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A floating photocatalytic fabric integrated with
a Agl/UiO-66-NH, heterojunction as a facile
strategy for wastewater treatmentt

Jaeseon Yoo,? Jinwook Lee? and Jooyoun Kim & *2°

With an increased need of wastewater treatment, application of photocatalysts has drawn growing research
attention as an advanced water remediation strategy. Herein, a floating photocatalytic fabric in a woven
construction was developed for removal of Rhodamine B (RhB) in water. For an efficient photocatalytic
reaction, Agl nanoparticles were grown on the surface of UiO-66-NH, crystals in a layered structure,
forming a heterojunction system on a cotton yarn, and this was woven with polypropylene yarn. The
floating photocatalyst demonstrated the maximized light utilization and adequate contact with
contaminated water. Through the heterojunction system, the electrons and holes were effectively
separated to generate reactive chemical species, and this eventually led to an enhanced photocatalytic
performance of Agl/UiO@fabric reaching 98% removal efficiency after 2 hours of irradiation.
Photodegradation of RhB occurred mainly by superoxide radicals and holes, which were responsible for
de-ethylation and decomposition of an aromatic ring, respectively. The kinetics of the photocatalytic
reaction suggested that circulation of solution by stirring affected the photocatalytic removal rate. The
recycle test demonstrated the potential long-term applicability of the developed material with structural
integrity and catalytic stability. This study highlights the proof-of-concept of a floating photocatalytic
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Introduction

Remediation of contaminated wastewater is one of the biggest
environmental challenges.”® In particular, the worldwide
production of dye wastewater reaches 70 000 000 tons per year,
and its purification is an urgent need.*® As common strategies
of waste water treatment, adsorption, filtration, chemical and/
or biological oxidation are used, whereas those treatments
have limitations such as short useful life, lack of performance
and secondary pollution.”® Recently, photocatalytic wastewater
purification has been explored as an alternative to the
adsorption-based method, with its efficient purification under
sunlight and long-term usability with continuous photocatalytic
activity.” In a photocatalytic system, electrons in the valence
band were excited upon light illumination, generating holes in
the valence band and the electrons move to the conduction
band.* These excitons can react with H,O and O, molecules in
water, generating hydroxyl and superoxide radicals that can
participate in degradation of an organic pollutant.'* For an
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material for facile and effective water remediation with repeated usability.

effective radical generation, it is crucial to maintain the sepa-
ration between photo-excited electrons and holes, demoting the
charge-hole recombination.”” As an effective strategy of sup-
pressing the electron-hole recombination, various hetero-
junction systems of semiconductor-based photocatalysts have
been suggested.”® Moreover, heterojunction photocatalysts
promoted reactivity under visible light, with efficient electron-
hole separation and efficient charge transferability. These
features make them particularly well-suited for application in
photocatalytic wastewater purification.* To design an effective
heterojunction photocatalyst, appropriate semiconductors
need to be selected.”

Metal-organic frameworks (MOFs) have been suggested as
an attractive option for water purification by degrading the
water-dissolved organic pollutants.’®"” In recent studies, MOFs
are favored in numerous fields due to their high surface area
and structural tailorability.”® In particular, high adsorption
capacity of MOFs against the target molecules can promote the
photocatalytic degradation at the surface.' Recently, silver
halides (AgCl, AgBr, Agl) have been studied as effective photo-
catalysts with high photocatalytic activity in a wide range of
wavelength including the visible light.>**** However, silver
halides are vulnerable to photocorrosion induced by the pho-
togenerated electrons in the conduction band, reducing silver
ions to Ag®.?»** The photocorrosion can lead to the decompo-
sition of silver halide crystal structure under light irradiation,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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limiting repeated use of silver halides.® When silver halides
form a heterojunction system with other photocatalysts, the
enhanced charge transfer attributed to the heterojunction
system prevents the accumulation of photogenerated electrons
in the conduction band of silver halides, preventing the pho-
tocorrosion.” This mechanism allows the effective photo-
catalysis of silver halides in a heterojunction system.”
Moreover, when silver halides are used as components of het-
erojunction photocatalysts, the reduced Ag nanoparticles can
act as an electron transfer intermediate, conducing to a higher
photocatalytic activity.>

