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ABSTRACT

Rising atmospheric ar bon d i corcentraiong av@ injensified the need
for efficient and scalable carbon capture technologies. Carbonic anhydrase (CA), a

naturally occurring enzyme that catalyses

ambient conditions, has been identified as a @iy biocatalyst for enhancing
gasl i qui d CO absorption when i mmobili
rials. This studyinvestigates the immobilisation of CA onto cotton fabric function-
alised with two surface treatments, APTES&(Binopropyl)triethoxysilane) and pol-
yethylenimine (PEI), applied via dip coating and hydraulic spray deposition. The
study evaluates the effect s@irface chemistry and application method on enzyme
activity, leaching behaviour and retained activity following agueous exposure, quan-
tified using a pnitrophenyl acetate (pNPA) colorimetric assay.

Results indicate that both immobilisation strategy and application method affect en-
zyme retention behaviour. Dip coating generally produced higher stability with PEI
functionalised fabric retaining up to 95.97% of initial activity after washing. Hy-
draulicspray deposition enabled successful enzyme immobilisation with measurable
activity across all conditions but showed higher initial enzyme loss during leaching,
while still maintaining substantial retained activity in the bound fraction. Among the
tested sgtems, PEfunctionalised textiles consistently demonstrated stronger reten-
tion under both deposition methods.

Under dip coating, leaching losses were 21.25% (APTES) and 13.01% (PEI), while
under hydraulic spsa they were 75.21% and 47.89%, respectively. Despite higher
initial loss under spray conditions, a substantial fraction of activity remained immo-
bilised after postreatment handling. Pelgaching retention reached 90.54% for
APTES spraycoated fabric an83.87% for PEI digcoated fabric. Washing stability
further differentiated the systems, with PEI-dimated fabric showing the highest
retention at 95.97%compared with 82.31% (PEI spray) and 82.54% (APTES
spray), while APTES digoated fabric retained 44.13%. Overall, PEI functionalisa-
tion was associated with higher retained activity across conditions

The findings demonstrate that hydraulic spray is a feasible method for enzyme dep-
osition onto textile substrates and that surface chemistry plays a key role in stabilis-
ing immobilised CA. This work contributes to the development of scalable biocata-
Iytictex t i | e sy scapunaelatdd applicalidns by establishing comparative
baseline data on immobilisation stability under controlled laboratory conditions.

Keywords: carbonic anhydraseptton fabricC O a b semzaymetimnwlinilisa-
tion, textilesubstrate APTES polyethyleniminePEl, hydraulic spraytextile struc-
ture,dip coating, pNPA assay, biocatadytextile, C O andisfotager e

sed

coO
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POPULAR ABSTRACT

Carbon dioxide is one of the main gases responsible for climate chadgeducing

its emissions remains a key scientific and industrial challenge. One promising strat-

egy is the use of enzymes as biocatalysts, which can accelesat®ns without

requiring harsh chemicals or high energy in@arbonic anhydrase (CA) is one such

enzyme, capable of rapidly catalysing the r
(HCO ) under mild conditions.

This study investigated the immobilisation of carbonic anhydrase onto cotton fabric
transforming a common textile into a functional catalytic material. To enable enzyme
binding, the fabric was modified using two surface treatments, APTES and PEI. The
enzyme was then applied using two methods: dip coating, where the fabric is im-
mersed in slution, and hydraulic spray deposition, where the enzyme is applied as
fine droplets onto the surface

The results showed that actierzymescould be immobilised using both methods.
The amount of enzyme lost during processiagendsn the combination of surface
treatment and application method. Dip coating generally resulted in lower initial en-
zyme loss (21.25% for APTES and 13.01% for PEI), while spray deposition showed
higher losses (75.21% and 47.89%). However, in both casasctiohal fraction of
enzyme remained active on the fabric after processing.

PELHtreated fabric showed the highest retained activity after processing, reaching up
to 95.97% in the most stable case. Spragted fabrics showed similar stability
across surface treatments, with retained activity around 82% in both cases.

Al t hough CO capture performance was not te
strate that enzymfnctionalised textiles can be produced using scalable deposition

methods while maintaining catalytic activity. This provides a foundation for further

develpment of textilebased systems for potential carbon capture applications
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1. INTRODUCTION

GlobalCO emi ssions from energy production and
the dominant drivers of climate change. Energjated carbon emissions reached a

new record in 2024, totaling 37.8 Gt co , W
eration (coal, oil, ad natural gas) and industrial processes like cement production

(International Energy Agency, 202%)arge point sources such as power plants and

cement facilities are expected to persist in the near future, making carbon capture

and storage (CCS) an i mportant transitional
emissiongShen et al., 2022¢; Wilberforce et al., 2021)

The effectiveness of carbon capture systems depends not only on separation effi-
ciency, but also on energy demand, operational stability, and scalability under in-
dustrial conditiongXiao et al., 2023)In particular, the energy penalty associated
with solvent regeneration remains a major challenge fordsegke implementation
(IECM Technical Documentation: Amiri@gased Pos€Combustion CO 2 Capture,
2019; Shen et al., 202Zurthermore, longerm operational stability, including en-
zyme longevity in biocatalytic systems, and the development of scalable technolo-
gies compatible with existing infrastructure are critical for industrial adoption
(Morshed et al., 2026; Xiao et al., 2023)

1990 baseline 2024 level Total increase

~22 Gtcou/yr 36.8 cico.yr +67% since 1990

Growth driven primarily by fossil fuel combustion and industrial processes. Brief dips visible around the 2008-09 financial
crisis and 2020 COVID-19 pandemic.

Figurel: Rising global energy related G@missions (199@024). Adapted from:
(International Energy Agency, 2025).

Conventional post o mbusti on CO capture is primarily
sorption of flue gas into aqueous amine solvents followed by thermal solvent regen-
eration in a stripper column. Aqueous 30 wit% monoethanolamine (MEA) is widely



used as the benchmark solvent system for industrial carbon capture appliéations

dullah & Shakir, 2024; Du et al., 20243ommercial and pilescale MEA systems

commonly achieve CO capt uries¥%ehbwevec i enci es of
this performance is associated with a substantial energy pévidliayet al., 2023)

Reported reboiler duties for 30 wt% MEA are typically in the range 6#4301GJ

t T CO , with significant energy consumpti on
coO ¢ o0 mDu etsls 2024h

In addition, MEAbased systems are associated with equipment corrosion, solvent
volatility, oxidative degradation, and the formation of k&table degradation prod-

ucts, all of which increase operational complexity and operatingRasbuli et al.,

2022; Yong et al., 2015Although blended amine and carbonrbésed solvents

have been developed to reduce regeneration energy requirements and improve cyclic
absorption capacity, their performance remains hey remain kinetically limited by the
relatively sl oaminrha liqed fimnfunder @alistib gbsorber ton-
ditions (Morshed et al., 2026; Rasouli et al., 2022; Yong et al., 200/&in this
context, biocatalytic approaches have emerged as a promising strategy for enhancing
coO capture kinetics while maintaining compat
(Shen et al., 2022b; Xiao et al., 2023)

