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A B S T R A C T   

Graphene oxide (GO) has opened a new era of membranes and shown exciting separation properties for mole-
cules and ions. However, in terms of precise aqueous separations such as water/ethanol, how to enhance flux 
when designing GO membranes with high structural robustness and separation accuracy remains a pendent 
challenge. Herein, we report a facile and tunable way to tackle this issue via incorporating a kind of multi-
functional polyhedral oligomeric silsesquioxane (POSS). After optimization of assembly process, the GO channels 
with low transport resistance, high separation accuracy and robust framework can be constructed, which arise 
from the rigid molecular-size siloxane cage, the hydrophilic-hydrophobic hybrid structure, and the affluent 
covalent cross-linking sites on POSS, respectively. As a result, the membrane achieves exceptionally high sep-
aration performance with a flux of 3.16 kg/m2 h and water/ethanol separation factor of 1303, which are 50 % 
and 31-fold higher than pristine GO membrane, and exhibits outstanding structural robustness in harsh operating 
conditions, such as high temperature, ultrahigh water concentration, acid/alkali environment and long-term 
operation. The strategy proposed here holds great potential to produce high-efficiency two-dimensional-mate-
rial membranes for precise aqueous separations.   

1. Introduction 

Energy-efficient separation processes are highly demanded in 
chemical production due to the current high proportion (10–15 %) of the 
world’s energy consumption used to purify chemical mixtures [1]. For 
instance, water/ethanol separation during the production of ethanol is a 
representative energy-intensive process due to the formation of azeo-
trope. Reducing the energy consumption for separation has become an 
important topic with the increasing demands for fuel ethanol. Mem-
brane separation technology, as a typical non-thermal separation 
method, presents the possibility to reduce energy cost up to 90 % 
compared with the current heat-driven separation technologies such as 
distillation and evaporation [2–4]. Developing high-performance 
membrane is one of the critical topics to promote the practical appli-
cations of membrane separation technology. Generally, an ideal mem-
brane should integrate the following features [5,6]: (i) the thin thickness 
to confer low transport resistance (high flux) [7]; (ii) the well-defined 
transport channels with matching physical structure and chemical 

microenvironment to realize precise separation (high separation factor); 
(iii) the robust structure to prevent membrane rupture in harsh sepa-
ration conditions and long-term operation (high stability). 

During the decades of research, plentiful membrane materials have 
been explored with excellent separation performance and reliable pro-
cessing strategies, such as zeolite, metal-organic framework, and 
carbon-based materials [8–11]. Among them, the two-dimensional (2D) 
nanostructured graphene oxide (GO) has opened a new era of mem-
branes and shown exciting separation properties for molecules and ions 
[12–19]. The atom-thick nanosheets are easy to assemble into ultrathin 
laminar membranes via well-established methods, forming ordered and 
tunable interlayer sub-nanometer channels to enable high-efficiency 
separation for targeted systems. However, the abundant hydrophilic 
hydroxyl, epoxy and carboxyl groups on GO nanosheets could form 
strong hydration in the presence of water molecules, thus impairing the 
interlayer bonding, leading to the swelling and even disintegration of 
GO membrane [20–22]. 

To achieve the precise molecular separations of GO membrane in 
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aqueous environment (such as water/ethanol with strong coupling ef-
fect and small size discrepancy), nanosheet reduction [23–27] and 
intercalation [28–33] are commonly adopted approaches. Through 
chemical or thermal reduction, partial hydrophilic groups can be 
removed from GO nanosheets and the hydrophobic regions expand, 
leading to the stronger π-π interlayer interaction and the narrowed 
interlayer space [34]. As a result, an improved separation accuracy and 
stability can be obtained. Diverse intercalation materials including small 
organic molecules [35–40], polymers [41–45], metal ions [46], etc. 
have been incorporated into GO interlayer channels through forming 
covalent bond, electrostatic attraction or cation-π interaction with GO. 
Particularly, covalent bond possesses higher bond energy and superior 
stability relative to other interactions, enabling the more wide-ranging 
applications of GO membrane. Meanwhile, through rationally 
designing the size and spatial structure of intercalation materials, the 
interlayer channels in GO membrane can be readily tuned to the size 
between the molecules need to be separated, so that to achieve precise 
molecular sieving. However, most of the above improvements are 
implemented at the expense of shrunken channel size and lower flux 
[47–49]. Intercalating nanoparticles is favor of high flux, yet the 
excessively broadened channel deteriorates the molecular sieving per-
formance. In our previous work [50], 1,4-phenylenediamine-2-sulfonate 
was covalently incorporated into GO membrane, which achieved 
excellent water/butanol separation performance with simultaneously 
enhanced permeate flux and separation factor, yet the results for 
water/ethanol separation were rather dissatisfactory. Therefore, in 
terms of water/ethanol separation, how to enhance flux when designing 
GO membranes with high structural robustness and separation accuracy 
remains a pendent challenge. 