The powdery form of photocatalyst, when used for purifica-
tion of a wasted solution, has disadvantages as the light
absorption becomes inefficient when the particles are sunk in
the solution and the recovery of particles after use is inconve-
nient.”” Those factors can hinder the practical application of
powdery photocatalysts in water purification.® To overcome
those drawbacks, efforts have been made to immobilize or
synthesize the photocatalytic compounds on a substrate such as
glass, fiber, and hydrogel in composite forms.?**! In fact, the
penetration of sunlight is extremely restricted, even 90% of
incident solar radiation is adsorbed by water when exceeds
depth of 20 m.** In that case, a floating substrate loaded with
catalysts can be an attractive means to maximize the light
utilization.*®*** The floating methods from earlier studies
employed materials with low specific gravity, such as porous
sponge, carbonized cellulose, cork, and perlite.**** For the
optimized photocatalytic performance, the floating photo-
catalyst should be designed to have sufficient contact with
target pollutants, high loading capacity and high durability with
strong bonding with photocatalysts.>*®

Herein, a durable floating photocatalytic composite in
a woven construction is proposed. For an efficient photo-
catalytic remediation of water, polluted with Rhodamine B
(RhB) dye, a heterojunction photocatalysts of UiO-66-NH, and
AgI were immobilized on a cotton yarn substrate.*>** The cotton
yarn treated with those photocatalysts was woven with the
untreated polypropylene (PP) yarn with a low specific gravity to
construct a floating woven fabric. UiO-66-NH,, a zirconium-
based MOF was employed in this study due to its applicability
in the visible light range.*” UiO-66-NH, was synthesized on
cotton yarn via in situ solvothermal method. Agl, as an efficient
photocatalyst under the visible light as well, was synthesized on
the surface of UiO-66-NH, by the ion-exchange method, result-
ing in a heterojunction photocatalytic system. Agl is a preferred
option of photocatalyst among the silver halides, due to its
higher light sensitivity and stability compared to AgBr or AgCl.
AgI also has a lower conduction band energy than other silver
halides, leading to a higher redox potential.** RhB was used as
a model contaminant, and the applicability of the suggested
system was demonstrated with various experimental setups.
The photodegradation mechanisms are investigated on the
reactive oxygen species (ROS) that are responsible for the
degradation process. The rate of RhB removal was analyzed for
its kinetics of adsorption process and that of photocatalytic
reaction, and informative discussion was made on the rate-
determining step in different stirring conditions. This study
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intends to offer a facile yet effective photocatalytic system for
water remediation, employing a floating woven construction.

Experimental section
Materials

Zirconium(v) chloride (ZrCl,) anhydrous (=95%) was
purchased from Sigma-Aldrich (USA). 2-Aminoterephthalic acid
(99%) was purchased from Thermo Fisher Scientific Inc. (USA).
Rhodamine B was purchased from Seoul Chemical Co. Ltd
(Korea). Ammonium oxalate monohydrate (AO, 99.5%) was
purchased from Junsei Chemical Co., Ltd (Japan). N,N-Dime-
thylformamide (DMF, 99.5%), ethanol (99.9%), hydrochloric
acid (HCl, 35-37%), chloroacetic acid (99%), sodium hydroxide
(NaOH, = 95%), p-benzoquinone (p-BQ, 98%), isopropanol
(IPA, 99.5%), potassium iodide (KI, 99.5%), and 0.1 M of silver
nitrate solution (AgNOj3, 98-99%) were purchased from Daejung
Chemicals (Korea). Cotton yarn (0.28 g m™ ') and polypropylene
(PP) yarn (0.5 ¢ m ™ ') were used to weave fabrics.

Materials preparation of Agl/UiO@fabric

Cotton yarn was used after scouring with a detergent solution to
remove any impurities. For the scouring solution, 0.24 g of
NaOH, 1.2 g of H,0,, and 0.12 g of neutral detergent were dis-
solved in 120 mL of distilled water. A 1 g of cotton yarn was
scoured in this solution at 90 °C for 15 min, then rinsed with
distilled water. In order to make the seeding sites for growth of
UiO-66-NH,, 1 g of scoured cotton yarn was carboxymethylated
by immersing in 100 mL of aq. solution with 9.5 g of chloro-
acetic acid and 15 g of NaOH. The yarn was treated for 72 h, then
rinsed with distilled water several times. UiO-66-NH, was
synthesized onto the carboxymethylated cotton yarn by the
solvothermal method.** For the metal solution, 0.125 g of ZrCl,
was dissolved in 5 mL of DMF and 1 mL of 37% HCI. A 90 cm
(approximately 0.3 g) of cotton yarn was immersed into the
metal solution for 10 min with stirring to induce interactions
between Zr'* ions and -COOH group of the carboxymethyl
cotton. Then a linker solution with 0.135 g of 2-amino-
terephthalic acid in 5 mL of DMF was added into the metal
solution containing the cotton yarn. The mixed solution was
stirred for 5 min, and kept in oven at 80 °C for 3 h. Finally, UiO-
66-NH,-grown cotton yarn (UiO@cotton) was washed sequen-
tially with DMF, ethanol, and distilled water.

