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1. Introduction

Layer-by-layer coating of MIL-100(Fe) on a cotton
fabric for purification of water-soluble dyes by the
combined effect of adsorption and photocatalytic
degradation

Suhyun Lee,? Soyeon Ahn,” Halim Lee ©° and Jooyoun Kim @ *®

Efforts have been made for sustainable development of adsorbents to purify organic contaminants from
wastewater. In this study, a MIL-100(Fe) based textile that acts as a reusable adsorbent and
photocatalytic agent was developed by synthesizing MIL-100(Fe) onto a cotton fabric by the layer-by-
layer (LBL) process using water-based solutions. As the number of LBL cycles increased, the add-on's of
MIL-100(Fe) showed a drastic increase up to 8 cycles, then showed gradual increases with further
treatments. The overall adsorption performance was enhanced with the increased MIL-100(Fe) add-on's,
but the specific adsorption efficiency per unit mass of MIL-100(Fe) was reduced as the LBL cycles
increased, implying the reduced average adsorption efficiency with a thicker coating. To examine the
reusability of the adsorbent, desorption efficiency of RhB was measured. The desorption after the first-
time adsorption was not efficient due to the strong binding inside the pores. For the later cycles of
adsorption—desorption, desorption occurred more efficiently, probably because RhB molecules were
adhered mostly at the outer surface of the MOF layer. Simultaneously, MIL-100(Fe)@cotton
demonstrated the photocatalytic degradation performance against RhB in the presence of H,O, by the
Fenton reaction. With the combined effect of adsorption and photodegradation, the developed fabric
attained 96% removal efficiency for RhB dissolved in water. This study demonstrates an environmentally
responsible process of developing a MIL-100(Fe) coated fabric that is readily available for effective
removal of organic foulants in water. This fabrication method can be applied as a scalable manufacturing
of metal-organic framework-based photocatalytic adsorbent textiles.

generating secondary environmental waste, thus creating
another source of pollution.*

The textile industry generates a large amount of wastewater
during the dyeing process. Organic dyes, as one of the most
common pollutants in wastewater, are chemically stable and
usually non-biodegradable in water, disrupting the aquatic
ecosystem by impeding the penetration of sunlight and
oxygen.” Up to date, various technologies have been used to
remove dyes from wastewater, including chemical, biological,
and physical methods.> Among them, the physical method has
been used most frequently for its efficiency and convenience,
where this method employs a porous material such as activated
carbon and zeolite to adsorb and separate the foulants.*
However, purification of the aquatic environment by the
conventional single-use filter leaves a big challenge of
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Metal-organic frameworks (MOFs) as a new class of porous
materials with a large surface area and open framework have
attracted considerable attention.>® They present superior
performance compared with other traditional adsorbent mate-
rials used in filtration and separation. In particular, MOFs can
be used as photocatalysts and adsorbents simultaneously for
the removal of organic contaminants from water.*”* However,
direct usage of powdery MOF faces challenges from the
perspective of efficiency and reusability.® For example, when
MOF powder is used as an adsorbent, it is difficult to recover the
particles after use, and the unrecovered particles remain in
water as secondary contaminants. Therefore, incorporating
MOFs in a stable substrate, rather than using as powdery form,
may be favored in such an application. Since the fibrous
materials have sufficient strength and flexibility, researches
have been conducted applying MOFs onto the textile materials
by various fabrication methods.'**