Herein, this bottleneck issue is tackled in a facile way by incorpo-
rating a rigid, molecular level, organic-inorganic and hydrophilic- 
hydrophobic hybrid material (octa ammonium polyhedral oligomeric 
silsesquioxane (oa-POSS)), into the GO interlayer channels (Fig. 1). The 
cubic siloxane cage in the center is rigid with the size of 0.5 nm 
measuring from a Si atom to another, ensuring the appropriate broad-
ening of interlayer channels for rapid water transport. From the aspect of 
chemical structure, the siloxane provides hydrophobic region, which 
facilitates water transport with low resistance, while the arms of oa- 
POSS with rich amino groups form hydrophilic area, benefiting the 
preferential adsorption of water molecules. Meanwhile, robust covalent 
bonds are formed between oa-POSS and GO through nucleophilic 
addition reaction. Through the synergy of suitably enlarged channel, 
heterogeneous hydrophilic/hydrophobic nanodomains, and strong- 
bonding framework, the as-prepared GO/oa-POSS membranes achieve 
an exceptional separation performance with the ultrahigh flux and 
separation factor being maintained in the entire concentration range of 
water/ethanol mixture, acid/alkali environment and long-term opera-
tion, exceeding the state-of-the-art membranes for water/ethanol 

separation. 

2. Experimental 

2.1. Materials 

Graphene oxide (GO) was purchased from Nanjing Jicang Nano 
Technology Co., Ltd., China. Octa Ammonium POSS (oa-POSS) was 
bought from Alfa Aesar. Sodium hydroxide (NaOH) and hydrochloric 
acid (HCl) were obtained from Sinopharm Chemical Reagent Co., Ltd., 
China. The α-Al2O3 porous substrates with an average pore size of 150 
nm and porosity of about 35 % was homemade. The flat-sheet poly-
acrylonitrile (PAN) ultrafiltration membrane with a molecular weight 
cut-off of 100,000 was received from Shandong Mega Vision Membrane 
Engineering & Technology Co. Ltd. (Shandong, China). Deionized water 
used in laboratory was homemade. 

2.2. Preparation of (GO/oa-POSS)n membranes 

The raw GO dispersion was diluted to form 0.1–0.4 g/L GO suspen-
sions. The oa-POSS powder was dissolved in water to prepare 0.01–0.05 
mol/L solution, and the pH value of solutions were adjusted via 0.5 mol/ 
L HCl or NaOH aqueous solution. The PAN substrate was hydrolyzed 
before assembly of GO and oa-POSS via being soaked in 1.5 mol/L NaOH 
solution at 328 K for 30 min and then washed with water. Subsequently, 
GO dispersion and oa-POSS solution were alternatively spin-coated on 
the hydrolyzed PAN (hPAN) substrate (2000 rpm rotational speed and 
60 s rotational time) to form GO/oa-POSS bilayers. Each spin-coated 
layer was washed with deionized water to remove the physically 
adsorbed molecules, and the top layer was GO. Finally, the prepared 
membranes were vacuum-dried and stored before test. The membranes 
were named as (A-GO/B-oa-POSS)n, where A and B represent the con-
centration of GO (g/L) and oa-POSS (mol/L), respectively, n refers to the 
number of spin coating cycles. 

