ABSTRACT
VERA VERA, RAMON EDUARDO. Upcycling Textile Waste into Biobased Chemicals and
Production of Dissolving Pulp from Nemood FeedstockgUnder the directioof Dr. Ronalds
W. GonzalezandDr. Hasan Jamekgl

The textile industry is highly polluting and contributesl@®%b of global emissions. The
linear model of makeisewaste is prevalent, with 85% of textile products ending up in landfills
or being burned. Textile productioaquires large amounts of resources and energy, and the use
of dyes generates harmful effluents. Natural fibers (e.g., cotton) andegpadable synthetic
fibers (e.g., polyester) are the main raw materials, with synthetic fibers accounting for over 60%
of the shareWith the norbiodegradability of synthetic fibers atiteincreasingextile landfilling,
there is a growing need to extend the-eftife of textile products and adopt a circular economy
approach.

Besides recycling,everal approachdsavebeenintended for upcycling textile waste but the
separation of fibers from theommonfiber blends (natural and synthetids one of the main
challengego either reuse or transform textile waste in vaddded products. Thstudyconsiders
the implementdon of sustainable technologieghere the enzymatic hydrolysis of cottisnused
to produce glucose as a precursor of bioproduttde also obtaining polyesterfibers & a
subproduct to be recycldbm textile wastesVioreover, this work evaluag¢he use of nomwood
feedstockge.g., agricultural residues) to produce dissolving pulp for making textile natural fibers
and mitigate th@veruseof synthetic ones.

This work has conductesi/stematic researahvidedinto the following studies:

Thefirst study shows a literaturesview on key challenges and opportunities to transform

cotton textile waste into building blocks.g., glucoseyia enzymatic hydrolysis. Thisork shows

thatenzymatichydrolysis requirepretreatinghe textile material inraler to get acceptable yields



for feasibletextile conversionprocessesThis review found that yesin textile can inhibit the
effect on enzymatic hydrolysis of textile wastédoreover, this study reveals that current
pretreatments reported in the literatueguirehigh chemical, highenergy,and extremely high
enzyme dosage to get reasonable conversion yields. On the other hand, mechanicalvaining
identified as a chemicdlee pretreatmenin enzymatic hydrolysis procedesr lignocellulosic
biomass but never reported fEmzymatic hydrolysis dextile wastesThus,mechanical refining
wassuggesteds a pretreatment methtwdunderstands impact on chemicaénergyandenzyme
usage in the enzymatic hydrolysis of textile wastes.

The second study conductedfindings from the literature review to determine the
effectiveness of mechanical refining as a pretreatment for enzymatic hydrolysis of undyed cotton
textile wastes.This work focused on the critical impact of mechanical refining intensity on
conversion yields and fiber morphology modificatiorhis study found thatncreasing the
intensity of mechanical refining significantly improves the surface area of the cottms, fib
enabling better enzyme adsorption on the cellulosic fiiénss, asubstantial improvement in the
enzymatic conversion of cotton into glucosas achievedat low enzyme chargetow energy,
and nonchemical usagerindings from this worldemonstratehe effectiveness of mechanical
refining as a pretreatment for enzymatic hydrolysis of undyed cotton textile wastes.

Thethird study showsa more realistic assessment when convedyegl textile wastes into
glucose via enzymatic hydrolysisDyes are corroborated to have a negative effect the
erzymatic hydrolysis of dyed textile waste when mechanical refining is used as pretred@tment.
inhibitory effect of dyes on enzyme performaneas found tachange basedn the type of dye,
where reactive dyesould be the most impactful in inhibiting the enzymatic conversion of cotton.

This studydemonstrated that totahlorine free oxidatiotreatmentssuch as ozone and alkaline



hydrogen peroxidejegrade and extract the dye from cotiextile waste Thus,a fully decolored
textile can beobtainedwith enzymatic conversianof up to 90%while using low enzyme,
chemica) and energy useBesides extracting the dyeelps, this studyound that mechanical
refining is essentidb obtain high yields the enzyratic hydrolysis process of dyed textile wastes.

The fourth study is focused on evaluating the economic feasibilitypriducing glucose
from textile waste via enzymatic hydrolysis when mechanical refining is used as pretreAtment.
techneeconomic assessmt was assessed four different scenariowhere the nature of the
textile waste changed as follows: 1) 20Qindyed cotton waste, II) 100% dyed cotton waste, III)
50/50 undyed/dyed cotton, and)I®0/50 dyed cotton/dyed polyestBesults from this workhow
economic feasibility to produce glucose while recovering and recydéogloredpolyesteras a
valuable subproducthe minimumselling priceper glucose metric ton is found to 880 USD
where he price ofpolyesterwas found to play a significanble in economic feasibilityThe
polyesterselling price used in this work is conservatii&0USD/ton) considering thatecycled
polyester prices can be above B@ED/ton.

The fifth study considers the use of nemod feedstockto producedissolvingpulp for
textile making purposesVheat straw, switchgrass and hemp hurd has been considered as non
wood feedstock to be converted into dissolving pulp Sugfur-EthanotWater (SEW) pulping
process. This study shows that pulp watthigh purity ofcellulose (higher than 9%) can be
achievedvhile meeting requirements for viscose grade pulp that could be suitabithéarRayon
of Lyocell processes for textile makingonsidering the high share of polyester fibers and the
limited production of cottorio supply the increasing textile fiber markabnwood feedstock

showed potential for dissolving pulp production.
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1. INTRODUCTION
1.1.Textile wastes generation: A concerning environmental problem and an opportunity to

implement circular economy.

The textile industry is one of the largest and most polluting industries gla@saityconsumes
exuberant amount of water, energy, and other primary so(gags cotton, petroleum, etc.) for
producing a single product like ashirt (Grover, 2018)This is an important environmental issue
considering that textile productgre nowadaysproduced rapidly and cheaply, encouraging
consumergo buy indiscriminately to thenlisposeof them quickly(Chavan RB, 2014; Grover,
2018) Thus, he amount of generat@adstconsumetextile waste is increasing at an alarming rate
which has resulted in more than 100 million tons of textile waste beirggaged across the world
every yealBick et al., 2018; Pandit et al., 2018; United States Environmental Protection Agency,
2021) More concerningly, 85% of these wastes are either landfilled or buaket up valuable
space and releasingreenhouse gaemissions that contribute to climate change along with
promoting prominent soil and water pollution because of leaching toxic chemicals (e.g, dyes) while
degradingPandit et al., 2018; Shen et al., 2Q10)

Recycling and upcycling textiles can help wed waste and extend the lifespan of clothing
items resulting in a decrease of paginsumer textile landfillinglDamayanti et al., 2021)
However, nowadays there is a lack of effective and feasible recycling practices reflected in the fact
that only 15%of textile waste is recycle@Pandit et al., 2018; Shen et al., 2018} a result,
alternative upcycling methods, like enzymatic hydrolysis of cotton textile waste, have emerged to
produce biobased and valadded chemical@iribauer et al., 2021; Sjaei et al., 2012)These

enzymatic methods can also be an effective pathway to separate natural or cellulosic fibers (e.g.,



cotton) out synthetic ones, resulting in a potential opportunity to implement a circular economy

with the postconsumer textileéLi et al., 2019a; Subramanian et al., 2020)

Cotton and other cellulosic fibers represent ca.35% of the fiber share in textile products while
synthetic fibers represent ca. 65%andin and Peters, 2018)hese cellulosic fibers can be
hydrolyzed wih enzymes to produce glucose, an important building block for biobased products
(Sasaki et al., 2019; Werpy and Petersen, 2004; Yousef et al.,.ZddQ)e 11 shows a schematic
of several biobased products that could be synthesized from glucosejofdheen having a
premium price of up to 8,000 USD per {@ozell and Petersen, 2010; Werpy and Petersen, 2004)
On the other hand, an effective conversion of cotton via enzymatic hydrolysis could lead to an
effective recovery of synthetic fibers fronextile products made of fiber blends (typically
cotton/polyester), thus promoting, and increasing the recycling of synthetic(fibetsl., 2019b;

Subramanian et al., 2020)

LEVULINIC ACID
(5000 — 8000 USD/ton)

e T e
o 1)

: Vu \ v«’noﬁ
5 )
o o "
el o} X C ook
¥ L
. g N e
0,
OH ITACONIC ACID
1,900 USD/ton
OH OH ]

[
[

bacetytacrylic it P

\

; OH
M) Glucose (400USD/Ton) )
" o) é?
18 Pontandiol
& ” ) Ho.

o
W
{ “om
|

‘‘‘‘‘‘‘‘‘

W
o
) wo Son
e
Proiine Pyroglutamicacid 28 Aamyaroney on G0, w0208
AN, M= 11513 CHNO, MW= 128,11 hisosl
CaNO MW= 10115 A
GLUTAMIC ACID LACTIC ACID
3,600 USD/ton 1,800 USD/ton

Figure 1-1. Schematicepresentation of valsedded chemicals that can be produced from glucose
obtained from cotton textile wastes enzymatic hydrolysis



1.2.Enzymatic hydrolysis as a pathway to produce biobased chemicals from cotton textile
waste.

The main component of natural fibers used in the textile industry is cel(tiesee and Rojas,
2016) Cotton is particularly pure cellulose, and itzgmatic hydrolysis is a process that uses
enzymes to break dowthe polymeric structure of this celbsic materialinto glucose, its
monomeric componerfHafyan et al., 2020; Kapaniji et al., 2019; Kohli et al., 2019; Kwan et al.,
2018a; Magal haes et al ., 2019; O zQludosejcanube et a |
further processed into a vaty of biobased produc(siafyan et al., 2020; Sadhukhan et al., 2016;
Schmidt et al., 2017For example, glucose can be fermented into ethanol, which can be used as a
biofuel. Also, this building block caive used as a feedstock to produce chemicals as lactic
acid, which is used in the production of biodegradable pla@fiokli et al., 2019; Kwan et al.,
2018b) (Figure 11). Although the concept of convertingptton textile waste into glucose is
attractive, several challenges exist regardingsiiitainable and feasible enzymatic conversion
processes. Contaminarssch as finishing chemicals, metals and textile dyes must be considered
due to their potential inhibitory effect toward enzyme performdBeeschleDiller and Traore,
1998; Zambrano etl., 2021) Thus, pretreatments are required to deal with those contaminants but
also to modify fiber and cell ul ose morphol ogy
cellulases) and obtain reasonable yields in the enzymatic conversion pifdessites (Daramola
et al., 2020) Moreover, due to the high cost of enzymes, these pretreatment pathways must be
capable of promoting an effective enzyme and chemical usage besides having acceptable energy

consumption.



1.3.Non-wood feedstocks as a source for natural textile fibers.

As previously mentioned, synthetic fibedeminate the fiber market share in the textile
industry. Thus, this type of fiber can represent a concerning issue when textiles are landfilled
because of their nebiodegradabity and their petroleuabased carbon emissions if burned. More
importantly, because of the eviacreasing textile production, cotton supply is not enough to meet
market demands due twtton production has reached its maximal capacity and declined 4.1%
during 20122013 due to the shrinkage of cotton growing IéWd et al., 2016)Thus, it is essential
to implement alternative sourcies natural fibesthat can replace and compete with current market
fibers in terms of price, performance, and environ@@efootprint especially in the case of
synthetic fibers, which have a significant carbon footprint associated with theindsandfilling
(Dissanayake and Weerasinghe, 2021)

Nonwood feedstocks, namelg@acultural residues like wheat straw goldnted sources such
as bamboo or switchgrasee emerging as potential fiber sources for dissolving pulp production
(Huang et al., 2019; Jahan et al., 2021; Ribas Batalha et al., Pdds)lving pulprefers to dow
yield (30-35%) pulp with a high caitent of cellulose (>90%), and low amounts of lignin (<0.1%),
hemicelluloses (<2.5%), and ash (<0.1®%issolving pulpis also characterized by a proper degree
of polymerization (DP) with a narrow distribution, which targeted range depends on the dgssolvin
and regeneration process (e.g., viscdBajpai, 2014, 2009)By matching these requirements,
dissolving pulpis suitable for dissolving, regeneration and fiber spinning for textile production

(Chen et al., 2016; Duan et al., 2015; Liu et al., 2019)



1.3.1. Conversion technologiego attain dissolving pulp.

Undesired components like hemicellulose, lignin and ash must be exfractetie feedstock,
typically utilizing conversion processtsat promote the purification of the celluld&ajpai, 2014,
2009) In this context, conventional conversion technologies areéhydeolysis Kraft, and acid
sulfite pulping (Figure 22). These methods account for aboui8886 of the total dissolving pulp
market led by woodlerived cellulos¢Heinze et al., 2018Factors identified to significantly affect
both processes include raw material characteristics, processing conditions such as temperature,
time, and the type and concentration of chemicals used in the vanfuisgoprocess stages

(pretreatment, pulpin@nd posttreatmen{Balkissoon et al., 2022)

Prehydrolysis Kraft Pulping (PHK) Acid Sulfite Pulping (AS)
Chips -Hot H,0
—1 1_ -Dilutezmineral
acid Chips White liquor:
S0, charge=20-40%)|
150-180°C, 30min (based on O.D.)

Hydrolyzed chips

90-100min

White liquor
NaOH (14-20%)
Na,S (17-25%)

Pulp Black liquor

Pulp Black liquor

Figure 1-2. Conventional pulping processes for dissolving pulp production.

-Pre-hydrolysis Kraft (PHK): This pulping method is responsible for 56% of global dissolving
pulp capacity (Jiang et al., 202@Jompared to acid sulfite, PH&an controbetterthe degree of
polymerization and viscosityhich are crucial dissolving pulfgropertieqLi et al., 2012)PHK is
normally used to produce viscegeadedissolving pulp (Duart al., 2015)This process consists
of two stagegqFigure 12). an acid stage (with water or.$Q) to hydrolyze and solubilize

undesired carbohydrates (hemicelluloses) in their monomeric (sugar) form (e.g., Xylose, mannose,



etc.). Then, the process idltaved by a kraft pulping stage to removmst of thdignin (Wei et

al., 2020).Typically, the pulp is bleached with chlorine dioxide to achieve brightness higher than
85% to minimize the amount of lignin and g&alkissoon et al., 2022PDther total chdrine free
(TCF) bleaching methods could be used (e.g., 0zone or peroxide), hawswet typical because

of its negative effect on polymerization degree of the dissolving(Rapia et al., 2003)
-Pre-hydrolysis Soda: This pulping method has similar fundamentals to-lpydrolysis Kraft.
However,it only uses NaOH in the pulping stafieemma et al., 202350da pulpings typically

used for norwood feedstocks due to its mildness towavdiding the cellulose degradatiofithe
nonwoodpulp obtainedGencerandSa hi n, 2015)

-Acid Sulfite Pulping: In generalthe sulfite process is versatile to produce pulps for tissue paper,
packaging and dissolving pulp (Fatehi and R011). The liquor preparation consists in the
adsorption of S@gas into either water to formy,BGC; or into alkali solution to form a salt that can
have N&, K*, NHs*, Mg?* or C&" as counter ion as a result of total or partial dzEide
neutralization (Btehi and Ni2011). A pulping with HSGs is known as acid sulfite (pH-2),
typically used for dissolving pulp production. On the other handulping with the partial or
completed neutralized form of the${; is called either bisulfate (pHS3) or sufite pulping (pH

8-10), respectively (Fatehiand N2 0 1 1) . Bi sul finteeutgallti zigh&d" t sal t
where an equilibrium FBOs:MHSOs exists (Fatehi and Ni 2011). MHS@efers to the bisulfite

salt where M represents the counteriori,Nd, NHs*, Mg?* or C&*. H,SO3:MHSQO; equilibrium,

if desired, can be modified with free$; (normally reported as free Sby adding excess of

SO to the aqueous solution. Thus, changes in the liquor pH can be achieved based on the desired
pulping conditionsand the purpose of the final pulgor dissolving pulpacid sulfite pulping is
typically usedat temperatures ranges of 1080 °C, cooking times up to 7 hours and sulfite charges

up to 30%(Duan et al., 2015)



1.3.2. Conventional pulping methods for nonwood feedstocks.

Table 21 shows a compilation of nemood feedstockévheat straw, corn stalk, bamboo, rice
straw, etc.ronverted into dissolving pulp by utilizing the conventional pulping methods explained
above, being the pileydrolysis kraft and praydrolysis soda thenost reportedn the literature
(Rosli et al., 2004)Sulfite pulping forattainingnonwooddissolving pulgs scarcely or practically
not reported in the literatur@ahan et al. 2021Yypical pulping conditions are related to a-pre
hydrolysis withH>SQy at charges between 1% and @8ased on O.D biomassl00170°C, and
1-2 hours(Ribas et al., 2012)Then, a Kraft/Soda pulping with 125% NaOH, 25%sulphidity,
150-180°C, and 12 hoursis applied(Ribas et al., 2012Most of the dissolvingulpsshown in
Table1-1 r e p ecellulasel conoposition higher than 90%, matching chemical composition
requirements. Other dissolving pulp quakiych asS10, S18, and Fock reactivigye shown for
some of the noawvood feedstockdn terms of quality, S10 refers to the hemicellulose content plus
the fraction of low molecular weight cellulose that can degrade during the vidisesb/ing and
regeneratiorprocess. S18 refers only to the hemicellulose content in the(Blamon Sarkar et
al., 2021) Lastly, the Fock reactivity gives an approximation on how the dissolving pulp reacts in
the viscose process. Higher Fock reactivity are de¢amnon Sarkar etla 2021)

Besides having desired chemical composition in terms of cellulose, dissolving pulp from non
wood feedstocks shows a reasonable reactivity (higher than 60%). However, S10 and S18 values
could be still higher for some of them. Typicallygaod quality viscose grade dissolving pulp
should have S18 values belawequal tdb%, and the more similar the S10 to the S18 is the better
(Rydholm, 1965) The higher the S10 to the S18 can be related to losses in the viscose process

because of carbohydradegradatior{Rydholm, 1965)



Table 1-1. Findings of the literature search carried out about dissolving pulp made frem non

wood agricultural residues.

Sourc Pre-hydrolysis Pulpin Post-
e con)cglition)g cond?tio%s Treatment Results Ref
Kraft -Yield: 48.5%
Corn | Water, 166C, (170°C, 90min, ;_'HEEHHPand 56.81% (Behin et al.,
. -a-cellulose: 94.7%
stalk | 30min 20%NaOH, bleachin Ash: 1% 2008)
25%sulphidity) g -
-DP: 269
-Yield: 35.1%
-a-cellulose: 90.4%
-Kappa: 8.8
-Potassium —DO(EP_)Q -Brightness: 79.7
Corn hydroxide pulping | P1€aching (%ISO) (MamonSarkar et
Water,156C,60mi . -Cold KOH -Viscosity: 7.37
stalk . (15¢°C, 120min, extraction MPas al., 2021)
14%KOH) (24% KOH) | -Sio: 12.33%, S
10.54%
-Fock reactivity:
59.25
-Yield: 35.1:33.8%
-Kappa:16.9.2
-Brightness: 88.4
Sugar -Soda 88.5 (%IS0O)
-0O-D- - -0~ . 0,
sagas | 1 200 | et somin, | e, | (Andrade and
se 12.515% NaOH) D5% Colodette, 2014)
-Ash: D0.4%
-Viscosity: 295270
dm3/kg
Sugar -Soda -Yield: 32.8%
cane | HoSQy 1.5%, (165°C, 120min, | -4 stagesd | -Kappa62 | opimeral,
bagas| 12¢°C, 90min 25%NaOH, . chlorlng based | - a-cellulose:>95% 1996)
se ' 0.05%anthraquino| bleaching -Ash:<0.15%
ne catalyst) -DP: 780
Qil -Yield: 30.62%
palm -Soda -Kappa: 3.88
ﬁ?ﬁ’: H.SQ4 1%, 176C, | (17¢°C, 90min, N/A éogifs"oi'ose' (Rosli et al., 2004
bunch | 120min 25% NaOH) -Viscosity: 10.19cP
es) -Ash: 0.145%
- O-E-D-(EP) -Yield: 1.36.2%
D-Pbleaching | <aPpa: 3.88
-Soda 9 | -a-cellulose: 95%
Bamb | -Water, 178C, 90 | (160°C, 90min, . Hemicelluloss: (Ribaset al.,
00 | min 30% NaOH) Cold caustic | 5196 2012)
-Viscosity: 47
(NaOH A
80Kg/ton) mPaS
-Ash: 0.13%




1.3.3. Challenges ofconventional pulping methods for norwood feedstocks.

Although Kraft and Soda pulping seems to have an outstanding performance to get dissolving
pulp from nonwood feedstocksthese methods present operational challenges related to dealing
with the spentijuor generatediuring nonwood pulping (Jahan et al. 2021When it is wood
pulping, tie spent liquopbbtainedis usuallyevaporated t®0% of solid content and burned in a
recovery boiler, where the organic materials (e.g., lignin) are combusted to generate energy while
inorganics (e.g., pulping chemicals) are recovered, regenerated and recirculated to the pulping
process(Jahan et al. 2021)This whole spent liquor treatment is known as chemical recovery
procesgJahan et al. 2021)

Table 12 showghatnonwood sourceblashigher content of undesired componetitan wood
sources (e.g., hardwood and softwqogdrticularlyash and hemicellulogdahan et al. 2021 he
high content of ash dissolved in the spent liqu@motes an increment in its viscosity during the
evaporation process, resulting also is ash precipitation that leads to the formation of scales in the
evaporators and hard deposits in the recoveryeboilhus, operational issues likeguipment
corrosion anctlogging makethe chemical recovery process almost unfeasible for spent liquors
generated from newood sourceg¢Jahan eal. 2021)

Table 1-2. Compositional analysis of the main naood feedstockJahan et al. 2021)

Feedstock | Cellulose, % | Hemicellulose, % | Lining, % Ash, %
Rice straw | 28-36 23-28 12-16 1520
Wheat straw | 29-35 26-36 16-21 9-10
Sugarcane |41.6 - 21.3 1.2
Bagasse
Bamboo 26-43 15-26 21-31 2-5
Banana stem| 43.6 14 11 7.1
Hardwood 45-48 12-20 23-27 0.31.0
Softwood 44-46 9-12 28-30 1.03.0
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Economic challengeassociateavith supplyconstraintsalso exist when utilizing kraft or soda
pulping of noawood sources. dbhrwoody biomass is bulkier compared to woody biomass
(Ferdous et al., 2021; Hart, 2020; Jahan et al., 2021; Jahan and He, 2048;eRal., 2002).
Therefore, truck transportation is volume limited, which translates into high transportation costs
per dry ton obiomasqGonzalez et al., 2011)Vhile typically pulp mills are designed to process
1 to 2 million tons of woody feedstoakpnwoody processing facilities will be designed to process
small volumes between 100,000 to 200,000 tons due to transportation costs and biomass
availability (Jahan et al. 2021)Chemical recovery in the Kraft or soda processes typiaatigunts
for ca. 30% of the capital investmdiituang et al., 2007)Thus, facilities with small processing
volumes will see a negative effect in the cost per ton of fibers produced (ecaicsuogle,
specifically capital investmentjJahan et al. 2021)Therefore, a possible solution is e
conversion methods with more flexikpeocesses faspent liquor handlig (Jahan et al. 2021)

1.3.4. Alternative pulping methods for dissolving pulp production from nonwoodfeedstocks.

Consideringthe economic and operational issues challenging theatypiemical recovery
process to deal with the pulping spent liquor, alternative pulping methods have been developed
(Jahan et al. 2021)Jahan et al. 2008These methods are based on changing the nature of the
pulping chemicals, going from changing the nature of the inorgé@micalgo the utilization of
solvents and its combination with inorganic salith more flexibility to recover(Jahan et al.

2021) In this context, a compilation of alternative pulping methods is shiowable 13 whose
alternative pulping processes are fiblkowing:

-Pre-hydrolysis soda pulping: Unde the premise of utilizing the spent liquor as fertilizer, the
pre-hydrolyzed norwood feedstock could be pulped with KOH and/or4®H, resulting in spent

liquor rich in organic matter and main agricultural macronutrients like potassium and nitrogen.
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Table1-3 shows the successful implementation of this pulping approach to corn stalk and wheat
straw, resulting in Rayon grade dissolving piMfamon Sarkar et al., 202BIthough this pathway
can technically be successful, some challeegesregarding the high costs that KOH can have in
comparison with NaOH.

-Pre-hydrolysis sulfite pulping: Although it is not clear its performance for ramood sources,
sulfite-based pulping (S&based) could have potential for dissolving pulp production from non
wood feedstocks because of allowing more practical treatments with spent effilieamg et al.,
2019; lakovlev et al., 2014Pne of the key advantages of this pulping methdlgeigroduction of
watersoluble and highly valuable lignosulfonates with an alrestdplished market with prices
between 500 and 800 USD/t(fratehi and Ni 2011 8ulfite pulping processes like ammonium and
potassium sulfite ((NE2SO: and KSQOs) at alkaline conditions (pH >8) has been reported to
performoutstanding delignification for newood feedstock&lahan et al., 2021; Kordsachia et al.,
2004; Latibari et al., 2011)hus, the alkaline ammoniuor potassiunsulfite pulpingcould be
usedafter the prehydrolysis ofnonwood feedstockgesulting inpulp with high cellulose purity
(lower hemicellulose and lignin cont@iKordsachia et al., 2004; Liang et al., 202@preover, a
spent liquor rich in macronutrients (K, N, S, and organic m)agtetable for soil amendmeoould

be generate@ahan et a12021) The prehydrolysis sulfite pulpingings the opportunity to avoid
the chemical recovery process when wnaod feedstocks are considered for dissolving pulp
production(Jahan et al. 2021)

-Organosolv/solvent pulping: Organic solventsuch asnethanol, ethanol, acetone, and acids like
formic acid, and acetic acid are usedhese alternative pulping processeslissolve lignin in a
range of temperature and tifigahan et al2021; Huijgen et al., 2010; Snelders et al., 2014
terms of pulping performance, organosolv processes have been reported to generate pulps, with

competitive quality with those obtaineth conventional process@akovlev et al., 20115olvent
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basedpulping methods are considered suitable for-wond feedstocks due tihe silica/ash

remains in the fibers. Moreovethey can haveeasier and flexile chemicalrecovery (e.g.,
distillation) (lakovlev et al., 201;1Jahan et al., 2021Different organosolv pulping has been

utilized for dissolving pulp production from navood feedstockéTable 13), being formic acid,

acetic acid, an&O-ethanolwater (SEW) the most commor{dahan et al., 2021Peroxyformic

acid has the ability to delignify lignocelluloses and oxidize lignin selectively to make it soluble in

the pulping liqguor(Jahan et al., 2015Moreover, acidic conditionfom formic acid dissolves

lignin and hemicelluloses without affecting cellulddahan et al., 2015 Yable 13 summarizes

the acetic acid pulping of jute fi bedldoset o at't
composition of up to 98%Jahan et al., 2008Mixtures of formic acid/acetic acid/water at boiling
point and 4h have been reported t ocelglese®a at e r
hemicelluloses, and S4918 differences of 1.4% on({yahan et al., 2015)

The SOy-ethanolwater (SEW) is anotheralternative pulping that fractionates nRaood
biomass efficientlyvhile bringing the opportunity to implement the biorefinery concept in the pulp
and paper industrflakovlev and Van Heiningen, 2011; Jahan et al., 2021a; Yamamoto et al.,
2011) This pulping method is a combination of solvent (ethanol) and acid sulfite p(lpkaoylev
and Van Heiningen, 2011)he presence of S(Promotes an acidic environment that leads to the
hydrolysis and dissolution of hemicelluloses while dissolving igthrough its sulfonation
(lakovlev et al., 2011)This results in pulp with potential for dissolving pulp applications (Table
1-3) while attaining liquors rich in sugars, lignin and valuable lignosulfon@&sviev et al.,
2011; Jahan et al., 202The alcoholin the SEW processicreases the impregnation of the,SO
into the biomass while increasing the dissolution of lignosulfonic acithe pulping liquor
(lakovlev et al., 2011)It has been demonstrated that optimal alcohol concentration is &50%d

allowing SQ concentrations between 1 and 15%\Aft. cooking temperatures of 1355 C
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(lakovlev et al., 2011)A key advantage of the SEW pulping is that the chemical recovery (solvent
+ SO) can beperformedby simple distillation(lakovlev et al.2011) SEW is a versatile pulping
method able to delignify hardwood, softwoods and-wond feedstock¢lakovlev et al., 2011)
Table 13 shows that dissolving pulp was obtairiemm wheat straw and tobacco stddi¢ using
SEW pulping at 138C, 10-12%SQ, and 50/50 water/ethanol ratjpluang et al., 2019; lakovlev

et al., 2011) As a result, pulps with high cellulose purity and lbimicellulose conterdre
obtained.

Thesimplicity of SEWin terms of chemical recovery, solvent ¢@std similarsulfite pulping
mechanismmakesit an attractivepulping methodo better understand the potential of mood
feedstockfor dissolving pulp productionfhus, in the heart of the effort to increase the share of
natural fibers in the textilmdustry, his dissertation considetise SEW pulping for different nen

wood feedstocks (wheat straw, switchgrass, and hemp hurd)



Table 1-3. Compilation of #ernative pulping methods for dissolving pulp production from-wod feedstocks
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Source

Alternative Pulping method

Pulping Conditions

Results

Ref

Corn stalk, Rice
straw, Wheat
Straw

Prehydrolysis KOH

-Prehydrolysis (water,15G,60min)
- Potassium hydroxide pulping (15D, 120min, 14%KOH)
-Do(EP)DL1 bleaching
-Cold KOH extraction (24% KOH, 25C, 60 min)

Yield: 35.1%
-o-cellulose: 90.4%
-Kappa: 8.8

-Brightness: 79.7 (%IS0O)
-Viscosity: 7.37 mPa.s
-S10: 12.33%, e 10.54%
-Fock reactivity: 59.25

(Mamon
Sarkar et
al.,
2021)

Jute

Formic Acid

- Formic acid 90%, 107C, 1h

- Peroxyformic acid (90%),®°C, 2h
- Hydrogen peroxide bleaching
(2% HOz, pH 11, 7C°C, 1h)

-Yield:49-59%
-Brightness: 8487 (%1S0O)
-o-cellulose: 93.98.%
-Hemicellulose: <2.5%
-Viscosity: 1220 mPa.s
-S10: 46%

-S18: 23%

(Jahan et
al., 2008)

Rice Staw

Acetic acid/formic acid/ H20 mixture

- Acetic acid/formic acid/ kD

mixture (40/50/10) at boiling temperature
-Alkaline extraction (8%, 96C)

- DED bleaching

-Yield: 29.6%, before
bleach

-Kappa: 12.5, before
bleach

-a-cellulose: 93.6%
-Viscosity: 10.6cP
-Ash: 2.10%
-Brightness: 80.0%
-S10: 6.49%,
-S18:5.13%

(Jahan et
al., 2015)

Tobacco Stalk

SO-EthanotWater (SEW)

-6% SO2 charge, Water/ethanol 50/50, ¥353hr
-Alkali extraction (1% NaOH)
-ODO(Ep)D1P bleaching

- Yield: 24.4%
-Brightness: 88.1%50
-a-cellulose: 94.8%
-Viscosity: 15.8 cP
-Kappa Number56.8
-Hemicellulose:4.40%
-Ash: 0.20%

(Huang et
al., 2019)

Wheat straw

SO-EthanotWater (SEW)

-12% SO2 charge, Water/ethanol 50/50, ¥350.51.5 hr

(unbleached pulp)

- Yield: 60-51%
-Brightness: 88.1%S0
-a-cellulose: 94.8%
-Viscosity: 15.8 cP
-Kappa Number56.8
-Hemicellulose:4.40%
-Ash: 9%

(lakovlev
etal,
201)
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1.4. Motivation, and thesis structure.

Considering the dramatic increase of textile waste generation, it is clear the need of
implementing suitable and sustainable alternatives to manage propergopsesmer textile
wastesand implemeng circular economy. On the other hand, the need of gugpthe market
with more natural fibers and mitigating the overreliance on synthetic fibers has highlighted the
importance of exploring alternative naood sources (e.g., agricultural residues) as potential
feedstocks for textile fiber production
This dssertation is founded on two research hypotheses to achieve the above goals:

1 Implementing enzymatic hydrolysis to upcycle cotton textile waste for producing biobased

chemicals and implementing a circular economy.

1 Using nonwood feedstocks as sourcesdadsolving pulp for making textile fibers.

The comprehension, understanding and demonstration of these hypotheses are presented in 6
chapters that integrate this dissertateord whose objective are described below. Chapter 1 the
introduction herein preséed, provides I) an overview of the textile waste generation and its
concerning environmental effect, I) a general description of the enzymatic hydrolysis as a pathway
to convert cotton textile waste into valadded chemicals and implement a circulameeny, IIl)
an overview of using newood feedstock as alternative sources of natural fibers in the textile

industry, and 1V) motivations, work hypotheses and the structure of this dissertation.

Chapter 2 explores the basic concepts of the enzymatic lipgdraf cellulosic materials
besides reviewing key challenges and opportunities to transform cotton textile wastes into biobased
building blocks. This chapter reviews currently used pretreatments to improve the enzymatic

hydrolysis of textile wastes anddntifies dyes as inhibitory agents in the enzymatic hydrolysis of
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dyed textiles. As a result, this comprehensive review identifies that mechanical refining, a chemical
free pretreatment, had never been used in textiteto promote their high enzymationversion.
In addition, this chapter proposes the use of oxidation (bleaching) methods to mitigate the negative

effect of dyes on the enzymatic hydrolysis.

Chapter 3 follows findings in the previous study and evaluates the effect of mechanical refining
in the enzymatic hydrolysis of undyed cotton to produce glucose. This chapter provides
fundamentals of the mechanical refining as a pretreatment and corroborate the effect of this
treatment on cotton fiber morphology, which was helpful to understand ¢heaging of the
enzymatic conversion after the application of this pretreatment. Moreover, this chemical free
pretreatment was found to promote high conversion yields at low enzyme and energy usage.
Chapter 4 fills the gap of evaluating the effect of dyethe enzymatic hydrolysis of textile wastes.

