale routes in terms of sustainability.
Experimental section
Materials

Wargön Innovation kindly provided post-consumer cotton
fabrics that were sourced and sorted from other post-consumer
fabrics through clothing tags and visual inspection and cleaned
of any seams, prints, or other details before being shipped. No
chemical treatments were performed on the fabrics and were
used as received. For more detailed information about the
sorting of the cotton fabrics made by Wargön, refer to “Life
Cycle Assessment” in the Experimental section.

The following chemicals were used as received: standardized
sodium hydroxide (NaOH, 0.1 M Fisher Chemical™), sodium
hydroxide pellets (>98% Honeywell Fluka™), citric acid anhy-
drous (99 wt% Thermo Scientic™), hydrochloric acid (37 wt%
AnalaR® Normapur®), copper(II) sulfate pentahydrate (99+%
Thermo Scientic™), and murexide (ACS reagent Sigma-
Aldrich). Deionized (DI) water was used throughout the study.
Esterication and partial hydrolysis of cotton

Textile garments were cut into small (<1 cm2) pieces and placed
into a round-bottom ask containing an aqueous solution of
citric acid at a concentration of 85 wt%. The ratio of textile to
pure citric acid was 1 : 20 (g g−1). The ask was immersed in an
oil bath and heated to 100 °C under stirring at 300 rpm using an
overhead mechanical stirrer. Aer ensuring that the citric acid
was fully dissolved, the reaction took place for seven hours
before it was quenched by a ve-fold dilution with DI water. The
quenched mixture was vacuum ltered onto a polyethersulfone
(PES) membrane (pore size 5 mm) to separate the citric acid
solution from the solid fraction that contained carboxylated
cotton bers and residual acid. The rst litter of the effluent
aer quenching was collected, and the citric acid was recovered
by evaporation and crystallization. DI water was gently added to
the lter cake to rinse out the remaining citric acid from the
solid. The carboxylated cotton cake was washed until the
conductivity of the ltrate was below 5 mS cm−1.
J. Mater. Chem. A, 2023, 11, 6854–6868 | 6855
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Mechanical brillation

The lter cake of esteried cotton fabrics was diluted with DI
water to a concentration of approx. 2 wt% and dispersed with an
Ultra-Turrax® rotor-stator mixer (IKA) at 10 000 rpm for 10 min.
The obtained dispersion was neutralized by adding drops of
NaOH (aq, 1 M) until reaching a pH of 7.0, then diluted to
1.0 wt% and brillated using a high-pressure microuidizer (M-
110EH, Microuidics). Five passes through 400- and 200 mm-
wide chambers connected in series were performed at 1000
bar and were followed by ve passes through 200- and 100 mm-
wide chambers at 1700 bar. Aer mechanical brillation, the
resulting dispersion was centrifuged at 10000g for 10 min and
vacuum ltered through a glass microber lter (Ahlstrom-
Munksöjö MGF grade, particle retention 0.7 mm) to remove
traces of non-brillated cotton. The nal product was a colloidal
dispersion of CNCs with surface carboxylic groups in sodium
form (–COONa). The mass recovery yield was calculated as the
mass of CNCs per mass of cotton. A fraction of the CNC
dispersion was freeze-dried for further characterization.
Characterization

Atomic force microscopy (AFM). The morphology of the
CNCs was recorded using Multimode-8 AFM (Bruker, USA). The
imaging was conducted in peak-force tapping mode, using the
manufacturer's ScanAsyst™ automatic optimization algorithm.
The samples were prepared by adding a few drops of 0.001 wt%
CNC dispersion onto the surface of a freshly cleaved mica and
le drying at room temperature. Image analysis was carried out
using the soware Gwyddion 2.60 measuring at least 200
nanoparticles of each type of CNCs (SCNCs and CitCNCs).

Zeta potential. Zetasizer Nano ZS (MalvernInstruments Ltd.,
Malvern, UK) was used to measure the zeta potential of CNC
dispersions of 0.1 wt%. Solutions of HCl (10 mM) or NaOH (10
mM) were used to set the pH of the dispersions at the desired
value. The measurements were conducted in a background
electrolyte solution containing 1 mMNaCl over a pH range of 2–
12 at 25 °C. A stock solution of NaCl 1 M was used to tune the
ionic strength without signicantly changing the concentration.
Each sample was measured a total of ve times, with each
measurement composed of at least 10 cycles.

X-ray diffraction. X-ray powder diffraction measurements
were carried out using a Panalytical X'Pert Pro diffractometer
(Cu Ka1,2, l1 = 1.540598 Å, l2 = 1.544426 Å) in Bragg–Brentano
geometry operated at 45 kV and 40 mA. For CNCs, the
measurements were performed over pellets made of freeze-
dried CNCs prepared by molding ∼200 mg of freeze-dried
CNCs into a pellet using a hydraulic KBr press, while cotton
pieces were measured without any sample preparation.
Continuous scans with 2q ranging from 5° to 60° were collected
with a step size of 0.01° and a scan speed of about 0.1° s−1. A
beam knife slit was positioned above the pellet. During acqui-
sition, the sample rotated with a revolution time of 2 s. The
diffraction peaks were tted with Voigt peak functions,
assuming a linear background, while the amorphous region was
tted as a broad peak centered at 2q = 20.6° (ref. 41). The
6856 | J. Mater. Chem. A, 2023, 11, 6854–6868
deconvolution of each diffractogram was carried out using Fityk
peak-tting soware.42

Thermal analysis. Thermogravimetric (TGA) and derivative
thermogravimetric (DTG) analyses were carried out on a TA
Instruments Discovery thermogravimetric analyzer. Around
10 mg of either freeze-dried CNCs or cotton textiles were placed
in a platinum pan and heated at a rate of 10 °C min−1 from
ambient temperature to 600 °C under nitrogen atmosphere at
a gas ow rate of 100 mL min−1.

