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Bi-MOF on cotton fabrics via
ultrasonic synthesis strategy for recyclable
photocatalytic textiles†

Hengjie Qin,a Ying Lv b and Koji Nakane *a

Bismuth-based metal–organic framework (Bi-MOF) materials have shown potential for treating organic

pollutants. In this work, multifunctional textiles were produced by in situ synthesis of CAU-17 on

carboxymethylated cotton fabrics by solvothermal and ultrasonic strategies and employed as recyclable

photocatalysts. The compositional and structural features of the dense MOF crystal coatings on cotton

fibers were confirmed by scanning electron microscopy, X-ray diffraction, and other characterization

approaches. Under optimized conditions, the developed functionalized cotton fabrics achieved

a photodegradation efficiency of 98.8% under visible light for RhB in water, as well as good recyclability.

The described results have provided the basis and reference for the fabrication of MOF-functionalized

textiles.
1. Introduction

Metal–organic frameworks (MOFs) have captivated the forefront
of scientic inquiry owing to their extraordinary structural
diversity and extensive range of potential applications.1 These
highly porous materials emerge from the coordination of metal
ions or clusters with organic ligands, endowing them with
customizable pore dimensions, expansive surface areas, and
versatile chemical reactivity.2,3 Over recent years, MOFs have
found diverse utility in gas adsorption,4 energy storage,5 sepa-
ration processes,6 and catalytic reactions,7 and have demon-
strated excellent performance. Nevertheless, a major obstacle in
the practical use of MOFs is their predominantly powdered
form, which is not only impractical for applications and recy-
cling but also poses the risk of secondary pollution.8,9 Conse-
quently, the seamless integration of MOFs into practical
applications remains a signicant challenge.

Bismuth-based MOFs (Bi-MOFs) are currently experiencing
heightened consideration due to the intrinsic advantages of low
toxicity, cost-effectiveness, and abundant reserves associated
with metallic bismuth. Leveraging the exible coordination
structure of Bi(III) cations, numerous Bi-MOFs have been
documented, showcasing substantial structural diversity.10 In
addition, Bi-MOFs have been considered as a promising cate-
gory of photocatalytic materials due to the tunable pore
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structure and abundant active sites. Nguyen et al.11 have
synthesized fully crystalline spherical Bi-BDC-MW by a micro-
wave-assisted solvothermal method, with 99.44% of Rhoda-
mine B (RhB) removed aer 360 min visible LED light
irradiation due to its high specic surface area, oxygen defects,
and unique morphology. Wang et al.12 introduced Bi-mna as
a photocatalyst for the decomposition of RhB, demonstrating
signicant catalytic activity with a degradation rate of 95%
within 2 h. A mechanism of ligand-to-ligand charge transfer was
also proposed to characterize the transfer of photogenerated
electrons from the S atom to the O atom of the pyridine ring.
Huang et al.13 synthesized Bi2(Hpdc)2(pdc)2$2H2O with 1D
structure using pyridine-2,6-dicarboxylic acid (H2pdc), which
could degrade 97% of RhB. In addition, a-Bi2O3 was prepared by
using Bi2(Hpdc)2(pdc)2$2H2O as a precursor, exhibited excellent
catalytic performance.

Overall, numerous researches have shown that Bi-MOFs are
more suitable candidates for the photocatalytic. However,
further works related to the attachment of Bi-MOFs to appro-
priate substrate materials to enhance the stability and catalytic
activity still need to be investigated. In addition, different
synthesis techniques will signicantly affect the growth of Bi-
MOFs. The solvothermal method, a conventional approach,
has been extensively employed for Bi-MOFs synthesis.14 Never-
theless, the high-temperature and pressure synthesis environ-
ment may damage the substrate materials, thereby impacting
the loading capacity of MOF particles. Therefore, the synthesis
strategy with mild reaction conditions, such as ultrasonic
synthesis,15 emerges as a more propitious avenue for the prac-
tical implementation of MOFs.

Herein, a typical porous Bi-MOF (CAU-17) was selected as the
research object, Bi(NO3)3$5H2O and 1,3,5-benzentricaboxylic
RSC Adv., 2024, 14, 11513–11523 | 11513
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acid (H3BTC) were employed as precursors, CAU-17 crystals with
different dimensions were grown on carboxymethylated cotton
bers by solvothermal and ultrasonic methods, respectively.
The structural properties of the obtained CAU-17-modied
cotton fabrics were investigated by a series of characterization
methods. Photocatalytic performance of prepared CAU-17-
modied cotton fabrics was veried by degrading RhB under
visible light, which could be easily recycled from water. Overall,
we demonstrated for the rst time the growth strategy of CAU-
17 on cotton fabrics, offering a new thought for the expanded
application of Bi-MOFs.
2. Experimental section
2.1 Materials

