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a b s t r a c t
Here, a coupling process of grafting and polymerizing of acrylic acid (AA) on multi-walled car-
bon nanotubes (MWCNTs) was used to prepare modified MWCNTs (PAA-g-MWCNTs), which 
were then blended at different dosages with polyvinylidene fluoride for obtaining composite 
membranes via a phase inversion method. The analysis from the membrane morphology, surface 
hydrophilicity, mechanical properties, permeability and adsorption capacity showed that the best 
membrane performance was found when the dosage of modified MWCNTs (PAA-g-MWCNTs) 
was 1.5 wt.%. With the increase of dye initial concentration, adsorption time, temperature and 
pH, the adsorption capacity of methylene blue (MB) increases gradually. A pronounced effect of 
pH on the adsorption capacity was especially found from zeta potential analysis. The adsorption 
data are more in line with the pseudo-second-order kinetic model and the Freundlich isotherm 
model. The determined corresponding thermodynamic parameters verified that the adsorp-
tion is a spontaneous, endothermic and physical process. The adsorption mechanism of MB by 
the composite membrane suggests that there are many interactions as an electrostatic attraction, 
hydrogen bonding and π–π electron coupling presented between membrane and dye molecules.
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1. Introduction

Dyes are widely utilized in many industrial fields, 
for instance, textiles, clothing, paper, plastics and other 
industries due to their superior affinity for coloring mate-
rials and their characteristics of not easy decolorization 
and decomposition in use. The extensive application of 
dyes has produced a large amount of dye wastewater and 
thus has a great impact on the ecological environment as 
dye possesses complex cyclic aromatic structure and is 
difficult to be removed from wastewater [1,2]. Compared 
with traditional biological and chemical methods, the 
adsorption is globally recognized as the most promising 

method for the removal of synthetic dyes and metal ions 
from wastewater, because it has many advantages, such as 
economical, efficient, simple and easy operation [3–5].

Polyvinylidene fluoride (PVDF) is a very popular 
composite membrane material because of its excellent 
mechanical properties, thermal properties, chemical resis-
tance and thermodynamic compatibility with other polymers 
[6]. Moreover, PVDF is soluble in ordinary organic solvents 
and can be prepared by a simple immersion phase conver-
sion process. However, the surface of the PVDF membrane 
has strong hydrophobicity, which makes it difficult for dyes 
in solution to contact the composite membrane. Therefore, 
hydrophilic modification of the composite membrane is 
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needed. Common methods include surface coating modifi-
cation [7], surface grafting modification [8] and interfacial 
polymerization modification [9], but these methods are 
complex, costly and polluting the environment. Therefore, 
it is urgent to find a simple, low-cost and green method to 
improve the hydrophilicity of composite membranes. Many 
studies have proved that nanoparticle doping and blending 
modification is considered as an excellent alternative method 
[10,11]. And some studies have shown that the nanoparticles 
incorporated membranes possess not only improved the 
hydrophilicity and antifouling properties of the composite 
membranes but also better adsorption and separation prop-
erties [12,13]. Zhang et al. [14] prepared modified composite 
membranes by blending TiO2 nanoparticles and polyeth-
ylene glycol mixture with PVDF. The results showed that 
the hydrophilicity and anti-fouling performance of the mod-
ified composite membranes were significantly enhanced 
compared with pure PVDF membranes [14]. Wu et al. [15] 
increased the hydrophilicity of PVDF membranes by using 
modified SiO2 nanoparticles, which can exist stably in the 
membrane matrix during its use. Therefore, improving the 
hydrophilicity and antifouling of PVDF membranes by 
doping nanoparticles is feasible. Zeng et al. [6] prepared 
nanofiltration membranes by blending PVDF with modified 
halloysite nanotubes (A-HNTs). The results showed that the 
electrostatic interaction between the surface of nanofiltration 
membranes modified with A-HNTs and dyes was enhanced 
and the adsorption capacity was improved significantly.

Multi-walled carbon nanotubes (MWCNTs) can increase 
the mechanical properties of the membranes due to their 
perfect mechanical properties, while large specific surface 
area and special interlayer structure can improve the dye 
adsorption capacity of the membranes [16]. Therefore, 
MWCNTs have been widely used in the wastewater 
treatment membrane field. Wasim et al. [17] modified the 
PVDF membrane with carbon nanotubes and chitosan to 
make the rejection rate of the membrane as high as 91% for 
reactive orange 16 dye. Ghaemi et al. [18] found that PES 
nanofiltration membranes doped with MWCNTs could 
efficiently adsorb dyes in water. However, the interaction 
between MWCNTs makes it difficult to disperse in the 
membrane matrix, surface modification of MWCNTs is 
required. Carbon nanotubes modification includes physical 
modification and chemical modification. Physical modifica-
tion often adopts ball milling and high-speed agitation to 
obtain shorter carbon nanotubes to improve their disper-
sion [19,20]. However, physical methods lead to the loss of 
the advantages of a large aspect ratio of carbon nanotubes, 
which could not effectively improve the mechanical prop-
erties of the membranes. Chemical modification generally 
includes strong acid and alkali activation and polymer 
grafting modification [21–24]. Chiang et al. [25] modified 
MWCNTs with H2SO4/HNO3 and introduced some oxy-
gen-containing groups on the surface of MWCNTs, which 
made MWCNTs disperse well in solution. But, strong acid 
and strong alkali treatment can cause corrosion to the 
surface structure of MWCNTs, which weakens the π–π 
conjugation effect between MWCNTs and aromatic struc-
tures in dye molecules and reduces the adsorption effect. At 
present, some progress has been made in the modification 
of MWCNTs by graft polymerization. Ma et al. [26] grafted 

