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ABSTRACT

In this study, poly(vinylidene fluoride) (PVDF)/MWCNT composite membranes were successfully
prepared via an ultrasound-assisted phase inversion process. The influences of the ultrasonic
power and ultrasonic time on the variation of membrane morphology, hydrophilicity, porosity and
adsorption performances to methylene blue (MB) dye were comprehensively investigated. Scanning
electron microscope analysis indicated that low ultrasonic power (60 W) and long ultrasonic time
(60 s) are in favour of the formation of finger-like pores, causing super water flux, high poros-
ity and large mean pore size of membranes. A maximum adsorption capacity of the ultrasound
treated membrane reached up to 4.4 mg/g, which is higher than the untreated membrane (2.4 mg/g).
Furthermore, the kinetics and isotherm models studies indicated that the adsorption of MB followed
a pseudo-second-order kinetic model and Freundlich isotherm model.
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1. Introduction

As we all known, the rapid development of dye indus-
tries including cosmetics, textiles and food processing has
caused serious harm to the environment through discarding
colourful dye and partial deleterious organic materials in
wastewater [1]. These industrial wastewater pollutants con-
tain many kinds of dyes, which are difficult to remove and
separate because of their complex composition. Therefore,
the reuse of dye wastewater becomes a difficult problem
[2]. There are many ways to remove dyes from wastewater,
including adsorption [3], extraction [4], membrane separa-
tion [5], catalysis [6,7] and biological methods [8]. Among
these methods, adsorption is considered to be one of the
most ideal methods [9]. The adsorption method not only has
high adsorption efficiency and low cost but also does not
produce additional harmful substances [10,11].

* Corresponding author.

Ultrafiltration (UF) membrane is extensively used in
wastewater treatment due to its ability in filtering out pro-
teins [12], colloids [13], viruses [14] and other particles
present in water resources [15,16]. The commonly used UF
membrane materials include poly (ethersulfone) (PES), poly
(sulfone) (PSF) and poly(vinylidene fluoride) (PVDF). Among
these membrane materials, PVDF has been regarded as one
potential membrane material and thus has been widely
utilized in ultrafiltration processes owing to its unique phys-
ical and chemical properties as its high thermal stability,
high mechanical properties and good chemical resistance
[17-19]. However, its hydrophobic characteristics and being
easily contaminated during wastewater separation process
cause the rapid decline of the water flux [19] and there-
fore restrict its application in different areas. To this prob-
lem, an incorporation of nanomaterials into the membrane
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matrix [20] was adopted. By incorporating different kinds of
nanoparticles such as silica, graphite and carbon nanotubes
(CNTs) into the membranes, mechanical properties, permea-
bility and fouling resistance can be improved [21,22]. CNTs
are ideal nano-fillers due to their excellent electrical conduc-
tivities, outstanding mechanical (stiffness and flexibility) and
thermal properties [23,24], and their effective water treatment
capabilities in dealing with organic contaminants [25,26].
As far as we know, dye adsorption by PVDF composite mem-
branes as PVDF/graphene oxide nanohybrid membranes [27]
and cellulose nanofibre-based PVDF membrane [28] has been
found to be an effective way to remove dyes from wastewater
due to its high economic efficiency and polymer-based mem-
branes have the advantages of preparation simplicity and
have attracted more attentions [29,30]. However, the stud-
ies on adsorption behaviour of polymer membranes were
limited due to the low adsorption capacity in comparing with
inorganic adsorbents. Therefore, it is an important research
direction to explore composite membrane adsorbents with
high adsorption capacity and good selectivity.

For the past few years, ultrasound has been widely used
in water treatment with membrane by several researchers.
Hou et al. [31] carried out a study to investigate the effect
of ultrasonic irradiation on membrane scaling mitigation
during membrane distillation process. Borea et al. [32] found
that ultrasound can enhance wastewater treatment by mem-
brane ultrafiltration and discussed the effect of ultrasonic
frequency on membrane flux. Tao et al. [33] successfully pre-
pared PVDF membranes by an ultrasound-assisted phase
inversion method. An ultrasound is also confirmed to be a
powerful way to polymerize and disperse nanoparticles
and is also extensively used in modifying polymer surfaces
[34]. Ultrasound can cause a series of physical phenomena
and assist chemical reactions. When the liquid is exposed to
radiation, the bubbles will generate turbulence, leading to
strong high pressure and sound flow, which will change the
surface structure and internal pore structure of the compos-
ite membrane. Therefore, the pore structure with excellent
adsorption properties can be prepared by controlling the
appropriate ultrasonic conditions to improve the adsorption
efficiency [35]. To the best of our knowledge, even though
ultrasound was increasingly applied to membrane prepa-
ration for wastewater treatments, the effects of ultrasonic
power and ultrasonic time to the fabricated membranes
were not investigated yet in the previous papers.