Sodium hydroxide (NaOH), and 2-propanol (C3H8O, IPA) were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). 1,3,5-Ben-
zentricaboxylic acid (H3BTC) was obtained from Tokyo Chem-
ical Industry Co., LTD (Tokyo, Japan). Bismuth nitrate
pentahydrate (Bi(NO3)3$5H2O), cetyltrimethylammonium
bromide (CTAB), methanol (MeOH), ethanol (EtOH), sodium
chloroacetate (ClCH2COONa), ethylenediaminetetraacetic acid
disodium (EDTA–2Na), rhodamine B (RhB) and 1,4-benzoqui-
none (C6H4O2, BQ) were purchased from Fujilm Wako Pure
Chemical Co., (Osaka, Japan). Cotton fabric (CF) was provided
by Shikisensha Co., LTD (Osaka, Japan). All materials were
analytical grade and used as received without further
purication.
2.2 Characterization

Powder X-ray diffraction (PXRD) analyses were carried out using
Rigaku Mini Flex II (Tokyo, Japan) with a Cu-Ka light source (30
kV, 15 mA). X-ray diffraction (XRD) analyses were performed on
Rigaku Ultima-IV (Tokyo, Japan) which was equipped with
a sample holder for the brous samples. Scanning electron
microscopy (SEM) was performed on Keyence VE-9800 (Osaka,
Japan) at 5 eV. X-ray photoelectron spectroscopy (XPS) analyzed
with JEOL JPS-9010MCY (Tokyo, Japan) was performed with Mg-
Ka as an X-ray source, the voltage at 12 kV, and the current at 5
mA to determine the chemical states. The spectra were cali-
brated by the C 1s peak from residual carbon with the binding
energy of 284.8 eV. The pore structure and specic surface area
of all samples were measured via N2 adsorption–desorption
isotherms on Belsorp-mini II (Osaka, Japan) at 77 K, and the
specic surface areas were calculated according to the Bru-
nauer–Emmett–Teller (BET) method and the pore size distri-
bution was obtained by Barrett–Joyner–Halenda (BJH) model.
The Fourier-transform infrared (FT-IR) spectra data were ob-
tained at room temperature employing Shimadzu IR Affinity-1
(Kyoto, Japan) that was equipped with a single reection ATR
containing a diamond/ZnSe crystal. Thermogravimetric (TG)
measurements were carried out by using Shimadzu DTG-60
(Kyoto, Japan) at a heating rate of 10 °C min−1 from 30 to
600 °C under air atmosphere. The absorption spectra from 450
to 650 nm were recorded using a Shimadzu UV-2450 spec-
trometer (Kyoto, Japan). The concentration of Bi ion was
11514 | RSC Adv., 2024, 14, 11513–11523
analyzed by using SPS7800 Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) (Tokyo, Japan), a certain
amount of 5% nitric acid was dropped to dissolve the MOF
particles before measurement due to the insolubility of Bi-MOF
in water.
2.3 Synthetic methods

2.3.1 Carboxymethylation of cotton. To increase the avail-
able active sites on the surface of cotton bers, the cotton
fabrics were rst modied by carboxymethylation methods to
yield carboxylates. The carboxymethylation of cotton was per-
formed as previously described16 with some modications. In
a typical method, 5% NaOH was dissolved in a 100 mL solution
in which the volume ratio of absolute ethanol to deionized
water was 2 : 1. Two pieces of cleaned cotton fabrics (3 × 6 cm)
were added to the solution and stirred slowly for 30 min at room
temperature. Subsequently, the fabric was removed and 1 M of
sodium chloroacetate was dissolved into the solution, then the
fabric was put back into the solution and continued stirring for
1 h. The obtained cotton fabric was washed several times with
deionized water and ethanol until the washing solution had
become neutral, lastly, the fabric was dried in a vacuum drying
oven at 40 °C for 6 h, and the resulting carboxymethyl cotton
fabric was marked as CCF.

The concentration of carboxymethyl groups was determined
by titration method.17 100 mg samples were treated with 50 mL
of an aqueous NaOH solution (0.01 mol L−1) for 2 h under
constant agitation. Soon thereaer the NaOH solution was
titrated with an aqueous HCl solution (0.01 mol L−1) with 0.1%
phenolphthalein solution as an indicator. Blank experiments
were created to minimize errors. The concentration of carbox-
ylate groups was calculated based on the following eqn (1):

CCOOH ¼ CHClðVB � VSÞ
m

(1)

where CCOOH (mmol g−1) is the carboxymethyl groups amount,
and m (g) is the mass of sample. CHCl (mol L−1) is the concen-
tration of HCl solution, VB and VS (mL) are the volume of HCl
used for titration of blank solution and the sample solution,
respectively.