polymethylmethacrylate onto the surface of MWCNTs to 
increase their hydrophilicity while improving the compat-
ibility with PVDF membranes [26]. However, the length 
of the polymer molecular chain and the group in the mol-
ecule are prone to produce a steric hindrance effect. On 
the one hand, it reduces the activity of grafting reaction 
with MWCNTs, on the other hand, it hinders the contact 
of dye molecules with the membrane. Therefore, it is a 
feasible strategy to develop PVDF composite membranes 
with carbon nanotubes grafted from monomers containing 
hydrophilic groups for removing dyes from wastewater.

In this study, we innovatively modified MWCNTs with 
acrylic acid (AA) monomers to acquire PAA-g-MWCNTs (the 
“PAA” stands for polyacrylic acid) with a large number of 
adsorption sites, which can not only improve the grafting rate 
of AA on MWCNTs, but also avoid steric hindrance effect due 
to the long polymer molecular chain. Then PAA-g-MWCNTs/
PVDF composite membranes were prepared by blending 
PVDF with different dosages of PAA-g-MWCNTs. The pre-
pared PAA-g-MWCNTs and composite membranes were 
characterized by transmission electron microscopy (TEM), 
X-ray photoelectron spectroscopy (XPS), Fourier-transform 
infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM), mechanical tensile test, water contact angle (CA) 
and permeability test. The effects of pH, adsorption time, 
dye solution concentration and temperature on the adsorp-
tion properties of composite membranes were researched. 
In addition, the equilibrium, kinetics and thermodynamic 
adsorption models of dye adsorption process by the com-
posite membrane were investigated, and the thermodynamic 
parameters of the adsorption process were deduced.

2. Experimental setup

2.1. Materials

Polyvinylidene fluoride (PVDF, Mw = 45,000) was 
acquired from Dongguan Tengda plastic material Co. 
Ltd., China. Polyvinylpyrrolidone (PVP, Mw = 58,000), 
N,N-dimethylformamide (DMF, ≥99.5%) and the materi-
als of phosphate buffer solution (PBS) were supplied by 
Tianjin Kermel Chemical Reagent Co. Ltd., China. Toluene, 
sulfuric acid (H2SO4, 95%–98%) and nitric acid (HNO3, 
65%–68%) were purchased from Tianjin Sailboat Chemical 
Reagent Technology Co. Ltd., China. Acrylic acid (AA, 98%) 
and azobisisobutyronitrile (AIBN) were purchased from 
Shanghai Energy Chemical Technology Co. Ltd., China. 
Bovine serum albumin (BSA, Mw = 68,000) was bought from 
Solarbio Science & Technology Co. Ltd., China. Methylene 
blue (MB, Mw = 373.9) was purchased from Tianjin Guangfu 
Chemical Research Institute, China.

2.2. Preparation of PAA-g-MWCNTs

MWCNTs were modified by in-situ polymerization. 
The experimental methods were as follows: pure MWCNTs 
(PMWCNTs, 0.05 g) pre-rinsed by diluted mixed acid 
(H2SO4:HNO3 = 3:1) was dispersed uniformly in toluene 
solution (40 ml) under ultrasonication. When the water bath 
temperature reached 60°C, AA (1 mL) monomer and AIBN 
initiator (0.0105 g) were added to the solution, respectively, 
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and stirred continuously for 6 h. The samples were filtered 
by microfiltration membrane with 0.45 um pore size, then 
cleaned for several times with deionized water, and then 
dried in an oven at 60°C for 10 h. Finally, PAA-g-MWCNTs 
were obtained.

2.3. Preparation of PAA-g-MWCNTs/PVDF composite 
membranes

Pure PVDF membrane (M0) and PAA-g-MWCNTs/
PVDF membranes (M1–M4) were fabricated via a method 
of immersion phase-inversion. The preparation process is 
shown in Fig. 1.

According to the compositions in Table 1, certain con-
tent of PAA-g-MWCNTs and PVP were firstly added into 
the DMF solvent and the prepared mixture was sonicated 
for 1 h to obtain a uniform dispersion. Subsequently, the 
dried PVDF powder was dissolved in the above dispersion 
and magnetically stirred at 70°C for 6 h. The uniform casting 
solution was sonicated for 10 min and then placed in a vac-
uum oven (25°C) for 4 h to remove the bubbles. Afterward, 
the casting solution was dumped on a glass plate using a 
150 um thickness scraper, then immediately immersed in a 
coagulation bath. After the membrane was formed, it was 
placed in a coagulation bath for 48 h to remove residual 
DMF solvent and complete phase inversion. Finally, the 
membrane was dried at room temperature for further use.

2.4. Characterization of PAA-g-MWCNTs

To observe the surface morphology of carbon nano-
tubes, TEM (Hitachi H7650, Japan) was used. PMWCNTs 
and PAA-g-MWCNTs were scattered in ethanol and then 
evenly dripped on the surface of the microgrid supporting 
film (300 mesh). FTIR (Thermo Fisher Scientific, USA) was 
used for the analysis of chemical compositions in the range of 
500–4,000 cm–1. The content of oxygen groups on the surface 

of carbon nanotubes was further analyzed by XPS (Thermo 
Fisher Scientific, USA).