Carbonic anhydrase (CA), a zinontaining metalloenzyme that catalyses the re-

versible hydration of CO into bicarbonate an
sively studied enzymes for this purpose. Suitable CA isoforms exhibit turnover fre-
guenciesontheeod er of 10 s T under mildly alkaline ¢c

acceleration of (Md&shedletyld 2026 Rasonli ekal., 2@22)i c s
Benchscale experiments and process modelling studies have demonstrated that the
addition of CA to carbonate and tertiary amine solvents can significantly enhance
CcoO absorption rates, i n somelmted®es shifting
ward masgransferlimited behaviour in packed columns and membrane contactors
(Shen et al., 2022bHowever, when CA is directly dissolved in circulating solvent
systems, the enzyme is exposed to hot stripper and reboiler conditions, high ionic
strength, and solvent degradation products, leading to rapid deactivation of enzyme
and loss of catalytic aeity (Xiao et al., 2023; Yong et al., 2015)his requires
continuous enzyme replenishment, which limits the economic and industrial feasi-
bility of soluble enzyméased systen(Xiao et al., 2023)

To overcome the limitations of homogeneous biocatalytic systems, increasing atten-
tion has been directed toward the immobilisation of Carbonic Anhydrase (CA) onto
solid supports that function simultaneously as catalysts aridiqgad contactors
(Russo et al., 2022; Xiao et al., 202Bpmobilisation confines the enzyme to the
cooler absorber section, thereby reducing exposure to the harsh thermal conditions
of the stripper, and facilitates reuse over many cycles while allowing integration with
low-energy solvents such as potassiunboaate or tertiary amingXiao et al.,

2023; S. Zhang et al., 2011a)

Recent studies have explored texblesed structured packings in which CA is en-
trapped in chitosan layers or covalently attached as enzyme aggregates onto cotton
substrate¢Shen et al., 2022a; Xiao et al., 202@pmpared with conventional me-

tallic packings, textildbased systems offer high specific surface area, efficient liquid



distribution, and improved hydrodynamic behaviour. Furthermore, covalently im-
mobilised textile packings have demonstrated {mrgn operational stability, retain-

ing substantial catalytic activity during extended storage and continuous absorption
testing(Morshed et al., 2026; Xiao et al., 2023he use of hydrophilic cellulosic
yarns is critical, as they support strong capillary wicking and thin liquid film for-
mation, which enhance gdigjuid contact and reduaghannellingat moderate liquid
loads(Shen et al., 2022a; Xiao et al., 20ZB)efibre surfaces also provide abundant
hydroxyl groups that can be chemically functionalised to anchor crosslinkers and
enzymegMorshed et al., 2026; Shen et al., 2022a).

There is therefore a need for immobilisation and coating methods that generate thin-
ner, more uniform, and surfaceh enzyme layers while maintaining strong attach-
ment and durabilityMulder et al., 2022; Shen et al., 2022dydraulic spray appli-
cation has recently been introduced in textile finishing and dyeing as a resource
efficient alternative to immersion methofdulder et al., 2022)This technology
allows for controlled lowliquor-ratio deposition (as low as 1:0.7) with precise-add

on and spatially uniform coverage using traversing spray no@gdlas & Aman-

doron, 2024)Hydraulic spray processing has not yet been systematically explored
for carbonic anhydrase (CA) immobilization on textile structured packBigsn et

al., 2022a; Xiao et al., 2023pignificant knowledge gaps remain regarding how
spray parameters, crosslinker chemistry, and testilectureinteract to determine
enzyme accessibility, stability, and mass transfer performance. Addressing these in-
teractions is essential for engineering efficient and durable tdaaded biocatalytic
systems for industrial carbon captuidorshed et al., 2026).

This thesis explores how textigructureand surface engineering strategies can be

used to improve the performance of CAMmo bi | i sed systems for Cf
focuses on how controlled structures, enzyme crosslinking, andisasay deposi-

tion interact with textile structure to influence dgsaaccessibility, coating stability,

and overall absorption efficiency. The broader relevance of hydraulic spray pro-

cessing as a controlled and resowffecient textile treatment route has also been

demonstrate in textile finishing researdiMulder et al., 2022By combining textile

engineering principles with biocatalytic process design, the work aims to develop

more efficient and durable textittased gddiquid contactors for carbon capture ap-

plications.

1.1 PROBLEM DESCRIPTION

Ant hropogenic CO emi ssions remain a major
urgent need for carbon capture technologies that are effective, scalable, and less en-
ergy-intensive than conventional absorption systems. Monoethanolamine (MEA)

based solvernprocesses remain widely used inposh mbusti on CO captur e
ever, these systems are associated with high regeneration energy demand, solvent
degradation, corrosion, and significant operational costs, motivating the search for

alternative gadiquidcot acti ng systems capable of maint
tion performance while reducing process energy consumption and improving oper-

ational sustainabilityShen et al., 2022a)



Carbonic anhydrase (CA) which catalyses the r
carbonate ions, has emerged as a promising bi

tion kinetics under mild operating conditions. However, free CA in solution is diffi-
cult to imgement practically because the enzyme can undergo deactivation under
absorber conditions, may be lost with the circulating solvent, and often requires con-
tinuous replenishment to maintain catalytic actiylen et al., 2022b; Xiao et al.,
2023).Immobilisation of CA onto solid supports has therefore become an important
strategy for improving enzyme stability, reusability, and operational durability in
continuous CO (Mostegdtal.r2e26)sy st e ms

Among immobilisation supports, textile structured packings have attracted increas-
ing attention because textile materials combine high surface area, low density, me-
chanical flexibility, andunablewetting behaviourln particulay wovencotton fab-

rics provide celluloseich surfaces suitable for chemical functionalisation while
simultaneously supporting liquid retention andidjgsiid contact. Previous studies

have demonstrated that GAmmo b i | i sed cotton textile

absorption performance relative to conventional structured packing systems under
alkaline solvent conditiongShen et al., 2022b; Xiao et al., 202Bhese findings
highlight the potential of textikengineered gasiquid contactors for biocatalytic
carbon capture applicatiofiglorshed et al., 2026)

Textile substrate Immobilized CA Catalysis at the textile surface
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CO, + H0 = HCO; + H

Figure2: Schematic illustration of carbonic anhydrase immobilized on textile sub-

strate for reversible CO hydrati on.

Despite these advances, the immobilisation strategy itself remains a major challenge.
Existing textilebased CA systems have relied primarily on-cating approaches

and chitosatbased entrapment or surface attachment methods, which can promote
bulk impregnation, noruniform coating formation, and diffusion limitations within
thicker enzyme layers. Under such conditions, increasing total enzyme loading does
not necessarily produce proportional

packi ng

mprovem



because catalytic sites may bury deeper within the coating and become less accessi-
ble to the gadiquid interface(Shen et al., 2022Db; Xiao et al., 2028hnsequently,

there is a need for deposition methods capable of forming thinner, more uniform,
and surfaceccessible enzyme layers while maintaining sufficient attachment sta-
bility.

Hydraulic spray application represents a potentially important alternative to immer-
sionbased coating methods because it enables controlled liquinhaddrfaceori-

ented deposition, and continuous textile processing. Recent developments in textile
spray finishing and spray dyeing have shown that hydraulic spray systems can
achieve more spatially controlled liquid deposition with lower water and chemical
consumption than conventional waicessing methodMulder et al., 2022)How-

ever, hydraulic spray processing has not yet been systematically investigated for CA
immobilisation on textile structured packin@gorshed et al., 2026).

