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A B S T R A C T   

Block copolymers (BCPs) have received extensive attention in the preparation of advanced membranes for 
precise separations. However, BCP-derived membranes usually suffer from insufficient mechanical robustness, 
especially for the most extensively studied polystyrene-based ones. Herein, carbon nanotubes (CNTs) are 
incorporated into polystyrene-block-poly (2-vinyl pyridine) (S2VP) membranes to enhance the mechanical 
robustness and water permeance. It is found that mild oxidation is enough to enable the homogeneous dispersion 
of CNTs in the S2VP solution. The CNT/S2VP mixture is directly coated on macroporous substrates, followed by 
selective swelling-induced pore generation to produce the CNT-doped S2VP nanocomposite membranes. The as- 
prepared membranes are featured with two sets of pores: swelling-induced pores and incompatibility-induced 
nanoscale gaps between CNTs and the S2VP matrix, leading to improved permeances without any decrease of 
the retention performances. Also, owing to the presence of CNTs in the polymer matrix, the membranes show 
excellent mechanical robustness and exhibit better pressure resistance than neat S2VP membrane without CNT 
doping. This work demonstrates a simple yet efficient strategy to prepare BCP-based nanocomposite membranes 
with enhanced permeance and robustness at no expense of retention.   

1. Introduction 

Block copolymers (BCPs) are receiving growing interest in preparing 
high-resolution separation membranes because of their unique micro
phase separation property leading to well-ordered nanostructures [1–3]. 
Extensive works have been focused on the preparation of BCP-derived 
separation membranes and their potential applications in water treat
ment, bioengineering, hemodialysis, and batteries [4–7]. The amphi
philic BCPs can be easily cavitated to form nanoporous structures with 
relatively uniform pore sizes in the range of 10–100 nm following the 
mechanism of selective swelling-induced pore generation [8,9]. This is 
highly desirable for the facile and controllable preparation of 
high-performance separation membranes. 

BCPs are usually employed as the selective layers composited on the 
supporting macroporous substrates [10]. Most BCP membranes 

currently investigated are derived from polystyrene (PS)-based BCPs 
because they are available with nearly arbitrary block ratios with very 
narrow molecular weight distributions. Unfortunately, PS as an amor
phous polymer with a glass transition temperature of ~ 100 ◦C suffer 
from poor mechanical robustness [11]. Several methodologies have 
been proposed to enhance the mechanical robustness of PS-containing 
BCP membranes. For example, introducing a rubbery third component 
into the PS-containing BCPs has been proved as an effective way, 
including physically blending a rubbery polymer [12] and grafting a 
rubbery third block [13,14]. It is also valid to replace the PS domain in 
BCPs with a stronger one, such as polysulfone (PSF) [15,16]. Never
theless, although inorganic nanofillers have been extensively used to 
improve the mechanical stability of a large variety of polymeric mate
rials including separation membranes, there is no reports on the use of 
inorganic nanofillers to enhance the mechanical strength of BCP 
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membranes prepared by selective swelling. 
Carbon nanotubes (CNTs) have been applied as an impressive inor

ganic nanofillers or dopants in various membranes for ultrafiltration, 
nanofiltration, and reverse osmosis as they can regulate the structures 
and physicochemical properties of the target membranes [17–20]. For 
example, Lee et al. incorporated oxidized CNTs into PSF matrix to pre
pare CNT/PSF nanocomposite membranes with improved porosity 
mainly due to the incompatibility induced pore formation between CNTs 
and PSF [21]. More importantly, doping with CNTs can greatly enhance 
the mechanical stabilities of PSF membranes and polyamide membranes 
thanks to the extraordinary mechanical strength of CNTs [22–25]. 
Inspired by the strong enhancement effect of CNTs in polymer matrix, 
we expect that doping with CNTs would be a useful approach to prepare 
PS-containing BCP membranes with high porosity and improved 
robustness. Moreover, CNTs can be arrested by BCPs via strong π-π in
teractions between CNTs and PS blocks, leading to excellent dispersity 
and anchoring of the doped CNTs to ensure good modification effect. 
However, current works on CNT/BCP nanocomposite membranes are 
mainly focused on the uniform dispersion of CNTs with the assistance of 
BCPs [26]. That is, BCPs work as a dispersant rather than the matrix. 
Therefore, insights into the effect of the doped CNTs on BCP porous 
matrixes have not been explored, but are highly desired for the sake of 
development of highly permeable but strong membranes. 