Moisture uptake. Around 120 mg of freeze-dried CNCs were
placed inside a desiccator with silica gel and weighed aer 24 h
(Wdry), then placed in a desiccator with a saturated solution of
potassium chloride to reach a humidity of around 84%. The
samples were reweighed aer 24 h (Wwet) and returned to the
desiccator. The moisture uptake was calculated using the
equation below and performed on ve samples per CNC type.

Moisture uptakeðt: days ð%ÞÞ ¼ Wwet �Wdry

Wdry

Carboxyl and citrate group content. The carboxyl content
was determined through conductometric titrations using
a conductivity meter (SevenExcellence, Mettler Toledo). Around
200 mg of sample were diluted to a concentration of 0.2 wt%
with DI water and some drops of HCl 0.5 M were added to
decrease the pH below 2.5. The samples were titrated with
aliquots of standardized NaOH 0.1 M (Titripur®). The conduc-
tivity was measured throughout the titration leaving 30 s for
stabilization aer the addition of NaOH. The inection point
was determined by the intersection of the linear regressions of
each region. An example is shown in Fig. S1.†

The content of mono-esteried citric acid was determined
through complexometric titration with copper sulfate. This
titration is based on the technique developed by Menzel et al.43

with slight modications. The principle of the complexometric
titration with copper sulfate is that citrate monoesters and
copper cations form stable complexes in a ratio of 1 : 1.43

Titrations were performed on samples in sodium form (–
COONa). Around 200 mg of sample was diluted into 100 mL of
DI water and followed by the addition of some drops of the
indicator murexide at 0.2 wt%. A solution of CuSO4 0.01 M was
added dropwise until a color change from violet to yellow was
observed.

The percentage of carboxyl groups from monoester linkages
was calculated as:

2� citrate monoester content ½mmol g�1�
carboxyl content ½mmol g�1�

Fourier transform infrared spectroscopy (FTIR). FTIR
spectra were recorded on a Varian 670-IR spectrometer equip-
ped with an attenuated total reection (ATR) accessory. The
spectra were recorded as the average of 32 scans at a resolution
of 2 cm−1 in the range of 500–4000 cm−1. All spectra are pre-
sented in absorbance mode and normalized against the band
associated with the C–O stretch of C6 (∼1030 cm−1) using the
soware Spectragryph 1.2.14.44
This journal is © The Royal Society of Chemistry 2023
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Nuclear magnetic resonance (NMR) spectroscopy. Magic-
angle spinning (MAS) NMR experiments were performed at
a magnetic eld of 9.4 T (Larmor frequencies of 400.13, and
100.61 MHz for 1H and 13C, respectively) on a Bruker Avance-III
spectrometer. Spectra were recorded with a 4 mm probehead at
14 kHz MAS rate. The 1H–13C cross-polarization (CP) experi-
ments involved Hartmann–Hahn matched 1H and 13C radio-
frequency elds applied for a 500 ms contact interval for the
cross-polarization step, and 63 kHz SPINAL-64 proton decou-
pling. 32 768 signal transients with a 2 s relaxation delay were
collected for each sample. The 13C chemical shis were refer-
enced to tetramethylsilane (TMS). The cellulose crystallinity
index (CI) of each of the measured samples was assessed with
the spectra deconvolution approach based on the separation of
C4 carbon signals of crystalline (∼89 ppm) and amorphous
(∼84 ppm) phase.45,46 CI was calculated by relating the signal
intensity (integral) of the C4 signal in the crystalline phase to
the total tted C4 signal intensity of the sample. Spectra were
tted with one Lorentzian for each respective cellulose carbon
signal in the spectrum (C1–C6), and one Lorentzian for each
amorphous C4 and C6 component in the spectrum (8 functions
in total). Although the two-phase crystalline-amorphous model
of the cellulose structure is a simplied one, as the para-
crystalline and transition regions are not explicitly addressed, it
is useful for routine analyses when due to the signicantly
disordered nature of the material resulting in relatively broad
and overlapping signals (as herein), more detailed analyses by
NMR spectral tting are not feasible.47

DFT calculations. Models of three different congurations
were considered: monoester citrate, diester citrate linked to the
same cellulose chain (type I), and diester citrate linked to
neighboring AGU units from different polymers chains (type II);
see Fig. 5. Calculations were performed with the ORCA code.48,49

Geometry optimizations of the models and the subsequent
(GIAO) NMR shis calculations were performed at the revPBE-
D4/pcseg-1 and PBE0/pcSseg-2 levels of theory, respectively,
and this protocol was proven robust.50 An additional set of NMR
shis was calculated at the M06L/pcSseg-2 level of theory for the
same models, and the correlation between the two data sets is
excellent; see Fig. S2.† CO2 molecule in the gas phase was used
as a chemical shi ref. 51.