In this study, PVDE/MWCNT nanocomposite mem-
branes were prepared by a solution casting method coupling
with an ultrasound-assisted phase inversion. The effects of
ultrasonic power and ultrasonic time on membrane mor-
phology, surface hydrophilicity, material porosity, mechan-
ical properties, water permeability and BSA rejection of the
corresponding membranes were investigated. In addition,

Table 1
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we selected methylene blue (MB) for the adsorption experi-
ment to study the adsorption performance of the composite
membranes. The adsorption process of MB on composite
membranes was analyzed by kinetics and isotherms. The
morphology and chemical group analysis of the composite
membranes before and after adsorption were carried out to
speculate the adsorption mechanism.

2. Experimental
2.1. Materials

The PVDF powder was acquired from Dongguan Tengda
plastic material Co. Ltd., (China) (M_=45,000). It was dried
at 60°C in the oven for 5 h before using it. The carboxylated
MWCNTs were obtained from Chengdu Organic Chemistry
Research Institute (China). N,N-Dimethylformamide (DMF,
299.5%) was purchased from Tianjin Kermel Chemical
Reagents Co. Ltd. (China), and bovine serum albumin
(BSA, M = 68,000) was bought from Solarbio Science and
Technology Co. Ltd., Beijing. Methylene blue (MB, M_=373.9,
C.I. number: 52015) was purchased from Tianjin Guangfu
Chemical Research Institute (China).

2.2. Preparation of PVDFIMWCNT membranes

Using the carboxylated MWCNTs with the weight of
1 wt.% of casting solution dispersed in 82 wt.% DMF and
then irradiated in an ultrasonic instrument (KQ-300VDE,
Kunshan, China). Moreover, weighted the PVDF powder
with 17 wt.% of casting solution, added to the MWCNT/
DMF mixed solution and stirred for 4 h at 70°C in a water
bath to obtain a uniform solution, which was then placed
in the vacuum drying oven for 12 h to remove the bubbles
through the vacuum environment.

The casting solution is evenly spread onto the glass
plate as a substrate and scraped into membranes by a cast-
ing knife with a thickness of 200 um. Then, the scraped
membrane was put into the ultrasonic instrument with
deionized water for radiation to assist the phase inversion.
The temperature of the coagulation bath remained at 26°C.
Subsequently, the membranes were automatically detached
from the substrate. Finally, these membranes were again
placed in fresh deionized water for 12 h for the removal
of DMF. As a result of the time of ultrasonic radiation
being only tens of seconds, the thermal effect produced by
the ultrasonic radiation was negligible. At last, the mem-
brane was dried in an oven at the temperature of 50°C.
The treatments for various membranes under selected
ultrasonic conditions are then summarized in Table 1. Ten
total samples are named by Mn with n varying from 0 to 9,
respectively.

Treatments for various membranes under selected ultrasonic conditions

Samples MO M1 M2 M3 M4 M5 Mo M7 M8 M9
Ultrasonic power (W) 0 60 60 60 80 80 80 100 100 100
Ultrasonic time (s) 0 20 40 60 20 40 60 20 40 60
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2.3. Membrane characterization

2.3.1. Membrane morphology and hydrophilicity
(contact angle measurement)

A scanning electron microscope (SEM, S-4800, Hitachi,
Japan) was used for observing the morphology of the fab-
ricated membranes. The membrane samples were broken
in liquid nitrogen and sprayed with gold before observing.

The surface hydrophilicity of these membranes was per-
formed by placing sessile droplets of deionized water on
membrane surfaces and then measuring their contact angles
using a goniometry instrument (DSA 100, KRUSS, Germany).
The membrane samples were cut into 5 cm x 5 cm pieces
and placed on a glass plate. The volume range of water
droplets is 2 uL. Each group was measured 10 times and
averaged.

2.3.2. Mechanical properties

The mechanical properties of the membranes were assessed
at 25°C using a LLY-06, Laizhou Electron Instrument Co.
Ltd., China. The dried membrane was cut into the shape
of a rectangle with a length of 3 cm and wide of 0.5 cm.
The tensile rate was set with 2 mm/min. Each sample was
stretched three times, and the results were averaged.

