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A B S T R A C T   

Block copolymers (BCPs) have been demonstrated to be promising precursors in the fabrication of ultrafiltration 
membranes with well-defined porosities. To maximize the separation performance, BCPs are usually used in the 
forms of thin-film composite membranes with nanoporous BCP separation layers on the top of macroporous 
substrates. However, it remains a challenge to prepare such composite structures in an efficient and controllable 
way. Herein, we demonstrate that spray coating of BCP solutions on macroporous substrates followed by se-
lective swelling is a facile and highly controllable strategy to produce BCP composite membranes. First, the BCP 
solution was spray-coated on a macroporous nylon support. By changing polymer concentrations as well as 
various spray conditions, a defect-free and uniform dense BCP layer was obtained. The thickness of the BCP layer 
can be controlled within the scope of a few micrometers simply by altering the step width of spray coating. 
Neither pre-filling of the macroporous supports to prevent solution permeation nor post-treatment to strengthen 
the adhesion of the two layers is required during the spray coating process. The BCP-coated support was then 
soaked in hot ethanol to create nanoporosity in the BCP layer following the mechanism of selective swelling- 
induced pore generation. Thus-produced composite membranes exhibit excellent ultrafiltration performances. 
Meanwhile, the pore sizes, surface hydrophilicity and consequently separation performances of the membranes 
can be conveniently tuned by changing swelling conditions. We expect this spray coating coupled with selective 
swelling to produce BCP-based composite membranes at large scale for industrial production.   

1. Introduction 

Porous membranes fabricated from synthetic polymers have been 
developed for nearly a century and been widely applied in various fields 
of energy [1], separation [2,3], drug release [4,5], and catalysis [6]. 
Apart from the traditional materials, for instance, polysulfone (PSf), 
polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), a number of 
new polymeric materials have been developed recently for the sake of 
improving separation performance and expanding applications in new 
areas, such as block copolymers (BCPs), graft copolymers [7,8], conju-
gated microporous polymers (CMPs) [9], porous aromatic frameworks 
(PAFs) [10], hyper-crosslinked polymers (HCPs) [11], polymers of 
intrinsic microporosity (PIMs) [12,13]. Among these materials, BCPs are 
considered as promising candidates in the fabrication of ultrafiltration 
membranes with well-defined nanoporosities due to their intrinsic na-
ture of micro-phase separation [14]. By using BCPs as raw materials, our 
group has developed the selective swelling strategy to prepare nano-
porous membranes with easily tunable pore sizes and geometries. This 

selective swelling pore-making strategy is distinguished for its nonde-
structive nature and extreme simplicity [15–17]. To create porous 
structure, one just needs to soak the dense BCP films in a selective sol-
vent and then dry the film withdrawn from the solvent. Moreover, the 
pore size and surface hydrophilicity can be easily adjusted by changing 
the swelling temperature or durations [15]. 

BCP films are generally fabricated by drop casting, spin coating, and 
transferring to form free-standing or composite membranes. Compared 
to thick and free-standing membranes, the nanoporous BCPs are 
commonly employed as the selective layers in the form of composite 
membranes with macroporous substrates as the supporting layer [18]. 
One reason of composite structure is to ensure a high permeance and 
good mechanical stability, and another reason is to reduce the usage of 
costly BCP raw materials. Typically, there are two methods to fabricate 
composite membranes, that is, transferring [19–22] and direct coating 
[23,24]. The former is to first produce BCP layers on dense substrates 
such as silicon wafer [25,26], ice [27] and water surface [28], and then 
transfer the BCP layers on the top of macroporous supports, thus forming 
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the composite membranes. This transferring process is complicated and 
tedious, and is difficult to produce membranes in large scale. The latter 
is to coat BCP solutions on macroporous substrates directly by 
spin-coating or machine-casting, which is a relatively convenient pro-
cess. In this strategy, pre-filling the macropores of substrates is imper-
ative to prevent the leakage of BCP solutions during coating in the case 
that dilute solutions are used for the preparation of thin selective layers. 
However, this pre-filling process is unfavorable for the mass production 
of composite membranes for industry applications because of its poor 
controllability. Therefore, it still remains a challenge to produce com-
posite membranes in large-scale for practical applications. 