2.3. Characterizations of materials and membranes 

The morphology of GO nanosheet was characterized by atomic force 
microscope (AFM, XE-100, Park SYSTEMS, Korea). The diameter of oa- 
POSS nanoparticle was measured via dynamic light scattering technique 
(Zetasizer Nano ZS90, Malvern, UK). The charge properties of GO and 
oa-POSS suspensions were characterized by Zeta potential analysis 
(Zetasizer Nano ZS90, Malvern, UK). The chemical compositions of GO 
and oa-POSS were characterized by Fourier transform infrared (FTIR, 
AVATAR-FT-IR-360, Thermo Ncolet, USA) and X-ray photoelectron 
spectroscopy (XPS, Thermo ESCALAB 250, USA). The membrane mor-
phologies of surface and cross-section were revealed by field emission 
scanning electron microscopy (SEM, Hitachi S-4800, Japan). The 

Fig. 1. Schematic of (a) oa-POSS and (b) membrane structure.  
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roughness data of membrane surface in the range of 5 × 5 μm2 was 
obtained from AFM. Nano-scratch measurement was conducted by the 
NanoTest (NanoTestTM, Micro Materials, UK) system with the home- 
made α-Al2O3 as substrate. 

2.4. Separation performance measurements 

The separation performance measurements were operated via sepa-
rating 90/10 wt% ethanol/water mixture at 343 K. As-prepared mem-
branes were placed in a homemade membrane module with a 2.54×

10− 4 m2 effective area. After the system reached steady state, all the 
separation measurements were repeated more than three times. The 
detailed measuring procedure can be found in our previous work [50]. 
The permeate flux J (kg/m2 h) and separation factor α were calculated as 
follows: 

J =
M

A × t
(1)  

α=
yW/yA

xW/xA
(2)  

where M (kg) is the mass of collected permeate, A (m2) is the effective 
area of the membrane, and t (h) is the operation time. xW and yW are the 
water mass fraction in the feed and permeate sides, xA and yA represent 
the ethanol mass fractions in the feed and permeate side, respectively. 

The permeance (driving force-normalized form of permeation flux) 
of individual components ((P/l)i, GPU) (1 GPU = 7.501× 10− 12 

m3(STP)/(m2⋅s⋅Pa)) and selectivity (β) were defined as follows: 

(P/l)i =
Ji

pio − pil
=

Ji

γi0xi0psat
i0 − pil

(3)  

β=
(P/l)W

(P/l)E
(4)  

where Ji is the permeation flux of component i (g/(m2⋅h)), l is the 
thickness of membrane (m), pi0, pil are the partial pressures of compo-
nent i in the feed side and permeate side (Pa), and pil can be calculated 
approximately as 0 for the high vacuum degree in the permeate side. γi0 
is the activity coefficient of component i in the feed liquid, xi0 is the mole 
fraction of the component i in the feed liquid, psat

i0 is the saturated vapor 
pressure of pure component i (Pa). The permeation flux of water and 
ethanol should be transformed into the volumes under standard tem-
perature and pressure (STP):1 kg of water vapor at STP = 1.245 m3 

(STP) and 1 kg of ethanol vapor at STP = 0.487 m3 (STP). 

3. Results and discussion 

3.1. Characterization of GO and oa-POSS 

The microstructure of membrane heavily depends on the assembly 
materials. Therefore, the morphology of graphene oxide nanosheets was 
characterized by AFM. As shown in Fig. S1, the lateral size of GO 
nanosheet is ~1 μm and the thickness is about 1 nm. The most probable 
diameter of oa-POSS is about 0.87 nm as measured through dynamic 
light scattering technique (Fig. S3), confirming the monodispersion of 
oa-POSS nanoparticle. The status of the abundant ammonium groups on 
oa-POSS is strongly influenced by pH value, which then determines the 
type of interactions between oa-POSS and GO nanosheet. Therefore, the 
charge properties oa-POSS under different pH values were characterized 
by measuring the zeta potential (Fig. 2). The GO dispersion shows a 
negative-charged property owing to the existence of partially ionized 
carboxylic acid group. The zeta potential of oa-POSS changes from 
positive to negative when the pH value ranges from 4 to 10. After dis-
solving oa-POSS in water, part of the NH3

+ are deprotonated and 
convert to –NH2, leading to the decrease of positive charges and the low 

zeta potential of 2.84 mV, which indicates that the nanocages possess 
weak repulsion between each other, and may tend to agglomerate in 
neutral solution. At the pH value of 4, most of the ammonium groups on 
oa-POSS could maintain the form of NH3

+ because the high- 
concentration H+ in solution suppresses its deprotonation. After 
adjusting the pH value to 10 with NaOH solution, the zeta potential of 
oa-POSS is transformed into negative, since most of the oa-POSS- 
NH3

+Cl− will deprotonate to form oa-POSS-NH2 in this condition. 