In parallel, current CA textile structured packings have focused predominantly on
plainrweave cotton cheeseclostructurs. Although these structures have demon-
strated effective gaéiquid contact performance, limited research has explored how
engineered textile geometries, such as nesegiported textile assemblies, may in-
fluence coating accessibility, solvent distributidinquid transport behaviour, and
structural stability during absorber operati(Morshed et al., 2026; Xiao et al.,
2023)

— CO,-free
Exhaust Gas

CO, Capture

Immobilized Enzyme on Textiles

%) Li ? +—— Enzyme

#— Linker

e “ ~ z; - L Ll
& { % & Textile
L @, e Fiber

Solvent

Biocatalytic
Textile

< s o R — =
Enzymatic 0/0\0

Hydration

Enzymes catalyze the hydration of CO, to bicarbonate (HCO5")

Immobilization on textiles enhances stability and reusability.

High surface area and porosity improve mass transfer
pure efficiency.

Figure3: Schematic illustration a€O, capture by carbonic anhydraisemobi-
lized textile packing in an absorber column.

The present study therefore investigates the combined effects of APTES and PEI
assisted enzyme crosslinking, hydraulic spray deposition, and srtitéureon the
immobilisation and performance of carbonic anhydrase on cbtead textile sub-
strates for CO capture applications.
with controlled enzyme immobilisation strategies, this study aims to contribute to-
ward more stable, accessible, and proefisient textile structured packings for
biocatalytic cabon capture systenfMorshed et al., 2026; Xiao et al., 2023)

By



1.2 RESEARCHQUESTIONS

This research addresses the immobilisation and performance of carbonic anhydrase

(CA) on textile substrates for CO capture, w
effects of enzyme crosslinking, hydraulic spray application, and testtiketure

Based on the identified literature gaps and the experimental scope of the present

work, the central hypothesis of this research is:

AOptimi zed hydraulic spray and enzyme <c¢rossl
structures wil/l i mprove the st-immabit ity and CO
lized textiles compared withnempt i mi zed i mmobili zation?o.

To investigate this hypothesis, the following research questions were formulated,
and their interrelationship is illustrated in Figure

RQ1. What is the synergistic effect of enzyme crosslinking and hydraulic spray ap-
plication on the stability and CO capture per
bilised on textile substrates compared with conventionatdgting methods?

RQ2. How do hydraulic spray process parameters influence the stability and perfor-
mance of carbonic anhydrase immobilized on textile substrates?

Input Factors

Textile R'Q‘! RQ2
Brahitethure Crosslinking + UMMM Spray Process
Hydraulic Spray vs Parameters
~ Dip-Coating Interdependent

Crosslinker Bt

‘A ect 0
(APTES / PEI) immobilisation CA Loading, Stability, Coating Uniformity,

strategy CO, Capture Performance Enzyme Accessibility,
? Spray Mass Transfer
%" Parameters
Immobilisation Surface-accessible

BipCouting efficiency CA layer
vs Spray

v

Optimised CA-Immobilised Textile Structured Packing
for Enhanced CO, Absorption

Figure4: Conceptual framework illustrating the interrelation between the research
guestions.

1.3 LITERATURE REVIEW

1.3.1C O ABSORPTIONPROCESSES ANSOLVENTS

Post combustion CO capture-annd l|lgaarsg ef i pceidnt S
power plants is dominated today by chemical absorption into liquid solvents, fol-

| owed by ther mal r egen éuet al.i 2024)Aradng theh e CO rich
available separation options (physical absorption, adsorption, membranes, cryogen-

ics), aqueous amine scrubbing remains the mos
parti al pressur e anl&CMnTechnical sDodomeatation: condi ti ons
Amine-Based Pos€Combustion CO 2 Capture, 2018).a typical absorbéstripper
configuration, cooled fluegas (@05 vol % CO ) contacts a counter



in a packed col umn. co is chemically boul
co rich stream that is then heated in a r
whil e CO is dried and compressed for store
ten achieve 8 95% capture, but at the expense of a substantial energy penalty,

with roughly 2@ 30% of gross plant output effectively diverted to solvent regenera-

tion and C O (Du etoain R024; SIECM oTechnical Documentation:

Amine-Based PosCombustion CO 2 Capture, 2019)

Monoethanolamine (MEA) has long served as the benchmark solvent fargpost

bustion CO capture. It is a primary amine
bamate, giving fast absorption kinetics into the liquid film but a relatively low theo-
reticalloddi ng of about 0.5 mol CO per mol amine
tions (e.g. 30 wt% MEA), pilot and modelling studies report very high regeneration
heat duties of CO , significanfortchem-rabove t he

ical absorption. lisuch systems, absorber performance is often limited by {sjdé

mass transfer coupled to reaction in the film, while in the stripper the need to break

relatively stable carbamate bonds and heat a large circulating water inventory dom-

inates the steam gairement. Secondary amines such as DEA show similar behav-

iour, whereas tertiary amines like MDEA have higher equilibrium loadings and

| ower regeneration energies but sl ower ki ne
hydration to bicarbonate rather thimnming carbamate directfpu et al., 2024)

To reduce the energy penalty while maintaining high reaction rates, extensive work

has focused on blended amine formulations. Mixed primary/tertiary systems such as

MEAT MDEA or AMPI MDEA, as well as promoted MDEA/PZ (piperazine) blends,

combine mafasbdb fWwathi a hi glDuetah, R4)Ext y base s
peri mental and process simulation studies ¢
can increase cycTl40% co@pared te 3D pvidocMEA gind buy 3 0

reboiler duty by roughly IiGB0%, while preserving or even improving absorption

rates in packedolumns and membrane contact{ita et al., 2024; Yong et al.,

2015hb) More recently, bi phasic and non aqueol
engineered toundergoliqiidi qui d phase separation after C
vents, most of the absorbed CO concentrate
reducing the glume that must be heated and lowering sensible and latent heat con-

tributions to regeneration. Reported heat d
systems illustrate how solvent formul ati on

netics, loading andnergy demandDu et al., 2024)
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Figure5: The regeneration energy requirements of blended aqueous angizeic
solvents and neaqueous solvents. Sour¢Bu et al., 2024)

Carbonate based solvent s, particularly aqueou
other important solvent family more directly relevant to biocatalytic systems. Car-

bonate solutions are attractive because they are inexpensive, have low volatility and

degradabn, and exhibit lower heats of reaction than primary amines, which trans-

lates into lower regeneration energy in princife et al., 2024)However, the un-

catalysed reaction between CO and carbonate
strongly | imited by |liqgqguid phase reaction kin
tial pressures typical of flue gas. To address this, a variety of pronmatezsbeen

investigated, including DEA, MEA, piperazine and organic polymers, which can in-

crease the overall enhancement factor and bring carbonate system kinetics closer to

or even exceeding those of MEA ([Duetcomparabl e
al., 2024; S. Zhang et al., 201Nevertheless, even promoted carbonate systems

struggle to simultaneously deliver fast absorption, high capacity and low heat duty

at the same level as the best blended amines.