2.3.2 Bi-based materials synthesis by solvothermal
method. In a typical synthesis,18 750 mg H3BTC and 150 mg
Bi(NO3)3$5H2O dissolved in 60 mL methanol, the solution was
ultrasonicated for 5 min until transparent, then transferred to
a 100 mL Teon-lined autoclave and maintained at 120 °C for
24 h. The white product was washed three times with methanol
and dried under vacuum at 60 °C overnight, denoted as CAU-
17_ST (ST means solvothermal method).

For loading MOF onto cotton fabrics, during the above
process, the prepared CCF (3 × 3 cm) and untreated CF were
added to the precursor mixture solution prior to the sol-
vothermal reaction, respectively. Aer the reaction, the cotton
fabric was collected and washed by MeOH, noted as CAU-
17_ST@CCF and CAU-17_ST@CF.

2.3.3 Bi-based materials synthesis by ultrasonic method.
CAU-17 was synthesized by ultrasonic at room temperature
© 2024 The Author(s). Published by the Royal Society of Chemistry
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according to the reported methods with some modications.15

150 mg Bi(NO3)3$5H2O, 750 mg H3BTC, and the appropriate
amount of CTAB were weighed and mixed with 20 mL of
methanol in a 50 mL beaker and sealed with a paralm.
Subsequently, the mixed solution was ultrasonicated for 1 h by
Mxmoonant yl-46 (600 W, 45 kHz). In addition, the same
starting temperature (20 °C) and water volume (15 L) were used
for all sample preparation processes to minimize the effects of
temperature variations on samples during the use of the ultra-
sonic equipment. The obtained white precipitate was centri-
fuged and washed three times with methanol and dried under
vacuum at 60 °C. The nal product was labeled as CAU-17_X (X
means the amount of CTAB used, mg).

Under the MOF synthesis conditions described as above,
CCF and CF were added to prepare MOF composites. The
composite cotton fabrics were named as CAU-17_X@CCF and
CAU-17_X@CF, respectively.
Fig. 1 FT-IR spectra of untreated CF and CCF.
2.4 Photocatalytic experiments

2.4.1 Photocatalytic degradation of RhB. The photo-
catalytic degradation of RhB was carried out in a 100 mL glass
beaker. The reactor was illuminated by a visible light source
provided by a SCHOTT MegaLight 100 with a 100 W halogen
lamp. In every test, 3 × 3 cm (approximately 100 mg) of
composites (or 10 mg of powdered samples) were used as
photocatalysts and immersed in a 50 mL RhB solution with
a concentration of 5 mg L−1 under dark conditions. Before
irradiation, the solution was magnetically stirred in the dark for
60 min to ensure the establishment of an adsorption/
desorption equilibrium between the photocatalysts and the
RhB solution. Subsequently, the light was turned on and stir-
ring was continued under light conditions for 2 h. During the
degradation process, 2 mL of claried solution was extracted
from the solution every 30 min and ltered with a 0.22 mm
needle lter. The concentration of RhB solution was deter-
mined by detecting the absorbance of the solution at l =

554 nm by UV-vis spectrophotometer. The photodegradation
efficiency and reaction rate constant were calculated according
to eqn (2) and (3), respectively.

Degradation efficiency ¼ C0 � C

C0

� 100% (2)

ln

�
C0

C

�
¼ kt (3)

Where C0 (mg L−1) was the initial RhB solution concentration
and C (mg L−1) was the RhB solution concertation at the indi-
cated time.

Cycling experiments were used to investigate the stability
and reusability of the samples. The used sample was collected
aer the photocatalytic process as described above and was
washed three times with ethanol and deionized water respec-
tively until the washing solution was clear. The sample was then
dried in a vacuum oven at 60 °C overnight for the next recycling.
For powdered samples, the powders were collected by centri-
fugation, washed and dried, and then processed for cycling.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4.2 Trapping test. To determine the active species
generated during the process of photocatalysis, 1 mmol L−1 of
BQ, IPA, and EDTA-2Na were selected as scavengers and added
to the photocatalytic reaction system for trapping superoxide
radical (cO2

−), hydroxyl radical (cOH) and the holes (h+),
respectively.
3. Results and discussion
3.1 Material characterization

To facilitate the nucleation and growth of MOF on a cellulose
substrate, hydroxyl groups on cotton fabric were modied via
carboxymethylation. The process involved esterication
between cellulose and chloroacetate with NaOH as a catalyst.19

As shown in Fig. 1, the broad band at 3100–3600 cm−1 was
attributed to the –OH stretching vibration on cotton bers. A
new peak appeared at 1593 cm−1 corresponding to the –C]O
stretching vibration, and the carboxymethyl content of CCF was
determined to be 0.065 mmol g−1 compared to 0.000 mmol g−1

of CF by titration experiment, indicated the generation of car-
boxymethyl substituents on cotton bers due to
carboxymethylation.20,21