Among the methods, the layer by layer (LBL) approach has
been used to attain a uniform coating by immersing the fabric
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substrate in a metal ion solution and then an organic ligand
solution in sequence.* ¢ This LBL method, which proceeds at
a relatively low temperature, is suitable for manufacturing the
fabric-based MOF adsorbent, used for removal of organic
pollutants existing in liquid. Da Silva Pinto et al.'’ modified
a cellulose fabric into an anionic surface through carbox-
ymethylation, and the MOF (HKUST-1) was chemically bonded
to the cellulose surface by the LBL procedure at room temper-
ature. Rubin et al.*® fabricated a carboxymethylated cotton
fabric to attain nucleation sites for MOF growth, and then
attached MOFs by the LBL approach using a mechanical dip
coater. As a result, a durable and flexible MOF-grown cotton
fabric (MOF@cotton) was manufactured, displaying a uniform
coating of MOFs with distinct morphology. Schelling et al.*®
reported on the successful functionalization of cotton fabrics
with a water-stable MOF, UiO-66, under mild solvothermal
condition (80 °C), and its ability to adsorb and degrade water
micropollutants was demonstrated. However, studies of MOF-
treated fabrics so far have used toxic organic solvents such as
dimethylformamide and dimethylacetamide to dissolve metal
ions and organic ligands. In addition, ethanol or methanol has
been commonly used to remove those toxic solvents after the
synthesis of MOF. Moreover, in order to firmly bind the MOFs to
the fabric, functional groups are commonly imparted on the
fabric surface through pre-treatment such as mercerization or
carboxymethylation. Not only that this procedure is rather
complicated, but also it is concerning to use toxic solvents in the
procedure, which would eventually need wastewater treatment.
Therefore, more environmentally responsible production needs
to be considered.

This study aims at developing a fabric-based MOF adsorbent
for removal of water-soluble organic dyes, by employing LBL
method without using organic solvents in production. For this
purpose, MIL-100(Fe) was selected as a MOF adsorbent as it is
stable in water and minimally toxic to human. As a substrate,
a cotton fabric was chosen as its mechanical strength in wet
state is high. Also, its -OH groups would work as the binding
sites of MOFs without prior treatment. The dye adsorption
performance of MIL-100(Fe) treated cotton fabric (MIL-100(Fe)
@cotton) was investigated with the varied number of LBL
cycles. The desorption efficiency of adsorbed dyes on MIL-
100(Fe)@cotton was evaluated to discuss the reusability of the
developed adsorbent fabric. The photocatalytic performance
under visible light was evaluated to investigate the effect of dual
action of adsorption and photodegradation on the dye removal
performance in water. This study intends to provide an infor-
mational discussion on the scalable and eco-friendly
manufacturing method of MOF-based adsorbent textiles that
can remove water-soluble contaminants by both effects of
adsorption and photocatalytic degradation.

2. Experiments
2.1. Materials

For synthesis of MIL-100(Fe), iron(IlI) chloride hexahydrate
(FeCl3-6H,0, 99%, Wako, Japan) was used for the metal ion,
and trimesic acid (H3BTC, 98%, Alfa Aesar, USA) was used for
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the organic ligand. Sodium carbonate anhydrous (Na,COs3,
99%, Junsei, Japan) was used as a scouring agent. Rhodamine B
(RhB, SCI Seoul Chemicals, Korea) was used as a model foulant
to evaluate the adsorption and photodegradation performance
of the MIL-100(Fe)@cotton. Ethanol (EtOH, 99.9%, Daejung,
Korea) was used as a solvent of desorption test. All chemicals
were in the analytical grade and used without prior treatment.

Woven fabric with 100% cotton was used as a substrate. Its
weight and thickness were 123.3 g m™~> and 0.35 mm, respec-
tively. Cotton fabric was used after scouring. Fabric specimens
were immersed in a 1% Na,CO; solution prepared with a liquid
ratio of 1 : 50 at 70 °C for 30 min, rinsed with distilled water 10
times or more, and dried at room temperature.

2.2. Fabrication of MIL-100(Fe)@cotton fabrics

The metal ion solution, FeCl;-6H,0 in water, was prepared in
15 mM. The organic ligand solution, H;BTC in water was
prepared in 10 mM. The layer by layer (LBL) process followed
the procedure shown in Fig. 1. The cotton fabric in 10 x 10 cm
was immersed in a 100 mL of organic ligand solution for 30 min
and washed with distilled water for 5 min. Subsequently, the
washed fabric was immersed in a 100 mL of metal ion solution
for 15 min and then washed with distilled water again. This
procedure was considered as one LBL cycle. This process was
repeated 2, 4, 6, 8, 10, and 12 times. After the LBL process, the
sample was dried in an oven (Wiseoven WOF-105, Daihan
Scientific, Seoul, Korea) at 60 °C for 12 h.

