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Abstract The novel photoactive membranes have grabbed the attention in the field of environmen-

tal protection by employing wastewater treatments and the removal of microorganisms or organic

pollutants from wastewater. Here we present a promising self-supported photoactive hybrid mem-

brane for future antimicrobial and water treatment applications. In this study, the efficiency of bac-

terial cellulose (BC) - zinc oxide (ZnO) - multi walled carbon nanotube (MWCNT) hybrid

membranes in the adsorption and photocatalytic degradation of methylene blue (MB) under UV

radiation and the removal of Escherichia coli (E. coli) was investigated. It was found that the pho-

tocatalytic efficiency is strongly dependent on both the preparation method and the amount of

ZnO-MWCNT additives loaded into the hybrid membranes. The characterization of BC-ZnO-

MWCNT membranes was done using scanning electron microscopy (SEM), mercury intrusion

porosimetry (MIP), and X-ray micro computed tomography (lCT) to study the morphological

and porosity aspect of the prepared-membranes. The promising results of this study could provide

a new pathway in the field of photocatalysed-based water treatment technology by the application

of hybrid membranes.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The foremost challenge that mankind is facing currently is to
provide healthy drinking water all over the world. The pres-

ence of organic dyes and bacteria in drinking water is consid-
ered among hazardous class of contaminants that causes
health problems and outbreaks of diseases [J.R. Chueca

et al., 2017]. As it is well-known, MB is an aggressive dye even
at low concentration and is associated with various severe
health issues [F. Güzel et al., 2017], while E. coli is a member
of the Gram-negative bacteria family that can cause gastroin-

testinal problems and increase the severity of inflammation
[Rao and Paria, 2017].

For the eco-friendly and sustainable water supply, the fil-

tration of contaminated water by the removal and degradation
of organic dyes and bacteria with photocatalytic hybrid mem-
branes is widely investigated. In this regard, advanced nano-

materials and membrane-based materials for high-efficiency
water treatment have received significant attention worldwide.
Recently, the combination of fibrous materials such as

MWCNT [A. S. Brady-Estévez et al., 2010] and cellulose [H.
Sehaqui et al., 2017] with metal and metal oxide (nano)parti-
cles resulted in composites and hybrid structure, which showed
promising results in the field of water treatment technology [Y.

D. Dong et al., 2021]. Moreover, the design of photocatalytic
membrane materials could offer an eco-friendly, sustainable
alternative not only for the removal but also the decomposi-

tion of contaminations [H. Zhang et al., 2006].
ZnO is a notable semiconductor with a band gap of 3.37 eV

and high excitation binding energy (60 meV) at room temper-

ature [Y. Sun et al., 2011]. ZnO particles have three significant
advantages for photocatalytic reactions: high optical activity,
stability, and high sensitivity for UV–vis light [K.R. Lee

et al., 2003]. As a semiconductor in hybrid membranes and
composites, ZnO has become one of the most commonly used
material, not only to remove and decompose the organic com-
pounds from wastewater using UV irradiation, [V. N. An

et al., 2020] but also for antibacterial applications [A.
Mocanu et al., 2019] or in real time monitoring of toxic pollu-
tants [J. Yu et al., 2020]. Therefore, combination of ZnO with

fibrous support materials, such as bacterial cellulose [Y. D.
Dong et al., 2021] or MWCNT could improve the adsorption
and photocatalytic efficiency of the whole membrane system

[L.P. Zhu et al., 2009].
Several studies presented the preparation of ZnO-MWCNT

nanocomposites using various synthesis methods such as
impregnation [Jiang and Gao, 2005], chemical vapour deposi-

tion [Kim and Sigmund, 2002], hydrothermal method [Y. W.
Koh et al., 2004] or a novel screen-printed method [R. A.
Zargar et al., 2020] and the photocatalytic performance of

the as-prepared nanocomposites in the decomposition reaction
of organic dyes was determined. Chen et al. presented the pho-
tocatalytic activity of ZnO-MWNT nanocomposite for methyl

orange (MO) degradation, which is attributed to the excellent
electronic property of MWNT and the photocatalytic activity
of ZnO under UV irradiation [C. S. Chen et al., 2013]. Li et al.