The MOF contents in the composites were determined using
the weighing method (eqn (S1)†). Fig. 2 illustrated that the MOF
loading decreased with an increasing amount of CTAB in the
composite samples CAU-17_X@CCF and CAU-17_X@CF, which
can be attributed to the competitive coordination of CTAB thus
slowing downMOF nucleation time.22,23 In addition, the loading
mass of MOF on CF was signicantly lower than that on CCF,
demonstrating that the carboxymethylation treatment provided
more MOF nucleation sites on cotton substrates. It was noticed
that the calculated loading percent of CAU-17_ST@CCF/CF was
negative, which was probably due to the high temperature, high
pressure, and weakly acidic environment (pH = 4.2) of the
reaction system during the synthesis process, which destroyed
part of the cotton bers. Additionally, cracks were observed on
the surface of CAU-17_ST@CCF, and the composite fractured
RSC Adv., 2024, 14, 11513–11523 | 11515



Fig. 2 Loading mass percent of CAU-17 on CCF and CF with different
synthesis conditions.
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under slight external force. In contrast, the ultrasonic method,
with its gentler synthesis conditions, would not signicantly
impact the physical properties of the cotton fabrics (Fig. S1†).

XRD was utilized to conrm the MOF crystallization and the
growth on CCF. In Fig. 3a, the broad diffraction peaks at 20–25°
Fig. 3 XRD patterns of (a) MOF powder and cotton composite were ob
CAU-17_X@CCF; (d) CAU-17_X@CF; (e) schematic of the carboxymethy

11516 | RSC Adv., 2024, 14, 11513–11523
for CF and CCF indicated the crystallization of cellulose,24 and
carboxymethylation did not change the crystallization of cotton
fabrics. As for the composite material CAU-17_ST@CCF and
CAU-17_ST@CF, diffraction peaks belonging to CAU-17 can be
observed at 7.5°, 9.9°, and 13.0°, which demonstrated that the
MOF was successfully incorporated onto the cotton fabric. The
weak MOF peak intensities were attributed to the low loading
and the interference of the diffraction signals by the cotton
bers, consistent with previous reports on MOF-cotton
materials.25–27 Fig. 3b–d exhibited the XRD results of MOF
powder and composites synthesized by the ultrasonication,
respectively. As can be seen in Fig. 3b, when CTAB was not
applied, the weak characteristic peak of CAU-17 and other
impurity peaks were observed simultaneously in the pattern of
CAU-17_0, suggesting it was a mixture with other unknown
phases. Aer adding CTAB, the samples displayed diffraction
results completely consistent with simulated CAU-17, and the
amount of CTAB would not affect the crystallization. In Fig. 3c,
XRD results conrmed the growth of CAU-17 on cotton fabrics
by ultrasound method, which can be perfectly matched with the
simulated pattern (CCDC No. 1426169).28 Notably, the impurity
peak at 11.8° disappeared until CTAB exceeded 100 mg, which
was not exactly consistent with the pattern of the powder
sample, suggesting that heterogeneous nucleation of precursors
on cotton fabrics affects the crystallographic orientation of
CAU-17. Similar results were obtained when MOF was grown on
unmodied cotton fabrics, but with lower diffraction peak
intensities of MOF crystals (Fig. 3d). The growth mechanism of
tained by the solvothermal route, CF, and bare CCF; (b) CAU-17_X; (c)
lation and growth of CAU-17 on CCF.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CAU-17 on cotton bers as shown in Fig. 3e. First, more carboxyl
groups were introduced to the surface of cotton bers aer
carboxymethylation treatment and complexed with positively
charged Bi3+, subsequently CAU-17 nucleated and grew from it
under suitable reaction conditions, resulting in CAU-17 crystals
rmly dispersed on the surface of cotton bers.

The microscopic morphology of the samples was examined
by SEM. Fig. 4 showed the SEM images of the powdered MOF.
The monodisperse CAU-17 particles exhibited typical hexagonal
prism structure, and the CAU-17_X (length: 2.1 mm, diameter:
1.2 mm) synthesized within a short time had a smaller average
size compared to CAU-17_ST (length: 4.2 mm, diameter: 0.8 mm).
The concentration change of CTAB did not affect the size of the
hexagonal prism particles. In addition, irregular aky particles
were present in CAU-17_0, which were considered as interme-
diates consistent with previous reports.29,30

Investigation of MOF growth on cotton fabrics by SEM. Both
CF and CCF had smooth bers (Fig. S2†), andMOF crystals were
observed on the surface aer in situ growth. However, as shown
in Fig. S3,† the distribution of MOF on CAU-17_X@CF was
much sparser, suggesting weak bonding between the original
cotton fabric and the MOF. As for CAU-17_X@CCF in Fig. 5,
lamellar structure was observed at low concentration of CTAB
(#100 mg), which corroborated with the XRD results; only when
the CTAB was 150 mg (CAU-17_150@CCF), the uniform and
dense MOF coating consisting of hexagonal prismatic crystals
was obtained. Moreover, the cracks on the surface of CAU-
17_100@CCF and CAU-17_150@CCF were attributed to the
signicant deformation of the cotton fabric during water
absorption and dehydration.