Spray coating has been a commonly used technology to construct 
thin films on the surfaces of metal or other substrates [29]. For example, 
Zhao et al. [30] fabricated robust super-hydrophobic coating on the 
surface of various substrates by spray coating. The as-prepared super--
hydrophobic coating exhibited high mechanical durability, good resis-
tance for intense chemical corrosion and other harsh conditions. Hu 
et al. [31] constructed an ultrathin spray-coated carbon nanotube (CNT) 
interlayer on the surface of porous supports before interfacial poly-
merization. The ultrathin CNT interlayer had a significant role in the 
formation of polyamide layer structure and produced a thin-film com-
posite forward osmosis membrane that exhibited better performance. 
These works focused on the modification of substrate surfaces, while 
there are very limited attentions payed on the preparation of composite 
membranes by spray coating methods up to now [32]. In this work, 
spray coating was employed to fabricate BCP composite membranes, 
and it was demonstrated to be a rapid and convenient approach, where 
no pre-filling of macroporous substrates to prevent the permeation of 
solution and post-heating treatment to strengthen the adhesive force of 
the two layers was needed, as shown in Scheme 1. The thickness of thin 
BCP layers can be simply controlled by adjusting the step width of spray 
coating. Soaking the as-coated composite membranes into hot ethanol 
resulted in nanopores in the BCP layers, thus producing composite 
membranes with good permselectivity. We demonstrated that BCP 
membranes with different lateral sizes can be easily prepared by selec-
tive swelling of BCP films spray coated on porous substrates, suggesting 
a good up-scalability of this process. 

2. Experimental section 

2.1. Materials 

The polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP, abbrevi-
ated as S2VP) with a polydispersity index of 1.17 was purchased from 
Tubang Polymer Materials Co., Ltd. The number-average molecular 
weights of S2VP were 53 (PS) and 21 (P2VP) kg⋅mol� 1 with a total 
molecular weight of 74 kg mol� 1 (provided by the manufacturer). The 
nylon microfiltration membranes with nominal pore size of ~0.65 μm 
were purchased from Haining Shenghua Filtration Equipment Co., Ltd. 
and used as supports to prepare composite membranes. Analytical re-
agents chloroform and ethanol were purchased from Nanjing WanQing 

Chemical Glass Ware & Instruments Co., Ltd. Monodispersed silica 
(SiO2) nanospheres dispersed in deionized water with the diameter of 
22.7 nm, and a negatively charged dye, Acid Orange 7 (AO7) with a 
purity >85%, were purchased from Aladdin. Dilute aqueous solution of 
monodispersed 15-nm gold colloid was purchased from British Biocell 
International Limited. Deionized water (conductivity: 8–20 μs cm� 1) 
was used in all experiments. Organic solvents including chloroform and 
ethanol were used without further purification. 

2.2. Membrane preparation 

Organic solvent chloroform was used to dissolve S2VP with con-
centration of 3 wt% and stirred at room temperature for 6 h. The ob-
tained solution was filtered through polytetrafluoroethylene (PTFE) 
filter with a nominal pore size of 0.22 μm to remove impurities. A piece 
of nylon-6, 6 membrane with the size of 5 cm � 5 cm was placed onto the 
horizontal heating plate of the spray device (SEV-300EDN, Suzhou 
Second Automatic Equipment Co., Ltd) and fixed by clips. Afterwards, 
the S2VP solution was poured into the reservoir of spray device and then 
spray-coated onto nylon substrates with a 0.5 bar compressed air. Dur-
ing spray coating, the distance between nozzle and heating plate was 
maintained at 62 mm and temperature of plate was 25 �C. The spraying 
device was placed in a fume hood, and the humidity varied in the range 
of 30–50% under which undesired macropores on membrane surfaces 
did not form. As shown in Scheme 1a, the nozzle was moved forth and 
back, and the distance of movement was set according to the width of 
substrate. Once spraying from forward to back, a band shaped BCP layer 
was formed on the nylon substrate. Then, the heating plate was shifted 
for a desired distance from right to left, subsequently another banded 
BCP layer was coated after the nozzle was moved from back to forward. 
The shift distance of heating plate was defined as the step width. This 
spraying process was repeated until the substrate was completely 
covered by the BCP layer. It should be noted that the banded BCP layers 
formed during spray always overlapped with each other to ensure a 
defect-free BCP film. The shorter step width led to the lager overlapped 
area of banded BCP layers, resulting in a thicker BCP film on the top of 
nylon substrate. Therefore, the thickness of BCP layer can be tuned by 
changing the pre-set step width. After spray coating, the composite 
membranes were immersed in ethanol for desired durations to cavitate 
pores through the whole coated BCP layers, and then taken out from 
ethanol to dry at room temperature. The composite membranes with a 
larger area (15 cm � 15 cm) were fabricated under the same conditions 
as described above. 