This work also combines mechanical refining and bleaching methods, such as ozone and hydrogen
peroxide, to mitigate the negative effect of dyes on enzymatic hydrolysis. Fully decolored textiles

were achieved ith enzymatic conversions of up to 90% yield.

Chapter 3 and 4 build the technical basis for Chapter 5, which presents the technoeconomic
assessment to evaluate how feasible igptduction of glucose via thenzymatic hydrolysisf
textile wastevhen mechanical refining amlye oxidatiorprocesses are used as pretreatments. This
chapter considers 4 scenarios that include the use of undyed and dyed cotton wastes. More
realistically, one of the scenarios considers textile wastes comprised of potyesfers blends.
This chapter shows a conservative but promising economic feasibility to upcycle textile waste in
glucosewith minimum selling a minimum selling price ranging betw&SD 215 and USD 475
per ton depending on the textilgasteblend.In this context, considering cotton/polyester blends

resulted in the most feasible scenario (lowest minimum selling price per ton of glucose) due to the
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extra revenue obtained from recycling purified and bleached polyester. Although some challenges
(e.g., reycled polyester quality) are still untapped, technoeconomic analysis assessed in this
chapter shows that upcycling textile waste via enzymatic hydrolysis can be feasible to implement

a circular economy in the textile industry.

In an effort to increase ¢hshare of natural fibers, Chapter 6 presents the transformation of
nonwood feedstockssia organosolv pulpingnto dissolving pulpsuitable for textile fiber making.
These natural fibers are presented as a promising alternative to mitigate the ovpetis#enm
based fibers. This dissertation ends with conclusions and suggestions for future work, presented in

Chapter 7.
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2. TRANSFORMING TEXTILE WASTES INTO BIOBASED BUILDING BLOCKS VIA

ENZYMATIC HYDROLYSIS: KEY CHALLENGES AND OPPORTUNITIES!?

Abstract:

Textile waste generation in the United States represents approximately 17 million tons per year,
constituting a serious environmental problem. Solutions to this situation have led to upcycling
cottonderived textile waste into valtedded chemicals througdnzymatic hydrolysis. Direct
enzymatic treatment of cotton textile materials results in low yields given their high degree of
crystallinity, and the presence of dyes. Thus, several pretreatment methods have been proposed to
improve performance in convery textile materials into glucose and other biobased building
blocks. However, high yields are attained at the expense of high enzyme loads, energy usage, and
chemical demands. Thishapterreviews the reported literature and successful examples on
pretreament methods to transform cotton textile materials into glucose and its upcycling into
biobased building blocks, focusing on the challenges when dyes are present in cotton garments. A
comparison of the feasibility of such processes is overviewed froeoaomic and environmental
standpoint. We end bgiscussinghe need to deploy less chemical intensive pretreatments and
possible solutions for enzyme accessibility to cotton fibers.

1This chapter has been published as:

Vera, R. E., Zambrano, F., Suarez, A., Pifano, A., Marquez, R., Farrell, 8.Ganzalez, R.
(2022). Transforming textile wastes into biobased building blocks via enzymatic hydrolysis: A
review of key challenges and opportunities. Cleaner and Circidac&omy, 100026.
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2.1. Introduction

Nowadays, textile wastes represent 5.8% of the municipal solid waste generation in the U.S.,
translating into disposal costs of $0.6 billion per y@nydges, 2021; Hamawand et al., 2016;
Johnson et al., 2020; U.S. EPZ)20) Textile wastes are the 10th most generated waste after food,
paper, plastic, and glasterived materialsThe growth of the global population has led to an overall
increase in the manufacturing of textiles. As a result,-pmssumer textile genation has also
increased (Figurg-1a) (U.S. EPA, 202Q)Each year, the world is generating 150 million tons of
textile waste, of which nearly 17 million tons belong to the United Stie®t al., 2022; U.S.

EPA, 2020) In an attempt to attenuate tiextile generation problem, industry and academia have
made intensive efforts to promote the circular economy and appropriate waste management of
disposed textilegJohnson et al., 2020However, municipal solid waste data from the U.S.
Environmental Potection Agency shows that the proposed strategies have not been implemented
satisfactorily as textile landfilling rates continue to increase (Figuta) (U.S. EPA, 2020Q)
Several routes to manage the generation of textile waste have been proposegdieménted,

being recycling the one profiled as the most viable solf@mayanti et al., 2021; Subramanian

et al., 2020) Nevertheless, only 15% of textiles are recycled, while the rest (85%) ends up in
landfills (Pandit et al., 2019where it either decomposes or is incineraf€dus, producing
greenhouse gas emissions and leaching of dyes to aquéeresentinga severe environmental
concern(Shen et al., 2010)

After synthetic fibers, cotton is the second most used fiber faletgxoduction (Figur@-1b).

This is why cotton fabrics account for 25% of the total textile waste glof&digdin and Peters,
2018) Different strategies have been developed to either repurpose or upcycle cotton waste.
Among those, enzymatic hydrolgsis the most advanced pathway with a technology readiness

level (TRL) between 7 and 8, associated with-goemercial tocommercial scal€¢Biddy et al.,
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2016; Cybulska et al., 2019; Efe et al., 2013; Kohli et al., 2019; Magalhaes et al., 2019; Werpy and
Petersen, 2004)However, innovative lovehemical pretreatment processes, with a focus on
sustainability and low equivalent G@&missions, have lower TRL, implying that additional efforts
are necessary to evaluate and deploy them on a commercial soajgar€d to other fibers, cotton
fibers are inherently unique from a chemical and biological perspective because they are essentially
pure, natural cellulosHeinze and Rojas, 20167 his cellulose can be hydrolyzed to produce
glucose, a simple sugéfieinze and Rojas, 2016; Ma et al., 2020pnsequently, cotton clothing
has the potential to be almost completely hydrolyzed into biobased building blocks such as glucose,
which can then be upcycled into new higid valueadded products (Figuz1c) (Saski et al.,
2019; Werpy and Petersen, 2004; Yousef et al., 2009 latter exemplifies the environmental
and economic benefits attained from the circular economy based on textile waste generation
(Hafyan et al., 2020; Jia et al., 2020; PdRamirez eal., 2019; Sandin and Peters, 2018; Stanescu,
2021; Subramanian et al., 2020; Werpy and Petersen,.2864jever, the presence of dyes has
been reported to affect the enzymatic hydrolysis of cotton negatively by inhibiting its conversion
into glucosdCzilik et al., 2002; Kuo et al., 201uch a negative effect has been found to depend
on the dye’ s (BuscleDillerand Tradrer 1998 ur e

Due to the complexity of the cellulose structure, pretreatments of cotton garments are needed
to achieve high conversion yields during their enzymatic digeqizamayanti et al., 2021; de
Assis et al., 2018; S. Park et al., 2Q01&8)few pretreatment methods are available to transform
cellulosic textile waste into biobased building blocks. Most efréported textile pretreatments
are primarily based on acid or alkaline chemicals, resulting in glucose yields between 40% and
90% under very aggressive operating conditions, e.g., high consumptiosP@G¥, HH>SQs, or
NaOH (Bhutto et al., 2017; Damayandt al., 2021) These proposed pathways are capital

investment intensive with high operating costs, mainly related to the high chemical use. Subsequent
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chemical recovery steps also have high environmental associated fodiphvints et al., 2010;
Jeihanpour and Taherzadeh, 2009; Mcintosh et al., 2014; Sasaki et al., ROadylition, it is not

clear which pretreatment minimizes the negative effect of textile dyes on cotton enzymatic
conversion, a topic that is almost unexplored in the literature.

b) Global fiber consumption
(total basis=106.1 million tons)

a) Textile waste generation
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Figure 2-1. (a) Evolution of textile waste generation and management in the United &is8es
EPA, 2020) (b) Global fiber consumptiafienzing Group, 202@nd (c) Schematic representation
of the use of textile wastes pooduce valuadded chemical@Hafyan et al., 2020; Johnson et al.,

2020; Kohli et al., 2019; Program et al., 2004)

In this context, developing more sustainable and industrially feasible technologies for the
production of biobased building blocks framsed cotton garments represents a significant step
forward for the cotton and recycled waste busirfasbati de Assis et al., 2019; Abbati De Assis

etal., 2017; S. Park et al., 2016; Treasure et al., 20Hdiein, we present a comprehensive review
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of the pretreatments that have been studied to transform cotton textile wastes into glucose. To date,
only chemical andhermal pretreatmenter enzymatic hydrolysis have been reported besides a
few mechanical ong®inod et al., 2012; Jeihanipour et al01®; Jeoh and Agblevor, 2001; Li et

al., 2019; Shuhua et al., 2020; Wang et al., 200®reover, we also explore stavéthe-art
pretreatment methods (chemical, thermal and mechanical) applied to lignocellulosic materials with
the potential to be exfpalated to cottobhased materialéCantero et al., 2019; Gonzalez et al.,

2011a; Jiang et al., 2015; J. Park et al., 2016; Pu et al.,.2011)
Thus, thischaptetis divided into the following sections:

1. Cellulose and cotton structure and composition.

2. Production of glucose through enzymatic hydrolysis of cellulose fibers and pathways to

increase conversion yield.
3. Dyes and their effect on textile conversion through enzymatic hydrolysis.

4. Thermomechanicathemical,and physical pretreatments to yple cotton textile waste

through enzymatic hydrolysis.

5. Environmental impact of currently applied pretreatments for conditioning textile wastes for

enzymatic hydrolysis.

6. Factors affecting the economics of textile waste pretreatments intended foa&éohydrolysis.

7. Economic potential of transforming cotton textile wastes into biobased building blocks

8. Perspectives on the use of mechanical refining and dye oxidation processes as prospect
pretreatments for enzymatic conversion of cotton textile waste.

Based on the current status of textile waste management, the ultimate goal of this review is to
highlight the importance of textile wastes as an emerging source for the production of building
block and platform chemicals. Hence, the manufacture of \ealded chemicals is presented as

one of the solutions to deal with a significant part of the totaléextiste generation cotton fibers

represent.
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2.2. Methodology
A literature review was performed by searching the following keywords and descriptors:

cotton” + “textile” + “enzymatic hydrolysis
resulted inthirty-six scientific articles. Such articles were analyzed in terms of their relet@ance

the research subject. Twenty two publications were identified in the subject of enzymatic hydrolysis
of cotton textiles, which are depicted in Tal&, along withtheir correspondintitle, main author,

journal and year of publication. It is important to note that most of the research has been performed
since the pioneering work of Jeihanipour et al. (2008), although at the beginning of the 1980s the
first efforts b perform enzymatic hydrolysis of cotton cellulose were made.

Figure2-2 shows a concept map obtained by performing text analytics of the selected papers
presented in Tabl2-1, using VOS viewer from Leiden University (https://www.viesver.com,
Netherlands). VOS viewer allows analysis of bibliometric networks through text mining for
creating term maps based on a corpus of documents. In term maps, the distance between two terms
is an indication of their relatednegssn Eck and Waltmar2011) Four clusters of research can be
identified: (i) upcycling of textile waste through enzymatic hydrolysis to sugars and ethanol
(purple), (i) cotton fibers treatments by using cellulases (green), (iii) cellulose degree of
polymerization effect @ enzymatic hydrolysis (yellow), and (iv) treatments of cotton textiles
(blue). The identified clusters allowed tailoring the literature review contents, including conversion
of cotton to glucose and building blocks, cellulases mechanism of action,dbedaéftrystallinity
and pretreatments on enzymatic hydrolysis reaction yield, and treatments on cotton fibers,

including dyes effects on the cotton surface.
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Table 2-1. Title, author, journal, year, issue and DOI of selectedipgbbt i ons searched with the keywords and descri
Scopus and Dimensions databases.

Title Main author Journal, year, issue DOI Reference

1 Strategies and progress in synthetic textile fiiedegradability Egan, Jeannie SN Applied Science021, 4, 1,22 | 10.1007/s4245921-048517 (Egan and Salmon, 2021)

2 Enzymatic textile recycling best practices and outlook Piribauer, Benjamin %giteSQMinoagfzrg%nzt;) Research, 10.1177/0734242x211029167 (Piribauer et al., 2021)
Environmental life cycle assessment of textile-f@oycling— Subramanian, Resources Conservation and : )

3 valorizing cottorpolyester textile waste to pet fiber and glucose sy| Karpagam Recycling,2020, 161, 104989 10.1016/j.resconrec.2020.104989 (Subramanian et al., 2020)
Highly Selective Enzymatic Recovery of Building Blocks from Wo( ) . .

4 CottonPolyester Textile Waste Blends Quartinello, Felice Polymers 2018, 10, 10, 1107 10.3390/polym10101107 (Quartinello et al., 2018)

5 E;nﬂﬁgg'cr‘g;?frgy production from waste textile by hydrolysis of | 12 adeh, Enaz | Fuel,2018, 218, 4148 10.1016/j.fuel.2018.01.035 (Hasanzadeh et al., 2018)
Biodegradation of cotton and cotton/polyed#drics impregnated . < .. | Carbohydrate Polymerg016, 158, ) ) “ S

6 with Ag/TIO2 nanoparticles in soil MiloSevi ¢, ;7qq 10.1016/j.carbpol.2016.12.006 (Milosevi¢ e

7 Some fa_ctors affecting efficiency of the ultrasowided enzymatic | Szabo, Orsolya Carbohydrate Polymer2016, 156, 10.1016/j.carbpol.2016.09.039 (Szabo and Csiszar, 2017)
hydrolysis ofcotton cellulose Erzsebet 357-363
An Effective Conversion of Cotton Waste Biomass to Ethanol: A | Ranjithkumar, Waste and Biomass Valorization, -

8 Critical Review on Pretreatment Processes Moorthy 2016, 8, 1, 5768 10.1007/51264916-95638 (Ranjithkumar et al., 2017)
Challenges in bioethanol production: Utilization of cotton fabrics a| ., . Chemical Industry and @mical . ) S

9 feedstock Nikolic, Svetlana Engineering2016 .22, 00, 11 10.2298/ciceq151030001n (Nikoli¢ et
Kinetic Dynamics in Cellulase Hydrolysis of C.I. Sulfur Black 1 Dy . ,AATCC Journal of Research(15, :

10 Cotton Fabric Yao, Jiming 2 4,813 10.14504/ajr.2.4.2 (Yaoet al., 2015)

1 Action modes of recombinant endocellulase, EGA, and its domain Yu, Meilan Biotechnology Letters2015, 37, 8, 10.1007/51052915-18322 (Yuetal, 2015)
cotton fabrics 16151622

12 Effective conversion of waste_polyesteottontextlle to ethanol and Gholamzad, Elahe Chemical Engineering JourngD14, 10.1016/j.ce}.2014.04.109 (Gholamzad et al., 2014)
recovery of polyester by alkaline pretreatment 253, 4045,

13 | Simultaneous Saccharification and Fermentation of Waste Tefdtile|  ,, chiaHung BioResource@p14, 9, 2, 28662875 | 10.15376/biores.9.2.2868B75 (Kuo et al., 2014)
Ethanol Production

Applied Biochemistry and
14 | Recycling of Cellulosic Fibers by Enzymatic Process Shojaei, K. M. Biotechnology2011, 166, 3, 744 10.1007/s1201011-94630 (Shojaei et al., 2012)
752
. . . Bioresource Technolog011, 104, -

15 | Bacterial cellulose production from cottbased waste textiles Hong, Feng 503508 10.1016/j.biortech.2011.11.028 (Hong et al., 2012)
A novel process foethanol or biogas production from cellulose in . . Waste Managemer010, 30, 12, . -

16 blendedfibers waste textiles Jeihanipour, Azam 25042509 10.1016/j.wasman.2010.06.026 (Jeihanipour et al., 2010)

17 | Ethanol production from cottebased waste textiles Jeihanipour, Azam ZB 'iﬁggi’gﬁ%mmnomg?oo& 100, 10.1016/j.biortech.2008.07.020 (Je'han'pogrogg? Taherzade

18 Acid and _Enzymatlc Hydrolysis of Pretreated Cellulosic Materials Ladisch, Christine M. Textile Research Journdl982, 52, 10.1177/004051758205200701 (Ladisch et al., 1982)
an Analytical Tool 7,423433

19| Enzymatic hydrolysis of cott o| Focher, Bonaventura g:;?ergzlﬁgcflg%rz!\Af(;;”il,slagr;fm 10.1002/apmc.1982.051020118 (Focher et al., 1982)
Effects of structural features of cotton cellulose on enzymatic Journal of Applied Polymer Science

20 hydrolysis Focher, B. 1981, 26, 6, 19891999 10.1002/app.1981.070260622 (Focher et al., 1981)
Recovery of Glucose and Polyester from Textile Waste by Enzym| ,. . Waste and Biomass Valorizatio g )

21 Hydrolysis Xiaotong Li 10, 37633772, https://doi.org/10.1007/s12649 804837 (Li et al., 2019)

29 Enzymatic saccharification coupling with polyestecovery from Shen, F. Bioresource Technology 130, hitps://doi.org/10.1016/.biortech.2012.12.0 (Shen et al., 2013)

cottonbased waste textiles by phosphoric acid pretreatment.

248-255.
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Figure 2-2. Concept map obtained by performing text analytics of the papers searched in Scopus
and Dimensions databases with the keywords an
hydrol ysis” in the tofrtedeachwereddertified: (i) upgycling of téxieu r ¢ |
waste through enzymatic hydrolysis to sugars and ethanol (purple), (ii) cotton fibers treatments by
using cellulases (green), (iii) cellulose degree of polymerization effect on enzymatic hydrolysis
(yellow), and (iv) treatments of cotton textiles (blue)

2.3. Cellulose and cotton structure

Cellulose (GH100s)n isone of the most abundant polymers in nature. Its primary source is the
cell wall of wood and nomvood fibers, and it can be transformed into multiple products that are
crucialtoday, such as paper, packaging products, and cotton garr@etitdose isuilt by a linear
chainof Bg |l uc os e {(li4pglamsidic bondgiBeinze and Rojas, 2016; Zambrano et al.,
2020a) The cellulose content can vary depending on the biomass ¢éaget al., 2020; Habibi
et al., 2010; Nazhad et al., 1998)tton isthe biomass with the highest cellulose content among
natural fibers. In addition, the negligible amount of lignin in cotton favors high glucose yields (near
90% in some cases) during enzymatic hydrolysis, which constitutes a crucial advantage compared

to other lignocellulosic feedstockBajpai, 2016; Singh and Satapathy, 2018)
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2.3.1. Cotton fiber morphology

Cotton fibers have a fodayered cell wall that consists of a cuticle, a primary wall, a secondary
wall, and a central core or lumérlint, 1950) shown schematically in Figug3a. The width of
cotton fiber varies between 12 andi2@{Shaker and Nawab, 2020Jicrographsof cotton fibers
can be seen in Figuge3b, c. The average degree of polymerization of cotton ranges between 9,000
and 15,00, with an average crystallinity of 73%. Both of these values are very high compared to
other lignocellulosic materials such as wood pulp (D.P. =600 and crystallinity = 35%) and

viscose rayon (D.P. = 25850 and crystallinity = 60%Heinze and R@js, 2016)

a) Cotton fiber structure

Figure 2-3. (a) Schematic representation of the cotton fiber structiinatri et al., 2015) The
cuticle (not shown) is the most external wall covering the primary wall. Scanning microscopic view
of cotton fbers: (b) cross section and (c) longitudinal view. Adapted from Shaker and Nawab,
(2020)



33

2.3.2. Cotton composition

Cotton presents a cellulose content of approximately 90% or higher. Theelhaosic
constituents of cotton include proteins @ALD %),pectic substances (68-X.2%), ash (0-+41.6%),
wax (0.4-1.0%), organic acids (0-%.0%) and others components suchaasno acids and
nitrogenrrcontaining compounds, mainly located in the cutaiel the lumerfHeinze and Rojas,

2016)

2.4. Enzymatic hydrolysis of cotton textile wastes

In the case of cotton textile waste, cellulose is readily available for enzymatic hydrolysis due
to the very low content of hemicellulose and ligf@zilik et al., 2002; Hafyan etl., 2020; Huh et
al., 2006; Kapaniji et al., 2019; Klement and Biichs, 2013a; Kohli et al., 2019; Kwan et al., 2018a,;
Magalhédes et al., 2019; Nieddre i t mann et al ., 2019 a; Ozudogru
2016; Schmidt et al., 20L7However, unéss cotton textile fibers are pretreated and their
morphology changed, the conversion of cellulose into glucose via enzymatic hydrolysis is slow and
has a low yield. This is primarily due to the high degree of crystallinity, the small pore size in the
fiber cell wall, and the presence of dyes. Such factors need to be addressed to increase the
availability of cellulose chains to react with the enzyift&sandra et al., 2007; Galbe and Zacchi,
2007; Singh and Satapathy, 2018)

Enzymatic hydrolysis is perforaal using cellulase enzymes. The maximum cellulase activity
occurs at 5660 °C and pH between 58.2 (Fockink et al., 2015; Giakoumakis et al., 2021;
Hasanzadeh et al., 2018; Jeihanipour and Taherzadeh, 2009; Wang et al.TR81&)zymatic
hydrolysis mechanism consists of three stages: (1) adsorption of cellulase onto the cellulose
surface, (2) biodegradation of cellulose to sugars (mainly glucose), and (3) desorption of cellulase,
as depicted in Figur24 (Kumar and Sharma, 2017; Pu et al., 2013 pRtisGalletti and Antonetti,

2012; Singh and Satapathy, 201B)zyme adsorption is the limiting stage on enzymatic hydrolysis
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kinetics considering that it is a function of (i) enzyme concentration, (ii) available surface area of
the substrate and itsature, (iii) physical properties of the enzymes, and (iv) hydrolysis
environment (i.e., pH, salt concentration, temperat(®&)ose and Bisaria, 197%he behavior
follows a firstorder kinetics:

20 Q6 6
Qo

Where G is the concentration of adsorbed enzyme, t is the reaction tignis, t8e saturation
concentration of adsorbed enzyme, and k is the adsorption rate cositkar and Wilson, 1991)

To overcome the structural characteristics of cellulose (mainlpitiecrystallinity, amorphous
regions, and refractory lignicontaining sites) engineered cellulases have been developed
(Morjanoff and Gray, 1987; Sun et al., 2015; Walker and Wilson, 1%®4dljulases arenulti-
enzyme mixtures, which integrate thre#fetient enzymes to complete the conversion of cellulose
into glucose (Figur@-4). In the first conversion stepndoglucanases cleave individual bonds to
yield oligosaccharides with polymerization degrees e, 2vhich are then converted by
exoglucanaseasto small oligosaccharides (cellobiose) and finally hydrolyzed by betaglucosidases

into glucosgGhose and Bisaria, 1979; Singhania et al., 2013; Zhang et al., 2018)
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Figure 2-4. Schematic representation of the mechaniseetiilose enzymatic hydrolysis

2.4.1. Variables affecting the enzymatic hydrolysis of cotton textile wastes
The surface area in cotton waste materials available to undergo enzymatic hydrolysis has been

considered a key factor for increasing the yield of glugmeeluction(Cantero et al., 2019;
Giakoumakis et al., 2021; Hasanzadeh et al., 2(8@cific surface area, cellulose crystallinity,
and degree of polymerization have also been regarded as physicochemical properties influencing
glucoseyields Figure2-5) (Shuhua et al., 2020Moreover, the presence of dyes in cotton textiles
has been reported to decrease enzymatic hydrolysis perforn(@midd et al., 2002) This
particular variable inherent to textile substrates will be discussed in the folleaatign.

In order to increase enzymatic performance, different pretreatments have been developed to

modify both the chemical and physical attributes of cellulose (Figwe Chemical and thermal
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pretreatments have been the most researched pathwalgsnveichanical pretreatments of cotton

textile waste have not been frequently reported.

Factors Influencing Cotton Enzymatic Hydrolysis

Pre-treatment Substrate attributes
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Figure 2-5. Factors influencing enzymatic hydrolysis yield of cotton substrates. Adapted from
Chandra et al., (2007) and Czilik et al., §2).

2.4.2. Main pretreatments used to upcycle textile waste through enzymatic hydrolysis

Cotton textile conversion into glucose shows a low yield if no pretreatment is applied prior to
the enzymatic hydrolysis process. In such case, glucose yields can be lower than 30%, making the
overall transformation process unfeasi@ffasanzadeh et al.028; Jeihanipour et al., 2010; Shen
et al., 2013) This section outlines the main pretreatments currently applied to textile wastes, as
well as pretreatments applied to lignocellulosic materials that could be also deployed to pretreat
cotton fibers. Themain goal of the pretreatment methods mentioned in this section is to break
down the semcrystalline structure of cellulose. These pretreatments, per se, increase the
accessibility and reactivity of the cellulase, providing higher conversion yields.ffActiee

pretreatment should thus incorporate several fegtneesely (i) high digestibility of cellulose in
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enzymatic hydrolysis, (ii) low generation of degradation products, (iii) low energy demand, and
(iv) low capital and operational cogialvira et al., 2010; Binod et al., 2012; Giakoumakis et al.,
2021; Hasanzadeh et al., 2018; Ma et al., 2020; Ranjithkumar et al., 2017; Yang and Wyman, 2008)
It is essential to point out that although most of the pretreatments reported in the literature are
intended to convert lignocellulosic materials into glucose, ey be also applied to cotton textile
waste considering that cellulose is a main common component betwee(Ctieemdra et al., 2009;
Heinze and Rojas, 2016Jable 2-2 summarizeghe pretratments reported for lignocellulosic
materials with the potential to be applied to textile waBtetreatment methods using non
biological approaches are divided into different categories which include physical (milling,
grinding, and irradiation), chenat(alkali, dilute acid, oxidizing agents, and organic solvents), and
physicochemical (steam pretreatment/autohydrolysis, hydrothermolysis, and wet oxidation)
procedure¢Bhutto et al., 2017)

It has been a decade since the first studies on glucosehamdlgtroduction from textile waste
were published. Thereafter, few original research works on the use of cotton textile waste to
produce glucose as a precursor of biobased building blocks have been published. Based on them,
Table 3 summarizes the pretmeants most used in the enzymatic conversion of textile wastes
(Gholamzad et al., 2014; Giakoumakis et al., 2021; Hasanzadeh et al., 2018; Jeihanipour et al.,
2010; Jeihanipour and Taherzadeh, 2009; Li et al., 2019; Ma et al., 2020; Megala et al., 2020;
Quartinello et al., 2018; Ranjithkumar et al., 2017; Sasaki et al., 2019; Shen et al., 2013; Shuhua et

al., 2020; Yousef et al., 2019)
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Table 2-2. Pretreatment methods applied to cellulosic materials for enzymatic hydrolysis purposes.
Adapted from(Daramola et al., 2020)

Pretreatment
group

Methodology Chemical use Energy use Enzyme load

Wet milling
Dry milling
Physical Grinding Low High High

Microwave

Alkaline pretreatment (NaOH)

Acid pretreatment  (EPQy,
H2SQy)

Chemical Dissolving and regeneration (e.( High Moderately high High
ionic liquids, concentrated acid
NaOHUrea, etc.)

Organaesolvents

Microwavel/ionic liquid

Liquid hot water

Physicat Steam explosion _ _ _
chemical Moderately high High High

Ammonia fiber explosion

CO; explosion

Fungal degradation High

Biological Moderately low High

2.4.2.1. Chemical pretreatments

Chemical pretreatments are the most widely used method in the conversion process of textiles
through enzymatic hydrolysis. Besides alkaline and acid pretreatments, previous work reports that
dissolving and regeneration methods are the most common chemeitelds to treat cotton waste
prior to its enzymatic hydrolysis (see TaBi8).

Among dissolving and regeneration methods, concentrated organic acids £{8@Q,afd

HsPQy), concentrated organic alkalis (e.g., NaOH) combined with urea, and ionic liguids
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[AMIM]CI or NMMO) are utilized to decrease the crystallinity of cellulose through its dissolution
and subsequente regenerat{@holamzad et al., 2014Yhe concentration of the solvent, time,
agitation and temperature are key variables in tesotiring process. Shen et al. (2013) studied
blends of polyester and cotton in textile waste where highly concentrafa (85%) was used
to dissolve the cotton. Once the dissolved cotton was separated from the polyester, it was
regenerated by decreasiting the acid concentration. Finally, enzymatic hydrolysis was applied to
obtain high yields (79%) although requiring high enzyme loads (7.5 fHéh et al., 2013)

lonic liquids (ILs) are also used to pretreat cotton textiles to be enzymatically hydr(@Buaed
et al., 2016; Kuo et al., 2010Ls are defined as compounds completely composed of ions with a
melting point below 100 °CLei et al., 2017) There is avast variety of these ionic compounds,
however, cholinium, pyrrolidiniummidazolium ancammonium basell.s are the most frequently
used(Elgharbawy et al., 2016; Zhao et al., 2Q0Bhe mechanism of ILs is based on dissolving
cellulosic biomass, whiclthen becomes highly suitable for enzymatic conversion into sugar
(Elgharbawy et al., 2016lHong et al., (2012) reported that saccharification of cettsed textiles
was enhanced to yields higher than 83% after dissolving wilylt3-methylimidazoium
chloride ILs(Guo et al., 2016; Hong et al., 201®)oreover,Jeihanipour et al. (2010) performed
enzymatic hydrolysis of cotton blue jeans using ionic liquid NMMO (85%) at 120 °C along with a
very high enzyme dosage (20 FPU), obtaining high glugesgs (90%)Jeihanipour et al., 2010;
Jeihanipour and Taherzadeh, 20@Holamzad et al., (2014) performed an enhanced dissolution
of cotton (blend with polyester) by combining NaOH (12%) and urea (7%20at’C. This
pretreatment was followed bygnmat i ¢ hydr ol ysi s ( 3ducosidase/gc el | ul
resulting in 98% of cotton conversion into glucose.

Regarding alkaline pretreatments, the addition of NaOH at low temperatures increases the

enzymatic hydrolysis rate of cotton textile wasfésihanipour and Taherzadeh, 2009p0H
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pretreatment generates swelling of the porous structures in the biomass, increasing the accessibility
to enzymatic actiofGholamzad et al., 2014; Jeihanipour and Taherzadeh, 2009; Kim et al., 2016;
Singh et al.2015) The most favorable results have been reported at cold temperature (0 °C),
allowing to attain more than 85% of the theoretical glucose yield within 24 h of enzymatic
hydrolysis of cotton treated with a 12% NaOH solutidgihanipour and Taherzad@009) It has

been argued that alkaline treatments generate a decrease in crystallinity of cellulosic materials at
9-12% NaOH concentratiofLiu et al., 2019) Alkaline pretreatment processes are performed at
much lower temperatures than diluted aprétreatments but with longer residence times. For
instance, NaOH pretreatment has shown more significant enzymatic hydrolysis and ethanol yields
(20% higher) than concentrated phosphoric acid pretrea{deihtanipour and Taherzadeh, 2009)
Other alkalne methods have been studied in polyester/cotton textiles, all of them having in
common a very high enzyme use (30 FPU) during the enzymatic hydrolysis pi@betamzad

et al., 2014; Hasanzadeh et al., 2018; Li et al., 2019)

The dilute acid pretreatemt method is another chemical method that has been widely used with
success for cotton textiles and lignocellulosic mate(Blaitto et al., 2017; Fockink et al., 2015;
Giakoumakis et al., 2021; Ma et al., 2020; Singh et al., 2@ikite acid pretreatment is performed
by placing the biomass in a dilute acid solution and then heating it to temperatures between 160
and 250 °C for several minutes (up to an hour). Sulfuric acid, at concentrations usually below 4%
(and even as low as8%) has been reportddussan et al.,, 2014; Giakoumakis et al., 2021;
Mcintosh et al., 2014; Sasaki et al., 2Q1IB)e advantages of dilute acid pretreatment are higher
reaction rates and improvement of cellulose hydrolysis. The disadvantages rangleefrioigh
temperatures needed and the formation of degradatipindalucts to the formation of salts during

the neutralization ste@ung and Kim, 2015)
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Besides attaining high yields, several challenges exist regarding using chemical pretreatments
to perform the enzymatic hydrolysis of cotton textile wastes. The most important ones are related
to the high quantity of chemicals promoting environmental concerns, their cost, and their recovery
for reusgHong et al., 2012)Several works states that thigh cost of the ILs is the main limitation
of this pretreatment, and therefore there is a need of improved IL recycling processes for practical
application of the Ikpretreatment technologfHong et al., 2012; Rieland and Love, 2020)
Moreover, inding more innovative methodologies in which kavzero chemical dosages are

implemented effectively is thus necess@tigharbawy et al., 2016)

2.4.2.2. Physical-chemical pretreatments

Thermomechanical pretreatment processes without the use of chemicals habeesso
reported to reach high conversion in some cases, nonetheless with high enzyme dosage (20 FPU)
(Sasaki et al., 2019ziakoumakis et al. (2021) used steam treatment with sulfuric acid obtaining
95% of conversion with low enzyme uggiakoumakis etla 2021) The authors employed white
medical cotton as the textile substrate in this work. Despite using a low enzyme load, it is essential
to point out that the size at which the garments were cut was not reported. The latter is an essential
piece of hformation if the particle size of the material was largely reduced, considering that this
feature has an important effect on the enzymatic hydrolysis perforranstad, 2018)

Steam explosion pretreatment is a thermal process that promotes partial hydrolysis and
facilitates access of (Bapal 2016aHeiz st ali, 1087pSadakiet c e |
al., 2019; Wang et al., 2015puring this pretreatment, the rawaterial is treated with high
pressure saturated steam at temperatures of up to 280 °C (corresponding to a pressure of 62 atm.)
(Sasaki et al., 2019The pressure is maintained from several seconds to a few minutes, after which

the vessel containing ¢hmaterial is suddenly depressuri{€antero et al., 2019; Hendriks and
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Zeeman, 2009; Singh et al., 201Bpjpai, 2016; Jeoh and Agblevor, 2001; Morjanoff and Gray,
1987) The severity of steam pretreatment can be quantified by a single factor called Ro (Ro =t
exp(T—100)/14.75), which correlates the effects of time (t, min) and temperature (T, °C) during
the pretreatmenBhutto et al., 2017; Heitz et al., 1987; Jeokl &gblevor, 2001)Although not
reported for cotton textiles, this pretreatment can promote conversions higher than 70% for
lignocellusic biomasAlvira et al., 2016, 2010)

Liquid hot water pretreatment uses water in the liquid state at high tentgsréajpai, 2016;
Gonzalez et al., 2012; Hendriks and Zeeman, 2009; Mosier et al., 2005; Pu et al., 2011; Wyman,
2013). The pKw decreases with a rise in temperature until reaching a minimum at approximately
250°C. This method has been already appligibtmcellulosic materials considering that under
such conditions, water becomes acidic, promoting partial hydrolysis reactions of hemicellulose
(Imman et al., 2018Hence, cellulose becomes more available for enzymatic action. The impact
of hot water petreatment on cotton fibers has not been reported in detail for textile wastes;
however, this kind of pretreatment might not work properly for cotton textiles because of their

predominantly cellulosic chemical composition and structure (i.e., cellulosenten90%).