have developed a hybrid film contained ZnO nanorods and
ZnO-Zn heterogeneous structure embedded in carbon nan-
otubes network and the catalytic property of hybrid film in
degrading MB in water was studied [S. Li et al., 2013]. In

our previous study, we have also presented a simple route to
produce ZnO coated MWCNT composites through the
impregnation process. Furthermore, the photocatalytic effi-
ciencies of as-prepared ZnO-MWCNT composites were tested

in the decomposition reactions of acetaldehyde (AA) [E.
Bartfai et al., 2019].

Nanofibrous cellulose, named as bacterial cellulose (BC),

has outstanding properties - e.g. high crystallinity, excellent
tensile strength and high modulus [J. Wang et al., 2019] - which
makes the BC as promising candidates for developing self-

supported hybrid membranes for enhanced removal ability in
the area of environmental water remediation or industrial
wastewater treatment [A. A. Alves et al., 2020]. Although
BC has many excellent properties, there are some drawbacks,

which can hinder its widespread utilization. The pure BC does
not possess any kind of antibacterial activity [H. Ullah et al.,
2016] and has negligible photocatalytic activity under UV or

visible light irradiation. However, due to the hydroxyl groups
on the surface of the BC, it is an ideal candidate for photoac-
tive nanomaterials as a charge carrier, such as ZnO [F. Fu

et al., 2015] or TiO2 [L. Yang et al., 2020]. Numerous studies
demonstrate the preparation and characterization of BC-
ZnO nanocomposite materials [M.L. Foresti et al., 2017, N.

Janpetch et al., 2016, C. Katepetch et al., 2013] and their uti-
lization in water treatment [M. A. Mohamed et al., 2017]
and antimicrobial researches [Shahmohammadi and Jebel,
2016]. Furthermore, Wahid et al. used ZnO-BC composite

photocatalysts to improve the degradation rate of organic pol-
lutants applying MO as a model pollutant, and the results
revealed 91% degradation of MO under UV-irradiation [F.

Wahid et al., 2019].
Although many papers showed the preparation and appli-

cation of BC with various types of metal oxide nanoparticles,

there are still some limitations of these membranes such as the
vulnerability of the membranes under UV irradiation. In order
to extend the lifetime of such membranes, apart from improv-

ing their adsorption and photocatalytic properties, the simulta-
neous application of BC with two different metal oxides or
metal oxide-MWCNT nanocomposites could offer a
promising alternative. For instance, Siddiqui et al. reported

BC-Fe2O3-ZrO2 [Siddiqui and Chaudhry, 2019] and
BC-Fe2O3-SnO2 [S. I. Siddiqui et al., 2019] nanocomposites
and applied for adsorptive removal of organic dyes and anti-

pathogenic agents from contaminated water.
The photocatalytic performance of hybrid membranes can

be improved by controlling the particle size and morphology

[K. Rajeshwar et al., 2015]. As numerous studies presented,
nanoparticles can cause health problems [P. H. M. Hoet
et al., 2004] when they enter the lungs, consequently the regu-
lation of particle size during the design of hybrid membranes

could be a critical aspect. By creating a connection between
the photocatalytic particles with the use of conducting fibrous
materials as channels - e.g. MWCNT - increased adsorption

capacity and photoactivity could be obtained due to the more
efficient electron transport. Recently, our group showed facile
preparations and a wide range of characterization of various

self-supported and flexible BC-ZnO-MWCNT hybrid mem-
branes applying impregnation technique and solvothermal
method during the preparation of ZnO-MWCNT composites