Differential scanning calorimetry. The thermal behavior of
the recovered citric acid was studied using a differential scan-
ning calorimeter (DSC, Netzsch DSC 214 Polyma) under
nitrogen atmosphere. Around 20 mg of sample were sealed in
an aluminum crucible with pierced lid. The sample was heated
from Tamb to 80 °C at a rate of 10 °C min−1, isothermal for
5 min, and then heated from 80 °C to 180 °C at a rate of 5 °
C min−1.
Life cycle assessment

The life cycle assessment was performed according to the
guidelines provided by the standards ISO 14040 and ISO 14044.
This study is an attributional screening and mapping analysis
of CNC preparation at a laboratory scale similar to the work of
Piccinno et al.25 In this work we explore (1) the environmental
This journal is © The Royal Society of Chemistry 2023
impact of post-consumer cotton over wood pulp as raw material
for CNC extraction and (2) the environmental impacts of lab-
scale routes for CNC extraction. Three different CNC prepara-
tion scenarios were assessed: (S1) CNC prepared from wood
pulp by sulfuric acid hydrolysis,52,53 (S2) CNC prepared from
post-consumer cotton by sulfuric acid hydrolysis,17 and (S3)
CNC prepared from post-consumer cotton by citric acid func-
tionalization and subsequent brillation (this work). For the
post-consumer cotton, the cut-off allocation was applied
meaning that recycled material can be used without burden (up
to the recycling process) since the production (e.g., cultivation,
harvesting, and processing) of the material is allocated to the
rst use of the material. This is in line with the “polluter pays
principle” in the Environmental Product Declaration (EPD
system) and the boundary between the life cycles is dened as
the point where the product has its lowest market value.54 The
functional unit of the study is 1 gram of CNC as an aqueous
dispersion. Flowcharts describing the studied systems are
shown in ESI (Fig. S3†). For the post-consumer cotton, the
system boundaries exclude collecting and transportation,
regarding this as part of the previous life cycle stage (cut-off).

The post-consumer cotton was collected and sorted at War-
gön Innovation which is located on the Swedish west coast. The
textiles that are transported to the Wargön pilot facility are from
Röda Korset shops on the Swedish West coast and have been
collected via manned collection points. At Wargön, the textiles
are sorted into three different sorting fractions: (1) textiles that
can be re-used (2) textiles that can be used as feedstock for
producing new bers or in new applications (recycling) (3)
textiles that need to be incinerated due to contamination. The
textiles are sorted both manually and automatically by
a conveyor belt with paddles that put the textiles in the right
container (for textile recycling a NIR detector is activated to sort
ber blends). The electricity from the conveyor belt was used in
the LCA.

Packaging and material ow for the laboratory equipment
was not considered at any point during this stage of the study.
The main sources of data about the relevant preparation routes
are from this and our previous works.17,53 The other source of
data is the Ecoinvent database (version 3.8), from which
inventory data for upstream manufacturing data for pulp,
chemicals, water, and electricity has been obtained using the
inventory database provided within SimaPro Version 9.3. Life
cycle inventory data can be found in ESI (Table S1†). Since the
CNC preparation takes place in water, the fugitive emission of
volatile organic compounds is assumed to be negligible.
However, a sensitivity analysis was performed assuming 100%
emission to water of the worst chemical, in this case corre-
sponding to sulfuric acid according to Piccinno et al.55

Information about background processes and data sources
can be found in ESI (Section background processes and Table
S2†). The system has been modeled in SimaPro (9.3), which is
an LCA soware in which the environmental impact of the
system could be calculated. The environmental footprint (EF)
methodology has been used (LCIA EF3.0) for impact assessment
to provide a wide array of impact categories. See ESI for back-
ground processes, contribution analysis, and sensitivity
J. Mater. Chem. A, 2023, 11, 6854–6868 | 6857
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Fig. 1 Schematic illustration of CitCNCs preparation via functionalization with citric acid followed by mechanical fibrillation. Aqueous
suspensions of CitCNCs show flow birefringence under cross polarizers.
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analysis (see ESI section background processes and guiding
process development by LCA).†
Results and discussion

Cellulose nanocrystals with carboxylic moieties were prepared
from post-consumer textiles in two main steps (Fig. 1). First, the
surface of the cotton was esteried with citric acid, and then the
citrated cotton was mechanically brillated, while the unreac-
ted citric acid was recovered by evaporation–crystallization.
Preparation of citrated cotton

Cellulose nanoparticles tend to aggregate due to the attractive
interactions between their surface hydroxyl groups,56 but it can
be avoided by introducing charged groups on the nanoparticle
surface.57 Here, carboxylate groups were introduced on the
surface of cotton fabrics before brillation by esterifying the
cotton with the tricarboxylic citric acid. Optimization experi-
ments (Table S3†) indicated that a high concentration of citric
acid and high temperature are needed to achieve a high surface
charge on the resulting nanocrystals. This trend was also re-
ported by Ji et al. for citrated-CNMs extracted from bleached
sugarcane bagasse pulp.36 Nevertheless, some water is essential
Fig. 2 Morphology of cotton pieces before and after treatment with citr
with citric acid. Inset: Photographs of the corresponding cotton pieces.

