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racterization, and photocatalytic
performance of a PVDF/cellulose membrane
modified with nano Fe3O4 for removal of
methylene blue using RSM under visible light†

Shaghayegh Mohammadpour,a Peyman NajafiMoghadama and Parvin Gharbani *bc

In this work, a polymeric membrane-based polyvinylidene fluoride coated with cellulose and loaded with

iron oxide nanoparticles (PVDF/cellulose/Fe3O4) was synthesized and was characterized using FESEM,

XRD, AFM, and contact angle measurements. The activity and modification of the PVDF/cellulose/Fe3O4

membrane under visible light for the removal of methylene blue were studied using the central

composite design. The effect of influential variables such as pH, methylene blue concentration, amount

of Fe3O4 in the membrane, and irradiation time on MB removal was investigated. Analysis of variance

was used to determine the significance of experimental factors and their interactions. About 72.5%

methylene blue removal using the PVDF/cellulose/Fe3O4 membrane under visible light was achieved at

optimum conditions of a pH of 9, methylene blue concentration of 600 mg L−1, Fe3O4 amount of

0.03 g, and irradiation time of 117 min. Finally, results confirmed that the proposed membrane has good

performance for methylene blue removal under visible light.
Introduction

It is very important to provide high-quality water for various
industries and communities, as well as to remove and recycle
toxic components from industrial wastewater.1 Themost critical
pollutants of industrial wastewater are organic substances,
toxins, surfactants, heavy metals, antibiotics, and dyes, which
cause irreparable damage when entering the environment.2

Various methods have been proposed for the removal of
pollutants (i.e., adsorption, biological, electrochemical, photo-
catalytic separation techniques, nanomembrane, and ultra-
membrane systems).3,4 Membrane systems have been widely
used due to their low energy consumption, non-pollution
properties, and ease of conversion to a larger scale.4

New types of membranes have been prepared for water and
wastewater ltration based on polymers such as polysulfone,4

polyvinylidene uoride,5 polyaniline,6 and polyacrylonitrile,7

which have shown high efficiency in ltration. In recent years,
nanocomposite membranes have expanded, enhancing the
separation performance in membrane technology.8 These
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membranes may show better mechanical, chemical, and
thermal stability and high separation yield, high reactivity, and
capacity.

Polyvinylidene uoride (PVDF) is a uoropolymer with
repeating units of –CH2 and –CF2 groups. These groups create
polarity on the polymer chain and allow the dissolving of the
polymer in certain solvents. The arrangement of –CF2 and –CH2

groups along the polymer chain creates distinct properties of
polymer crystal structure. The factors that directly affect the
mechanical properties and resistance of the membrane include
polymer crystallinity and membrane morphology. Increasing
the crystallinity of PVDF causes hardness and creep resistance.
Until now, PVDF/SiO2,9 PVDF/GeO2,9 PVDF/GO,10 and nano-
composites have been prepared, but these produced composites
had poor mechanical properties. Therefore, modifying mate-
rials is required to increase the mechanical properties of PVDF.

Cellulose is a carbohydrate with abundant functional groups
on its surface with a high surface area.11 These surface func-
tional groups (C]O and C–OH) can increase the dispersion of
cellulose and strengthen the intermolecular interaction with
PVDF due to the extended chain composition.12

On the other hand, the CF groups of PVDF and the –COOH/–
OH in cellulose form a hydrogen bond, leading to an all-trans
TTTT conformation.13 Also, cellulose has high thermal
stability and hydrophobicity and its high thermal stability will
lead to a decrease in the degree of crystalline and, as a result,
a better coating on PVDF.14 Therefore, it can be a good candi-
date to composite with PVDF.
RSC Adv., 2024, 14, 8801–8809 | 8801
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Fig. 1 Structure of methylene blue.
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Research shows that the addition of nanoparticles to the
polymer matrix has a positive effect on the membrane proper-
ties and can signicantly improve its separation properties.15,16

It means adding nanoparticles and metal oxides to polymer
membranes is a very effective method in reducing membrane
fouling and increasing the removal efficiency.17