additives [B. El Mrabate et al., 2020]. Results revealed that
bacterial cellulose is an ideal carrier to embed the
ZnO-MWCNT composites and contributed to the creation
of self-supported membranes.
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Applying ZnO-MWCNT additives prepared with different
synthesis routes in a wide concentration range, the particle size
of ZnO, the surface morphology of BC can be tailored easily

that are designed to enhance the membrane performance for
adsorptive removal of organic dyes and bacteria. Considering
the photocatalytic properties of ZnO, the aim of this study is to

present the adsorption properties and photocatalytic
performance of BC-ZnO-MWCNT hybrid membranes against
MB, which showed up to 90% decomposition of adsorbed MB

dye. Furthermore, the antibacterial properties of
the as-prepared hybrid membranes were also tested against
E. coli. To our best knowledge, this is the first work that
studies the adsorption and photocatalytic properties of

BC-ZnO-MWCNT hybrid membranes.

2. Experimental

2.1. Materials

Commercialized MWCNT (NC7000), was purchased from
Nanocyl SA, Belgium (with an average diameter of 30 nm, a
length of 1.5 mm, and a surface area of 300 m2/g). Zinc acetate

[Zn(CH3COO)2�2H2O] (ZnAc) was applied as a precursor
compound, the solvent used was absolute ethanol (EtOH),
cetyltrimethylammonium bromide (CTAB) was used as surfac-

tant, and methylene blue (MB organic dye) was applied as
model pollutant. ZnAc, EtOH, CTAB andMB were purchased
from VWR Chemicals, Hungary. MilliQ water (18.2 MXcm)

was used throughout the experiments. BC fibres were received
from nata de coco cubes (FI, Philippines) by an alkaline and
oxidative purification and a mechanical disintegrate [S. Gea
et al., 2011]. For membrane preparation, the BC suspension

- dry solid content of 1.0% - was used. Polytetrafluoroethylene
(PTFE) filter of the pore size of 0.22 mm and the diameter of
47 mm (Durapore-GVWP04700) was applied for membrane

preparation. Escherichia coli DH5a (SZMC 21399) (Gram-
negative) strain was used for filtration test as a model
organism.

2.2. Preparation of BC-ZnO-MWCNT hybrid membranes

In our earlier papers, the preparation and investigation of
ZnO-MWCNT additives [E. Bartfai et al., 2019, B. El

Mrabate et al. 2019] were shown. In brief, impregnation and
solvothermal methods were used to produce the inorganic
composite as additives. In all cases, the CTAB modified

MWCNT content was adjusted at 10 w/w % of the as-
prepared composite materials. Resulted composites were
named ZnO-MWCNT-IMP and ZnO-MWCNT-SOLVO

depending on the production method.
Recently, we have also presented the preparation of the BC-

ZnO-MWCNT hybrid membranes [B. El Mrabate et al., 2020].

During the synthesis of the BC-ZnO-MWCNT membrane
materials, the calculated amount of BC was dipped into
15 mL EtOH, while, both of the composite additives
(ZnO-MWCNT-IMP and ZnO-MWCNT-SOLVO) were soni-

cated in 50 mL EtOH for 20 min. The amount of the
ZnO-MWCNT composite additives in the hybrid membranes
was adjusted to 50 w/w% and 80 w/w %, respectively. In the

next step, the BC suspension was mixed to the
ZnO-MWCNT-IMP and the ZnO-MWCNT-SOLVO
additives and stirred for 5 h at 300 rpm. Finally, the prepara-
tion of BC-based hybrid membranes was accomplished by vac-
uum filtration through a PTFE membrane to achieve a loading

of 8 mg/cm2 (total mass 100 mg/membrane), then it was dried
in air (Fig. 1). Resulted membranes were named as IMP 50 an
IMP 80 and SOLVO 50, SOLVO 80, depending on the synthe-

sis route (IMP, SOLVO) and the amount of ZnO-MWCNT
composite additive (50 w/w % and 80 w/w %).