An ion-exchange method was used to synthesize Agl at the
surface of UiO@cotton. First, a UiO-66-NH, cotton yarn was
immersed into 35 mL of 0.3 mmol of aq. KI solution with stir-
ring for 1 h to facilitate the ionic bonding between the zirco-
nium ions of UiO-66-NH, and the iodine ions. Subsequently,
3 mL of 0.1 M AgNO; solution was added dropwise, keeping it
12 h for synthesis of Agl crystals on UiO@cotton. The produced
AgI/UiO@cotton was washed with distilled water several times
and stored in a thermo-hygrostat at 25 °C and 50% RH (Plati-
nous J, ESPEC, Japan). The Agl@cotton was synthesized in the
same way on carboxymethylated cotton skipping the process for
UiO-66-NH, synthesis.
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To fabricate a photocatalytic Agl/UiO@fabric that floats on
water, 90 cm AgI/UiO@cotton yarn was woven with PP yarn in
a plain weave construction of 4 PP warp x 6 cotton weft per cm”.
The Agl/UiO@fabric with 2.5 cm x 2 c¢cm (containing 13 pho-
tocatalytic yarns and 10 PP yarns) was used as a test specimen,
where it contained approximately 0.12 g of PP yarn, and 0.25 g of
AgI/UiO@cotton yarn.

Characterization

The morphology of the fabric sample was analyzed by the field-
emission scanning electron microscope (FE-SEM) and trans-
mission electron microscope (TEM). The crystal structure of
photocatalyst was analyzed by an X-ray diffractometer (XRD,
SmartLab, Rigaku, Japan), and the chemical bonds of the Zr, N,
Ag, I, and O elements were studied by an X-ray photoelectron
spectrometer (XPS, AXIS SUPRA, Kratos, U.K.). To measure the
light absorption of the fabric samples, UV-vis absorbance of
each Agl@fabric, UiO@fabric, and Agl/UiO@fabric was
analyzed by a UV-vis spectrophotometer (UV-2600, Shimadzu,
Japan). The band gap energy (E,) of each photocatalytic fabric
was calculated from DRS data using the Kubelka-Munk equa-
tion (eqn (1)) with n = 1; where « is absorption coefficient; 4 is
Planck constant, » is light frequency, A is Tauc's constant, and
E, is absorption coefficient.*

ahv = A(hv — Eg)”/2 (1)

Photodegradation test

RhB was used as a model pollutant, and the photocatalytic
degradation of aq. RhB solution (50 mL of 10 mg L' RhB) was
tested. For the controlled test in the visible light, a xenon lamp
was used under 150 W with UV cut-off filter (>400 nm, 100 mW
cm?). Without a pre-adsorption step, a photocatalytic fabric
(2.5 cm x 2 cm) was floated on a dye solution, with stirring at
the bottom of the solution. Each photodegradation experiment
was conducted for 2 h under a light source, and an aliquot of
0.6 mL of solution was extracted every 20 min to measure the
RhB concentration. The concentration of RhB solution was
measured by UV-vis absorbance spectroscopy (Synergy Hi1,
BioTek, USA) at the wavelength of 553 nm.

An outdoor photodegradation test was conducted to simu-
late a practical application of water remediation under the
actual daylight from 10:00 am to 17:00 pm. In this test, a 50 mL
of RhB solution with a floating photocatalytic fabric was kept
under the direct sunlight without any manipulation such as
stirring.

Result and discussion
Characterization of photocatalytic fabric

The morphologies of carboxymethylated cotton, UiO@cotton,
and Agl/UiO@cotton are presented in Fig. 1a-c. From Fig. 1b of
UiO@cotton, UiO-66-NH, crystals in 50-100 nm were observed
on the surface of carboxymethylated cotton. From the SEM and
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Fig. 1 SEM images of (a) carboxymethylated cotton, (b) UiO@cotton,
and (c) Agl/UiO@cotton. (d) TEM image of Agl/UiO@cotton. (e) XRD
data of cotton, Agl@cotton, UiO@cotton, and Agl/UiO@cotton. (f)
Photograph of floating Agl/UiO@fabric in woven construction.