2.3. Characterization

A field emission scanning electron microscopy (FE-SEM, JSM-
7800F Prime, JEOL Ltd, Tokyo, Japan) was performed to
observe the surface of the cotton fabrics after growing MIL-
100(Fe) by LBL process. To prevent the charge-up phenom-
enon, samples were sputter-coated with platinum prior to
examination. A sputter coater (108 auto, Cressington Scientific
Inc., Hertfordshire, UK) was used at a current of 20 mA for 120 s.

The add-on's of MIL-100(Fe) per unit area with the number of
LBL cycles were calculated following eqn (1) by measuring the
weight before and after the processing: where W, is the dried
weight of sample after the LBL process (g), W, is the dried
weight of samples before the LBL process (g), and A is the area of
the sample (m?).

Cellulose
fabrics Washing

(5min)

Immersion
(15min)

==
g L

Washing
(5min)

—T
= O

Organic ligand (H;BTC) Distilled water

s L)

Metal ion (FeCl;-6H,0) Distilled water

Repeat (2~12 times)

Fig. 1 LBL process to fabricate of MIL-100(Fe)@cotton process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MIL-100(Fe) add-on (g m~2) = @ 0

Changes in the crystal structure was analysed by the X-ray
diffraction (XRD). The XRD analysis was performed on an X-
ray diffractometer (D8 Advance, Bruker, Bremen, Germany)
using Cu Ko, (A = 1.54 A, 40 kv, 40 mA) as the X-ray source, at the
scanning rate of 0.4° s~ ' in the range from 5° to 40°. The X-ray
diffraction pattern was analyzed using DIFFRAC.SUITE soft-
ware. The mechanical property of MIL-100(Fe)@cotton was
evaluated by the tensile test. The tensile strength was measured
using a universal testing machine (5ST, Tinius Olsen Ltd,
Surrey, UK) with an extension rate of 10 cm min~*. The sample
was prepared with a size of 2.5 cm x 15 cm and measured in the
warp and weft directions.

2.3.1. Dye removal by adsorption and photodegradation.
RhB was used as a target dye pollutant because it is widely used
in the textile industry.”**' Removal efficiency of RhB dye was
evaluated by immersing a 3 cm x 3 ¢cm sample of MIL-100(Fe)
@cotton in 50 mL of aqueous RhB solution with a concentra-
tion of 10-40 mg L™". The sample-immersed solution was stir-
red in a shaking water bath (LB-SW060, LabKorea, Namyangju,
Korea) at 20 °C and 120 rpm.

The absorbance was measured by extracting 200 pL solution
until the adsorption equilibrium was reached. The optical
density of the solution was measured using a spectrophotom-
eter (Synergy H1, BioTek, VT, USA) at 553 nm, which is the
maximum absorption wavelength of RhB.

The overall RhB removal efficiency and the specific removal
efficiency per unit mass of MOF were calculated according to
eqn (2) and (3): where C, is the initial concentration of RhB
solution (mg L"), C, is the concentration of RhB solution at
time ¢ (mg L"), V is the volume of the solution (L), and m is the
weight of MIL-100(Fe) (g).

G

Overall removal efficiency (%) = (1 - F) x 100 (2)
0

mg

Removal efficiency per gram of MOF (?) = M

m

(3)

As MIL-100(Fe) may show both photocatalytic and adsorp-
tion effects, the adsorption effect of MIL-100(Fe)@cotton was
evaluated in dark condition, using eqn (2) and (3).

When it is tested under the light irradiation, the removal
efficiency was regarded to come from the combined effect of
adsorption and photocatalytic reaction. The Fenton activity
was tested with and without light irradiation. For the test of
Fenton reaction, 1 mL of H,0, was mixed into the MIL-
100(Fe)-added dye solution. As a light source, F20T12/65
6500 K lamp (white LED, 20 W, GretagMacbeth), artificial
daylight, was used. During the test, the solution was stirred
for a homogeneous reaction. Two control tests were run with
(1) untreated cotton fabric with light and (2) H,O, only with
light.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.3.2. Desorption and reusability evaluation. The feasi-
bility for regenerating the exhausted MIL 100(Fe)@cotton by
RhB adsorption was evaluated by rinsing the used adsorbent in
ethanol for desorption of adsorbed dyes. The adsorption equi-
librium was reached within 24 h. After 24 h adsorption, the
sample was dried at 30 °C. The dried sample was immersed in
50 mL of ethanol, stirred in a water bath at 20 °C and 120 rpm,
and washed by ethanol. During the desorption process, a 200 pL
of the rinsing solution was extracted at 1 h interval until the
desorption equilibrium state was reached. The optical density
of the solution was measured using a spectrophotometer at
543 nm, which is the maximum absorption wavelength of RhB
solution in ethanol. The desorption efficiency was calculated
according to eqn (4): where C, is the concentration of adsorbed
dye (mg L") and Cq4 is the concentration of desorbed dye