2.3. Adsorption and photocatalytic experiments

The adsorption capacity and photocatalytic efficiency of the
prepared membranes were determined by measuring the degra-

dation of MB as model pollutant in an aqueous solution under
UV light (kmax � 365 nm) irradiation. In the adsorption exper-
iment, a given amount of adsorbent is immersed into the MB
solution of known volume and concentration. Equilibration

was aided by shaking for 2 h. The absorbance of methylene
blue in the particle-free calibration and sample solutions was
determined using a Carl Zeiss Jena Spekol 11 UV–VIS spec-

trophotometer at 609 nm wavelength. The calibration stan-
dards in the concentration range of 0.0025 mM � 0.05 mM
were diluted from 1.0 mM concentration stock solution of MB.

The photocatalytic test was carried out in a double-walled
Pyrex� glass reactor, as shown in Fig. 2 A, surrounded by a
thermostatic jacket (T = 25 �C) with water as the thermostatic
agent. The reactor was equipped with 6 � 6 W black light

lamps to measure the photocatalytic activity of the synthesized
hybrid-membranes, shown in Fig. 2 B. The following impor-
tant parameters were adopted for the test: initial concentration

of MB used for the analysis (C0 (MB)) = 0.05 mM and the
total volume of the solution (containing MB) was 100 mL.
The reactor was continuously purged with air in order to keep

the concentration of dissolved oxygen constant throughout the
experiment. The solution, with the membrane inside, was kept
under dark for two hours to attain the adsorption–desorption

equilibrium.
This was followed by UV light irradiation for another two

hours, therefore, total irradiation time was two hours. Approx-
imately 1.5 mL of the samples were withdrawn at different

time intervals and centrifuged for 3 min at 13,400 rpm and fil-
tered with Filtratech 0.25 lm syringe filter. For the first hour,
the samples were taken in every 10 min. After this, the samples

were taken after every 20 min. The concentration of MB was
followed by using a P4 VWR UV–Vis spectrophotometer with
maximum absorption wavelength (kmax) = 664 nm. The

degradation percentages of MB in aqueous solution was calcu-
lated as follows:

Degradation (%) = (C0 � Ct)/C0 � 100

where C0 = initial concentration at time t = 0, and Ct = con-
centration at time interval ‘‘t”.

2.4. Bacterial filtration efficiency (BFE) test

For bacterial filtration efficiency test, ten-fold serial dilution
was made from the initial starter culture in 30 mL Luria-

Bertani (LB) broth medium. The colony forming unit (cfu) con-
centration of the sixth ten-fold dilution was 1.50 ± 0.20 � 103-
cfu/mL determined by the colony counting method. This

suspension was used for the filtration experiment providing a



Fig. 1 Preparation route of BC-ZnO-MWCNT hybrid membranes.

Fig. 2 Photocatalytic reactor used for the study (A); assembly of the whole reactor system with UV lamps (B).
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countable number of colonies on the agar plate. Before each fil-
tration, 3 � 100 mL sample was evenly spread on the top of LB
agar plate to check the initial colony forming unit concentra-
tion (CFU0). The filtration was performed using glass vacuum

filtration device (Sartorius Stedim Biotech 16306–25 mm)
attached to a vacuum pump (Millipore) and the suction force
of the vacuum pump was adapted in such a way that the flow

rate of the suspension through the filter remained the same
for each experiment (0.8 bar). After filtration 3 � 100 mL sam-
ple was also taken from the filtrated suspension to determine

the number of the colony forming units of the filtrate (CFUf)
and then to derive BFE% values using the following formula:

BFE% ¼ CFU0 � CFUf

CFU0

� 100%
2.5. Characterization

The surface morphology of hybrid membranes before and

after filtration experiments was investigated by scanning
electron microscopy (SEM) and focus ion beam scanning elec-
tron microscopy (FIB-SEM). SEM investigation was per-
formed with the use of Hitachi S-4700 Type II FE-SEM
operating in the range of 0–30 keV. FIB-SEM measurements
were done with a Thermo Helios G4 PFIB CXe instrument.