TEM images of Agl/UiO@cotton in Fig. 1c and d, AgI nano-
particles were grown on the surface of UiO-66-NH, crystals,
giving a layered structure of Agl and UiO-66-NH, on cotton
surface. The X-ray diffraction (XRD) analyses of prepared
samples are shown in Fig. le. A carboxymethylated cotton
produced broad diffraction peaks at 13-18° and 20-25°, corre-
sponding to (110) and (200) planes of cellulose.*® After the sol-
vothermal synthesis of UiO-66-NH, on the carboxymethylated
cotton fiber, UiO@cotton showed characteristic diffraction
peaks at 7° and 8°, corresponding to (111) and (002) plane of
UiO-66-NH,.* Similarly, by direct synthesis of Agl nanocrystals
on the carboxymethylated cotton fiber without synthesis of UiO-
66-NH,, Agl@cotton showed characteristic peaks at 39° and 46°,
which are corresponding to (110) and (112) plane of AgL*® As for
Agl/UiO@cotton, the aforementioned characteristic peaks of
UiO-66-NH,, and AgI crystals are observed clearly, indicating the
existence of both Agl and UiO-66-NH, on the cotton yarn. The
photograph of Agl/UiO@fabric in woven construction showed
in Fig. 1f. FT-IR analysis was conducted on carboxymethylated
cotton, UiO@cotton, and Agl/UiO@cotton (Fig. S1}). In all
samples, a broad peak representing -OH group appeared at
3300 nm !, and a peak indicating C=0 double bonds was
observed at 1710 nm™".* Although most of the peaks were
inundated by cotton substrate, the distinct peak of Zr-COO™
attributed to UiO-66-NH, was observed at 1573 cm™ ' in both
UiO@cotton and Agl/UiO@cotton.>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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X-ray photoelectron spectroscopy (XPS) was applied to
characterize the surface chemistry of photocatalysts for verifi-
cation of (1) presence of UiO-66-NH, and Agl crystals, (2)
chemical bonding as an evidence of heterojunction between
UiO-66-NH, and Agl crystals. Fig. S2T shows the survey spec-
trum of photocatalysts and C, N, O, Ag, I and Zr elements.
Regarding the Zr 3d spectrum (Fig. S3a and bt), two peaks at
182.5 eV and 184.8 eV were ascribed to Zr'" 3ds, and 3dj,,
respectively, suggesting the formation of Zr-O bonds in the
metal cluster of UiO-66-NH,.** The high resolution N 1s spec-
trum shows three peaks attributed to -NH-, -NH,, and -NH;",
which reveals the presence of UiO-66-NH, (Fig. S3ct).*”*!
However, in Fig. S3d,t the N 1s pattern has changed with growth
of Agl crystals on UiO-66-NH,. The characteristic peaks of -NH;"
(401.9 eV) disappeared while -NH- and -NH, peaks were still
preserved, implying that -NH; " was used as a growth site for Agl
crystals. Also, successful synthesis of Agl on both AgIl@cotton
and Agl/UiO@cotton was confirmed from the spectra of 3d;,
and 3ds/, peaks of Ag and I elements (Fig. 2a-d).*>*> It is noted
that the offset of binding energy represents the change of
surface charge density; for example, an increase in the binding
energy suggests the reduced electron density.*’ In this analysis,
it is speculated that the changes of electron density in hybrid
materials result from the formation of heterojunction.
Compared with Agl@cotton, the peaks of Ag 3d;.,, Ag 3ds),, I
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Fig.2 High resolution XPS curves of (a) Ag 3d of Agl@cotton, (b) Ag 3d
of Agl/UiO@cotton, (c) | 3d of Agl@cotton, and (d) | 3d of Agl/UiO@-
cotton. (e) UV-vis DRS of photocatalytic fabrics. (f) PL spectra of
UiO@cotton and Agl/UiO@cotton.
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3ds/,, and I 3ds,, in the Agl/UiO@cotton were blue-shifted to
higher values, and it suggests the evidence of heterojunction in
the system of Agl and UiO-66-NH,.

Light absorbance of Agl@fabric, UiO@fabric, and Agl/
UiO@fabric was analyzed by UV-vis diffuse reflectance spec-
troscopy (DRS), to observe the optical properties along the
wavelength and estimate the band gap energy. As displayed in
Fig. 2e, Agl/UiO@fabric presents stronger visible-light absorp-
tion intensities compared to Agl@fabric or UiO@fabric,
demonstrating the enhanced absorption capability of visible
light. The band gap energy (E;) of each photocatalytic fabric was
calculated in Fig. S41 from DRS data and using the Kubelka-
Munk equation. UiO@fabric and Agl/UiO@fabric showed the
same band gap energy of 2.75 eV while Agl@fabric showed
slightly higher band gap energy of 2.78 eV. The band gap
energies indicate that all of these materials can be activated
under the visible light.