6858 | J. Mater. Chem. A, 2023, 11, 6854–6868
to ensure that cellulose hydrolysis will occur simultaneously
with the esterication.31,58 A correlation between high charge
and smaller brils was observed (Fig. 2), and we hypothesize
that this size reduction facilitates the brillation of citrated
cotton. Therefore, we performed subsequent reactions at the
maximum temperature and concentration of citric acid we
could achieve, i.e., saturated (85 wt% (ref. 59)) aqueous citric
acid at 100 °C. Under these conditions, a carboxylate content of
approximately 1.1 mmol g−1 was achieved aer 7 h (Table S3†).
Although the particle size of the cotton pieces decreased
substantially, most citrated cotton existed as bers with sizes in
the micron scale (Fig. 2), as the weak citric acid (pKa1 = 3.135 at
100 °C (ref. 60)) was insufficient to catalyze the hydrolyzation of
all the bers to nanoparticles.

Both starting cotton fabrics and resultant citrated cotton
were analyzed by FTIR. IR spectroscopy (Fig. 3, Table S4†)
provided information on the post-consumer cotton fabrics and
their interaction with citric acid. The spectrum of the cotton
fabrics (I) showed the typical characteristic peaks of pure
cellulose, and some small extra peaks corresponding to the
stretching of –CH2– groups in the region 2800–3000 cm−1.61

These peaks indicate that impurities with alkyl groups, such as
fatty acids, were impregnated on the cotton fabrics during their
use as garments. For example, similar peaks, but with higher
ic acid. SEM images of cotton fabrics before (a) and after (b) treatment

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Esterification of post-consumer cotton pieces. (a) Scheme functionalization of cotton fibers through esterification with citric acid. Cotton
pieces reacted with citric acid 85 wt% at 100 °C for 7 h. (b) FTIR spectrum showing the ester bond formed (l= 1725 cm−1) after functionalization,
and the carboxylic moieties as sodium carboxylate salts (l = 1590 cm−1) after neutralization.
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intensity, have been observed in non-scoured cotton due to
waxes.62,63

The FTIR of the citrated cotton (II) shows a broad peak in the
range 1670–1770 cm−1 corresponding to the C]O stretching
vibration band61,64 (Fig. 3). Aer neutralization of the citrated
cotton with NaOH (III), it was possible to differentiate between
the signals of the carboxyl groups that were present as salts (the
band centered at 1590 cm−1 corresponds to the asymmetric
stretching of –CO2

− group61), and those that were part of ester
linkages to the cotton (centered at 1725 cm−1 ester C]O
vibrations61). These two peaks suggested that the esterication
of cellulose was successful and that the carboxyl groups are
covalently bonded to cotton. Hence, no pretreatments on cotton
fabrics were needed for a successful functionalization, which is
a signicant advantage sincemost of the feedstocks used for the
extraction of carboxylated CNCs require bleach processing prior
to hydrolysis.65 Although our reaction is not regioselective, there
is a larger preference for the esterication of cellulose with citric
acid at the C6 position.31

The formation of diesters during the esterication of cellu-
lose with citric acid is also sterically possible. Quantitative
estimation of the diester content can be done by titrating the
citrated cotton in sodium form with Cu2+. The citrate monoester
content was around 0.35 mmol g−1 (Table S5†). Hence,
carboxylic groups on the citrated cotton are a mixture of
monoesters and diesters (Fig. 3a). So, from the total carboxylate
charge of 1.1 mmol g−1, around 63% of the carboxylic groups
are from monoesters linkages and 37% from diesters. The fact
that mechanical brillation was possible to occur resulting in
colloidally stable CNCs, suggests that most likely these diesters
are formed between neighboring AGU monomers from the
same polymer chain or cellulose chains within the same
nanobril since esterication between neighboring nanobrils
would lead to restrained brillation and aggregation.
Fibrillation to give CitCNCs

CitCNCs were prepared from citrated cotton by brillating with
a microuidizer. To prevent clogging of the machine, cotton-
citrated suspensions were treated with a high-shear mixer
This journal is © The Royal Society of Chemistry 2023
before brillation. Fibrillation then proceeded for ten passes
until no aggregates were observed by the naked eye. The
percentage of monoesters on CitCNCs and neutralized citrated
cotton were roughly identical (see Table S5†) and there were no
signicant differences in their FTIR spectra (Fig. S4†). As
a reference, CNCs were also extracted from cotton textiles
through sulfuric acid hydrolysis (SCNCs) as described in our
previous work,17 and their properties were compared with the
properties of CitCNCs.

Size and morphology. Measurements made on at least 200
individual nanoparticles on AFM images of CitCNCs and SCNCs
(Fig. 4) indicated average lengths of LSCNCs = 150 ± 55 nm and
LCitCNCs = 218 ± 112 nm, and average heights of HSCNCs = 7 ±

3 nm andHCitCNCs= 12± 7 nm. In general, CNCs extracted from
cotton are shorter than CNCs extracted from wood or tuni-
cates.66 Both types of extracted CNCs show a rod-like
morphology with an aspect ratio of 20 for CitCNCs and 24 for
SCNCs. Although CitCNCs were obtained aer mechanical
treatment, they are referred to as nanocrystals instead of
nanobrils due to their rod-like aspect ratio12 and high crys-
tallinity (see below).

Overall, CitCNCs are more polydisperse than SCNCs. A
broader height distribution implies that a fraction of CitCNCs
was not made of elementary brils and that some bundles were
still present aer brillation. However, the mechanical treat-
ment performed on citrated cotton hasn't been optimized, and
an increment in the number of passes, or methods such as
centrifugal fractionation (previously used on other CNMs67)
could reduce the polydispersity of CitCNCs.