2.5. Characterization of the composite membranes

2.5.1. Morphological characterization

The structures of all the samples were investigated by 
the SEM (Hitachi S4800, Japan). The cross-sectional sam-
ples were ruptured in liquid nitrogen and attached to the 
sample stage and sputtered with gold, then observed at 10 kV.

2.5.2. Porosity and mean pore size

The wet membranes with a size of 50 mm × 50 mm were 
weighed (W1 (g)), they were then dried and weighed again 
(W2 (g)). The sample thickness (h (m)) was measured. Porosity 
(ε) was obtained by Eq. (1) [27]:

ε
ρ

=
−

× ×
×

W W
A h w

1 2 100%  (1)

where ρw is the density of deionized water (0.988 g cm–3), A is 
the effective area of the sample (m2).

The mean pore radius (rm) was calculated by Eq. (2) [28]:

r
hQ

Am =
−( )×
× ×

2 9 1 75 8. . ε µ

ε TMP
 (2)

where μ is the viscosity of deionized water (8.9 × 10–4 Pa s), 
Q is the volume of the deionized water per second (m3 s–1), 
TMP is the transmembrane pressure (Pa).

2.5.3. Mechanical properties

The universal testing machine (GMT4000, MTS Systems 
Co. Ltd., China) was used to measure the mechanical properties 

Fig. 1. Schematic illustration of the preparation of PAA-g-MWCNTs/PVDF composite membrane.
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of the membranes. Cut the sample into 30 mm × 5 mm strips 
and the measurement was carried out at a drawing speed of 
15 mm min–1. Every sample was tested three times and these 
data were averaged.

2.5.4. Hydrophilicity

To evaluate the hydrophilicity of the samples, water 
contact angles (CA) on sample surfaces were measured at 
room temperature by using the DSA100 drop shape analyzer 
(Krüss, Germany). The data was collected from five pieces 
randomly selected for each sample, and then the average was 
derived to represent the contact angle of the sample.

2.5.5. Permeability characterization

Membrane permeability was tested by a cross-flow 
system. The required effective membrane area (A (m2)) 
is 7.1 × 10–4 m2. Before the measurement, the system was 
adjusted to 0.2 MPa and operated for 10 min to stabilize 
the water flux. Measurements were then taken at 0.1 MPa 
and fluxes were recorded every 10 min, each measurement 
was repeated at least three times and these data were then 
averaged. BSA (1 g) was dissolved in PBS solution (1 L) to 
obtain a BSA solution, followed by a BSA rejection test at 
0.1 Mpa. The BSA concentration of the initial and permeated 
solution was measured by an ultraviolet spectrophoto meter 
(Shimadzu, UV-2450, Japan) at a wavelength of 280 nm. 
The pure water flux (Jw (L m–2 h–1)) and BSA rejection (R (%)) 
of the membrane is calculated as Eqs. (3) and (4) [29]:

J Q
A tw = ×

 (3)
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
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where Q and t are the volume of permeation water (L) and 
time (h), respectively. Cp and Cf are the BSA concentration of 
the initial and permeated solutions (mg L–1), respectively.

2.5.6. Zeta potential

The charges of samples were tested by the solid surface 
zeta potentiometer (SurPASS-3, Anton Paar, Austria) at room 
temperature. The pH of the standard solution (KCl) flowing 
through the membrane surface is controlled by regulating 

acid (HCl) and base (NaOH) feed. At the moment, the zeta 
potential on the membrane surface at different pH values 
was directly monitored [28]. Each test was performed three 
times and the data at each pH point was then averaged.

2.5.7. Adsorption experiment

Adsorption experiments were performed by plac-
ing membrane samples with a size of 40 mm × 40 mm into 
MB solution (30 mL), which has an initial concentration of 
20 mg L–1. The sample pieces were firstly weighed (m (g)), 
then immersed in the solution at room temperature for a 
certain time. Subsequently, the variations of solution con-
centrations were calculated from colorimetrically mea-
sured absorbance of MB solution at (λmax = 663 nm) using 
an ultraviolet spectrophotometer. The adsorption capacity 
(Qt (mg g–1)) of MB on the samples at t time was calculated 
by the following Eq. (5) [30]:

Q
C C V

mt
t=

−( )×0  (5)

where C0 and Ct (mg L–1) are the initial and t time concen-
trations of MB. V (L) and m (g) represent the dye volume 
and the adsorbent mass, respectively.

The membrane with the highest adsorption capacity 
was then selected for the further studying of the combined 
effects of adsorption time, solution pH, concentration and 
temperature on the adsorption capacity. The samples were 
tested in MB solutions of different pH (2, 4, 6, 8 and 10), 
concentrations (10, 15, 20, 25 and 30 mg L–1) and tempera-
tures (293, 303, 313, 323 and 333 K), respectively. And each 
set of tests was performed at least three times to prevent 
errors. The adsorption data of each set of experiments were 
calculated by the above formula, and then the equilibrium, 
kinetic, thermodynamic mathematical models and adsorp-
tion mechanism were studied.