2.3.3. Zeta potential

The surface charge property of a solid membrane was
surveyed using the streaming potential method. The elec-
trokinetic analyzer from SURPASS, Anton Paar (Austria)
was used for this experiment. The zeta potential was cal-
culated from the flow potential and pressure diagram using
the Helmholtz-Smoluchowski equation [36]. The experi-
ments were performed under pH values from 3 to 10 and an
ionic strength of 0.001 mol/mL KClI at 25°C.

2.3.4. Membrane porosity and mean pore size

The porosity of membranes was obtained by the wet-
dry method. The wet membrane was cut into a 5 cm x 5 cm
square shape and then placed in a glass tray and dried in
the oven. The mass of the wet and dry membrane samples
was weighed. The porosity (g) was measured by Eq. (1):
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where w_ and w,are the weights of the wet membrane (g)
and dry membrane (g), respectively, p .. is the density of
pure water (0.998 g/cm?), and w /p is the volume of the mem-
brane. The mean pore radius (r, ) was calculated according to

Eq. (2):
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Here, Q’ represents the volume of water permeability
per second (m?/s), and p and TMP are the water viscosity
(8.9 x 10*Pa s) and trans-membrane pressure (Pa), respec-
tively. [ and A are the thickness (m) and the area of membrane
(m?), respectively.

2.3.5. Membrane performance

The water flux and BSA rejection are the main perfor-
mance measures of membranes, which can be characterized
by a cross-flow system with an effective area of 22.9 cm?,
as shown in Fig. 1. The membrane in the water flux test
system was pre-pressed under 0.3 MPa for 10 min to achieve
a stable water flux. Then, the pure water permeability was
assessed at 0.2 MPa and recorded every 10 min. The water
permeation flux was calculated as in Eq. (3).

The BSA rejection experiment was carried out by using
a 1 g/L BSA solution prepared by dissolving 1 g BSAin 1L
phosphate-buffered saline solution. The solution before and
after the BSA rejection experiments were tested by UV-Vis
spectrometry (UV-2401PC, Shimadzu, Japan) at 280 nm.
The BSA rejection rate was calculated as in Eq. (4) [37]:
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where | represents the pure water flux of the membrane
(L/m?/h), Q is the volume of water permeability (L) and T is
the operated time (h). A is the effective area of the membrane
sample (m?). R is the BSA rejection rate (%). The concentra-
tion of the BSA permeation and feed solution are C, and C,
(g/L), respectively.
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Fig. 1. Filtration performance of the prepared membranes was
evaluated by a self-constructed cross flow system.
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2.3.6. Membrane adsorption behaviour to methylene blue

We weighted 0.1 g of MB dye and dissolved it in 1 L
deionized water to prepare the stock solution of 100 mg/L.
The experimental solution was prepared by diluting the
stock solution with deionized water to 10, 20, 30, 40 and
50 mg/L, respectively. In each adsorption experiment, the
30 mL samples of the MB solution were put in a 100 mL
beaker, and then, the membrane sample was immersed in
the dye solution. The adsorption capacity of MB with dif-
ferent concentration and time was measured for the kinetic
and isotherm studies. The MB solution was surveyed at
the wavelength of 663 nm by an UV-spectrophotometer
(Shimadzu UV-2401PC, Japan). The membrane adsorption
ability was calculated using Eq. (5) as follows:

C -C
e ®

m

where C, and C, are initial and equilibrium concentrations
of MB (mg/L), respectively, m is the mass of the adsorbent (g)
and V is the volume of the solution (L).

By means of SEM, Fourier transforms infrared spectros-
copy (FTIR, Nicolet, Thermo Fisher Scientific, USA) and
the Brunauer, Emmett and Teller (BET, NOVA4200e, Anton
Pacanta, USA) equation analysis of the composite membrane
before and after adsorption, the adsorption mechanism of
MB on the composite membrane was further proposed.

3. Results and discussion
3.1. Membrane morphologies

The SEM images of the cross sections (M0-a-M9-a) and
the top surface (M0-b—-M9-b) of the fabricated membranes
with the variation of the ultrasonic power and time are
exhibited in Fig. 2. All the membranes have the typical struc-
ture of the ultrafiltration membrane, namely, the dense top
layer and the porous sublayer. Compared with the untreated
PVDF membranes (M0-a and MO0-b), the modified PVDF
membranes with ultrasonic treatment exhibited a larger
pore size in their surfaces and finger-like pores. The M1-M3
membranes have obvious macrovoids in their sublayers.