Across both amine and carbonate chemistry, pr
thermodynamic. Solvent degradation and volatility impose additional constraints on

operability and I ong term cost. For MEA, ther
presene of CO o and flue gas i mpurities (SO |,
concentration dramatically over weeks at stri

ble salts, organic acids and ammonia that require reclaiming and waste H@ndling
et al., 2024h)High regeneration temperatures also accelerate corrosion, driving the

need for corrosion resistant materials and ir
aqgueous ammonia offer | ower reaction heats an
NOx but face theio wn chal |l enges of | ow CO mass transf



(ammonia slip) and solid precipitation, which again translate into large columns,
complex process modifications and additional polishing (bitset al., 2024b)

Within this landscape, biocatalytic enhancement is attractive precisely because most
solvent systems are kinetically limited in the liquid film at realistic absorber condi-

tions. A substantial body of work has therefore examined adding dissolved carbonic
arhydrase (CA) to conventional solvents, amines, carbonates and related formula-

tions, to accelerate CO hydration and inc
liquid interface(Rasoulietal.,,2022Be nch scal e absorber studies
i ncreases in apparent mass transfer coeffi

present, particularly in less reactive solvents (e.g. carbonates or tertiary amines),

suggesting the possibility of smallerlemns or reduced solvent circulation for a

given capture ratéKunze etal., 2015) However, solution phase CH#
constraints on enzyme stability, compatibility with solvent components and operat-

ing temperature, and on downstream separation and reuse of the bio¢idtaiyst

et al., 2015; Rasouli et al., 2022) These practi cal i ssues prov
motivation for immobilising CA on solid contactors such as structured packings and,

in the specific case of this thesis, on te
sections.

1.3.2CARBONICANHYDRASH-ORC O CAPTURE
Carbonic anhydrase (CA) catalyses the rever
carbonate and protons, a reaction that in water is relatively slow compared with the

transport timescales in gdiguid contactors used for pesto mbust i on CO capt
(Lindskog, 1997; Wu et al., 2020a&)nder typical absorber conditions)catalyzed
hydration | imits how quickly chemically dsl

carbonate solutions can convert absorbed C
mass transfer is adequdi®/'u et al., 2020a)CA increases the apparent hydration

rate by several orders of magnitude, with reported turnover numbers on the order of

10 s T for suitable isofor ms, so that t h
transport limits if the enzyme is present at thé Basid interface and remains active

(Lindskog, 1997; Wu et al., 2020a)

For process design, the important facts ar e
hydration at mildly alkaline pH, (ii) operates effectively in the temperature window

relevant for absorbers if a thermostable variant is used, and (iii) does not consume
stoichiometric reagents, but cycles catalyticgliyu et al., 2020a)

Because of this catalytic role, CA has been explored both as a dissolved additive in

solvents and as an immobilised catalyst on solid supports. Early work with dissolved

CA in carbonate and tertiary amine systems showed significant increases in absorp-

tionrates and enhancement factors, and modelling studies predicted that-emzyme

hanced alternative solvents could, in principle, achieve absorber performance com-

parable to 30 wt% MEA while requiring lower regeneration endilyy et al.,

2020a; Yong et al., 2015bkxperiments using benchc al e absor ber s with
solutions promoted by dissolved CA demonstrated sefeal d hi gher CO abs
tion rates and enabled operation at lower driving force compared with efigene

carbonate solutionES. Zhang et al., 2011b)ikewise, dynamic kinetic studies in

gas liquid contactors have quantified that introducing CA into aqueous systems



shortens the time needed to reach a given deg
removes a kinetic bottleneck rather than changing the equilibrium loéelamg et
al., 2021; Yong et al., 2015b)

Beyond simple stirred or bubble reactors, CA has been implemented in more pro-

cessrelevant configurations such as packed columns, membrane contactors and ro-

tating packed beds. Enzyrecilitated absorption experiments in packed or mem-

brane reactors consisttly report higher apparent masansfer coefficients or

hi gher CO flux at the same sol(omqnt and gas ¢
et al., 2015h) For example, lalscale bioreactors using thermostable CA (free or

supported) showed clear differences in transient response and overall uptake com-

pared with enzyméree controls, in line with kinetic models that fit higher effective

reaction rate consténin the presence of C@arri et al., 2021)At the pilot scale,

CA-mediated absorption intoleee ner gy sol vents (such as K CO
bonate blends) has achieved up to several fol
ture efficiency relative to the same solvent without enzyme, with reportechesr

ment factors up to around B in favourable casgshen et al., 2022; Wu et al.,

2020) These observations support the prodegs| view that CA is an effective

kinetic promoter for solvent systems that are
tion.

However, experience with solutigghase CA has also highlighted important opera-
tional limitations. Free CA in circulating solvents is exposed to all parts of the cap-
ture loop, including hot stripper sections, where temperatures and residence times
can rapilly denature most enzyme variaft§u et al., 2020a; Xiao et al., 2023)
Bench and pilotscale tests with dissolved CA in carbonate and amine systems have
reported fast activity losses after repeated passages through the reboiler, requiring
frequent enzyme replenishment to maintain a stable capture rate; in one bench unit
usngaCApr omoted K CO sol vent , -upontheor mum dai |l vy
der of 10% of the initial dose was needed to keep capture performance constant over
days of operatiorfWu et al., 2020a)Similar deactivation trends are observed in
kinetic studies where CA is subjected to high temperature, high ionic strength, or
oxidative conditions in model reactors: enzyme activity decays with time, and the
fitted kinetic parameters drift accordingly.

Solvent composition and impurities further constrain free CA use. Many industrial
solvents are strongly alkaline and contain amines, salts and degradation products that
can destabilise the enzyme or interfere with its activg\8iteet al., 2020a)Studies

in amine and carbonate media show that even thermostable CA variants lose activity
faster in the presence of high salt, reactive amines, or typicagisieontaminants

such assulphateand chloride compared with buffered laboratory solutions, despite
careful choice of enzyme fami{yVu et al., 2020a; S. Zhang et al., 2011b)addi-

tion, CA must be dosed at concentrations high enough to impact absorber perfor-
mance, and continuous makp at those concentrations is costly when enzyme is
treated as a consumable rather than a reusable cqi&lyset al., 2020a)Taken
together, these factors mean that simply dissolving CA in solvents is rarely attractive
at industrial scale, even if the shtetm kinetic enhancement is impressive.
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These limitations motivate strategies that keep CA where it is most useful and most
protected: in the cooler absorber section and in a form that can be reused many times.
Immobilisation on solid supports has therefore been widely explored as a route to
corfine CA at gasliquid interfaces, improve its thermal and solvent stability, and
enable separation from the bulk solvBMu et al., 2020a)Reported immobilisation
approaches include adsorption, covalent attachment, entrapment in polymer or inor-
ganic matrices, and carrifree crosdinked enzyme aggregates, implemented on
supports such as inorganic particles, membranes, foams, andorgetaic frame-

works (Ren et al., 2020)Processelevant demonstrations show that immobilised

CA can deliver substantial and s+stained en
ergy solvents while retaining activity over weeks to months of operation, with re-
duced or negligible enzyme makp compred with dissolved systeniShen et al.,

2022; S. Zhang et al., 201onsequently, the focus in current biocatalytic capture
research has shifted from free CA in solution toward immobilised CA on structured
packings and other engineered contactors.