Among the various nanoparticles, Fe3O4 is considered the
most effective due to the easy preparation, exceptional
conductivity, favorable magnetic properties, non-toxicity, and
nally the nature of high photo responsiveness.18 Also, Fe3O4

nanoparticles exhibit a high surface-to-volume ratio and show
an enhanced capacity for pollutant removal.19 The remarkable
activity of Fe3O4 in removing environmental pollution has
been proved by researchers. However, its disadvantage is the
high rate of electron–hole pair recombination and agglom-
eration, which reduces its photo catalytic efficiency. There-
fore, it should be modied in combination with other
materials.20

The objectives of this study were to create a PVDF polymeric
membrane with the addition of cellulose and nano Fe3O4 for the
photo catalytic removal of Methylene blue (MB). In the Photo
catalytic process, light was used to degrade organic pollutants.21

Methylene blue as a cationic dye is widely used in dyeing
industries (Fig. 1). It can cause harmful effects such as eye
irritation, heart palpitations, and shortness of breath in
humans. Therefore, its removal from industrial wastewater has
become a serious problem.22–25

In these membranes, the exitance of Fe3O4 nanoparticles
improves the oxidation of Methylene Blue dye under visible
light. On the other hand, the stabilization of Fe3O4 in the
polymer matrix reduces the costs associated with conventional
heterogeneous catalysis, where the nanoparticles must be
recovered aer use. For the optimization process, the response
surface methodology (RSM) was chosen to evaluate the
membrane performance. Four effective parameters i.e., MB
Table 1 Experimental factors and levels of independent variables

Parameter

Levels

−1 0 +1

x1: [MB]0 (mg L−1) 200 400 600
x2: pH 3 6 9
x3: [Fe3O4]0 (g) 0.01 0.02 0.03
x4: Irradiation time (min) 60 90 120

8802 | RSC Adv., 2024, 14, 8801–8809
concentration, pH, amount of Fe3O4 in the membrane matrix,
and irradiation time were used as input variables.
Materials and methods

Polyvinylidene uoride (PVDF, Mw ∼534 000 g mol−1), methy-
lene blue, cellulose (microcrystalline, powder, 20 mm) and Fe3O4

nanoparticles (Av = 30 nm) were prepared from Sigma-Aldrich.
Dimethylformamide, HCl, NaOH and acetone were purchased
from Merck Company.
Preparation of PVDF/cellulose/Fe3O4 membrane

1.4 g of PVDF, 10 mL of acetone, and 10 mL DMF were stirred for
20 min at 30 °C. Then 0.02 g of cellulose and 0.01, 0.02, and 0.03 g
of Fe3O4 nanoparticles were added and stirred for 1 h at 30 °C. The
obtained solution was ultrasound for 2 h. Then, the membrane-
casting dope was cast on clean glass using a blade and le
during the night at room temperature. The PVDF and PVDF/
cellulose membranes were prepared as mentioned except without
adding cellulose and Fe3O4, respectively. The obtainedmembranes
were rinsed with distillate water and dried at room temperature.
Removal of methylene blue

The Box–Behnken Design (BBD) was used to design the exper-
iments and produce the quadratic model of the process. Vari-
ables including MB concentration (A), pH (B), Fe3O4 amount in
the membrane matrix (C) and irradiation time (D) were selected
(Table 1).

Using variables at three levels, twenty-nine experiments were
designed. The photocatalytic performance of the prepared
membrane was performed in a batch system that included
a crystallizer with a volume of 100 mL containing MB solution
and Xe lamp (l > 420 nm) as a light source which was located on
top of the wooden box. The membrane was cut into small pieces
(2 cm2) and was added to the dye solution in a wooden box on
a stirrer. The pH of the MB solution was determined using HCl
and NaOH solutions. At certain time intervals, 5 mL of the
solution was collected for analysis by UV-vis spectrophotometer,
model DR5000-15V (HACH Co, America) at 434 nm. The
Fig. 2 XRD of Fe3O4, PVDF, PVDF/cellulose and PVDF/cellulose/
Fe3O4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of surface and cross-section of PVDF, PVDF/cellulose and PVDF/cellulose/Fe3O4 membranes.
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photocatalytic degradation of MB was obtained using the
following equation (eqn (1)).26

Rð%Þ ¼ ½C�0 � ½C�t
½C�0

� 100 (1)

[C]0 and [C]t are initial and at any time concentrations of MB
(mg L−1), respectively.