2.4.2.3. Physical pretreatments

The main objective of physical pretreatments is to decrease particle size and crystallinity, thus
increasing the surface area of the substrate to improve its digesfibiiitie et al., 2008; Jiang et
al., 2016) Re@nt research used a milling treatment prior to cotton enzymatic hydrolysis, reaching
conversion yields of up to 50% with an enzyme dosage (up to 30(ER&tal., 2019) Ball milling
pretreatment has been also reported to improve the enzymatic diiggsfibotton textiles. Austad
et al. (2018) reported that ball milling improved the enzymatic hydrolysis conversion of cotton

textiles over 90%, with the milling time having a significant efféetstad, 2018)Moreover, they
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reported that the lowehé particle diameter after milling, the higher the conversion yield of the
enzymatic hydrolysigAustad, 2018) Likewise, Jiang et al., (2016) reported a higher yield of
enzymatic digestibility of cellulosic material with increasing milling tifdiang ¢ al., 2016)

Physical pretreatments are promising since they avoid the use of chemicals. However, they
have inherent limitations, particularly their inability to remove dyes which cause an enzymatic
inhibitory effect. Another drawback is the intensive energy consumption, which has associated
environmental concerns and high costs for lesg@e implementatiofKarimi and Taherzadeh,

2016)



Table 2-3. Pretreatment conditions and cellul@seymatic hydrolysis yields for a variety of cotton textile waste feedstocks
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Tvoe of Optimum Yield without Yield with Enzyme Polvester
Textile waste Features Type of dye yp Pretreatment method pretreatment pretreatment pretreatment charge/g of Y Reference
pretreatment - recovery
condition (%) (%) substrate
Dyed Chemical and Cellulase (20 : :
Blue jeans/cotton 100% Unspecified mechanical Shredded and NaOH 12%, 0 24.1 85.0 (24 1) FpPU/ 9 ) - - (Jeihanipour and
cotton grounded + NaOH C, 96h ' 99.0 (96 h) glucosidase Taherzadeh, 2009)
(30 1U/g)
Dissolving and Shgrr%(ljf:sjignd 0 Cellulase (20 ; ;
50/50 Dyed s . NMMO 85%, FPU/ g) - (Jeihanipour et al.,
polyester/cotton blend Unspecified regeneration of + _ 120 C.2h 16.4 90.0 glucosidase - 2010)
cellulose N-methyl morpholine ! (30 1U/g)
N-oxide (NMMO) 9
Dissolving and
100% Cotton Dyed Reactive dyed regeneration of lonic liquid [AMIM]CI 110 _C‘ & 10.0 80.0 CelluﬁiiS.S v (Guo et al., 2016)
cellulose min
Cellulase
. Dissolving and . . HsPQ, 85% (7.5 FPU/g) and
olBlgsetcje?/?:gfton BZ‘:\% Unspecified regeneration of M|IIed+§Cr;gsphonc 530 C 7h 12.0 79.0 Cellobiase 100% (Shen et al., 2013)
poly cellulose ! (15 CBU/qg)
. ) Cellulase (30
Dissolving and NaOH 7%
40/60 Blend N/A regeneration of Milled+NaOH+Urea Urea 12%; 46.3 91.0 FPU/g) - 98% (Gholamzad et al.,
polyester/cotton glucosidase 2014)
cellulose 20 C,1h
(60 1U/g)
Cellulase (30
40/60 Dyed Unspecified Chemical, physical ~ Shredded + Pressure - N&CO; 0.5M, 8.0 88.0 FPU/ g) - _ (Hasanzadeh et al.,
polyester/cotton blend P and mechanical Sodiumcarbonate 150 C72h ' ' glucosidase 2018)
(60 1U/g)
NaOH 7%, Cellulase (20
60/40 Dyed . Chemical and . Urea 12%: FPU/ g) - _ ;
polyester/cotton blend Unspecified mechanical Milled + NaOH + Urea 50.0 98.0 glucosidase (Li et al., 2019)
20 C,6h
(10 1U/g)
Towels Undyed N/A Thermoechemical Microwaveassisted Mig(r:oiv%v;/zooo 18.8 80.0 C_QeIUIC()ISigalsea | (Sasaki etl., 2019)
(88% cotton) Y treatment (HSQy) H Sd ' ' at ”
2 22 FPU/g
7 w/v% sodium *Cel lul a
20/80 Reactive - . Freezing alkali/urea hydroxide, 12 —glucosidase o
polyester/cotton dye Unspecified Chemical soaking WIV% urea at N/A 70.2 at 100% (Hu et al., 2018)
-20°Cfor6 h 25 FPU/g
Medical Ulndyg/ed N/A Thermomechanical ~ Thermomechanical + 1H252024 O'ZZZA]' 24 CIeIIuIa_sde anqu_ (Giakoumakis et al.,
cotton waste 00% and chemical H,SOy 80220 C, 26 22 95.0 glucosidase (20 - 2021)
cotton 40 min mg/g)

FPU: Filter Paper Units ; IU: International Unit.
* Enzymes made from fungal solid state fermentation of cotton textile waste
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2.5.Effect of dyes on the conversion of cotton textile wastes into glucose

The textile industry uses dyes to make more attractive fabrics and to be more competitive in
the marketplacéBenkhaya et al., 2020Dyes have been reported to harm the enzymatic hydrolysis
of cotton due to their interactions with the cellulose surf@eg., adsorption and chemical
reactions), and the possible bonding (e.g., hydrogen and covalent) of some dyes with cellulose in
the dyeing proces@BuschleDiller and Traore, 1998; Kuo et al., 2010; Zambrano et al., 2021)
Dyes and their classificationill be briefly described to then discuss the effect of their chemical
structure on the enzymatic hydrolysis of textiles.
Dyes are organic compounds tlaasorb light in the visible spectrum (40@0 nm)(Lellis et
al., 2019) Moreover, the dye must hattee assembly of three essential functional groups in their
specific molecule to have the coloration effect:
- Atleast a chromophore groufrolor-bearing group), which are groups of atoms in which
the arrangement of successive single and double bonds tesomiéh the unstable
mesomeric form thus allowing the absorption of light rays (Berradi et al., 2019). Azo group
(TN=NT) is one of the most common chromophores. (Berradi et al., 2019; Lellis et al., 2019)
- Auxochrome groupswhich allow the fixation of thdyes and can modify the color of the
dye, being this the reason why they are called color aids. Additionally, auxochromes groups
can influence the dye solubility in water (Berradi et al., 2019).
- And, a conjugated system structusgith alternating dould and single bonds such as
benzene rings, anthracene, perylene, etc. (Benkhaya et al., 2020; Berradi et al., 2019; Lellis

et al., 2019).
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2.5.1. Classification of dyes

Dyes can be classified according to both their chemical structure (e.g., chromophore group) and
their industrial application, as shown in TaBld and Table-5, respectively. A classification of
auxochrome groups can be found in TaBld as well. Chrom@hore groups have specific
independent properties such as color and the ability to be fixed on téBaldshaya et al., 2020)

In this classification, azo dyesonstitute the most significant chromophore family as they
contribute to 70% of the worldannual production of synthetic dyéBerradi et al., 2019)They

are comprised of either one or more azo groups=N— and hydroxyl £OH) or amino {NH.)
auxochrome groupg\nthraquinone dyes are the most important class after azo dyes. Their main
chemia@l structure consists of an anthracene molecule with a quinone nucleus chromophore group,
where hydroxyl{OH) or amino £NH,) groups can be attach@8lerradi et al., 2019; Routoula and
Patwardhan, 2020) Further information regarding the other chrommgh groups (e.qg.,
polymethine, nitro, ethylenic, ketofimine, etc.) is vastly found in the literatuf@enkhaya et al.,

2020; Berradi et al., 2019)
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Table 2- 4. Chromophoric and auxochromic groups of textile dyetapted from Benkhaya et al.

(2020) and Berradi et al. (2019)

Chromophore group

Chemical structure sample

Auxochromic groups

SO;Na
Azo —N=N-= ” " ""_<\ Amino —NH
( ) Na0;S @ ( 2)
Yellow Reactlve 4
S]
. (—NO or-N-OH, ™ e
Nitro and Ny .
Nitr0S0 (—NOor =NO- @ © Methylamino | (—NHCH,)
OH) 2-nitrophenol
0 n
Carbonyl (>C=0) Dimethylamino | (—N(CHzs),)
Indigo Blue
—+
s
oo
S N
Sulfure (>C-S) R@”ﬁ“ Hydroxyl (—OH)
-3 I o
+—
Sulfur Black
HN >
O
- e /
Ketoneimine (>C=NH) . Alkoxyl (-OR)
NL
Basic Yellow 37
P V H
\gj\-_f—;‘b—ﬂm CH,
: (FHCHC = VA
Polymethine A= —NO
y CH_CH :) I:I‘HC!SD:JCM3 ( 2)
Basic Yellow 28
o] so,Na
0\
Anthraquinone 6w ©‘}§g\°3s\:n (-COH)
° Reactive Blue 19 (RB19)
@ Electron donor
N N’\ )‘“N groups
: D) (-SOH)
Phtalocyanine N—CuH, | } 1. ,
i N Ja (—SOsNa)
Pigment Blue 15/3
Naoo’/s// /\W/.\{:‘N"‘"s
: b —OCHp),
Triphenylmeth . (
rpnenyimemane [j/CHEj /1 L(TCHE’LJ‘ 3 Cl, Br, I, At
Light Green
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Table 2-5. Dyes Classification according to their application. Adapted fienkhaya et al.,
(2020), Berradi et al. (2019) and Hunger (2003).

Dye type

Chemical Structure Example

Principal substrate

Application method

Reactive dyes

o
Naons’o\/\;’

o

o
NaO,S SO;Na

Reactive Black 5

S
N. 2 N

o

Cotton, wool, silk and
nylon

React with functional
groups on fiber to form
covalent bond under
influence of heat and pF

(alkaline)

Acid or anionic dyes

ONa
0=5=0

S | i
MO O
|
U

3

Nylon, wool, silk,
paper, inks, and

Usually from neutral to
acidic dyebaths

Basic dyes or cationic
dyes

| leather
Syey
D’- “ONa
Acid Blue 74
Paper,

HN \>
)
\_N\_

Ketone Imine

polyacrylonitrile,
modifiednylon,
polyester and inks

Applied from acidic
dyebaths

Direct or substantive

NH, OH

Na0,§ -] i Ny
H,CO 3 OCHs

SONa |

Applied from neutral or

N Cotton, rayon, paper,| slightly alkaline baths
dyes N OO SO0MNa leather and nylon containing additional
electrolyte
SO;Na
Direct Blue 1
2 r 9 Solubilized by reducing
. - . Cotton, rayon, and with sodium
Vat dyes O > O v'voo)ll ' hydrogensulfite, then
o T o exhausted on fiber and
Blue Indanthrene R.S. reoxidized
NaO,$ Aromatic substrate vatte
with sodium sulfide and
Sulfur dyes

I\\\ "
E L
H,N OH

Sulfur Blue 15

Cotton and rayon

reoxidized to insoluble
sulfur-containing
products on fiber

Disperse or dispersible
dyes

O NH,
(o]
O‘O 0.~~~
N OCH,4
o oH o "

Red Disperse 60

Polyester, polyamide,
acetate, acrylic and
plastics

Dispersions of dyes
applied by high
temperature/pressure o
lower temperature carrie
methods; a dye may be
padded on cloth and

baked oror thermofixed
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The industrial classification (Tab®5) is related to how the dye is applied and the substrate
where the dye can perform optimally. In this classification, reactive dyes are the most reported
group, as they are thenly textile colorant designed to have a covalent bond with the substrate
(usually cotton) in the dyeing proce@srivithamani and Dev, 2017; Farouk and Gaffer, 2013)
They contain chromophore groups mainly derived from azo, anthraquinone, and plathialecy
families (Berradi et al., 2019)Vat dyes are watansoluble applied primarily to cellulosic fibers
(Hunger, 2003) They become soluble and substantive by reduction in a very alkaline medium,
usually with hydrogen sulfitéBerradi et al., 2019Chaari et al., 2009; Hunger, 200Sulfur dyes
are similar to vat dyes in terms of the application method, but they presentcsuifaming
molecules and have different chemical structures with high molecular wW&ghkhaya et al.,

2020; Berradi eal., 2019) Disperse or dispersible dyes are very insoluble in water and are applied
as a fine powder dispersed in a dye [{B#nkhaya et al., 2020; Berradi et al., 200pst disperse

dyes are based on azo structufi@enkhaya et al., 2020Pispese dyes are widely used in the
dyeing of most manufactured fibers, especially polyester and polyamide in the presence of a
dispersing ager{Berradi et al., 2019)Therefore, they are often used in significant quantities, with

the generation of vast ammats of wastewatgBenkhaya et al., 2020)
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2.5.2. Effect of dye’s chemical structure on cotton enzymatic hydrolysis

The literature researching the effecdges on cotton textile conversion into glucose is scarce.
BuschleDiller and Traore (1998)eporteda reduction in the enzymatic conversion of cellulose
from cotton dyed with direct and reactive dy@ischleDiller and Traore, 1998)This work
guestioned whether the substitution of cel |l ul
enzyme performance® degrade cotton (Figu25). Compared to undyed cotton, reactive dyes
(e.g., reactive blue 19) were reported to reduce the conversion by 90% after 12 hours of incubation.
Moreover, they observed that the molecular size of direct dyes influenced theaginzyydrolysis
of cotton fabrics. When comparing the effect of Direct Red 81 and Direct Green 26, the latter with
a larger molecular size, exhibited a stronger inhibitory effect on the enzymatic hydrolysis.
Compared to direct dyes, reactive dyes werented to have a more substantial ability to inhibit
the enzymatic degradation of cotton fabfiBsischleDiller and Traore, 1998ther authors have
reported thateactive dyes have a more substantial effect on cotton enzymatic hydrolysis than vat
and silfur dyes(Guo et al., 2016; Yamada et al., 2009preover, dyes covalentigonjugated to
the cellulosic cotton structure also hinder the attack of cellulases, decreasing the hydrolysis rate of
cellulose(Guo et al., 2016)Figure2-6 shows the enzyenactivity schematically for both undyed
and reactivedyed cotton.

Although it is not clear yet, the number of chromophore groups (e.g., mono or polyfunctional

reactive dyes) in the dye’s molecul ar mngruct ur
the inhibitory effect of dyes on textile enzymatic hydroly®8sischleDiller and Traore, 1998)
Compared to undyed cottoBuschleDiller and Traore (1998eportedthat monofunctional dyes

(just one chromophore group) such as reactive Yellowaliged a reduction in conversion of up

to 20% after 12 hours. On the other hand, a bifunctional reactive dye (e.g., reactive black 5) was
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reported to cause a reduction in the degree of cotton hydrolysis of up to 1@BumsekleDiller

and Traore, 1998)These findings suggest that the molecular structure of dyes plays a critical role
in their inhibitory effect on cotton enzymatic hydroly@ischleDiller and Traore, 1998; Guo et

al., 2016) Moreover, cotton conversion into glucose has been reptotedecrease as the

concentration of dye attached to the textile increéSes et al., 2016; Yamada et al., 2005)

High conversion of cellulose into
glucose
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g & enzyme
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Undyed Textile Undyed Cellulose

Low conversion of cellulose into
glucose
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®
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Dyeing mechanism of reactive dye on cotton
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Figure 2-6. Schematic representation of enzymes action on both undyed and rebat/eotton

where a general mechanism of cellulose dyeing reaction with reactive dye is shown. Dyed cellulose
photograph and dyeing mechanism of cotton are adapted from Zambrano (202l) and
Arivithamani and Dev, (2017)
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Regarding the improvement of enzymatic saccharification of dyed textiles, it is important to
highlight thatmost pretreatments reported in the literature for dyed textiles are based on cellulose
dissolution ad regeneration methods (see section 3.2.1). These pretreatments eliminate the
inhibitory effect of dyes due to the cellulose dissolution that allows breaking the covalent bonds
between the dye and the cellulose substrate. Thus, a high enzymatic hyglrelysian be attained
(Guo et al., 2016)However, it is imperative to mention that these pretreatrmelyt®n high cost
and hazardous chemicals (e.g., phosphoric acid at 85%) besides-ietemgive conditions (e.g.,
temperature at 150 °Q¥uo et al. 2016; Jeihanipour et al., 2010; Jeihanipour and Taherzadeh,
2009; Kuo et al., 2010)hese observations suggest that the application of less chémwcedive
and environmentally friendly pretreatments to inhibit the negative impact of dyes on yheaénz
conversion of textile waste is an untapped research area. To that end, regulations in the use of dyes
could be implemented in the future to ease textile upcycling processes. Such regulations could
require a specific range of molecular weight andmbal structure of the dyes. A possible trend
in the years to come may be the formulation of new dye molecules that would allow enzymes to

work at the surface of the fiber, thus facilitating enzymatic conversion treatments.
2.6. Considerations to implement feasible pretreatments for textile wastes conversion

The upcycling of textile wastes to produce vadakled chemicals through enzymatic
hydrolysis aims to solve a current environmental issue promoted by the increasing generation of
textile wastes in the U.S. and across the w@dds. EPA, 2020)However,the environmental
impact and economic feasibility are factors to consider when implementing pretreatments for the

enzymatic hydrolysis process. This section discusses the inherent challenges associated with both
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aspects, considering pretreatment methodsently accesible and conditions required for their
application.
2.6.1. Environmental impact

Few works that consider the environmental impact of the upcycling of textile wastes to produce
glucose are available. RecentBybramanian et al., (2020) performedearwironmental life cycle
assessment (LCA) for recycl@alyester from cottompolyester textile wastgSubramanian et al.,
2020) Although the recovery of polyester was the main objective of the work, blended cotton was
separated via enzymatic hydroly&snverted into sugars) by applyingretreatment witil w/v%
NaOH and 12 w/ v % ur e aideatifying-tHe @nvifor@neritab hotspbtbein . Af t
results showed that the alkalipeetreatment contributes to most (around 60%) of the evaluated
environmental categories, as depicted in Fige##&a. The authors reported that these high impacts
are caused by the processnergy and chemicals used for the alkali treatment. In this case, the
major contributors were the production of NaOH, urea, coolirytralization, and heating
(Subramanian et al., 202)able2-3 shows that most of the pretreatments implemented to upcycle
textile wastes might be comparable to the work carried oBulyamanian et al., (2020). High
dosification of chemicals (e.gNaOH, and HPQ:) and extreme process conditions such as
temperatures at eithe20 °C or 200 °C make these pretreatments processes unlikely to be applied
sustainably on an industrial scalnsidering they could have a similar high environmental
footprint. This demonstrates thatore LCA studies around the conversion of textile wastes into
valueadded chemicals via enzymatic hydrolysis are needed to better understand how pretreatments
influence the environmental impact of the overall process. This ctaddoatimize the textile
conversion process to attain more sustainable conversion pathways.

Despite not being specifically focused on glucose production from textile wastes, previous

works have evaluated the environmental impact of different pretreatntentsonvert
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lignocellulosic biomass into sugafBrasad et al., 2016; Zhao et al., 20Fasad et al., (2016)
compared the environmental impact of four different pretreatments to produce 1 kg of glucose from
lignocellulosic biomass for biofuel produmti purposeqPrasad et al.,, 2016)The evaluated
methods were liquid hot water, steam explosion, dilute acid, and organosolv. Results from this
work showed that chemical pretreatments are the ones with the most negative environmental
impact. Dilute acidpretreatment (chemical) promoted the highest emissions in most studied
environmental categories. On the other hand, liquid hot water had the lowest en{Rsisad et
al., 2016) Figure2-7b shows the influence of the pretreatment pathway on greenbmisgions
(COz emissions) associated with the enzymatic hydrolysis process.

The significant difference found between the dilute acid and liquid hot water pretreatments is
attributed to the use of chemicals and the high energy consumption of the fomparred to the
latter (Prasad et al., 2016 nlike the liquid hot water pretreatment, the dilute acid pretreatment
used 1.1 wt% of HCI for 40 mins at 120 °C. This treatment was followed by additional treatment
with 10 wt% lime (CaO) at 60 °C for 12h. Beéss the chemical use, the contribution of both power
and energy to keep high temperatures during prolonged times (e.g., 12 h) played a significant role
in generating environmental emissidRsasad et al., 20168pn the other hand, the liquid hot water
treatment only uses deionized water for 5 minutes at 190 °C, which explains why this pretreatment
had a lower environmental impg&trasad et al., 2016)

Works carried out by botRrasad et al., (2016) a®&libramanian et al., (2026how thathe
carbon footprint of the production of glucose from cellulosic material (e.g., cotton textile) is highly
sensitive to the pretreatment and its thermal and chemical conditions. This reveals a need to develop
new pretreatment methods or improve existings to increase conversion yields of textile wastes

while reducing their overall environmental impact.
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Figure 2- 7. (a) Midpoint assessment results of a textiledgioycling method used to recover 1 kg
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of polyester fibers from cotton/polyester textile wastes. Adapted Sobmamanian et al., (2020)

(b) Effect of different pretreatments ¢the global warming potential to produce 1 kg of sugars via
enzymatic hydrolysis of lignocellulosic biomass. Adapted fRnasad et al., (2016)
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2.6.2. Economic feasibility

Enzymatic hydrolysis by itself has been considered an expensive pathway to produce chemicals
from cellulosic feedstock. Factors such as the high cost of enzymes and increased capital
expenditure, the latter caused by long residence times, consideralgyudriie conversion cost
(Abbati De Assis et al.,, 2018; Bajpai, 2016; Gonzalez et al.,, 2011b; Singh et al., 2015)
Implementing a pretreatment stage helps mitigate this problem by increasing yields and reducing
enzyme usage, making the process more enaadly attractive(Bhutto et al., 2017; Giakoumakis
et al., 2021; J. Park et al., 201B)oreover, enzymes represent one of the most critical components
of the cost structure in the enzymatic hydrolysis process. In that sense, high yields may not
necesarily compensate for the cost associated with a very high enzyme dosage, making these
processes neprofitable. This could be the case for some of the strategies described ir2able
where high enzyme loads (30 FPU/g of cotton) are implemented to getgR@¥%se yields.
Considering that cellulase enzyme prices can range between 2,000 and 5000 USD per ton, an
enzyme charge of 30 FPU/g could be worth between 470 and 780 USD per ton of glucose produced
(Davis et al., 2013; de Assis et al., 2018; Gonzale#.e2011b; Novozymes, 2017, 2010; Ou et
al., 2021) Hence, the conversion process would be unviable considering that the sugar price is
approximately 400 USD per td¢iirading Economics, 2022)

In this context, making the enzymatic hydrolysis of lextvastes a viable method with the
potential to be upscaled into an industrial application requires developing a process with a low
enzyme, low chemical, and low energy usage. However, implementing a pretreatment also adds up
to the overall cost of the fah product(Ranjithkumar et al., 2017 herefore, aspects such as (i)
the ability to increase the enzymatic hydrolysis yield, (ii) additional capital expenditure, and (iii)

the cost of chemicals, energy, and other materials affect the costs assoitiathd pretreatment
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stages and need to be underst{®ajpai, 2016; Bastida®yanedel and Schmidt, 2019; Jiang et
al., 2015; Wyman, 2013)

Increasing the yield of enzymatic hydrolysis is one of the most critical features affecting the
pretreatment ecomaics of cellulosic materials. It is influenced by factors such as the pretreatment
process, amount of chemicals used, and process condongalez et al., 2011a; Haghighi Mood
et al., 2013; Humbird et al., 201Higher yields imply a better use @w materials andherefore,

a reduction in their associated cosBonsequently, it is imperative to achieve higher yields to
ensure the economic feasibility of the prodgdsnzalez et al., 2011b; Humbird et al., 2011)

Capital expenditure could also be an essential element influencing the economics and feasibility
of cotton textile waste pretreatments and convergf@mukwuma et al.,, 2020; Eggeman and
Elander, 2005; Gonzalez et al., 2011b; Kapaniji et al., 20d8)ecase of textile wastes, reaction
conditions during the pretreatment stage affect capital expenditure. Moreover, different factors
such as the blend of cotton with Adagradable fibers (e.g., polyester) affect the cellulose content
per ton of textile fednto the conversion process. As a result, blended systems with lower cotton
(cellulose) content required the implementation of either fiber sorting and separation equipment or
larger equipment, and therefore, higher capital investifuenAssis et al., 2B; Gonzalez et al.,

2012, 2011h) On the other hand, textile solid concentrations above 30% no longer resemble
slurries but instead behave like moist or slightly wetted materials, increasing the energy and capital
expenditure requirements for transpagtiand mixing the fluid¢Bajpai, 2016; Wyman, 2013)
(BastidasOyanedel and Schmidt, 2019)

Moreover, the process conditions during the biomass pretreatment have cost implications,
particularly on the equipment design elements. For example, acidigioos are associated with
the need for more corrosigrsistant material@Bajpai, 2016; Chandra et al., 2007; Eggeman and

Elander, 2005; Galbe and Zacchi, 2007; Haghighi Mood et al., 2048 high temperatures
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require the use of equipment capatfleesisting higher pressur@3ajpai, 2016; Prasad et al., 2016;
Wyman, 2013) In both cases, more costly equipment is needed. Finally, if solvent recovery or
toxic waste treatment is required, more capital is expended, increasing the overall cest of th
procesg{Chukwuma et al., 2020)

Lastly, the amount and type of chemicals and energy used for biomass pretreatment also impact
the process economics. Higher operating costs result from higher chemicals and energy
requirementyEggeman and Elander, ZB0Gu et al., 2019; Haghighi Mood et al., 201B)
addition, the cost and loading percentage of chemicals ultimately determine whether chemical
recovery and waste treatment are needed. This subsequent chemical recovery and neutralization
steps bring adtional costs and additional waste out of the system, which must be disposed of
(BastidasOyanedel and Schmidt, 2019; Wyman, 20T13ble2-6 summarizes different economic
challenges reported in the literature for selected pretreatment methods badwedforementioned

factors.
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Table 2- 6. Economic challenges associated with different pretreatment mefAbdsad et al.,
2020; Beig et al., 2020; Chukwuma et al., 2020; Haghighi Mood et al., 2013)

Method

Economicchallenge

Mechanical pretreatment

Acid pretreatment

Alkaline pretreatment

Steam explosion pretreatment

Liquid hot water

Solventbased pretreatment

High energy consumption

High cost of chemicals

High cost of chemicals recovery and waste treatment
High capital investment associated with corrosivity resistance
High capital cost associated with long residence times
High cost of chemicals and catalysts

High cost of chemical recovery

By-products treatment

Low ability to increase enzymatic yield

High cost of acid catalysts

High thermal energy cost

Low ability to increase enzymatic yield

High thermal energy cost

High cost of solvents

High capital investment associated with solvent recovery

High energy cost associated with solvent recovery

2.7. Economic potential of transforming cotton textile wastes into biobased building blocks

Compared to lignocellulosic feedstock, the enzymatic process of cotton textile waste has not

been studied to the saragtent. Cotton textile waste has been explored more recently as biomass

to obtain ethanol and biobased building blocks (via enzymatic hydrolysis) that can be upcycled into

valueadded materials from glucose (e.g., levulinic acid, succinic acid, itacodicaad glutamic

acid)(Cok et al., 2014; Humbird et al., 2011; Ortiz et al., 2022; Werpy and Petersen, PAlGl4)

2-7 presents a preliminary performance and economical screening of selecteabidddiobased

chemicals obtained from gluco§hnson et al., 20205rom an economic standpoint, it is evident

that the production of glucose from textile waste through enzymatic hydrolysis processes would
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probably not be attractive due to the low market price of such product (~300 US(®&org

Ramirez et al., 2019Dn the other hand, there might be an added value in the hundreds to thousands

of dollars per ton for different types of glucederived chemicals (Tablg-7). For instance,

levulinic, succinic, and itaconic acid are the first e tanking based on their market price and

yield. Levulinic acid can be transformed into building blocksH(@F, 1,4b ut anedi o | est
valerolactone) to produce fuels, lubricants, and resins, among (Kudis et al., 2019; Schmidt

et al., 2017; Werpwand Petersen, 20Q43uccinic acid is a potential platform chemical to obtain
petrochemical products such as -1,6ut anedi ol , t -leutyrolactoned anolf ur an
pyrrolidinone derivative¢Bozell and Petersen, 2010a; Cok et al., 2014; Delhomme 208DB)

Lastly, itaconic acid can be converted into polymers with vinylic monomers, polyols, polyamines,

etc.(De Carvalho et al., 2018; Okabe et al., 2009; Willke and Vorlop, 2001)



Table 2-7. Review and ranking of valuadded biobased chemicals derived from glu¢Bszzell and Petersen, 2010b; Werpy and Petersen, 2841

Theoretical

_ . Yield (g Conditions (T, Market price Approx. market
Value-added o Application Process r{:g'&gg . productg® P, Residence Catalyst (2018) volume (2018) Ref.
chemical P g glucose) time) (USD/Ton) (MMton/year)
glucose)
Methyltetrahydro
furan (MeTHF)
&-aminolevulinic Methanesulfo (Hafgggot?t b
Levulinic CeH:O 1 4—b3(t:;1?1ediol Hygﬁ&i”gg%n of 0.6 0.44 200 °C, 30 min, nic or sulfuric ~ 5,350-8,880 0.01 Sadhukhan et
acid S8 " esters lucose : ' 50 bar N acid 0.63M (6 : al., 2016;
y-valerolactone g %) aprox Schmidt et al.,
; 2017)
Na levulinates
Valeric acid
i Huh et al.
1,4-butanediol ( NS
. . Tetrahydrofuran Fermentation of Saccharomyc Hzeoi?n?;ar’:lr;egtez{al
Succinic acid C4HeO4 yﬁ‘}‘iﬁﬁﬁﬂﬁ"éﬂge glucose 0.7 0.73 30 °C, 2h os cerevisiae 2,500 0.04 2019b)
Maleic acid
Building block
for Biobased
polymers:
Styrene . (Klement and
Iltaconic acid  CsHeOq4 derivatives Fermentation of 0.7 0.6 35 °C, 7 days A. terreus 1,900 0.08 Biichs, 2013b;
glucose N
Polyacrylates Magalhaes et
Polyester al., 2019)
Polyamides
Diols, Diamines
Polyesters
Foods (Delaunay et
; ; (neurotransmitter . Brevibacteriu .
Glutamic acid N6, andflavor  Fermentation of 038 0.4 33°C,285h m 3,625 1 . 2l 1999;
lucose Oziudogr
(amino acid) enhancer, 9 divaricatum 2019 g
nutrient) 19)
Plant growth
Sugar alcohol . 50% glucose o .
Sorbitol CeH1Os  Leascorbicacid  Reguonon of 1 0.56 solution, 120 2% RNV 655 2.6 (Kapz%”{g?t al.
Polyols g °C,70 bar H Y
Biobased adipic
acid:
Polyurethanes Glucose Oxidation (Kapanji et al
Glucaric acid CgHi00s  Nonmphthalate  oxidation with 1.2 0.58 40°C,2bar with nitric 2,910 2.6 ‘)20119) -
Biodegradable nitric acid acid
polyesters
Nylon-6,6 fibers
Polylactic acid . . (Kohli et al.,
Lactic acid  CsHeOs  Lactate esters - ermentation of 05 0.72 37°c,36h  actobacillus 1,874 14 2019; Kwan et

(green solvents)

glucose

casei

al., 2018h)
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2.8. Perspectives on the use of mechanical refining and dye oxidation processes as prospect

pretreatments for enzymatic conversion of cotton textile waste.