In this work, CNTs are mildly oxidized, and then doped into poly
styrene-block-poly (2-vinyl pyridine) (PS-b-P2VP, denoted as S2VP) 
membranes for enhancing water permeance and robustness. The CNT/ 
S2VP solution is directly coated on macroporous polyvinylidene fluoride 
(PVDF) substrates, and the coated CNT/S2VP layers are simply cavitated 
by the process of selective swelling-induced pore generation (Fig. 1). 
The obtained CNT-doped S2VP nanocomposite membranes exhibit 
synergistically improved water permeance and mechanical robustness. 

2. Results and discussion 

2.1. Mild oxidization of CNTs 

As CNTs have strong intertube interactions, the dispersion of the 
CNTs in the S2VP solution is a major concern for obtaining a homoge
neous CNT/S2VP solution for the preparation of integrate, uniform and 
thin membranes [26,27]. It has been reported that BCPs are potential for 
improving the dispersion of CNTs [28]. However, we found that the 
pristine CNTs (p-CNTs) have quite poor dispersion in the S2VP solution. 
Therefore, to enhance the dispersion of CNTs, surface functionalization 
is required. 

Among various functionalization methods, acid oxidation has been 
regarded as an efficient one because the oxidation degrees can be simply 
tuned by changing the reaction conditions, such as temperature, time, 
and the volume ratio of the acid and the CNTs [17]. Here, we chose to 
oxidize CNTs in the mixture of HNO3 and H2SO4 at 50 ◦C. The schematic 
diagram for the mild oxidation of CNTs is illustrated in Fig. 2a. After 
oxidation, some carboxylic groups are generated on the surface of CNTs. 
The presence of carboxylic groups disrupts the long range π conjugation 
of CNTs, leading to the improved dispersion of CNTs [29]. As shown in 
Fig. 2b, the p-CNTs are precipitated in the S2VP solution even after 
strong sonication. After oxidation, the dispersion of the oxidized CNTs 
(o-CNTs) in the S2VP solution is significantly improved, which has been 
evidenced by the homogeneous solution without any macroscopic ag
gregations (Fig. 2c). The FT-IR spectra of the p-CNTs and o-CNTs are 
given in Fig. 2d. A weak peak centering around 1720 cm-1 corresponded 
to the C––O stretching of carboxylic groups is observed, confirming the 
mild oxidation of the p-CNTs [30]. Note that the mild oxidation has less 
negative impact on the mechanical strength of CNTs. Importantly, the 
o-CNTs maintain hydrophobicity [31] owing to the low degree of 
oxidation under the quite low oxidation temperature during mild 
oxidation (Fig. S1). This is essential for the dispersion of the o-CNTs in 
the hydrophobic organic solvent used to dissolve BCPs. 

2.2. Morphologies of CNT-doped S2VP nanocomposite membranes 

By using the homogeneous CNT/S2VP solutions with varied o-CNTs 
contents, we prepared a series of CNT-doped S2VP nanocomposite 
membranes. The obtained membranes were denoted as S2VP-X, where X 
is the mass ratio of CNTs and S2VP. We first investigated the surface 
morphologies of the membranes. The S2VP-0 membrane (neat S2VP 
membrane without doping of CNTs) is nonporous with a smooth surface 
before swelling (Fig. 3a). After CNTs doping, the S2VP-0.1 membrane 
maintains nonporous but exhibits rich bright dots on the surface 
ascribed to the o-CNTs with good conductivity, confirming the crosswise 
uniform distribution of the doped o-CNTs in the S2VP matrix (Fig. 3b). 
After soaking the nanocomposite membranes in ethanol at 65 ◦C for 1 h, 
the nonporous CNT/S2VP layers turned to be porous following the 
mechanism of selective swelling-induced pore generation. As shown in 
Fig. 3c–d and Fig. S2, all the membranes exhibit porous surface struc
tures with many round nanopores. Meanwhile, the S2VP-0 membrane 
shows a rough surface with micellized S2VP, which is indicative of the 
high swelling degree. By contrast, the surface of the CNT-doped S2VP 
nanocomposite membrane is relatively smooth without micellization. 
This is because some S2VP molecules are involved in encapsulating o- 