3. Results and discussion

3.1. Characterization of PAA-g-MWCNTs

Figs. 2a and b display TEM images of PMWCNTs and 
PAA-g-MWCNTs. The surface of PMWCNTs sidewall is 
quite smooth and the existence of van der Waals force leads 
to the entanglement of carbon nanotubes. However, the 
surface of PAA-g-MWCNTs is rougher and the average 

Table 1
Composition and proportion of membrane casting solution

Samples PVDF (wt.%) PAA-g-MWCNTs  
(wt.%)

PVP (wt.%) DMF (wt.%)

M0 15 0 1 84
M1 15 0.5 1 83.5
M2 15 1 1 83
M3 15 1.5 1 82.5
M4 15 2 1 82
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diameter is larger than that of PMWCNTs. This might result 
from the attachment of AA onto MWCNTs surfaces.

FTIR and XPS are powerful methods to judge the mod-
ification effect of MWCNTs. Fig. 2c shows the FTIR spectra 
of PMWCNTs and PAA-g-MWCNTs. After modification, the 
peaks intensity of PAA-g-MWCNTs at 1,586 and 1,195 cm–1 
increases compared with that of PMWCNTs, which are 
attributed to the stretching vibration of –C=C and the asym-
metric stretching vibration of –C–O–C–, respectively. The 
new peak at 1,735 cm–1 in the spectrum of PAA-g-MWCNTs 

corresponds to the stretching vibration of –C=O [31]. This 
confirmed that AA was grafted onto the surface of carbon 
nanotubes. The XPS spectra in Fig. 2d displays that the 
binding energies of C1s and O1s characteristic peaks of 
PMWCNTs and PAA-g-MWCNTs are 284.5 and 532.0 eV, 
respectively. As can be seen from the peak of O1s, the oxygen 
content of PAA-g-MWCNTs (8.01%) is 3.4 times as much as 
PMWCNTs (2.36%). Further, Figs. 2e and f exhibited the XPS 
C1 spectra of PMWCNTs and PAA-g-MWCNTs, respectively. 
Compared with PMWCNTs, the peak of oxygen-containing 

Fig. 2. The TEM images of (a) PMWCNTs, (b) PAA-g-MWCNTs, (c) FTIR, (d) XPS spectra of C and O elements from two samples; XPS 
C1 spectra of (e) PMWCNTs and (f) PAA-g-MWCNTs.
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functional groups (COO, C=O, C–O) and C–C of PAA-g-
MWCNTs was significantly enhanced, while the peak of C=C 
was relatively weakened. These results indicated that the 
successful graft polymerization of AA monomer on the sur-
face of MWCNTs, resulting in the derivation of PAA and the 
introduction of a large number of carboxyl groups, which is 
beneficial for improving the dispersion property of carbon 
nanotubes.

The hydrophilic performance of PMWCNTs and PAA-
g-MWCNTs are presented in Fig. 3. It can be seen that two 
samples were evenly dispersed in water at the beginning. 
After 7 d, PMWCNTs completely precipitate to the bottom 
of the glass bottle, while PAA-g-MWCNTs are still uni-
formly dispersed in water. Furthermore, the contact angle 
of PAA-g-MWCNTs (31.2°) is lower than that of PMWCNTs 
(122.1°), which again confirms that AA was successfully 
grafted onto the surface of MWCNTs. The excellent dispers-
ibility and hydrophilicity of PAA-g-MWCNTs are expected 
to greatly improve the hydrophilicity of PVDF composite 
membranes.

3.2. Morphology of membranes

The morphology of the surface (a) and the cross-section 
(b) of the M0–M4 were shown in Fig. 4. Clearly, M0 has a 
smooth surface with fewer pores (Fig. 4M0-a). As the amount 
of PAA-g-MWCNTs increases, fine cracks and micropores 
begin to appear on the membranes surface, as shown in 
Fig. 4M1-a to M4-a. This is because the hydrophilic modified 
carbon nanotubes inside the membrane migrated toward the 
surface of the membrane during phase inversion [32]. The 
cross-section images of the membranes show that all sam-
ples have a typical asymmetric structure. Fig. 4M0-b displays 
that the pure PVDF membrane possesses a mostly sponge-
like pore structure with a small amount of teardrop-like 
pore structure in the cross-section areas. With the addition 
of PAA-g-MWCNTs, the sponge-like structure becomes less 
and the teardrop-like pore gradually becomes longer and 
wider and eventually forms a finger-like pore structure, as 
shown in Fig. 4M1-b to M3-b. This is because the presence 
of PAA-g-MWCNTs increases the diffusion rate of the sol-
vent and water promotes the completion of phase inversion, 

and results in the formation of finger-like holes, which 
can favor in an enhancement of the membrane porosity.

3.3. Porosity and mean pore size, mechanical properties, surface 
hydrophilicity and permeation properties of membranes

As shown in Fig. 5a, both the porosity and mean pore 
size of M1–M4 is higher than that of M0. The porosity and 
mean pore size of M0 are only 45.7% and 23.8 nm, while 
that of M1–M4 exceeds 62% and 45 nm, respectively. The 
highest porosity (67.5%) and mean pore size (54.7 nm) are 
found in sample M3. However, when the content of PAA-
g-MWCNTs reached 2 wt.%, macropores with uneven dis-
tribution appeared on the membrane surface (Fig. 4M4-a), 
simultaneously, large holes were observed in the cross- 
section (Fig. 4M4-b). The excess PAA-g-MWCNTs enhances 
the viscosity of the system, induces the aggregation of the 
carbon nanotubes and lowers the phase transformation 

Fig. 3. The contact angle of PMWCNTs and PAA-g-MWCNTs 
and dispersion properties in water before and after 7 d.