A crucial drawback to the sustainable circularity of cotton textile wastes via enzymatic
hydrolysis is the use of chemicals at extremely high concentrations and high thermal conditions in
the pretreatment stage. Although not reported for cotton textiliewasent research has indicated
that the impact of mechanical refining on fiber properties could maximize the reactivity of fibers
towards enzymatic hydrolysis at lower energy consumption and, more importantly, with either low
or no chemical usgCorbettet al., 2020, 2018; de Assis et al., 2018; Jones et al., .Z0dale2-8
presents a summary of scholarly research where the effect of mechanical refining on enzymatic
hydrolysis of lignocellulosic biomass has been studied. Most of the findings indicate that a cellulose
conversion yield greater than 70% can be achieved usaufpamical refining as a pretreatment.
Moreover, compared to conventional and alresmlyewed processes, a significantly lower
concentration of enzyme (e.g., 5 FPU per OD gram of fibers) is(@@dett et al., 2020, 2018;
de Assis et al., 2018; Jonesatt, 2017) Thus, the conversion process could be economically
feasible(Jones et al., 2014, 2013)

Mechanical refining is a technique that has been used for many years in the pulp and paper
industry (Smook and Kocurek, 1982)t differs from mechaical milling mainly due to the
characteristics of the mechanical action on the fibers. Mechanical refining is used to modify fiber
morphology and increase the available surface area through delamination and fibrillation without
a significant decrease indHiber length(Zambrano et al., 2020b, 2020ayhile milling only
decreases fiber length. Fibrillation is generally an external effect and involves peeling smaller fiber
fragments away from the main fiber mass due to shearing forces. Lastly, delammgtoerally

an internal effect arising from repeated compression and decompression of fibers as they are
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squeezed between the bars and grooves of the refiner (@atdett et al., 2020; de Assis et al.,
2018) Figure2-8 shows schematically the f@s involved in the mechanical refining process and

its effect on fiber morphology.

a) Unrefined Fibers c) Refined Fibers

b) PFI Refiner

U

d) Refining Mechanism

Stator

Fibers
N Fibrillation
Shear force Delamination
Rotor —»

Stage 1 Stage 2 Stage 3

Normal force

Figure 2-8. Effect of mechanicakefining on lignocellulosic fibers. a) Unrefined fibers, b) PFI
refiner, ¢) Refined fibers and d) Schematigstration of the mechanical refining mechanism.
Adapted fromCorbett et al., (2020), de Assis et al. (2018), Gharehkhani et al., (2015), Jones et al.,
(2017, 2014, 2013)



Table 2- 8. Summary ofscholarly research that has reported on the effect of mechanical refining (with low to zero chemicals in the pretreatment

stage) in enzymatic hydrolysis of lignocellulasic
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Fiber length T | Time Enzymatic Yield (max glucose
Biomass Refining intensity* (mm) Max PFI Fines (%) Pretreatment | . h Y Ivsi X9 o Ref.
rev used (°C)| (min) ydrolysis conversion, %)
- CTEC2+HTEC2 on (Ertas et
Wheat straw PFI 6,000 rev NR NR Liquid hot wate| 190| 10 and 10 FPU. 96 76% in 96 h al., 2014
Sugarcane | PF! 0 (68%), 2,000 rev (71%), CTEC2+HTEC2 (de Assig
bg asse | 4000 rev (73%), 6,000 rev (749 0.3 NR Liquid hot wate| 190| 10 FPU, pH=5.0, | 77.2%in9h | etal,
9 8,000 rev (77.2%) 50 °C, 96 h 2018)
Hardwood 12" Sprout Waldron TMP 2,95( Thermomgcha CTECZH_”;ECZ 39.2% (no refy | (Jones ¢
Sodium rpm 0.127 mm gap 1.25 8.5 cal pulping |110| NR FPU, pH=5.0, 89.5% (TMP) in 96 |al., 2017
Carbonate pulg ' (TMP) 50 °C, 96 h ' "
Green liquor
. CTEC2+HTEC2
Kraft Hardwood PFI 0—8,000 rev 0.8 1 Batch digestey 15| \r | Fpu,pH=5.0, | 78%ingsh |JONESE
biomass NaCO; and : al., 2013
N&S 50 °C, 96 h
PFI 0 (52%), 2,000 rev (74%)), 0.5 % sulfuric CTEC2 15 FPU| o (Chen et
Com Stover | 4 000 rev (76%). 8,000 rev (799 0984 NR acid 50| NR 50 °C 79%in168h | 5013
Southern " d CTEC2+HTEC2Y 70% 5 FPU (36%)| (Corbett
hardwood sodiuj -2 ?pr;ogtovgg'f;";;'\"g L7 R NR No chemicals| 121| 3h |10 FPU, pH=4.8|unref), 90% 10 FP{ et al.,
carbonatepulp bm ©.059. 9ap 5.3,50°C,96h  (59% unref) | 2018)
Southern " 2 (<0.074mm)}70 % CTEC2+HTEC2 o . o, (Corbett
hardwood sodiul 12 ?pr;ogt\(/)\ga(l)ldlrganmMP;J?S %t)zjczrgcq:g;]g)l (>1.41 mm) (4 fibel No chemicals|121| 3h FPU, pH=5.3, 70 A’uﬁggﬁga%ﬂ) et al.,
carbonate pulp pm ©. ' 9ap fractions) 50°C, 96 h 2020)
Hardwood CTEC2+HTEC2
sodiumcarbonatl PFI 0 (52%), 2,000 rev (74%), 0.91.1 mm 10 No pretreatment. onlv pulbirl 1, 3,and 5 FPU| 36% (unrefined) | (Jones e
Ul 4,000 rev (76%), 8,000 rev (799 P » OMY PUIPT 5114 8, 50 °C, 9| 65% (refined) 144 |al., 2014
h

*Example for refiningntensity: PFI 0 (68%) refers to unrefined condition has conversion of 68%. 2,000 rev (71%) refers to 2,000 rev in a PFI mill

has 71% conversion

*PFl (PFI-mill refiner), rev (revolutions), rpm (revolutions per minute), NR (Not reported), unref (unrefined
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One of the limitations to use only mechanical refining and pretreat cotton textiles might be its
inability to deal with the presence of dyes, which have an inhibitory effect on the enzyme
performance to convert the cotton into gluc¢BeschleDiller and Traore, 1998; Czilik et al.,

2002) Several oxidation processes to decompose dyes in both textiles and industrial wastewater
have been reported in the literature but never related to the enzymatic hydrolysis of cotton. Ozone,
Hydrogen peroxide, Fenton, diicnzymatic biodegradation (e.g., using laccases) are some of the
most upto-date discoloration treatments because of their high capability to bleach and their low
environmental impact due to low chemical usage and rapid decomposition into water and oxygen
(Abdul and Narendra, 2013; Arooj et al., 2020; Asghar et al., 2015; Forootanfar et al., 2012; Fu et
al., 2019; Gul and Ozcaviildirim, 2009; Khaled et al., 2022; Li et al., 2021; S6zen et al., 2020;
Wong and Yu, 1999) In a general point of view, most the oxidation methods to degrade dyes
have their fundament in the formation of strc
generated to react with the dyes and break the coloring functional group in their molecular
structure.Thus, discoloratids achievedFang et al., 2017; Powar et al., 2020; S6zen et al., 2020;
Sun et al., 2018; Wang et al., 202Bjforts are being performed in this upcycling route, which will

be presented in a follow up paper to our most recent res@éech et al., 202)
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2.9. Conclusions and future perspective

Available pretreatment processes for enzymatic hydrolysis of cotton textile are chemical and
energyintensive, besides requiring high enzyme concentrations to attain high conversion yields.
Consequently, their deployment becomes challenging from an economic and environmental
standpoint.

In this contextdeveloping sustainable pretreatment processes tailored to upcycle cotton textile
waste into glucose with low enzymatic, chemical and enatgmnand is crucial. These
pretreatments must be also capable of dealing with the vast types of dyes, their different chemical
structures, sizes and molecular weights that significantly influence the enzymatic activity. This
suggests that, in the future, wdgtions in the use of dyes could emerge to attain more feasible
upcycling processes of textiles. Such regulations could require a specific range of molecular
weight and chemical structure of the dyes.

The successful development of such pretreatment ggesecould help to decrease the
environmental footprint of poorly managed textile wastes, while offering a pathway for converting
used garments into sustainable, vedaleled products. The latter is essential to insert textile wastes
into the circularity obioresources and deploy a wide variety of upcycled biobased building blocks,

which is an important contribution to the upcycling waste business.
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3. UPCYCLING COTTON TEXTILE WASTE INTO BIO-BASED BUILDING BLOCKS
THROUGH AN ENVIRONMENTALLY FRIENDLY AND HIGH-YIELD CONVERSION

PROCESS?

Abstract

This chaptempresents mechanical refining as a cherriies pretreatment of cotton textile waste

to be converted into glucose via enzymatic hydrolysis. Batlic® CTec2 and CTec3 cellulase
enzymes were evaluated to perform the enzymatic hydroMsishanical refimg enabled cotton

fiber fibrillation, thus increasing its specific surface area, water swellability, enzyme adsorption,
and the efficiency of cotton conversion into sugars. Compared to conventional pretreatments,
mechanical refining promoted sugar yieddiwve 90% after enzymatic hydrolysis at lower enzyme
usage (46 FPU/O.D g). From experimental data, a 4ioear model was developed to predict
cotton conversion. The predictive model allowed the optimization of the conversion process,
which resulted in mamum yields of 89.3 and 98.3% when CTec2 and CTec3 were respectively
used. Results from thihapteropen the window to deploy mechanical refining as a promising and
more sustainable transformation approach to produce -bagead building blocks within ¢h

circular economy framework of textile waste.

2This chapter has been published as:

Vera, R. E., Suarez, A., Zambrano, F., Marquez, R., Bedard, J., Vivas, K.&AGonzalez, R.
(2023). Upcycling cotton textile waste into Hyased building block#rough an environmentally
friendly and highyield conversion process. Resources, Conservation and Recycling, 189, 106715.
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3.1. Introduction

The textile industry has historicallgperated under a linear "takeakewaste" model as
products are manufactureald, used, and disposed ((famawand et al., 2016; Johnson et al.,
2020) As a result, mre than 100 million tons of textiles are either incinerated or sent to landfills
worldwide every year(Bick et al., 2018; Pandit et al.,, 2018; United States Enviesmah
Protection Agency, 2021)n addition,some analyses have tagged this industignasof the most
polluting in the world due to the chemical nature of conventional textile manufacturing processes
(i.e., bleaching, dyeing, printing, chemical bathiramd the current erdf-life management
practices of textile producgsBr ydges, 2021; D’ Adamo etThasl ., 20
from this perspective, textile waste represents an environmental challenge of high concern since it
contributes toboth global warming and ecotoxicity by producing greenhouse gases during
degradation or incineration and by leaching chemicals to the ground while deconm(Bosknet

al., 2018; Fortuna and Diyamandoglu, 2017; Pandit et al., 2018)

As a response toghal efforts to create a more sustainable society, circular economy strategies
currently applied in the textile industry include reusing and recyc{inGo | asant e and D’
2021; D’ Adamo and Col aNegenhelesgextle@vaste in landfillscoudt al .
be drastically reduced by redesigning products, manufacturing processes, and supply chains to
upcycl e wast e adf-lifetacreatdheghvdlue praductgesteveTurilladand de
la Guardia, 2017; Sassanelli et ab12). Cotton and cellulose derivatives represent on average
30-50 wt. % of the textile wastgsandin and Peters, 2018; Yousef et al., 2019; Zambrano et al.,
2021a) Compared to other fibers, cotton textile fibers are inherently unique from a chemical

perspective because they are essentially made from pure and natural céfleloge and Rojas,
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2016; Singh and Satapathy, 2018; Zambrano et al., 20P0a3, they possess the potential to be
treated and converted into Hi@ased building blocks, which are in turn suitable to manufaeture
myriad of valueadded, and bitvased chemica(&onzalez et al., 2012; Treasure et al., 2014; Vera

et al., 2022)

Enzymatic hydrolysis has been widely studied as a conversion pathway to transform cellulosic
materials (e.g., cotton) into vakaelded chemical&le Assis et al., 2018; Hasanzadeh et al., 2018;
Quartinello et al., 2018)rhe process involves using enzynebreak cellulose polymeric chains
into monomeric sugars. Thus, enzyme concentration, temperature, and pH have a fundamental role
in the enzymatic reactigiidasanzadeh et al., 2018; Jeihanipour and Taherzadeh, 2009; Vera et al.,
2022) Specifically, maimum enzyme activity has been reported to occur-a&C and pH near
5.0-5.2 (de Assis et al., 2018; Fockink et al., 201Bhzyme adsorption onto cellulose and
cellulose's accessibility also play an important function in the enzymatic re@i€tiomar and
Sharma, 2017; Raspolli Galletti and Antonetti, 2012; Singh and Satapathy, 20b8gquently,
surface area, crystallinity, and degree of polymerization are described as the most important
physicochemical properties affecting the conversion yieltebilose into glucoséGiakoumakis
et al., 2021; Kumar and Sharma, 2017; Shuhua et al., ZDR03, due to the recalcitrance of the
cellulosic material, it needs to be pretreated to improve the enzymatic hydrolysis at economically

viable dosages of egmes(Chandra et al., 2007; de Assis et al., 2018; Kumar and Sharma, 2017)

Several pretreatment pathways have been suggested as possible alternatives to convert old
cottonderived textile garments into blmased building blocks with conversion ratsshégh as
90%Jeihanipour et al., 2010; Quartinello et al., 2018; Vera et al., 202%h et al., 2022
summarizes a variety of used pretreatments to convert textile wastes into sugars via enzymatic

hydrolysis. Nevertheless, those approaches are stifrden commercial deployment due to a
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combination of factors such as technical complexity, very high chemical and enzyme use, and
extreme thermal conditions, which also contribute to an overall high environmental (ivipeect

et al., 2022)

Mechanical efining is used as a pretreatment that modifies cellulose properties, promoting the
increase of the surface area and contributing to changes in fiber morphology (e.g., crystallinity
under extreme refining condition@ark et al., 2016; Pawlak et al., 20Z2mbrano et al., 202Qa)

This is based on three mechanisms that alter the fiber structure: cutting (fiber length reduction),
shearing (surface fiber fibrillation), and internal delaminafoa Assis et al., 2018; Zambrano et

al., 2020a) Previous sidies have reported the positive effect of mechanical refining on the
enzymatic hydrolysis of lignocellulosic biomdds Assis et al., 2018; Jones et al., 2013a; Park et

al., 2016) However, its application to cotton textiles has not yet been reported.

This chapterintroduces for the first timeechanicatefining as a pathway to pretreat cotton
derive textile waste and improve its conversion into glucose via enzymatic hydrolysis. Mechanical
refining is presented as a lewapital investment, low operahal cost, lowrisk, and low
environmental impact pretreatment with no chemicals used in comparison to curreot-giate
art processes previously reported for textile waste conversion, i.e., high use@f NaOH or
HsPQ4 (de Assis et al., 2018; Ver al., 2022) The objective was to convert cotton textile waste
into a biecbased chemical such as glucose through an innovativeyldlghpathway with a lower
carbon footprint. Moreover, a predictive model was also developed to optimize both the
pretreatment and the conversion process of cotton textile waste. Outcomes from this strategy are
at the heart of the circular economy as they include the reduction of landfilled cotton textile waste
and their associated environmental imgdaterbi et al., 2021D° Adamo et al ., 2022z

al., 2021)
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3.2. Experimental Methods
3.2.1. Materials
3.2.1.1.Waste cotton textiles and chemicals

Samples ofvhite cotton tshirts were provided by Cotton In¢Weston Pkwy, Cary, NC).
Cotton textile samples had a cellulose composition close to 95% estimated from compositional
analysis according to the TAPPIZA9 standard method. Sulfuacid 72% w/w and sodium
carbonate (CertifiedACS) from Fisher Chemicals (Hampton, NH, USA) were used for the

compositional analysis of cotton textiles.

Sodium acetate (crystalline/certified ACS) and acetic acid (glacial, certified AGH)from
Fisher Chemicals (Hampton, NH, USA), were used tpamethe buffer solution at pH 5.2 for the

enzymatic hydrolysis process.

3.2.1.2. Enzyme

Cellic® CTec2 and CTec3 Cellulase enzymes (Novozymes, Bagsveerd, Denmark) were used
to perform the enzymatic hydrolysis experiments. The activity of both CTec2 and CTec3esllula
was respectively determined to be 139PU/mL and 196.0 FPU/mL by following the standard

method for estimation of cellulase activ{xdney and Baker, 1996)

3.2.2. Methods

The effect of mechanical refining on the enzymatic hydrolysis yield of cotton wvesisaéed
according to the experimental design presented in FigureDifferent levels of mechanical
refining were applied to previously ground white cotton (Figifg. Enzymatic hydrolysis with
CTec2 or CTec3 was performed on the refined cotton atrdift enzyme loads and residence

times. To understand the effect of mechanical refining on the morphology of cotton fibers,
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measurements of water retention value (WRYV), specific surface area (SSA) and scanning electron

microscopy (SEM) were carried out.

Mechanical refining Enzymatic HydrolysigpH=5.2 and T=50°C)
Intensity Enzyme load Residence time
| [ |
I Unrefined | | | | |
: | : —l4 FPU/O.D g | I —{ 48h |— |
| | [2B00PFT]| | | : | :
| revs I | I | I
Ground I | I | I |
| 5,000 PFI i | 5 FPU/O.D g [ 72h I Glucose
cotton [ revs | | I | |
I I I
| | [10.000 PFI]| : | : | :
| revs I | I | I
I 20,000 PFI || | I —i6 FPU/O.D g--' | I L 96h — |
1 revs [ | |
l_ J l__ J l_ _ _ _____ J

Figure 3-1. Schematic ofhe variables evaluated during the enzymatic hydrolysis of cotton waste

3.2.2.1. Mechanical pretreatment
3.2.2.1.1. Cotton grinding and mechanical refining

100% cotton-shirts (Figure3-2a) were cut into %2 inch x %2 inch pieces (FigsH2b) using a
guillotine-style paper trimmer and thgmound in a Wiley milwith a 35mesh screen (Figui@
2c¢). Ground cottomvasdisintegrated in a standard pulp disintegrator (Pulp Disintegrator, Testing
Machines Inc., New Castle DE, USA)1.2% solids content (cotton mass/total mass),
using15,000 revsThen, the disintegrated cotton was filtered and diluted with water to obtain a
suspension at 10% solids content before proceeding to mechanical réfigimge 3-2d). Cotton
at 10% consistencyas mechanically refined inRFI mill (Norwegian Pulp and Paper Institute,
Oslo, Norway) at intensities @500,5,000, 10,000and20,000 PFI revs. The number '4?FI
revs" is proportional to the amount of eneuged for refining the fibe€hakraborty et al., 2007,

Jones et al.,, 2014he PFI energy consumption is estimated to be 0.18kWh/ton per PFI rev
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(Chakraborty et al., 2007; Jones et al., 20Mer refining,therefined pulp (Figure3-2e) was

collected and stored at 4 @thout washing.

a) Cotton T-shirt b) Cut T-shirt ¢) Ground T-shirt

Figure 3-2. Pretreatment of a cottorshirt to be converted into glucose. (a) Initial cottesfitt,
(b) Cutting, (c) Grinding, (d) Mechanical refining, and (e) Refined Cotton.

3.2.2.2. Enzymatic hydrolysis

Enzymatic hydrolysis experiments were conducted fovendried (O.D) g basis of cotton at
a 5% solids contentin 50 mL coni¢abes. The aqueous phase was comprised of a sodium acetate
acetic acidouffer solution at pH 5.2. Deiored water was used in all experimem{gotating
incubator (FinePCR COMBD24, Seoul, Korea) wassedto perform the cotton enzymatic
hydrolysisat50°C and 12 rpnfor 48,72, 96, and 192 HAfter enzymatic hydrolysis, each
samplewas centrifuged for 10 miat 4,300 rpm (Eppendodentrifuge 5702, Germany). The
supernatant was used to determine glucose and total carbohydrate conversioertymmatic
hydrolysis. Glucosanalysis was carried out using higarformance liquid chromatography

(Agilent 1200 HR.C system w/ VWD).



90

3.2.2.3. Determination of enzyme adsorption

To study the effect of mechanical refining on the enzymatic adsorption onto co@ob, d
of mechanically refined cotton samples (2,500; 5,000; 10,000; and 20,000 PFI revs) were put in
contact (wihout stirring) with an enzyme solution containing 0.6 mg of enzyme per ml of sodium
acetate buffer (0.1, pH 5). Then, samples were incubated fdr dt 4°C without stirringChen,
2014; M. Zambrano et al., 202T)he ratio of O.D cotton to liquid was2D, resulting in a cotton
slurry at 5% solids content. The enzyme concentration before and after incubation was determined
using the Pierce Rapid Gold BCA Protein Assay(Khermo Scientific, 20219nd measurements
of UV—Vis absorbency (Perkin Elmer, Mtham, MA, USA) at 480 nm. The amount of enzyme

adsorbed (Qe) onto cotton was calculated by the mass balance relation showrBi:Eqn.

1Al gC —  Egn.3-1

Where G and G are respectively the initial and the equilibrium concentration of enzyme

(mg/ml), V is the volume of the enzyme solution (ml) and m is the weigh O.D of cotton samples

(9).

3.2.2.4. Fiber morphology analysis
3.2.2.4.1. Water retention value

Water retention value (WRV) is deéd as the water absorbed by the cellulosic substrate
relative to the ovexdried mass of the substrglones et al., 2014)WVRV was measurellowing
the standard TAPPI method UM 2&6estimate the swelling capacity of fibéi$homsen et al.,
2021; Zambrano et al., 2020ab; Zambrano, 202Ithe experiments were performed by

determining gravimetrically (by dry) the amount of water retained in a wet and swollen sample
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after centrifugatiofThomsen et al., 2021; Zambrano et al., 202Akpf the WRV measurements

were carried out in triplicate.

3.2.2.4.2. Determination of specific surface area

The specific surface area (SSA) of cotton was determined using the Congo red adsorption
method(Goodrich and Winter, 2007; Spence et al., 20MBchanically refined atton (2,500,
5,000, 10,000 and 20,000 PFI revs) was contacted with Congo red solutions at different
concentrations (from 0.03 to 0.7 wt. %) and pH 6. The samples were incubated at 60°C for 24 h
and then centrifuged at 10,000 rpm for 15 min. $hpernatainwas filtered with 0.22 pum filters
(Millipore Millex, Ireland) and analyzed through WVis spectroscopy (Perkin Elmer, Waltham,
MA, USA) at 500 nm to determine Congo red concentration. The congo red adsorption parameters

were determined usine Langmuiisotherm linear model, according to EG2:

— Eqgn. 3-2

where [E] is the concentration of Congo red in the supernatant at adsorption equilibrium
(mg/ml), [A] is the adsorbed amount of Congo red on the cattioface (mg/g), Mexcorresponds
to the maximum value of adsorbed Congo red (mg/g), aats khe equilibrium consta(@pence
et al., 2010)Values for Awaxwere extracted from the reciprocal of the slope in a linear plot of free
dye concentration veus free dye concentration/dye on fiber (E&&). The specific surface area

(SSA) was determined using E@A3:

Yy ———— Eqn. 3-3
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where N is the Avogadro's constant, SA is the surface area of a singtetaile, and MW
is the molecular weight of Congo red (696 g/mole). Adsorption measurements were performed in

triplicate.

3.2.2.4.3. Scanning electron microscopy (SEM) measurements

Imaging of cotton fibers was performed using a fiehdission scanning electron miccope
(FE-SEM, FEI Verios 460 L, Hillsboro, OR). The accelerating voltage was operated at a relatively
low range (0.51.0 kV) to ensure good image resolution without causing damage to the fibrils.

Air-dried cotton pads were SEM imaging.

3.2.2.4.4. Crystallinity

X-ray diffraction (XRD) was measured for bothrefined and refined cotton using a Rigaku
Smartt,abxr ay Di ffractometer (The Woodl ands, Texas
and 40 mA. The diffracted i nt°edbfatiascgnningaateofd et e c-
1./ (Rarketal.,, 200; Zambrano et al., 2021bJhe crystallinity index (CI) was estimated, as
described in Egn. 4, from the maximum i°nt ensi
and23( 1 200) and the mini mum i°anddh(am)facordingioght at

the Segal metho@Park et al., 2010; Segal et al., 1959)

00

ZpTMT Eqgn. 3-4

3.2.2.5. Data analysis and modeling

Experimental data of cotton enzymatic hydrolysis was fitted to a-magjtession quadratic
model (see EQqr8-5) using JMP Pro statistical software (v.16, SAS Institute Inc., USA). The cotton

conversion when either CTec2 or CTec3 are used as enzymes was modeled separately. Thus, the
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cotton conversion can be predicted when any of the two studied enzymes is @stidnRene

(hour), enzyme charge (FPU/cotton O.D grams), and mechanical refining intensity (PFI revs) were
the input variables for both modeled data sets (CTec 2 and CTec3). Temperature and pH were not
considered in this model, considering that tempeeawas fixed at 5GC and pH at 5.2. The

prediction expression is given by:
PATTG B zildg B rzi1Q@ B Hzii'g Egn. 3-5

where %conv i s t heoistheintereept, Moepresereasimechamiaéhiig%) , B
intensity (PFI revs), Eepresents enzyme charge (FPU/g), T represents enzymatic hydrolysis time
( h o ujrs Yhe pammeter corresponding towWa r i aib theeparanfiter corresponding to E
v ar i ab liesthe paamdter aorresponding tosdriable. The model accuracy was estimated
with p-value, R, R%q;, and the standard error of the parameter estimates (SEE) of the(Baidel
et al., 2021; Biswas et al., 2020ptimization of the pretreatment parameters was performed to

maximize cottoa conversion response by using the desirability function in giR.6.

The desirability function is a multesponse optimization method incorporated into JMP,
which allows maximize, minimize, or find a target value of the resp@hdan et al., 2007)This
approach consistdf transforming the response of the dependent variable (e.g., cotton conversion)
into values between 0 and 1. On the other hand, a value of 0 means a totally undesirable response.
On the other hand, a value of 1 means the mostatésiresponséMishra, 2017; Obermiller,
1997) In this case, a desirability approach was carried out to obtain enzymatic hydrolysis time,

enzyme charge, and mechanical refining intensity which maximized the conversion of cotton.
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3.3. Results and discussion
3.3.1. Effect of mechanical refining on the morphology of cotton fibers
3.3.1.1. Fibrillation

The external morphology of untreated cotton fibers and mechanically refined cotton at
different refining levels are shown in Figur82a and3-2b-e, respectivelyThe mechanical
refining action opens up the cellulosic fiber structthieough its delamination, internal and
external fibrillation, and fiber cuttinChandra et al., 2007; de Assis et al., 2018; Zambrano et al.,
2020a) This phenommology is intensified with the level of refining applied as qualitatively
depicted in Figur&-2. Unrefined cotton (Figurd-2a) has fully intact, flat fibers with a smooth
surface and large fiber bundles. When slightly refined (2,500 PFI revs), a srgede def
defibrillation is observed (Figuré2b), despite many fibers appearing to be still intact. Notable
morphological changes appear when cotton is refined at higher intensities (e.g., 5,000, 10,000, and
20,000 PFI revs). A rough, heterogeneous, andtatl surface is highly visible when cotton is
mechanically refined at 5,000 PFI revs (FigBf2c). Furthermore, it can be observed how fibers
collapse at intensities of 10,000 (Fig@&d) and 20,000 PFI revEigure 3-2e), where it is clear

thatfiber-to-fiber bonding increases as well as the specific surface area of fibers.



NCSU AIF Verios 460L NCSU AIF Verios 460L

Figure 3-2. Morphology of (a) unrefined cotton and refined cotton fibers at (b) 2,500 PFI revs, (c)

5,000 PFl revs, (d) 10,000 PFI revs, and (e) 20,000 PFI revs using scanning electron microscopy
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3.3.1.2. Water retention value (WRV) and specific surface area (SSA)

Specific surface area (SSA) and water retention value (WRV) have been recognized as
important variables to understand the cellulose accessibility to enzymes and its conversion into
sugargChandra et al., 2009; Thomsen et al., 20219ignificant increment in #se variables will
be translated into a higher performance of the enzyme in the cellulosic conversion process

(Chandra et al., 2009; Koo et al., 2011; Thomsen et al., 2021)

Thus, the effect of mechanical refining on the specific surface area (SSAaf aod the
ability of the fibers to swell with water was assessed through the Congo red adsorption method
(Spence et al., 201@nd the water retention value (WRYV), respectiv@handra et al., 2019;
Thomsen et al., 2021; Zambrano et al., 202P&chanical refining was related to the increase of
SSA and the ability of the cotton fibers to swell. This is depicted in Figd® where SSA,
expressed as square meters per grams of cotfég) (mnd WRYV, expressed as grams of retained
water per grams of fiber (g/g), significantly increased with mechanical refining intensity.3Fable
1 summarizes WRV values and Langmuir adsorption parameters to determine the SSA. In general,
an increase of up ca. 33% and 257% was observed for SSA and WRYV respectively as mechanical
refining intensity increased. These results are in accordance with previous(@o#kslra et al.,
2019, 2009; Jones et al., 2014, 2013b; Thomsen et al.,,20@l13how the patdial of mechanical

refining to improve the enzymatic activity in the conversion process of textile waste.

The increase 0fWRV and SSAcan be related to changes in fiber morphology promoted by
mechanical refiningZambrano et al., 2021b)he surface @&a increases as layers of cellulose are
gradually peeled off from the fiber surface due to the fibrillation of the external fiber cell wall
(Figure 2)YGu et al., 2018; Ogiwara and Arai, 1968lechanical refining also exposes hydrophilic

groups of celllose (e.g.;OH and-COO), which promote higher WRV as water can permeate the
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fiber and form more hydrogen bondif@giwara and Arai, 1968; Zambrano et al., 2021lnus,

higher cotton capability to swell with water is achieved.

3.3.1.3. Crystallinity

The accesibility of enzymes to cellulose can also be related to its crystallinity index, which
could be modified after the severe mechanical beating of theffllaéiret al., 2010; van Hai et al.,
2013; Zambrano et al., 2020l)ower crystallinity index valueare reported to promote higher
enzymatic conversion of cellulogelall et al., 2010) However, this is a controversial theory as
high enzymatic conversion yields have been attained after applying pretreatments that do not

promote crystallinity changes @ellulosic substrateCorbett et al., 2018; de Assis et al., 2018)

Figure3-3b shows the Xay diffractogram (XRD) normalized at the maximum intensity of
(200) lattice diffraction (26 around 232.5°)
summarizes the crystallinity index for unrefined and refined cotton calculated by using4&qn.

No differences are observed in the peak at an intensity of 200 when unrefined cotton is contrasted
with refined cotton. The effect of mechanical refinimgtbe crystalline structure of cotton, having
a high crystalline index (CI) of 91%, seems to be negligible. These results match previous works
where the effect of mechanical refining on cellulosic fibers has been studied using a Rdé mill

Assis et al.2018; van Hai et al., 201.3)
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Table 3- 1. Water retention value (WRV) and Langmuir isotherm parameters to determine the
specific surface area (SSA) of cotton at different refining levels.

Langmuir isotherm parameters for Congo red
ini adsorption
ICé(\)/tetlo(rIL Ir:(eIfLr;izg; Crystallinity WRYV (g/g) P
Index (%) Amax(Mglg) | SSA (n¥/g)
TTte
Unrefined 91.1 0.070 £ 0.01 0.034 29.0 43.4 +0.60
2,500 91.7 0.120 +0.01 0.033 29.7 44.4 +0.90
5,000 92.5 0.190 +0.01 0.030 32.9 49.2 £ 0.99
10,000 91.8 0.230 +0.01 0.025 35.2 52.7+£0.70
20,000 91.7 0.250 £ 0.01 0.026 38.6 57.8+1.11

3.3.2. Effect of mechanical refining on enzyme adsorption on cotton

The impact of mechanical refining on the adsorption of CTec2 and @hea&otton is shown
in Figure 3-3c.As the specific refining energy increases, the enzyme adsorption improves.
Moreover, it can be noticed that CTec3 has higher adsorption than CiTée2same refining
level. The amount of enzyme adsorbed onto unrefined cotton is 5.7 and 6.4 mg/O.D g for CTec2
and CTec3, respectively. However, mechanical treatment increased the enzyme adsorption up to
7.3 mg/O.D g and 9.8 mg/O.D g for CTec2 and CTee8pectively at 10,000 PFI revs. This
represents an increase of 30% and 54% in the adsorbed amount of CTec2 and CTec3 per unit of
cotton massThese results are associated with the effect of the mechanical refining on the creation
of more fiber surface aam so that the enzymes will have more interaction with the cellulosic
structurg(Chandra et al., 2019, 2009; Koo et al., 20Alhaximum adsorbed amount is found for
both enzymes when cotton is mechanically refined at 10,000 PFI revs, with no fufduer ef

observed at higher refining levels (e.g., 20,000 PFI revs).
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Figure 3-3. Effect of mechanical refining intensity on (a) cotton water retention value and specific
surface area; (byotton crystallinity ad (c) adsorption of both CTec2 and CTec3 on cotton.
Adsorption carried out at 4 °C, during 4h and an initial enzyme concentration of 0.6 mg/ml

3.3.3. Effect of mechanical refining on cotton enzymatic hydrolysis

The effect of mechanical refining on the enzymadtarolysis of cotton was evaluated.
Conversion into glucose using enzymes CTec2 (Figuta) and CTec3 (Figurg4b) atloadsof
5 FPU/O.Dg, and residence times of 48, 72, and 96 h was assessed at different refining levels
(2,500; 5,000; 10,000; and 20,000 PFI revs). As depicted in R3gdyra significant improvement
in the conversion yield was obtained when mechanical refining was appkepregeatment. In

addition, cotton conversion yields increased as both enzymatic hydrolysis time, and intensity of
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the mechanical pretreatment increageslopposedo thelimited conversioryieldsobtainedrom
unrefinedcottonof ca.30%,theimportantrole of mechanicatefiningis highlightedby increasing
yieldsto up to 83%and96%for CTec2andCTec3,respectivelylt was also observed thgields
remainapproximatelyconstan{plateauedatintensitieshigherthan10,000PFIrevs.These results

are in accordance with the maximum adsorption of the enzymids@0PFI revsof mechanical
refining (Figure3-3c). Moreover the experimentakvidencandicateshat CTec3performsbetter

than CTec2, sincethe highestcotton conversionpromotedby CTec2 (83%), which occursat
10,000revsand96 h, canbeachievedy CTec3undermilder pretreatmentonditions(e.g.,2,500
PFIrevand96 h, or 5,000PFIrevsand72 h). The enzyme performance to transform cotton is
related to the nature of the enzyme itselfl &s capability to interact with the substréif&anu et

al., 2009) CTec3 is a new generation of cellulase enzymes from Novozymes that, based on the
filter paper unit method (FPU), has 414 times higher conversion efficiency than CTec2
(Mboowa et al 2020) CTec3 preparation has been tailored to contain a higher proportion and
variety of cellulase proteins while containing key+wore | | u |l a s eglueosidasenxglamasé 3
a n dxylgsidase). Thus, a synergistic behavior is achieved, which réswdtbetter hydrolysis

performance compared tol€c2(Sun et al., 2015)
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Figure 3- 4. Effect of mechanical refining and residence time on cotton conversion into glucose
through enzymatic hydrolysis using (@rec2 and (b) CTec3 at 50 °C and pH 5.2. Enzyme
concentration was set at 5 FPU/O.D g cotton

The improvement in enzymatic hydrolysis yield promoted by mechanical refining can be
directly related to the change in cotton fiber morphology (Figt2¥(de Asss et al., 2018; Jones
et al., 2014; Park et al., 201&Ithough no changes were observed in the crystallinity index of
cotton fibers when mechanical refining was applied (Figu8e), the change in morphology is
primarily related to the fibrillationrad delamination of the cotton fiber (Figu8€). These changes
in fiber structure favored an increase in cellulose WRV and SSA (F3g8a¢ and the increment
of enzyme accessibility to perform the hydroly€$andra et al., 2019; de Assis et al., 2QbBies
et al., 2014) Hence, an increase in enzyme adsorption on refined cotton (ReRlbg was
observed, resulting in improveshzymatic digestibility of the cotton to sugafhese results
suggest that the higher the mechanical refining intensityntbee the SSA, WRV, enzyme
adsorption and the enzymatic hydrolysis yield. However, there is a limit to which conversion yields
reach a plateau at mechanical refining levels higher than 10,000 PFI revs. This phenomenology

has been previously reported antlibtited to the creation of smalls pores that do not allow more
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enzyme accessibility at high mechanical refining intengi@éen et al., 2016; Corbett et al., 2018;

Jones et al., 2014)

3.3.4. Effect of the enzyme load on the cotton enzymatic hydrolysis

Theeffect of enzyme load on the conversion of refined cotton into glucose after 48, 72, and 96
h of enzymatic hydrolysis are shown in Fig38. In this case, cotton was refined at 10,000 PFI
revs, considering that, under this condition, the mechanicalnesatpromotes the highest
conversion (see secti@i3.3). The experimental evidence shows that cotton conversion increases
as the load of the enzyme and hydrolysis time increase. Such observations are consistent with
results previously reportéde Assis eal., 2018; Jones et al., 2013a; Park et al., 2(H6)vever,
it is important to highlight that at least 5 FPU/O.D g and 72 h are needed to achieve a conversion
greater than 80 % when CTec2 is used. In contrast, conversions higher than 90% can k& achieve
when CTec3 is used under similar conditions. Additionally, glucose vyields of up to 97% can be
achieved with CTec3 at a load of 6 FPU/O.D g and 96 h of the enzymatic hydrolysis reaction,

demonstrating that Ctec3 has a better performance than CTec2.
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Figure 3-5. Effect of enzyme load and time on cotton conversion into glucose through enzymatic
hydrolysis using (a) CTec2 and (b) CTec3 at 50 °C and pH 5.2. Cotton was mechanically refined
at 10,000 PFI revs.

