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e TiO2/Al2O3–SiO2membrane with
enhanced flux and antifouling performance for
organic dye removal†

Qi Deng, a Jing Yang*a and Yuzhi Aib

Al2O3–SiO2 membranes were modified with a titanium source, tetrabutyl orthotitanate (TBOT), using the

sol–gel method to prepare TiO2/Al2O3–SiO2 composite membranes, whose performance was tested

with various ionic dyes. The membrane with nTi = 0.15 exhibited the best filtration performance,

considering the rejection and membrane flux. Membrane flux was over 15% higher than that of the

original membrane, whereas rejection decreased by only 2%. The experimental data were analyzed to

estimate the solute transport parameter and the mass transfer coefficient (k) using the Combined Film

Theory-Solution-Diffusion (CFSD) membrane transport model. The adsorption of Al2O3–SiO2 and TiO2/

Al2O3–SiO2 membranes was investigated using the D–R isotherm model. It was found that cationic dyes

adsorbed well on both membranes, and the adsorption binding force of the original membrane for dyes

was strong, which is the reason for its poor antifouling performance. The anionic dye RB-KNB was less

likely to cause membrane fouling. After six cycles of filtering the RB-KNB solution, the FRR increased

from 79.9% for the original membrane to 93.8% for the modified membrane, further demonstrating that

the antifouling performance of the membrane had been highly enhanced. Clearly, the obtained TiO2/

Al2O3–SiO2 membrane possesses high application potential for textile wastewater treatment.
1. Introduction

Dyes are used in large quantities across a wide range of indus-
tries and water pollution caused by untreated wastewater dis-
charged from various industries are a major environmental
concern.1 Globally, nearly 700 000 tons of dyes are consumed in
various sectors, of which about 10–15% is disposed of in
wastewater.2 Among the types of dyes, anionic dyes account for
the largest share, ranging from 32% to 90% in wastewater.3

Although dye usage is inevitable, it greatly increases the risk of
water contamination, resulting in a serious issue. The long-term
benets to human development could be profound if efficient
and convenient methods are implemented to recycle water
resources from dye wastewater, which is characterized by high
chromaticity, signicant organic content, considerable uctu-
ations in water quality, substantial discharge rates, and chal-
lenging treatment requirements.4

Numerous advanced technologies have been developed to
treat dyeing effluents of varying chemical compositions. These
methods can be broadly categorized into three groups: physical,
ngineering, Xi'an Polytechnic University,

com

nformation Technology Comprehensive

tion (ESI) available. See DOI:

622
chemical, and biological. Commonly used treatment technolo-
gies include occulation/coagulation, precipitation, adsorption,
membrane ltration, biological oxidation, ion exchange, and
photocatalytic degradation, which vary in terms of efficiency,
cost, and environmental impact. Membrane ltration can
remove more contaminants than any other treatment method
by preventing the passage of contaminants through physical
barriers, chemical adsorption, or a combination of both. The
benets of membrane separation technology include excellent
ltering purity during the separation process, minimal energy
consumption, and environmental sustainability.

Compared to organic membranes, inorganic membranes
have greater chemical and thermal stability, stronger resistance
to fouling, higher separation efficiency, and enhanced
membrane regeneration capability. Inorganic membranes are
classied as carbon, zeolite, silica, ceramic, liquid, dynamic,
and inorganic–organic hybrid membranes.5 SiO2 and Al2O3

monolayer ceramic membranes have been thoroughly investi-
gated for removing dyeing solutions. Thu et al.6 used rice husk
as a raw material to prepare mesoporous SiO2 for the removal of
methylene blue (MB) from aqueous solutions. Aer 50 minutes
of adsorption, the MB removal rate increased to 91.9%. The
ideal dosage of SiO2 for this task was 0.05 g. In a study by Soma
et al.,7 Al2O3 microltration membranes with a mean pore size
of 0.2 mm were used to treat wastewater from the printing and
dyeing industries. It was found that the addition of surfactants
could increase the removal of soluble dyes bymore than 97%; in
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02616d&domain=pdf&date_stamp=2025-06-10
http://orcid.org/0009-0001-3557-1765
https://doi.org/10.1039/d5ra02616d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02616d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015025


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:3

9:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a pilot test using ceramic membranes, dye removal was 80%,
chemical oxygen demand (COD) removal was 40%, and
membrane ux was 260–280 L m−2 h−1.

Anatase TiO2 has demonstrated promising application
prospects in wastewater treatment and bactericidal self-
cleaning due to its strong photocatalytic performance, large
specic surface area, strong oxidizing ability and lack of
secondary pollution.8 Incorporating anatase TiO2 improves the
antifouling performance of Al2O3–SiO2 membranes. Addition-
ally, the addition of TiO2 may alter the phase composition,
microstructure, and surface morphology of the composite
material, signicantly affecting the membrane's separation
ability.9 The literature10–12 reveals that the majority of research
on composite membranes has been centered on aspects such as
preparation methods, phase structures, pore structures, micro-
morphologies, and gas separation applications. However, there
has been limited investigation concerning the treatment of dye
solutions. Thus, the sol–gel method was used in this work to
prepare the ultraltration Al2O3–SiO2 composite membrane,
and the doping of TiO2 modied the Al2O3–SiO2 composite
membrane. Initial investigations were conducted to ascertain
the ltration operating conditions of Al2O3–SiO2 and TiO2/
Al2O3–SiO2 composite membranes. The applicability of the
composite membranes to the ltration of dyes with varying
molecular weights and ionic types was then explored. A theo-
retical foundation for the industrial preparation of ultraltra-
tion Al2O3–SiO2 and TiO2/Al2O3–SiO2 composite membranes
was established using the experimental data, which made it
possible to determine the ltration mechanism of ceramic
composite membranes on various dyes. Additionally, the
information offered a workable operational foundation for their
use in the treatment of dye wastewater and other industrial
domains.
2. Experimental
2.1. Chemicals