2.3. Characterizations 

A field-emission scanning electron microscope (FE-SEM, Hitachi 
S4800) was used to detect both the surface and cross-sectional mor-
phologies of the composite membranes at an accelerating voltage of 
5 kV. The membranes were quick-frozen by soaking in liquid nitrogen 
and ruptured to obtain the samples for cross-sectional observation. All 

Scheme 1. Schematic illustration for the preparation of composite membranes with nanoporous PS-b-P2VP as the selective layers via spray coating followed by 
selective swelling. 
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samples were sputter-coated with gold for 20 s to enhance their con-
ductivity prior to SEM characterizations. According to the cross- 
sectional SEM images, the thicknesses of BCP layers were determined 
by using the analysis software of Nanomeasurer. At least 100 pores on 
the surface SEM image of each sample were measured to estimate the 
average pore sizes by using the software Nanomeasurer. An angle 
goniometer (DropMeter A-100, Maist) was employed to detect the sur-
face hydrophilicity of composite membranes. For each sample, at least 5 
positions were chosen to measure and the average value of the dynamic 
water contact angle (DWCA) was reported. Inductive coupling plasma 
emission spectrograph (ICP, Optima 7000DV, PerkinElmer) was used to 
detect the concentrations of SiO2 nanoparticles in feeds, permeations 
and retentates. 

2.4. Filtration tests 

A multi-cell cross-flow apparatus with diameter of 3 cm was used to 
evaluate separation performance of different membranes. Prior to the 
measurements of water permeabilities, pre-compaction of the composite 
membranes at 1 bar for 10 min was performed to ensure a stable per-
meance, and then the permeance was tested at the same pressure. Dilute 
aqueous solutions of monodispersed gold colloid and SiO2 nanospheres 
were used to carry out the rejection tests. Rejection tests was performed 
at 1 bar pressure and the flow velocity was maintained at 15 L⋅ h� 1. For 
each sample, the average value for five rejection tests was reported. To 
avoid any adsorption of silica or gold nanoparticles on membrane sur-
face, the composite membranes were pretreated with diluted aqueous 
dye solutions of AO7 (5 ppm) for 20 min to neutralize the surface before 
rejection tests. The surface of composite membranes turned from white 
to faint yellow after treated by dye solutions. The gold concentrations in 
feeds, permeations and retentates were analyzed by the UV–vis feature 
absorption spectrometer at ~520 nm. The rejection rates of gold colloid 
and SiO2 nanospheres were calculated according to equation (1):  

R¼100% � (1 – Cp/Cf)                                                                      (1) 

where Cp and Cf are gold or SiO2 nanospheres concentrations in the 
permeations and the feeds aqueous solutions, respectively. 