The cross-sectional morphologies of the membranes
treated with low ultrasonic power (60 W) show that the
macrovoid formations were prevented, and the finger-like
pores had a good interconnection through cross-section.
This indicates that the low ultrasonic power was propi-
tious to the formation of longer finger-like pores with fewer
macrovoids in the sublayer. However, with the increasing
ultrasonic power, the finger-like pores of membranes begin
to change to tear-drop-like voids. As the ultrasonic power
was increased to 100 W, all of the finger-like pores trans-
formed into tear-drop-like voids and equally distributed
through the membrane cross-sectional area, as shown in
Fig. 2 M7-a-M9-a.

For the membranes fabricated with ultrasonic irradiation
of 60 W, such as M1-a, M2-a and M3-a, the finger-like pores
ran through from the upper surface nearly to the bottom sur-
face. Due to the turbulence of the ultrasound, the interface
barrier between the finger-like pores and the underlying

macropores was cleared up, resulting in the formation
of long finger-like pores [33]. It is generally known that
an ultrasound can promote the movement of molecules,
and thus, it can also improve the diffusion speed of DMF.
On one hand, ultrasonic radiation can aggravate the forma-
tion of finger-like pores by increasing the diffusion rate of
water. On the other hand, with the increase of the ultrasonic
power, the turbulence of liquid increases, which affects
the rapid outflow of DMEF, thus leading to the formation of
tear-drop voids.

However, the diffusion speed of water is influenced
by both the ultrasonic power and the hydrogen bonding
between DMF and water. It was noted by Petersen that the
interaction between hydrogen bonds between carbonyl oxy-
gen and water molecules was stronger than that between
hydrogen bonds between water molecules [38]. When the
ultrasonic power was increased to 100 W, the DMF outflow
was faster and the water inflow was slower, which led to
more PVDF concentrated on the membrane in the process
of phase inversion; subsequently, tear-drop-like voids and
compressed cavities simultaneously appeared. As a result,
higher ultrasonic power (100 W) leads to the formation of the
cross-section structure with tear-drop-like voids.

The surface morphology of the corresponding mem-
branes is presented in Fig. 2 M0-b—-M9-b. It is expected that
the ultrasonic irradiation leads to the formation of more
pores. The M0-M3 membranes exhibit a relatively dense
top surface. In contrast, the top surface of the membranes
fabricated with higher ultrasonic irradiation exhibit a porous
morphology. The ultrasonic cavitation is the main element,
which produces higher energy phenomena and causes mem-
brane surface damage. The impacts of the shock waves and
micro jets on the surface will cause partial erosion. Along
with the increase of the ultrasonic power, the damage of
the membrane surface becomes more serious and results in
the appearance of an entirely porous surface, as shown in
Fig. 2 M7b, M8-b and M9-b.

3.2. Membrane hydrophilicity measurement

The hydrophilicity of all membranes treated with and
without ultrasonication was evaluated by the water con-
tact angle (CA), as shown in Fig. 3a. The CA for all ultra-
sonic-treated membranes maintains the same status below
approximately 85°, which is obviously lower than the contact
angle of the membrane MO (87.2°). Moreover, the CA for the
membranes treated with higher ultrasonic power was signifi-
cantly lower than that treated with lower ultrasonic power.
The lowest CA as 78.6° was found for the membrane M9,
which was treated with highest ultrasonic power 100 W and
longest ultrasonic time 60 s. The result is also consistent with
the surface morphologies displayed in Fig. 2. Apparently,
the tendency of the surface heterogeneity of the fabricated
membranes increasing with ultrasonic power eventually
dominates the surface hydrophilicity.