3.3.5. Modeling and optimization of cotton conversion

SAS JMP pro 16 was used to develop a quadratic model to predict the enzymatic conversion
of cotton textile waste and find optimal operating conditions. This model was built using reaction
times (h), enzyme loads (BRy), and the intensity of the mechanical refining pretreatment (PFI
revs) as input variables. The data was obtained from 18 experimental scenarios shown in a
supplementary document. The model predicts the impact on enzymatic hydrolysis derived from
the efect of residence times between-98 hours, enzyme charge within64FPU/g, and a

mechanical refining intensity between 2,52@000 PFI revs.

The effectivity of the model is evaluated by plotting actual (experimeandlpredicted values
of cotton convesion when CTec2 (Figui6a) or CTec3 (Figurg-6b) are respectively used. The
higher the similarity between actual and predicted values, the higher the fit of the(Gadpkt

al., 2013) Figure3-6a-b shows that the model has a good predictianfitn ce t he | i near
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eqguation of the mean values is near to be a Y=X function due to its slope and intercept being near
one and zero, respectiveBai et al., 2021; Foster et al., 1998; Garg et al., 203}¥ indicates

that cotton conversion values predicted by the model have a low deviation compared to the
experimental one@Bai et al., 2021; Biswas et al., 2020).addition, Figure3-6 shows the 95%
confidence interval band, which gives an insightbithe range of the expected values for a
conversion predicted by the mod@8ailey and Michelson, 2013; Foster et al., 1998)e 95%
prediction interval band is also shown in Fig3ré to give a comprehension into the range or
limits of future predited values when evaluating negaction times (h), enzyme loads (FPU/qg),

and the mechanical refining intensity (PFI ref&iley and Michelson, 2013; Foster et al., 1998)
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Figure 3-6. Actual versugredicted values of yields of cotton conversion into glucose yield when
enzymatic hydrolysis is performed with (a) CTec2 @dCTec3.

The model’'s prediction equation and tHhe valu
2 where the high relklity of the prediction model is confirmed with bottf &d Rag, having
values higher than 0.92. The closer the values of bbtn& Ragj are to 1, the better the fit to the

experimental datéBai et al., 2021)Moreover, from the value of the modmlefficients, Table-
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2 indicates that refining intensity and the enzymatic hydrolysis time have the highest absolute
value, having the most significant impact on the conversion of white cotton into glucose. The
significance of the parameters composingniodeling equation was determined by the statistical
p-values. Coefficients with-palue < 0.05 were considered while those witvafpue > 0.05 were
disregarded. Thus, a 95% confidence level was considBeactt al., 2021; Teran Hilares et al.,

2018)



Table 3-2. Model fit parameter and parameter estimates of cotton conversion model.
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CTec2 CTec3
Variables Factor | Coefficient Coefflment Standard error p-Value Coefﬂment Standard p-value
estimate estimate error
Intercept Bo -1103.830 14.32 <0.0001 -1581.642 10.11 <0.0001
Mechanical M o1 213.304 0.945 <0.0001 105.214 0.662 <0.0001
refining
intensity
(PFI revs) M?2 o -11.225 1.249 <0.0001 -5.666 0.874 <0.0001
Enzyme
Charge E B1 38.562 4.78 <0.0001 24.776 3.34 <0.0001
(FPU/O.D
9)
E? B2 - - - - - -
Enzymatic T w1 24.264 1.974 <0.0001 504.539 1.442 <0.0001
Hydrolysis
time (h) T2 W - - - -55.482 7.174 <0.0001
R? 0.924 0.953
R2uq; 0.919 0.947
Root mean square error 4.124 2.885
PATT G 1zl Tig rzi 1 Q 5zl 1'g
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The pretreatment variables (mechanical refining intensity) and enzymatic hydrolysis
parameters (time and enzyme charge) were optimized to maximize the cotton hydrolysis yield.
The conergence of all three studied variables to get maximum cotton conversion was found with
the prediction model and the desirability function maximization of JMP soft¢&aeet al., 2021;

Biswas et al., 2020)Table 3-3 summarizes the optimum conditions dbtain the highest
conversion of white cotton, including predicted and experimental values. As shown inFifure
maximum conversion of 89.3 and 98.2% were predicted for CTec2 and CTec3, respectively. These
conversion values were also experimentallgfconed where 90.4 and 97.1% of glucose vyield

were achieved when CTec2 and CTec3 were respectively used. Compared to predicted maximum
conversion values, experimental ones have discrepancy values lower than 1.5%. Thus, the modeled

results were consistentitlv the actual values.

Table 3-3. Optimum pretreatment and enzymatic hydrolysis condition to maximize white cotton
conversion.

CTec2 CTec3
Variables Predicted | Experimental| Predicted| Experimental
Mechanical refining intensity, 13.300 13.300 10,800 10,800
(PFI revs)
Enzyme Charge (FPU/O.D ¢ 6 6 6 6
Enzymatic I(—rl]))/droly&s time 96 96 96 96
Conversion (%) 89.3 90.4 98.3 97.1
% Discrepancy 1.22 1.12




108

a) CTec2
100 -
5293 807
® [36.7
$ 92.0] 60
c -
o
o 40 -
1- s |
£ 0.75 5 5
-1 5 :
.20.833281 05 ? :
3 0.25
0- ; :
VAT -ANMIOVO + 10 © ~ @ © 1B & 1 00 1 1 W =
BB O FITLIIFT = = v o w s v S o K
4.5643482 1.7917595 9.5010611
Log[EH time Log[Enzyme Log[Ref
(horas)] charge (FPU)] (PFlrevs)] Desirability

2 0.75 -
] :
®(0.948559 0.5 ;
g 0.25 -

0 z
WmoTraNTne ¥ 0 @ N
o™ b - - - - - S — — -—

4,5468549 1.7917595
Log[EH Log[Enzyme
time (h)] charge (FPU)]

T 1
0 o W
o

9.2856203

Log[Ref
(PFlrevs)]

oo

0.25-
0.5
0.75

Desirability

Figure 3-7. Predictive graph anthaximum desirability to optimize pretreatment and enzymatic
hydrolysis variables in the cotton conversion process when (a) CTec2 and (b) CTec3 are used as

enzymes.



109

3.3.6. Implications of the use of mechanical refining as a pretreatment method for enzymatic

hydrolysis of cotton

Mechanical refining is presented as a highly efficient pretreatment method to convert cotton
textiles waste into glucose through enzymatic hydrolysis. This pretreatment eliminates the need
for hazardous chemicals in this stage of tteeess reported in previous wdfBorbett et al., 2018;
de Assis et al., 2018; Jones et al., 20aiy more importantly, high conversion rates are achieved
at low loads of enzymes (Figuf®4,5). Thus, mechanical refining can potentially make the
enzymatic management of textile wastesre ecefriendly (chemicalfree) than conventional
pretreatmentgde Assis et al., 2018; Vera et al., 2022; Zambrano et al., 20@0ayldition,
mechanical refining is a lowost process widely used in the papeltustry, and it can be easily
implemented on a commercial scé@hen et al., 2012; Koo et al., 2011; Zhu and Pan, 2&i8ge
refiners are available in different sizes, equipment for textile conversion plants with different
production rates could besly designed. Due to mechanical refining is a process highly used in
the pulp and paper and bio refinery industry, it can be considered as low risk due to this an already
proven technologyde Assis et al., 2018; Jones et al., 2013a; Park et al.,.Z0th@) significant
advantages of mechanical refining as a pretreatment method for enzymatic hydrolysis of cotton
include the excellent conversion rates obtained (up to @&@ssis et al.,, 2018; Sandin and

Peters, 2018).

The use of mechanical refining eatment has already been reported in the process of
transforming lignocellulosic biomass into sug@ls Assis et al., 2018; Jones et al., 2013a; Park et
al., 2016) However, to the best of the author's knowledge, this is the first time this pretrteatme
has been used in the enzymatic conversion of cotton textile waste. In terms of both circular

economy and sustainability concepts, the outstanding effect of the mechanical refining to
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transform textile waste into sugars (glucose) represents an untappedunity, not only to

reduce the negative environmental impact of textile waste but also to valorize textile waste for
production of glucoseéerived chemicals such as levulinic acid , succinic acid, lactic acid, glutamic

acid, glucaric acid, citric acilamong other§ Ac er b i et al ., 2021; D’ Ada
al ., 2006 ; Ozudodr u .eVoreowdr, the high Gohv@rsion Sates af eoton u |, 2
textiles promoted by mechanical refining could also be a promising alternative to recdver

upcycle synthetic nehiodegradable fibers (60% of textiles fibers) such as polyester found in
cotton/polyester textile@uthu, 2020; Shen et al., 2013; Shuhua et al., 2020; Subramanian et al.,

2020)

3.4. Conclusions

In this chapter mechanical refinig is presented for the first time as a novel way to pretreat
cotton textile wastes to be converted into glucose via enzymatic hydrolysis in an efficient-and eco
friendly pathway. It was found that this pretreatment can promote cotton conversion ratgs as hi
as 97 %, due to a significant change in fiber morphology that results from an increase in surface
area availability, water retention value, and enzyme adsorption. Mechanical refining did not

change the crystallinity of the cotton fibers.

The conversiowf cotton into glucose increased with mechanical refining intensity, enzyme
load, and time. The enzymatic hydrolysis performance improved with the mechanical pretreatment
intensity until 10,000 PFI revs. Beyond this level of PFI revolutions no furtheoiraments in

enzymatic conversion were measured.

A prediction model and the process optimization were performed based on refining level,

residence times, and enzyme loads. The model was statistically and experimentally validated
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where pvalues were <0.0d0and both Rand Rag were higher than 0.92. Accordingly, at
optimum conditions, maximum conversion yields were predicted to be 89.3 (13,300 PFI revs, 96h
and enzyme charge of 6 FPU/O.D g ) and 98.3% ( 10,800 PFlI revs, 96h, and enzyme charge of 6
FPU/O.Dg ) for CTec2 and CTec3, respectively, which differs less than 1.5% from experimental

values.

In summary, considering that mechanical refining is a-katiwn technology and the high
yields attained in the enzymatic conversion of cotton textiles, thik ghlights the potential of
mechanical refining to convert textile wastes into sugars at an industrial scale. Nevertheless, should
this technology be considered as a pretreatment for enzymatic hydrolysis of cotton textile waste,
there are two main chalhges to overcome. On the one hand, textiles are usually mixtures of
synthetic and natural fibers, e.g., cotton and polydSebramanian et al., 202Ghis could be
overcome by the deployment of textile waste sorting technol@Die®t al., 2022)On the other
hand, the presence of persistent dyes that hinder the enzyme activity to convert cotton fibers
(BuschleDiller and Traore, 1998; Czilik et al., 200Recently, a comprehensive summary of
such challenges has been repofiéera et al., 2022)Future work will focus on the pretreatment
of colored textile waste, which will be published in folley research reports. The effect of other
factors such as the presence of synthetic fibers, softeners and finishing chemicals will be also

considered.
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4. ENVIRONMENTALLY FRIENDLY OXIDATION PRETREATMENTS TO
PRODUCE SUGAR-BASED BUILDING BLOCKS FROM DYED TEXTILE WASTES

VIA ENZYMATIC HYDROLYSIS3.

Abstract

Given the increasing concern over textile waste management and the proliferation of textile
landfills, enzymatic hydrolysis of cotton represents a potential pathway to upcycle textile waste
into valuable chemical building blocks. However, this pathwayh&lenged by the presence of
persistent dyes, hindering enzyme performance. To overcome this issue, environmentally friendly
and total chlorine free oxidation methods such as ozone and alkaline hydrogen peroxide were used
in combination with mechanical iefing pretreatment. The results showed that the enzymatic
conversion of blacklyed cotton, without oxidation, resulted in a glucose yield of only 60% as
compared to 95% for undyed cotton fibers. On the other hand, the inclusion of oxidation processes
in the pretreatment stage resulted in a glucose yield of 90% via enzymatic hydrolysis at expense
of using low oxidation chemicals and low enzyme charges. ditapterhighlights the potential

of oxidation methods, enzymatic hydrolysis, and mechanical refisrapacofriendly pathway

for generating valuadded chemicals from cotton textile waste while promoting economic

circularity.

3This chapter has been published as:

Vera, R. E., Zambrano, F., Marquez, R., Vivas, K., Forfora, N., Bedard &Ganzalez R.
(2023). Environmentally friendly oxidation pretreatments to produce sagd building blocks
from dyed textile wastes via enzymatic hydrolysis. Chemical Engineering Journal, 143321.
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4.1. Introduction

Current enebf-life management practices for textile products have gained significant research
attention due to the generation of over 100 million tons worldwide anniigtk et al., 2018;
Fortuna and Diyamandoglu, 2017; United States EnvironmentalcRooté\gency, 2021)In the
United States alone, the generation of textile waste reaches 17 million tons per year, with over
85% being either landfilled or incinerat@damawand et al., 2016; Johnson et al., 20Z0)is
posesa significant environmeat challenge as textile landfilling contributes to global warming by
producing potent greenhouse gases during degradation or combustion and may also leads potential
leaching of toxic dyes, which constitutes an environmental corfEerntuna and Diyamandag|
2017; Lellis et al., 2019; Manzoor and Sharma, 2019 address this challenge, the textile
industry has been seeking alternatives and emerging technologies to implement circular economy
practices throughout the textile production life cycle to ificgntly reduce landfilling(Esteve
Turrillas and de la Guardia, 2017; Jia et al., 2020; Sandin and Peters, 2018; Subramanian et al.,
2020; Yousef et al., 2019a)

Cotton is the most widely used natural fiber used in the textile industry, represenBogoe30
of the total fibers use{Singh and Satapathy, 2018; Zambrano et al., 2028bural fibers like
cotton, which are essentially almost pure cellulose, have a unique chemical composition that
allows for enzymatic hydrolysis (EH) and conversion intecgke(Vera et al., 2023; Vera et al.,
2022) Such conversion of cotton textile waste into glucose not only helps to reduce textile waste
landfilling, but also presents the opportunity to generate a sugar that can be used as a raw material
to produce vaous biobased chemicals that can substitute petrolbased ones and be sold at a

premium pricgEfe et al., 2013; Kohli et al., 2019; Ortiz et al., 2022; Stanescu, 2021)
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Enzymatic hydrolysis, which involves the use of enzymes to break down celhalyseeric
chains into monomeric sugars (e.g., glucose), is the most widely studied pathway for the
conversion of cotton into valeedded chemical@Cybulska et al., 2019; De Assis et al., 2018;
Hasanzadeh et al., 2018; Jeihanipour et al., 20 Haatorssuch as substrate composition and
structure, enzyme charge, temperature, and pH play a crucial role in the enzymatic (B&ction
Assis et al., 2018 However, due to the complex nature of the cellulose polymeric chain, simple
EH of textiles results ifow yields (lower than 40%Vera et al., 2022)Thus, pretreatments are
necessary to improve the conversion of cellulosic materials into glucose and make the process
economically viabl€¢Vera et al., 2022)

As a result, both chemical and mechaniaa-tpeatments have been developed to increase
cellulose accessibility in order to improve the enzymatic hydrolysis performance, but at expense
of extremely high chemical, thermal, and enzyme (Bwandra et al., 2009; Hasanzadeh et al.,
2018; Jeihanipourral Taherzadeh, 2009; Vera et al.,, 2022; Yousef et al., 20R@mently,
mechanical refining has emerged as an environmentally friendly pretreatment for the conversion
of textile wastes via EKVera et al., 2023)This pretreatment requires no chemigatl has low
capital investment cost, making it already an attractive option for the pulp & paper and biorefinery
industry(Corbett et al., 2018; De Assis et al., 2018; Park et al., 2016; F. Zambrano et al., 2021)
Mechanical refining modifies celluloggoperties, increases the surface area, and alters cellulose
fiber morphology(De Assis et al.,, 2018; Vera et al., 2023; Vera et al., 20P2)s, cotton
conversion yield is also increased, even when using significantly lower charge of gffixyme
Assis @ al., 2018; Jeihanipour et al., 2010b; Jeihanipour and Taherzadeh, 2009; Vera et al., 2023)
In addition, the use of mechanical refining as a pretreatment method has the added advantage of

requiring either no or minimal chemical us@gera et al., 2023)making it an ecofriendly and
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highly efficient option with cotton conversion yields exceeding 40% Assis et al., 2018/era
et al., 2023)

Even when promoting significant improvements in EH yields, mechanical refining might not
be able to efficiently convert dyed textiles as dyes have been reported to drastically hinder enzymes
performance and their ability to convert cotton to glu¢BsescHe-Diller and Traore, 1998; Czilik
et al., 2002; Vera et al., 2022; Yamada et al., 2005; M. C. Zambrano et al., 3eX&yal
techniques to degrade dyes have been developed and used for either the treatment of textile
wastewater or textile fibers per.s€hese techniques are called dye oxidation, bleaching, or
stripping processes, which consists of either extracting or breaking down the structure of dyes to
achieve textile discoloratioff\rooj et al., 2020; Li, 2021; Powar et al., 2020a; Sun et al.,)2018

Dye oxidation (bleaching) methods typically rely on the formation and utilization of strong
oxidant radicals (e.g., HD which react with dyes and break the colored functional g(éaps
et al., 2017a; Powar et al., 2020a; Stzen et al., 2020;tShn 2018; Wang et al., 2020 ecent
research has focused on Total Chlorine Free (TCF) methods where the most used chemicals are
ozone (Z), and alkaline hydrogen peroxide (AHP) because of their capability to bleach and their
low environmental impactdrause of the absence of chloramntaining compounddavaid and
Qazi, 2019; Powar et al., 2020b; Wang et al., 20Zlhe performance of oxidation (bleaching)
processes will depend on several factors such as the nature of the dye, type and ckiaiajeoof o
agents, time, pH and temperat(iggen et al., 2016; Gias Uddin and Islam, 2011, Li, 2021; Powar
et al., 2020b; J. Wu et al., 2008a)

However, the relation between bleaching of dyed textiles and the mechanical refining to
improve the EH has nditeen reported ydWera et al., 2022) Thischapteraims to evaluate the

impact of mechanical refining on the EH of dyed cotton, expected to be lower compared to
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processing undyed cotton. Therefore, TCF oxidation methods such as ozone, alkalinenhydroge
peroxide, and their combination are shown to degrade persistent dyes and enhance the enzymatic
conversion of dyed textile waste, where mechanical refining is highly important to assure high
conversions at low enzyme and chemical charges. The effectiversmn of cotton textile wastes

into glucose promoted after textiles decolorization is a critical step toward a proper management
of textile waste and the creation of a circular bioeconomy to fight the growing and concerning

textile landfilling and burmig.
4.2. Material and methods
4.2.1. Materials

Waste cotton textiles: Samples ofindyed and dyed-ghirts made of 100% cottavere
provided by Cotton InqWeston Pkwy, Cary, NC). Compositional analysis was carried to the
cotton samples where cellulose repres@f®s of cotton composition. Sulfuric acid 72% w/w and
Sodium Carbonate (Certified ACS) from Fisher Chemicals (Hampton, NH, USA) were used for

the compositional analysis of cotton textiles.

Enzyme: Cellic CTec3 cellulase enzyme (Novozymes, Bagsveerd, Dehmak used to
perform the EH experiments. The activity of CTec3 cellulase was determined to be 196 FPU/mL

by following the standard method for estimation of cellulase acii®itiney and Baker, 1996)

Chemicals: Sodium hydroxide (Fisher Scientific Co, USA) and hydrogen peroxide (Fisher
Scientific Co, USA) were used for the bleaching process of cotton. Sodium acetate
(Crystalline/Certified ACS) and acetic acid (glacial, Certified A®8}h from Fisher Chemicals

(Hampton, NH, USA), were used to prepare the buffer solution at pH 5.2 for the EH process.
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4.2.2. Mechanical pre-treatment

Cotton grinding: Cotton textiles cutting was performed in a guillotine style paper trimmer (%2
inch x % inch)and thergrinded in a Wiley mill with a 35 mesh screen. Milled
cottonwasdisintegrated in a standard pulp disintegrator (Pulp Disintegrator, Testing Machines
Inc., New Castle-D.E., USA)at 1.2% solids concentration (cotton mass/total mass), &G0
revs.Then, the cotton wadltiered and diluted with water in order to get 10% solids concentration

to proceed with the mechanical refinif\gera et al., 2023)

Mechanical refining: Cotton at 10% of solids contewtis mechanically refined inRFI mill
(Norwegian Pulp and Paper litste (PFI), Oslo, Norway), at an intensity of 2,500, 5,000, 10,000
and 20,000 PFI revs. After refinintperefined cotton was collected and stored at 4vitBout

washing.

4.2.3. Cotton bleaching treatments

100% black cotton-shirts previously milled were ad for the bleaching treatments. Ozone
(2), alkaline hydrogen peroxide (AHP) and the combination of these oxidation treatments were
explored to bleach black cottoshirts at the basis conditions shown in Tablle AHP treatment
was performed in sealedlyethylene bags immersed in a temperatoetrolled water bath.
Starting from the base case (Ta#i&) andfollowing a onefactorattime (OFAT) sequence, the
effect of bleaching variables such as temperature, NaOH cha#@e,cHarge, time and solids
content was evaluated. Z treatments were applied at 3% of solids content and at room temperature
to cotton preconditioned at different pH (pH = 3, pH=7 and pH=11 adjusted with either NaOH or
sulfuric acid). A gas flow containing 8 wt%s@as produced usg a laboratory ozone generator

(PCI Ozone & Control Systems Inc., West Caldwell, NJ). Different ozone charges were applied
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by varying the contact time of the gas flow (1 L/min) with the cot@eone charge is evaluated

as the difference between the @tering and the ©leaving the reactor, which is trapped into a

Kl solution (F. Zambrano et al., 2021yhe manipulation of ozone charge was accomplished by
varying the reaction time during the ozonation process, with longer oxidation processes resulting
in higher ozone chargélhe ozone consumption on the textile was calculated by the mass
difference betwen the ozone fed into the reactor and the unreacted ozone. After each bleaching
stage, the textile was washed with DI water and filtered through cloth mesh until obtaining a
clarified filtrate. In the case of the-tfeated cotton, the pH was adjusted 6 wWith NaOH (1%

w/v) after washing. The washed cotton pulp was centrifuged to approximately 30% solid content
and fluffed (Zambrano et al.,, 2022)An undiluted aliquot of the filtrates was collected for

measuring pH.

Table 4- 1. Base case conditions for bleaching treatmé@ntZambrano et al., 2021)

Time Temperature | Solid content

Type of Bleach ) Chemical concentrations (%0)
(minutes) (°C) (%)
Alkaline Hydrogen -H202: 4 wt.%
_ 90 90 10
Peroxide (AHP) -NaOH: 3 wt.%
-03: 7.5 wt.%
Ozone 30 25 3

at 1L/min ; pH: 3

- First Stage (Ozone)
-O3: 7.5 wt.% at 1L/min ; pH: 3
Ozone+AHP 60 70 10 Second Stage (AHP)
-H202: 1 wt.%
-NaOH: 2 wt.%
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4.2.4. Potassium permanganate consumption and brightness.

The performance of the bleaching process to remove or degrade dye was related to the
permanganate consumption, and brightness me{@aasbrano et al., 2022)The first method is
highly used in the pulp and paper industry to determine kappa numbernrélaitegl to the lignin
content of the pulgF. Zambrano et al., 2021) Samples ranging from 1 to 3 oven dried (O.D)
grams of the refined and bleached cotton were added to a beaker with 800 mL of distilled water
and blended for 2 min. Then, 100 mL of KK}, at 0.1 N and 100 mL of sulfuric acid at 4 N were
mixed and added to the sample. The oxidation of the dye was stopped after 10 min by adding 20
mL of potassium iodide at 0.1 N. The determination of the remaining KIM&S performed by
a back titration sing sodium thiosulphate at 0.2 N. Textile pads were made to measure brightness,
which was determined by following ISO standards (ISO 247@016), and using Technidyne

Color-Touch X model CTXISO (New Albany, IN).

4.2.5. X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM)

measurements

Imaging of cotton fibers was performed using a fiefdission scanning electron microscope
(FE-SEM, FEI Verios 460 L, Hillsboro, OR). The accelerating voltage was operated at a relatively
low range (0.51.0 kV) to ensure good image resolution without causing damage to the fibrils.
Air-dried cotton pads were used for SEM images. The fiber surface functional groups were
investigated using Xay photoelectron spectroscopy (XPS) assessed with a SPECG#Iédex

electron spectrometer (Berlin, Germany).
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4.2.6. Enzymatic hydrolysis

EH experiments were conducted fdt @.D. (ovendried) g basis of mechanically refined (and
bleached) cotton at a 5% solids content, using 50 mL cadnmices. The aqueous phase was
comprised of a CTec3 enzyme at 6 FPU/O.D g of cotton, and sodium acstate acicduffer
solution at pH 5.2. Deionized water was used in all experim@&mistating incubator (FinePCR
COMBI-D24, Seoul, Korea) wassedto perform EHof cotton at50 °C and 12 rprfor 96 h.Then,
each samplavas centrifuged for 10 min at 43 rpm using an Eppendorf Centrifuge 570. The
supernatant was used fglucosedetermination and for calculation of carbohydrate conversion
during enzymatic hydrolysis. Glucoaaalysis was carried out on the higlrformance liquid

chromatography (HPLC)ystem, following standard procedu@®@uiter et al., 2010)
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4.3. Results and discussion
4.3.1. Effect of mechanical refining on the enzymatic hydrolysis of dyed cotton.

Previous work has shown mechanical refining, as a pretreatment, to improve significantly the
conversion of undyed cotton textile waste into glucose and potentialaddleel chemicals via
EH (Vera et al., 2023)In a more realistic scenario, this pretreant has been applied to dyed
cotton to evaluate how dyes can impact the performance of the mechanical refining in the
enzymatic conversion of dyed textile waste. Bida compares the EH of both undyed and black
dyed cotton at various levels of mechanicefining (2,500; 5,000; 10,000 and 20,000 PFI revs)
and an enzyme charge 6FPU/O.D grams of cotton. The sugar yield improved with increasing
mechanical refining intensity in both cases, but the conversion rate was significantly lower for
dyed cotton. Ths, the importance of corroborating the inhibitory effect of dyes to the cotton EH
performance(BuschleDiller and Traore, 1998; M. C. Zambrano et al., 2021yes confer a
hydrophobic nature to the cotton surfabmderingenzyme accessibility to thelkdosic surface
and negatively impacting their performance to convert cellulose into s{Mafs. Zambrano et

al., 2021)

The enzymatic conversion of cotton is significantly influenced by the nature of theiiga
is observed in Figd-1b for refined and differently colored cotton textile waste. While certain dyes
(e.q., grey, green, and blue) did not result in a significant decrease in cotton conversion, red and
black dye reduced the conversion yield by up to 40% when compared to wottpeconversion.
Fig. 4-1c-h depicts fiber degradation after EH for differently dyed cotton. The morphology of
undyed, grey, and green fibers (Hglc-f) appear to be disrupted, while both red and black dyed
fibers appear to retain more structurakmgrity. The substantial variation in the ability of dyes to

i nhi bit EH could be directly |Iinked to the

dy
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they are attached to the cellulosic structure of cquschleDiller and Traore, 1998; Guo et al.

2016; Vera et al., 2022)
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Figure 4-1. (a) Effect of the mechanical refining and (b) dyes on enzymatic hydrolysis of dyed
textile wastes. Alenzymatic hydrolysis tests were assessed with an enzyme charge of 6FPU/O.D
g of cotton during 96h at 50 °C. Dyed textiles were mechanically refined at 10,000 PFI revs. Fiber
morphology after enzymatic hydrolysis of (c) undyed, (d) grey, (e) green, (f)(glued and (h)

black cotton. Enzymatic hydrolysis experiments were done by triplicate.
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Reactive dyes have been reported to have the strongest inhibitory effect on enzyme activity
and to reduce cotton EH compared to direct or disperse(BysshleDill er and Traore, 1998;
Guo et al., 2016)Specifically, reactive dyes form covalent bonds with cellulose after undergoing
chemical reactior{Hunger, 2003) On the other hand, other dyeing mechanisms such as dye
adsorption (direct, vat, and sulfur dyes)d iorrpair formation (acid, and cationic dyes) may not
have as strong inhibitory effect on enzyme activity compared to reactivéRlysshleDiller and
Traore, 1998; Guo et al.,, 2016; Vera et al., 2022; Yamada et al.,.ZD@&)concentration,
molecubr weight, and the number of chromophore groups have been also correlated to the
performance of the EH of textiléBuschleDiller and Traore, 1998; Guo et al., 2016; Vera et al.,

2022; Yamada et al., 2005)

The effectiveness of mechanical refining geretreatment to enhance cotton conversion via
EH can be hindered by the presence of dyes, as evidenced by the low cotton conversion. This
inherent constraint renders it impractical to use this conversion pfdeeast al., 2022) Thus,
the combinatiorof dye oxidation (bleaching) processes with mechanical refining is evaluated in

the next section in an attempt to improve the conversion of dyed textiles.

4.3.2. Effect of dye oxidation on cotton enzymatic hydrolysis.

This section outlines for the first time tbetcomes of a systematic study that assessed the
performance of mechanical refining combined with oxidation treatments (Alkaline hydrogen
peroxide (AHP), ozone (Z), and their combination) to improve the EH yields oftigakcotton.

All the evaluated oxlation treatments fall under the category of TCF and have been previously

reported for textile§Abdul and Narendra, 2013; Li et al., 2021)
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4.3.2.1. Alkaline hydrogen peroxide oxidation process

The AHP treatment was evaluated and the effect of its main process variables such as caustic
charge (Fig4-2a), BO> charge (Fig4-2b), time (Fig.4-2c), temperature (Figi-2d) and solids
concentration (Figd-2e) on removing the dye were considerede Dgmoval from mechanically
refined cotton (10,000 PFI revs) was observed after AHP treatment, which resulted in an increase
in EH yield, as shown in Figl-2. Enzymatic conversion improved significantly after treatment
with AHP, resulting in yields up t86% when oxidation conditions were 4%, 3% NaOH, 90
°C and 90 minutes. Figl-2 also shows that cotton conversion into glucose increased when the
charge of both NaOH and.8: increases in the AHP process. Moreover, an increase in residence
time, temperature, and the solids concentration also resulted in better dye removal and thus higher
glucose yield. AHP process consists of generating oxidant ra¢cglsHO) that eithedegrade
or break covalent bonds to extract the dyes from the cotton siiFacg et al., 2017a; Powar et
al., 2020a; S6zen et al., 2020; Sun et al., 2018; Wang et al.,. 20B0%e radicals are formed
when NaOH reacts with 3@, thus an increment ofié charge of these chemicals will create more

radicals to improve the oxidation performance.

The AHP process did not result in significant textile discoloration but showed a significant dye
extraction as observed in the aftidation residual solutior~(g. 4-2f). This is consistent with
previous studies claiming that achieving a white coloration in the treated textile is difficult as the
dye removal occurs via a migration of the dye from the textile to the alkaline peroxide
solutionChadwick and Ter, 85). Moreover, some authors suggest that the mechanism of the
AHP is based on destroying the bonding of the dye molecule with the fiber rather than destroying
the molecular structure of the dye per se, which is necessary to achieve disco(bra681,

Vera et al., 2022)Thus, dye is removed instead of being oxidized and degraded{Fig.
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The AHP process demonstrates that dye removal from cotton surface improves EH
significantly (Fig.4-2). Additionally, the chemical charges and thermal cioors used in the AHP
process to achieve an enzymatic cotton conversion close to 90% are much lower (e.g., 3%NaOH,
4% HO, and 90°C) compared to conventional pretreatments reported in the literature (e.g.,
12%NaOH, 85% kP, 150 °C) (Vera et al.,, 2022) However, the generation of colored
wastewater residual after the AHP process (#igf) poses a significant sustainability challenge
due to the detrimental effect that dyed wastewater could have on the envirdfombain and
Ozturkcan, 2013)To mitgate this issue, further oxidation strategies and wastewater treatments
would be neede@Asghar et al., 2015; Berradi et al., 2019; Bigambo et al., 2021; Fang et al., 2017b;

Wen et al., 2018; C. H. Wu et al., 2008)

While the conversion of dyed cotton is significantly improved after the AHP treatment, the
fact that some of the dye remains on the cotton surface (sek&igould also be challenging for
further conversion processes. Colored hydrolysate after EH bindiér, for example, glucose
fermentation to produce either ethanol or succinic acid because of the presence of aromatic
molecules, which is a main characteristic of dyes chemical strugiaeg et al., 2018)Thus,
oxidation processes that either extrand break down the chemical structure of dyes and promote

textile discoloration are more desirable.