The generation of lamellar structure can be attributed to the
following two points: (1) the electron conguration of Bi element
is {1s22s22p63s23p64s23d104p65s24d105p66s24f145d106p3}, the
formation of coordination bonds in the outermost 6p orbitals is
usually aligned in the plane, leading to the development of
Fig. 4 SEM images of MOF powders. (a) CAU-17_ST, (b) CAU-17_0, (c)

© 2024 The Author(s). Published by the Royal Society of Chemistry
layered structures.28 (2) Compared to nucleation in a homoge-
neous solution, specic affinity sites on the surface of substrates
(CCF) can act as nucleation directors for MOF formation and
reduce the required free energy. When heterogeneous substrates
are present, the affinity sites on the surface could direct the
nucleation of MOF and reduce the required free energy, ulti-
mately resulting in the formation of thermodynamically more
stable intermediates.31,32 According to previous reports,33,34 the
cationic surfactant CTAB, which has both hydrophobic and
hydrophilic groups, due to the hydrocarbon long chains and
quaternary ammonium cations in the structure, has been widely
used as a modier for controlling the synthesis of MOF nano-
crystals. Here, the appropriate concentration of CTAB in the
reaction system facilitated the establishment of nine-
coordination structure between the organic ligands BTC3− and
Bi3+ corresponding to CAU-17 crystals.

XPS conrmed the surface chemical composition of
MOF@CCF. Fig. 6 showed that the oxygen, carbon, and bismuth
peaks were present at around 531.5, 285.0, and 162.3 eV,
respectively, demonstrating the successful immobilization of
Bi-MOF on cotton using various methods. The XPS high-
resolution spectra of C 1s, O 1s, and Bi 4f were shown in
Fig. S4,† and the samples prepared from different conditions
had almost the same elemental compositional characteristics.
The C 1s peaks were deconvoluted to three peaks at 284.8, 286.7,
and 289.0 eV, corresponding to C–C/C]C, C–O, and O–C]O
bonds, respectively.35,36 The O 1s spectra showed three unique
oxygen species, the peaks at 530.1 and 533.1 eV were associated
with Bi–O bond and O in bismuth-oxo clusters of CAU-17,
respectively, while the peak at 531.7 was assigned to O–H
bond.37 In the Bi 4f spectra, binding energies at 159.6 and
165.1 eV correspond to Bi 4f5/2 and Bi 4f7/2, respectively, indi-
cating a bismuth oxidation state of +3.38 Comparing the
previous SEM results, hexagonal prism particles were found to
have a higher percentage of C–O bonds than ake
CAU-17_50, (d) CAU-17_100, (e) CAU-17_150, and (f) CAU-17_200.

RSC Adv., 2024, 14, 11513–11523 | 11517



Fig. 5 SEM images of (a) CAU-17_ST@CCF, (b) CAU-17_0@CCF, (c) CAU-17_50@CCF, (d) CAU-17_100@CCF, (e) CAU-17_150@CCF, and (f)
CAU-17_200@CCF.

Fig. 6 XPS survey of CAU-17_X@CCF and CAU-17_ST@CCF.

Table 1 Pore characteristics of obtained samples

Sample
SBET
(m2 g−1)

Vtotalpore
(cm3 g−1)

Vmicropore

(cm3 g−1)

CCF 1.160 0.001 —
CAU-17_0@CCF 9.916 0.007 0.002
CAU-17_50@CCF 18.277 0.011 0.005
CAU-17_150@CCF 20.748 0.013 0.006
CAU-17_ST@CCF 12.541 0.008 0.003
CAU-17_0 61.463 0.033 0.024
CAU-17_50 203.665 0.110 0.084
CAU-17_150 187.236 0.101 0.079
CAU-17_ST 275.428 0.144 0.119
CF 5.7167 0.013 —
CAU-17_0@CF 7.2515 0.013 —
CAU-17_50@CF 8.4829 0.013 —
CAU-17_150@CF 8.4015 0.011 —
CAU-17_ST@CF 8.7404 0.013 —

RSC Advances Paper
intermediates, indicating that the transformation from inter-
mediates to the nal state of CAU-17 altered the crystalline
structure. Besides, the variation of the content of Bi atoms in
Table S1† illustrated once again that the loading ratio of MOF
on cotton fabrics was regulated by the synthesis conditions.