3.3. Porosity and mean pore size

The influences of the ultrasonic treatment on the poros-
ity and pore size of the prepared membranes are shown in
Fig. 3b. The porosity of all membranes is within the range
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Fig. 2. SEM images of the cross sections (M1-a-M9-a) and the surfaces (M1-b—-M9-b) of the fabricated membranes.

from 35% to 55%, whereas the mean pore size is within
the range from 17 to 33 nm. The membrane MO has the
lowest mean pore size of 17.5 nm. With the variation of
the ultrasonic conditions, the porosity and mean pore size
of the ultrasonic-treated membranes have the coincident
changes. Compared with the untreated membrane MO, the

ultrasonic-treated membranes contain larger pore size and
higher porosity. A maximum value of the porosity as 55.8%
was found for the membrane M3, which was treated with
the ultrasonic intensity of 60 W. The porosity is then reduced
as the ultrasonic intensity further increased to 80 and 100 W.
A similar effect can also be found in the changes of the mean
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Fig. 3. (a) Water contact angles for all of the membrane samples,
(b) porosity and mean pore size for all membrane samples,
and (c) mechanical properties of tensile strength and elongation
at the break of all membrane samples.

pore size. However, the mean pore size of the membranes
M1-M3 fabricated with a lower ultrasonic intensity of 60 W is
higher than the others. This is probably due to the structural
variations in cross section of these membranes from dense to
finger-like structures and then to macrovoids. Conclusively,
the preferential ultrasound intensity can possibly result in
an increase in both the pore size and the porosity of the
corresponding membranes.

The extended ultrasonic time (20-60 s) will tend to
slightly increase the porosity of the modified membranes
and the mean pore size, as displayed in Fig. 3b. A clear view
of the effects of the ultrasonic time (20-60 s) and ultrasonic
power (60-100 W) to the porosity of the modified membranes
are further plotted in Fig. 4a and b. It can be found that the
membranes treated with the ultrasonic time of 60 s have
higher porosities than the membranes with shorter ultrasonic
times (Fig. 4a). In contrast, a low ultrasonic power (60 W) was
more sufficient to increase the porosity of membranes than a
high ultrasonic power (80 and 100 W), as shown in Fig. 4b.
As we all know, the molecule movement can be improved by
ultrasounds, thus leading to the increasing of the diffusion
rate of DMF. However, unexpectedly, the ultrasonic power
with 100 W cannot further expedite water diffusion.

3.4. PVDF/MWCNT mechanical properties

The mechanical properties of the corresponding mem-
branes were tested and the results are summarized in Fig. 3c.
All of the ultrasonic-treated membrane samples exhibited
lower tensile strength compared with the untreated mem-
brane. With the increase of the ultrasonic power, the tensile
strength also decreased (5.57 MPa for the untreated mem-
brane compared with a minimum value of 3.17 MPa for the
membrane of M3). Since the tensile strength is related to the
morphological structures and the porosity of membrane sam-
ples, it is dramatically affected by the ultrasonic conditions
used. Similarly, Tao et al. have shown that the membranes
with ultrasonic treatment exhibited lower tensile strength
than the untreated membrane [33].

The tensile strength and elongation of the membranes
fabricated with high ultrasonic power was apparently stronger
than the membranes fabricated with low ultrasonic power.
That is due to M1, M2 and M3 having enough finger-like
pores running through the membrane section from the top
surface to the bottom, as well as their higher porosity. At the
same time, the membranes fabricated with high ultrasonic
power have lower porosity and small tear-drop-like voids.
Therefore, their tensile strength and elongation were supe-
rior to the membranes fabricated with low ultrasonic power.

3.5. Membrane performance

For evaluating membrane performance, experiments
on pure water permeability and BSA rejection for all ultra-
sonic-treated PVDF/MWCNT membranes in comparison
with the untreated PVDF membrane were carried out and
the results are shown in Fig. 5. The water permeabilities of
M1, M2 and M3 are superior to those of M4-M9, as shown
in Fig. 5a. The stable water flux of M2 and M3 reaches 126
and 135 L/m?/h, respectively. This is due to that M2 and M3
have much more interconnected finger-like pores and dense
porous structures near the bottom area. However, the mem-
branes fabricated with high ultrasonic power contain more
macrovoids and lower porosity, which results in a decrease
of the water flux. The effect of increasing the membrane pore
size and porosity would result in the increase of the water
flux in accordance with the Hagen-Poiseuille equation [39].
Moreover, the untreated PVDF exhibited the lowest pure water
flux of 75 L/m?h because it has the highest hydrophobicity
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among all the membranes. Commonly, water permeability
is determined by several effects, such as the chemical com-
ponents, porosity, surface morphology, hydrophilicity, etc.
In this case, the combined effects of surface hydrophilicity
and porosity become major factors in dominating the mem-
brane permeability.