134

Cotton Conversion, %

100

80 4
60 1
40 4

20 A

04
Untreated 1

OO.

a) 826

791

60.2

86.1

H20, %

@ =]
> =]

@
=1

Cotton Conversion, %
N -
=] (=]

o

Untreated

Oﬁj!

78.0

0.5 1 2
NaOH %

86.1

3

#

Cotton Conversion, %

80 4

)

60.2

66.8

Untreated 20

76.3

Tlme min

823

Q“‘.

86.1

Cotton Conversion, %

100

80

60

40

20

o

1l

Untreated
Temperature s

Cotton Conversion, % =%
N - [*2] == =3
S S = S8 5

o

]

86.1

Untreated

10

ohds Concentratlon %

i e

QQQQ

Figure 4- 2. Effect of alkaline hydrogen peroxide bleaching variables on enzymatic hydrolysis of
mechanically refinedatton (10,000 PFI revs). Effect of (ap® charge, (b) NaOH charge, (c)

time, (d) temperature, and (e) Solid concentration. (f) Water residual after AHP process. Enzymatic
hydrolysis was carried out by using CTec3 at 6FPU/O.D grams of cotton during®BPCGatThe

study of each variable in the AHP process has the following base caseiG%ard 3%NaOH

during 90 mins at 90 °C and a solid concentration of 5%wt.

4.3.2.2. Ozone oxidation process

The ozone (Z) process is a potent oxidation method thatamwescthe use of chemicals unlike
most conventional stripping processes of dyes, including (AH#®] et al., 2013) Moreover,
besides not requiring high thermal conditions, this ecofriendly process uses only ozone gas and a
significantly lower amount oéhemicals for adjusting the pH, leading to effluents that are easy to
decompose and biodegrd&deooj et al., 2013) This section discussele impact of the main
parametersf the Z oxidatiorprocess, namely the ozone charge and pH, on-olge#t cottonAs

illustrated in Fig4-3, the ozone treatment resulted in partial cotton discoloration. Moreover, dyed

cotton discoloration is directly linked to the enhancement of cotton conversion into glicose.
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addition to the unbleached cotton conversion (60%), ¥a shows the EH conversion of cotton
bleached with ozone under different pH values and at a solid concentration of Pyeélcotton
discoloration and its conversion into glucose was highly dependent on the pH, being the acidic
environment (pH = 3jhe one displaying the highest brightening performance and the highest
cotton conversion into glucose (78%). The high performance of Z process to degrade dyes under
acidic conditions can be attributedth® fact that ozone gas is more soluble, stablesalettive

in reaction with dyes at lower pfAdams and Gorg, 2002; Arooj et al., 2020he chromophore
double bonds (e.g-N = N-) bonding aromatic rings of the dye are broken due to their high
susceptibility to react with ozorf@rooj et al., 2020)Once chromophore groups are degraded, the

coloring capacity of the dye disappe@hsooj et al., 2020; C. H. Wu et al., 2008)

At acidic conditions (pH= 3), the effect of ozone charge was assessed, and it is evident that
both color removal ancbttonconversion into glucose were enhanced with the increasing of ozone
charge (Fig4-3b). Ozone charge refers to the quantity of ozone that reacted with the dye during
the oxidation process. In this case, the evaluated ozone charges were assessed attowatatio
of 10, 20, and 30 minutes. A cotton conversion into glucose of 78% is reached after treating cotton

with an ozone charge of 3.2% (30 min of reaction).

Although the Z process was more effective to brighten the cotton, EH performance was not
better han cotton treated with AHP. As a result, ozone treatment appears to be limited to a
conversion of about 78%, which may affect the conversion economics of the overall process. The
low yield obtained from transforming cotton into glucose after Z bleaahizng be attributed to
the selectivity of the ozone oxidation mechanism to cleave benzene rings and double bonds of the
dye related to its chromophore structure (e-.G=C- and -N=N) rather than the concept of

degrading and ext r aanicimatigr attabhed tetnetcelluld®deryetal.Ly e’ s o0
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2018) Thus, the reaction of the original dye molecule with ozone may result in the transformation
of most of the organic compounds into carbonyl and carboxylic acid groups, which may remain

attached tahe cotton surface after oxidation proc@a&n et al., 2018; F. Zambrano et al., 2021)

4.3.2.3. Ozone and AHP oxidation sequences.

Transformation of colored textile waste into glucose is significantly improved when both
AHP and ozone are applied even thougkythave important limitations (Fig-3c). The AHP
process, while not effective at decolorizing, is capable of extracting the dye from the textile
surface, thus achieving high cotton conversion (higher than 80%) via enzymatic hydrolysis. On
the other handpzone has a potent brightening effect but does not promote cotton conversions
higher than 78%. Therefore, the combination of both oxidation processes has been designed into
a sequence where ozone was applied initially to degrade and break down therdgalctructure
and bleach the cotton textile waste. As a second stage, AHP was applied aOloanti NaOH

charge to extract the residual dye left on the cotton surface after ozone stage.

In this section, Z process was assessed with an ozone chargéooftdsed on O.D mass) at
acidic conditions (pH=3), room temperature and a duration of 30 min. A second discoloration stage
was performed using AHP extraction with 1%04and 2% NaOH for 60 min at 70 °C. Fg3c
shows that white cotton was achievecathese two evaluated bleaching stages. Moreover, EH
yield also increased to 90% which is a significant conversion increment compared to unbleached

(60%), cotton treated only with ozone (78%) or only with AHP (86%).

Compared to either Z or AHP processeparately, the ozone + AHP oxidation sequence
promoted a synergistic effect that resulted in a higher conversion of dyed cotton (~ 90%) even at

lower chemical charges. There is a significant difference in the effluents generated after the entire
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oxidation process, with AHP producing dyed wastewater and ozone generating an undyed and
nearly crystalline effluent (Figl-3d). Moreover, white cotton would yield an undyed hydrolysate,
leading to a more efficient production of valaéded chemicals from glucodeis important to
emphasize that while bleaching is required to remove dye from textiles, mechanical refining
remains the most crucial pretreatment to improve the enzymatic conversion of cotton textiles. As
shown in Fig4-3e, even bleached material cahhave conversion yields higher than 60% without
mechanical refining. In contrast, cotton conversion increases when mechanical refining is applied,

particularly when the pretreatment intensity increases, resulting in yields higher than 90%.
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Figure 4-3. Effect of Ozone bleaching variables on enzymatic hydrolysis of mechanically refined
cotton (10,000 PFI revs). Effect of (a) pH, and (b) Ozone charge. (c) Effect of Ozone bleaching
followed by AHP extraction on enzymatic hydysis of mechanically refined cotton (10,000 PFI
revs). (d) Water residual after Ozone bleaching process. (e) Enzymatic hydrolysis of cotton textile
waste at different levels of mechanical refining and bleaching processes. Enzymatic hydrolysis
was assessdyy using CTec3 at 6FPU/O.D grams of cotton during 96h at 50 °C and a solid content
of 5%wt. Enzymatic hydrolysis experiments were done by triplicate. The study of each variable in
the Ozone process has the following base case: 3R¥H®B and a solid caentration of 3%
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The change in the surface composition following each treatment allows to shed light on the
underlying oxidation mechanism. The application of TCF oxidation treatments generates chemical
changes on the textile surface (Figdi4), which could be also related to the subsequent enzymatic
hydrolysis performance. Ozone reacts with all the aromatic structures of the dye, leading to an
increase in the formation of carboxyl (C4) and carbonyl (62-€D, C3) groupglsmail and Sakai,

2022; Zambrano et al., 2022)his could result in the formation of muconic acid and quinonoid
structureqArgyropoulos et al., 1995; Zambrano et al., 2022)e cleavage of conjugated double
bonds in the side aromatic chains also generates carboni@sfieigure4-4). The generation of
carbonyl groups after the application of oxidative treatments is one of the main mechanisms by
which some colors can remain in the textile (e.g., the yellow color after Z trea{iRigiat) et al.,

2007) This suggestthat carbonyl groups present in the colored intermediate species known to
form during ozonation were further oxidized into carboxyl groups. This is also reflected in a
decreasing of the O/C ratio for a textile treated with ozone (Hab)eThe overall laver O/C ratio

may be related to the formation of oxidized dye structures that remain on the textile surface, which
could still hinder the enzyme performance. In the AHP process, the persistence of the black
chromophore on the fiber surface has been relat¢lde low oxidation of the dye structure that
make color removal more difficu{Argyropoulos et al., 19955imilarly, oxidation of dyes with
reagents of low oxidative potential such as AHP could result in the formation of chromophore
species containg carbonyl groups that are detrimental to discolorg@@mbrano et al., 2022)

The latter can be observed in Figdrd where the C3 groups composition increase compared to
the dyed (unbleached) textile. On the other hand, compared to Z procesprdddss provided a
textile surface with higher-©H (C2 ) groups which could be related to the extraction of dye and

the exposure of hydroxyl group of the mechanically refined cellulose.
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Regarding the effect of the Z + AHP oxidation sequence on thdetextiface chemistry,
Figure 44 shows a significant decrease of carboxyl groups (C4) and carbonyH@&dD) C3)
groups. This is likely the main reason why the resulting textile substrate became white and showed
significantly improved enzymatic hydrolygierformance. Overall, the formation and presence of
carboxyl and carbonyl groups on textile surface appears to have a negative effect on enzymatic
hydrolysis performance following oxidation treatments. Further research is needed to better
understand thenaount of textile surface and surface extractives that remain after ozone (Z) and
hydrogen peroxide (AHP) oxidation treatments. However, such a highly complex assessment falls
outside the scope of this work, given the variety of secondary chemical spetiesan be

generated on the textile surface after oxidation treatments.

mCl (C-C,C-H) C2(C-O,C-OH) =C3 (C=0,0-C-0) =C4 (0-C=0)

100 | 2.66 1.09 381 0.38
14.55
_S 80
S 51.39
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== 58.79
22 60 |
28 B 56.55
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55 40+
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Figure 4-4. Effect of oxidation processes on surface functional group composition of textile
wastes. Functional groups were determined bpyXphotoeleecbn spectroscopy.
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Table 4-2. Surface composition and enzymatic hydrolysis of dyed and oxidized textile waste.

Sample con\I/EeI_rlsion O/Q % C1 %C2 %C3 %6C4
% ratio (C-C,C-H) | (C-0,C-0OH) | (C=0,0-C-0) | (0-C=0)

Dyed 60 0.56 39.8 51.4 6.1 2.66

AHP 86 0.58 22.1 68.1 8.7 1.09

4 70 0.53 25.8 56.5 14.5 3.81

Z+AHP 90 0.59 35.1 58.8 5.3 0.38

4.3.2.4. Oxidation performance and its correlation with KMnOs consumption and

brightness

The oxidation performance of both Z and AHP processes was rdiatéode KMnQ
consumption per O.D g of cotton and brightness (Fifa). KMnQs consumption is a method
commonly used in the pulp and paper industry to quantify the lignin content (kappa number) left
on fibers after pulping cellulosic feedstdék Zambranaet al., 2021) This is an effective method
to assess the amount of dye/oxidizing groups left on the cotton surface after bi¢bicta6g1;

F. Zambrano et al., 2021k was observed that both AHP and Z treatments exhibited a linear
correlation betwen KMnQ consumption and cotton conversion (Fg5a), indicating that a

lower KMnO4 consumption corresponds to a lower amount of residual dye/oxidizing groups, and
thus, higher cotton conversion is achieved. In addition, &b shows that brightness also

linearly correlated with the conversion of cotton into glucose after a bleaching process. The results
demonstrated that efficiency of the oxidation process to degrade and remove the dye plays a crucial
role in achieving higher brightness and enzifoeonversion of cotton after bleaching. Moreover,

Fig. 4-5c revealed that a lower permanganate consumption is associated with higher brightness,

indicating a lower amount of residual dye in the bleached cotton.
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Fig. 4-5 reveals that the slopes of the linear correlations are dependent on the bleaching method

employed, which is likely linked to the specific mechanism of dye removal. Compared to AHP,

ozone is notably more efficient at bleaching due to its ability to degha&dchromophoric structure

of the dye, including aromatic benzene rii@®mes et al.,

2012; J. Wu et al., 2008b)a future

perspective, these linear correlations may aid in predicting the conversion of cotton textile waste

via EH following an oxidaon process. Linearity is expected to change as a function of the nature

of the dye, which would change optimum bleaching parameters (e.g.,

charge, etc.) and performance.
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4.3.2.5. Implications of converting cotton textile waste via enzymatic hydrolysis when both

mechanical refining and TCF bleaching are used as pretreatment.

The need for pretreatments using extremely high chemical dosage and high thermal conditions
to enhance the enzymatic hydrolysis of cotton textile wastes can be overcome by using mechanical
refining and bleaching processes presented in thiapter These technologies, already
implemented in other industries (e.g., pulp & paper and Biorefinery), could be easily installed at
industrial scale for textile waste management. Taf8ecompares B new pretreatment pathway
with the most conventional pretreatment methods to convert textile waste intcaddies
products via EH. The application of mechanical refining combined with TCF oxidation process
uses up to 6 times less chemicals than commegitmethods and up to 3 times less enzyme in the
enzymatic hydrolysis of textile wastes. From an environmental perspective, it is worth noting that
the process herein allows an important reduction in chemicals and energy, with potential

opportunities tde more environmentally friendly compared to other methods.

The feasible conversion of cotton textile waste into glucose to then produceaddiec
chemicals (e.g., biofuels, succinic acid, levulinic acid, etc.) signifies a promising alternative to
address the growing issue of textile waste generation and to implement an ecofriendly circular
economy. Aligned with the global effort to combat climate change, these a@ddieel chemicals
produced from textile waste not only would help to solve the textitHillmg issue but also would
help to replace petroleutrased chemicals. Moreover, the enzymatic conversion of cotton textile
waste into glucose would also be beneficial for separating textile fiber blends (normally cotton
polyester), allowing the recycldity of fully bleached synthetic fibers (e.g., polyester). Future

work will be focused on demonstrating the economic and environmental feasibility of this textile
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waste management approach while considering the production ofaddieel chemicals beyond

glucose.

Even though blacklyed cotton has been taken as a reference for this study, it should be noted
that the treatments presented in this work can be extended to all other colored cotton textile wastes
and dyegAvrivithamani and Dev, 2017; Giil and Ore4ildirim, 2009; Powar et al., 2020a; J. Wu
et al., 2008c; Yousef et al., 2019 ase of bleaching and process conditions are expected to
change based on the nature of the dye, chemical structure, molecular weight, chromophore groups,
etc. (Vera etal.,, 2022) These observations highlight the potential for future environmental
policies and regulations toward the development of dyes that are easier to bleach and degrade for
optimum textile waste management. For example, implementation of eithealriyes or dyes
with low molecular weight seems to be a promising alternative for a more sustainable life cycle of

textile products.
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Enzvme EH yield EH yield
. Type of Pretreatment Pretreatment y without with Chemical | Energy | Enzyme
Textile waste hod diti charge/g of a 0 c Reference
features pretreatment metho condition substrate pretreatment | pretreatment Use Use Use
(%) (%)
Blue Cellulase (20 (Jeihanipour
: Chemical and]  Shredded and NaOH 12%, FPU/ g) and
Jearés/ecgtton mechanical | grounded + NaOH 0 C, 96h —glucosidase 24.1 99 T L B Taherzadeh
Y (30 1U/g) 2009)
Dissolving Cellulase
50/50 . . HsP O, 85%, (7.5 FPU/g)
polyester/cotton and | Milled+Phosphoric) ™ and 12 79 T +++ | (Shenetal,
dyed regeneration acid 50 C,7h Cellobiase 2013)
of cellulose (15 CBUJq)
40/60 Dissolving NaOH 7% Urea Cellulase (30
polyester/cotton and _ _Freezmg _ 12%, FPU /_ g) 46 91 it 4+ N (Lietal.,
dyed regeneration| alkali/urea soaking 20 C. 1h —glucosidase 2019)
of cellulose ' (60 1U/g)
Shredded and
Dissolving grounded Cellulase (20 (Jeihanipour
50/50 and + NMMO 85%, | FpU/ g) 16 90 - P B etal.,
polyester/cottor] regeneration N-methyl 120 C, 2h —glucosidase 2010a)
Dyed of cellulose morpholineN- (30 1U/g)
oxide (NMMO)

Cotton T-shirts . : (Ramon E
(our previous | Mechanical Msgzr?ir:]lcal No czhsegmals C?:"g&&; © 60 95 + + + Vera et al.,
work) 9 9 2023)

Mechanical 2% NaOH,
Cotton T-shirts Chemo Refining + TCF | 1% H0O,, 3.2% | Cellulase (6
Dyed mechanical Oxidation Os FPU/q) 30 90 T T * (Our work)
processes 70C, 1h

Legend: +++ High, ++ medium, + Low; Consulted referen¢ésihanipour et al., 2010a; Jeihanipour and Taherzadeh, 2009; Li et al., 2019; Shen et al., 201!
E Vera et al., 2023; Vera et al., 2022)Refers to chemical use for pretreatmehfRefers to eergy use during pretreatmefRefers to enzyme use during the enzymi

hydrolysis stage.
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4.4. Conclusions

Enzymatic hydrolysis of textile waste has been identified as a promising pathway to produce
valueadded chemicals and implement economic circularity in the life cycle of textiles. Mechanical
refining has been developed as a pretreatment to facilitatenkersion of undyed cotton textile
waste into glucose with yields up to 90%, while using low energy and low enzyme dosage of 6
FPU/O. D g of cottortHiowever, the presence of persistent dyes in textile wastes poses a significant
challenge to feasibly achievtheir enzymatic conversion. To overcome this issue, mechanical
refining combined with TCF oxidation methods (e.g., ozone and hydrogen peroxide) have been
demonstrated to be a practical and unique pretreatment to convert dyed textile waste via enzymatic
hydrolysis. Ozone and alkaline hydrogen peroxide oxidation treatments showed different
mechanisms to minimize the negative effect of dye on the enzymatic conversion of cotton.
Compared to the conversion of dyed cotton (60%), AHP was more efficient totéleaye (low
brightening performance) and improve cotton conversions up to 86%, while Z was more effective

for brightening the cotton and enhance its enzymatic conversion with yields of 78%.

The twostage oxidation with ozoneSstage) and hydrogen mmxide (2 stage) produced a
white textile with glucose yields up to 90% at very low enzyme charges (6FPU/g). Fully degraded
dyes are translated into white textile waste, and then uncolored enzymatic hydrolysate, which is
desired for further production ealueadded chemicals. The combined approach of ozone and
alkaline hydrogen peroxide allowed also to decrease the chemical consumption as only@% of H
and 2% of NaOH (based on dried mass of textile) at a maximum temperature of 70 °C, which is

significantly lower energy consumption and chemical dosage compared to AHP by its own.
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Results from thighapterreinforce the use of the mechanical refining, bleaching processes and
enzymatic hydrolysis to deal with the execreasing cotton textile waste laiilifig and burning.
Bleaching technologies applied to textiles can be used for all types of textile dyes. However, their
performance and optimum conditions are expected to change based on the nature of dyes such as
the molecular weight, chromophore groupc. Thus, thischapter also emphasizes the
implementation of policies to use either low molecular weight or natural dyes that ease the

bleachability and management of textile waste.
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5. TEXTILE WASTE AS AN ADVANCED RESOURCE: TECHNO-ECONOMIC
ANALYSIS BEHIND THE INTEGRATION OF POLYESTER RECYCLING AND

GLUCOSE SYRUP PRODUCTION TO VALORIZE FAST FASHION GARMENTS®

Abstract.

Upcycling cotton textile waste into valuable chemicals represent®raiging opportunity to
combat textile landfilling and foster the circular economy in the industry. The process involves
innovative mechanical refining pretreatment and total chldree oxidation(TCF) of dyes to
achieve over 90% improvement in enzyrmoatiydrolysis vyields. This study presents a
technoeconomic analysis for a 14,800 annual glucose production line using both 100% cotton
and 50/50 cotton/polyester blends. Capital investments range from USD 5.6 to 7.9 million, with
manufacturing costs p&sn of glucose varying between USD 215 and USD 475, depending on the
textile blend. The scenario with cotton/polyester blends results in the mostffeasive option

(USD 290per ton of glucose) due to revenue from unhydrolyzed polyester sales. Avignsit
analysis highlights the significant influence of recycled polyester prices and content on the
economics. Thighapterdemonstrates thgotentialeconomic viability of enzymatic hydrolysis,
mechanical refining, and TCF oxidation for industsahle pcycling while promoting the

recycling of synthetic fibers.

SThis chapter has been submittectpeer review and high impgournal.
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5.1. Introduction

Textile wasteconstitutesone of the mogpressingenvironmental and sociahallengegacing
our world today(Vera et al., 2022)Driven bythe increasing demand for fast fashion and the
prevalence of clothindisposal the amount of textile waste continues to grow at an alarming rate.
The U.S. generatefl7 million tons of textile wasten 2018, where85% of which was either
landfilled orincineratedfor energy productiofEPA - United States Enviromental Protection
Agency, 2020) The landfilling and incineration of these materimscontributingto additional
greenhouse gas emissipaad can eventually lead leachng of potentiallyhazardous dyes to
water sourcesposingsubstantial environmental consequen&aini, 2017; Subramanian et al.,
2020)

Considering that the combined percentage of incinerated and landfilled gexdile
disproportionately high, developing technologies to manage this type of waste material could have
a major positive impact on the environmé¢iktvan, 2018) Cotton representsp to 40% of the
commercial textile fibers in the.B,, offeringa unique oportunity to develop a circular economy
model(Kwan, 2018; Vera et al., 2023&otton, composed of pure cellulosan be transformed
into glucose via enzymatic hydrolygld et al., 2019) Glucose is the monomefimrm of cellulose
(Gonzalez et al2023) This simple sugar is rising as a significant raw material to produce-value
added bioproducts in the chemiaadlustry (Gonzalez et al., 2023; Kapanji et al., 2021; Vera et
al., 2022) In 2020, the global glucose market reached a size of USDbillon, with glucose
syrup alone accounting for the highest revenue share at 92%| ucose Mar|lket
Industry Report, 202@ 0 2 8023. Moreover the market is expected to expand at a compound

annual growth rate (CAGR) of 5.0% by 20Z8iven this expandingmarket, the production of
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glucose from textile wasteepresents a great opportunityaddresghe striking environmental
challenges posday both textile landfilling and burning.

The highest share of textile fibers belongs to syittigters,with polyester ¢.9.,PET)being
amongthe mostwidely used (PalaciosMateo et al., 2021)Textile products often feature
cotton/polyester blends that challenges the recycling or upcycling of fibers from textile waste due
to complexities inhant in feasible fiber separatiggrocesse¢Subramanian et al., 2020pPne
promising method to address this challenge is the enzymatic hydrolysis of cotton, yielding glucose
as a valuable product while also having the opportunity to separate, purificateecycle
synthetic fiber{Subramanian et al., 202Q@)eading companies and textile brands are committed
to replacing between 40 and 100% of virgin synthetic fibers with recycledohea 0 25 Recyc |
Polyester Chall enge .Eonsequentlysymhete fiberRrecoveredintfie 2 0 2
enzymatic hydrolysis process of mixed cotton/polyester textile wastes could serve as a valuable
byproduct(Subramanian et al., 2020)

The enzymatic hydrolysis (EH) processnploysenzymegqe.g., cellulasg) to break down the
cellulosic fibers into glucose. Cotton contains a very high cellulose content (~94%) with negligible
amounts of hemicellulose or lignin, thus making it a promising substrate fqiMeBall and
Jurgens, 1951; Pérez and Samain, 20D@spite the cellulose conteimt cotton is paicularly
high, factors inherent to the cellulose structumd other contaminants (e.g., dyesn also inhibit
hydrolysis yields(Vera et al., 2022)Most textiles contain dyes that adsorb and bind to the
cellulose surfacethereby limiting enzyme accessibility and contaminating the hydrolysate
solution for further chemical synthegisocessefGonzalez et al., 2023; Vera et al., 2022) the
other hand, thenherent physical and chemical characteristfcsotton cellulosic fabrics oludes

severakharacteristicthat also hinder the enzymatic performance to convert coftonexample,
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the high crystallinity of cellulose in cotton presents its own sets of challefugethe
implementation oEH (Hall et al., 2010)Furthermorecellulose accessibility to enzymes has been
demonstrated to be dependenttbesubstrate surface area andhyslrophilicity (Chandra et al.,
2009, 2007)

In attempts to overcomer mitigate the effect obuch limitations, various pretreatment
strategies have been developedth chemical pretreatmentseing the most employg¥era et
al., 2022) Among them alkaline pretreatment is the masportedin the literaturefor the
transformation of cotton textile wastes intlugpse(Vera et al., 2022) Designed toachieve
glucose yieldexceeding®0%, this technologyas beenextensivelystudied in recent yearghe
most common processes uBgh NaOH dosages(e.g., 12% wt.) ancelevatedtemperature
conditions besides consing significant quantitie®f enzymes that challenge the economic and
environmental feasibility of the proce¢&holamzad et al., 2014; Hasanzadeh et al., 2018;
Jeihanipour et al., 2010; Kuo et al., 2010; Kuo and Lee, 2009; Quartinello et al., Z0ERe
chemicalpretreatmerstat these severe chemical and thermal conditi@vebeenidentified as
the stagewith the highesemissionsin the enzymatic hydrolysis proceéSubramanian et al.,
2020)

Mechanical refining is a chemictike pretreatmentecently implementedo enhance the
enzymatic hydrolysis of textile waste, achieving glucose yields of up tqPB%ssis et al., 2018;
Pawlak et al., 2022)Widely employedin the pulp and papeand biorefineryindusties,
mechanical refining modifieghe properties and morphology of cellulosic fibers, thereby
increasinghefiber surface areand enzyme accessibility to carbohydrg@s Assis et al., 2018;
Jones et al., 2013} previous study reported for the first time tthas pretreatment coulggromote

enzymatic hydrolysis yields above 90%adbw enzyme usage {8 FPU/O.D g) and mechanical
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refining intensity up to 10,000 PFI rey380 KWh/ton) while using CTec3 cellulasefrom
Novozyme(Vera et al., 2023aj0On the other hand, for dyed tertivastes, mechanical refining

has been combined with totalchlorinefree (TCF)oxidation process Qzone +Peroxidg to
overcome the negative effect of dyes on cotton enzymatic hydrolysis. As a result, fully bleached
textile waste has been obtained wiiilereasing cotton conversion into glucose from 60%ben

dyed and only applying mechanical refiningp 90%at very low chemical, energy, and enzyme
usaggGonzalez et al., 2023)

Glucose is probably the most importémbasedouilding blockdue toits abundance anits
versatility to produce high value chemicfléra et al., 2022)Amid market rising, the price of
food-gradeglucose syrup has been reported to increase up to 900 USD21022(USDA, 2023.
This bio-based chemical is industrially produced from the hydrolysis of feedssocksasorn.

(Ou et al., 2021)

Given thenovelty of utilizing the mechanical refining pretreatment in conjunction with TCF
oxidationto produceglucose from enzymatatly hydrolyzed textile waste, there islack of
techneeconomic studies that ascertain the economic viability for scaling ispcdhversion
processat an industrial levelThus, understanding the economif glucose productiorvia
enzymatic hydrolysief cottontextile waste is critical to determine its feasibility at industrial scale.
This chapteraims to performa techneeconomic assessment for glucose manufacturirgnat
industrial scale from the EH conversion of textile waste. To that end, thevifodjscenarios are

proposed:
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1. Converting undyed cotton textile waste (100% cotton) via enzymatic hydrolysis, using
mechanical refining as a pretreatment.

2. Converting dyed cotton textile waste (100% cotton) via enzymatic hydrolysis,
incorporating mechanicaéfining as a pretreatment in combination with a TCF bleaching
process.

3. Converting dyed/undyed cottdnlends(50/50) employing mechanical refining as a
pretreatment in combination with a TCF bleaching process.

4. Convertingcottonfrom cottoripolyester énds(50/50).PET fiber will be considered as a

byproduct to be recycled for new generations of textiles.

Capital investment, manufacturing costs, and minimum selling price (MSP) of glucose
produced from textile waste will bmalculated for a integratedacility producingl14,000 tonof
glucose syrup pegrear. The findingsfrom thischapterareanticipated to contribute substantively
to the generation of @rcular economy and the industrial scalabibfitextile waste management
via enzymatic hydrolysisonversion
5.2. Methods
5.2.1.Techno-economic assessment

The techneeconomic analysis (TEA) for glucose manufacturing from cotton textile waste was
adapted from the collection of both labale experiments and literature data. The collected
information, including pwduction yields, raw materials, enzyme dosage, and energy requirements,
allowed designing a comprehensive process flow diagram where main streams and unit operations
of the conversion process at industrial scale were identified (PeglxeSubsequentlypass and
energy balances were adjusted (by using Microsoft excel), to estimate production flow rates and

then scale the main equipment for the process (tanks, mechanical refiner, reactor, evaporator, etc.).
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While numerous techreconomic studies have been conducted on biochemical conversion of
biomass to ethanol, few have adapted these processes to the context of textile waste. Equipment
costs, scaling factors, and energy requirements for the equipmentlwwvér@aa ned fr om NR
bioconversion reports when availalzavis et al., 2018, 2015, 2013; Dreiblatt, 20J4dditional
equipment costs were either acquired or estimated using cost estimation tool database ensuring
that all equipment is scaled to the giae syrugproduction capabilitieKwan, 2018; Peters et al.,

2018). Subsequently, capital investment was estimated by applying factors that account for direct
costs (equipment installation, controls, labor, service facilities, and land) and indirest cos
(engineering, construction, legal expenses, contractor fees, inflation, and contingency). On the
other hand, manufacturing costs comprise direct and indirect costs for producing each ton of syrup
glucose. Direct operating costs, which are subjectedradugtion rate, were estimated by
considering raw material, chemical treatment, and associated utilities for the process equipment
including power, water, and energy. Additional operating costs (labor, maintenance, and
depreciation) were estimated basedlmnpersonnel required in each area of the production line,
the yearly glucose production and capital investment.

The financial analysis was constructed by following a cash flow model and financial
assumptions shown ifiable 51, where minimum selling price (MSP) of glucose syrup at plant
gate isback calculatedo achieve an internal rate of return (IRR) of 15%. The assessment was
suppored by sensitivity analyses performed in Microsoft excel to reveal the effect of CAPEX, and

main manufacturing cost contributors, glucose production, and polyester content on MSP.



161

Table 51: Financialassumptions forechneeconomic assessment

Project term (Years)
Production year 0
Production year 1

% Capex year (-2)

% Capex year (-1)
Maintenance, % ISBL?
Taxeson EBIT

Discount rate (established
IRR)

Working capital, %
revenue

Textile waste cost, USD/t
PET Selling price, USD/t

CTec3 enzyme price, USD/t
Water price, USD/t

Acetic acid price, USD/t
H20: price, USD/t

Ozone price, USD/ton

Power cost, USD/MWh

Natural gas cost,
USD/mmBTU

Financial Assumptions

Value
20
80%
100%
50%
50%
5%
30%
15%

5%
40
270

5,000
0.66
480
880

1,000

65

2.6

Reference
Assumed
(de Assis et al., 2017)
(de Assis et al., 2017)
(de Assis et al., 2017)
(de Assis et al., 2017)
(Davis et al., 2018)
(Dreiblatt, 2011)
(Davis et al., 2018)

Assumed

Confidential source
(“Prices for mos
continuetoriseResour ce R
2023
Confidential source
(“Fi sher So02023)e ®
(GuevaraFernandez et al., 2022)
(“Fi sher So020238)e ®
(Assis et al ., 20
2023
(“El ectri c -R&GvwEaargy
I nformati on Admi
2023)
(“Natural Gas PRI
Gas Spot Price Chart | Live Price of
Natural Gas per Ounce | Markets
| nsi 2023y , ”

a. Inside battery limits
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5.2.2 Feedstock and process design

A general description of the process can be observedume 51, targeting antegratingplant
with an annual production df4,000 tons oflucose Glucose production process starts from the
textile waste feedstock preparatiowheren shreddingand milling serve asthe main unit
operations until particle diameters between 0.5 and hremattainedA pretreatment stage is
included in the process where mechanical refining figures as the main pretreatment to modify
textile fiber morphology an@nhancethe erzyme activity therebyachieving feasible glucose
yields (Corbett et al., 2018; De Assis et al., 2018; Jones et al., 2013; Vera et al.,. Z0i2Ra)
refiners will be considered for the mechanical refining process at 10% solid content with an energy
consumption equivalent to 10,000 PFI revs (180 KWh/t@@hakraborty et al., 2007; Vera et al.,

2023a)

In instances where dyed feedstock is utilized, an oxidation process comprised of two bleaching
stages to eliminate the dye on the textile. The firslation stage consists of an ozone treatment
with a charge of 3%, based on the owdned (O.D) mass of the textile. This is followed by a
second stage that consists of an alkaline hydrogen peroxide extraction, wherein 2% of NaOH and
1% of HO> - both percatages calculated based on O.D. mass used at 70 C for 1 hodrhe
pretreatedhnd oxidizedextile issubsequentlgent to the enzymatic hydrolysis stage, condlicte
using textiles at 5 wt.% of cottmontentat pH 5.2and a temperature 60°C, overa96 h period
The aqueous phasecomprised of a sodiumcetateacetic acicouffer solution at pH 5.2. Cellic®
CTec3 cellulase enzyme @Mozymes, Bagsveerd, Denmark) wesed to perform the enzymatic
hydrolysis experiments at 6FPU/O.D g of cotton, edeimato 0.@lg of enzyme per O.D g of

cotton(Gonzalez et al., 2023)
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Figure 5-1. General process flow diagram to convert textile waste into glucose via enzymatic
hydrolysis.