The yield of brillation of cotton fabrics into CitCNCs was
78% (Table 1), which is the range of other CNM yields from
methods involving functionalization and subsequent mechan-
ical treatment.10 Aer 10 passes, the nanoscale fraction of
citrated cotton was separated from the microscale fraction
using a 0.7 mm lter. 82% of the citrated cotton fed into the
microuidizer was brillated to the nanoscale.

The esterication of cotton with citric acid allows the gra-
ing of carboxylic groups distributed over the CNC surface.
Conductometric and complexometric titrations showed that
J. Mater. Chem. A, 2023, 11, 6854–6868 | 6859
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Fig. 4 Comparison of size and morphology of extracted CNCs. (a) 2 mm × 2 mm Atomic Force Microscopy images of SCNCs and CitCNCs
displayed with the same scale along the z-axis (b) Histograms of length and height distributions of SCNCs and CitCNCs built from at least 200
isolated CNCs.
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those groups are covalently bound to cellulose by either mono
or diester linkages. Solid-state 13C NMR spectra of cotton and
extracted CNCs are shown in Fig. S5.† Spectra show the typical
signals of cellulose, as well as a minor signal at 30 ppm, which
could correspond to aliphatic carbon chains from the impuri-
ties attached to the textiles. For CitCNCs, two additional signals
in 40–50 ppm and 165–185 ppm spectral regions are observed
and originate from the esterication with citric acid. To assess
the most probable congurations of cellulose citrate, three
cellulose citrate models were considered (Fig. 5), and the 13C
chemical shis were calculated to facilitate direct comparison
with the experimental CitCNC spectrum.
6860 | J. Mater. Chem. A, 2023, 11, 6854–6868
The signals in the 40–50 ppm region could be assigned to the
CH2 carbon atoms from the citrate groups, while the signals in
the 165–185 ppm region to the carbonyl carbon atoms from the
esters and the carboxylate groups. Peaks around 175 ppm also
conrm the presence of ester bonds, as the shis of the
carbonyl groups of sodium citrate typically fall around
180 ppm.68 By comparison of the experimental 13C NMR spec-
trum to the computed chemical shis, we found that most
probably a combination of all three types of cellulose citrate is
present in the CitCNCs (Fig. 5).

A relatively high CitCNC surface charge content of 0.9 mmol
–COO−/g CitCNCs was achieved, which is in the range of other
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Structures of cellulose citrate modeled as monoesters or
diesters. Each model includes the calculated 13C NMR shifts obtained
for each carbon atom of the citrate group. Fitted signal integrals are
shown in the bottom panel.

Table 1 Yield and properties of CitCNCs and SCNCs extracted from
post-consumer cotton textiles

Sample
Yield
(g CNCs/g cotton)

Surface charge
(mmol kg−1 CNC)

Crystallinity
index (%)

XRD NMR

Cottona — — 93 62
SCNCs 61 � 1%b 276 � 4b 90 66
CitCNCs 78 � 4% 900 � 55 89 62

a Cotton: as received post-consumer cotton textiles. b Data from Ruiz-
Caldas et al.17
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chemical functionalization routes such as TEMPO-catalyzed
oxidation,69 or esterication with oxalic acid.34 A high surface
charge on CNCs not just dictates their colloidal stability70 and
rheology71 but also increases the range of applications including
electrostatic interactions or complexations, necessary in, for
instance, water treatment.

The surface charge and surface chemistry of CitCNCs could
make them suitable for a wider range of applications. The
carboxylic groups of CitCNCs can undergo chemical modica-
tions not possible for the sulfate-half ester groups in SCNCs. For
example, amidation or esterication with alcohols can be
This journal is © The Royal Society of Chemistry 2023
performed on carboxylated CNCs.65 Additionally, citrate groups
serve as reducing agents, capping agents, and chelating agents,
and their interactions can be tailored through pH variations.
Citric acid is a widely used organic ligand capable of forming
different types of complexes with a variety of metal ions,
including elements that are hazardous to the environment such
as As and Cr.60,72 We believe that these interaction mechanisms
could also take place with the surface groups attached to the
CitCNCs.

Fig. 6a–c shows the XRD patterns of Cotton and the extracted
CNCs and their deconvoluted peaks using Void ttings for the
crystalline and amorphous peaks. Peak information can be
found in the ESI (Table S6†). Cotton, SCNCs, and CitCNCs show
the same characteristic peaks of cellulose Ib: 2q around 14.6°
(11�0), 16.5° (110), 20.4° (012), 22.7° (200), and 34.5° (004).73

Interestingly, the peaks corresponding to the (012) and (004)
lattice planes are less visible on the diffractogram of the CNCs,
compared to the diffraction pattern of cotton. Most likely, this is
due to the CNCs adopting a preferred orientation during sample
preparation along the ab plane due to their needle-like shape.
The peak at 20.4° could also correspond to fractions of
mercerized cotton present on the starting cotton fabric74 as
artifacts of textile nishing.