In our experiments, the raw materials included tetraethyl
orthosilicate (TEOS, AR, Chengdu Kelong Chemical Reagent
Factory, Chengdu, China), absolute ethanol (EtOH, AR, Tianjin
Fuyu Fine Chemical Co., Ltd, Tianjin, China), nitric acid (HNO3,
AR, Sichuan Xilong Chemical Co., Ltd, Sichuan, China),
aluminium isopropoxide (AIP, AR, Chengdu Kelong Chemical
Reagent Factory, Chengdu, China), N,N-dimethylformamide
(DMF, AR, Tianjin Kemiou Chemical Reagent Co., Ltd, Tianjin,
China), tetrabutyl orthotitanate (TBOT, AR, Tianjin Kemiou
Chemical Reagent Co., Ltd, Tianjin, China).
2.2. Fabrication of sols

2.2.1. Fabrication of SiO2 sols. The samples were prepared
by the sol–gel method with TEOS as the silicon source, EtOH as
the solvent, and HNO3 as the catalyst. The molar ratio of TEOS/
EtOH/H2O/HNO3 was controlled at 1/3.8/5/0.085. TEOS and
EtOH were mixed to form a homogeneous solution and stirred
for 40 min at room temperature. Subsequently, H2O and HNO3

were added dropwise to the homogenous solution of TEOS and
© 2025 The Author(s). Published by the Royal Society of Chemistry
EtOH. Aer rapidly stirring the mixture and reuxing it for 3 h
at 60 °C, the translucent and colorless SiO2 sol was obtained.

2.2.2. Fabrication of Al2O3 sols. AIP was used as the
aluminum source and HNO3 as the catalyst. The molar ratio of
AIP/H2O/HNO3 was controlled to be 1/100/0.25. Three asks
containing deionized water were heated to 80 °C. AIP, which
was ground into powder in advance, was slowly added to
deionized water, fully hydrolyzed for 1.5 h, and then HNO3 was
gradually added. At 85 °C, the mixture was aggressively stirred,
reuxed for 8 h, and then cooled to obtain a pale blue Al2O3 sol.

2.2.3. Fabrication of TiO2 sols. The molar ratio of TBOT/
EtOH/H2O/HNO3 was 1/50/4/0.2. TBOT was rst added to EtOH
and thoroughly dissolved by stirring it for 30min at 30 °C. Then,
the mixture of H2O and HNO3 was added dropwise to the
homogeneous solution of TBOT and EtOH, stirred vigorously
for 2 h, and cooled naturally to obtain a light yellow transparent
TiO2 sol.

2.2.4. Fabrication of TiO2/Al2O3–SiO2 sols. According to the
Al/TEOS molar ratio (nAl) of 0.3, the obtained Al2O3 sol was
added dropwise to the SiO2 sol diluted with absolute ethanol in
this work and mixed thoroughly at room temperature for
40min. Next, in accordance with different Ti/TEOSmolar ratios,
the prepared TiO2 sol was added dropwise to the Al2O3–SiO2 sol.
The TiO2/Al2O3–SiO2 composite sol was obtained by fully mixing
for 40 min at room temperature. The molar ratios of Ti/TEOS
(nTi) are 0, 0.03, 0.08, 0.1 and 0.3, respectively.

2.3. Fabrication of unsupported TiO2/Al2O3–SiO2 materials

The prepared TiO2/Al2O3–SiO2 composite sol was dried in
a vacuum drying oven at 40 °C and then ground into a ne
powder with an onyx mortar to obtain the TiO2/Al2O3–SiO2 gel
material. Finally, the gel material was heated to 350 °C at
a heating rate of 0.5 °C min−1 in a tube furnace, kept for 2 h,
and then cooled naturally to obtain the TiO2/Al2O3–SiO2

unsupported body membrane material.

2.4. Fabrication of TiO2/Al2O3–SiO2 membranes

The pretreated a-Al2O3 composite disc support was immersed in
the TiO2/Al2O3–SiO2 sol diluted with 3 times ethanol for 6 s and
withdrawn at a rate of 10 cm min−1. Aer dip coating, the
membrane support was placed in a drying oven with a vacuum
degree of −0.08 MPa and a temperature of 30 °C for 2 h and
then placed in a tube furnace for roasting. The calcination
process was the same as that of the unsupported membrane
material, and calcining temperature was increased to 350 °C at
a rate of 0.5 °C min−1 and maintained for 2 h. The four-time
repetitions, with natural cooling, can be done to minimize the
defects caused by dust in the air; thus, the TiO2/Al2O3–SiO2

composite membrane can be obtained. The preparation process
of the TiO2/Al2O3–SiO2 membrane material is shown in Fig. 1.

2.5. Characterization

Fourier transform infrared spectroscopy (FTIR) was used to
analyze the functional groups of the membrane materials
before and aer modication by the KBr pressing method. The
spectral measurements were conducted over a wavelength range
RSC Adv., 2025, 15, 19610–19622 | 19611
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Fig. 1 Schematic of the preparation process for TiO2/Al2O3–SiO2

sols/materials/membranes.
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of 400 to 4000 cm−1. X-ray diffraction (XRD) analysis was con-
ducted on a Rigaku D/max 2200 diffractometer, employing
CuKa radiation (40 kV, 40 mA) to ascertain the chemical
compositions of the materials, with a scanning range of 5° to
85° at a rate of 5° per minute. N2 adsorption–desorption tests
were performed on the membrane materials before and aer
modication using a specic surface area and pore size
analyzer. N2 was used as the adsorbate, dehydrated at 90 °C for
1.5 h, degassed at 250 °C for 6 h, and then tested in an instru-
ment with a liquid nitrogen temperature of 77 K. The surface
morphologies of the membranes were examined using a scan-
ning electron microscopy (SEM, JEOL JSM-6300, Hitachi, Tokyo,
Japan) operated at an accelerating voltage of 5 kV, with
secondary electron signals acquired through an Everhart–
Thornley detector. The contact angle tests were carried out
using a contact angle goniometer (CA, JY-82, China). A laser
particle size analyzer was used to evaluate the zeta potential of
sols at 25 °C, and the average value was calculated aer three
measurements. BSD-500 platinum–cobalt colorimeter was used
to detect the chroma before and aer dye ltration.