1.3.3CARBONICANHYDRASHMMOBILISATION ONSOLID SUPPORTS

Carbonic anhydrase (CA) has been immobilised on a broad range of solid supports
to improve its stability, reusability, and compatibility with lavn e r gy CO captur
solvents, but every immobilisation strategy involves trafie between apparent ac-
tivity, masstransfer resistance, and process scalalfilfity et al., 2020a)norganic
porous carriers, organic polymeric matrices, hybrid MOFs and organosilicas, and
structured packings or membranes all provide distinct microenvironments for CA,
which in turn control activeite accessibility, diffusion paths, and deactivation
mechanisms under industrially relevant conditiRasouli et al., 2022; Ren et al.,
2020) Shen's textile packings exemplify highrfacearea, drogn contactors and
serve as benchmarks for other supports in immobilisation mode, performance, and
retrofit potential(Shen et al., 2022)

1.3.3.1lnorganic and Hybrid Supports

Porous silica (SBAL5, foams, monoliths) offers high surface area and tunable pores
with good stability in alkaline solvents; covalent attachment via amino/epoxy linkers
retains 70100% activity of free CA activity at optimal loading, while greatly im-
proving storage and solvent stability, but incurs diffusion penalties reducing appar-

ent reaction rates in CO hyd(Ranetab,n compar e
2020; Wu et al., 2020a; S. Zhang et al., 201Biljca zirconia/aluminosilicates
boost chemical resistancetoflgeas i mpuri ties (SO | , ClI ) b

(Ren et al., 2020)unctionalisation (e.g. silanes, PEI, or organic linkers) achieves
high loading while averting denaturatighlou, Dong, et al., 2015; Wu et al., 2020a)
Macro-porouscarbon foams retain ~40% CA activity after weeks at 70 °C in amines,
suiting harsh conditions, though nacarbon toxicity limits scakeip (Merle et al.,
2014)

MOFs/ZIFs encapsulate or adsorb CA for superior thermal/solvent stability in car-
bonates/amines, matching or exceeding free CA rates witb0%0 retention over
weeks i n MDEHKESAZhang et K., 201BBut pore diffusion, water sensi-
tivity, and manufacturing challenges remain key barriers to using MOFs a#drop
CA carriers in industrial column(®asouli et al., 2022).
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1.3.3.20rganic and Polymeric Supports

Polymeric carriers offer mild processing conditions and easy shaping into beads,

foams, membranes, and hydrogels, but typically have lower mechanical rigidity and

higher swelling than inorganic suppo(fen et al., 2020)Chitosan beads, films,

and nanoparticles have been widely used to entrap or covalently immobilise CA with

glutaraldehyde or oth@rosslinkers, givingtorage stability over several weeks and

enhanced CcoO mi neral i sati on i nto CaCoO yet
through thick hydrogel layers can significantly reduce effective reaction(vates

jari et al., 2011; Yadav et al., 201jydrogels based on polyacrylic acid, alginate,

or hydrotalcite nanocomposites provide hydrated microenvironments that preserve

CA conformation and activity, but swoll en net
main key limitations for fast gakquid reactons(Y. T. Zhang et al., 2010)

Polyurethane (PU) foams allow CA entrapment in mechanically robust, highly po-

rous matrices suitable for trickle bed and t hi
retaining activity up to around 100 °C and over multiple reuse c{diggiardini et

al., 2014; Ozdemir, 2009) However , liquid hold up, i nterna

and the difficulty of regenerating or recoat:i

and retrofitting into existing packed colum(f&asouli et al., 2022 olymeric mem-

branes (PVDF, PP, PE) functionalised with PEI, dopamine, or silanes have been used

as enzymatic gasiquid contactors with CA covalently attached near the membrane

sur face, giving substanti al incréeggases in CO
(Hou, Ji, et al.,, 2015) Added membrane mass transfer resi .
mai ntaining uniform enzyme coverage, and 1l ong

constraints for industrial deploymeRasouli et al., 2022)

1.3.3.3Structured Systems and ColumRrScale Implementations

A central goal in CA immobilisation for CO c
structured contactors, coated packings, holl o
that can be retrofitted into industrial absort{&asouli et al., 2022; Wu et al., 2020)

Organosilica coatings on metal structured packings have shown roughly 6 o | d
enhancements in CO absorption rate in K CO !
estimated biocatalyst half Ilives of hundreds
hybrid inorganié organic films on conventional column internéBucholz et al.,

2015; Reardon et al., 2014h these systems, CA is encapsulated in organosilica

layers on stainless steel, which shield against thermal and solvent deactivation but

add diffusion resistance and require relatively compleXgebl coating proce-

dureg¢Bucholz et al., 2015).

Hollow-fibre and flatsheet membrane contactors with immobilised CA offer com-

pact, higharea modulesand uptoabott | d i ncreases i n CO flux ¢
enzymefree membranes, whether CA is on the surface or within a selective layer

(Yong et al., 2016)Yet these systems face presstirep, wetting, and fouling chal-

lenges, and current coating routes remain too intricate and-scaddl to serve as

straightforward retrofits for large absorption colunfWai et al., 2020a)Slurry sys-

tems, where CA is immobilised as CLEAs or on magnetic nhanoparticles dispersed

in the liquid, place the enzyme close to thei gsid interface and alleviate diffu-

sion limitations, but introduce soligandling, clogging, and heatnsfer issugin

industrial absorber@eirce et al., 2015).
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Within this landscape, textillbased structured packings provide an alternative

droprin strategy, combining high specific area and hydrophilic fibre surfaces with

CA immobilised via chitosan entrapment and covalent crosslinf@&mngn et al.,

2022) In chitosarentrapped and covalently crosslinked textile packings, CA is con-

fined to the absorber, protected from higinperature desorption, and distributed

over large wetted areas, giving2fold enhancement factors over bare textiles and

up to roughy 20-fold performance gains compared with Raschig rings at similar

packing height§Salmon et al., n.d.; Shen et al., 20ZBhese textile systems sit

alongside organosilicaoated metal packings, CGiinctionalised foams, and
MOF-based membranes as it mdusgstomicelpltys.rel evant

1.3.3.4Immobilisation Modes: Adsorption, Entrapment, Covalent At-
tachment, and Cleas

Across the wide range of supports described above, four main immobilisation modes

are used for CA: physical adsorption, entrapment or encapsulation, covalent attach-

ment, and carriefree crosdinked enzyme aggregates (CLEA@Rasouli et al.,

2022) Simple adsorption onto porous silica, carbons, or polymer surfaces is attrac-

tive because it uses mild conditions, preservesnaire activity, and avoids chem-

ical modification, but the weak electrostatic, hydrophobic, and van der Waals inter-

actions man that enzyme leaching under shear, solvent changes, delomgper-

ation is commorfRen et al., 2020Entrapment and encapsulation in chitosan, algi-

nate, hydrogels, foams, or organosilica films provide stronger mechanical retention

and protection against denaturation yet introduce additional diffusion resistance that

increases with film thickness and werk crosslink densityBucholz et al., 2015;