Fig. 4. SEM images of the (a) surfaces and (b) cross-sections of 
the M0–M4.
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rate, and finally results in the formation of macropores in the 
carbon nanotubes aggregation zone during phase inversion.

The mechanical properties of all samples are shown in 
Fig. 5b. Clearly, the mechanical properties of M1–M4 are 
superior to those of M0. As the amount of PAA-g-MWCNTs 
increases, the tensile strength increases from 3.4 to 4.1 MPa, 
which was 20.6% higher than that of M0, the elongation at 
break shows a slight decrease compared to M0, indicating 
a significant increase in tensile strength while substan-
tially maintaining membrane flexibility. The main reason 
for the improvement of mechanical properties is that PAA-
g-MWCNTs can be entangled with the polymer molecular 
chains, and the effects of multi-crack and pull-out effects are 
generated when subjected to external forces [33]. However, 
when the content of PAA-g-MWCNTs is 2 wt.%, the carbon 
nanotubes are agglomerated due to the strong van der Waals 
force and the increased viscosity of the system. In addition, 
the distribution of PAA-g-MWCNTs inside the membrane is 
uneven, and the formation of defects causes the mechanical 
properties of the M4 to decrease.

The CA of all samples was shown in Fig. 5c. The initial 
CA of M0 is around 85.3°, showing the hydrophobicity of 
the PVDF membrane. With the increased loading of PAA-
g-MWCNTs from 0.5, 1, 1.5, to 2 wt.%, the CA gradually 
decreases to 77.4°, 70.8°, 68.2° and 62.8°, respectively. The 
hydrophilicity of the composite membranes was ultimately 
improved because PAA-g-MWCNTs which migrated to the 
surface of the membranes had good hydrophilicity.

The permeability of the samples was assessed by the 
pure water flux and BSA rejection and presented in Fig. 5d. 

Compared to M0, the water flux of M1–M4 shows an increas-
ing tendency with an increase of PAA-g-MWCNTs content. 
The water flux of M0 is 32.3 L m–2 h–1, whereas the water 
flux of M3 is 288.5 L m–2 h–1, which is 8.9 times higher than 
that of M0. As we all know that water flux has an important 
relationship with the hydrophilicity and pore structure of 
the membrane. M0 is not only poor in hydrophilicity, but 
also has a smooth surface and a dense sponge-like pore in 
the cross-section, so the water flux is extremely low. The 
addition of the PAA-g-MWCNTs to M1–M4 membranes 
improved the hydrophilicity, and a significant change in 
both type and amount of pore structures in the surface and 
the cross-section is beneficial of an increase in the mem-
brane porosity. Therefore, the water flux of the composite 
membranes is significantly improved. The slight decrease 
of water flux in M4 is caused by the agglomeration of the 
modified carbon nanotubes and the poor interconnectivity 
among the pore structures.

The BSA rejection rate of all samples is above 90%. 
M0 has a smooth surface and is essentially free of microp-
ores, so the rejection can reach 97.3%. The decreases in the 
BSA rejection for the composite membranes are attributed 
to the addition of PAA-g-MWCNTs, which facilitates the 
formation of micropores and finger-like structures during 
the membrane-forming process, results in an increase of the 
membrane porosity. The results are similar to those observed 
from Fig. 5a and are consistent with other studies. The reten-
tion capacity of the membrane is based on the sieving mech-
anism, which is directly correlated to the relative pore size of 
the membrane surface and the diameter of the BSA particles

Fig. 5. (a) Porosity and mean pore size, (b) mechanical properties, (c) static water contact angles and (d) pure water flux and BSA 
rejection for M0–M4.
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3.4. Adsorption experiment

3.4.1. Effect of PAA-g-MWCNTs dosage

The effect of PAA-g-MWCNTs dosage on the adsorption 
performance of M0–M4 was explored in Fig. 6. The adsorp-
tion capacity of dye on the membrane M1–M4 increased 
with the loading of PAA-g-MWCNTs. The Qt of M1 and M3 
is 2 and 7.5 mg g–1, which increased by 2.2 and 8.3 times 
respectively compared with M0 (0.9 mg g–1). Two effects 
of surface hydrophilicity and porosity are responsible for 
the improvement of dye adsorption capacity. After adding 
PAA-g-MWCNTs, the hydrophilicity of the membranes is 
improved by introducing oxygen-containing functional 
groups into the membranes, which enhances the electro-
static interaction between dyes and membranes. Moreover, 
the addition of PAA-g-MWCNTs is conducive to the forma-
tion of the pore structure, providing more contact area and 
contact sites with dyes, thus increasing the dye adsorption.