Results and discussion
Characterization

XRD analysis was used to study the crystal structure of synthe-
sized samples.27 X-ray diffraction patterns of Fe3O4, PVDF,
PVDF/cellulose, and PVDF/cellulose/Fe3O4 membranes are
shown in Fig. 2. In the XRD pattern of Fe3O4, an observed peak
© 2024 The Author(s). Published by the Royal Society of Chemistry
at 35.71° (3 11) belongs to a crystal plane. Other peaks appeared
at 2q = 30.31° (2 0 0), 43.37° (4 0 0), 57.39° (5 1 1), and 62.86° (4
0 0) according to JCPDS Card No. 19-0629.28 In the XRD pattern
of PVDF, three peaks appear around 2q= 18.04, 20.65, and 36.4°
correspond to the crystalline peaks (021), (110), and (020) of
PVDF crystalline phase,6 respectively. Standard XRD patterns of
cellulose, Fe3O4 and PVDF is shown in Fig. 2. In the XRD of the
PVDF/cellulose, in addition to the peaks of PVDF, a peak is seen
at 2q = 22°, which is related to the crystalline phase (001) of
cellulose that emphasizes the presence of cellulose.13 The
presence of peaks appearing at 2q = 30.16, 57, and 63° in the
XRD of PVDF/cellulose/Fe3O4 conrms the presence of pure
Fe3O4 with a spinel structure. The peaks of PVDF and cellulose
can also be seen.
RSC Adv., 2024, 14, 8801–8809 | 8803
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Fig. 4 Contact Angle of PVDF, PVDF/cellulose and PVDF/cellulose/Fe3O4 membranes.

Table 2 Thickness, average roughness (Ra) and root mean square
roughness (RMS) of prepared membranes

Membrane
Thickness
(mm) RMS (nm) Ra (nm)

PVDF 162.1 40.83 32.92
PVDF/cellulose 796.3 180.4 141.3
PVDF/cellulose/Fe O 1818 384.0 311.7
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FESEM analysis was used to evaluate the morphology of
prepared membranes.29 Fig. 3 shows the FESEM images of the
surface and cross-section of prepared membranes. The surface
image of the PVDF membrane shows a relatively dense
membrane, while its cross-sectional image shows a relatively
non-uniform structure. The surface image of the PVDF/cellulose
membrane shows a very uniform and porous surface, which
conrms that the addition of cellulose has made the relatively
uniform surface of the PVDF. The cross-sectional image of
PVDF/cellulose shows that cross-links are formed. Aer adding
Fe3O4 nanoparticles to the PVDF/cellulose membrane, the
Fe3O4 nanoparticles (red pen) are uniformly distributed on the
surface of the PVDF/cellulose membrane. The cross-sectional
FESEM image clearly shows the dispersion of Fe3O4 spherical
nanoparticles on the membrane.

Contact Angle (CA) measurement is a simple method to
obtain and collect information about the hydrophobicity/
hydrophilicity of the membranes. The contact angle of the
outer surface of the membranes was measured before and aer
the coating (Fig. 4). As seen, the contact angles of the PVDF,
PVDF/cellulose, and PVDF/cellulose/Fe3O4 membranes are
8804 | RSC Adv., 2024, 14, 8801–8809
about 77, 61, and 87. The contact angle decreases slightly with
the increase of cellulose concentration, while it increases
slightly with the dispersion of Fe3O4 nanoparticles on PVDF/
cellulose. However, it can be concluded that all three
membranes are hydrophile and the dispersion of Fe3O4 nano-
particles on the PVDF/cellulose membrane slightly decreases
the hydrophilicity of the membrane.

AFM analysis was used to evaluate the surface morphology
and roughness of membranes.29 Root mean square (RMS) was
obtained from the AFM images. The thickness, average
roughness (Ra), and RMS roughness of prepared membranes
are presented in Table 2. As seen, the Ra values for PVDF,
3 4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AFM of PVDF, PVDF/cellulose, and PVDF/cellulose/Fe3O4.