Shen et al., 2022)

Covalent attachment to functionalised supports via glutaraldehyde, epoxy, or isocy-
anate chemistry generally yields the most solvantl temperaturstable immobi-
lisates with low leaching and extended operational lifetimes in paokéand mem-
brane systesibut can reduce apparent activity through steric hindrance or direct
modification of residues near the active ¢Barbosa et al., 2014; Wu et al., 2020)
CLEAs are dense, carrifree enzyme aggregates formed by precipitating CA and
crosslinking it with bifunctional reagents; they offer high volumetric activity and
markedly improved storage and thermal stability, but are typically deployed as sus-
pensionsin slurries or loosely packed beds, where internal diffusion and catalyst
recovery become critical design constraifsirce et al., 2015, 2017)

Taken together, these studies show that immobilisation almost always trades some
loss of apparent activity for substantial gains in stability, reusability, and process
control (Rasouli et al., 2022Diffusion limitations in films, pores, and aggregates,
enzyme leaching from adsorbed or weakly entrapped states, and the sensitivity of
CA orientation at solidiquid or ga$liquid interfaces are recurring challenges
across supports and immobilisationaee. More recently, firecale interface engi-
neering (for example, positioning CA at or nearidjgsid interfaces), control of
enzyme placement within hierarchical supports, and scalable coating and regenera-
tion methods for industrial columns have emergsdkey prioritiegShen et al.,

2022; Wu et al., 2020Accordingly, fabric functionalisation and tailored crosslink-
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ers are being explored to confine CA in thin, wedtted layers that minimise diffu-
sion resistance while preserving the hydrodynamics of structured pa¢Kiagset
al., 2023)

1.34 TEXTILEEBASEDSTRUCTUREDPACKINGS FORC O CAPTURE

Textiles provide a distinctive platform for structured packings because they combine
high specific surface area, intrinsic porosity, liquid wicking, and mechanical flexi-
bility in modular formats that can be integrated into conventional absorption col-
umns ad related reactor configuratiofiglorshed et al., 2026; Shen et al., 2022c)
Woven cotton fabrics, meshes, and spiral or multilayer modules can be assembled
into cylindrical packings that promote relatively uniform liquid distribution and sta-
ble thin films at low pressure drop while remaining compatible with existing ab-
sorber hadware (Shen et al., 2022; Xiao et al., 2023he hydrophilic nature of
cellulosic yarns also promotes capillary wicking and internal liquid transport,
spreading solvent over fibre surfaces and within yarn eessons, which can in-
crease effective gakquid interfacial area while reducing wallfects and channel-

ling compared with conventional packings under comparable operating conditions
(Shen et al., 2022).

1.3.4.1Textile Packings with Entrapped CA

The first textilebased CA packings were produced by physically entrapping the en-
zyme within a thin chitosan coating applied to cotton cheesebbtbd structured
packings. Dipcoating in a chitosan solution containing CA generated a conformal
film aroundindividual fibres while preserving intgrarn porosity and macroscale
openness, allowing gas and liquid to pass through the packing with low resistance
(Shen et al., 2022After immobilisation, the entrapped CA retained at least 49% of
the activity of the free enzyme and more than 68% of its initial esterase activity after
repeated wasldryi test cycles, indicating stable retention of a significant fraction of
activity unde repeated handling conditions. Under prolonged exposure to 10 wt%
K CO at 40 AC, the entrapped CA retained up t
that physically confined coatings can tolerate moderately alkaline carbonate envi-
ronments for extended peds (Shen et al., 2022)

In laboratoryscale countec ur r ent CO absorptiotex-tests, sing
tile modules achieved average CO capture effi
tively, compared with 26.6% and 46.4% for enzyime textile controls and 3.6%

for conventimal glass Raschig rings at equivalent packing height. These results cor-

respond to enhancement factors of roughilg Belative to textile controls and ap-

proximately 1520 relative to Raschig rings, demonstrating the significant process

intensification achieable when CA is immobilised on a highly wettable textile sup-

port (Shen et al., 2022)The study also indicated that enzyme location within the

coating strongly affected catalytic effectiveness, indicating that not all immobilised

CA contributed equally to CO absorption.

1.3.4.2Surface-Covalent Immobilisation And 3D Enzyme Aggregates

on Textiles
To address the diffusion and durability limitations associated with entragrased
systems, subsequent work focused on covalent CA attachment at the textile surface,
both as thin surfaegch layers and as thicker thrdemensional enzyme aggregates
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crosslinked with glutaraldehyd&hen et al., 2022)n this secongjeneration de-

sign, CA was chemically crosslinked in situ within chitosan films to form covalent
aggregates anchored to the cotton fibres, thereby reducing enzyme leaching and in-
creasing the proportion of active sites located at or neagatidiquid interface.
Mechanistic analysis further showed that capture performance depended primarily
on surfaceaccessible enzymes, whereas more deeply entrapped enzymes were better
protected from environmental stress but contributed less directlyaigteaabsorp-

tion (Shen et al., 2022)

The improvement in stability was substantial. Packings with covalently attached en-

Zzyme aggregates retained 100% of their init
71 days of longevity testing and 85% of the initial capture efficiency after one year

of ambient dry storage. Stable behaviour during a-BOfbntinuous liquielow

scrubber test further demonstrated that these immobilissttioctures can combine

high catalytic activity with strong robustness under prolonged alkaline operating

conditions. Suwcerich coatings also improved liquid transport and supported thin-

ner liquid films than thicker diffusichimited polymer layers, thereby improving ef-

fective catalytic utilisation of immobilised C¢shen et al., 2022)

1.3.4.3Bench-Scale CATSR2 Modules in MDEA

Building on these surfagenmobilisation strategies, scalgp studies led to the de-

velopment of a secongeneration carbonic anhydrase textile structured packing,

CATSPR2, for operation in 30 wt% MDEA solvent. In this system, CA was immo-

bilised as crosslked aggregates on chitosamated cotton fabrics assembled into

spiral modules and packed into a 76 mm absorber column analogous to conventional

250Y steel structured. Bendltale tests showed that the enzyimenobilised textile

modules delivered roughly®f ol d hi gher CO absorption per
tional steel structured packing under comparable conditions, together with increased

coO l oadi ng i (Kiaotethale 2023).c h s ol vent

During integrated absorptiodesorption operation without enzyme replenishment,
CATSP2 modules retained approximatelyi 8% of their initial immobilised CA
activity after around 1600 min of continuous use, whereas dissolved CA in MDEA
deactivated rapidlywhen exposed to the higemperature stripper and reboiler loop
(Xiao et al., 2023)At moderate liquido-gas r at i os, the CO absor
creased by about 12% relative to blank textile packing and by up to 2.5 times com-
pared with steel packing without CA, showing that immobilised CA and textile hy-
drodynamics can act together toensify mass transfer. This design also offers a
practical operational advantage by keeping the enzyme confined to the absorber and
away from harsh desorption conditions, thereby reducing the need for enzyme make
up during operatioXiao et al., 2023)
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Absorption solution g :.