Moreover, the three-dimensional architecture of the hybrid
membranes was characterized using YXLON FF35 dual-
beam X-ray micro computed tomography equipment (CT)

(microfocus X-ray tube, transmission beam, acceleration volt-
age: 50 kV).

Hybrid membranes were also investigated by mercury

intrusion porosimetry (MIP) to determine the pore size
distribution. Measurements were done on PASCAL 140 (low
pressurization system down to 0.04 MPa) and PASCAL 440

(high pressurization system up to 400 MPa) instruments
(manufactured by Thermo Scientific).

The absorbance of MB in the calibration and sample solu-
tions was determined using a Carl Zeiss Jena Spekol 11

UV–VIS spectrophotometer at 609 nm wavelength. The con-
centration of MB during the photocatalytic experiments was
followed by using a P4 VWR UV–Vis spectrophotometer with

maximum absorption wavelength (kmax = 664 nm).
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Furthermore, our previous study presented a wide range of
characterization of the as-prepared membranes with the use of
X-ray powder diffraction (XRD), specific surface area mea-

surement (BET), Raman microscopy investigation, elec-
trophoretic measurement (dynamic light scattering - DLS),
contact angle measurement, and mechanical tests [35].
3. Results and discussion

3.1. SEM and CT analysis

The morphology of neat BC membrane (Fig. 3 A) and the sur-

face structure of as-prepared BC-ZnO-MWCNT hybrid mem-
branes (Fig. 3 B-C and Fig. 4) was characterized by SEM
(Fig. 3) and CT (Fig. 4) techniques. Flexible hybrid membranes

were produced successfully in each case, although a significant
difference was observed during the SEM analysis, as we pre-
sented recently [B. ElMrabate et al., 2020].Due to the formation
of interfacial bonds between the hydroxyl (–OH) groups on BC

and the oxygen-containing species on the surface of MWCNT
stable and self-supported membranes can be gained with both
synthesis methods [H. Qi et al., 2014].

Fig. 3 B clearly demonstrates the presence of presumably
ZnO nanoparticles (averagely 20–30 nm) and bigger ZnO
agglomerates on the surface of BC fibres prepared by the

impregnation method. Using ZnO-MWCNT-SOLVO additive
Fig. 3 SEM micrographs of neat BC membrane (A) and BC-ZnO-M

(IMP 50 - B) and solvothermal method (SOLVO 50 - C).
(Fig. 3 C), the as-prepared membranes consist of hexagonal
ZnO particles with an average size of 4–5 mm, and as we
described, the MWCNT was built into ZnO crystals

[B. El Mrabate et al., 2020]. In this paper energy dispersive
X-ray spectroscopy (EDAX) analysis was also performed for
each sample to identify the composition of the as-prepared

hybrid membranes. These investigations confirmed the carbon
(C), oxygen (O) and zinc (Zn) signals, which are originating
from the MWCNT, BC and ZnO [B. El Mrabate et al., 2020].

Although, the electron microscopy is often used during the
analysis of nanocomposite materials, there are some limita-
tions of these techniques - e.g. the size of the investigated area.
In order to gain information about the homogeneity and the

surface morphology of the whole membrane, CT analysis
was performed in the case of SOLVO membranes. Fig. 4 A
shows the cross section analysis, while Fig. 4 B shows the sur-

face morphology of SOLVO 50 membrane. The bright dots in
Fig. 4 B and C represent the homogeneous distribution of ZnO
microcrystals on the surface of the hybrid membrane. The vol-

ume of the individual ZnO particles was also determined in the
full 3D extension of the sample (Fig. 4 C). It was found that
95% of the ZnO microparticles have a volume from 5 � 10-8

mm3 to 1.16 � 10-6 mm3 in the case of both types of SOLVO
membranes (Fig. 4 D). Presumably, these ZnO microcrystals
could play an important role in the photocatalytic decomposi-
tion of organic dyes and/or bacteria as larger photoactive cen-

tres. It is clear that ZnO particles in the micrometer range have
WCNT hybrid membranes prepared by impregnation technique