2.6. Adsorption properties

Four dyes were selected to test the adsorption performance of
the TiO2/Al2O3–SiO2 membrane: cationic dye neutral red (NR,
AR, relative molecular weight (Mw) = 288.78, lmax = 533 nm)
and methylene blue (MB, AR, relative molecular weight (Mw) =
373.90, lmax = 664 nm), anionic dye reactive black KNB (RB-
KNB, AR, Relative molecular weight (Mw) = 991.82, lmax = 206
nm) and non-ionic dye disperse navy blue HGL (DNB-HGL, BS,
relative molecular weight (Mw) = 799.80, lmax = 225 nm). NR,
MB and RB-KNB were purchased from Tianjin Kemiou Chem-
ical Reagents Co., Ltd and DNB-HGL was purchased from
Zhejiang Boao New Materials Co., Ltd.

The adsorbent and dye solution were poured into a conical
ask, and the adsorption process was carried out at a constant
temperature in a water bath shaker. Aer centrifuging the
19612 | RSC Adv., 2025, 15, 19610–19622
supernatant at a low speed, an ultraviolet-visible spectropho-
tometer was used to measure its absorbance. The linear equa-
tion of dye labelling was used to calculate the concentration
aer adsorption, and then the adsorption capacity (qe) and
adsorption rate were calculated according to eqn (1):

qe ¼ ðC0 � CeÞ � V

W
(1)

where C0 and Ce (mg L−1) are the initial and equilibrium
concentrations of the dye, respectively. W (g) is the dry mass of
the xerogels. V (L) is the volume of the solution.

2.7. Filtration properties

The ltration performance of the membrane was evaluated at
25 °C using a cross-ow separation system. The ltration
performance of the TiO2/Al2O3–SiO2 composite membrane was
investigated with respect to the effects of the coating layer
number, nTi value, pressure and dye molecular weight. Addi-
tionally, the ltrationmechanisms of TiO2/Al2O3–SiO2 composite
membranes for the four dyes were further investigated.

The membrane ux and rejection rate of an inorganic
membrane reect its ltration and separation performance,
while the ux indicates the uid transmission rate. The
membrane ux represents the total amount of liquid aer
passing through a certain membrane area at a certain time. The
calculation eqn (2):

J ¼ V

A� T
(2)

Here, J (L m2 h−1) represents membrane ux. A (m2) is the
effective area of the membrane. T (h) is the transit time. V (L) is
the liquid volume.

The rejection rate reects the separation effect of the uid
aer passing through the membrane. The effect of membrane
interception is oen quantied in percentage form by
measuring the ratio of the solute concentration in the solution
before and aer membrane ltering. Eqn (3) is as follows:

R ¼
�
1� C1

C2

�
� 100% (3)

where R (%) represents the retention rate. C1 (mol L−1) repre-
sents the concentration of the permeate component. C2

(mol L−1) represents the feed component concentration.

2.8. Estimation of membrane transport parameters using
the CFSD model

The membrane theory is widely used to estimate the solute
transport parameter DAM× K/d and mass transfer coefficient k in
the membrane. The Combined Film Theory-Solution-Diffusion
(CFSD) model combines the dissolution-diffusion model with
the along-membrane theory.13 The current working equation for
the CFSD model is given as eqn (4).14 DAM × K/d and k have
important effects on the rejection and membrane ux. DAM × K/
d is an important index of membrane transport performance,
which reects the diffusion and transport capacity of the solute
in themembrane. In general, the larger the parameter DAM× K/d,
the easier it is for the solute to pass through the membrane,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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whichmay lead to a decrease in the rejection rate. k describes the
mass transfer rate of the solute in the boundary layer of the
membrane surface. The larger k indicates that the mass transfer
rate of the solute in the boundary layer is fast, which enables the
solute to reach the membrane surface more quickly. This, in
turn, facilitates the solute to pass through the membrane, which
may increase the membrane ux. The relationship data between
Ro and Jv, obtained by each group under constant feed concen-
tration, constant feed rate and different pressures, can be used to
numerically estimate the values DAM × K/d and k. Plotting graph
ln((1− Ro)× Jv/Ro) vs. Jv, where ln(DAM× K/d) is the intercept and
1/k is the slope, allows one to determine ln(DAM × K/d) and k.

ln

�ð1� RoÞ � Jv

Ro

�
¼ ln

�
DAM � K

d

�
þ Jv

k
(4)

where Ro (%) is rejection. Jv (m s−1) is the membrane ux. K is
the partition coefficient. DAM (m2 s−1) represents the diffusion
coefficient of the solute in the membrane. d (m) is the thickness
of the membrane. k (m s−1) is the mass transfer coefficient. DAM

× K/d (m s−1) is a comprehensive parameter referred to as the
solute transport parameter.

Eqn (5) is obtained by differentiating eqn (4) with respect to
Jv and setting this derivative to zero.

Jv,min = k (5)

Here, Jv,min is the minimum value when Ro is the maximum.
2.9. Dye pollution resistant evaluation

The cationic NR and anionic RB-KNB were used as organic
pollutants to determine the antifouling performance of the
optimal membranes. The following is the ltration process:
rst, aer 30 min of ltering pure water, the pure water ux of
freshly made membranes (fw) was determined. The dye solution
was then ltered for 2 h to determine the membrane ltration
performance, which was represented by dye ux (fd). Aer that,
pure water recovery ux (fr) was calculated by rinsing the lter
membrane with pure water for 30 min. One ltration cycle was
dened as ltering the dye solution for 2 h and pure water for
30 min. Flux recovery rate (FRR), total ux decline rate (TFR),
reversible ux decline rate (RFR), and irreversible ux decline
rate (IFR) were used to assess the antifouling performance of
the membrane. These parameters are calculated using the
following formulas (6)–(9):15

FRR ¼ fr

fw
� 100% (6)

RFR ¼
�
fr � fd

fw

�
� 100% (7)

IFR ¼
�
fw � fr

fw

�
� 100% (8)

TFR ¼
�
1� fd

fw

�
� 100% ¼ RFRþ IFR (9)
© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Phase-chemical structure analysis