3.2. Characterization of membranes 

The FTIR spectra of GO and oa-POSS are shown in Fig. 3a. The ab-
sorption bands of GO at 3433 cm− 1, 1705 cm− 1, 1621 cm− 1, and 1055 
cm− 1 are ascribed to –OH, C––O, C––C and C–O–C groups, respectively. 
After the assembly between GO and oa-POSS, the characteristic bands of 
Si–O–Si and C–N appear at 1125 cm− 1 and 1590 cm− 1 on the spectrum 
of (GO/oa-POSS)15 membrane, indicating that oa-POSS has been 
chemically grafted onto GO. 

To further analyze the crosslinking reaction between GO and oa- 
POSS in (GO/oa-POSS)15 membranes, the XPS characterizations of GO 
and (GO/oa-POSS)15 membranes assembled at different pH values were 
conducted. As shown in Fig. 3b. N, Cl and Si peaks appear on the curve of 
(GO/oa-POSS)15 membrane, which are the characteristic elements of oa- 
POSS, revealing the successful anchor of oa-POSS in the membrane. The 
C1s spectrum of GO membrane exhibits four peaks at binding energies of 
284.8, 287, 287.8 and 288.8 eV, which correspond to C–C/C––C, C–O/ 
C–O–C, C––O and O–C––O, respectively (Fig. 3c). Compared with the 
pristine GO membrane, the C–O–C ratio of the (GO/oa-POSS)15 mem-
brane decreases and a new C–N peak appears (Fig. 3d, e and f), proving 
the formation of covalent bonds between GO and oa-POSS as consistent 
with the FTIR results [51]. The N1s peak for (GO/oa-POSS)15 mem-
branes can be decomposed into two peaks corresponding to C–N 
(399.5eV) and NH3

+ (401 eV), which represent the two different forms 
of N element existing in oa-POSS. When the pH value of oa-POSS solu-
tion ranges from 4 to 10, the C–O–C ratio of (GO/oa-POSS)15 membrane 
decreases from 28.37 % to 22.33 %, both the C–N ratios in C1s and N1s 
spectra increase, while the NH3

+ ratio remarkably declines from 90.15 
% to 69.79 %. Combined with the zeta potential results of oa-POSS so-
lutions, it can be deduced that under the acidic condition, the majority 
of N element in oa-POSS exists in the form of NH3

+, while the ratio of 
–NH2 is rather low, so that oa-POSS is prone to form electrostatic 
interaction with GO. With the increase of assembly pH value, the ratio of 
–NH2 gradually increases, more –NH2 attacks the epoxy groups on GO, 
enabling the epoxy groups to open the ring and form C–N covalent bonds 
under alkaline condition. 

Fig. 4 shows the morphologies of (GO/oa-POSS)15 membranes. 

Fig. 2. Zeta potential analysis of GO and oa-POSS aqueous solutions.  
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Elemental mapping analysis reveals the homogeneous distribution of Si, 
N and Cl elements in membrane, which further reveals the successful 
and uniform incorporation of oa-POSS into GO membrane. As displayed 
in Fig. 4g, the surface of (GO/oa-POSS)15 membrane exhibits similar 
wrinkles arising from the edges and foldings of GO nanosheets without 
notable defects in surface pattern. The subtler morphology character-
ization via AFM reveals similar results. The cross-sectional image shows 
that the membrane possesses an ultrathin thickness of 38 ± 2 nm, and 
the thickness of each bilayer is estimated to be about 2.5 nm. The ul-
trathin membrane thickness is favorable for reducing transmembrane 
resistance and achieving attractive permeate flux. 