3.4.2. Effect of pH, adsorption time and dye concentration on 
adsorption behavior

Fig. 7a shows the adsorption curves of M3 in MB 
solution at different pH values. With the increase of pH, 
the equilibrium adsorption capacity increased gradually. 
The Qt of M3 increases from 5.1 to 8.5 mg g–1 as pH varies 
from 2 to 10, implying a pronounced effect of solution pH 
on the adsorption properties and the surface charge of the 
membrane. To verify this, the surface charges of M3 were 
evaluated by Zeta potential apparatus and compared in 
Fig. 7a. As the pH value varies from 2 to 10, the surface 
charge of M3 changes from 6.52 to –56.72 mV. The surface 
charges turn from positive into negative as the solution 
changes from acidic into alkaline. Since MB is a cationic 
dye, when the pH value is 2, the surface of the membrane 
is positively charged, and the repulsive force between 
them inhibits the adsorption of MB by the membrane. 
At the same time, a large amount of H+ in acidic solution 
will compete with MB molecules, resulting in low adsorp-
tion capacity. However, when the solution is alkaline, the 
OH– in the solution causes massive negative charges on 
the surface of the membrane, which enhance electrostatic 
interaction between the membrane and MB and promote 
the adsorption capacity.

The initial dye concentration and equilibrium adsorp-
tion time are important parameters for the design of the 
wastewater treatment system. Therefore, the adsorption 
curves of M3 with adsorption time in dye solutions at dif-
ferent initial concentrations were studied and shown in 
Fig. 7b. All adsorption curves show that Qt increased rap-
idly in the first three hours and then gradually slowed 
down until the adsorption equilibrium. At the initial stage, 
there are a large number of adsorption sites on the mem-
brane surfaces and the concentration of dye solution is high. 
The higher concentration gradient between dye solution 
and membrane surface allows dye molecules to quickly dif-
fuse to the empty site on membranes. However, at the later 
stage, the occupied adsorption sites can’t accept dye mole-
cules, resulting in the slowing down of the adsorption rate. 

Fig. 6. Effect of PAA-g-MWCNTs dosage on membrane 
adsorption performance (MB: 20 mg L–1; pH = 7,293 K).

Fig. 7. (a) Influence of solution pH values on the adsorption capacity (MB: 20 mg L–1; 293 K) and zeta potential curves of M0 and M3 
and (b) adsorption curves of M3 at different MB concentrations and adsorption time (pH = 7,293 K).
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The Qt of M3 to dyes increases from 5.9 to 8.0 mg g–1 with 
the increase of MB initial concentration changes from 10 to 
30 mg L–1. Apparently, the concentration gradient in dye 
solution provides an important driving force to overcome 
the mass transfer resistance between the water phase and 
solid phase, and allow more dye molecules in contact with 
the active sits in the membrane, thus, the Qt of MB by the 
membrane rises with the increase of MB concentration [34].

3.4.3. Kinetics study and isotherms study

The adsorption capacity of MB by membrane M3 vs. 
temperature is illustrated in Fig. 8a. The Qt increases from 
7.1 to 8.3 mg g–1 with the temperature from 293 to 333 K. The 
increase of temperature favors in fast diffusion of the dye 
molecules to the active sites of the membrane and quickly 
reaches the adsorption equilibrium, leading to a higher ini-
tial adsorption capacity. To reveal the adsorption kinetics 
of membranes, two non-linear dynamic models are applied 
in Fig. 8b. The pseudo-first-order and pseudo-second-order 
dynamic models can be expressed as Eq. (6) and (7) [35]:

ln lnQ Q Q k te t e−( ) = ( ) − 1  (6)

t
Q k Q

t
Qt e e

= +
1

2
2  (7)

where t (min) is time, and Qt and Qe (mg g–1) refer to the 
adsorption capacity at t and equilibrium, respectively. 
k1 (min–1) and k2 (g mg–1 h–1) are the rate constants for 
desorption kinetics.

The value of these fitting parameters and the correlation 
coefficient (R2) are shown in Table 2. From the R2 values, 
the fitting effect between the data and the pseudo-second- 
order model is higher, implying that the process was more 
consistent with the pseudo-second-order kinetics model. 
Simultaneously, this result proves that MB adsorbed by the 
composite membrane is not an infinite adsorption process 
and has rapid adsorption to basically reach equilibrium 
within 4 h.

The former studies clearly show the effects of the ini-
tial concentration and temperature on adsorption proper-
ties. The adsorption behavior of M3 vs. initial concentra-
tion at different temperatures in Fig. 8c demonstrated that 
the influence of dye concentration on adsorption proper-
ties is more predominated compared to temperature. The 
highest adsorption capacity was 8.7 mg g–1 for M3, which 
was placed in MB (30 mg L–1) at a temperature of 333 K. 
Langmuir and Freundlich isotherm adsorption models were 
utilized to study the adsorption capacity of M3 vs. MB at 
different concentrations, as shown in Fig. 8d. The Langmuir 
isotherm assumes that the adsorption is a single layer of 
coverage and there is no interaction existing among the 
MB molecules. The Freundlich isotherm can be used for 
adsorption on non-uniform surfaces, typically for multilayer 

Fig. 8. (a) Influences of temperature on the adsorption performance of M3 under different adsorption time (MB: 20 mg L–1; pH = 7), 
(b) adsorption kinetic models of M3 (MB: 20 mg L–1; pH = 7,333 K), (c) effect of solution concentration on the adsorption performance 
of M3 under different temperature (pH = 7; adsorption time: 8 h) and (d) adsorption isotherm models of M3 (pH = 7; adsorption time: 
8 h; 333 K)
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adsorption [36]. The following Eqs. (8) and (9) can describe 
the above two isotherm models [37]:

C
Q Q K Q

Ce

e m L m
e= +

1 1  (8)

ln ln lnQ K
n

Ce F e= +
1  (9)

where Ce (mg L–1) is the concentration of MB at equilib-
rium; Qm (mg g–1) is the theoretical saturation capacity of the 
monolayer (mg g–1); KL (L mg–1) and KF [(mg g–1)(L mg–1)1/n] 
are the correlation indices of the Langmuir and Freundlich 
isotherm models, respectively; n is the model reaction 
constant.