Fig. 6 (a) UV-visible, (b) Taut plots of cellulose, PVDF, Fe3O4 and
PVDF/cellulose/nana Fe3O4.
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PVDF/cellulose, and PVDF/cellulose/Fe3O4 were obtained at
32.92, 141.3, and 311.7 nm, respectively. Likewise, the RMS
values for PVDF, PVDF/cellulose and PVDF/cellulose/Fe3O4

were obtained at about 40.83 nm, 180.4 nm, and 384 nm,
respectively. The results conrm that the roughness of the
PVDF membrane increased with the addition of cellulose and
Fe3O4 nanoparticles due to increasing the viscosity of the
solution.5 It is important to state that the contact angle
between the water drop and the surface of the material in
addition to the hydrophilicity of the surface, also depends on
its roughness. The results show that the addition of mineral
particles into the polymer matrix increases the surface
roughness. The results of AFM analysis for prepared
membranes are shown in Fig. 5.

Optical properties. The optical absorption property is one of
the most important factors in evaluating the photocatalytic
performance of a material.30,31 UV-vis analysis was used to study
the optical absorption properties and determine the band gap
of the membrane. Fig. 6 shows the UV-vis spectrum and the
Tauc plots of the synthesized membrane. As can be seen, the
compounds have an absorption in the UV-vis region (Fig. 6a),
and band gap for cellulose, PVDF, Fe3O4 and PVDF/cellulose/
Fe3O4 were found to be around 3.1, 2.35, 2.6 and 1.9 eV,
respectively (Fig. 6b).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Recombination of electron–hole pairs in semiconductors
releases energy in the form of photoluminescence (PL), and
lower PL intensity indicates a lower carrier recombination rate,
which leads to efficient photocatalytic activity.32

The intensity of the PL spectrum depends on the rate of
recombination of electron–hole pairs and PL spectroscopy is used
to investigate photogenerated electron–hole trapping, migration,
and transport. Fig. 7 shows the photoluminescence (PL) of cellu-
lose, PVDF, Fe3O4 and PVDF/cellulose/nana Fe3O4 with an excita-
tion wavelength of 320 nm. The low PL intensity of PVDF/cellulose/
nana Fe3O4 indicatesmore separation of photogenerated electron–
hole pairs, which is very satisfactory for efficient photocatalytic
performance. Therefore, the decrease in electron–hole recombi-
nation rate leads to high photocatalytic activity.33
Box–Behnken Design (BBD) and statistical analysis

Under the design conditions and various experiments proposed
by the RSM (Table 3), the removal percentage of MB increases
from 52.55 to 76.44%.

A polynomial mathematical equation showing the obtained
R%, as a function of MB concentration (A), pH (B), Fe3O4

nanoparticles amount in the membrane matrix (C), and irra-
diation time (D) is revealed using eqn (2).

R = 64.7 − 1.58 × A + 7.7 × B + 4.7 × C + 3.36 × D − 0.9

× A × B + 0.03 × A × C0.12 × A × D + 0.31 × B × C

+ 0.048 × B × D − 0.13 × C × D − 0.63 × A2 − 0.49

× B2 − 0.18 × C2 − 0.17D2 (2)
RSC Adv., 2024, 14, 8801–8809 | 8805
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Fig. 7 Photoluminescence of cellulose, PVDF, Fe3O4 and PVDF/cellulose/nana Fe3O4.

Table 3 BBD design matrix for three variables with experimental
values for MB degradation

Run

Parameter values Removal (%)

x1 x2 x3 x4 Exp.

1 400 6 0.03 60 65.53
2 400 6 0.02 90 65.55
3 200 6 0.02 120 69.00
4 200 6 0.03 90 70.71
5 400 9 0.02 120 74.93
6 600 6 0.02 120 65.65
7 400 6 0.02 90 64.33
8 600 6 0.03 90 66.64
9 200 3 0.02 90 54.61
10 400 3 0.01 90 52.55
11 400 6 0.01 120 62.40
12 400 3 0.02 60 53.95
13 200 6 0.02 60 62.22
14 400 6 0.03 120 72.16
15 600 6 0.02 60 59.36
16 400 6 0.01 60 55.25
17 400 3 0.02 120 60.59
18 400 6 0.02 90 64.03
19 400 9 0.01 90 66.53
20 600 9 0.02 90 69.72
21 400 3 0.03 90 61.22
22 200 6 0.01 90 61.90
23 600 3 0.02 90 54.18
24 400 9 0.02 60 68.10
25 200 9 0.02 90 73.76
26 400 6 0.02 90 64.94
27 600 6 0.01 90 57.71
28 400 6 0.02 90 64.63
29 400 9 0.03 90 76.44
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Analysis of variance (ANOVA)