The steady-state photoluminescence spectroscopy (PL) was
performed to observe the phenomena of electron-hole pair
recombination in the heterojunction system. Upon the light
irradiation, electrons were excited to a higher energy level, and
the energy is released when the excited electrons return to
a lower energy.*® A lower intensity of the PL spectra is inter-
preted as the lower recombination tendency of electron-hole
pairs, inducing the more efficient photocatalytic activity. Fig. 2f
presents PL emission spectra of UiO@cotton and Agl/
UiO@cotton excited at 400 nm. The UiO@cotton exhibited
a strong emission in range of 450-470 nm, implying a higher
recombination tendency of electron-hole pairs. The similar
emission can be seen in the AgI/UiO@cotton with relatively
weak PL intensity. This reduced PL intensity implies the
recombination tendency is lowered by the efficient electron-
hole separation between Agl and UiO-66-NH, heterostructure.

RhB photodegradation test

The removal of RhB, attributed to simultaneous adsorption and
photodegradation, was examined under visible light irradiation
without pre-adsorption step. The observation of the combined
effect is relevant as the adsorption would occur continuously as
the photodegradation progresses.>* Also, this test setup properly
represents an actual water remediation process where both
adsorption and photodegradation occur concurrently. To
compare with the RhB removal efficiency by the adsorption

1 4
a b
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Fig. 3 (a) Rhodamine B removal (%) by the photocatalytic fabrics
under 150 W xenon lamp. (b) First-order kinetics of Rhodamine B
removal in photocatalytic reactions.
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only, the test was additionally conducted in dark without acti-
vating photodegradation. In Fig. 3a, UiO@fabric removed 65%
of RhB by adsorption (in dark) during 120 min, while Agl@fa-
bric adsorbed only 17% of RhB. This higher adsorption of
UiO@fabric results from the large surface area of UiO-66-NH,
and the strong electrostatic interaction between cationic RhB
and negatively charged UiO-66-NH,.>* The band gap of UiO@-
fabric was measured to be 2.75 eV from DRS analysis (Fig. S47),
indicating that the photodegradation would be activated under
the visible light. However, the photodegradation of UiO-66-NH,
under visible light was negligible, as is shown from Fig. 3a,
where RhB removal of UiO@fabric was comparable between
dark and light conditions. Even though the required band gap
energy is sufficiently low to excite the electrons under the visible
light, it appears that effective generation of ROS is inhibited due
to the rapid recombination of excited electrons and holes.>® As
demonstrated in characterization section, the PL spectra of
Fig. 2f supports the rapid recombination of UiO-66-NH, with
higher PL intensity than that of AgI/UiO heterojunction
photocatalyst.

In Fig. 3a, Agl treated fabric showed little adsorption
capacity from the ‘dark’ test, and the removal efficiencies of AgI/
UiO@fabric (dark) and UiO@fabric (dark and light) were
comparable. However, under the visible light, RhB removal
efficiency of Agl@fabric reached up to ~80% during 120 min
while that in dark was only 17%; this verifies that photocatalytic
effectiveness of AgI in the visible light range. For Agl/
UiO@fabric, Agl crystals were synthesized on the surface of
UiO@fabric, and it showed 98% of removal efficiency under
visible light. In dark, Agl/UiO@fabric exhibited similar
adsorption capacity as the UiO@fabric. The enhanced RhB
removal efficiency of Agl/UiO@fabric under light, compared to
UiO@fabric, is attributed to the combined effect of adsorption
and photodegradation of AgI/UiO heterojunction catalysts.>

The rate of RhB removal was evaluated by the first-order rate
constant in Fig. 3b, where it demonstrates the first-order rate
constant of Agl/UiO@fabric under light (0.0255 min~') was
approximately two times higher than that of Agl@fabric
(0.0128 min™"), and four times higher than that of UiO@fabric
(0.0058 min~"). As the RhB removal of UiO@fabric depends
solely on the adsorption, the rate was lowest among the tested
samples. On the other hand, even Agl@fabric showed photo-
catalytic activity, removal rate was still lower than Agl/
UiO@fabric. Agl/UiO@fabric displayed the highest removal
rate due to the combined effect of adsorption (by UiO-66-NH,)
and photodegradation that was enhanced by heterostructure of
AgI and UiO-66-NH,.