Fig. 1. The schematic diagram for the preparation of CNT-doped S2VP nanocomposite membranes.  
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CNTs by anchoring PS blocks on tube walls, leading to slightly repressed 
swelling degree [32]. Moreover, compared with the neat S2VP mem
brane, the CNT-doped S2VP nanocomposite membrane exhibits higher 
porosity contributing from the incompatible gaps [33] between the 
dispersed o-CNTs and S2VP matrix (Fig. 3e–f). It should be noted that 
this incompatibility occurs to a limited degree, thus leading to nanoscale 
gaps rather than large-sized defects. 

We then examined the cross-sectional morphologies of the mem
branes. As shown in Fig. 3g, the nonporous CNT/S2VP layer is closely 
jointed with the support, verifying the strong adhesion between the two 
layers after thermal treatment. The CNT/S2VP layers with varied o- 
CNTs contents share a similar thickness of ~ 1.3 μm (Fig. S3). After 
selective swelling, highly porous CNT/S2VP layers with bi-continuous 
structures can be observed in all membranes, and the porous CNT/ 
S2VP layers are still jointed tightly with the supports (Fig. 3h and 
Fig. S4). The thickness of the porous CNT/S2VP layers is increased to ~ 
2.2 μm. According to the changes of the thicknesses before and after 
selective swelling, the porosity of the CNT/S2VP layers is estimated to 
be ~ 41%. Moreover, dispersed o-CNTs can be clearly observed in the 
cross section depicted in Fig. 3i, indicating the uniformly dispersion of 
the o-CNTs inside the membrane, which agrees with the surface SEM 
observations discussed above. These results indicate the good dispersity 
of the o-CNTs during the whole membrane preparation process 
including solvent evaporation and selective swelling mainly due to the 
strong interactions between CNTs and PS blocks. Accordingly, the 
incompatibility-induced gaps also exist inside the membrane although 
they can hardly be distinguished from the swelling-induced pores in 
cross section. 

2.3. Separation performances of CNT-doped S2VP nanocomposite 
membranes 

We first examined the water permeances of the CNT-doped S2VP 
nanocomposite membranes with varied CNT/S2VP mass ratios of 
0–0.05. Prior to swelling, the membranes produced no water permeation 

under the pressure of 0.2 bar, confirming their nonporous structure after 
thermal treatment. After swelling in ethanol at 65 ◦C for 1 h, the water 
permeances of the membranes are given in Fig. 4a. The S2VP-0 mem
brane shows a permeance of 1156 L⋅m-2⋅h-1⋅bar-1. After doping with the 
o-CNTs, all the membranes exhibit higher permeances than the S2VP- 
0 membrane. For example, the permeance of the S2VP-0.005 mem
brane is 1204 L⋅m-2⋅h-1⋅bar-1, which is increased to 1643 L⋅m-2⋅h-1⋅bar-1 

for the S2VP-0.01 membrane. With further increase in the CNT/S2VP 
mass ratio, the S2VP-0.03 membrane and the S2VP-0.05 membrane 
show permeances of 1485 L⋅m-2⋅h-1⋅bar-1 and 1258 L⋅m-2⋅h-1⋅bar-1, 
respectively. That is, compared with the S2VP-0 membrane, the in
crements in the permeance of the CNT-doped S2VP nanocomposite 
membranes are 4.2%, 42.2%, 28.5%, and 8.8%, respectively. The 
improved permeance of the CNT-doped S2VP nanocomposite mem
branes than the S2VP-0 membrane is mainly because the gaps between 
the o-CNTs and the S2VP matrix create extra water permeation path
ways. The inner tubes of CNTs play an ignorable role on water per
meance because the inner diameter of CNTs is much smaller than the 
size of pores and gaps and the doping amount of CNTs is tiny. However, 
the permeances are increased at reduced amplitude in the cases of the 
membranes with higher CNT/S2VP mass ratios, which is mainly because 
the hydrophobicity of o-CNTs increases the mass transfer resistance and 
thus hinders the water permeation inside the membranes. 