(mg L.

Desorption efficiency (%) = % x 100 (4)

Reusability was discussed based on the repeated tests of
adsorption and desorption. For this test, re-adsorption and re-
desorption were performed following the same method as
above. After the desorption process, the sample was dried at
30 °C to evaporate ethanol and used for re-adsorption
evaluation.

3. Results and discussion

3.1. Appearance and add-on of MIL-100(Fe)@cotton with
varied LBL cycles

Fig. 2 shows the cotton fabric on which MIL-100(Fe) was grown
by LBL process. It is visually shown that the MIL-100(Fe)
@cotton developed darker colors as the number of LBL cycles
increased.”® Darker shades of treated fabrics demonstrate that
more layers of MIL-100(Fe) crystals were attached to the fabric
as the LBL cycles increased. The color change was less notice-
able after L8.

The morphology of fabrics was observed by SEM (Fig. 3) to
investigate the growth of MIL-100(Fe) on cotton with the
number of LBL cycles. The surface of the untreated cotton fabric
showed the fibril structure with relatively smooth surface. The
MIL-100(Fe)@cotton showed MIL-100(Fe) particles attached to
the fiber surface. When the number of LBL was 2 cycles
(Fig. 3(b) and (f)), very few MIL-100(Fe) particles were observed.
As the number of LBL was increased to 10 cycles (Fig. 3(d) and
(h)), the MIL-100(Fe) particles grew large enough to completely
cover the fiber surface. With L10, a large amount of MIL-100(Fe)
was uniformly and densely grown on the surface of the cotton
fibers, and this observation is consistent with the study by Lu
et al.”

The dense growth of MIL-100(Fe) on cotton fabric demon-
strates that the organic ligands and metal ions effectively
formed MIL-100(Fe) crystals on cotton surface. Fig. 4 shows
a synthesis procedure for the layer-by-layer MIL-100(Fe) growth
on the cotton fabric. When a cotton fabric is immersed in an
organic ligand solution, the organic ligand binds to the

RSC Adv, 2022, 12, 17505-17513 | 17507
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Untreated

Fig.3 Appearance of MIL-100(Fe)@cotton at x1000 and x5000 magnifications: (a) and (e) untreated; (b) and (f) L2; (c) and (g) L6; (d) and (h) L10.
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Fig. 6 XRD patterns of untreated cotton, MIL-100(Fe) powder, and
MIL-100(Fe)@cotton (L6).

5 10

100(Fe)@cotton (L6). In the XRD pattern of cotton fabric, the
peaks located near 14.9°, 16.7°, 22.8°, and 34.6° are the char-
acteristics of (101), (101), (002), and (040) reflections of cellulose
1.»* The characteristic peaks at 11.0° in the XRD pattern of MIL-
100(Fe) powder corresponded to the (428) plane of the MIL-
100(Fe).** This diffraction peaks of MIL-100(Fe) was detected
also from MIL-100(Fe)@cotton, which affirmed the successful
growth of MIL-100(Fe) on the cotton fabric.

The tensile strength and elongation of MIL-100(Fe)@cotton
was measured to examine the change of mechanical proper-
ties after growth of MIL-100(Fe) (Fig. 7). The tensile strength
was: 236 + 7 kg cm ™2 in warp direction and 214 4 5 kg em ™2 in
weft direction for the untreated cotton fabric; 223 + 9 kg cm ™2
in warp direction and 220 4+ 10 kg cm ™2 in weft direction for
MIL-100(Fe)@cotton (L6), respectively. The elongation was: 32.3
+ 0.9% in warp direction and 34.5 + 0.9% in weft direction for
untreated cotton fabric; 25.2 & 1.0% in warp direction and 27.6
=+ 0.8% in weft direction for MIL-100(Fe)@cotton, respectively.