The chemical and mechanical methods used for the prepa-
ration of CitCNCs did not affect the crystalline structure of
cotton since the diffraction peaks of cellulose Ib are clearly
visible on the diffractogram of CitCNCs. Two methods were
used for the calculation of the crystallinity index (CI): the XRD
deconvolution and the NMR C4 peak separation method.45

Daicho et al.41 showed that the CI values obtained by NMR could
be lower than values obtained by XRD for the same sample. The
initial cotton fabrics and the extracted CNCs have relatively high
crystallinity (Table 1) with subtle differences among samples.
These differences could be attributed to the uncertainty of the
measurement. When substrates with high crystallinities are
used for CNC extraction, only slight changes in the CI of the
CNCs were observed.75 Post-consumer cotton fabrics can be
seen as an optimal substrate for the extraction of nanoparticles
with high crystallinity as cotton is one of the sources of cellulose
with the highest crystallinity among plants.14 Besides, crystal-
linity is one of the CNC properties that is mainly dependent on
the source of cellulose and cannot be easily tuned through the
production route.10 In addition, Palme et al. showed that the CI
of cotton is not signicantly affected by laundering and use.76
J. Mater. Chem. A, 2023, 11, 6854–6868 | 6861
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Fig. 6 Properties of cotton textiles and the extracted CNCs. (a–c) XRD profiles from cotton fabrics and extracted cellulose nanocrystals. The
dotted curve corresponds to the experimental data. The black line is the fitted model, the red lines are the crystalline peaks, and the blue line is
the amorphous peak. (d) Zeta-potential of CNCs in suspension at different pH measured in 1 mM NaCl background electrolyte. Each point is the
average with the error bars representing the standard deviation. Thermogravimetric analysis: (e) TGA and (f) DTGA curves of CitCNCs, SCNCs,
and cotton.
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The average crystallite size was determined with the full
width at half maximum (FWHM) of the (200) reection using
the Debye–Scherrer formula. The component of the instru-
mental broadening was not included in the calculation, so the
values obtained represent a lower limit of the crystallite size.77

Both CNCs have similar crystallite sizes (DSCNCs = 5.8 nm,
DCitCNCs = 5.8 nm) and both values are slightly smaller than the
crystallite size of the starting cotton fabrics (Dcotton = 6.4 nm).
The crystallite size and CI from NMR of cotton fabrics are
comparable to values reported in the literature,76,78 and the
crystallite size of SCNCs is consistent with the number-average
height obtained from AFM data (Fig. 4). The differences in the
crystallite size could simply be due to the peak-tting method.
The extracted CNCs have lower crystallinity than cotton since
smaller crystallite sizes imply lower crystallinity. In the case of
SCNCs, the hydrolysis conditions used for their extraction could
have affected portions of the crystalline regions as well, while
for CitCNCs, other works have shown that mechanical brilla-
tion decreases the crystallite size.41

Colloidal stability

Both CNCs display a negative zeta potential across the whole pH
range with the lowest z-values in the neutral or slightly basic pH
range, and the highest z at low acidic pH (Fig. 6d). However,
SCNCs show colloidal stability over the whole studied pH range
while CitCNCs are less stable at low acidic pH. The CNC surface
6862 | J. Mater. Chem. A, 2023, 11, 6854–6868
charge, and thus, their colloidal stability, is dictated by the
dissociation equilibrium of the surface groups. SCNCs have
sulfate half ester groups on their surfaces,79 and the second pKa

of sulfuric acid at 25 °C is 1.99, so the –OSO3
− groups should be

mainly protonated (–OSO3H) below pH 2 and deprotonated at
pH > 2.80 On the other hand, the pKa of the remaining carboxyl
groups of cellulose citrate are 4.75 and 6.40, so the free
carboxylic groups of CitCNCs will be protonated (COOH) below
pH 4. One advantage of this pH-dependent condition is that the
rheological properties of CitCNCs dispersions could be tailored
on less acidic pH conditions. In the pH range where the citrate
groups are protonated (COOH), an increase in the elastic
modulus and viscosity will occur due to particle aggregation.
Similar behavior was described by Facchine et al. for nanochitin
suspensions.81

Thermal properties and moisture uptake

The thermal stability of cotton and extracted CNCs were
assessed using TGA. Fig. 6e and f show the degradation proles
as well as the mass loss rates. All three samples have small
a mass loss at temperatures below 100 °C due to adsorbed
water, with CitCNCs having the highest water loss (4 wt%) due
to a higher water affinity as a result of the citrate surface
groups.82 The differences in water loss are consistent with the
differences in the moisture uptake observed between SCNCs
and CitCNCs (Table 2). For the moisture uptake, the samples
This journal is © The Royal Society of Chemistry 2023
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Table 2 Thermal properties of post-consumer cotton textile and the extracted CNCs

Sample Tonset (°C) Tpeak (°C) DTpeak (% wt/°C) Char residue (%) Moisture uptakea (%)

Cotton 333 361 −2.2 10 —
SCNCs 288 307 −2.5 11 12.2 � 0.8
CitCNCs 224 Tp1

= 247 DTp1
= −0.1 18 16.0 � 0.4

Tp2
= 319 DTp2

= −1.1

a Measured at a relative humidity of 84 wt% at t = 24 h.
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were monitored for two more days, and no signicant differ-
ences were observed (Fig. S6†).