D

Fig. 4 CT analysis of SOLVO 50 hybrid membrane: cross section analysis (A); surface morphology (B), particle volume distribution (C

and D).
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significantly higher volume than ZnO nanoparticles, conse-
quently, increased photocatalytic performance can be assumed
by applying SOLVO membranes.

3.2. Pore size distribution (PSD) analysis

According to the relative pore volume histograms (Fig. 5), the
membranes prepared by the impregnation technique has a

wider pore size distribution range. As it can be seen in
Fig. 5, the majority of pores are in the range of 10 lm to
100 lm in all membranes.

Comparing the hybrid membranes, it can be concluded
that the average pore size of SOLVO membranes is signifi-
cantly higher than that of IMP membranes. The pores that
are larger than 10 lm occupied a cumulative pore volume
of about 77.0% and 97.0% for SOLVO 50 and SOLVO 80,
respectively. Moreover, the SOLVO 80 membrane possesses

a relatively narrow PSD with the highest relative pore volume
at 98.8 lm, while SOLVO 50 shows a wider PSD with 2 lar-
ger peaks at 0.008 lm, and 0.085 lm. In the case of IMP

samples, the peaks shifted towards the smallest pores and
the number of pores below 10 lm has been increased, in par-
ticular those of under 1 lm. Based on the pore size distribu-

tion analysis, we assumed that the as-prepared hybrid
membranes are suitable for filtration and adsorption
experiments.



Fig. 5 Pore size distribution analysis of hybrid membranes.
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3.3. Adsorption capacity and photocatalytic decomposition of
MB

The Langmuir isotherm models (Fig. 6) were used to describe
the equilibrium characteristics of the MB adsorption. The

Langmuir is defined by the following equations:
Fig. 6 Adsorption isotherms of IMP 50 (
qe ¼
qm � KL � ce
1þ ce � KL

where qe is the amount (mmol/g), while ce is the equilibrium

concentration of MB in the solution (mmol/L), qm is the max-
imum sorption capacity (mmol/g) and KL is the Langmuir
equilibrium constant (L/mg). KL and qm can be calculated
A) and IMP 80 (B) hybrid membranes.



Fig. 7 Photocatalytic degradation rate of MB over the different

hybrid membranes under UV irradiation.
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with nonlinear regression. The parameters obtained from the

fitted isotherms are shown in Table 1. The correlation coeffi-
cients (R2) are close to 1 in both cases, so the isotherms fit well
with the results. According to the results, the maximum

adsorption capacity (qm) was higher for IMP 80
(0.040 mmol/g) than for IMP 50 (0.031 mmol/g).

For studying the photocatalytic degradation performance
of the membranes prepared by two different methods, MB

was used as a targeted pollutant to support the photodegrada-
tion efficiency of the prepared membranes. The highest degra-
dation was achieved by the membrane SOLVO 80 with a

removal efficiency of 92% after 120 min under UV light, as
can be seen in Fig. 7 (red curve), followed by 78% decomposi-
tion of MB by SOLVO 50 membrane, Fig. 7 (green curve).

Furthermore, there was no significant MB decomposition
was observed under UV irradiation applying the same experi-
mental setup in the absence of hybrid membrane catalysts, as
can be seen in Fig. 7 light blue curve.

However, the lowest degradation efficiencies were achieved
by the membranes prepared via impregnation technique with
the overall removal efficiency of 47% and 49%, for IMP 50

and IMP 80 (Fig. 7 orange and blue curves), respectively.
Apparently, the membranes with higher ZnO-MWCNT con-
tent (80%) resulted in higher adsorption capacity for MB.