300 50
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Fig. 7 Tensile strength and elongation of cotton fabric with and
without MIL-100(Fe) coating (L6).

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

From the results, the tensile strength did not change much, but
the elongation decreased by about 20% after the MOF coating.
This is because MIL-100(Fe) filled the space between the fibers,
decreasing the mobility of the fibers.>® The attached MIL-
100(Fe) formed a layer on a fabric surface and fixed the MIL-
100(Fe) and fibers; as a result, the yarns of MIL-100(Fe)
@cotton were not loosened as much as those of cotton fabric,
when immersed in dye solution for 60 h (L10 from Fig. 8(b)).

3.3. Adsorption of MIL-100(Fe)@cotton with varied LBL
cycles

The adsorption performance of MIL-100(Fe)@cotton on the
water-soluble organic dye, RhB, was observed. The RhB
adsorption of untreated cotton fabric was less than 0.4 mg L™,
which was less than 2% of the initial RhB concentration
(20 mg L™"). From the result, the control fabric does not show
significant adsorption performance, and hardly affects the
adsorption performance of the MIL-100(Fe)@cotton.

To examine the adsorption performance with LBL cycles, the
overall adsorption (%) for 3 cm x 3 cm fabric and the specific
adsorption efficiency per g of MIL-100(Fe) were measured in an
RhB aqueous solution of 20 mg L™ " concentration for 24 h. The
functional group of MIL-100(Fe) can induce various molecular
interactions such as van der Waals interaction, -7 interac-
tions, and hydrogen bonding.?*>” MIL-100(Fe) possesses two
sets of mesoporous cages (25 and 29 A) that are accessible
through two microporous windows (5 and 9 A) and corre-
sponding large Langmuir surface areas.”®*® Those adsorption
sites allowed w-7 interactions between the benzene rings in
RhB molecule and MIL-100(Fe). Moreover, the possible inter-
actions between the Lewis base -N(C,H;), in RhB and the Lewis
acid Fe sites of MIL-100(Fe) can also play an important role.*® At
the solution pH = 5, the surface of MIL-100(Fe) is negatively
charged.*" In this study, the adsorption performance was eval-
uated in an aqueous solution at pH 7. Thus, the cationic dye,
RhB, should be adsorbed to the MIL-100(Fe)@cotton mostly by
the electrical attraction.

From Fig. 9, the adsorption (%) increased linearly as the
number of LBL cycles increased, due to the increased amount of
MIL-100(Fe). However, the adsorption efficiency increased up to
L8, reaching the maximum of 80.9%. The concentration of the
adsorbed dye plateaued thereafter, probably because the
outermost surface area of the MIL-100(Fe)@cotton was not

(b). .

Fig. 8 Appearance of MIL-100(Fe)@cotton after immersing in RhB
solution for 60 h: (a) L2, and (b) L10.

(@),
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Fig. 9 Adsorption of RhB dye on MIL-100(Fe)@cotton with varied LBL
cycles.

further increased from L8. When all adsorption sites of the MIL-
100(Fe)@cotton were occupied by dye molecules, further
adsorption hardly occurred due to the repulsive forces between
the adsorbed dyes and the free dye molecules present in water.**