The pore characteristics of the obtained samples were
examined using N2 adsorption–desorption experiments, and
the relevant data are presented in Table 1 for comparison. It
can be seen that the carboxymethylation process would affect
the pore structure of CF, resulting in a reduction in the
specic surface area. The isotherms of all powder samples
were classied as type I, indicating the microporous proper-
ties of the materials. Meanwhile, the specic surface area of
CAU-17_0, which composed of lamellar intermediates and
hexagonal prismatic particles, was only 61.463 m2 g−1,
11518 | RSC Adv., 2024, 14, 11513–11523
indicating the intermediates were dense and nonporous
structures. Fig. 7a and d revealed the diversity and abundance
of pore structures in CAU-17_X@CCF. Mesopores were asso-
ciated with the cotton fabric's structure, and the pore size
predominantly fell below 2 nm, primarily attributed to the
carried MOFs.39 In addition, loading MOF onto CF did not
signicantly improve the specic surface area of cotton
fabrics, and the micropore volume data cannot be obtained,
presumably due to the low MOF loading.

Thermal analysis was carried out to explore the thermal
stability. The weight loss before 120 °C can be attributed to the
removal of adsorbed water for all samples. As shown in Fig. 8a
and b, cotton composites exhibited mass loss in two stages:
decomposition of the cotton fabric at 320 °C and collapse of the
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 N2 adsorption–desorption isotherms and pore size distributions of (a and d) CAU-17_X/ST@CCF; (b and e) CAU-17_X/ST and (c and f)
CAU-17_X/ST@CF.

Fig. 8 TG curves of (a) CAU-17_X/ST@CCF; (b) CAU-17_X/ST@CF and (c) CAU-17_X/ST.

Paper RSC Advances
MOF structure at 410 °C. In Fig. 8c, the presence of lamellar
structures does not affect the overall thermal decomposition
temperature properties due to similar chemical compositions.
Moreover, aer temperatures exceeding 450 °C, Bi-MOF
underwent conversion to Bi2O3 under air atmosphere.

In previous researches,40–42 specic surface area (eqn (S2)†)
and thermogravimetry (eqn (S3)†) have been recommended to
calculate the loading of MOF in composites. The calculations
Table 2 MOF loading mass fractions calculated by BET and TG data

Sample wt% by BET wt% by TG

CAU-17_0@CCF 14.520 14.579
CAU-17_50@CCF 8.453 14.192
CAU-17_150@CCF 10.527 14.327
CAU-17_ST@CCF 4.150 8.546
CAU-17_0@CCF 2.753 8.557
CAU-17_50@CCF 1.397 8.214
CAU-17_150@CCF 1.479 5.100
CAU-17_ST@CCF 1.121 2.645

© 2024 The Author(s). Published by the Royal Society of Chemistry
were shown in Table 2. Comparing the two methods, it can be
seen that the loadings obtained by thermogravimetry were
signicantly higher than those obtained by the BET method,
which can be explained by the impact of the accessibility of the
MOF pores for N2 gas. Furthermore, the loading capacity of
CAU-17_X@CF is signicantly lower than that of MOF on CCF,
which once again emphasized the importance of carbox-
ymethylation treatment in improving the loading capacity of
MOF on cotton substrates.
3.2 Photocatalytic performance

The absorbance properties of the prepared functional cotton
materials were assessed using UV-vis diffuse reectance spectra
(UV-vis DRS). As depicted in Fig. 9a and c, with the addition of
MOF, the photo-response range of CCF/CF was enlarged, and
there was a pronounced absorption edge near the 320 nm
wavelength. CAU-17_150@CCF exhibited the widest absorption
range, attributed to its pure hexagonal prismatic structure and
appropriate loading amount. The energy bandgap values (Eg) of
RSC Adv., 2024, 14, 11513–11523 | 11519



Fig. 9 (a and c) UV-vis diffuse reflectance spectra and (b and d) plots of (ahv)1/2 and the bandgap energy for CAU-17_X/ST@CCF and CAU-17_X/
ST@CF, respectively.

Fig. 10 (a) Photocatalytic degradation kinetics of CAU-17_X/ST@CCF; (b) plots for fitted kinetics modeling of CAU-17_X/ST@CCF; (c) UV-vis
adsorption spectra of RhB solution for CAU-17_150@CCF (color change of the solution shown in the inset); (d) photocatalytic degradation
kinetics of CAU-17_X/ST@CF; (e) plots for fitted kinetics modeling of CAU-17_X/ST@CF; (f) photocatalytic degradation kinetics of CAU-17_X/ST
and pure RhB solution.

11520 | RSC Adv., 2024, 14, 11513–11523 © 2024 The Author(s). Published by the Royal Society of Chemistry
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samples can be evaluated by the Tauc plot (Fig. 9b and d) with
the following eqn (4):43

ahv = A(hv − Eg)
n/2 (4)

where a, h, v, A and n are the coefficient, Planck's constant,
photon frequency, constant, and 4, respectively. The results of
band gap calculations (Table S2†) indicated that the optical
properties of the composite fabrics were affected by the MOF
structure and loading mass, where CAU-17_150@CCF had the
narrowest bandgap of 2.96 eV.