Metal packing
Figure6: Schematic representation of ghguid contact in conventional metal
packing and CATSR packing. SourcgXiao et al., 2023)

1.3.4.4Hydrodynamic Behaviour and Utilisation of Immobilised CA
Hydrodynamic studies have shown that the interaction between liquid flow and yarn
scale capillarity is central to the effective use of CA on textile packBigsn et al.,
2022c; Xiao et al., 2023At moderate liquid flow rates, solvent is drawn into and
along the cotton yarns, producing thin, wdiltributed films and short diffusion
paths between the ddiguid interface and surfadecalised enzyme, which im-
proves effective catalytic utilisatiof immobilised CAShen et al., 2022t higher

liquid flow rates, local flooding of yarn bundles can increase film thickness and re-
duce gasliquidi enzyme contact, leading to diminishing returns in absorption per-
formance despite higher solvent circulation. Conversely, at very low {tqtges

ratios, solvent capacity becomes limiting and capture efficiency decreases despite
good contacting, emphasising the need to coordinate packing design, hydrodynam-
ics, and immobilisatiostructure(Xiao et al., 2023)

1.3.4.5 Limitations of Textile CA Systems

Across these studies, several technical limitations remain. Thick chitosan layers, es-
pecially in entrapmerlominated systems or at high enzyme loadings, can create
internal di ffusion barriers that decouple tot
performance, so that additional immobilised CA does not necessarily increase cap-
ture once much of the enzyme is buried away from the activdigad interface.
Dip-coating methods, while simple and effective at laboratory scale, can also gener-
ate noruniform coaing thicknesses and uneven enzyme distribution between sur-
face-accessible and internally buried regions, complicating optimisation of hydrody-
namics, pressure drop, and catalytic efficiency in larger textile asserttiies et

al., 2022)

Hydrodynamic characterisation further shows that textile packings can experience
local flooding and increased liquid holdup at high L/G ratios, which raises effective
film thickness and solvent inventory relative to conventional metal packings and
may reqire careful solvent management and column design considerg@Xiiaaset

al., 2023) In practical terms, this means that the same capillary and absorbent prop-
erties that promote liquid spreading at moderate flow conditions may become disad-
vantageous when excessive solvent loading leads to thicker liquid films, reduced
gas liquidi enzyme ontact, and less efficient use of both solvent and immobilised
enzyme. Foaming has also been reported in integrated MDEA systems employing
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CATSPR2, and the higher solvent helgh associated with absorbent textile packings
implies greater solvent inventories and potentially more complex operating behav-
iour than norabsorbent steel packings, particularly during stgrtsteadystate con-

trol, and solvent recirculatiqiXiao et al., 2023)In addition, although glutaralde-
hydebased crosslinking is effective for stabilising CA aggregates, it can produce
heterogeneous crosslink density, local estarsslinking and activity loss, and lim-

ited control over spacestructure thereby motivating investigation of alternative
crosslinkers or surfaeiinctionalisation strategies that provide more uniform and
tunable immobilisation layers on textile substrai@ken et al., 2022; Xiao et al.,
2023) These limitations do not negate the promise of textile CA systems, but they
do show that future development must optimise not only enzyme loading and cata-
lytic stability, but also coatingtructure liquid management, and support chemistry

if textile packings are to be translated i

processegMorshed et al., 2021; Shen et al., 2022; Xiao et al., 2023),

Collectively, the available literature demonstrates that testifgported CA,
whether physically entrapped or covalently immobilised as surfekbexggregates,

can achieve absorbere|l evant coO capture with extend

((Shen et al., 2022c; Xiao et al., 202Bpwever, these studies also establish that
coating structure enzyme accessibility, and hydrodynamic conditions ultimately

govern the effective utilisation of i
ronments. More broadly, recent reviews of biocatalytic textiles indicate that future
progress in textildasedC O capture wil!/l depend on

strategies that combine durable enzyme attachment with better control over textile
surface chemistry, coating uniformity, and proessale rbbustnesgMorshed et al.,
2021, 2026)

1.3.5CROSSLINKINGSTRATEGIES FORCARBONICANHYDRASHMMOBI-
LISATION

1.3.5.1 Polyethyleneimine (PEI) Functionalization

Polyethyleneimine (PEI) is a synthetic cationic polymer available in branched and

linear structure; branched PEI contains primary, secondary, and tertiary amines in

an approximate 1:2:1 ratio, resulting in a high density of protonatable and reactive

amino groups across a broad pH range. Owing to this multifunctional -aittine

structure, PEI is widelysed in enzyme immobilisation as a support modifier and

anchoring polymer that enhances enzysupport interactions and reduces enzyme

desorptionBahulekar et al., 1991; Virge@rtiz et al., 2017)
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Figure7: Carbonic anhydrase immobilization and stabilization by PEI dnalss
ing. Adapted from(Virgen-Ortiz et al., 2017)

On cellulosebased substrates such as cotton, PEI interacts with hyetolydur-
faces primarily through hydrogen bonding, electrostatic interactions, and multipoint
adsorption, forming conformal amimieh layers on the fibre surface. CelluloBé&l
materals have demonstrated stable incorporation of PEI within fibrous networks
while maintaining accessibility of amine groups and structural integrity under humid
conditions(Sehaqui et al., 2015; Vocht et al., 20ZPhis behaviour is directly rele-
vant to cotton textiles, where PEI treatment is expected to generate-dehigjty
amine interface while preserving the open fibrous structure required fidiggécss
contact.

In enzyme immobilisation, PEI functions not only as a surface modifier but also as
an anchoring, bridging, or crosslinkipgomoting polymeric layer that promotes en-
zyme retention through multipoint ionic interactions and local charge effects. Such
PEI layers can act as flexible interphases between the support and the enzyme, in-
creasing binding capacity while limiting enzyme leaching during repeate@Base
hulekar et al., 1991; Virge@rtiz et al., 2017)This is particularly advantageous for
textile substrates, where a conformal polymer layer can provide uniform coverage
across fibres while preserving mechanical flexibility

For carbonic anhydrase (CA), PEI is widely employed to create aisimeurfaces

that enhance enzyme i mmobilisation, stability
conditions. PEI has been used both amtarlayer for covalent couplin@ften with

glutarddehyde crosslinking) on polymeric membrafiedpezGallego et al., 2005;

Molina-Ferndndez & Luis, 20219nd as &rosslinking agenn enzyme aggregate

formation, PElassisted immobilisation strategies have also been explored for CA

attachment on membrane substrates, where PEl/dopamuheposited layers im-

proved enzyme immobilisation and stability throwghinerich surface functional-

isation(Sun et al., 2019).
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In parallel, PEffunctionalised cellulose materials have been widely investigated as

coO sorbents, showing high CO ude-t ake capa
sorption behaviour under humid conditions. The combination of accessible amine

groups, structtal stability, and compatibility with moisturgch environments is di-

rectly relevanttoenzymeas ed CO c éSphaquireteal., 205 Yoehtres

al., 2022) For textilebased systems, fibrous materials have been widely identified

as effective enzyme supports because they combine high specific surface area, po-

rosity, flexibility, and straightforward surface modification, all of which favor im-

mobilisation andeuse of biocatalys{®lorshed et al., 2021).