The infrared spectra of unsupported TiO2/Al2O3–SiO2 materials
modied by different TiO2 doping contents are shown in
Fig. 2(a). A peak of absorption is seen in all TiO2/Al2O3–SiO2

materials at 3450 cm−1, which is associated with the –OH
stretching vibration of the surface-adsorbed water and struc-
tural coordination water.16 The hydroxyl groups (O–H) on the
surface of TiO2 are responsible for the band at 3429 cm−1. The
bending vibration peak of –OH in the physically adsorbed water
is reected by an absorption peak at 1640 cm−1.17 The absorp-
tion peak of the TiO2/Al2O3–SiO2 material at 1089 cm−1 is the
binding peak of Si–O–Si and Al–O bonds. The two absorption
peaks are similar and overlap each other. Furthermore, in the
TiO2/Al2O3–SiO2 material, the Si–O–Ti bond stretching vibration
peak was observed at 950 cm−1 in contrast to the Al2O3–SiO2

material.18 For octahedrally coordinated Al, the vibration of the
Al–OH bonding can be attributed to the band in the 937–
980 cm−1 range.19 In contrast to a straightforward physical van
der Waals force, the formation of the Si–O–Ti bond suggests
that the bond between TiO2 and SiO2 is the result of a chemical
reaction process. The symmetric stretching vibration peak of
the Si–O bond appears at 800 cm−1. Aer combining SiO2 and
Al2O3 sols, the reaction between Si–OH and Al–OH groups
occurs, which allows some Si and Al atoms to be substituted for
one another to form Si–O–Al bonds. The peak is ascribed to
around 554 cm−1.20 In addition, due to the dehydroxylation
reaction during the curing process, a more stable oxygen bridge
bond was formed, and an absorption peak of Ti–O–Al–O–Si was
speculated to be in the region of 500–1000 cm−1. The hydro-
thermal stability of the material is enhanced by the presence of
Al–O–Si and Ti–O–Al–O–Si bonds. It can be seen from the
diagram that the FTIR curve shape and the position of each
absorption peak of the TiO2/Al2O3–SiO2 membrane materials
with different nTi are roughly similar, but the intensity of indi-
vidual absorption peaks changes. With the increase of nTi, the
stretching vibration peak of the Si–O–Ti bond at 950 cm−1

increases, and the antisymmetric stretching vibration peak of
the Si–O–Si bond at 1089 cm−1 and the O–Si–O symmetric
stretching vibration peak at 800 cm−1 decrease. As the
concentration of nTi increases, there is a notable enhancement
in the stretching vibration peak of the Si–O–Ti bond at
950 cm−1. Conversely, the antisymmetric stretching vibration
peak of the Si–O–Si bond at 1089 cm−1 and the symmetric
stretching vibration peak of the O–Si–O bond at 800 cm−1

exhibit a marked decrease.
Fig. 2(b) illustrates the XRD patterns of unsupported TiO2/

Al2O3–SiO2 materials with different TiO2 doping contents. TiO2/
Al2O3–SiO2 materials have a broad diffraction peak at about 2q
= 23.40°, corresponding to amorphous SiO2.21,22 Three charac-
teristic diffraction peaks of g-Al2O3 (JCPDS 29-0063) appeared
near 2q = 37.60°, 45.78°, and 66.76° for each membrane
material, and the corresponding crystal plane indexes were
(311), (400), and (440), respectively. When the TiO2 doping
content is small and nTi = 0.03 and 0.08, the curve shape and
RSC Adv., 2025, 15, 19610–19622 | 19613
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Fig. 2 (a) FTIR spectra and (b) XRD patterns of unsupported TiO2/Al2O3–SiO2 materials with different nTi.
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position of the diffraction peaks are roughly similar due to the
low TiO2 doping content or due to its reaction with SiO2, which
could be the possible reason for no characteristic diffraction
peak of anatase TiO2 in the XRD spectra of the two TiO2/Al2O3–

SiO2 materials. When nTi = 0.15 and 0.3, the characteristic
diffraction peaks of anatase TiO2 (JCPDS21-1272) appeared near
2q = 25.28°, 38.58°, 53.89° and 55.06° in the XRD patterns of
TiO2/Al2O3–SiO2 materials, and the corresponding crystal
planes were (101), (112), (105) and (211), respectively. With the
increase of nTi, the intensity of these diffraction characteristic
peaks increased. It can be speculated that when nTi $ 0.15, the
phase structure of the TiO2/Al2O3–SiO2 material is mainly
composed of amorphous SiO2, g-Al2O3 and anatase TiO2.

3.2. Pore structure analysis

The specic surface area and pore structure of TiO2/Al2O3–SiO2

membranes with varying nTi were investigated using the N2

adsorption–desorption and pore size analysis processes. Their
N2 adsorption–desorption isotherms are shown in Fig. 3(a). It is
clear that the form of the N2 adsorption–desorption isotherm
curves for all unsupported TiO2/Al2O3–SiO2 materials is nearly
Fig. 3 (a) N2 adsorption–desorption isotherms and (b) pore size distr
different nTi.

19614 | RSC Adv., 2025, 15, 19610–19622
identical. At a relative pressure P/P0 < 0.1, the N2 adsorption
capacity of the membranes rapidly increases due to the high
adsorption potential energy within the pores. Consequently, the
adsorption capacity of N2 continues to increase gradually while
the relative pressure rises. The N2 adsorption–desorption
isotherms of the TiO2/Al2O3–SiO2 materials exhibit hysteresis
loops, which IUPAC classies as class IV isotherms with H4

hysteresis loops, suggesting that the materials are typical
microporous structures. The adsorption capacity of N2 rises as
nTi increases, improving the N2 adsorption performance. The
reduction in the adsorption amount of N2 at nTi = 0.3 may be
caused by pore collapse and shrinking of the internal pore
structure of the TiO2/Al2O3–SiO2 material.