ANOVA was used as a statistical method to analyze the responses.
R2 and R2 Adj determined the quality of the presented polynomial
model. The results of ANOVA andmultiple regression coefficients
of MB removal are tabulated in Table 4. The signicance and
inuence of each independent variable were determined using F-
8806 | RSC Adv., 2024, 14, 8801–8809
values. The practicability and statistical signicance results were
conrmed using prob > F. In general, a signicance level of 0.05
is considered in RSM.34 In this research, the upper F value of
88.38 and p < 0.0001 expresses the signicance of the model (F <
prob less than 0.05 indicates that the model is statistically
signicant), and the results show that the model can explain the
percentage of MB removal. On the other hand, the lack of t
(LOF) of 0.1245 indicates that the regression equation can be
used to explain the relationship between the response variables
and the removal percentage. According to the p-value of the
independent variables, the variables A, B,C, and D are statistically
signicant (p < 0.05), while, AC, AD, AB, BC, BD, CD, A2, B2, C2, and
D2 are not signicant (p > 0.05). The high value of the linear
regression coefficient R2 (0.9888) and R2 adjusted (0.9776) indi-
cate a good performance of the model. Notably, R2 of 0.9888
indicates that more than 98.88% of the changes in the response
function can be justied by the obtained model. In other words,
the regression model is statistically signicant. Adeq precision of
35.77 > 4 indicates the signal-to-noise ratio was desirable for the
model. Parallel to these results, the relatively low value of CV% =

1.5 for variables conrms the accuracy of the measurements and
the reliability of the tests. Std dev. of 0.96 and press of 69.12
indicate thematching of themodel with the experimental results.
Effect of the variables as a response surface and 3D plots

To study the interaction of variables, three-dimensional (3D)
plots were used. The effect of the input parameters on the
response variable is shown in Fig. 8. This gure shows that
increasing the initial concentration of the MB, irradiation time,
the amount of Fe3O4 in the membrane, and the pH leads to an
increase in MB removal.

The pH of the solution is one of the important parameters in the
photocatalytic process, which affects the charge of active sites
available on the membrane surface. As can be seen in Fig. 8a, the
prepared membrane is more effective in an alkaline solution. At
high pH values, the surface of the membrane is negatively charged
and since the MB is a cationic dye, signicant electrostatic inter-
action with the positively charged MB and negatively charged
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Analysis of Variance

Sum of Mean F p-Value

Source Squares Df Square Value Prob > F
Model 1148.52 14 82.04 88.38 < 0.0001
A-concentration 29.88 1 29.88 32.19 < 0.0001
B-pH 711.14 1 711.14 766.1 < 0.0001
C-Fe3O4 264.71 1 264.71 285.16 < 0.0001
D-time 135.5 1 135.5 145.98 < 0.0001
AB 3.25 1 3.25 3.51 0.0822
AC 3.58 × 10−3 1 3.58 × 10−3 3.86 × 10−3 0.9513
AD 0.062 1 0.062 0.067 0.8
BC 0.38 1 0.38 0.41 0.5308
BD 9.35 × 10−3 1 9.35 × 10−3 0.01 0.9215
CD 0.069 1 0.069 0.074 0.7898
A2 2.57 1 2.57 2.77 0.1182
B2 1.56 1 1.56 1.68 0.2155
C2 0.21 1 0.21 0.23 0.6417
D2 0.18 1 0.18 0.2 0.6651
Residual 13 14 0.93
Lack of t 11.63 10 1.16 3.41 0.1245
Pure error 1.37 4 0.34
Cor total 1161.52 28
Std dev. 0.96 R-squared 0.9888
Mean 64.09 Adj. R-squared 0.9776
C.V. % 1.5 Pred. R-squared 0.9405
Press 69.12 Adeq. precision 35.776
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membrane is obtained.35 Also, the produced hydroxyl radicals can
enhance the MB removal at higher pHs.