Their thermal proles at higher temperatures are signi-
cantly different. Cotton pieces show a single and rapid weight
drop corresponding to the cellulose degradation involving
depolymerization of cellulose, and dehydration and decompo-
sition of glycosyl units.83 The peak temperature (361 °C) and
char residue (10%) coincide with values reported in the litera-
ture.84 Hence, the dyes or other impurities attached to the
cotton fabric used in this work do not seem to affect its thermal
stability. Nevertheless, darker dyes or other nishes could
inuence the thermal stability of cotton fabrics.20

SCNCs also have a single sharp weight drop, but their
thermal decomposition starts at lower temperatures than
cotton. This is a nanoscale effect resulting in an increment of
reducing ends that decreases the thermal stability of cellu-
lose.85,86 The sulfate half-ester groups on the SCNC surface do
not affect the thermal stability of CNCs since they are in sodium
form (–OSO3Na), thus preventing the structural dehydration
catalyzed by sulfate groups in acid form.87,88 Interestingly,
SCNCs from other cotton fabrics have the same thermal prole,
independent of the coloration of the starting material. Most
likely the concentration of dye and other impurities le aer
CNC extraction is too low to inuence the thermal degradation
of CNCs. Another advantage of upcycling textile waste into
CNMs is that the differences in the thermal proles of the
Fig. 7 (a) Comparative environmental profiles for SCNC preparation fro
normalized to S1. (b) Environmental profile of CitCNC production route.

This journal is © The Royal Society of Chemistry 2023
cotton fabrics due to different degrees of polymerization, if
present, would not affect the properties of the extracted SCNCs.

The thermogram of CitCNCs shows a two-step decomposi-
tion distributed over a wide temperature interval, compared to
only a single mass drop observed in cotton and SCNCs. Similar
thermal behaviors were reported for other citrated-CNMs.36,88

This earlier degradation is presumably due to the decomposi-
tion of citric acid which has a visible effect at high surface
charges. TEMPO-oxidized CNMs10,89 have lower thermal stability
than CitCNCs since the carboxyl groups, which lead to accel-
erated thermal decomposition of cellulose,58,86 are not directly
attached to the cellulose backbone.88
Guiding process development by life cycle assessment

Fig. 7a indicates that the baseline scenario, S1 (SCNC from
wood pulp) had a higher environmental impact across all 16
categories (EF 3.0) compared to S2 (SCNC from post-consumer
cotton). Detailed results of the environmental assessment are
shown in Table S7.† The lower environmental burden of S2
suggests that post-consumer cotton is a promising feedstock for
CNC production. From a sustainable perspective, cotton fabrics
have the added advantage of not requiring additional purica-
tion steps to achieve a high cellulose content, as they inherently
have a high cellulose content. However, cotton fabrics may
contain unwanted impurities from both their production and
m wood pulp (S1) and post-consumer cotton textiles (S2). Impacts are

J. Mater. Chem. A, 2023, 11, 6854–6868 | 6863
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use, which can potentially limit the eld of applications of the
extracted CNCs.

Concerning CitCNC extraction (S3), the hydrolysis step was
the most dominant contributor (Fig. 7b) due to the usage of
citric acid, whose production contributes to all 16 impact
categories. A similar nding is reported by Bondancia et al.29 A
contribution analysis of S1 and S2 can be found in ESI (Fig. S7
and S8†). The largest difference comparing the impact of S3
with the other scenarios (Table S7†) was eutrophication terres-
trial (release of nutrients to the soil) mainly due to the emission
of ammonia, nitrate, nitrogen oxide, and nitrogen monoxide
from the citric acid production. The second largest difference
was water use due to the high amount of water used during the
production of citric acid. Another interesting impact category is
climate change and, in this category, S3 had a similar climate
change impact as S1 which also was surprising. The high
climate change impact of S3 is a result of the high contribution
of CO2 fossil due to the higher ratio of citric acid to cotton
(compared to sulfuric acid) used during the CNC preparation.
Sensitivity analyses for each scenario can be found in ESI
(Section Sensitivity analysis, Table S8, and Fig. S7–S9†). The
high impact of citric acid can be reduced by decreasing the
input amount and improving the acid recovery.
Citric acid recovery and its environmental impact

One of the main challenges of the extraction of CNCs through
sulfuric acid hydrolysis is the recovery of unreacted sulfuric
acid.90 Although the route of CitCNC extraction has a higher
environmental impact than SCNC, an advantage of using citric
acid is that it can be recrystallized at ambient conditions, and
thus separation from sugars and other by-products is feasible.
In this work, the rst liter of the effluent aer quenching was
collected for citric acid recovery. Aer crystallization, solid
crystals of citric acid and a saturated solution of citric acid
containing most of the impurities were obtained. To increase
the amount of citric acid recovered, a few drops of sulfuric acid
and approximately 1 g of citric acid was added to the saturated
solution following a procedure described before.91,92 The solid
crystals helped to induce crystallization, while the drops of
sulfuric acid reduced the solubility of citric acid due to Le
Chatelier's principle. The total percentage of citric acid recov-
ered was 58 ± 4 wt%.

The DSC curve of the recovered solid (Fig. S12†) shows
a single and narrow endothermic peak, so the citric acid crys-
tallized in the anhydrous form. It is known from the literature
that anhydrous citric acid crystallizes from hot aqueous solu-
tions.60 Besides, the monohydrate citric acid has different phase
transitions since it gradually loses the water from its structure
during heating (Fig. S12†).

The recovered citric acid has a decrease in the melting
temperature by 3 °C due to the presence of some impurities. To
determine the purity of the recovered citric acid, we considered
it an ideal eutectic mixture and used the Schröder-van Laar
model. The melting temperature of the recovered citric acid was
calculated from the Differential Scanning Calorimetry (DSC)
data. Our results showed a purity of 92 ± 1 mol% (see ESI† for
6864 | J. Mater. Chem. A, 2023, 11, 6854–6868
further details). Although this value should be taken as a simple
approximation.