3. Results and discussion 

3.1. Preparation of BCP composite membranes 

The S2VP composite membranes coated on nylon substrates were 
fabricated by spray coating as shown in Scheme 1. In order to form a 

dense and defect-free BCP layer atop the porous substrate, S2VP solu-
tions with different concentrations were investigated. The pristine nylon 
substrates exhibited macroporous morphologies in both sides (Fig. S1). 
After spray coating with 1.5 wt% chloroform solution of S2VP, macro-
pores were still observed on some areas of the top surface (Fig. S1b), 
implying an incomplete coverage of BCP layer. Also, from the bottom 
surface image (Fig. S1d), it was found that the BCP solution had pene-
trated into the bottom surface and blocked the inner pores of the sub-
strate as the concentration was too low. When the concentration of S2VP 
was increased to 3 wt%, the BCP layer appeared to be dense and defect- 
free (Fig. 1a), and there was no BCP leaked into the bottom surface 
(Fig. 1b). The cross-sectional SEM image (Fig. 1c) shows that a uniform 
bi-layered structure with a dense BCP layer atop the porous substrate 
was formed. The BCP coated side of obtained composite membranes 
presented a shiny appearance and the opposite side maintained dull 
(Fig. 1d and e). Therefore, the BCP solution with 3 wt% concentration 
was employed to the following preparation of composite membranes. 

The temperature of heating plate and the ambient humidity were 
carefully controlled during spray coating. As shown in Fig. S2, dense 
BCP layer could be obtained when temperature of heating plate was 
25 �C while cracks always appeared as the temperature of heating plate 
was elevated to 60 �C. This may be because that the solvent of sprayed 
BCP solution evaporated slowly and still liquid droplets partially 
deposited on the nylon substrate, dense thin film was obtained when the 
temperature of heating plate was 25 �C. However, with the temperature 
of heating plate elevated to 60 �C, the solvent evaporated too fast, 
resulting in cracks on the surface of BCP layer. Moreover, we noted that 
the ambient humidity during spray coating process was required to keep 
low, for example, 30–50%, to prevent the condensation of moisture in 
air on the film surface which would lead to defects of macropores. 

Interactions at film interfaces have been previously studied to 
enhance the adhesion between the selective layer and the substrate [33]. 
In order to ensure robust adhesion between BCP layers and porous 
substrates, post-treatments like heating treatment [16] are usually 
necessary to enhance the adhesive force. However, there was no need to 
conduct any post-treatment to enhance adhesion strength between BCP 
layers and nylon substrates in this study. Thus-produced membranes 
were subjected to ultrasonication at the power of 150 W for 30 min to 
evaluate the adhesive strength. After ultrasonication, the composite 
membranes had no obvious change in appearance (Fig. S3a), and BCP 
layers were not peeled off from the nylon substrates. Furthermore, 
filtration tests of the composite membrane were conducted under a 
pressure of 5 bar for 10 min after ultrasonication. No permeance was 
observed, indicating no defects appeared in composite membranes. 
Figs. S3b–c presented the morphologies of prepared composite 

Fig. 1. The SEM images of composite membrane fabricated with a BCP concentration of 3 wt%: (a) top, (b) bottom and (c) cross-sectional view. Digital images of (d) 
BCP coated side and (e) opposite side of composite membrane. Images of (a), (b) and (c) have the same magnification and the scale bar corresponding to 10 μm is 
given in (c). Images of (d) and (e) have the same magnification and the scale bar corresponding to 20 mm is given in (e). 
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membrane after ultrasonication. From the surface images, it was 
observed that the composite membrane was able to keep a dense and 
smooth surface under ultrasonication, and the cross-sectional images 
revealed an unaffected seamless interface, implying the strong adhesion 
between BCP layer and nylon substrate. Considering that BCP solutions 
experienced three steps during spray coating process, including atomi-
zation, aviation and final deposition onto the top of nylon supports, BCP 
solutions may partially infiltrate into the macropores of nylon supports 
and tightly adhere to frameworks of substrates, therefore resulting in the 
robust adhesion between BCP layers and substrates. 

Thus-produced membranes were immerged into hot ethanol at 60 �C 
for 5 h to cavitate the BCP layers based on the mechanism of selective 
swelling induced pore generation [12]. As shown in Fig. 2a, the origi-
nally nonporous BCP layer was turned to be nanoporous after swelling 
treatment. During the swelling process, ethanol permeated into BCP 
layers and was enriched in the P2VP microdomains, leading to volume 
expansion of P2VP microdomains. After withdrawing the membranes 
from swelling bath, ethanol evaporated and the volumes previously 
occupied by the swollen P2VP chains were converted to pores. As shown 
in the cross-sectional image (Fig. 2b), the membranes obviously 
exhibited a bi-layered structure with mesoporous BCP layer atop the 
macroporous substrate. Magnified SEM view of the BCP layer demon-
strated that the formed pores were homogeneously distributed 
throughout the entire BCP layer (Fig. 2c-e). 