On the other hand, the specific adsorption efficiency per g of
added MIL-100(Fe) decreased as the number of LBL increased.
Up to L6, the adsorption efficiency (per g of MIL-100(Fe))
decreased significantly with the increase of MIL-100(Fe) add-
on's, but there was no significant difference thereafter. As the
LBL cycle increased, the add-on of MIL-100(Fe) increased
accordingly; however, it is the outer most layer of MIL-100(Fe)
@cotton that contributes to the most of adsorption, leaving
the inner layer of MIL-100(Fe) intact of dyes. Thus, the per gram-
adsorption efficiency of MIL-100(Fe) decreased as the add-on's
increased. The overall adsorption evaluated by the reduction of
dye concentration significantly increased from L2 to L6, but the
additional performance change thereafter was marginal, as the
adsorption sites of the outer most layer of MIL-100(Fe) are fairly
well occupied from L6. Since the adsorption in MIL-100(Fe)
@cotton occurs mainly at the MOF layer, MIL-100(Fe) should
be distributed as much as possible over the surface of the fabric
to increase the adsorption capacity.>>** However, as the number
of LBL cycles increased, the MIL-100(Fe) formed a thicker layer,
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where the inner layer of MIL-100(Fe) was not available for
adsorption.*® Thus, the add-on was not linearly increased with
the LBL cycles. This affected the specific adsorption efficiency
per gram of MIL-100(Fe). To sum up, the MIL-100(Fe) attached
to the outer most layer of the fabric contributed the most to the
adsorption, and the total amount of MIL-100(Fe) added onto the
fabric was less important.

Fig. 10 shows the overall adsorption (%) and adsorption
efficiency of MIL-100(Fe)@cotton with the RhB concentration
after 24 h of adsorption. The overall adsorption gradually
decreased as the RhB concentration increased, regardless of the
number of LBL cycles (Fig. 10(a)). The overall adsorption (%)
was calculated by eqn (2) in dark condition. The higher overall
adsorption at the lower RhB concentration is attributed to the
sufficient adsorption sites of MIL-100(Fe) compared to the RhB
amount in the solution. When the RhB concentration was
increased to 40 mg L, the overall adsorption decreased as the
availability of the adsorption sites of MIL-100(Fe) was reduced.**

In all samples, the specific adsorption efficiency per g of MIL-
100(Fe) increased as the RhB concentration increased, as shown
in Fig. 10(b). This is probably because the amount of MIL-
100(Fe) was sufficient to adsorb RhB up to 40 mg L~ " concen-
tration. The adsorption efficiency (per g MIL-100(Fe)) was
proportional to the RhB concentration, and inversely propor-
tional to the add-on of MIL-100(Fe). L2, which had he smallest
MIL-100(Fe) add-on, showed the largest amount of RhB
adsorption per unit MIL-100(Fe) mass. When the concentration
of RhB solution was increased from 10 mg L™ " to 40 mg L™ ', the
overall adsorption was increased by: 2.19 times for L2; 2.21
times for L4; 2.94 times for L6; 3.10 times for L8; 3.30 times for
L10; and 3.19 times for L12. Notably, the overall adsorption did
not increase at the higher dye concentration for L10 or higher
LBL cycles. Thus, L10 was selected as an optimal LBL cycle that
demonstrates the highest overall adsorption at the dye
concentrations tested in this study (10 mg L™" to 40 mg L™ ).

3.4. Desorption and reusability

As consideration of sustainable use of adsorbent material,*®
reusability of the MIL-100(Fe)@cotton was examined by the

1200

=2 L8
°ol4 L10

L6 «L12
1000

400

200

Adsorption per MIL-100(Fe) (mg/g)

e

T T T
10 20 30 40

RhB concentration (mg/L)

Fig. 10 Adsorption of RhB dye on MIL-100(Fe)@cotton with varied concentrations of RhB solution: (a) overall adsorption (%), (b) specific

adsorption per MIL-100(Fe) (mg g™4).
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repeated adsorption-desorption processes. This experiment
was conducted at 20 mg L™' dye concentration. After the
adsorption of RhB for 24 h, the adsorbed sample was immersed
in ethanol for 8 h for cleaning, or desorption. For the untreated
cotton fabric, the desorbed dye concentration was insignificant,
being below 0.1 mg L. Therefore, it is considered that the
untreated cotton fabric used as the substrate did not have
a significant effect on the desorption results of the MIL-100(Fe)
@cotton.