Further, we examined the retention properties of the CNT-doped 
S2VP nanocomposite membranes by measuring the rejection rates of 
the membranes to bovine serum albumin (BSA) and SiO2 nanoparticles. 
As shown in Fig. 4b, all the membranes show similar retention proper
ties regardless of the doping amount of the o-CNTs. The rejection rates to 
BSA and SiO2 nanoparticles maintain ~ 5% and ~ 80%, respectively. 
These results illustrate that doping of the o-CNTs nearly has no influence 
on the rejection performance of the membranes. Note that the hydro
phobic o-CNTs are decorated with amphiphilic S2VP molecules, and 
S2VP membranes are hydrophilic according to the selective swelling 
mechanism. Besides, the BSA in the feed solution is nearly equal to the 
summary of BSA in the rejection and the retention solutions during the 

Fig. 2. The mild oxidization of CNTs. (a) The schematic diagram of the mild oxidization of p-CNTs. Photographs of (b) the p-CNTs and (c) the o-CNTs dispersed in the 
S2VP solution with the CNT/S2VP mass ratio of 0.05. The mixtures were filled into capillary tubes for better observation. (d) FT-IR spectra of the p-CNTs and o-CNTs. 
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rejection experiments. There results suggest a low protein adsorption 
and good anti-fouling property of the membranes. Moreover, the per
meance maintains unchanged during the test. Therefore, membranes 
possess a good stability of the separation performance. The size-sieving 
effect is dominant in the rejection of the solutes. The hydrated diameter 
of BSA molecules is ~ 6 nm while the diameter of the SiO2 nanoparticles 
is in the range of 5–10 nm [34]. Moreover, BSA molecules are in the 
shape of flexible ellipsoid with the size of 4.0 × 4.0 × 14.0 nm3, while 

the SiO2 nanoparticles are sphere-shaped and rigid [35]. Therefore, the 
membranes exhibit low rejection rates to BSA while high rejection rates 
to SiO2 nanoparticles due to the different sizes, shapes, and deform
abilities of BSA molecules and SiO2 nanoparticles [36]. Moreover, 
compared with other CNT-doped membranes reported in literature, the 
CNT-doped S2VP nanocomposite membranes can achieve higher per
meance with a comparable rejection property (Table S1), indicating the 
superiority of the membranes prepared by the CNT doping-selective 

Fig. 3. Morphologies of CNT-doped S2VP nanocomposite membranes. Surface SEM images of (a) the S2VP-0 membrane and (b) the S2VP-0.1 membrane before 
selective swelling. Surface SEM images of (c, e) the S2VP-0 membrane and (d, f) the S2VP-0.05 membrane after selective swelling. Cross-sectional SEM images of the 
S2VP-0.03 membrane (g) before and (h, i) after selective swelling. The o-CNTs and the incompatibility-induced gaps between o-CNTs and S2VP matrix are high
lighted in (f). 

Fig. 4. Separation performances of CNT-doped S2VP nanocomposite membranes. (a) Water permeance, (b) rejection rates to BSA and SiO2 nanoparticles of the CNT- 
doped S2VP nanocomposite membranes. 
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swelling strategy. 

2.4. Pressure resistance of CNT-doped S2VP nanocomposite membranes 

To evaluate the mechanical robustness of the CNT-doped S2VP 
nanocomposite membranes, we investigated the pressure resistance of 
the membranes by measuring the water fluxes under elevated trans
membrane pressures (TMPs). In general, the water flux is linearly 
increased with the increased TMPs if the porous membrane is robust to 
withstand compaction [37]. The water flux of the S2VP-0 membrane 
maintains almost unchanged when the TMP is higher than 0.8 bar 
(Fig. 5a), indicating the severe compaction of the membrane without 
doping of the o-CNTs as a result of the soft nature of S2VP and the highly 
porous structure of the swelling-treated S2VP membranes. By contrast, 
the CNT-doped S2VP nanocomposite membranes can withstand the TMP 
elevated to 1.0 bar, demonstrating their improved pressure resistance 
benefiting from the mechanical reinforcement effect of o-CNTs. Besides, 
the nonlinearly increased water flux indicates a decreased stability of 
the membranes at high TMPs due to the poor mechanical robustness of 
the amorphous PS. 