Photodegradation mechanism of Agl/UiO-66-NH,
heterojunction system

The reactive chemical species contributing to the photo-
degradation was investigated by testing with the scavenging
chemicals of different reactive species for Agl/UiO@fabric. A
1 mL of each 0.05 M p-benzoquinone (p-BQ), isopropanol (IPA),
and ammonium oxalate (AO) solution was used to capture
superoxide radical ("O, ), hydroxyl radical ("lOH™), and hole
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(h"), respectively. The efficiency of photodegradation was
calculated by eqn (2), where Cgay is the removal efficiency (%)
in dark, presumably attributed by adsorption; Cigne is the
removal efficiency (%) under light attributed by both adsorption
and photodegradation; and Cycavenger iS the removal efficiency
(%) with scavenging chemicals under light, which cancels out
the photodegradation effect of corresponding reactive species.
In Fig. 4a, the removal efficiency of Agl/UiO@fabric tested in
dark was attributed to the adsorption by UiO-66-NH,.
Comparing with the removal efficiency without the scavenger
(Fig. 4b), the photodegradation was considerably suppressed in
presence of p-BQ, which indicates that superoxide radicals
played a major role in photodegradation process. The effects of
other reactive species were rather marginal.

Photodegradation attributed to the respective reactive species (%)

o Cdark — Cscavenger
Caark — Ciight

(2)

Understanding that superoxide radical ("O,") is the main
contributor to the photodegradation, further investigation on
the reaction mechanism of Agl/UiO@fabric for RhB degrada-
tion was conducted. From the UV-vis spectrum in Fig. 5a, the
reaction without scavenger (under light) showed a huge decline
of peak at 553 nm, accompanying blue shifting of the major
peak. This blue shifting of the peak is attributed to de-
ethylation of RhB (maximum absorbance at 553 nm) to
Rhodamine (Rh) that displays the maximum absorbance at
498 nm.”® As this transformation is also featured in Agl@fabric
(Fig. S51), the de-ethylation of RhB appears to be triggered by
Agl catalyst. Notably, when p-BQ was added to capture O,
radicals (for Agl/UiO@fabric), the blue shifting was not
observed while the peak at 553 nm showed obvious decline
dominated by the adsorption (Fig. 5b). The interruption of blue
shifting by p-BQ implies that "0,  are the main contributor to
de-ethylation of RhB to Rh. The other scavenging species
showed no evidence of de-ethylation or blue-shifting.

When IPA scavenger was added, the spectrum showed no
change from the one without scavengers, implying "‘OH~ was
not a contributing reactive species (Fig. 5¢). When AO was

1 100
(a) <O no scavenger (light) (b)
-® no scavenger (dark) c
08 © p-BQ(0,) S ®
o AO (h*) © ‘;
o IPA(-OH) o 60
o086 4 DMSO (¢) oL
o =)
(3 -5 40
04 .g &
< @ 2
02
0
0 Qe} gao Y.0 8? L
& q S
0 20 40 60 80 100 120 & S
time(min) &

Fig. 4 Reactive chemical species contributing to photodegradation,
investigated by the scavenging chemicals corresponding to reactive
species. (@) RhB removal efficiency for Agl/UiO@fabric with and
without scavenging chemicals, (b) Photodegradation effect of Agl/
UiO@fabric calculated by egn (2), with and without scavengers.
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Fig. 5 UV-vis absorbance spectra of Rhodamine B with Agl/UiO@fa-
bric under visible light with (a) no scavenger, (b) p-benzoquinone (p-
BQ), (c) isopropanol (IPA), and (d) ammonium oxalate (AO).

added as the scavenger of h*, peak at 553 nm declined and blue
shifting occurred similarly with the reactions without scaven-
gers (Fig. 5d). However, the tendency of peak evolvement in UV
region (around 350 nm) was different for Agl/UiO@fabric with
and without AO scavenger. Since the decrease of absorbance in
UV region indicates the dissociation of aromatic ring in RhB, it
is inferred that h" participated in decomposition of aromatic
ring.”

Facile application of Agl/UiO@fabric under sunlight

Photocatalytic performance under the natural sunlight was
tested to validate the applicability of the developed photo-
catalytic fabric for facile water remediation. Agl/UiO@fabric
was thrown onto the RhB solution without any manipulative
operation such as stirring. The photograph of experimental
setup in Fig. 6a demonstrates that the density of the woven
fabric is well adjusted to float on surface, and the floating status
lasted even after 4 weeks. As a result, the treated photocatalysts
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not only maximized the sunlight absorption but also efficiently
interacted with the dissolved RhB.* To note, the floating fabric
was optimized by adjusting the fabric density by the blend ratio
of PP yarn. Despite that removal performance was different for
the testing day, all tested Agl/UiO@fabrics displayed over 55%
of RhB removal efficiency under sunlight (7 h) whereas the
removal in dark (7 h) was less than 25% (Fig. 6b).