Desorption study was conducted for L10 fabric. As shown in
Fig. 11(a), a desorption equilibrium reached within 1 h in the
first-time desorption, giving desorption efficiency of only
22.3%. The cation dye, RhB would be adsorbed on the interior
pores and/or the reactive sites of outer surface on MIL-100(Fe),
via van der Waals force and electrical attraction.*® The reason
for the low desorption at the first-time is probably because RhB
molecules adsorbed in the interior pore of MOF were not easily
desorbed by ethanol rinsing (desorption process). The fabric
appeared pink even after the desorption, confirming the
incomplete desorption of RhB. At the second adsorption, RhB
was re-adsorbed about 72.0% and desorbed 76.5% of the
adsorbed dye. The second desorption was higher because the re-
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Fig. 11 Desorption and readsorption of RhB dye on MIL-100(Fe)
@cotton (L10): (a) desorption efficiency, (b) overall adsorption.
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adsorption mainly occurred on the surface of MIL-100(Fe) as
additional layers, with lower binding strength.

Fig. 11(b) shows the results of repeated adsorption and
desorption processes up to three times. The overall adsorption
performance of MIL-100(Fe)@cotton decreased from 81.2% to
67.7% during three cycles. This is because the adsorbed dye
molecules still remained in the sample, without being
completely desorbed by the ethanol treatment. However, the
specific adsorption efficiency per g of MOF was: 43.4 mg g~ " in
the first adsorption cycle; 38.9 mg g~ in the second adsorption
(after ethanol rinsing); and 36.1 mg g~ " in the third adsorption
process (after ethanol rinsing). The third-time adsorption effi-
ciency was about 83.2% of the initial adsorption efficiency. The
adsorption efficiency was maintained high regardless of the
repeated adsorption-desorption processes, indicating the
potential applicability of MIL-100(Fe)@cotton as a reusable
adsorbent.

3.5. Photodegradation effect

The combined effect of photodegradation and adsorption of
MIL-100(Fe)@cotton was evaluated for RhB solution under the
light irradiation. Fig. 12 shows the overall RhB removal effi-
ciency by adsorption and/or photocatalytic degradation process
for untreated cotton and MIL-100(Fe)@cotton (L10). From the
untreated cotton (with light), RhB was barely photolyzed or
adsorbed. Also, H,0, itself had no effect on reducing the RhB
concentration.

As MIL-100(Fe) could have both photocatalytic and adsorp-
tion ability, it was tested with and without light irradiation to
discern the adsorption and the photocatalytic-combined effect.
Under the dark condition, MIL-100(Fe)@cotton showed 77.2%
of removal efficiency by the adsorption of RhB dye. As the
addition of H,O, can induce the Fenton reaction, H,O, was
added to MIL-100(Fe)@cotton in dark condition; from the result
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@ MIL-100(Fe)@cotton (dark) a" u
©MIL-100(Fe)@cotton (light) [ ]
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Fig.12 Adsorption and photocatalytic degradation of RhB dye by MIL-
100(Fe)@cotton (L10).
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of “MIL-100(Fe)@cotton + H,0, (dark)”, it does not seem that
effective Fenton reaction had occurred in dark.

Meanwhile, under the light irradiation and with the pres-
ence of H,0,, the MIL-100(Fe)@cotton demonstrated the
improved RhB removal efficiency by the dual action of adsorp-
tion and Fenton catalytic degradation. Until 2 h, the RhB
concentration was similar regardless of the presence of H,0,
and light (with removal rate of about 4 mg h™") implying that
the reduced RhB concentration up to this point is the result of
adsorption rather than photocatalytic reaction. After 2 h, the
plots began to deviate depending on the addition of H,O,. For
MIL-100(Fe)@cotton with H,0, addition (under light) demon-
strated both adsorption and photodegradation effects, giving
96% reduction of RhB concentration. Notably, the Fenton
reaction under dark condition was not efficient, demonstrated
by the fact that a similar profile was observed from MIL-100(Fe)
@cotton (dark) and MIL-100(Fe)@cotton + H,0, (dark). It
appears that the light irradiation was essential in inducing the
Fenton oxidation in this experiment.