The results of the BSA rejection rate are illustrated in
Fig. 5b. It is well known that it is hard to balance the mem-
brane flux and rejection. Despite the higher water flux found
in ultrasound treated membranes, the BSA rejections of all
the fabricated membranes with ultrasonic treatment were
lower than the untreated membrane (96.7%). However, the
BSA rejection rate of each membrane was still higher than
90%, which is because of the micro-sized pores and higher
porosity in the modified membranes. In theory, due to
the sieving mechanism, the ultrafiltration membrane has
the ability of retention. Furthermore, the pore size of the
membrane and the molecular size of the solute relatively
influence the ability of membrane retention. In this study,
all the surfaces of membrane samples contain almost dense
structures (as exhibited in Fig. 2 M0-b-M9-b), which is the
most important factor for the high rejection of BSA.

3.6. Adsorption capacity of methylene blue by membranes
3.6.1. Adsorption kinetics of membrane

For investigating the contact time dependence of the
methylene blue adsorption properties by 10 different mem-
branes, batch adsorption experiments were carried out under
the same dye concentration of 30 mg/L. The plots of the
adsorption capacity of methylene blue, g, as a function of
the time are shown in Fig. 6. As a result of the adsorption
of the molecules on the external surfaces of the membranes,
the adsorption rate of all membranes had a rapid increase
at first. The coming stage changed to a slow adsorption
process. This shift is due to the MB molecules spreading
into the inner porous structure of the membranes slowly.
Furthermore, many of the available external adsorption sites
were occupied at first.
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It is obvious that all the g, of the membranes fabricated
with the ultrasonic treatment were higher than the g, of the
untreated membrane (M0). As a result, it can be concluded
that the ultrasonic treatment of the membrane can improve
the adsorption properties of the membrane to MB. As shown
in Fig. 6a, the equilibrium adsorption capacity of MB on the
untreated membrane (M0) was approximately 2.4 mg/g.
Furthermore, for the M3 fabricated under the ultrasound
power of 60 W and the time of 60 s, the adsorption process was
quick to achieve the equilibrium state with a higher adsorp-
tion quantity, and it was increased to 4.4 mg/g with the same
adsorption conditions. Then, M2 and M1 had the second and
the third highest adsorption quantities of MB, respectively.
This is due to their higher porosity caused by the ultrasonic
treatment. By comparing the adsorption properties of differ-
ent adsorbents to MB in Table 2, it can be seen that PVDF/
MWCNT membrane has better adsorption properties for MB
at low concentration.

Based on the optimized results of M3, the isotherm stud-
ies were carried out by immersing samples of M3 in differ-
ent MB concentrations. As shown in Fig. 6b, the equilibrium
adsorption quantity g, raised with the increasing of the MB
solution concentration. As the concentration of methylene
blue dye solution is 50 mg/L, the equilibrium adsorption
quantity g, reaches the maximum, which is 5.68 mg/g.

Actually, the MB adsorption properties mechanism mainly
rely on the factors of material porosity and surface potential
[44,45]. Therefore, it is necessary to assess how the surface
potential may affect the adsorption of MB using the mem-
brane materials. The zeta potential is commonly applied
to characterize the surface charge of the membranes. Here,
three representative fabricated membranes with different
adsorption performances were chosen to measure their zeta
potential, as shown in Fig. 7. As expected, the zeta poten-
tials of M1, M4 and M7 have almost the same potential
between the pH values 3 and 10, which indicates that the
ultrasonic treatment to the membrane will not change the
zeta potential of the membrane. Thus, it can be concluded
that the porosity and mean pore size of the membranes in
this case are the most important factors in the MB adsorption
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Fig. 6. Effects of contact time (a) and different concentration (b) on MB adsorption capacity by membrane samples.
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Table 2

Comparison of PVDF/MWCNT membrane and other adsorbents for MB dye monolayer adsorption capacity

Adsorbent

Activated lignin—chitosan composite extrudates
Propylene diamine basic activated carbons
PVDE-ZnS pellets

NH,-MWCNTs@Fe,O,

PVDF/MWCNT membrane

performances. The characterization of zeta potential revealed
that the surface of membrane in alkaline solution is nega-
tive charged (about —40 mV). When the membrane sample
was placed in the MB solution, the methylene blue molecule
will be adsorbed on the adsorption sites of the membrane
surface due to the positive and negative charge attraction.
The adsorption behaviour of the membrane samples in
removing of a cationic dye as MB from aqueous solution is
basically due to electrostatic interaction.