3.3. Separation performance of (GO/oa-POSS)n membranes 

3.3.1. Effect of the preparation procedures 
During membrane preparation process, GO nanosheets and oa-POSS 

nanoparticles were alternately deposited on the substrate surface and 
assembled into membrane. The interaction between substrate and GO 
nanosheet influences the uniformity and coverage of first layer, thus 
exerting a remarkable effect on the formation of intact selective layer. 
Therefore, PAN hydrolysis was conducted to tune the surface property of 
substrate, so that to optimize membrane structure and separation per-
formance. Comparatively, the M3 membrane with hydrolyzed PAN 

(hPAN) obtains a more outstanding performance with the permeate flux 
of 3.02 kg/m2 h and water/ethanol separation factor of 1002, which are 
3-fold and 4-fold higher than that of M1 membrane, respectively 
(Table 1). Since the substrate of M1 is not hydrolyzed, the coverage rate 
of GO nanosheets as first layer is too low and most of the oa-POSS 
nanoparticles may trap into the pores of the PAN support, which sub-
sequently disturbs the following assembly of GO and oa-POSS. As a 
result, the oa-POSS nanoparticles introduced into the GO interlayer 
channels are inadequate and inhomogeneous, and the molecular trans-
port channels are disordered and irregular, thus leading to the low 
permeate flux and separation factor. 

The concentration of GO and oa-POSS are 0.2 g/L and 0.02 mol/L, 
respectively. The pH value of oa-POSS solution is 10. The water content 
in feed is 10 wt%, and the operation temperature of pervaporation test is 
343 K. 

Furthermore, water washing after each spin coating is also an 
important step influencing membrane structure. Compared with M3, the 
M2 without water washing step shows lower permeate flux and sepa-
ration factor. During each spin coating process, besides the robustly 
assembled GO or oa-POSS through electrostatic interaction, hydrogen 
bond and covalent bond, there also are some weakly adsorbed materials 
which can be washed away with deionized water. In the absence of 
water washing step, the excess GO and oa-POSS cause disorderly stacked 

Fig. 3. (a) FTIR spectra of GO and (GO/oa-POSS)15 membranes; (b) XPS spectra of GO and (GO/oa-POSS)15 membranes; (c) C1s XPS spectra of GO membrane; (d–i) 
C1s and N1s XPS spectra of (GO/oa-POSS)15 membranes assembled at different pH values: pH = 4 ((d) and (g)), pH = 7 ((e) and (h)), pH = 10 ((f) and (i)). The 
concentration of GO and oa-POSS are 0.2 g/L and 0.02 mol/L, respectively. 
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interlayer channels and thickened membrane, leading to the worse 
separation performance. Based on the above analysis, PAN hydrolysis 
and water washing were imperative procedures and performed for all 
the membranes in the following experiments. 

3.3.2. Effect of the assembly force 
The type and strength of the interaction between GO and oa-POSS is 

a crucial factor determining their assembly behavior and the ultimate 
membrane structure. Herein, the assembly interactions can be 

manipulated via controlling the pH values of oa-POSS solutions to tune 
the status of ammonium groups on oa-POSS. For comparison, three 
membranes were prepared with different pH values of oa-POSS solutions 
and evaluated for water/ethanol separation. As shown in Fig. 5a, with 
the pH values of oa-POSS solutions changing from 4 to 10, the separation 
factor shows a considerably improvement, and the permeate flux also 
slightly increases. According to the N element contents obtained via XPS 
characterization, with the increasing pH values of oa-POSS solutions, the 
actual oa-POSS amounts in the membranes are 22.3 wt%, 45.2 wt% and 
59.2 wt%, respectively. As demonstrated in the analysis of XPS char-
acterizations, under the acidic condition, the electrostatic attraction 
between –NH3

+ on oa-POSS and –COO- on GO is the dominant inter-
action, while the proportion of covalent bond between –NH2 on oa-POSS 
and -C-O-C on GO gradually increases with the assembly solution 
changing to alkali environment. As is well known, epoxy group consti-
tutes the majority of the hydrophilic groups on GO and uniformly dis-
tributes on the basal plane of GO sheet, while the negative charged 
carboxylic acid group has a much lower content and concentrates on the 
edge. Consequently, there are more interaction sites for covalent bond 

Fig. 4. (a–f) EDS, (g–h) SEM, and (i) AFM images of (GO/oa-POSS)15 membrane. The concentration of GO and oa-POSS are 0.2 g/L and 0.02 mol/L, respectively.  

Table 1 
Effect of the preparation procedures on the separation performance of (GO/oa- 
POSS)15 membranes.  