5.2.3 Description of scenarios assessed

Fourdifferent scenarios have been chosen for the T#Ach utilizedcotton as main feedstock
to be converted into glucoskdditionally, some scenarios includgetton combined with synthetic
fibers in this caseolyester(PET), as well apersistent dyesSceenarios with persistent dyes and
content of synthetic fibers, in this case polyester (PET), are also evaluated. Detailed descriptions
of the evaluated scenarios are shown below and are summarfzgdra 51.

Basecase scenario: 100% cotton (undyetihis scenariservesasthe basecase for being the

simplest and the most ideal oltere undyed cotton (100% cotton) will figure as feedstock, while
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mechanical refining iemployedas a pretreatment prido enzymatic hydrolysisA conversion
yield of 95% is considered based on previous styder et al., 2023a)

Scenario 2: Conversion of dyed cottdinis case incorporates the presence of pergigges on

textile waste Alongsidemechanical refiningtwo stage of bleachingare incorporatednto the
pretreatmentstage. This scenario considers an enzymatic hydrolysis yield of 90%, based on
previous work to convert dyed textile waste into glugd&a et al., 2023b)

Scenario 3: Conversion of dyed cotton mixed with undyed coftoa.scenarioconsiders the

blends (50/50) of dyed and undyed cotton in the conversion process. It also considers an enzymatic
hydrolysis yield of 92% as an averagenfrecenarios 1 and 2.

Scenario 4: Conversion of dyed cotton/dyed polyester textile bldms.is the most realistic

scenario, where 50/5@yed cotton/polyester feedstock assessed to evaluate the influence of
textile composition on the economics of ghge conversiormhis scenarikeepsthe presence of
dyes and the pretreatment descriliedcenario 2. Moreover, after enzymatic hydrolysis,-non
hydrolysable PET is separated and sold as a \added byproduciThis scenario assumes that
polyester doesat affect the enzyme performance. Thereby, maintaining an enzymatic hydrolysis
yield of 90% as shown in scenario 2 for dyed cotton.
5.2.4 Assumptions

Theplantfacility is assumed to be docatedn a chemicaplantproducing some of the value
added chemicalderivedfrom glucose (e.g., levulinic acid, succinic acid, et€ypnsequently,
energy and power needed for the glucose production process are supplied by the factory's existing
generatorsThus, capital expendituessociated witknergy (e.g., boilers and furnaces) and power
generatiorequipments not considereth the economic assessmelnkewise,capital expenditure

related towastewater treatment faciésis not consideredHowever, their operati@h coss are
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considered beed on literature values (e.gatural gas and electricity cos@ost of textile waste
includes raw material, sortingperationsand transportation from municipal waste cemterthe
chemical plant As a collocated facility supplying glucose syrup faswhstream chemical
processes within a chemical factory, the delivery costs associated with selling the glucose are not
considered. Consequently, the minimum selling price of glucose is intended to be considered as a
raw material cost in the production other valueadded chemicals (e.g., levulinic acid,
biosurfactants, etc.)All the processconditions andassumptions ardelineatedin Table 5-2.
Process assumptions for glucose manufacturing at industrialladate52.

The chosen plant size was estimated based on data from the EnvironmentéibRratgency
(EPA) on textile waste landfilled each year in the (05 ton per habitantcaled for the
population of the Raleigh (N&petropolitan area. According to EPA statistics, 14,000 short tons
of textile waste are landfilled each ye@r’ R a | NCi Mgtio, Area- Profile data- Census
Re por t e rConside@ny 2hat)the process has conversion superior to ®¥detl us to

assume a plant size procesd4,000 ton®f glucoseprocessed pgrear.



Table 5-2. Process assumptions for glucose manufacturing at industrial scale.

Process Assumptions

Input
General
Glucose production rate
Annual operating hours
Feedstock preparation

Energy consumption at shredding milling
stage

Pretreatment

Mechanical refining pretreatment intensity

Solid content at pretreatment

Temperature at pretreatment
Enzymatic hydrolysis

Enzymatic hydrolysis temperature

Energy consumption at enzymatic hydrolysis

Enzymatic hydrolysis time

Enzymatic hydrolysis yield**

Solid content at enzymatic hydrolysis (based
cotton mass)

Enzyme charge

Enzyme charge

Bleaching/ TCF oxidation
NaOH charge in oxidation
(based on O.D mass)
H20, charge in oxidation
(based on O.D mass)
Ozone charge in oxidation
(based on O.D mass)

Energy consumption at oxidation stage
Washing

Power consumption at washing stage
Dilution factor inwashing stage after oxidatior

Overall equipment efficiency

Value
14,000
8400
0.54

Mechanical
refining

10,000 (180
KWh/ton)

10%

25

50

0.4

96h
95%
10%

26

1%
1%

2%

1.8

36

92

Unit
OD ton/year
h

MWh/ton

PFIl revs
(KWh/ton)

wit.

C

C

mmBTU/ton

hour
wt. %

wt. %

mg/g of OD
cotton

FPU/O.D g

wt. %
wt. %

wt. %

mmBTU/ton

kWh/ton

%
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Reference

Assumed
Assumed

(Subraman
ian et al.,
2020)

(Vera et
al.,2023a,
2023b)
(Vera et
al., 2022)

(Vera et
al., 2023a)
From mass
and energy

balance

(Vera et
al., 2023a)

(Vera et
al., 2023a)

(Vera et
al., 2023a)

(Vera et
al., 2023a)

(Vera et
al., 2023a)

(Vera et
al., 2023b)
(Vera et
al., 2023b)
(Vera et
al., 2023b)
From mass
and energy
balance

calculated
Assumed
Assumed
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5.3 Results and discussions
5.3.1 Capital expenditure

The estimated capital expenditure (CAPEX) of the processes for each of the four scenarios is
depicted inFigure 52. The estimated CAPEX ranges from USD 5.6 million to 7.9 million. As
expected, the CAPEX for Scenario 1 (100% undyed cotton) was the lamestg the four
scenarios. This is attributable to the textile processing, being limited to pure cotton textile supply.
Additionally, Scenario 1 did not consider dyed cotton into the process. Thus, requiring fewer
pretreatment steps (no oxidation/bleachiimgthe conversion process. Conversely, Scenarios 2, 3
and 4 required higher CAPEX than Scenario 1 due to the incorporation of the bleaching process
to remove dyes in the pretreatment stage. Compared to scenario 2 and 4, scenario 3 had a lower
capital innestment because it involved 50% less textile to bleach, thereby reducing the required
CAPEX for the bleaching process. On the other hand, scenarios 2 and 4 presented the higher
CAPEX due to the bleaching of 100% of the managed textile. In generalajbeeaontributors
to the CAPEX are the evaporators for sugar concentration followed by enzymatic hydrolysis

reactors, disk refiners, and the bleaching process (when applicable).
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Figure 5-2. Top: a) Estimated capital investment for each of the four studied scenarios. Total
CAPEX associated with the process. b) Estimated manufacturing cost per Mt of glucose including
both indirect and direct costs and b) minimum selling price of glucose féowallscenarios.
Scenario 1: 100% undyed cotton; Scenario 2: Dyed cotton textiles; Scenario 3: Dyed cotton textiles
mixed with undyed cotton textiles at a 50/50 ratio; Scenario 4: Dyed cotton/ polyester textiles
comprised of 50% cotton. Middle: Sensitivignalysis on minimum selling price of glucose
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production from textile waste containing: ¢) 100% cotton (undyed) and d) 50% dyed cotton + 50%
dyed polyester. Bottom: e) Effect of glucose production capacity on minimum selling price. f)
Effect of the polyeter content on minimum selling price of glucose obtained from textile wastes,
and effect of the polyester content on total cost per ton of glucose, revenue from polyester and
minimum selling price. This assessment was performed to produce 14,000 tof/gaarose

syrup from undyed/dyed textile waste.

5.3.2 Manufacturing cost and minimum selling price

The estimated manufacturing cost and minimum selling price (MSP) per metric ton of glucose
are depicted and broken downFigure 52b for each of the evaluated scenarios. Manufacturing
cost considers all direct and indirect cost of the production of 1 ton of glucose syrup, such as,
textile waste, enzyme, eleicity (power), natural gas, chemicals, water, labor, maintenance, and
depreciation as well as credits due to recycled polyester sales in Scenario 4. Manufacturing costs
vary from USD 215 to USD 475 per ton of glucose (on a dry basis), depending onltiaesla
scenario. For scenarios3]l enzyme cost is the main contributor to the manufacturing costs, while
for scenario 4, it is the chemical cost. Scenario 1 had the lowest manufacturing cost of USD 215
per ton of glucose due to the absence of a bleaghimgess. The main energy consumption in
scenario 1 is related to the evaporation stage to obtain the glucose syrup production.

Manufacturing costs for scenario 2 are 38% higher than scenario 1. This is attributable to the
processing of 100% dyed cottomhich includes two bleaching stages in the pretreatment using
NaOH and HO». Thus, chemical cost has the highest contribution in the cost structure followed
by energy, textile waste and labor. The increase in textile waste cost is due to the presesce of dy
which results in a lower EH yield. As a result, more textile waste is needed to produce 1 ton of
glucose syrupFigure 52b shows that scenario 3 has a manufacturing cost 15% lower when
compared to scenario 2. This can be attributed to a reduced volume of textile requiring bleaching,

representing 50% of the total cotton textile to be hydrolyzed.
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Figure 52b also reveals that scenario 4 has the highest manufacturing cost (USD 475) per ton
of glucose produced. Processing textile wastes containing only 50% of hydrolysabtealmat
decreases the overall yield of the conversion process, requiring almost twice the amount of textile
material, chemicals, power, energy, water, and other utilities per ton of glucose. Nevertheless,
white polyester fibers, generated as a valuable lolymtp serve as an additional revenue of the
process. The price of recycled polyester is considered to be 270 USD per ton (confidential source),
which can make a revenue of 300USD per ton of glucose produced.

On the other hand, the MSP was estimated baseaxbtaining an internal rate of return (IRR)
of 15% and ranges between USD 290 and 391 per ton of glucose produced. The lowest MSP is
when recycled polyester is recovered and sold as a byproduct, representing a significant revenue
to mitigate the high mariacturing cost per ton of glucose from cotton/polyester blehds.
highlights the economic benefits that come with the presence and recovery of polyester fibers in
the processRegarding scenario-3, MSP increased when the textile waste needs to behield¢ac
prior to the EH process
5.3.3 Sensitivity analysis
5.3.3.1 Effect of cost variations

A sensitivity analysis was conducted to identify the enstrevenue variablegth the highest
influence on the MSRn addition to capital investment, the evaluatedt variakesinclude textile
waste, enzymes, electricity, power, natural gas, sodium hydroxide, hydrogen peroxide, sulfuric
acid, acetic acid, sodium acetate, fresh water, and recycled polyestepoplyca 6cenario 4 A
variation of £ 25% was considered faahcostvariable and the results are depicitedéigure 5

2c-d for scenaris 1 and 4, respectively. Scenario 1 was chosen as it serves as the base case
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scenario, while scenario 4 was seled#tte it isthe most realistic casnd presentthe highes
manufacturing costs.

For both scenarios, CAPEX, power and textile waste cost are variables with a significant
positive effect on MSP (as these costs increase, MSP increases), while recycled polyester sales
reveal a substantial negative effect on MSPit(@screases, MSP decrease) in scenario 4. For
scenario 1, a 25% increase in CAPEX leads to a notable increment in MSP from USD 305 to USD
334. On the other hand, in scenario 4, a 25% increase of polyester price resultM8P

decreasing from USD 290 USD 215.

5.3.3.2 Effect of production capacity

The effect of the production capacity on the MSP per ton of glucose is shéigume 52e.
The MSP was estimated for glucose production capacities of 14,000, 28,000 and 42,000 tons per
year. It can be observed that the MSP decreases significantly with higher production rates of
glucose. In this context, the basa&se scenario (100% undyed cotton) went from USD 391 (14,000
ton/year) to USD 339 (42,000 ton/year), representing 13% of MSP reduction. Scenarios 2 and 3
exhibited similar trends, with MSP decreasing up to 15%. The Soettat considered a
cotton/polyester 50/50 blends showed a more significant sensitivity to the glucose production
capacity, going from USD 290 (14,000 ton/year) to USD 219 (42,000 ton/year). This represents a
25% decrease in MSP, therefore reinforcinggbiential economic feasibility of upcycling cotton

textile waste while promoting the recycling of synthetic fibers.
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5.3.3.3 Effect of polyester content

Polyesterrecycling plays a significant role in the economics of glucose from textile waste
Figure 52f showsthe effect of the polyester content on the minimum selling poican annual
production of 14,000 tons of glucoSéhe higher the polyester content, the lower the MSP per ton
of glucose. Even though the manufacturing cost per ton of glucose rises with increased polyester
content, the revenue generated from polyester recycling offseitsdt@ase irtost. This is evidet
in the scenario involving textiles waste containing 75% of polyester, where the manufacturing cost
per ton of glucose would be USD 8@kt with a revenue from polyester of USD 901 per ton of
glucose produced. This resulted in glucose minimum sellinge gp be 147USD/ton. It is
important to note that treating textiles with 75% polyester would require larger equipment as more
textiles waste would be required to achieve targeted glucose production. Therefore, although
having lower MSP, capital investntencreases to nearly USD 13 million (~100% compared to
base case).

5.3.4 Perspective on the economic potential to upcycle cotton textile waste containing
synthetic fibers.

The findings from thighaptershow that implementation mechanical refining combined with
dye an oxidation process (ozone + peroxide) may be aeffestive pretreatment for the
industriatscale production of glucose from textile waste via enzymatic hydrolysis. These
pretreatments have been proven to significantly boost the enzymatic higaflyl/ed textile
wastes at low chemical and energy use, compared to EH process without these pretri@&tnaents
et al., 2023h)On the other hand, the efficacy of textile bleaching coupled with the high yield in
the enzymatic hydrolysis of cottogererated by mechanical refiningpens the door to utilize

textile waste containing synthetic fibers to further recycle them. Such synthetic fibers constitute a
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valuable byproduct with a significant contribution to improve the economics of glucose
production

Figure 53 provides data from the United States Department of Agriculture (USDA) related to
the growing market for glucose syrupiqure 53a), including its pricgoerton increment in the
last 20 years (Figurg-3a). Figure5-3a shows that the price per ton of glucose syrup rose from
USD 200 in the year 2000 to USD 890 in 20E®yure 53b further highlights that the current
utilization of glucose syrup for nefiood purposes is considerably higher than food uses, indicating
the growing interest of the industry in producing gluedsgved chemicals, market where the
syrup glucose produced from textile waste would take pladéid context, although those prices
shown inFigure 53a are for food grade glucose, minimum selling prices per ton of glucose
obtained in this teclmeconomics analysis are promising and could be within the range prices of
the current market of glucose for industrial processes. Moreover, the glucose produced from textile
waste offers the potential for downstream processing for higher value and rsi@ieahle bie

based chemicals, as showrFigure 53.
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Figure 5-3. a) Annual trend of glucose price per ton and b) Annual glucose production by
purpose. Data obtained from the USDA Sugar and Sweeteners Yearbook(U&ids 2023).



Table 5-3. Valueadded biobased chemicals derived from glucose. AdaptedYfera et al., 2022)
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Value-added o Tf;eiz;rdet(lgal Yield (g Conditions (T, Market price Approx. market
. Formula  Application Process roduct ot product g* P, Residence Catalyst (2018) volume (2018) Ref.
chemical p 9 glucose) time) (USD*ton) (MMton/year)
glucose)
Methyltetrahydro
furan (MeTHF)
traminolevulinic (Hafyan et al.,
Levulinic acid Hydrogenation of 200 °C, 30 min r':/lls ?ra :Lifslhjl!:c(? 5,350i 8,880 2020; Sadhukhan
. CsHgOs3 1,4-butanediol 5 HMF from 0.6 0.44 ’ ' . ! ’ 0.01 etal., 2016;
acid esters glucose 50 bar N acid 0.63M (6 Schmidt et al.,
o-valerolactone %) aprox 2017)
Na levulinates
Valeric acid
T1v4’b#t3“efdi0| (Huh et al., 2006;
etrahydrofuran ; NiederHeitmann
L . Fermentation of o Saccharomyc
Succinic acid C4HgO4 opt;,l:%ﬂﬁ%ﬁge glucose 0.7 0.73 30°C, 2h o5 Corevisian 2,500 0.04 et al., 2019)
Maleic acid
Building block
for Biobased
polymers:
Styrene ; (Klement and
Itaconic acid CsHeOs4 derivatives Fermﬁrét(;:lstg)n of 0.7 0.6 35 °C, 7 days A. terreus 1,900 0.08 Biichs, 2013;
Polyacrylates 9 Magalhaes et al.,
Polyester 2019)
Polyamides
Diols, Diamines
Polyesters
Foods
; : (neurotransmitter . Brevibacteriu (Delaunay et al.,
Glutamic q(c:j'd CsHoNO;  andflavor  Fermentatonof 038 0.4 33°C, 285h m 3,625 1 1999; ¥7
(amino acid) enhancer, 9 divaricatum etal., 2019)
nutrient)
Plant growth
Sugar alcohol . 50% glucose o "
Sorbitol CeH1Os  Leascorbicacid ~ Requotonof 1 0.56 solution, 120 5% Raney 655 2.6 (Kaparji ot al.
Polyols glucose °C.70 bar H nickel catalyst )
Biobased adipic
acid:
Polyurethanes Glucose Oxidation Kapanii et al
Glucaric acid CgH100s  Non-phthalate  oxidation with 1.2 0.58 40°C,2bar  with nitric 2,910 2.6 ( pzmlg) -
Biodegradable nitric acid acid
polyesters
Nylon-6,6 fibers
Polylactic acid . . (Kohli et al.,
Lactic acid C3HeO3 Lactate esters Ferrgﬁr;t;stg)n of 0.5 0.72 37°C,36h Lacté)absae(?llus 1,874 1.4 2019; Kwan et al.,
(green solvents) 2018)
Bioremediation, . -
Rhamnolipids _ surfactants, Fermentation of 0.72 0.1-0.15** 37 °C Pseudqmonas 20,00050,000 ) (Déziel et al.,
emulsifiers glucose aeruginosa 2020)
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Regarding the prospect of producing recycled polyester as a byproduct and its contribution to
the economics of producing glucose from textile waste, it is important to emphasize that there is a
growing consumer demand for sustainable and-feeodly prodwcts (e.g., textiles and
nonwovens). It has led to an increase in the interest in recycled polyester fibers, which can be
obtained from postonsumer waste materials. This is evident in the claims of multiple textiles
companies and brands committed to hgvetween 45% and 100% recycled polyester in their
products by 2025( “ 2025 Recycl ed Pol yester Chall en
2022)Consequently, recycled polyester fiber market is expected to grow from USD 7.4 Billion in
2022 to USD 11.0 Billion by 2030at a CAGR of 5.81% “ Recycl ed Pol yester

Insights and Forecast to 2030 | by Rupanijali Dixit Report Prime | Me@Q23).

Prices of recycled polyester can change based on multiple variables such as its quality (e.qg.,
polymerizationdegree), purity, market, and desired applica(igmatyev et al., 2014 Based on
confidential data from industrial partners, a reasonable range of recycled polyester price for textile
applications can range from USD 110 to USD 440 per ton, from whodnservative value of
USD 270 per ton was chosen for this work. However, recycled polyester price is expected to
increase based on its the increasing demand for textile, apparel, and nonwoven applications.
Although some challenges still exist, this wohowss that upcycling cotton textile waste into
valueadded chemicals could be more cost effective when recycling synthetic fiber is considered

as a byproduct.
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5.3.5 Challenges, and opportunities

Although recycling synthetic fibers can be promising to makeptioeess feasible, some
challenges remain. There is still uncertainty regarding the quality of the synthetic fibers,
particularly their purity (still cellulosic leftover or presence of different synthetic fibers) and
performance in desired applicationg(etextiles). A better understanding of those aspects would
enable more accurate pricing for recycled synthetic fibers from the enzymatic hydrolysis of
cellulosic textile waste discussed herein.

Another challenge relates to the effect of polyester oetlagmatic hydrolysis performance.
Existing literature has considered synthetic fibers as amntobitor of the enzymes performance
to convert cotton into glucogguartinello et al., 2018; Subramanian et al., 20RP@wever, this
assumption must be demsgirated. If the performance of the enzymatic hydrolysis is hindered by
the presence of polyester, the decrease of the cotton conversion yield will negatively affect the
glucose manufacturing cost, its minimum selling price alongside the purity andopribe
synthetic fibers sold as byproduct. On the other hand, it is important to consider the enzymatic
hydrolysis performance to convert cellulosic fibers other than cotton (e.g., nylon, rayon, etc.).
Moreover, although previous work shows that the gleceyrup obtained in this process is
colorless(Vera et al., 2023h)the quality and reactivity of the glucose hydrolysate must be
corroborated since this product will be used as a raw material for chemicals with gmigler
(Table5-3). Thus, it is inportant to evaluate whether dye molecule leftovers after bleaching and
other impurities can prejudice the conversion yield from glucose to another building block (e.g.,
furfural or levulinic acid).

Regarding opportunities, enzymatic hydrolysis of textikst® has shown promising results

from a technical, economical, and promising sustainability point of view when mechanical refining
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and total chlorine free oxidation processes are used together as pretreatment. The production of
glucose syrup from cottonxteles alongside the recovery of polyester is presented as a potential
alternative to implement the circular economy in the higidijjutant textile industry. This would
lead to reduced textile landfilling, currently rated at more than 100 million toyee(Vera et
al., 2022) Moreover, glucose and recycled polyester are presented as potentially more sustainable
sources to replace fossihsed chemicals or materials.

Opportunities to further reduce costs in the process shown in this work existusicait,
novel and expensive CTec3 enzymes considered in this work are a cocktail comprised of
cellulases, xylanases and other types of enzymes. As most of the natural fibers used for textiles
contain cellulose content exceeding 90%, using only cellulzmdd keep the high yield in the
enzymatic hydrolysigParalikar and Bhatawdekar,1984 onsequently, using only cellulases
could decrease enzyme cost.  Moreover, finding less expensive bleaching chemicals can
significantly contribute to decrease caoassthey are one of the main cost contributors.
Understanding the sustainability of the conversion process in terms pedi@sions is an
important next step to compare this process with conventional ones. The process herein presented
is expected to be more sustainable due to the low chemical use, low energy required, and low
enzyme demandiGonzalez et al., 2023; Vera et,&023a, 2022)Moreover, attributional and
consequential life cycle analyses are necessary to understand the environmental impact of not only
producing but also replacing virgin polyester with the recycled one obtained in this process. Thus,
it is crucal to quantify the environmental benefits from reducing textile landfilling and burning
while replacing petroleurbased chemicals with glucederived ones.

The combined approach of enzymatic hydrolysis, mechanical refining, and dye oxidation

emerges aa technologically aneéconomicallyfeasble pathway for convertingotton textile
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waste into glucose at an industrial scale. Utilizing bleached polyester as a byproduct contributed
significantly to the economic feasibility of glucose production frootton textile waste. The
methodology not only promises economic benefits but also aligns well with the goals of circular
economy models, offering a sustainable alternative to conventional practices of textile landfilling

and incineration.

5.4 Conclusions

This chapteraimed to estimate the production cost of glucose via enzymatic hydrolysis of
cotton textile waste, considering mechanical refining and total chlorine free oxidation as
pretreatment methods. The analysis focused on a collocated/integrated proagiibteomannual
glucose capacity of 14,000 tons. Four distinct scenarios were investigated, varying textile waste

compositions, from 100% cotton (undyed), to a 50% cotton (dyed) + 50% polyester (dyed) blend.

Capital investments ranged from USD 5.6 to 7iBion, and manufacturing costs per ton of
glucose varied between USD 215 and USD 475. Scenarios involving dyed textiles had higher
capital and operational costs, attributable to the dye oxidation processes and synthetic fiber

content.

Minimum selling prces for glucose ranged from USD 290 to USD 391 per ton. Remarkably,
the scenario processing a 50/50 cotton/polyester blend had the lowest minimum selling price,

benefiting from revenue generated by selling bleached polyester as\ahighbyproduct.

Key costdriving parameters were identified to include recycled polyester prices, capital
expenditures, enzymatic costs, and energy expenditures. Incremental escalations in annual glucose
production rates translated into a substantial reduction of minimuimgsptices, evidenced by a

15% to 25% decrease across different scenarios. Higher polyester content in textile waste led to
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lower minimum selling prices, ranging from USD 391 to USD 147 per ton of glucose as polyester

content increased from 0% to 75%.

The combined approach of enzymatic hydrolysis, mechanical refining, and dye oxidation
emerges as a technologically and financially viable pathway for converting textile waste into
glucose at an industrial scale. Utilizing bleached polyester as a byprodutidentsignificantly
to the economic feasibility of glucose production from textile waste. The methodology not only
promises economic benefits but also aligns well with the goals of circular economy models,

offering a sustainable alternative to converaigoractices of textile landfilling and incineration.
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6. TRANSFORMING NON-WOOD FEEDSTOCKS INTO DISSOLVING PULP VIA
ORGANOSOLYV PULPING: AN ALTERNATIVE STRATEGY TO BOOST THE SHARE

OF NATURAL FIBERS IN THE TEXTILE INDUSTRY ¢.

Abstract.

This chapterevaluates wheat straw, switchgrass, and hemp hurd as potential alternatives for
producing dissolving pulpising sulfur dioxide (SO2¢thanoiwater (SEW) pulping. The SEW
process is detailly described for wheat straw, and the best pulping conditions were 130°C, 4h, and
10% SO2 concentration comprised in a su#tiranolwater ratio of 1845-45. This resulted i
viscosegr ade pul pcelwlose, 2.099 Bfbceltuloses, <0.1% lignin, 0.2% ash content
and a viscosity of 4.7 cP. The best pulping conditions for wheat straw were applied to switchgrass
and hemp hurd. Wheat straw and switchgrass had similar palgyg while hemp hurd had a
higher hemicellulose content and lower viscosity. This work suggests thatouzhfeedstocks

such as wheat straw and switchgrass can be promising alternatives for dissolving pulp production,
which can help reduce the pressarethe textile industry to increase the use of natural fibers and

mitigate the environmental impact of rbiodegradable synthetic fibers.

® This chapter has been published as:

Vera, R. E., Vivas, K. A., Urdaneta, F., Franco, J., Sun, R., Forfora, & Gonzalez, R. (2023).
Transforming norwood feedstocks into dissolving pulp via organosolv pulping: An alternative
strategy to boost the share of natural fibers in the tartiestry. Journal of Cleaner Production,
429, 139394.
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6.1. Introduction

In 2021, global textile fiber production reached approximately 100 million metric tons
(Industrievereinigung Chemiefaser, 2022yith nonbiodegradable, petroleutrased fibers
dominating the market and accounting for around 65% of total production6Big( “ G| o b a |
textile fiber mar ket s h.Coten, dong witly gther n&udalfibers| St a
such as hembpast, jute, and wool, constitutes the seetamdest player in the market, representing
approximately 30% of total productign® G| obal textil e fiber market
2023) Unlike synthetic fibers, natural fibers can be biodegrageth 60% after just 100 days in
landfills (Zambrano et al., 2021a)lowever, recycling of blended textiles containing both natural
and synthetic fibers remain a challenge, with over 80% of discarded textiles ending up in landfills

or being burnedGonzdez et al., 2023; Vera et al., 2023)

Another major concern associated with synthetic fibers is the generation of microplastics,
which pose a significant environmental and health(@kmpanale et al., 2020; Prata et al., 2020)
Microplastics are smigparticulate matter, measuring five millimeters or less in diameter, that shed
from larger plastic pieces, such as synthetic filjBl@avaz and Sengupta, 2019he washing
process of textiles is a primary source of microplastic particle generationthgithumber of

particles generated dependent on fiber composition and morpH@amorano et al., 2021b)

While cotton is biodegradable, its cultivation practices, extensive land use, and processing
generate a significant carbon footpriKarthik and Murugan, 2017)n China, cotton cultivation
has been estimated to produce 6,000 kg of CO2 emissions per Hettarg et al., 2022)
Moreover, global production of cotton is reported to 28@ Gn? of water yearlyChapagain et
al., 2006) Furthermore, cotton production has reached its maximal capacity and declined 4.1%

during 20122013 due to the shrinkage of cotton growing l@vd et al., 2016)With population
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growth, estimated markshortage of native cellulosic textile fibers is at least 1.7 Kg per capita by
2030(Hauru et al., 2013)Thus, it is essential to implement alternative natural fiber sources that
can replace and compete with current market fibers in terms of priceyrmparice, and
environmental footprint, especially in the case of synthetic fibers, which have a significant carbon

footprint associated with their use.
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After cotton, cellulosic mamade fibers such as viscose, and lyocell are the main source of
natural fibers, which are produced from dissolving pulp (DSP) psest-elgueiras et al., 2021;
Liebert, 2010; Roder et al., 200D SP refers to a pulp with a high content of cellulose (>90%),
and low amounts of lignin (<0.1%), hemicelluloses (<2.5%), and ash (<0.1%). Matching these
requirements, DSP is suitable thssolving, regeneration and fiber spinning for textile production
(Chenetal., 2016; Duan et al., 2015; Liu et al., 20D9pP is also characterized by a proper degree
of polymerization (DP) with a narrow distribution, which targeted range depenhs dis$olving
and regeneration process (e.g., visc@Bajpai, 2014, 2009DSP is traditionally made from wood
by using chemical pulping processes to significantly reduce hemicelluloses and lignin
contenfAlam and Christopher, 2017; Kumar and Chris&pR017) Prehydrolysis Kraft (PHK)
and acid sulfite (AS) are the most common pulping processes for DSP prodtidione and
Liebert, 2012)PHK is normally used to produce viscagade dissolving pulfDuan et al., 2015)

This process consisté two stagesan acid stage (with water op5y) to hydrolyze and solubilize
undesired carbohydrates (hemicelluloses) in their monomeric (sugar) form (e.g., xylose, mannose,
etc.). Then, the process is followkd a kraftpulping stage to remove ligniiWei et al., 202Q)

On the other hand, AS pulping is a process conducted under acidic conditions where sulfite (SO
and its alkali salts (Na+, K+, N, Mg?* or C&*) react with lignin to produce watepluble and

highly valuable lignosulfonatg®uan & al., 2015; Zinovyev, 2015l)his process leads to eat®y

bleach pulps with a low content of hemicellulddés et al., 2022)which is hydrolyzed due to

acidic conditiongdMaciej Serda et al., 1999AS and PHK are the most industrially used where

the latest requires complex chemical recovery and power generation cycles that are only viable at

large scaléMaciej Serda et al., 1999)
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With more than ten thousand million tons of lignocellulosic agricultural residues produced
worldwide (e.g., wheattsaw), in addition to the potential utilization of purposely planted
feedstock (e.g., bamboo, or switchgrass) or -@gpastrial residues (e.g., sugarcane bagasse or
hemp hurd)Jahan et al., 2021)nonrwoody biomass represent a viable feedstock alternative to
produce cellulosic engineered fibers for use in the texttastry(Jahan et al., 2021However,
unlike wood, these alternative feedstocks are not compatible with the industry standassgs
(e.g., PHK, Kraft) due to their high content of silica, which dissolves in the liquor during pulping
and causes scaling problems downstream in the conversion piieleas et al., 2021Different
pulping methods such as Organosolvs are emgsjitte they possess simpler chemical recovery
systems(Yadollahi et al., 2018)Sulfur dioxide EthanotWater (SEW) pulping is one of such
processes, where the dissolution of lignin is catalyzed by thg&Moting alphacleavages while
the ethanol ineases the solubility of both sulfonated and-solionated ligninand to prevent
acid-catalyzed condensation reactigi®driguez et al., 2018; Yadollahi et al., 201B)e SEW
fractionation process is a type of organosolv process that is used ifneigrefystems to create a
variety of highvalue products, such as pulp, paper, lignosulfonates, and bi¢ialaslev et al.,

2014; Jahan et al., 2021)

Compared to conventional pulping methods, organosolv processes like SEW have several
advantages wimeit is related to converting nemood sourceglakovlev et al., 2014; Jahan et al.,
2021) It facilitates the installation of small pulping facilities suitable for-mmod feedstocks.
Moreover, these processes promote faster, easier, and circulaerseodvchemicals through
distillation, due to the presence of fractionation chemicals such as ethanol and unreacted SO
(Huang et al., 2019; lakovlev et al., 201%he SEW process also produces a +jghlity and

easyto-bleach dissolving pulp while gerating a higkpurity spent liquofYadollahi et al., 2018)
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In addition, it retains the carbohydrates in the pulping liquor, creating-teasgover
monosaccharides that are ideal for biorefinery purposes like biofuels and green chi@tagals
andMabee, 2021; Firouzabadi and Tatari, 2023)other advantage of the SEW process is that it
can process different feedstocks at approximately the same perfor(B&icand Mabee, 2021;
lakovlev et al., 2014)This suggests that the SEW process hah lpotential to meet the
requirements of future biorefineries and could eventually replace the acid sulfite pulping process
for the production of dissolving puld$gakovlev et al., 2014)Thus, compared to conventional
pulping techniques, SEW represemspromising pulping method for namood feedstocks

(Sridach, 201Q)

This work highlights the potential of three naood feedstocks, namely wheat straw,
switchgrass, and hemp hurd for dissolving pulp applications, particularly Wigcade pulp, as
an alternative to petroleum based, synthetic material. To achieve this, aethifunolwater
(SEW) pulping process has been implemented, where the effect of pulping parameters on pulp
guality is also evaluated. The successful production of dissolvingffmutp nonwood biomass
aligns with the objective of promoting sustainable textile production and reducing the reliance on

synthetic fibers in the textile industry.

6.2. Experimental
6.2.1. Materials:

Wheat straw (Triticum Aestivum) supplied by Ag. Processing Solutions Inc., Montana,
switchgrass (Panicum virgatum) supplied by Genera Inc, Tennessee, and hemp hurd (Cannabis
sativa ) supplied by Ag. Processing Solutions Inc., Montana were used-a®odfeedstock for

SEW pulping. Chemical characterization of the feedstocks including bee#tes®ol extractives
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and primary chemical components were assessed according to TAPPI T207, and TAPPI T204
respectively.All the feedstocks were hammer milled and swoeek prior to the chemical
composi ti on -alllase gnd hemicellulokeeontents were determined according to
theNational Renewable Energy Laboratory (NREL) standard metl®dier et al., 2008)Lignin

and ash content was estimated by folltg the TAPPI T 222 oA0®2 standard metho®Q gas

(99% purity, Millipore Sigma, USA), Reagent alcohol (99% purity, Fisher scientific, USA) and

Deionized (DI) water were used for the SEW liquor.