Fig. 4c and d show the influence of the ultrasonic time
(20 s-60 s) and ultrasonic power (60-100 W) on the adsorp-
tion properties of the membranes to methylene blue dye.
Fig. 4c shows that the maximum adsorption of the mem-
branes fabricated with different ultrasonic times follows
the order of 60 s > 40 s > 20 s. It can be seen that a longer
ultrasonic time is beneficial to improve the adsorption
performance of the membrane. However, in contrast, as
Fig. 4d shows, the maximum adsorption of the membranes
fabricated with different ultrasonic powers follows an order
of 60 W > 80 W > 100 W. Higher ultrasonic power cannot
improve the adsorption performance of the membrane. The
results are consistent with the study of porosity and mean
pore size for these membranes, as shown in Fig. 4a and b.
The membrane fabricated with the lower ultrasonic power of
60 W possesses higher porosity and thus higher adsorption
capacities.

3.6.2. Adsorption kinetic and isotherm models

Among all membranes, including the untreated mem-
brane and the membranes fabricated under ultrasonic treat-
ment, the M3 membrane has the best performance in all
aspects. For further study of the adsorption process of meth-
ylene blue, experimental data based on M3 were fitted by
two typical adsorption kinetic models, namely, the pseu-
do-first-order model and the pseudo-second-order model,
as shown in Egs. (6) and (7), respectively. The detailed infor-
mation can be found in the related reference [46]. The value
of these parameters and the correlation coefficient (R?) are
listed in Table 3.

k
1 - =1 —-—1 ¢ 6
0g(q,q,)=log 4, - = (6)
Lo Lt %
0k a,

Adsorption C, Reference
capacity (mg/g) (mg/L)
36.3 82 [40]
182.0 700 [41]
0.5 30 [42]
110.0 10 [43]
44 30 This work
20 + —a— M1
- V4
b V7
5 of
g
=
5
S -20 -
=%
=
@
N
40k
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Fig. 7. Zeta potentials of various membranes.

Table 3 shows that the correlated coefficient (R?) from
the pseudo-second-order model is 0.998, which is higher
than the pseudo-first-order model (0.990). Moreover, the
results revealed that the adsorption data were more con-
sistent with the pseudo-second-order model than the pseudo-
first-order model (as shown in Fig. 8a), which indicates that
the pseudo-second-order model is more suitable for the
adsorption process. The reaction rapidly increased at first
and then slowly decreased, which can be due to the decline
of the available adsorbent sites and the concentration of MB
dye [47].

The understanding of sample M3 adsorption isotherms
was achieved by fitting the experimental data in two com-
mon models of Langmuir and Freundlich isotherm models,
as shown in Egs. (8) and (9). The value of these parameters
and the correlation coefficient (R?) are listed in Table 4.

& L + ng (8)
9. 0.K 4,
1
Ing,=InK, +=InC, )
n

where g, (mg/g) is the equilibrium adsorption amount;
C, (mg/L) is the concentration of MB at equilibrium; g, is the
theoretical saturation capacity of the monolayer; K, (L/mg)
and K, [(mg/g) (L/mg)"] are the correlation indices of the
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Table 3
Data of the pseudo-first-order and pseudo-second-order models

Parameters Value
Pseudo-first-order g, (Mg/8) 4.331
k, (min™) 0.411
R? 0.990
Pseudo-second-order G, (ME/8) 4.457
k2 (g/mg/min) 0.248
R? 0.998

Table 4
Data of adsorption isotherms for the Langmuir and Freundlich
models for the adsorption on M3 membrane

Isotherms Parameters Value

Langmuir q, (mg/g) 12.09
K, (L/mg) 0.029
R? 0.983

Freundlich K, [(mg/g) (L/mg)"] 0.625
n 1.547
R? 0.992

Langmuir isotherm and the Freundlich isotherm, respectively;
n is the model reaction constant.

Table 4 shows that the R? by fitting the experimental
data with Langmuir and Freundlich models were 0.983 and
0.992, respectively. Apparently, the fitting coefficient of the
Freundlich model is higher than that of Langmuir model,
suggesting the adsorption process of membrnae M3 on MB
molecules is more consistent with latter model (as shown in
Fig. 8b). The Langmuir isotherm assumes that the adsorp-
tion is a single layer of coverage and there is no interaction

5
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between the MB molecules [48,49]. Freundlich isotherms
can be used for adsorption on non-uniform surfaces, typ-
ically for multilayer adsorption [50-52]. This indicates that
the adsorption process is multilayer adsorption due to the
pore structure of the membrane surface and the interaction
between the membrane and dyes.