The photocatalytic performance of the samples was evalu-
ated by using RhB dye as a pollutant model under visible light
irradiation. Fig. 10a shows the variation of RhB concentration
in the photocatalytic degradation reaction. Bare CCF displayed
no adsorption or degradation of RhB, and MOF-loaded cotton
composites reached adsorption equilibrium within the rst
hour. Compared with other samples, CAU-17_150@CCF
Fig. 11 Effects of different scavengers on the degradation of RhB in
the presence of CAU-17_150@CCF.

Fig. 12 Photocatalytic recycle degradation efficiency of RhB by using (
17_150@CCF after each recycling application; SEM images of (d) initial C

© 2024 The Author(s). Published by the Royal Society of Chemistry
presented the highest activity with a removal rate of 98.77%
aer 180 min of light exposure. It can be seen from Fig. 10b and
Table S2† that the MOF-functionalized cotton fabrics well tted
the pseudo-rst-order kinetic model and that the reaction rate
constants for CAU-17_X@CCF were 2.6 to 52.9 times higher
than that of CAU-17_ST@CCF, suggesting that smaller size
hexagonal crystals were more favorable for achieving high
photocatalytic performance. Fig. 10c showed the evolution of
the absorption spectrum of the RhB solution in the presence of
CAU-17_150@CCF over time. The intensity of the absorption
peak at 554 nm gradually decreased with the increase of irra-
diation time, while the maximum absorption band gradually
blue shied from 554 nm to 498 nm, and the color of the RhB
solution also changed from pink to light yellow. It was inferred
that the photodegradation of RhB under visible light irradiation
was the result of the competition between N-deethylation and
the destruction of conjugated structure.44,45 Moreover, compar-
ison with the mentioned photocatalytic materials in other
researches, the results are shown in Table S3,† which demon-
strated that the photocatalytic performance of the samples in
this work was superior among the same type of cotton
composite photocatalytic materials.

For Fig. 10d and e, CAU-17_X@CF was set up as a control
group to prove the necessity of carboxymethylation. Under the
same experimental conditions, the photocatalytic performance
of CAU-17_X@CF signicantly reduced due to lower MOF
content, the optimal photocatalytic efficiency could only be
reached at 56.93% (CAU-17_150@CF). In addition, the photo-
catalytic properties of the powder samples were also investi-
gated. As can be seen from Fig. 10f, CAU-17_50/100/150/200
showed almost identical degradation efficiencies and were
signicantly better than CAU-17_0/ST, which corroborated with
the material characterization results mentioned. Also, it was
illustrated again that the small-sized hexagonal prismatic MOF
structures synthesized by ultrasonication with the assistance of
CTAB have superior photocatalytic properties.
a) CAU-17_150@CCF and (b) CAU-17_150; (c) XRD patterns of CAU-
AU-17_150@CCF, (e) 1st, (g) 2nd and (f) 3rd cycle.
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The main active substances during the photocatalytic reac-
tion of the samples were identied by radical trapping experi-
ments, where BQ, IPA, and EDTA-2Na were used as scavengers
of superoxide radicals (cO2

−), hydroxyl radicals (cOH) and holes
(h+), respectively.46 As shown in Fig. 11a, all three scavengers
reduced the photocatalytic efficiency and the degradation rate
was only 15.76% in the presence of EDTA–2Na, implying that all
three actives contributed to the photocatalytic process, in which
h+ played a dominant role.

To examine the durability and reusability of MOF composite
cotton fabrics, CAU-17_150@CCF was selected for recycling
experiments (Fig. 12a). Aer 3 cycles, the degradation rate of
80.41% could still be maintained, while the photocatalytic effi-
ciency of CAU-17_150 decayed more rapidly in the cycling
experiments (from 83.62% in the 1st cycle to 54.51% in the 3rd
cycle), which was mainly due to the unavoidable mass loss of the
powdered sample during separation and collection. In Fig. 12c,
XRD results of the reused samples suggested the crystal structure
of CAU-17 remained stable in the aqueous system. Moreover, the
SEM results (Fig. 12d–f) of CAU-17_150@CCF aer cycling
illustrated that some of the MOF particles were detached from
the cotton bers during the photodegradation process. There-
fore, the content of Bi in the remaining solution for each cycling
experiment was analyzed by ICP-AES and the results were dis-
played in Fig. S5.† For CAU-17_150@CCF, the residual bismuth
content in the solution aer each cycle was not higher than
0.025 mg mL−1. Compared with the direct application of powder
sample, loading MOF onto carboxymethylated cotton substrates
not only facilitated the separation and collection, but also
enabled most of the MOF particles to be remained in the fabric
rather than being immersed in solution, which was explained by
the abundance of binding sites on the carboxymethylated cotton
bers, demonstrating the cyclic stability and reusability of the
prepared CAU-17_150@CCF.