Table 3 lists the derived relevant parameters of the 
Langmuir and Freundlich isotherm models. As the R2 of the 
Freundlich isotherm is higher than that of Langmuir iso-
therm, the adsorption process of MB by M3 is more consis-
tent with the Freundlich isotherm model. This suggests that 
the process is in favor of multilayer adsorption due to the 
interaction between the membrane and dyes and the type of 
pore structure of the membrane.

Table 4 lists the maximum adsorption capacity to MB 
dye of PAA-g-MWCNTs/PVDF membrane prepared in this 
paper and other adsorbents obtained from recent studies. 
Although the adsorption capacity of PAA-g-MWCNTs/
PVDF membrane is lower than that of powder and hydro-
gel adsorbents, it exhibits high adsorption efficiency under 
the same experimental conditions as other composite 

membrane adsorbents. Meanwhile, PAA-g-MWCNTs/
PVDF membrane has excellent mechanical properties 
and permeability, which all contributed to their wide 
application in the field of dye wastewater treatment.

3.4.4. Thermodynamic analyses

In order to further estimate the influence of tempera-
ture on the adsorption of MB on membranes, the Gibbs free 
energy of adsorption (ΔG°), enthalpy (ΔH°), entropy changes 
(ΔS°) and activation energy (Ea) were derived to forecast the 
adsorption process. Since the Freundlich isotherm model 
is more consistent with the adsorption process than the 
Langmuir isotherm model, the thermodynamic parameters 
are calculated by KF (L mol–1). The calculation equations 
are as follows [36]:

∆G RT KF° = − ( )ln  (10)

ln K S
R

H
RTF( ) = °

−
°∆ ∆  (11)

∆ ∆ ∆G H T S° = ° − °  (12)

where R (8.314 J mol–1 K–1) is the gas constant and T (K) 
is the temperature. Eqs. (10) and (11) are organized to 
obtain Eq. (12), ΔS° and ΔH° corresponds to the slope and 
intercept of the equation, respectively.

Thermodynamic parameters obtained at different tem-
peratures are listed in Table 5. It shows that ΔG° < 0 at all 

Table 2
Parameters of two kinetic models

T (K) Pseudo-first-order model Pseudo-second-order model

R2 Qe k1 R2 Qe k2

(mg g–1) (min–1) (mg g–1) (g mg–1 h–1)

293 0.985 7.15 0.536 0.995 8.53 0.068
303 0.991 7.22 0.633 0.998 8.60 0.076
313 0.983 7.58 0.638 0.993 8.97 0.087
323 0.984 7.81 0.654 0.993 9.22 0.094
333 0.982 8.06 0.706 0.994 9.40 0.099

Table 3
Parameters of the Langmuir and Freundlich isotherm models at different temperature

T (K) Langmuir isotherm Freundlich isotherm

R2 KL Qm R2 KF n

(L mg–1) (mg g–1) [(mg g–1)(L mg–1)1/n]

293 0.928 0.161 9.013 0.977 3.332 4.056
303 0.839 0.165 9.023 0.928 3.501 4.113
313 0.919 0.185 9.352 0.974 3.554 4.159
323 0.846 0.188 9.587 0.904 3.603 4.231
333 0.852 0.195 10.005 0.915 3.625 4.369



353G.L. Wang et al. / Desalination and Water Treatment 205 (2020) 343–356

temperatures and it turns more negative as the tempera-
ture rises up, implying that the adsorption process of MB 
on the membrane is spontaneous and more intense at high 
temperatures. The values of ΔH° and ΔS° are 2.51 kJ mol–1 
and 115.68 J mol–1 K–1, respectively. ΔS° > 0 indicates that 
the degree of molecular chaos of MB increases, and the 
adsorption capacity increases with the increase of the con-
tact probability with the adsorption sites ΔH° > 0 indicates 
that this process is endothermic, and it is advantageous to 
adsorption with the increase of temperature, which is con-
sistent with the increase of adsorption capacity with tem-
perature. The previous study has proposed that ΔH° is 
smaller than 40 kJ mol–1 for the physical adsorption [47]. 
The calculation proves that the adsorption of MB on the 
membrane in this case is a physical process.

Ea (kJ mol–1) of the adsorption process was calculated 
based on the Arrhenius equation. As the kinetic analysis 
showed that the adsorption of MB molecule on the mem-
brane was more in line with the pseudo-second-order 
kinetic model, k2 was taken as the reaction rate constant. 
The Arrhenius is expressed as Eq. (13) [48]:

ln lnK A
E
RT
a

2( ) = ( ) −  (13)

where A is the Arrhenius factor (g mg–1 h–1).
Table 5 shows that the Ea of the process is 7.88 kJ mol–1. 