The higher activity of the SOLVO membranes can also be sup-
ported by the higher specific surface areas as compared to
impregnated membrane version, which was also reported in

our previous work [B. El Mrabate et al., 2020]. It means that
the solvothermal method resulted in materials with higher
removal efficacies compared to the ones prepared via impreg-
nation method.

MWCNT is well-known for their high adsorption and good
electron acceptor properties [Y. Sun et al., 2001]. Both the
MWCNT and bacterial cellulose are possessing remarkable

physico-chemical and mechanical properties, which provide
superior performance via synergistic effects after combining.
Furthermore, the photocatalytic degradation of MB can be

explained by the electron transfer process from the ZnO parti-
cles to MWCNT [E. Bartfai et al., 2019]. Carbon nanotubes
acts as a photogenerated electron acceptor to promote interfa-
cial electron transfer processes from the ZnO particles to the

MWCNT. Moreover, the bacterial cellulose, in addition, has
hydroxyl groups in abundance on its surface, which may also
act as a charge carrier further improving the catalytic perfor-

mance of the hybrid membranes.
The enhanced photocatalytic activity of BC-ZnO-MWCNT

SOLVO membranes denotes that a good interfacial combina-

tion exists between ZnO nanoparticles and the MWCNT in
the as-prepared composites [P. Berki et al., 2013]. Although,
the better photocatalytic performance of SOLVO membranes

could be explained not only with the chemical bond between
the ZnO and MWCNT, but also to the size and volume of
ZnO particles. The incorporation of ZnO-MWCNT-SOLVO
additives into the BC matrix resulted in increased photoactiv-

ity of the hybrid membranes, due to the presence of microme-
Table 1 The calculated Langmuir adsorption parameters.

Sample qm (mmol/g) KL (L/mg) R2

IMP 50 0.031 ± 0.001 160.8 ± 35 0.9982

IMP 80 0.040 ± 0.0004 488.6 ± 63 0.9997
ter sized ZnO particles, which can also be described as the

photoactive center of MB degradation. The high removal
and adsorption rates of the bacterial cellulose reinforce hybrid
membranes prepared via solvothermal method indicates good

adsorption and photocatalytic activity for MB and is likely
to be an efficient photocatalyst.

It was also observed during the experimental process that

membranes prepared via IMP method were less stable physi-
cally (see Fig. 8 A) and started to become deformed after
few minutes. Some loose threads-like fibrous part of mem-
branes were also could be observed during sample collection.

On the other hand, membranes synthesized by SOLVO
method were not deformed and maintained their original phys-
ical state throughout the whole experiment (Fig. 8 B and C).

3.4. E. coli filtration experiments

Before the filtration tests began, control experiments were per-

formed without applying the as-prepared hybrid membranes to
investigate the possible adsorption on the membrane holder of
the funnel. This investigation revealed that there was no mea-

surable E. coli retention. During the first series of the measure-
ment, BC-ZnO-MWCNT-IMP membranes even at 50 w/w%
BC content were damaged due to the negative differential pres-
sure. It strongly correlates with our previous published results

[B. El Mrabate et al., 2020]. Comparing the membranes, it was
found that SOLVO 80 showed significantly higher tensile
strength (6.7 ± 1.7 MPa) than IMP 80 (1.1 ± 0.5 MPa). To

avoid this phenomenon and to obtain comparative results,
two superimposed membranes were applied in each filtration
cycle. Applying this experimental setup, we were able to stabi-

lize the membrane structure against the applied pressure
(0.8 bar).

As can be seen in SEM images (Fig. 9 A and B), the E. coli
removal was successful using both IMP (Fig. 9 A) and SOLVO

(Fig. 9 B) hybrid membranes. Rod shaped E. coli bacteria
could be found in these SEM images with an average length
of 2–3 mm. Moreover, it can be also observed that the cell wall



Fig. 8 Membrane degradation of IMP (A) and SOLVO (B and C) membranes before and after UV irradiation.