Membrane PAN 
hydrolysis 

Water 
washing 

Permeate flux 
（kg/m2h） 

Water/ethanol 
separation factor 

M1  ✓ 0.76 203 
M2 ✓  1.74 341 
M3 ✓ ✓ 3.02 1002  

Fig. 5. Effect of the assembly force (the pH value of oa-POSS solution) on the (0.3-GO/0.02-oa-POSS)15 membrane separation performance. (a) Permeate flux and 
separation factor, (b) water permeance, ethanol permeance and water/ethanol selectivity. Feed water concentration: 10 wt%, feed temperature: 343 K. 
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compared with electrostatic attraction, thus conferring the higher 
loading of oa-POSS in GO interlayer channels under alkali condition. 
The incorporation of oa-POSS not only suitably enlarges the transport 
channel with its rigid siloxane cage, but also optimizes the chemical 
environment in channel by forming heterogeneous hydrophilic/hydro-
phobic nanodomains. As a result, the transport of water molecules can 
be promoted while ethanol molecules are inhibited, leading to the slight 
increase of water permeance, the decrease of ethanol permeance, and 
the consequent improvement of selectivity (Fig. 5b). Furthermore, it can 
be found that the membrane shows a remarkably enhanced separation 
factor when the pH value increases from 7 to 10, although the oa-POSS 
loading in membrane doesn’t change a lot. The possible reason is that 
oa-POSS tend to agglomerate in neutral solution due to its deficient 
charges as indicated by the zeta potential result, which causes the 
inhomogeneous distribution of oa-POSS inside GO channels and impairs 
the separation accuracy of membrane. 

3.3.3. Effect of the bilayer number 
To obtain the ultrathin and defect-free separation layer, a series of 

(0.2-GO/0.02-oa-POSS)n membranes with different bilayer numbers 
were prepared and assessed. With the bilayer number increases from 5 to 
20, the permeate flux keeps decreasing and the separation factor in-
creases at beginning and then declines. When the bilayer number is 15, 
the membrane obtains the optimal performance with the permeate flux 
of 3.02 kg/m2 h and water/ethanol separation factor of 1002. For in- 
depth analysis, the water permeance, ethanol permeance and selec-
tivity were calculated as shown in Fig. 6b. With the bilayer number 
increasing from 5 to 15, water permeance decreases from 1.44 × 104 to 
0.99 × 104 GPU, while ethanol permeance decreases from 141 to 7.7 
GPU. Apparently, by increasing the bilayer number, we could easily 
increase the membrane thickness, which leads to higher transport 
resistance and reduces the amounts of defects, thus causing the reduc-
tion of permeance (permeation flux) and enhancement of selectivity 
(separation factor). However, when the bilayer number attains 20, the 
increased spin circles not only lead to the thicker membrane but also 
cause the hydrophobic interlayer channels because the excessive 
bonding between oa-POSS nanoparticles and GO nanosheets reduces the 
amount of effective hydrophilic groups exposed in the interlayer, 
resulting in the suppression of water transport and facilitation of ethanol 
transport. Therefore, both the permeate flux and the separation factor 
decrease, owing to the continuous cutdown of water permeance and the 
slight raise of ethanol permeance. 

3.3.4. Effect of the oa-POSS and GO concentrations 
The oa-POSS and GO concentrations were also tuned to optimize the 

interlayer channel structure and water-selective permeation process. 
The membranes with different oa-POSS concentrations (0.01–0.05 mol/ 
L) and GO concentrations (0.1–0.4 g/L) were prepared with the bilayer 
number of 15. As shown in Fig. 7a, with the oa-POSS concentration 
increasing, the permeate flux keeps declining, while the separation 

factor rises and reaches a peak (from 426 to 1002) at 0.02 mol/L. When 
the oa-POSS concentration increases from 0.01 to 0.02 mol/L, water 
permeance decreases from 1.14 × 104 to 0.99 × 104 GPU, and ethanol 
flux decreases from 23 to 7.7 GPU, thus resulting in the increased 
selectivity (Fig. 7b). This result can be ascribed to the enhanced oa-POSS 
deposition amount in each bilayer at higher concentration, which ben-
efits the subsequent deposition of GO and oa-POSS and facilitates the 
formation of defect-free separation layer. When the oa-POSS concen-
tration exceeds 0.02 mol/L, both water permeance and selectivity 
decrease continuously, while the ethanol permeance keeps increasing 
(Fig. 7b). The high concentration of oa-POSS will excessively occupy the 
mass transfer channel and then increase the mass transfer resistance. In 
the meantime, the abundant oa-POSS nanoparticles will introduce more 
hydrophobic Si–O–Si nanocages exposing in the channel, while the hy-
drophilic NH2 groups on oa-POSS nanoparticles are consumed by epoxy 
groups on GO nanosheets, resulting in the drop of water permeance and 
the promotion of ethanol permeane. 