Taken together, existing literature on P&dllulose interactions, enzyme immobili-

sation on PEmodified supports, and GBhased CO capture systems
use of PEfunctionalised cotton as a viable platform for enzyme immobilisation.

Within this cantext, PEI can be interpreted as an anmink anchoring and cross-
linking-promoting layer that promotes enzyme attachment and retention while main-

taining compatibility with fibrous textilstructurs and humi d CO captur
tions, although direct studieon PEImediated immobilisation of CA on cotton tex-

tiles remain limited.

1.3.5.2(3-Aminopropyl)triethoxysilane (APTES)

Although APTES has been widely studied in biomedical and nanomaterial systems,
its relevance to this work is based on its fundamental surface chemistry rather than
its application domain. APTES is a silane coupling agent that undergoes hydrolysis
and condasation reactions to form covalent bonds with hydraigh surfaces, in-
troducing stable amine functionalities across inorganic and biopolymeric substrates
(Howarter & Youngblood, 2006; Vashist et al., 2Q18ince cotton consists primar-

ily of cellulose, this hydroxytriven chemistry is chemically applicable to textile
fibres, although process conditions may differ from model sys{&imanjanzadeh

et al., 2018)

APTESfunctionalized surfaces are widely used to introduce surface amine groups
that facilitate enzyme immobilization on solid supports. In many reported systems,
these amindunctionalized surfaces are further activated with coupling agents such
as glutaaldehyde or carbodiimide reagents to obtain stronger covalent enzyme at-
tachment and improved stabilifyashist et al., 2014 However, when APTES is
used alone, enzyme immobilization is more appropriately described as arising from
interactions between the enzyme and the atfiinetionalized surface, including
electrostatic attraction and hydrogen bonding, rather than fromditioad! cross-
linker-mediated covalent coupling stéritton et al., 2016; Smith et al., 2020)

From a material perspective, celluldsased APTES functionalization studies pro-
vide direct relevance to cotton textildéhanjanzadeh et al., 2018; Shishparenok et

al., 2024) Successful grafting of APTES onto cellulose nanocrystals has been re-
ported, confirming stable siloxane bonding and the introduction of surface amine
groups(Khanjanzadeh et al., 2018 imilarly, bacterial cellulose has been widely
investigated as support for protein and enzyme immobilization, and AB&&si
surface modification strategies have been discussed as promising routes to introduce
reactive functionalities and improve supp@erformance(Shishparenok et al.,
2024) Further studies indicate that APTES modification can enhance the hydrolytic
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stability of cellulosebased materials while preserving structural integrity, which is
particularly relevant for applications involving prolonged exposure to aqueous envi-
ronmentgAmit et al., 2024)

I n CO capture applications, i miuwachi | i zed carb
tional supports has been consistently shown t
enabling enzyme reuse under operational condiRusso et al., 2022; Vinoba et

al.,,2011) Hi gh catalytic activity for both CO hy
zation has been reported for CA immobilized on anfiimetionalized mesoporous

silica, demonstrating that such supports can retain substantial catalytic performance

after immobilization (Vinoba et al., 2011)}urthermore, silanderived amine func-

tionalities have been identified as promising platforms for CA immobilization, with

reported potenti al to support repeated use an
conditions(Russo et al., 2022)extile-based structured packing systems further
demonstrate the feasibility of wusing fibrous |

ture processes, offering high surface areafamdurablemass transfer characteris-
tics, although these systems have primarily relied orsilane immobilization strat-
egies such as polymer entrapment rather than ARJESS8d covalent attachment
(Shen et al., 2022a)

Existing studies on APTESrafted cellulose, enzyme immobilization on amine

functionalized surfaces, and CA immobilization on sitdegved mesoporous sup-

ports therefore provide a coherent experimental foundation for designig Gé-

bilized APTEStreatedextile systems, although more direct studies on tektiked

CA immobilization remain necessary to optimize performance andteyngstabil-

ity under real i st (KhanjgdZadeh at @.p2018;rSkishparenmokl i t i on s
et al., 2024)

Table 1: Comparison of immobilisation chemistries used for carbonic anhydrase
(CA) immobilisation on solid supports
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1.3.6 HYDRAULIC SPRAY APPLICATION FOR CONTROLLED TEXTILE

COATINGS
Textile carbonic anhydrase packing studies usingdgded covalent enzyme layers

have shown di minishing gains in CO absorp

enzyme loadings. This behaviour is consistent with transport limitations, where im-

mobilised & | ocated deeper within the coat.i

absorption than enzyme positioned near thefflareid interfaceg(Shen et al., 2022c;

Xiao et al., 2023)These observations indicate that beyond a certain coating thick-
ness, increasing total enzyme loading can become decoupled from proportional in-
creases in CO absorption performance
film limits access to buriedatalytic sites while surfaeaccessible CA remains most
effective. In parallel, conventional dipating tends to promote bulk impregnation
and film buildup within the fabric, which can produce locally thick regions and non
uniform coating thickness alongrns and across the textile creextion, further
reinforcing the underutilisation of internal catalytic sifg®rshed et al., 2021)or
textile-based CA packings, these findings indicate that effective coating strategies
should favour thin, uniform, predominantly surfdoealised layers with controlled
liquid addon rather than bulk impregnation of the textile structure. This,rim tu
motivates consideration of alternative application methods in textile wet processing
that can offer improved control over coating thickness and spatial distribution com-
pared with traditional digoating or padding process@dae & Amandoron, 2024;
Mulder et al., 2022)
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1.3.6.1 Process Attributes of Hydraulic Spray Atomisation

Hydraulic spray atomising systems have emerged adidpwr, continuous wet
processing platforms in which liquids are applied to fabrics via arrays of hydraulic
nozzles rather than by immersion in a bulk bath. In this system, droplet formation
and coverag are governed by hydraulic pressure, nozzle design, line speed, and
spray pattern, allowing the process to be tuned to the desirezhaadl penetration
depth. These process characteristics make hydraulic spray particularly attractive for
applications whre controlled surface deposition is preferred over full bath impreg-
nation. Published studies have shown that hydraulic spray can function as a resource
efficient alternative to conventional dyeing and finishing, with reduced water and
chemical consumptiowhile maintaining comparable functional performa(deae

& Amandoron, 2024; Mulder et al., 2022)

Figure8: Hydraulic Spray Atomisation System

1.3.6.2 Spray Deposition and Coating Localisation

Studies on hydraulic spray have so far focused mainly on wool and polyester fabrics
treated with dyes and hydrophobic finishes, but they show a clear tendency toward
more surfaceriented deposition than padding or immerdi@sed method@Viae

& Amandoron, 2024; Mulder et al., 202&]Jthough these studies involve ndio-

logical finishes, the same deposition principles are relevant for enzyme immobilisa-
tion, because CA activity in absorber conditions is expected to depend most strongly
on enzyme located close to the fildrquid interface. Sprayfinished fabrics have

been reported to achieve high water contact angles and durable fastness relative to
padded counterparts, indicating that the applied finish remains concentrated near the
textile surface rather than being distributed dedpipughout the fibre assembly
(Mae & Amandoron, 2024; Mulder et al., 202B)ydraulic spray therefore offers a
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