3.2. Tunability of the coating layers 

As we know, the thickness of separation layer has a significant role in 
the separation performance of membranes [34]. How to control the 
thickness of separation layer accurately is an important part in the 
fabrication process of membranes. Polymer concentrations, the pressure 
of the gas and the solution viscosity play vital role in determining the 
thickness of separation layer during spray coating [35]. Reducing the 
concentration of solutions is an effective approach to decrease the 
thickness of separation layer. But that will be difficult to achieve a thin 
defect-free BCP layer as mentioned before. In this work, we find that the 
thickness of coated BCP layer can be easily tuned by the step width on 
the premise of obtaining a defect-free BCP layer. As shown in Fig. 3, with 

the spraying step width changed from 2 mm to 5 mm. The thickness of 
BCP layers was decreased from 6.8 μm to 2.8 μm. 

After selective swelling treatment, the thicknesses of BCP layers 
prepared with changed step widths were significantly increased to 
11.6 μm, 7.4 μm, 5.6 μm and 5.0 μm, respectively (Fig. 4a). As shown in 
Fig. 4 b-e, there is a clear trend that the pore sizes were enlarged with the 
increase of step width at the same swelling condition. As shown in 
Table S1, the average pore size of composite membranes was 11.6 nm 
when step width was 2 mm. Interestingly, with step width increase to 
3 mm, 4 mm and 5 mm, the pore sizes of membranes were enlarged to 
18.4 nm, 20.3 nm, and 24.5 nm, respectively. It is surprised to observe a 
thickness-dependent pore size on the BCP membranes. This is expected 
to be related the film-forming process, i. e., spray coating itself. In spray 
coating, the BCP solution is atomized and deposited on the substrate 
surface in a repeating way to form a defect-free covering layer. This is a 
very fast process as the polymer is condensed with the rapid evaporation 
of the solvent within miliseconds. On the one hand, with the step width 
increases, the BCPs coated on substrates from different cycles are loosely 
deposited. On the other hand, the BCP chains in thinner layers are less 
confined and have a stronger tendency to swell, thus leading to a higher 
swelling degree and consequently larger pore sizes. 

It should be noted that the pore size of the final membranes changes 
slightly when we adjust film thickness by different spraying and the 
membrane thickness also changes with different swelling. Fortunately, 
the spraying enabled film fabrication and the selective swelling induced 
pore formation are two independent processes, so we can simulta-
neously change the spraying and swelling conditions to realize inde-
pendent control of the film thickness and pore size. For BCP films with 
different thicknesses and pore sizes, the main difference lies in the 
atomized drop of solutions experiencing different collision and fusion 
with varied step width during spray coating, resulting in different chain 
confinement even through the boundary conditions, like free surface 
and substrate, are the same. 

3.3. Ultrafiltration performance 

The ultrafiltration performances of prepared composite membranes 
were investigated by cross-flow filtration tests. The integrity tests of as- 
coated composite membranes were performed before swelling treat-
ment. No water permeated through the membranes at a pressure of 
1 bar, manifesting the nonporous and defect-free nature of the as-coated 
BCP layers. After soaking in ethanol at 60 �C for 5 h, the water per-
meances and rejections (22-nm SiO2 and 15-nm gold nanospheres) of 
composite membranes produced with different step widths were tested 
as shown in Fig. 5a. It is known that the thickness of membranes, 
especially the thickness of active separation layer, plays a significant 

Fig. 2. SEM images of the composite membrane prepared with 5 mm step 
width after swelling at 60 �C for 5 h. (a) Surface SEM images of nanoporous BCP 
layer. (b) Cross-sectional views of the membrane, and (c, d and e) are the 
corresponding magnified images of the white boxed areas in (b). Images of (c), 
(d) and (e) have the same magnification and the scale bar corresponding to 
500 nm is given in (e). 