The advantage of floating characteristic on the photo-
catalytic efficiency was verified by the comparative testing with
fabrics in different densities (Fig. 6¢). In this experiment,
a 100 mL of 10 mg L™ RhB solution was contained in a narrow
cylindrical reactor, and the side of the reactor was screened to
block the light from sides. Only the light through the top was
available to induce the photodegradation. The difference in
depth between the floating and submerged samples was
approximately 15 cm. In Fig. 6c, a floating Agl/UiO@fabric
showed removal efficiency of 33%, while the submerged Agl/
UiO@fabric removed only 12% over 8 h. This result indicates
that the floating system was much more effective in utilizing the
light for photocatalytic reactions. The test demonstrates the
practical applicability of this proof-of-concept fabric as
a floating purification system without intricate manipulative
operations.

Kinetics of RhB removal by Agl/UiO@fabric

As the most photodegradation mostly occurs on the surface of
the photocatalyst rather than in the bulk solution, an effective
adsorption of pollutant is an important factor affecting the
photodegradation performance.> To analyze the effect of RhB-
catalyst interaction (or solution circulation) on the photo-
degradation, stirring conditions were varied (Fig. 7). In this
analysis, the overall RhB removal efficiency was analyzed for the
removal attributed to adsorption (Cy — Cqay) tested in dark, and
the removal attributed to photodegradation (Cgark — Ciight)
tested under the visible light; where C, is RhB concentration at
time 0, Cgark, and Cyigne are RhB concentration at time ¢ under
dark and light, respectively. The removal attributed to the
photodegradation was estimated by subtracting the adsorption
effect in dark from the overall removal under light irradiation.

(@17 ﬁ?;i:
0.8 1
(53 -#-Dark
6 -O-Submerged
-16-Jun-23 06 1 <O-Floating
<-20-Apr-23
£-16-May-23 —
@-dark
0
11:00 13:00 15:00 17:00 11:00 13:00 15:00 17:00
Time Time

Fig. 6 Practical application of the floating photocatalytic Agl/UiO@fabric tested under natural sunlight. (a) Photograph of floating Agl/UiO@-
fabric in RhB solution. (b) RhB removal efficiency under sunlight in different days. (c) Comparative test of floating and submerged fabrics for RhB

removal efficiency.
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Fig. 7 Rhodamine B removal (%) by Agl/UiO@fabric under 150 W
xenon lamp (a) without stirring (O rpm), (b) with stirring at 200 rpm, and
(c) stirring at 700 rpm. (d) Rhodamine B removal (%) by Agl/UiO@fabric
under sunlight.

Each adsorption rate and photodegradation rate was estimated
by the first-order kinetics model following eqn (3) and (4),
respectively; and k is the first-order rate constant.

Cdark o
—ln( G ) =kt (3)
_ln(Cdark - Clighl) — kt (4)
G

Table 1 shows the first-order rate constant under varied
stirring conditions. When RhB solution was treated with stir-
ring at 700 rpm, the adsorption was relatively faster (k.q,
0.0064 min ") than the photodegradation (k,q, 0.0040 min™").
This result implies that photodegradation was the rate-
determining step in the whole removal process, determining
the overall removal rate. In a moderate stirring condition at
200 rpm, both adsorption and photodegradation rates were
reduced, and the photodegradation rate (kpq, 0.0019 min~") was
still lower than the adsorption rate (k,g, 0.0038 min %),
However, without stirring (0 rpm) where only the spontaneous
adsorption occurred by diffusion of RhB, the reaction rates were
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reversed, with kpq (0.0012 min~') being greater than kg
(0.0004 min~"). This indicates that, without stitring, adsorption
was the rate-determining step of the whole removal process,
determining the overall removal rate. This reversed reaction
rates of adsorption and photodegradation under no stirring
indicate that the amount of adsorbed RhB was fall short of
consistently generated reactive oxygen species from photo-
catalysts.””*® The removal of RhB under the natural sunlight,
tested without stirring, showed the same tendency of lower
adsorption (k,q, 0.0004 min~') than photodegradation (kpa,
0.0013 min'). This result implicates that adsorption may
determine the overall removal rate in still water, and facilitated
adsorption of pollutants to the surface of photocatalyst would
eventually accelerate the overall photodegradation process in
water purification system.