With the GO concentration increasing from 0.1 to 0.4 g/L, the 
permeate flux and separation factor both increase at beginning and then 
decline (Fig. 7c). When the GO concentration is 0.3 g/L, the (0.3-GO/ 
0.02-oa-POSS)15 membrane obtains the exceptional performance with 
the permeate flux of 3.16 kg/m2 h and water/ethanol separation factor 
of 1303. With the GO concentration increases from 0.1 to 0.3 g/L, the 
water permeance slightly increases from 0.94 × 104 to 1.04 × 104 GPU 
while ethanol permeance significantly decreases from 23 to 6.1 GPU 
(Fig. 7d). GO with higher concentration can increase the GO coverage on 
the PAN substrate during the first spin-coating and accelerate the for-
mation of defect-free separation layer, thus leading to the improved 
selectivity. The as-formed ordered and stable GO channels assisted by 
oa-POSS nanoparticles possess the physical structure and chemical 
microenvironment more beneficial to the transport of water molecules, 
which counterbalances the detrimental effect of diminishing defects on 
water permeance and results in the sharply declined ethanol permeance. 
When the GO concentration exceeds 0.3 g/L, the membrane shows poor 
water permeance (permeate flux) and selectivity (separation factor), 
since the considerable mass transfer resistance arising from the excess 
GO cannot be overcome by the preferential adsorption of water mole-
cules, thus giving rise to the rapid decline of water permeance. 

After optimizing the preparation conditions, the as-prepared GO/oa- 
POSS membrane obtains an excellent water/ethanol separation perfor-
mance far superior to the pristine GO membrane. The pristine GO 
membrane exhibits poor separation performance with the flux of 2.10 
kg/m2 h and water/ethanol separation factor of 42, since the hydrogen 
bonds and π-π interactions between GO nanosheets are too weak to resist 
the severe membrane swelling and interlayer spacing expansion [51]. 
Comparatively, the permeate flux and separation factor of 
(0.3-GO/0.02-oa-POSS)15 membrane are 3.16 kg/m2 h and 1303, which 
are 50 % and 31-fold higher than that of GO membrane, respectively. 
Apparently, the incorporation of oa-POSS into GO interlayer channel 
achieves the simultaneous improvement of flux and separation factor. 

Fig. 6. Effect of the bilayer number on the (0.2-GO/0.02-oa-POSS)15 membrane separation performance. (a) Permeate flux and separation factor, (b) water per-
meance, ethanol permeance and water/ethanol selectivity. Feed water concentration: 10 wt%, feed temperature: 343 K. 
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With the incorporation of oa-POSS, the water permeance of GO mem-
brane increases from 0.61 × 104 to 1.04 × 104 GPU, while the ethanol 
permeance decreases from 85 to 6.1 GPU, evidencing the facilitation for 
water molecules and the inhibition for ethanol molecules (Fig. 8). The 
boost of separation performance can be ascribed to the following rea-
sons. (i) The combination of spin coating and layer-by-layer self--
assembly methods facilitates the formation of ordered GO layers. Hence, 
defect-free GO/oa-POSS membrane can be prepared with the ultrathin 
thickness of 38 nm. (ii) The robust covalent cross-linking between 
oa-POSS and GO ensures the structural stability of GO channels during 
operation, thus enhancing the diffusion selectivity. (iii) Due to the 
enlarged interlayer channel arising from the intercalation of rigid 
oa-POSS, the GO/oa-POSS membrane possesses less GO layers compared 
with the pristine GO membrane with similar thickness, thus resulting in 
the shorter mass transport pathway and higher diffusivity. (iv) The arms 
of oa-POSS with rich amino groups form hydrophilic area, benefiting the 
preferential adsorption of water molecules, while the hydrophobic 
alkane region of oa-POSS facilitates the low-resistance diffusion of 
water. Due to the synergetic optimization of physical and chemical 
structures of GO channels after incorporating oa-POSS, The GO/oa-POSS 