Fig. 3(b) shows the pore size distribution of unsupported
TiO2/Al2O3–SiO2 membranes with different nTi. The diagram
illustrates a difference in the pore size distribution of the Al2O3–

SiO2 material. When nTi becomes larger, the maximum micro-
pore volume of the TiO2/Al2O3–SiO2 material is mainly
concentrated at 1.09–2.00 nm. It reveals that as nTi increases,
the pore size distribution of the TiO2/Al2O3–SiO2 material
changes signicantly. As the pore size distribution broadens,
ibutions of unsupported TiO2/Al2O3–SiO2 membrane materials with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pore structure parameters of TiO2/Al2O3–SiO2 membrane materials with different nTi

nTi BET surface area/m2 g−1 Micropore area/m2 g VT/cm
3 g VMic/cm

3 g−1 Mean pore width/nm

0 216.427 102.762 0.130 0.062 2.348
0.03 181.904 100.796 0.107 0.037 2.334
0.08 241.771 143.504 0.149 0.089 2.405
0.15 278.962 178.240 0.166 0.110 2.468
0.3 202.853 110.191 0.113 0.065 2.555
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the average pore size increases, the pore size distribution moves
to a wider pore range, and there is a tendency from micropore
distribution to mesopore distribution.

Table 1 displays the pore structure characteristics of the
membranes with varying nTi. It can be seen that aer Ti element
doping, with the increase of nTi, the average pore size, micro-
pore volume, total pore volume, micropore surface area and
BET surface area of the TiO2/Al2O3–SiO2 membrane material
increase. Because in the TiO2/Al2O3–SiO2 membrane material,
part of TiO2 is uniformly covered on the surface of SiO2 or into
the pores of SiO2 with smaller particles, which will increase the
micropore surface area and BET-specic surface area of the
membrane material. The average pore size of the membranes,
on the other hand, increases as a result of Ti atoms taking the
lattice position of Si atoms and creating a new skeleton Si–O–Ti
when some TiO2 replaces some SiO2 in the network. More
anatase TiO2 crystals are formed and distributed on the surface
of the SiO2 network when nTi = 0.3. The internal pore structure
of the TiO2/Al2O3–SiO2 membrane material is blocked and
shrinkage and pore collapse occur, resulting in a decreased total
pore volume and BET-specic surface area. Therefore,
combining the above analyses, it can be seen that more TiO2

doping is not necessarily better; rather, the smaller the TiO2

doping, the larger the microporous surface area and micropo-
rous volume percentage, the more suitable it is for ltration
studies.
3.3. SEM analysis

Fig. 4 shows the surface electron micrographs of the
membranes, respectively. The surface of the two composite
materials is relatively at, with a uniform coating, and there are
no visible cracks and gaps, indicating that the coating and
roasting processes are better. The Al2O3–SiO2 sol was success-
fully dip-coated on the a-Al2O3 support. The particle size was
Fig. 4 SEM images of surfaces of (a) Al2O3–SiO2 and (b) TiO2/Al2O3–
SiO2 membranes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
between 0.9 and 6.3 nm. Compared with the Al2O3–SiO2

membrane, the surface particle size distribution of the TiO2/
Al2O3–SiO2 composite membrane is wider, and the particle size
is between 1 and 7.8 nm. Small white particles are observed on
the surface of the membrane, possibly TiO2 not entering the
SiO2 network structure and covering the surface of the
membrane. The TiO2/Al2O3–SiO2 sol was successfully impreg-
nated on the a-Al2O3 support, with a part of the sol penetrating
into the support.
3.4. Contact angle test

The pure water contact angle test was carried out to judge the
hydrophilicity of the modied membrane. From Fig. 5, the
water contact angles of Al2O3–SiO2 and TiO2/Al2O3–SiO2

membranes are 63.5° and 20.1°, respectively. It can be seen that
with the addition of TiO2, the water contact angle decreases,
indicating that the hydrophilicity of the modied membrane is
enhanced, which helps water to pass through the membrane
more easily during the ltration process.23
3.5. Filtration performance analysis

3.5.1. Effect of the coating layer number. In this experi-
ment, the number of coating layers was used to determine
membrane thickness. Fig. 6 depicts the particular impact of the
number of coating layers on the RB-KNB rejection and
membrane ux in the composite membrane. It is evident that
for the samemembrane, under similar conditions, the rejection
rate of the RB-KNB solution rises and the membrane ux falls
with the increase in the number of coating layers. This is
because when the number of coating layers is small, holes and
cracks appear on the surface or in the deeper layers of the
calcined ceramicmembrane, resulting in a large membrane ux
Fig. 5 Contact angle of Al2O3–SiO2 and TiO2/Al2O3–SiO2

membranes.
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Fig. 6 (a) Membrane flux and (b) rejection of the TiO2/Al2O3–SiO2 membrane for separation of RB-KNB at different coating layers (conditions:
initial dye concentration = 50 mg L−1, contact time = 2 h, T = 298 K, and pressure = 0.2 MPa).
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and a low rejection rate. As the number of coating layers
increases, the sol particles will repair the cracks and defects that
may exist on the surface of the lm. However, when the coating
layer is 7, the membrane layer becomes thicker and denser, the
membrane ux decreases, and the rejection rate is not signi-
cantly higher. An excellent ceramic membrane should have
both a large membrane ux and a good rejection rate. Based on
the evaluation of the two, the ve-layer coating membrane is
more in line with the experimental requirements.

3.5.2. Effect of nTi. Fig. 7 illustrates the inuence of nTi on
ux and rejection. The membrane material exhibits a greater
rejection rate for cationic dyes (NR and MB) and a higher
membrane ux for anionic and nonionic dyes. The membrane
ux increased rapidly as the nTi increased, but the rejection of
dyes by TiO2/Al2O3–SiO2 reduced gradually. Through the FTIR
and N2 adsorption–desorption analysis of the membranes, it
can be known that a new skeleton Si–O–Ti is formed in the TiO2/
Al2O3–SiO2 membrane owing to the introduction of TiO2,
increasing the average pore size of the membrane material.24

As the nTi increases, the average pore size of the TiO2/Al2O3–

SiO2membranematerial becomes larger, allowing dye solutions
to pass through the membrane surface faster, resulting in an
increased membrane ux and a reduced rejection rate. It is very
important to choose an optimal TiO2 doping ratio for further
Fig. 7 Effect of nTi on the (a) membrane flux and (b) rejection of the
TiO2/Al2O3–SiO2 composite membrane (conditions: initial dye
concentration = 50 mg L−1, contact time = 2 h, T = 298 K, and
pressure = 0.2 MPa).