Recycle test

For practical applications, adapting washing processes for
photocatalytic composite can be cumbersome; and the recy-
clability and the stability of the photocatalytic system are
important factors to be considered.®* To test the long-term
applicability of the developed photocatalytic fabric, recycle
tests were conducted without applying any washing or desorp-
tion process (Fig. 8a). From the second removal tests, the
removal rates (or slope) at the earlier stage were lower than that
from the first cycle test, presumably because adsorption sites
were mostly occupied in the first cycle. While the adsorption
could occur dominantly in the early stage of the first cycle, the
removal efficiency in the repetitive cycles was mostly preserved
due to the consistent photodegradation performance. XRD

@ Tl (b) — fer eyt wee
— Before use
08 5 |vio-66-NH, Agl
< (110) (112)
(5,06 : ‘(002 v o
o =
O @ [
04 b
&
02 -
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26(°)

0
0 60 120 180 240 300 360 420 480
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Fig. 8 (a) Recycling tests of Agl/UiO@fabric under the visible light. (b)
XRD patterns of Agl/UiO@fabric before and after cyclic tests.

Table 1 First-order rate constants of adsorption and photodegradation under various adsorption conditions

1st order kinetic

constant 700 rpm 200 rpm 0 rpm 0 rpm
kaa Under dark
0.0064 min " 0.0038 min " 0.0004 min " 0.0004 min "
1st order kinetic
constant 700 rpm 200 rpm 0 rpm 0 rpm
kpa Under 150 W xenon lamp Under sunlight
0.0040 min ™" 0.0019 min~" 0.0012 min ™" 0.0013 min™"
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analysis before and after the cyclic tests (Fig. 8b) revealed that
the crystal structure of Agl/UiO-66-NH, on the fabric remained
unchanged after 4 times of cyclic uses. The result shows the
long-term applicability of the developed Agl/UiO@fabric for the
facile water purification even without washing procedure,
maintaining structural integrity and catalytic stability. To
examine the leaking of adhered photocatalysts on the fabric, the
photocatalytic reaction was simulated by immersing the fabric
in distilled water and stirring for 2 h with irradiation. After 2 h
stirring, the reacted water was collected to observe UV-vis
absorbance using distilled water as a baseline; any absor-
bance change from distilled water could come from the
detached catalytic particles. In Fig. S6,T the water solution from
Agl@fabric showed higher absorbance at 420 nm, correspond-
ing to Ag" ions, than that of Agl/UiO@fabric.®> This demon-
strates the higher amount of Ag" and particle detachment from
Agl@fabric; on the other hand, AgI/UiO heterojunction photo-
catalyst showed stronger adhesion on the fabric.

The results demonstrate that the proof-of-concept photo-
catalytic fabric well performs under the visible light, with effi-
cient generation of reactive oxygen species. The floating fabric
was advantageous in maximized utilization of light absorption
and efficient adsorption of contaminant. The kinetic study
suggests that the facilitated adsorption can expedite the overall
photodegradation process. Further study on the kinetics of
adsorption, desorption and catalytic processes is recommended
to clarify the intricate interactions of those processes.

Conclusions

Floating photocatalytic fabric was developed in a woven
construction for wastewater treatment. For an efficient photo-
degradation, a heterojunction system was created by synthesizing
UiO-66-NH, and Agl nanocrystals sequentially on the carbox-
ymethylated cotton yarn via solvothermal and ion-exchange
methods, respectively. It showed a layered structure of UiO-66-
NH, covered by Agl nanocrystals on the surface of cotton fiber.
Through the heterojunction system, the recombination of excitons
was suppressed, leading to an effective photodegradation of
Rhodamine B. The photocatalytic cotton yarn was woven with
polypropylene yarn, adjusting the fabric density to float on water
surface. Compared to the individual treatment of UiO@fabric
(65% RhB removal) or Agi@fabric (80% RhB removal), the heter-
ojunction system of Agl/UiO@fabric showed much improved RhB
removal efficiency (98%), due to the combined effect of adsorption
and enhanced photodegradation performance resulting from the
effective separation of electrons and holes. Superoxide radicals
and holes contributed to the photodegradation of RhB by causing
de-ethylation and aromatic ring decomposition, respectively. The
practical applicability of floating Agl/UiO@fabric to wastewater
treatment was tested via experiments under natural sunlight,
comparing with submerged sample. Kinetic analysis on RhB
removal by Agl/UiO@fabric implies that the facilitated adsorption,
or effective supply of contaminants to photocatalyst, would even-
tually expedite the overall removal process in water purification.
The recycle test and analysis demonstrated the possible long-term
applicability of the developed Agl/UiO@fabric with structural

© 2024 The Author(s). Published by the Royal Society of Chemistry
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integrity and catalytic stability. This study offers a facile and
effective strategy of water remediation with lasting performance
and repeated use, and provides an informative discussion on the
rate-determining factors in varied adsorption conditions.
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