Fig. 9 SEM images of IMP 50 (A) and SOLVO 50 (B) membranes after filtration. Photographs of E. coli cultures before filtration with

IMP 80 (C) and SOLVO 80 (E), and after the experiments with IMP 80 (D) and SOLVO 80 (F) membranes.
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of the E. coli bacteria was damaged during the filtration. Thus,

we assume that novel BC-MWCNT-ZnO hybrid membranes
has not only good adsorption ability against E. coli but also
has some antibacterial activity. The antibacterial properties

of cellulose/ZnO nanocomposite films [F. Wahid et al., 2019]
and the pure carbon nanotubes [M. A. Saleemi et al., 2020]
have already presented recently. Consequently, the perceived
antibacterial effect can be attributed to the synergistic effect

of the ingredients of hybrid membranes and the interactions
between them.

In both cases, the membranes containing 80 w/w % of

ZnO-MWCNT additives showed significantly higher E. coli
removal than samples prepared using 50 w/w % of additives.
Fig. 9 C-F and 10 present the removal efficiency of BC-ZnO-
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MWCNT hybrid membranes. It was found that the highest

E. coli removal was achieved by the membrane SOLVO 80
with an efficiency of 92% (Fig. 9 F and Fig. 10 red column).

IMP 80 membrane showed 91% adsorption of E. coli, as

can be seen in Fig. 9 D and Fig. 10 blue column. The lowest
bacteria removal capacities were achieved by the membranes
containing 50 w/w % ZnO-MWCNT additives with the overall

removal efficiency of 71% and 57%, for SOLVO 50 and IMP
50 (Fig. 10 green and orange column), respectively. Based on
the above-mentioned results, it was found that in terms of
E. coli removal, the amount of ZnO-MWCNT composite

material incorporated into the hybrid membrane structures is
more important than the size of ZnO particles. As can be seen
in Fig. 10 the increased amount of ZnO-MWCNT additive

content caused a significant improvement in the E. coli filtra-
tion efficiency in both cases. Consequently, the outstanding fil-
tration performance of IMP 80 and SOLVO 80 membranes

indicates that the antibacterial properties of the membranes
are mainly attributed to the ZnO-MWCNT additive and not
to the bacterial cellulose, as it was expected.

4. Conclusion

In this study, the development of novel bacterial cellulose-

ZnO-MWCNT hybrid membranes and their adsorption, pho-
tocatalytic and antibacterial properties were presented. The
following hybrid-system of membranes was prepared by two
different synthesis techniques, namely, impregnation (IMP)

and solvothermal (SOLVO) methods. The as-prepared mem-
branes were characterized by SEM, CT and MIP equipment.
Based on the applied preparation method – IMP or SOLVO

– a significant difference in the size of ZnO particles was
observed. Applying impregnation method, ZnO nanoparticles
with an average size of 20–30 nm were formed, while using

solvothermal route, micrometer-sized ZnO crystals evolved
among the MWCNTs.

The photocatalytic degradation of MB and the removal
efficiency and antibacterial properties against Gram-negative

E. coli bacteria of the as-prepared hybrid membranes were
studied. Comparing the results, it was found that SOLVO 80
membrane showed outstanding properties during these exper-

iments. Both the photocatalytic degradation of MB and the
E. coli removal efficiency was achieved 92% in the case of
SOLVO 80. Moreover, SOLVO membranes showed much bet-
ter mechanical stability under UV-irradiation and in the filtra-

tion experiments. In contrast, IMP membranes were damaged
during both photocatalysis and filtration experiments due to
their lower tensile strength parameter. Thus, the application

of BC-ZnO-MWCNT-SOLVO membranes containing ZnO
particles in a micrometer range could offer further advantages
and potential application alternatives such as a field of

photocatalyst-based water treatment technology.
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