To further reveal the influence of the o-CNTs contents on the pressure 
resistance of the membranes, we calculated the increments in water 
fluxes of the membranes under the TMP ranging from 0.2 bar to 0.6 bar. 
The increment in water fluxes of the S2VP-0 membrane is 85%, which is 
increased to 140%, 148%, 119%, and 114% for the S2VP-0.005, S2VP- 
0.01, S2VP-0.03, and S2VP-0.05 membranes, respectively (Fig. 5b). The 
increased increments in water fluxes suggest the enhanced pressure 
resistance of the CNT-doped S2VP nanocomposite membranes. Partic
ularly, the S2VP-0.005 and S2VP-0.01 membranes hold dramatic in
crements in water fluxes, which is indicative of their superior pressure- 
resisting properties. That is, doping with o-CNTs at the CNT/S2VP mass 
ratio lower than 0.01 is favorable to enhance the mechanical robustness 
of the S2VP membranes. However, higher CNT/S2VP mass ratios lead to 

more gaps between the o-CNTs and the S2VP matrix, which degrades the 
mechanical strength of the membranes. Overall, the S2VP-0.01 mem
brane is optimal to enable both high water permeance and good me
chanical robustness. 

In addition, the porous structures can influence the mechanical 
robustness of the membranes. To demonstrate this, we immersed the 
S2VP-0.01 membrane in ethanol at different temperatures to alter the 
swelling degree for regulating porous structures. As shown in Fig. 5c, the 
water fluxes of the membranes prepared by swelling at 60 ◦C and 65 ◦C 
are increased under the TMPs ranging from 0.2 bar to 1.0 bar, and then 
keep nearly unchanged under higher TMPs due to the completely 
structural compaction. By contrast, the membrane prepared by swelling 
at 55 ◦C exhibits gradually increased water fluxes under the TMPs of 
0.2–1.5 bar, which is indicative of stronger pressure resistance. As 
shown in Fig. 5d–e, the 55 ◦C-treated membrane exhibits lower swelling 
degree with smaller pores than the 65 ◦C-treated membrane. That is, the 
pressure resistance relies on the porous structures of the membranes. 
Therefore, the mechanical robustness can be further improved by 
regulating the porous structures of the membranes. 

3. Conclusion 

In this work, we report a CNT doping strategy to simultaneously 
improve the water permeance and mechanical robustness of BCP 
membranes. CNTs can be homogeneously dispersed in S2VP solutions 
after a simple and mild oxidation treatment. The CNT-doped S2VP 
nanocomposite membranes are prepared by coating the CNT/S2VP so
lutions on the macroporous substrates, followed by solvent evaporation, 
thermal treatment, and selective swelling. Many incompatibility- 
induced nanoscale gaps are formed between the CNTs and the S2VP 
matrix, leading to improved water permeance of the membranes. 
Thanks to the strong mechanical strength of CNTs, the CNT-doped S2VP 
nanocomposite membranes achieve enhanced robustness against 

Fig. 5. Pressure resistance of CNT-doped S2VP nanocomposite membranes. (a) The change of water fluxes with the TMPs and (b) the increments in water fluxes 
under the TMP ranging from 0.2 bar to 0.6 bar for the membranes with different CNT/S2VP mass ratios. (c) The change of water fluxes with the TMPs for the S2VP- 
0.01 membrane after selective swelling at different temperatures. Surface SEM images of the S2VP-0.01 membrane after selective swelling at (d) 55 ◦C and (e) 65 ◦C. 
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pressure. This work demonstrates the great potential of CNT doping in 
upgrading the mechanical stability of BCP membranes at no expense of 
their separation performances. 
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