4. Conclusions

In conclusion, we synthesized a functionalized textile material
for visible-light photocatalytic degradation of dyes via in situ
growth of CAU-17 on carboxymethylated cotton fabrics by room-
temperature ultrasonication. Carboxymethylation treatment
and room-temperature synthesis techniques are essential for
increasing MOF loading and maintaining the stability of the
substrate material. The dense MOF layer formed by the uniform
deposition of small-sized hexagonal CAU-17 crystals on cotton
bers was veried by XRD, SEM and other analytical tech-
niques. Subsequently, the photocatalytic performance of MOF
composite cotton fabrics was explored, and the CAU-
17_150@CCF synthesized under optimized conditions could
achieve a degradation efficiency of 98.8% for RhB within 180
minutes under visible light irradiation. Furthermore, the
composites demonstrate commendable reusability, experi-
encing only an 18.4% decline in catalytic efficiency aer three
cycles. These results indicate that the construction of func-
tionalized cotton fabrics by in situ synthesis can be an attractive
approach for expanding the application of Bi-MOFs, especially
in the treatment of dyes in water systems.
11522 | RSC Adv., 2024, 14, 11513–11523
Author contributions

Hengjie Qin: methodology, soware, investigation, data cura-
tion, writing – original dra, visualization. Ying Lv: method-
ology, writing – review & editing. Koji Nakane:
conceptualization, resources, writing – review & editing,
supervision.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors express their gratitude to Maeda Kosen Founda-
tion, Japan, for partial nancial support.
References

1 J. L. C. Rowsell and O. M. Yaghi, Microporous Mesoporous
Mater., 2004, 73, 3–14.

2 A. J. Howarth, A. W. Peters, N. A. Vermeulen, T. C. Wang,
J. T. Hupp and O. K. Farha, Chem. Mater., 2017, 29, 26–39.

3 H. Furukawa, K. E. Cordova, M. O'Keeffe and O. M. Yaghi,
Science, 2013, 341, 1230444.

4 Y. Li and R. T. Yang, Langmuir, 2007, 23, 12937–12944.
5 Y. Peng, J. Xu, J. Xu, J. Ma, Y. Bai, S. Cao, S. Zhang and
H. Pang, Adv. Colloid Interface Sci., 2022, 307, 102732.

6 Y. Wang, H. Jin, Q. Ma, K. Mo, H. Mao, A. Feldhoff, X. Cao,
Y. Li, F. Pan and Z. Jiang, Angew. Chem., 2020, 132, 4395–
4399.

7 Q. Wang and D. Astruc, Chem. Rev., 2020, 120, 1438–1511.
8 X. Qi, K. Liu and Z. Chang, Chem. Eng. J., 2022, 441, 135953.
9 J. Fonseca and T. Gong, Coord. Chem. Rev., 2022, 462,
214520.

10 Z. Wang, Z. Zeng, H. Wang, G. Zeng, P. Xu, R. Xiao,
D. Huang, S. Chen, Y. He, C. Zhou, M. Cheng and H. Qin,
Coord. Chem. Rev., 2021, 439, 213902.

11 V. H. Nguyen, T. D. Nguyen and T. Van Nguyen, Top. Catal.,
2020, 63, 1109–1120.

12 G. Wang, Q. Sun, Y. Liu, B. Huang, Y. Dai, X. Zhang and
X. Qin, Chem.–Eur. J., 2015, 21, 2364–2367.

13 Y.-J. Huang, Y.-Q. Zheng, H.-L. Zhu and J.-J. Wang, J. Solid
State Chem., 2016, 239, 274–281.

14 Q.-X. Wang and G. Li, Inorg. Chem. Front., 2021, 8, 572–589.
15 Y. Ying, B. Khezri, J. Kosina and M. Pumera, ChemSusChem,

2021, 14, 3402–3412.
16 H. N. Rubin, B. H. Neufeld and M. M. Reynolds, ACS Appl.

Mater. Interfaces, 2018, 10, 15189–15199.
17 H. S. Jhinjer, A. Singh, S. Bhattacharya, M. Jassal and

A. K. Agrawal, J. Hazard. Mater., 2021, 411, 125056.
18 H. Ouyang, N. Chen, G. Chang, X. Zhao, Y. Sun, S. Chen,

H. Zhang and D. Yang, Angew. Chem., Int. Ed., 2018, 57,
13197–13201.

19 M. da Silva Pinto, C. A. Sierra-Avila and J. P. Hinestroza,
Cellulose, 2012, 19, 1771–1779.
© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
20 R. N. Wijesena, N. Tissera, R. Perera and K. M. N. de Silva,
Carbohydr. Polym., 2014, 109, 56–63.
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