6.2.2. Methods
6.2.2.1. Sulfur-ethanol-water pulping

Based on previousorks, he SEW pulping liguor was comprised by S&hanotWater at a
ratio 1045-45 wt.%respectively(Huang et al., 2019; lakovlev et al., 2014, 2010; lakovlev and
Van Heiningen, 2011)lo achieve that composition, an ethanater solution was firstrgpared
at a 5050wt.% ratio and placed overnight into the freezer to ensure temperatures close to 0 °C
degrees. Low temperatures facilitated the adsorption of they®) which was bubbled into the
ethanolwater solution as shown in Fig-2. The SQ corcentration was controlled by mass
balance, monitoring the total weight of the final solutidoang et al., 2019; lakovlev et al., 2014)
The pulping was assessed in a laboratory rotary digester (Model: SKZ1021, China) at a 10:1 liquor
to-wood ratio for300 ovendried (O.D) grams of biomass. Pulping temperature was evaluated in
a range between 100 and 135 °C, while pulping time was performed over a raidgleanirs. The
main pulping assessment was evaluated on wheat straw. Then, the best pulpingneofutiti
wheat straw were applied to the other two feedstocks. After pulping, the pulp was washed with a
50/50 ethanelWater mixture at room temperature to then apply an overnight washing with DI

water. After washing, the pulp was collected, centrifuged,shaored for further podteatment.
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800g Place the water-ethanol solution at freezing
Prepare a 1:1 water-ethanol solution temperature for 24 h
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the solution weight bubble SO2 until the desired concentration

Figure 6-2. Schematic of the sulfeethanolwater liquor preparation.
6.2.2.2. Alkaline extraction post-treatment.

The SEW pulp was immersed in a 2% NaOH solution at a ktuewood ratio of10:1 at 70
°C for 1 h. After extraction, the pulp was washed, collected, centrifuged, and stored at 4 °C for

subsequent experiments and analyses.

6.2.2.3. Pulp bleaching.

A chlorine dioxide (D) bleaching sequence was considasebleach the SEW pulp after
alkaline extraction (E). The bleaching was éED1 sequence where theyStage was carried out
with chlorine dioxide under a kappa factor of 0.25, a liggewood ratio of 10:1, 70 °C and 1
hour. The E stage was an alkaline extraction as described in sg@etd2. Lastly, the Dstage
was carried out at a Ch@harge of 0.16% based on the O.D mass at a litpaewood ratio of 10:1,

70 °C and 1 houiKumar et al., 2022)
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6.2.2.4. Pulp characterization and chemical composition.

Pulp was characterized after SEW putpimlkaline extraction and bleaching respectively.
Kappa number, viscosity, brightness, S10, and S18 were tested according to TAPPI T236, TAPPI

T230, TAPPI T203, and TAPPI T452 standards, respectively.

The composition of the SEW pulp was tracked in all the processes to obtain the dissolving pulp
grade (including pulping, alkaline extraction, and bleaching). The chemical composition of the
pulps was analyzed following the NREL standard me{ktwthng et al 2019) Monomeric sugars
such aso-cellulose and hemicellulosegiere measured using a higkrformance liquid
chromatography (HPLC) system (1200; Agilent Technologies Inc., Santa Clara, CA, USA) to

estimate the acell ul ospectiwlyidthepelmi cel | ul oses co

6.2.2.5. Data analysis and modeling

The conversion of wheat straw into dissolving pulp via SEW pulping was analyzed by fitting
experimental data to a muligression surface model, using JMP Pro statistical software (v.16,
SAS InstituteIng. USA) . The model s input variables we
(°C) since the liquido-wood mass ratio was kept constant at 10:1 while the mass composition of
the sulfurethanolwater liquor composition was kept at-48-45%, respectivelyThe response
variables of the model were yield (%), kappa, viscosity (cP), ISO brightness (%), and pulp
chemical components namely % lignin, % cellulose, % hemicelluloses, and % ash. The accuracy
of the model was evaluated usingrglue, R, R%adj, and thestandard error of the parameter
estimates (SEE) (Bai et al., 2021; Biswas et al., 2020). The model was used to predict the pulp

characteristics and chemical composition of the pulp while profiling the response of all the
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variables as function of pulpingrte and temperature. This was useful to visualize and predict the

maximization of cellulose composition and hemicelluloses reduction among other variables.
6.3. Results and Discussion
6.3.1. Feedstock characterization

The breakdown of the chemical composition of raw wheat straw, switchgrass, and hemp hurd
is shown in Fig6-3. It can be noticed that all feedstocks have a high content of ash, within a range
of 2.9 to 5% ash content, wheat straw being the one with gfnresti ash content. In general, the
f eedst ocdelslosé (@epresented as glucose) and lignin content around 35 and 25 wt.%
respectively. There is a significant difference regarding the hemicelluloses content, represented by
the summation of xylose, annose, and arabinose. While wheat straw contains 22.1 wt.% of
hemicelluloses, switchgrass and hemp hurd contain 23.1 and 23.3wt.%, respectively. The content
of Benzeneethanol extractives from the feedstocks were 5.4, 4.5, and 3.7wt.% for wheat straw,

henp hurd and switchgrass, respectively.
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Figure 6-3. Chemical composition of wheat straw, switchgrass, and hemp hurd.

6.3.2. SEW pulping for wheat straw.

This section shows a systematic assessment of SEW pulping for wheat strdts; aes
summarized in Tabl6-1 for twelve SEW trials. Figs-4 shows the effect of the temperature and
pulping time on the pulping yield (Figtd4a), kappa (Figs-4b), and viscosity (Figs-4c). Pulping
performance and pulp characteristics seem to blelyhgensitive to the temperature and time
evaluated in the range of 1030 °C and #4h respectively. Total yield, kappa, and viscosity are
observed to decrease with the increase in temperature or time. Total yield is observed to be between
58 and 35% inhe evaluated range of temperature and pulping time. The decrease in yield is

expected due to higher delignification, also reflected by a decrease in kappa numlie4firig.
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Table 6-1. Characterization and chemiaamposition of wheat straw after SEW pulping.

Pulping

Conditions

SO2-Ethanol- | Unbleached Pulp characterization Chemical Composition, %

Water (10-45-

45%wt.)
X 5 X

- S l= |2 e |8 2 | 2] ¢ : .| o=
= | E|E 2| g |28 8 | &8 | = | &% | %

— > 2 92 i Q [}

B > © T

SEW1 100 1 58 35 331 19.8 13.8 60.1 13.9 3.9
SEW?2 110 1 57 34 34.7 17.6 13.3 60.5 13.7 3.7
SEW3 120 1 53 22 40.5 151 115 64.6 13.3 3.5
SEW4 130 1 46 13 44.2 11.3 10.2 66.9 12.6 3.3
SEWS5 100 2 57 25 39.6 16.4 12.9 62.3 13.2 3.5
SEW6 110 2 55 22 41.9 15.5 12.1 62.9 13.6 24
SEW?7 120 2 46 11 46.3 14.6 6.4 70.8 11.9 3.2
SEWS8 130 2 41 9 55.3 7.4 4.9 74.6 9.8 3.2
SEW9 100 4 46 12 49.0 15.7 7.4 70.1 11.9 3.4
SEW10 | 110 4 44 9.6 53.0 14.1 6.6 73.3 10.2 2.9
SEW11 | 120 4 40 8 57.5 13.6 3.7 77.7 8.1 2.3
SEW12 | 130 4 34 7 57.0 4.9 2.3 83.7 2.9 2.2

a) pH of white liquor: 2.5; b) pH of black liquor: below 1.5; ¢) No lignin condenséhtitack/burnt pulp)vas
observed in the evaluated range of temperature and time. d) Trial 11 arelsElected for alkaline extraction
and bleaching treatments.

Kappa is observed to plateau after 120 °C and 2 hours of pulping while a dramatic decrease in
viscosity is observed at 130 °C after 2 hours of pulping. The decrease in viscosity is related to the
hydrolysis of carbohydrates (especially hemicelluloses) madalic conditions in the SEW
pulping (pH~2.5). Thus, carbohydrates are depolymerized, which also contributes to a decrease in
the molecular weight distribution of the pulp, reflected by a decrease in vis(ldaang et al.,

2019; Thielemans et al., 2022

Figure6-4 also shows the correlation of Kappa number with pulp yield @-#d), viscosity
(Fig. 6-4e), and ISO brightness (Figr4f), which have shown a ndimear tendency that could be

related to the first order kinetic of delignification and carbohydrate hydrolysis reported in previous
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works (lakovlev et al., 2014; Yamamoto et al., 201A% expected, pulping yield decreases an
ISO brightness increases when the kappa number decr€asélse other hand, viscosity was
observed to decrease when kappa number decrease&-{lelg.On the other hand, viscosity was

observed to decrease up to 3 times (from 15 to 5 Cp) at kappa suvebes 10.

Table6-1 s hows the changes of c¢chemicadiellosemposi t
hemicelluloses, lignin and ash content for all the SEW trials. Similarly for lignin removal, it is
noticeable that temperature and pulping time hateag effect on the removal of hemicelluloses.

On the other hand, due to the acidic conditions, ash content seems to remain high at all the
evaluated pulping condition@an et al., 1999)Alongside delignification and hemicelluloses
extraction, it is noticeable that the cellulose proportion increases sagificwhich is desired for

di ssolving pul p. I n terms of <chemical CoOmpo:
viscose dissolving pulp grade must be accomplished. Theoretically, a vigeolsepulp should

have cellulose content above 90% wthibs/ing a hemicelluloses, lignin, and ash content below

2.5%, 0.1%, and 0.1% respectivéthen et al., 2016; Duan et al., 2015)
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6.3.2.1. Data modeling of SEW pulping for wheat straw.

SEW pulping data shown in Table 1 was used to assess a surface modeling to the SEW pulping
process when a sulfuvaterethanol composition of 1045 - 45% (based on weight) is used. Fig.
6-5 shows the correlation between actual and predicted valudstioé ahain response variables
of the process, including yield (F&5a), kappa (Fig6-5b), ISO brightness (Fig:5c), and
viscosity (Fig6-5d). Additionally, the modeling adjustment for chemical composition of the pulp,
namely %hemicelluloses (Fig-5e), %lignin (Fig6-5f), %cellulose (Fig-5g) and %ash (Fig-
5h) is shown. Generally, the models showed a high fit based on obtatimgher than 90%
while obtaining pvalues lower than 0.05 indicating a 95% of confidence, except for ash content
which did not show a significant variability during the pulping process. Thus, as expected, the
modeling of ash content showed the lowesaRd the highest-palue, which were 0.74 and 0.035

respectively (Fig6-5h).

Figure6-5 also shows the summary effectlod ppulping variables, where the time seems to be
more significant than temperature toward the pulping performance, which can be also corroborated
in Fig 6-2. Modeling parameters are summarized in TabR including the corresponding
coefficient parametsrfor all the evaluated response variables. The significance of the parameters
composing the modeling equation was determined by the statistredigs. Coefficients with-p
value < 0.05 were considered while those witvajue > 0.05 were disregardedassure a 95%
of confidence. The model also profiled the response of all the studied variables to the variation of
pulping time and temperature, as depicted in &i@. It is possible to observed that, in a range of
temperature and time of 1ABOC and #4h, the maximization of cellulose content in the pulp to
93% is associated with a significant reduction of pulping yield (33%), viscosity (5.01 Cp),

hemicelluloses (3.2%), and lignin (1.3%), corresponding to the SEW12 trial.



202

60 40 60
a) Vs b) c)
55 . . = 7
2
30 o]
= — <
E 5 550
|*) kvl .
< 2 a2
x® . © o, g 45 <
5% g20 £
o]
£ 4 40 o
40 Q
)
10 > “ 35 .
35 b
30
35 40 45 50 55 60 10 20 30 40 30 35 40 45 50 55 60
Yield, % Predicted RMSE=1.5562 RSq=0.97 Kappa Predicted RMSE=3.2159 RSq=0.93 ISO Brightness, % Predicted RMSE=2.4383
PValue=<.0001 PValue=0.0003 RSq=0.95 PValue=0.0001
20 - 16 15
d) e)
14
= .o .0
= . 2
3 15 . S T 10
<
< R 5]
o . $ 10 <
© . 2 R
210 RN . <
S © 55
£ ) E 6 -
()
T
5 4
.
2 0
5 10 15 20 2 4 6 8 10 12 14 16 0 5 10 15
Viscosity, Cp Predicted RMSE=1.0398 RSq=0.96 Hemicelluloses,% Predicted RMSE=0.562 Lignin, % Predicted RMSE=1.4023 RSq=0.92
PValue=<.0001 RSq=0.98027 PValue=<.0001 PValue=0.0005
85 ) 4
80
= 35
2 ©
2 75 D 2
® <
270 > ® 3 .
3 <=
= . <
@
O 65 25
.
60 e,
2
60 65 70 75 80 85 2 2.5 3 35 4
Cellulose, % Predicted RMSE=1.4179 RSq=0.98 Ash, % Predicted RMSE=0.3541 RSq=0.74
PValue=<.0001 PValue=0.0315
i)
Source LogWorth PValue

Time, h 5.501 | 1 . 000000
Temperature, C 5.100 0.00001

Temperature, C*Time, h 3.730 o bbb 0.00019
Temperature, C*Temperature, C 1.950 : 0.01122

Figure 6-5. Actual versus predicted values of a) yield, b) kappa, c) brightness, d) viscosity, e)
hemicellulose, f) lignin, g) cellulose, and h) ash in a SEW pulping process for wheat straw. i)
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Table 6-2 . Fit parameters and parameters estimate of SENImY model for wheat straw.
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Response Variables*

Yield % Kappa I1SO Brightness, % | Viscosity, Cp | Cellulose, % Hemicelluloses, % Lignin, % Ash%
- Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient
. Factor | Coefficient . . . . - - - .
Variables estimate estimate estimate estimate estimate estimate estimate estimate
Intercept Bo -28.2666 82.7466 22.7016 -87.215 116.14 -60.603 12.415 19.1983
t oy -5.5928 -29.0143 10.54 1.0957 -2.5914 7.8292 -1.4528 0.6435
Pulping time (h)
t? ap - - - - - - - -
Pulping IoeC’T)‘Perat“re T By 2.0066 0.0813 -0.3181 2.096 -1.2535 1.288 0.219 -0.269
T? B2 -0.0108 -0.0046 0.0035 -0.0102 0.0065 -0.0054 -0.0017 0.0011
Pulping Temperature
(°C) * Pulping time (h) T*t G 0.0121 0.2057 -0.0467 -0.0215 0.0605 -0.0831 -0.0077 -0.0081
R? 0.97 0.93 0.94 0.96 0.98 0.98 0.92 0.74
R2yqj 0.96 0.89 0.91 0.94 0.97 0.96 0.87 0.59
Root mean square error 1.556 3.215 2.4382 1.0398 1.1737 0.562. 1.4023 0.3540
2A0DIGTA@AE AAT Ai* t ¥+ o*BT AT +B1* TH

*All the coefficients estimate shown in this table haveafues lower than 0.0001.
* This model is limited to an operation range e#ti and 106130°C

* The output of this model could be useful for other applications such as tissue paper.
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Based on the viscosgade criteria, experimental results, and the modeling outputs, the best
pulping conditions for wheat straw were 130 °C and 4 hours of pulping (SEW12 trial). However,
after pulping, lignin and ash compiien are still high and further poesteatments must be carried
out to minimize these undesired components in the pulp. Thus, alkaline extractionEdd D
bleaching were performed, which results are shown in the next sections for pulp obtained in
SEW12. On the other hand, pulp from SEW11 trial containing high hemicellulose content was

also chosen to better evaluate the purification performance of thesegadsents on SEW pulp.

6.3.2.2. Alkaline extraction

Table6-2 shows that alkaline extraction had an important effect on reducing lignin, and ash in
wheat straw pulp. However, this pdstatment was not effective enough to reduce the
hemicellulose content, i,6rom 8.1% to 7.9% for SEW11 and from 2.9% to 2.3% for SEW12 pulp.
Considering that the alkaline extraction was assessed at a 2% NaOH charge (based on dry mass),
higher charges of NaOH are expected to extract more hemicelluloses at the expense process
ecaomics. A good example is the cold caustic extraction that uses chemical charges of NaOH up
to 18%(Dou and Tang, 2017However, these high alkaline conditions were not evaluated in this
work to avoid the possible modification of cellulose from cellelbgo cellulose II, negatively
affecting the reactivity of the pulp. Previous work has reported the negative effect of cellulose Il
on some dissolving and regeneration process at vigpase levels (e.g., Lyocell procegBou

and Tang, 2017)

S10 and S18 values are also shown in Té&k2e which are two important qualdndicator
parameters for dissolving pulp. S10 referghmquantification of the percentage of carbohydrates
soluble in a 10% NaOH solution. Under these conditions, both k#uolises and low molecular

weight cellulose are expected to dissolve, considering that at 10%wt NaOH concentration occurs
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the maximum swelling of cellulos@bou and Tang, 2017) S18 refers to the percentage of
carbohydrates soluble in 18% NaOH solutiovhich is only hemicelluloses. Thus, S18 is an
approximation of the hemicellulose content of the pulp. The lower the S10 and S18 values, the
higher the quality of the dissolving pu{Pou and Tang, 2017518 is usually lower than S10
values and the dérence S16- S18 shows approximately the fraction of the dissolving pulp that
could be lost in viscose dissolving and regeneration procéBseiolm, 1965) SEW11 and

SEWI12 trials had S18 values of 9.4 and 3.45 respectively after alkaline extraction.

Compared to SEW11, SEW12 pulp had lower S18 value, which was expected due to its lower
hemicellulose content. Regarding S10 values, SEW12 had similar results compared to SEW11
pulp. This might be related to a significant depolymerization of celluloseE®#{12 pulping
conditions, also reflected in an important in viscosity reduction (Figt2e). Thus, a major

proportion of low molecular weight cellulose might be present in SEW12 pulp.

6.3.2.3. Pulp Bleaching

After Alkaline extraction, a BED: bleaching sequence wassessed for both SEW11 and
SEW12 pulps. Figuré-7 shows the pulping sequence particularly for SEW12 trial, where a white
pulp is obtained, related to a full delignification (Tabi2). After bleaching, a decrease in the ash
content to 0.2% for both S¥11 and SEW12 was also observed, which can be associated with the

alkaline extraction stage (E stage) able to solubilize more ash from the pulp.

The bleaching sequence did not extract xylose in a representative way, but it is important to
mention thatafter bleaching, SEW12 pulp is the most suitable for visgoade applications due
to having the lowest impurities, namely hemicellulose (2.1%), lignin (<0.1%), and ash content

(0.2%), as shown in table 2.
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Raw Material

Figure 6-7. Conversion sequence of pulping, alkaline extraction and DOED1 bleaching for
converting wheat straw into dissolving pulp via SEW12 pulping trial at 130C, 4h and 18% SO
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Table 6-3. Pulp characterization after pulping, alkalingragtion and BED; bleaching.
After pulping
Pulp characterization Chemical composition, %
; B o @
- .%_J 0 8 ° ‘?; 5
8 > g o o 2 o © = 2 = S
= |28 §|es | &8 |8 |3 | % S 58 | 5
= N - g 3 = = = <
= = (2] -
o @ > © P
SlaN 40 8 57.5 13.6 N/A | N/A 3.7 7.7 8.1 2.3
SE;N 34 7 57.0 4.9 N/A | N/A 2.3 83.7 2.9 2.2
After Alkaline Extraction
Pulp characterization Chemical composition, %
oQ o o @
— he] © 0 O. X ?5 é L
8 ° = oo = S | ® < 3 RS >
= > R g » S 7 IR = = 3= <
L < = £ 8 woo = = = <
< 2 2 = 5 9]
m > O T
SIaN 97 5 70.3 15.5 11.1| 94 2.6 81.6 7.9 1.1
SIEN 98 5 71.4 4.7 11.6| 34 21 90.0 2.3 0.8
After DoED: Bleaching
Pulp characterization Chemical composition, %
S o o
- 2o ) 8 X 2\’5 g
g =S 8| 0% 2 |o|e | 2 & E X
() Q 4 - 8 n n ()] = = <
=z > 2 2 3 3 5
@D S © 2
SEW11 98 N/A 90 14.4 93| 7.8 <0.1 84.7 7.1 0.2
SEW12 98 N/A 91 4.7 11.3| 3.1 <0.1 92.8 2.0 0.2

6.3.3. Comparison of wheat straw with other non-wood feedstocks.

While it is acknowledged that the optimal conditions for pulping wheat straw may not be

applicable to other feedstocks, the SEW12 treatment conditions were implemented in the

processing of two other alternative reood sources, namely switchgrass and héaoma. Table

6-4 summarizes the pulp characterization and final chemical composition for all three feedstocks

after pulping, alkaline extraction, and bleaching. Té&nMeshows that obtaining pulps with minimal
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hemicellulose content was possible for botieat straw and switchgrass, but not for hemp hurd,
which had important differences in terms of pulp quality. Switchgrass was shown to be the
feedstock with the lowest S10 and S18 values while hemp hurd was the one with the highest values.
Differences canéattributed to the nature of the feedstock, including species, anatomical structure,

and morphology that influence the ease of the feedstocks to be iy et al., 2019)

Table 6- 4. Comparison of nomvood dissolvingpulp.

Pulp characterization Chemical composition, %
k=] 7 = © S o
Pul O = a\o [0} =] . <
" 124 95 | B85 |2l |B | = 2 3 = g
§°| 25 g | v || 3 5 E = 2
° 5 | > s 8 g
Wheat 33 91 47 |113]31] 82| <01 92.8 2.0 0.2
Straw
Switchgrass 34 89 5.3 9.8 | 29| 6.9 <0.1 93.7 24 0.2
Hemp 39 89 22 | 187] 76| 127| <01 91.1 4.1 0.1
Hurd

* Might be out appreciation scale of the viscometer.

S10S18 values show the potential of having diminished yields during subsequent dissolving,
regeneration, and spinning procedures (such as the viscose or lyocell process) in textile making
processes. Compared to both wheat straw and switchgrass, hempxhibided significantly
higher S18S18 values, which could challenge its quality for dissolving pulp application. On the
other hand, wheat straw and switchgrass show a promising avenue for utilization in textile
production due to having high purities (véoyv hemicellulose content) and reasonable S10 and

S18 valuegOlmos et al., 2021)

Regarding viscosity, switchgrass showed a slightly higher viscosity than wheat straw. On the
other hand, hemp hurd had the lowest viscosity which could be attributed to a lower degree of
polymerization after pulping. The effect of viscosity on pulp quadityubjected to meet spinning

process criteria. Beyond chemical composition requirements succeeded in this work, degree of
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polymerization (related to the viscosity) requirements changes based on the type of spinning
process. For example, lyocell procesgquires DP about 55850 while Viscose (rayon) process
requires about 45050 (Biswas et al., 2021; Jiang et al., 2020hus, future assessment will be
focused on identifying spinning processes suitable for thenomd dissolving pulp obtained in

thiswork.

6.3.4. Challenges and Opportunities

Nonwood feedstocks are emerging as an alternative source to produce dissolving grade pulp
for multiple applications, with a major interesttéextiles(Lawson et al., 2022)Perennial grasses,
agricultural residues and agimdustrial residues such as wheat straw, hemp and switchgrass are
presented in thishapteras alternative feedstock to prax dissolving grade pulps with viscese
grade features. However, from a technical point of view, one of the main issues to pulping these
types of raw materials is related to the high content of ash, challenging the conventional pulping
and chemical recovgrmethods(Jahan et al., 2021Yhus, alternative pulping methods such as
SEW emerged to have chemical recovery processes more affordable for these types of raw material
(Huang et al., 2019; Sixta et al., 2013)he results of this study suggest that the production of
dissolving pulp from notwood feedstocks offers a good opportunity to increase the supply of

natural fibers in the textile industry.

From an economic point standpoint, challenges persist, mainly related to the supply of the non
wood feedstocks, which coulchake it difficult to have facilities with high production rates
(Gonzalez et al., 2011nnother existing challenge is the still high contehtash of noAvood
pulps, which could limit their use to viscegeade applications. Acetate grades would need pulps

with even higher purityYadollahi et al., 2018)However, the application of chemical treatments
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like chelating agents could be helpful to reach ash content belowm8e22the appendix in section

6.5) (Edmunds et al., 2017)

Regarding opportunities, the developrheof feasible processes to convert {veood
feedstocks into dissolving pulp would be increase the profit of farmers and processing facilities
that have notwood materials as wastes or secondary products, which is the case for wheat straw
or hemp hurd@Hart, 2020; Naithani et al., 202rom an environmental point of view, the adoption
of nonwood fibers can also make a significant contribution. Feedstocks like switchgrass can
sequester high contents of €@ the soilduring farming, making them a raw material with a lower
carbon footprin{Bai et al., 2022)More importantly, the role of newood sources in increasing
the production of natural mamade fibers and decreasing the market share of synthetic fibeys (e.qg.
polyester) in the textile industry is the main environmental contribution of thesevaumly
biomasses. A significant reduction in using these synthetic fibers would be beneficial in the
reduction of norbiodegradable fibers that also represents a sigmnif share in the detrimental
microplastic generation, and textile landfillifgera et al., 2023, 2022\ oreover, increasing the
production of textile with natural fibers would increase the recent adoption of producing dissolving

pulp from textile wake (Mendes et al., 2021)

6.3.5. Future Perspective

Global megatrends, such as sustainability and changes in social behavior, are shaping the
way to adopt sustainability, resulting in creating unique opportunities to develop sustainable fibers
from agricultural biomass to replace petrolebased textile matials(Lawson et al., 2022 hese
global megatrends will lead the next generations to demand feasible and sustainable processes for

better product acceptance in the mailkest et al., 2023)Thus, alternative and sustainable fibers
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from nonwood bionmass represent a unique opportunity to match societal and environmental

demands, especially in the textile induge Oliveira Neto et al., 2019; Keijsers, 2021)

Besides evaluating DSP spinnability, future work will focus on demonstrating both the
ecanomic and sustainable feasibility of converting +vemod feedstocks into DSP. In addition, it
will be crucial to quantify the environmental impact of replacing synthetic fibers wittwood
fibers. This will involve conducting life cycle assessments terd@ne the environmental benefits
of using norwood fibers and identifying potential areas for further improvement in the production

and supply chain processes.

6.4. Conclusions

Dissolving pulp was obtained from wheat straw, switchgrass, and hemgpyusihg SEW
pulping. The best conditions for wheat straw were found to be at 130C for 4 hours, then applied to
switchgrass and hemp hurd. SEW pulping produceewuod pulp with acceptable hemicellulose
content for viscosgrade pulp and over 90% cellulose conmtafier bleaching podteatments.
Although switchgrass and wheat straw had similar pulp quality suitable for igrade
dissolving pulp, hemp hurd had higher hemicellulose content and the lowest pulp quality, making
it challenging for dissolving pulppplications. Dissolving pulp from newood biomass offers an
opportunity for potential fiber spinning and subsequent manufacturing of textile products made of
natural fibers. Future assessments will be focused on demonstrating the production of regenerated

cellulose (fiber spinning) from the dissolving pulp obtained in this work.
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6.5. Appendix

Figure 68 shows preliminary results of the significant reduction of ash that chelating agents like
EDTA can promoten nonwood dissolving pulpin this specific case, the dissolving pulp was
treated with 1% EDTA (pH 5, 70C and 1h), resulting in a reduction of ash from 0.2% to 0.07%.
This finding opens the door for a more systematic study (effect of charge, temperature,
impregnation time, othechelating agents, etc.) on the effect of chelating agents toward the
reduction of ash in newood dissolving pulp.

Cellulose Hemicellulose Ash content

0.2 0.07
2.£ 2.0 : 2.0
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E 40
E 30
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SEW pulping - 130 C ~ 4h SEW pulping -=130C
No EDTA - 4h
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Figure 6-8. Preliminary results on the effect of EDTA on reducing the ash cointevtieat straw
dissolving pulp EDTA treatment was performed at pH 5, 70C, and 1h with an EDTA charge of
1%based on O.D mass of biomass.
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7. CONCLUSIONS AND FUTURE WORK

This dissertation proposes alternatives for a more sustainable textile industry, focusjng on
Implementing more sustainable stigigs to upcyclingextile wasteinto valueadded building
blocks via enzymatic hydrolysis amid Transformingnonwood feedstocksnto dissolving pulp
with potential for textile applications
Main conclusions of this dissertatiane presented as follow

1 Developing sustainable pretreatment processes tailored to upcycle cotton textile waste
into glucose via enzymatic hydrolysis with low enaymmhemical and energy demand
is crucialfor a more sustainable textile waste manageméathanical refiningvas
demonstrated to be a chemifade and low energy pretreatment that significantly
improveal the enzymatic hydrolysis of cotton textile wastes to produce glucose. This
wasreflected in high yields of enzymatic cotton conversions, boosted from 50% to 95%
conversion by using enzyme dosages as low as 5FPU/g of cotton.

1 The presence of persistent dyes in textile waste poses a significant chall¢hge to
mechanical refining pretreatment for the enzymatic hydrolysis of textile wastes
Combining mechanical refinghwith total-chlorinefree(TCF)oxidation methodée.g.,
ozone and hydrogen peroxjdbas been demonstrated as a practical approach to
overcoming this challeng&he twastage oxidation with ozone and hydrogen peroxide
produced a white textileaste, whictresulted inhigh glucose yields up to 90&éter
enzymatic hydrolysiat low enzyme chargeshismakesmechanical refining and TCF
processegpromising pretreatments to boost the enzymatic hydrolysmgshway for
producing valueadded chemicals and implentieiy economic circularity in the life

cycle of textiles.
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1 A techneeconomic analysis was performed on a collocated facility to produce glucose
from textile wastes at an annual capacity of 14,000 tons. Four distinct scenarios were
investigated, varying tetk¢ waste compositions, from 100% cotton (undyed) to a 50%
cotton (dyed) + 50% polyester (dyed) blend. Capital investments ranged from USD 5.6
to 7.9 millionwhile minimum selling prices for glucose ranged from USD 290 to USD
391 per ton, depending on teealuated scenario. Remarkably, the scenario processing
a 50/50 cotton/polyester blend had the lowest minimum sellinggeic®n of glucose
benefiting from revenue generated by selling bleached polyester as -aahigh
byproduct. The combined approamhenzymatic hydrolysis, mechanical refining, and
dye oxidation not only promises economic benefits but also aligns well with the goals
of circular economy models, offering a sustainable alternative to conventional practices
of textile landfilling and inmeration.

1 In an effort to boost the share of natural fibers for textile applicatiassglding pulp
wasproducedrom wheat straw, switchgrass, and hemp Hoyrdsing Silfur-Ethanot
Water (SEW) pulping. SEW pulpinggeneratednonwood pulp with acceptable
hemicellulosecontentfor viscosegrade pulp(below 4%)and over 90% cellulose
content.The quality of the dissolving pulp vadéased on the nature of the feedstock.
Although switchgrass and wheat straw had similar pulpitgusuitable for viscose
grade dissolving pulp, hemp hurd had higher hemicellulose content and the lowest pulp
quality, making it challenging for dissolving pulp applications. Utilizing alternative
fibers from noAawood biomass offers an opportunity foroddendly textile products

that meet society and the environment's demands. Investing in sustainable fiber
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technologies will be vital to fight climate change and meet sustainatuititysed

consumer demands.

Future work suggestions are presented as follow

7.1. Effect of the solid content on enzymatic hydrolysis of textile when mechanical refining

is used as pretreatment.

Although hidh conversion is obtained when using a solid content of 5% during the enzymatic
hydrolysis of cotton textiles increasing the swl content to 1% or 20% would increase the
enzyme performance. Thus, further opportunities to reduce the enzyme chaoiptaamsimilar

conversion rates could be possibleile reducing capital cost
7.2. Effect of polyester on enzymatic hydrolysis of cotton textile wastes.

The effect of polyester on enzymatic hydrolysis of textile waste needs to be validated when
mechanical refining is used as pretreatment. This research will be important toward economics of
upcycling textile wastes from textile blends sms, particularly at different blend ratios of cotton

and polyester.
7.3. Conversion of glucose from textile waste into value-added chemicals

Conversion of the glucose obtained in the enzymatic hydrolysis of cotton textiles is a gap left
in this dissertationThe successful production of vatladded chemicals like succinic acid could
be a significant contribution toward feasibility of upcycling textile wadtelerstanding the effect
of contaminants (e.g., oxidized dye leftover, bleaching chemical leftoversinethe hydrolysate

on the conversion of sugars in other valuable building blacks would be crucial.
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7.4. Characterization of polyester obtained in the enzymatic hydrolysis process of

cotton/polyester textiles.

The qualityof the polyester obtained in this conversion process is highly determinant in the
economic feasibility of producing vaksded chemicals from textile waste via enzymatic
hydrolysis. High quality of polyester will be translated into high price and thiehigvenue

from this byproduct.

7.5. Optimization of SEW pulping toward producing dissolving pulp from non-wood

feedstocks.

SO charges andiquor:biomassratio must be optimized in the SEW pulping, looking for
having a more feasible process. Loweguor.biomass ratio (e.g., 4:1) could letathe obtention

of dissolving pulp ashorter pulping times arldwer SQ charges.
7.6. Application of other sulfite pulping methods as an alternative to SEW pulping.

Although SEW pulping process has shown to be effedtivproduce dissolving pulp from
nonwood feedstocks, simpler and industrially appBetfite pulpingprocess must be considered.
The combination of prehydrolysis and sulfite pulping at alkaline condi(eags pH > 8.3tould
be a pomising pathway tgroduce dissolving pulp from nemood feedstocksThus, valuable
lignosulfonates could be obtained in the pulping process, representing a potential byproduct for

extra revenue in the process while avoiding the éedpensive chemical recovery systems.