Increasing the initial concentration of MB has a positive
effect on MB removal efficiency (Fig. 8a). In fact, increasing the
initial concentration of MB provides a higher driving force to
overcome all existing resistances in MB mass transfer between
the surface membrane and liquid phase. Fig. 8b shows that
Fe3O4 increasing in the membrane has an affirmative effect on
MB removal. The photogenerated electrons and holes from the
conduction and valence band of Fe3O4 participate in the
degradation process.36 Also, since OH radicals are generated
and react in the vicinity of Fe3O4, it is important that MB
molecules can attach to the Fe3O4 surface for the catalytic
reaction to occur. It can be stated that MB molecules are
Fig. 8 3D plots of (a) pH and MB concentration; (b) time and Fe3O4 am

© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorbed rst on Fe3O4 active catalytic sites and then oxidized
by photo-induced OH radicals. Under visible light, Fe3O4 is
excited, electrons and holes are generated, and MB degradation
is enhanced.37 Also, Fig. 8b illustrates irradiation time on the
removal of MB under visible light. The increase in MB removal
with increasing irradiation time can be related to more MB
adsorption and more Fe3O4 oxidation on the surface of the
membrane with increasing time.
Optimization

The main goal of the experiment design is to achieve the
optimal values of the variables for the MB removal. The opti-
mization results indicate that about 72.5% of MB is removed
ount interactions.
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Fig. 9 Proposed mechanism of MB photo degradation by PVDF/cellulose/nano Fe3O4 membrane.

Table 5 Photo catalysis performance comparison of methylene blue
removal based on Fe3O4 photocatalyst

Photocatalyst Pollutant % removal Ref

Fe3O4-MWCNTs Methylene blue 98.46 40
Fe3O4@Ag@TiO2 Methylene blue 79.91 41
r-GO-Fe3O4 Methylene blue 98.38 42
d-Fe3O4@GO Methylene blue 90.6 43
Fe3O4@SiO2 @TiO2 Methylene blue 97.0 44
GO-LaFeO3 Methylene blue 91.21 45
Fe3O4@SiO2 Methylene blue 94.83 46
Fe3O4@SiO2 @TiO2 Methylene blue 94.8 47
Fe2O3/graphene/CuO Methylene blue 94.27 48
Fe3O4@C@Ru Methylene blue 92.71 49
PVDF/cellulose/Fe3O4 Methylene blue 72.50 This paper
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View Article Online
with PVDF/cellulose/Fe3O4 membrane at a pH of 9, MB
concentration of 600 mg L−1, and 0.03 g of Fe3O4 at 117 min.

Proposed mechanism. Fig. 9 shows the proposed membrane
mechanism for MB degradation. Firstly, with light irradiation,
the valence electrons are transferred to the conduction band
(CB). As soon as the excited electrons reach the conduction
band, they easily move to the cellulose surface and photo-
generated electron–hole pairs are formed. Then, the obtained
electrons react with dissolved oxygen in water and form super-
oxide and hydroxyl free radicals. These superoxide and free
radicals degrade MB into less toxic substances.38,39

Table 5 shows the photo degradation efficiency of MB
removal compared with other Fe3O4-based photocatalyst.

As seen in Table 5, the efficiency of PVDF/cellulose/nano
Fe3O4 membrane on removal of MB in comparison to others
is lower. In contrast, other photocatalysts need to recover aer
usage but in the case of this membrane, there is no need to
recover the photocatalyst aer the removal of MB.
Conclusion

In this research, PVDF/cellulose/Fe3O4 membrane was synthe-
sized and analyzed using XRD, FESEM, AFM, and contact angle
8808 | RSC Adv., 2024, 14, 8801–8809
measurement (CA). The design of experiments was done using
response surface methodology and modeling and optimization
of operational parameters were carried out. The results showed
that the increase of pH, irradiation time, MB concentration, and
amount of Fe3O4 in the membrane had an affirmative effect on
the MB removal. Therefore, the PVDF/cellulose/Fe3O4

membrane is an efficient membrane for removing MB under
visible light. Also, the RSM has a good agreement with being
able to provide a suitable model for the removal of MB, and the
percentage of predicted removal of MB is in good agreement
with the experimental results.
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