19616 | RSC Adv., 2025, 15, 19610–19622
research. Considering the removal rate and membrane ux, nTi
= 0.15 is found to be more suitable.

3.5.3. Effect of pressure difference. Fig. 8(a) shows the
effect of pressure difference at 25 °C on the ltration of RB-KNB
by Al2O3–SiO2 and TiO2/Al2O3–SiO2 composite membrane.
Fig. 8(a) depicts the effect of a pressure variation at 25 °C on the
ltration of RB-KNB by Al2O3–SiO2 and TiO2/Al2O3–SiO2

composite membranes. The rejection rate of the composite
membrane to RB-KNB increased rst and then decreased with
increasing pressure, reaching its peak at 0.2 MPa. Also, the
membrane ux of the TiO2/Al2O3–SiO2 membrane is better than
that of the Al2O3–SiO2 membrane because as the pressure
increases, concentration polarization becomes stronger and
plays a leading role.

When the pressure reaches a specic level, the operational
pressure plays a leading role, resulting in a progressive reduc-
tion in the rejection rate. In addition, as the pressure increases,
the membrane ux gradually increases, but the increase is
signicantly reduced. When the external pressure is low, dye
molecules begin to deposit on the membrane surface or pene-
trate the membrane pores, causing lighter fouling. However, as
the pressure increases, more dye molecules are trapped and
a boundary layer forms, reducing the increase in membrane
ux.

3.5.4. Effect of dye molecular weight. The interception of
the membrane and the adsorption and permeation of dye
molecules on the membrane surface are responsible for the
effect of the dye molecular weight on the performance of
membrane ltration of dye wastewater. According to Fig. 8(b),
the rejection rates of TiO2/Al2O3–SiO2 composite membranes
for the four dyes were in the order of MB > NR > RB-KNB > DNB-
HGL, with rejection rates of 93.92%, 92.61%, 91.01%, 89.98%,
respectively, and the removal rates of composite membranes for
the four dyes did not follow the pattern of the higher molecular
weights of the dyes.

Detection of chroma before and aer membrane ltration of
dye wastewater is one of the commonly used methods to eval-
uate the treatment effect of dye wastewater. The chroma
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of (a) pressure difference and (b) dye molecular weight on the rejection rate by Al2O3–SiO2 and TiO2/Al2O3–SiO2 composite
membranes (conditions: initial dye concentration = 50 mg L−1, contact time = 2 h, and T = 298 K).
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rejection rates of NR, MB, RB-KNB and DNB-HGL by TiO2/
Al2O3–SiO2 composite membrane were 99.76%, 98.23%, 97.61%
and 95.16%, respectively. In conclusion, the TiO2/Al2O3–SiO2

composite membrane has an excellent effect on color removal
in dye solutions.

3.6. Membrane transport parameter analysis

The experimental data were analyzed using the CFSD model.
Fig. 9 shows the curves of the corresponding models of RB-KNB,
that is, the relationship between ln((1 − Ro) × Jv/Ro) and Jv. The
parameters k and DAM × K/d were determined from the plot.
From Table 2, the parameters DAM × K/d and k of the TiO2/
Al2O3–SiO2 membrane are larger than those of the Al2O3–SiO2

membrane, indicating that the RB-KNB can migrate more
quickly in the TiO2/Al2O3–SiO2 membrane, reducing the accu-
mulation in the membrane and helping to maintain a higher
Fig. 9 CFSDmodel of RB-KNB onto Al2O3–SiO2 and TiO2/Al2O3–SiO2

membranes.

Table 2 Parameter estimated using the data-fitting method for RB-KNB

Membrane K × 102 (cm s−1) DAM × K/d

TiO2/Al2O3–SiO2 2.720 7.888
Al2O3–SiO2 1.335 3.453

© 2025 The Author(s). Published by the Royal Society of Chemistry
ux. The model predicts the maximum rejection rate Ro,max at
the minimum ux Jv,min. The results indicate that the TiO2/
Al2O3–SiO2 membrane has great potential in removing dyes
from wastewater.
3.7. Antifouling performance analysis

In this study, the D–Rmodel was used to explore the strength of
the adsorption between the membrane material and the dyes,
and to estimate the adsorption energy. In the D–R model, the
adsorption process is primarily driven by pore lling, with the
adsorbent's porosity considered a critical factor that inuences
this mechanism.25 Fig. 10(a and b) presents the nonlinear tting
results of the D–R isothermal adsorption models, while Table 3
summarizes the corresponding characteristic parameters. The
calculation of the D–R model is described using eqn (10)–(12):

qe = qme
−KD3

2

(10)

3 ¼ RT ln

�
1þ 1

Ce

�
(11)

E ¼ 1ffiffiffiffiffiffiffiffiffi
2KD

p (12)

Here, qm (mg g−1) is the theoretical saturation capacity. 3 is the
Polanyi potential. E (kJ mol−1) is the average adsorption energy.
KD is the constant related to the mean free energy of adsorption.

As indicated in Table 3, the theoretical saturated adsorption
capacity qm of the Al2O3–SiO2 membrane for the four dyes is all
larger than that of the TiO2/Al2O3–SiO2 membrane. In addition,
the average adsorption energy E obtained from the D–R model
analysis can provide information on the adsorption mechanism
and physical or chemical processes. The adsorption behavior
× 104 (cm s−1) Jv,min × 102 (cm s−1) Ro,max

2.720 0.99
1.335 0.99
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Fig. 10 D–R isotherm model of dyes onto (a) TiO2/Al2O3–SiO2 and (b) Al2O3–SiO2 membranes; (c) long-time separation performance of the
membrane for filtration of RB solution; (d) anti-pollution parameters of TiO2/Al2O3–SiO2 and Al2O3–SiO2 membranes; and cyclic separation flux
of the prepared membranes for (e) RB and (f) NR.