Fig. 3. The thickness of BCP layers as a function of step width and the corre-
sponding cross-sectional SEM images of the BCP layers prepared with different 
step width. 
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role in filtration performance. In this study, the thickness of the sepa-
ration layer can be adjusted by changing the step width of spraying as 
discussed above, thus tuning the ultrafiltration performance of corre-
sponding membranes. With the increase of step width, the thickness of 
BCP layer after swelling was decreased and the permeance was 
improved to 662, 963, 1002 and 1212 L ⋅m� 2⋅ h� 1⋅bar� 1 respectively 
because of the decrease of trans-membrane resistance as a result of 
decreased membrane thickness and enlarged pore size. The rejections to 
22-nm SiO2 nanospheres could maintain as high as ~99% when the step 
width was 2 or 4 mm, and was reduced to 78.6% when step width was 
5 mm. In contrast, the rejection to 15-nm gold nanospheres was declined 
from 98.2% to 58.9% when step width was increased from 2 mm to 
5 mm. The high porosities and relatively uniform pore size of BCP layers 

render the composite membranes with high-flux and tight selectivity 
compared to other membranes [21]. Fig. 5b shows UV–vis absorption 
spectra of the feed, filtrate and retentate of 15-nm gold nanospheres by 
using the composite membranes prepared with a step width of 2 mm. 
The characteristic peak of 15-nm gold nanoparticles at 520 nm almost 
disappeared in filtrate. Meanwhile, the absorbance of gold nanoparticles 
in retentate was significantly increased, indicating that the rejection of 
the membranes was due to the size-sieving effect rather than the 
adsorption effect. 

The pore size and surface hydrophilicity of BCP membranes can be 
readily tuned by changing the swelling temperature and durations [16, 
36]. The effects of swelling durations are not intended to discuss in this 
study as detailed investigations have been done in our previous works 
[30]. Herein, the swelling temperature was increased from 60 �C to 
70 �C, as a result, the pore sizes were enlarged as shown in Fig. 6a-c. 
Furthermore, the initial WCA of the as-coated membranes (before 
swelling) were 78� (Fig. 6d). After swelling treatment, the WCA was 
decreased from 75� to 57� as the swelling temperature was increased 
from 60 �C to 70 �C. The enhanced hydrophilicity of membrane after 
swelling should be attributed to the enrichment of hydrophilic P2VP 
blocks on the membrane surface during swelling process. Higher 
swelling temperature resulted in faster swelling, therefore more P2VP 
chains migrated on the membrane surface, leading to stronger hydro-
philicity. Moreover, water droplet penetrated into the membrane 
quickly after swelling, manifesting the formation of penetrating pores in 
BCP layers. 

We investigated the permeance and rejection performance of the 
composite membranes subjected to swelling in ethanol at different 
temperature (Fig. 6e). As the swelling temperature was raised from 
60 �C to 70 �C, the permeance performance of composite membranes 
was increased from 662 L⋅ m� 2⋅ h� 1⋅bar� 1 to 2278 L⋅ m� 2⋅ h� 1⋅bar� 1, 
which was improved almost 3.5 times. Meanwhile, the rejection to 15- 
nm gold nanospheres was moderately declined from 98.2% to 76.4%. 

The pressure resistance of composite membranes prepared with a 
step width of 2 mm was investigated by measuring the water fluxes 
under various trans-membrane pressures from 0.5 bar to 5 bar. As shown 
in Fig. 7, the pure water flux was increased with the trans-membrane 
pressure, and there was neither remarkable rise nor drop even the 
pressure up to 5 bar, indicating the thus-produced membranes possess a 
relatively good pressure resistance. 

To explore the up-scalability of this spray coating method, a larger 
piece of composite membrane (15 cm � 15 cm) was fabricated with the 
fabrication conditions (spray distance, heating plate temperature, step 
width of 2 mm, carrier gas pressure) unchanged compared to the small- 
area fabrication discussed above. As shown in Fig. S4, the composite 

Fig. 4. The thickness (a) and surface SEM images of nanoporous BCP layers 
prepared with different step widths after ethanol swelling at 60 �C for 5 h: (b) 
2 mm, (c) 3 mm, (d) 4 mm and (e) 5 mm. All images have the same magnifi-
cation and the scale bar corresponding to 100 nm is given in (e). 