We modeled a process that considers the recovery obtained
above, and when comparing scenarios, it is evident that
a recovery of 58% leads to a much lower environmental impact
on all categories, with a drop of up to ∼48% in the water use
category (see Fig. S13†). Even though recovering citric acid
involves a heat input, with the decrease in the environmental
burden it is worth implementing measures to reduce the usage
of citric acid, and thereof, diminish the overall environmental
impact of the route developed in this study. The yield of 58%
from this study is lower than the reported yield for the same
method of concentration followed by sulfuric acid addition
(>80% (ref. 91 and 92)), and other methods such as precipita-
tion (65–93% (ref. 93)) and concentration followed by solvent
extraction (90% (ref. 94)) to name a few. Most likely not all the
available citric acid was present in the effluent collected.
Nevertheless, this means there is an opportunity to reduce the
environmental burden by improving the yield and reevaluating
the environmental impact with the new mass and energy
balances.

Conclusions

This work shows a catalyst-free route for the extraction of
carboxylated CNCs (CitCNCs) from real post-consumer cotton-
based fabrics. The proposed route involves the surface esteri-
cation of cotton with citric acid followed by mechanical bril-
lation. The optimal conditions for the functionalization of
cotton were achieved at a concentration of citric acid of 85 wt%
and a temperature of 100 °C. FTIR and 13C NMR spectra
conrmed the partial esterication of the cotton fabrics while
conductometric and complexometric titrations showed that the
free carboxylic groups are chemically attached to the cotton
surface by mono or diester bonds. DFT theoretical calculations
conrmed the presence of both mono and diesters of citric acid
and suggest that citrate diesters could be bonded to the same
polymer chain or between neighboring AGU units. The
successful functionalization of discarded cotton fabrics without
the need for chemical pretreatments highlights the potential of
these materials as an alternative to rened cellulosic feedstocks
for the preparation of CNCs.

Citrated cotton was mechanically brillated to produce
CitCNCs with a mass recovery of 78% (g CitCNCs/g cotton). The
ability to extract CNCs in high yield without the need for
pretreatments is a great advantage in terms of sustainability
and costs. Furthermore, discarded cotton fabrics are a world-
wide available and inexpensive feedstock, making them
a readily accessible cellulosic source for CNC extraction.

The size of the obtained CitCNCs was 12 ± 7 nm in height
and 218 ± 112 nm in length. These nanoparticles showed good
colloidal stability in the pH range of 4–12, similar crystallinity to
CNCs extracted from hydrolysis with sulfuric acid, and a high
surface charge of 0.9 mmol g−1.

Here we also show how early LCA studies can be useful for
understanding and improving the environmental performance
of lab-scale routes, essential information for future scale-up.
This journal is © The Royal Society of Chemistry 2023
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LCA showed that post-consumer cotton could be a promising
feedstock for the extraction of CNCs since its environmental
burden is lower than using wood pulp. Nevertheless, post-
consumer cotton garments could contain harmful substances
from their rst lifecycle which need to be further assessed.

Although CitCNC had higher environmental impacts than
SCNC in an initial setup, mainly due to the upstream processes
of citric acid, the high yield, and the properties of CitCNCs
encourage the development of more efficient routes for the
recovery of citric acid. The current 58% recovery of citric acid by
simple evaporation and crystallization already reduces their
environmental impact and sets the foundation for a more
environmental-friendly process that can be further improved.

We present a route for the conversion of real post-consumer
cotton fabrics into high-quality CNCs, which could be an
attractive alternative for the valorization of cotton fabrics. This
route could also be used on cotton bers that are not suitable
for spinning and nowadays are considered waste. Future opti-
mization on the amount of citric acid used, the number of
passes on the microuidizer, and the yield of recovered citric
acid could reduce the environmental impact of CitCNC
production. CitCNCs can be used on multiple advanced appli-
cations that can benet from their size, crystallinity, aspect ratio
and surface charge and chemistry, such as water purication
and reinforcement materials.
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24 Ó. Ögmundarson, M. J. Herrgård, J. Forster, M. Z. Hauschild
and P. Fantke, Addressing environmental sustainability of
biochemicals, Nat. Sustain., 2020, 3, 167–174.

25 F. Piccinno, R. Hischier, S. Seeger and C. Som, Life Cycle
Assessment of a New Technology To Extract, Functionalize
and Orient Cellulose Nanobers from Food Waste, ACS
Sustainable Chem. Eng., 2015, 3, 1047–1055.

26 Q. Li, S. McGinnis, C. Sydnor, A. Wong and S. Renneckar,
Nanocellulose Life Cycle Assessment, ACS Sustainable
Chem. Eng., 2013, 1, 919–928.

27 R. Arvidsson, D. Nguyen and M. Svanström, Life Cycle
Assessment of Cellulose Nanobrils Production by
Mechanical Treatment and Two Different Pretreatment
Processes, Environ. Sci. Technol., 2015, 49, 6881–6890.

28 L. Tan, S. J. Mandley, W. Peijnenburg, et al., Combining ex-
ante LCA and EHS screening to assist green design: a case
study of cellulose nanocrystal foam, J. Cleaner Prod., 2018,
178, 494–506.

29 T. J. Bondancia, G. Batista, J. de Aguiar, et al., Cellulose
Nanocrystals from Sugar Cane Bagasse Using Organic and/
or Inorganic Acids: Techno-Economic Analysis and Life
Cycle Assessment, ACS Sustainable Chem. Eng., 2022, 10,
4660–4676.
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