Table 3 D–R isotherm parameters for dye adsorption under 298 K

Membrane Parameters NR MB RB-KNB DNB-HGL

TiO2/Al2O3–SiO2 qm (mg g−1) 25.28 26.29 18.32 12.17
E 5.737 5.722 2.685 2.643

Al2O3–SiO2 qm (mg g−1) 31.71 32.49 22.76 16.51
E 6.070 7.661 3.216 3.044
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was ascribed to physical and ion exchange processes when the E
values were within the range of 1–8 kJ mol−1 and 8–16 kJ mol−1,
respectively, and E values greater than 16 kJ mol−1 are regarded
as corresponding to chemical adsorption.26 As presented in
Table 3, the Al2O3–SiO2 membrane exhibits higher E values
compared to the TiO2/Al2O3–SiO2 membrane. Furthermore, the
E values of both membranes for cationic dyes are signicantly
higher than those for other dye types. The higher adsorption
energy implies that a more stable combination is formed
between the adsorbate and the adsorbent. To some extent, the
stability of the adsorption performance of the adsorbent is
ensured by the fact that the adsorbate is difficult to fall off its
surface when it is disturbed by external factors. However, it is
easy to cause serious membrane fouling, shorten the service life
of the membrane, and thus greatly increase the operating cost.

The long-term separation performance of the RB-KNB solu-
tion ltration for up to 20 h was utilized to assess the separation
stability of the TiO2/Al2O3–SiO2 membrane, as shown in
Fig. 10(c). Aer 2 h, the membrane separation property was
basically stable. The permeability and rejection of the TiO2/
Al2O3–SiO2 membrane remained relatively constant during the
19618 | RSC Adv., 2025, 15, 19610–19622
long-term separation process. Also, it has better stability than
the Al2O3–SiO2 membrane. This result indicates that the TiO2/
Al2O3–SiO2 membrane has stable separation performance. The
experimental results reveal that the TiO2/Al2O3SiO2 membrane
has good permeability, rejection, and antifouling capabilities
while ltering anionic dye solutions.

A membrane with strong antifouling performance can signif-
icantly enhance separation efficiency and minimize the number
of cleaning steps, thereby signicantly extending its service life.27

This study evaluated the antifouling capabilities of the recently
developed TiO2/Al2O3–SiO2 membrane by ltering the RB-KNB
and NR solutions. Fig. 10(d) shows the antifouling parameters
of the modied membrane and the original membrane,
including FRR, RFR, and IFR. From the initial evaluation of the
resistance to fouling of both membranes, it is clear that TiO2

improves the overall resistance of the membrane to fouling, as
evidenced by the higher FRR values than uncoated membranes.
In general, the ux decline can be explained by two main aspects:
the reversible fouling effect and irreversible fouling effect.
Although both reversible and irreversible fouling can affect the
membrane performance, the former can be ‘reversed’more easily
with the help of a simple hydraulic cleaning method, while the
latter oen requires a large number of chemical cleaning opera-
tions or direct membrane replacement. It can be seen that irre-
versible fouling is the main factor leading to membrane
performance degradation and life reduction. The results in
Fig. 10(d) indicate that the NR dye has a higher level of pollution
to the Al2O3–SiO2 membrane, as reected by the larger IFR value
and lower FRR value. For ltered RB-KNB and NR solutions, there
was an increase in FRR from 79.9% to 93.8% and from 59.1% to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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82.6%, respectively; also, the decrease in IFR was from 20.1% to
6.2% and from 40.9% to 17.4%, respectively. This could be
attributed to the hydroxyl groups on the surface of the TiO2

nanoparticles, which increase the hydrophilicity of the
membrane surface and thus the resistance to fouling.28,29 TiO2

can improve the hydrophilicity of the membrane and reduce
membrane fouling, which has been widely reported.30 These
improvements represent a signicant advancement in the anti-
fouling abilities of ceramic membranes containing TiO2. In
addition, the adsorption energy (E) calculated from the D–R curve
indicates that the TiO2/Al2O3–SiO2 membrane fouling is mainly
caused by physical adsorption, which makes it easier to remove
anionic dyes. The TiO2/Al2O3–SiO2 membrane exhibits the lowest
TFR value aer ltering the RB-KNB solution, and the RFR is
higher than IFR, which veries the previous conclusion.

In general, the cycle performance test demonstrates the
stability of the membrane and its ability to withstand long-term
operation. Therefore, the selected membranes were subjected
to 6 cycles of RB-KNB and NR ltration, with 2.5 h per cycle.
Fig. 10(e) and (f) display the ndings of the reusability investi-
gation. At the end of the sixth cycle, the ux of TiO2/Al2O3–SiO2

to RB-KNB and NR solutions decreased by 30.9% and 62.6%,
respectively, while the ux of Al2O3–SiO2 decreased by 66.0%
and 81.5%, respectively. Although the cleaning method may not
completely restore the surface of the membrane, TiO2 ensures
better antifouling performance of the TiO2/Al2O3–SiO2

membrane, and the ux loss is lower than that of the unmod-
ied Al2O3–SiO2 membrane.
3.8. Filtration mechanism analysis