Fig. 5. (a) The permeances and rejections (22-nm silica nanoparticles and 15-nm gold nanoparticles) of composite membranes produced with different step width 
after swelling in ethanol at 60 �C for 5 h. (b) UV–vis absorption spectra of the feed, filtrate, and retentate solutions of 15-nm gold nanoparticles through the composite 
membranes prepared with step width of 2 mm after swelling at 60 �C for 5 h. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

D. Ma et al.                                                                                                                                                                                                                                      



Journal of Membrane Science 598 (2020) 117656

6

membrane prepared in larger areas presented a smooth appearance and 
the surface SEM image demonstrated the dense nature, which was the 
same as the composite membrane prepared in small scale. From the 
cross-sectional SEM images, the composite membranes prepared in both 
scales showed similar bi-layered structures, but there was a little dif-
ference in their thickness of BCP layers. Large-area fabrication formed 
thinner BCP layers, which may be due to the slight fluctuation of gas 
pressure. After swelling in ethanol at 70 �C for 5 h to cavitate the BCP 
layers, the permeance and rejection performances of the composite 
membranes were tested under identical conditions. As shown in Fig. 8, 
the composite membranes prepared in large area had a higher per-
meance (2858 L⋅ m� 2⋅ h� 1⋅bar� 1) than the composite membrane pre-
pared in smaller area (2278 L⋅ m� 2⋅ h� 1⋅bar� 1). Correspondingly, the 
rejection to 15-nm gold nanoparticles of latter was slightly lower 
(71.6%) than former (76.4%). These results demonstrated that it was 
efficient to produce large-area membranes with excellent separation 
performance by this spray coating method. 

4. Conclusions 

In this study, we demonstrate that spray coating is a facile and up- 

scalable way to prepare nanoporous BCP composite membranes. Thin 
and defect-free BCP layers were formed on the porous substrates of 
nylon by spray coating process. Neither pre-treatments of the supports 
nor post-treatments of the membranes are needed to prevent solution 
permeation or to enforce the adhesive force of the two layers. Subse-
quently, the pore-making strategy of selective swelling was used to 
transform the BCP layers from dense to nanoporous. Finally, composite 
membranes with a bi-layered structure, and nanoporous BCP layers 
tightly adhered to nylon macroporous supports, were successfully pre-
pared. On one hand, the thickness of the BCP coating layers can be 
simply tuned in the range of ~2.8–6.8 μm, enabling the prepared 
membranes with various separation properties. On the other hand, the 
pore size and pore surface hydrophilicity of BCP layers can be manip-
ulated by the swelling temperature, resulting in high-flux performance. 
More importantly, this approach of spray coating is demonstrated to be 
able to prepare BCP composite membranes with large areas simply by 
spraying the BCP solutions on larger substrates, implying the big op-
portunity to produce BCP composite membranes in large-scales for 

Fig. 6. Surface SEM images of nanoporous 
BCP layers obtained by step width 2 mm 
after ethanol swelling at different tempera-
ture for 5 h: (a) 60 �C, (b) 65 �C, (c) 70 �C. 
(d) Dynamic water contact angles of the 
composite membranes subjected to ethanol 
swelling at different temperature for 5 h. (e) 
The permeance and 15-nm gold nanospheres 
rejection of composite membranes fabri-
cated with step width of 2 mm after swelling 
at different temperature for 5 h. (For inter-
pretation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   

Fig. 7. The pressure-dependent water flux of the composite membranes pre-
pared with a step width of 2 mm after ethanol swelling at 60 �C for 5 h. 

Fig. 8. The permeances and rejections (15-nm gold nanoparticles) of composite 
membranes in small and large area prepared with step width of 2 mm after 
swelling in ethanol at 70 �C for 5 h. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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industry applications. After further optimizing the coating and swelling 
process, e.g. by using less volatile solvents, we believe this method has a 
good opportunity to produce BCP composite membranes in large-scales 
for industry applications. 
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