MOF is constructed of metal cluster which is coordinated to
organic ligands, thus the outer orbital of metal acts as the empty
conduction band and that of organic ligand acts as the valence
band.** In MIL-100(Fe) with Fe as central metal, the Fe-O
clusters can be excited and make the electron transfer from 0>~
to Fe** to form Fe** and H' which can participate in the pho-
tocatalytic reaction.’”* This reduced Fe** can initiate the photo-
Fenton reaction with H,0,. Subsequently, H,O, captures the
photo-induced electrons in the MIL-100(Fe) to form hydroxyl
radicals and further decompose the organic pollutants.**~** MIL-
100(Fe) has narrow bandgap of 2.50 eV compared to other
metal-based semiconductors such as zinc oxide and titanium
oxide.**** The valence band and conduction band edge poten-
tials of MIL-100(Fe) are reported to be —0.65 eV and 1.85 eV.*
Therefore, MIL-100(Fe) can activate a photocatalytic reaction
even under the visible light.***> When MIL-100(Fe) is exposed to
the light, of which energy is greater than its bandgap, the

Fig. 13 Appearance of MIL-100(Fe)@cotton at x3000 and x20 000
magnifications: (a) and (b) after adsorption of RhB (tested in dark
condition); (c) and (d) after photodegradation (tested with H,O, under
light).
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electron-hole pairs can be formed.*** However, due to the small
bandgap, the recombination of electrons and holes occurs
easily, prohibiting the proper photocatalytic reaction.*” In this
process, H,0, can inhibit the electron-hole recombination by
acting as an electron acceptor,* and eventually helps the pho-
tocatalytic reaction. In addition, the photo-induced electrons
from MIL-100(Fe) can generate hydroxyl radicals by reacting
with H,0,, granting the oxidation ability to degrade RhB
molecules.®?¢3*

The stability of MIL-100(Fe)@cotton after the photo-
degradation was investigated by SEM. As shown in Fig. 13, the
MIL-100(Fe) particles were adhered well to the cotton surface
even after undergoing RhB adsorption and photodegradation
processes. In addition, fiber damage by photocatalytic activity
was not clearly observed.

4. Conclusions

MIL-100(Fe)@cotton was prepared by the layer-by-layer (LBL)
process to investigate the applicability of the developed fabric as
a reusable adsorbent for liquid purification. The adsorption—-
desorption properties and photocatalytic ability of MIL-100(Fe)
@cotton were evaluated employing rhodamine B (RhB) dye as
a water-soluble model contaminant. As the number of LBL
cycles increased, the add-on of MIL-100(Fe) increased, forming
a uniform coating on the fabric surface. As the LBL cycles
increased, the overall adsorption performance against RhB
increased. On the other hand, the specific adsorption efficiency
per g of MIL-100(Fe) decreased because the outermost layer of
MIL-100(Fe) mostly contributed to the adsorption. When the
dye concentration increased, the adsorbed amount of RhB was
reduced, and the specific adsorption efficiency per unit mass of
MIL-100(Fe) tended to increase. This tendency was clearer as
LBL cycles increased. Using the treated sample with 10 cycles of
LBL (L10), adsorption performance was evaluated with repeated
adsorption-desorption processes to examine the reusability of
adsorbent material. In the first desorption process, 22% of the
adsorbed dye was desorbed, implying that only the molecules
weakly adhered at the surface was detached, leaving those
inside the pores intact. With 2nd and 3rd adsorption-desorp-
tion processes, the desorption efficiency significantly increased,
probably because the 2nd and later adsorption occurred mostly
at the MOF surface by weaker adhesion force. The MIL-100(Fe)
also demonstrated the photocatalytic ability of RhB in the
presence of H,0,, and the combined effect of adsorption and
photocatalytic reaction allowed 96% removal efficiency of RhB.

In this study, an effective photocatalytic adsorbent that
allows the removal of water-soluble foulant was developed by
the sustainable process without using toxic organic solvents.
The results revealed that a thin layer coating of MIL-100(Fe)
with large surface area, rather than a thick MOF coating, is
advantageous for efficient adsorption of foulants per unit mass
of MIL-100(Fe). This study provides an informative discussion
on developing a MOF-based water purifying material, which
functions by the dual action of adsorption and photocatalytic
degradation. The fabrication method investigated in this study
can be applied as a scalable manufacturing of MOF-based

© 2022 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic adsorbent textiles. Future study is anticipated for
examining the applicability of this material to other water
contaminants such as phenolic compounds.
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