3.6.3. Adsorption mechanisms

Fig. 9 shows SEM images and an FTIR spectrum before
and after adsorption of the composite membrane to MB.
It can be seen from Fig. 9a and b that there are a lot of impur-
ities in the pore of the composite membrane after adsorption
compared with that before adsorption, which are formed by
the aggregation of MB molecules. This is because there are
innumerable interconnected pore structures in the composite
membrane, and there is an adsorption field between them.
MB molecules are absorbed into the pore and concentrated
in the membrane pore under the force field. These forces
include m—m conjugation effect, electrostatic attraction and
hydrogen bonding. The interaction of m-electrons between
the six-member ring of CNTs in the composite membrane
and the aromatic ring structure of methylene blue produces
the m—mt conjugation effect. Zeta potential analysis showed
that when the pH value exceeded 5, the surface of the com-
posite film was negatively charged due to the presence of
—-OH, -COOH. The pH of the methylene blue dye (30 mg/L)
used in the experiment was about 7, thus, the surface of
composite membrane has a lot of negative charges. MB is a
cationic dye that moves toward the surface of the compos-
ite membrane by electrostatic attraction. In addition, oxygen
atoms in -OH and -COOH interact with hydrogen atoms in
the MB molecule to form hydrogen bonds, further promoting
the adsorption of the dye by the composite membrane.

In the infrared spectrum of Fig. 9¢, the peak at 2,922 cm™
corresponds to the stretching vibration of -C-H bond on
methyl. The peaks at 761 and 612 cm™ are assigned to the
—-C-H bond bending vibration peak. The peaks at 1,603 and

6.0
.. (D)
50
-~ 45}
1)
i)
E a0}
=
35
—s— Experimental data
30k — — Langmuir model
7 ==+ Freundlich model
25 L L i 1 i 1 L
10 20 30 40 50
C, (mg/L)

Fig. 8. Adsorption kinetic models of ultrasonic-treated membrane M3 (a) and adsorption isotherms of MB by membrane M3 at initial

MB concentrations from 10 to 50 mg/L (b).
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Before adsorption
—— After adsorption

Transmittance (a.u.)
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Fig. 9. SEM images of the composite membrane before (a) and
after (b) adsorption and the FTIR (c) of the composite membrane
before and after adsorption of MB.

Table 5
BET test parameters before and after adsorption of the composite
membrane

Simple Surface Pore volume N, adsorptive
area (m%/g) (cm?/g) volume (cm?/g)

Before adsorption  6.29 0.015 10.39

After adsorption 4.71 0.011 7.75

974 cm™ are the skeleton vibration peaks of benzene ring
and the -C-S bond vibration peaks, respectively. Compared
with membrane before MB adsorption, it can be found
that the peak intensity at these two positions after adsorp-
tion shows a significant change, indicating that the MB is
strongly adsorbed by various forces. It was further verified
by the changes of the BET test parameters before and after
the adsorption of the composite membrane shown in Table 5.
Clearly, MB was firmly adsorbed on the surface of the mem-
brane and inside the pores. The aggregation of MB molecules
causes the blockage of some pore structures, which results in
the decrease of specific surface area, N, adsorptive volume
and pore volume.

4. Conclusions

Ultrasonic irradiation during the phase inversion process
had a great effect on the morphologies of PVDF membranes.

By increasing the ultrasonic power, the morphology of fab-
ricated membranes changed dramatically from the original
dense skin to regular large finger-like pores and then to tear-
drop-like voids. Both the porosity and the maximum adsorp-
tion of the membranes fabricated with different ultrasonic
times follow an order of 20 s < 40 s < 60 s. Furthermore,
both the porosity and the maximum adsorption of the
membranes fabricated with different ultrasonic powers fol-
low an order of 60 W > 80 W > 100 W. Moreover, all the
performances for the water permeability of the fabricated
membranes with the ultrasonic treatment were improved.
The permeability and tensile strength mainly depended on
the morphological variation. In addition, the kinetic stud-
ies show that the experimental data can be well fitted by
the pseudo-second-order rate equation and more consistent
with the Freundlich model. Through SEM, FTIR and BET
analysis of the composite membrane after adsorption, it can
be concluded that the adsorption of the composite mem-
brane on methylene blue is due to the combined action of
a variety of forces.
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