The ltration of NR, MB, RB-KNB and DNB-HGL by Al2O3–SiO2

and TiO2/Al2O3–SiO2 composite membranes is not a simple
screening mechanism. The nature of the dye, its molecular
structure, and the charge interaction between the dye and the
membranes all affect the different ways the membrane rejects
dyes.31
Fig. 11 Molecular structures of (a) NR, (b) MB, (c) DNB-HGL, and (d)
membranes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The rejection rate of the composite membranes to the four
dyes does not follow the rule that rejection rates increase with
molecular weight. Fig. 11(a–d) is the molecular structure
diagram of the four dyes, and Fig. 11(e) shows the surface
charge properties of the two membranes under neutral pH
conditions. NR dyes, on the one hand, comprise a phenazine
chloride group with a cyclic molecular structure and high
rejection rate. On the other hand, NR is a cationic dye that
carries a positive charge in aqueous solutions due to the pres-
ence of N+ ions. There are two types of interactions between
composite membranes and the NR solution. One is electrostatic
interactions with N+ ions, and the other is adsorption caused by
van der Waals forces. The composite membranes mainly
intercept NR through pore size screening, physical adsorption
and electrostatic interaction. The ltration mechanism of MB is
similar to that of NR. The RB-KNB has more water-soluble
groups and better water solubility. It is an anionic dye, and
the aqueous solution is negatively charged, which is mutually
exclusive with the negative charges on the two membranes,
reducing the speed of dye molecules passing through the
membranes and resulting in high rejection. In addition, due to
the enhanced hydrophilicity and low surface roughness of the
TiO2/Al2O3–SiO2 membrane, there is electrostatic repulsion
between the dye and the membrane surface, which greatly
reduces the amount of dye adsorbed on the membrane
surface.32 The ltration mechanism is mainly mechanical
interception and adsorption interception. Studies have shown
that the electrostatic repulsion between the dye molecules and
the membrane surface can enhance the rejection performance
of the membrane for the same charge dye, inhibit the adsorp-
tion of the dye, and improve its antifouling properties.33 Fig. 12
shows the ltration mechanism of RB-KNB on the surface of
Al2O3–SiO2 and ltration TiO2/Al2O3–SiO2 membranes. DNB-
HGL is an azo dye with poor water solubility. It is a non-ionic
dye, and the surface charge of the composite membranes
does not affect it. The N and O atoms and aromatic rings in the
dye structure have hydrogen bonds with the surface of the
RB-KNB and (e) zeta potential of Al2O3–SiO2 and TiO2/Al2O3–SiO2
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Fig. 12 Filtration mechanism of RB-KNB on the surface of (a) Al2O3–SiO2 and (b) TiO2/Al2O3–SiO2 composite membranes.

Table 4 Literature review on modified membranes for separation of dyes

Membrane Flux (L m−2 h1) Dye rejection (%) FRR Testing condition Ref.

PVDF/CD-0.75/25 75.2 CR (99%) 97.6% (BSA, aer 5 cycles) 4 bar 35
PPSU/P(D2-AE1) 222 CR (99.9%) 96.2% (BSA) 1 bar 36
Zeolite-A/polystyrene 93.51 DR 80 (99%) 94.6% (DR 80) 3 bar 37
TiO2@ZIF-67/PVDF 261.4 RB (97.4%) 56.2% (BSA) 2 bar 38
PANI–TiO2/PVDF 88 RB (81.5%) 95% (BSA) 2 bar 39
Ag@chitosan/PPSU 227.48 RB (89.27%) 86.13% (BSA) 2 bar 40
Fe3O4@SiO2@PrEDAS 358.6 RB (97%) >70% (BSA) 2 bar 41

RR 120 (99%)
PES–MF 82.7 RB (99.76%) 67.72% (RB) 4 bar 42
Sepro NF 2A 19.5 NR (88.7%) — 2 bar 43
CA/GO–TiO2 membrane 31.8 MB (99.3%) 76.01% (BSA) 0.9 bar 44
PS/SiO2 membrane 9.1 MB (90.1%) — 4 bar 45
TiO2/Al2O3–SiO2 membrane 461.3 RB (91.0) 88.72% (RB, aer 6 cycles) 2 bar This study

490.2 DB (89.9) —
411.1 NR (92.6%) 74.32% (NR, aer 6 cycles)
385.6 MB (93.9%) —
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material. Therefore, the ltration mechanism is mainly based
on mechanical interception and adsorption interception, and
the interception rate is low. The average adsorption energy (E) of
the Al2O3–SiO2 membrane to the four dyes is more powerful, as
can be observed from the D–R curve, suggesting a stronger
binding effect between the membrane and the dyes. Therefore,
it is speculated that there are hydrogen bonds between the
Al2O3–SiO2 material surface and the dye structure.34 The TiO2/
Al2O3–SiO2 composite membrane exhibited high and stable
water permeability to both anionic and non-ionic dyes and
remarkable resistance to fouling. It is clear that there is
competitive potential for water treatment with the composite
membranes made in this work.

As shown in Table 4, we compare our work with other re-
ported studies. The TiO2/Al2O3–SiO2 composite membrane
exhibits excellent water permeability for dyes and maintains
a high rejection rate for organic dyes. It demonstrates that the
composite membrane prepared in this work has competitive
potential in water treatment.
19620 | RSC Adv., 2025, 15, 19610–19622
4. Conclusions

This work effectively prepared TiO2/Al2O3–SiO2 composite
membranes using the sol–gel method to remove various ionic
forms of organic dyes from water. Various analyses, such as N2

adsorption–desorption, FTIR, XRD and SEM, were used to
evaluate the fabricated composite membranes. FTIR analysis
conrmed the presence of anionic hydroxyl groups in the
membrane structure, facilitating interactions with the cationic
dyes. Filtration experiments revealed that the average pore size
of the TiO2/Al2O3–SiO2 membrane material increased with nTi,
leading to a rise in membrane ux and a drop-in rejection rate.
Considering the combined rejection rate and ux, the optimal
ltration performance of the membrane appeared at nTi = 0.15.
The CFSDmodel analysis of the experimental data suggests that
the TiO2/Al2O3–SiO2 membrane is more conducive to dye
molecule transport, which reduces the risk of solute accumu-
lation and clogging on the membrane surface to some extent,
and the separation efficiency of themembrane is relatively high.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02616d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:3

9:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The antifouling experiment revealed that the anionic dye RB-
KNB is less likely to cause membrane fouling on the material,
decreases membrane ux slightly, and has a high ux recovery
rate. The FRR and IFR values of the TiO2/Al2O3–SiO2 membrane
increased by 17.4% and decreased by 69.1%, respectively, aer 6
cycles of ltering the RB-KNB dye, compared to the original
membrane. The modied membrane maintains its separation
stability for 20 h. The incorporation of TiO2 improves the anti-
fouling capabilities of the Al2O3–SiO2 composite membrane,
making this study extremely promising in the eld of green and
sustainable environmental governance. Future research could
focus on expanding the applicability of membranes to pollut-
ants, conducting simultaneous antibacterial performance
testing, and improving their reusability by optimizing regener-
ation methods.
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