The other study announced that the Ea in the range of 5 to 
40 kJ mol–1 is regarded as physisorption, while the Ea from 
40 to 800 kJ mol–1 is chemisorption [49]. This result indicates 
that the barrier of the MB adsorption process is low, and the 

process is physical adsorption. Through thermodynamic 
analysis, we can conclude that the adsorption process in this 
case is a spontaneous and endothermic physical process.

3.4.5. Adsorption mechanism

The SEM images after the composite membrane adsorb-
ing MB are shown in Fig. 9a and b. The broad surface and 
abundant pore structures of the composite membrane are 
favorable for MB molecules adsorption. It can be clearly 
observed that a large number of impurities are distributed 
on the surface of the composite membrane and in the pore 
structure of the cross-section, which is the adsorbed MB 
molecule. Based on the above influencing factors and model 
analysis, the adsorption mechanism is discussed and dis-
played in Fig. 9c. The aggregation of MB molecules on the 
surface and inside is not only due to the large contact area 
and complex pore structure of the composite membrane, but 
also due to the complex force field during the adsorption 
process [50]. The zeta potential test indicates that the com-
posite membrane has an abundant negative charge in the 
adsorption environment, and MB is a cationic dye, so there 
is a strong electrostatic attraction between them. Hydrogen 
bonding is also a force to be considered in organic matter 
adsorption. Oxygen atoms, fluorine atoms in composite 
membrane and nitrogen atoms in MB molecules have strong 
electronegativity, which can form a large number of intermo-
lecular hydrogen bonds with each other’s hydrogen atoms 
[50]. In addition, the free-moving π electrons in the carbon 
nanotubes in the composite membrane can interact with π 
electrons in the MB aromatic ring structure to generate π–π 

Table 4
Maximum adsorption capacity of various adsorbents for MB dye

Adsorbent Adsorption capacity (mg g–1) Experimental condition References

PMPC/BNC membrane 4.4 25 mg L–1, pH = 6 [38]
PVDF-ZnS pellets 0.5 30 mg L–1, pH = 6 [39]
MWCNT-SH 28 40 mg L–1, pH = 6 [40]
NH2-MWCNTs@Fe3O4 178.6 100 mg L–1, pH = 7 [41]
CMC hydrogel membranes 5 100 mg L–1, pH = 5 [42]
MHNTs/PEI membrane 20.4 150 mg L–1, pH = 7 [43]
XG-cl-pAA/rGO hydrogel 793.7 200 mg L–1, Qmax [44]
XG/SiO2 nanocomposite 448.4 100 mg L–1, Qmax [45]
SA-cl-poly(AA)-TiO2 hydrogel 2,257.4 100 mg L–1, Qmax [46]
PAA-g-MWCNTs/PVDF membrane 8.7 30 mg L–1, pH = 7 This work

Note: PMPC: poly(2-methacryloyloxyethyl phosphorylcholine); BNC: bacterial nanocellulose; SH: thiol; CMC: carboxymethylcellulose; 
MHNT: amine functionalized halloysite nanotubes; PEI: polyetherimide; XG: xanthan gum; SA: sodium alginate; PES: polyether sulfone

Table 5
Thermodynamic parameters at different temperatures

T (K) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (J mol–1 K–1) Ea (kJ mol–1)

293 –31.54

2.51 115.68 7.88
303 –32.39
313 –33.89
323 –34.35
333 –36.34
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electron coupling [51]. Therefore, due to the above multiple 
forces, MB molecules will spontaneously move towards the 
composite membrane and aggregate in the surface and pore 
structure of the composite membrane.

4. Conclusion

Here, the composite membranes of PAA-g-MWCNTs/
PVDF were fabricated via the immersion phase inversion 
method. The attachment of AA onto MWCNTs surface was 
verified by TEM, FTIR and XPS. Compared with pure PVDF 
membranes, the hydrophilicity and mechanical properties 
of PAA-g-MWCNTs/PVDF composite membranes were 
significantly improved. The SEM images showed that the 

composite membranes contain a more finger-like pore struc-
ture, which leads to higher porosity and pure water flux. 
The rejection rate of BSA by all membranes was above 90%. 
Based on the optimized membrane M3 (PAA-MWCNTs 
dosage of 1.5 wt.%), the studies revealed that the equilib-
rium adsorption capacity of the membrane increased with 
the pH value, adsorption time, initial dye concentration and 
temperature. The adsorption process was accorded with a 
pseudo-second-order kinetic model and Freundlich isother-
mal model. The highest adsorption capacity of 8.7 mg g–1 
was found for M3 at 333 K in dye solution of 30 mg L–1, 
which is attributed to the fast diffusion of dye molecules 
onto the surface of membranes caused by gradient drove 
forces from concentration and temperature. In addition, 

Fig. 9. SEM images of the composite membrane after adsorbing MB (a–b) and adsorption schematic diagram of the composite 
membrane (electrostatic interaction, hydrogen bonding and π–π electron coupling).
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the thermodynamic analysis shows that the adsorption of 
MB by the composite membranes is a spontaneous, endo-
thermic, physical process. It is speculated that the adsorp-
tion mechanism of MB by the composite membrane to MB 
includes electrostatic attraction, hydrogen bonding and 
π–π electron coupling.
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