membrane achieves the highly-efficient separation of water/ethanol 
mixture. Moreover, the GO/oa-POSS membrane displays a 5.3-fold 
higher water/ethanol separation factor than the GO/PDASA(Na+) 
membrane in our previous work. In order to better compare the mo-
lecular transport processes in these two membranes, the water per-
meance, ethanol permeance and water/ethanol selectivity under the 
same test condition (temperature: 343 K, water concentration in feed: 
10 wt%) were calculated as shown in Table S1. Both water permeance 
and ethanol permeance of GO/oa-POSS membrane are lower than those 
of GO/PDASA(Na+) membrane. Particularly, the ethanol permeance is 
85 % lower, thus achieving a 4.9-fold increase in selectivity. This 
discrepancy can be mainly ascribed to the different loading amount of 
ionic groups in GO channel. The mass ratio of PDASA(Na+) is about 11.8 
wt% and there is only one sulfonate group in a PDASA(Na+) molecule. 
Herein, oa-POSS is introduced via spin coating and layer-by-layer 
self-assembly methods, thus leading to the higher mass ratio of 
oa-POSS in membrane (59.2 wt%), and there are eight hydrophilic 
groups in an oa-POSS molecule (70 % of them exists in the form of 
NH3

+). Through comprehensive calculation, the loading amount of ionic 
group in GO/oa-POSS membrane is 5.2-fold of that in GO/PDASA(Na+) 

Fig. 7. Effect of the (a–b) oa-POSS concentration on the (0.2-GO/B-oa-POSS)15 membranes and (c–d) GO concentration on the (A-GO/0.02-oa-POSS)15 membranes 
separation performance. Feed water concentration: 10 wt%, feed temperature: 343 K. 

Fig. 8. The separation performance of GO and (GO/oa-POSS)15 membranes: (a) permeate flux and separation factor, (b) water permeance, ethanol permeance and 
water/ethanol selectivity. 
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membrane, which favors the formation of continuous ionic channels for 
water transport and intensifies the inhibition for ethanol. On the other 
hand, the high-loading oa-POSS occupies more interlayer space, which 
leads to the decreased permeance. As a result, the GO/oa-POSS mem-
brane shows slightly lower water permeance and much higher water/-
ethanol selectivity. 

3.4. Membrane stability evaluation 

In order to verify the stability of the (0.3-GO/0.02-oa-POSS)15 
membrane, the membrane separation performance at various operation 
temperatures (with feed water content of 10 wt%) was evaluated 
(Fig. 9). Both permeate flux and separation factor increase with the 
elevated operation temperature (Fig. 9a). To better understand the 
molecular permeation behavior under different temperatures, the per-
meance and selectivity were calculated (Fig. 9b), and the permeance 
data were fitted to obtain the activation energy (Fig. S4). With the 
improvement of operation temperature, the permeance of water and 
ethanol shows the tendency of decreasing, revealing that the enhance-
ment of permeate flux is mainly attributed to the driving force. The 
decrease rate of water permeance is much lower than that of ethanol, 
thus leading to the continuously increasing selectivity. The impacts of 
operation temperature on separation performance can be analyzed from 
the aspects of solution and diffusion. In terms of solution, high tem-
perature is not conducive to the molecular adsorption in membrane, 
thus reducing the solubility of permeating molecules. In terms of 
diffusion, with the rise of operation temperature, the swelling of mem-
brane structure may be aggravated and lead to an enlarged interlayer 
spacing, improving the diffusivity of permeating molecules. The change 
trend of permeance depends on the relative extent of the influence on 
diffusivity and solubility. Herein, the decreased water and ethanol 
permeance with temperature (i.e. the negative activation energies of 
water and alcohol molecules) reveals that the molecular adsorption 
(solubility) plays a dominant role in influencing permeance at high 
temperature, while the swelling of membrane structure (diffusivity) 
contributes much less. This result indicates that the membrane structure 
is stable enough under high temperature, which can be ascribed to the 

strong bonding between GO and oa-POSS nanoparticles. 
The membrane stability was further assessed with the entire con-

centration range of water/ethanol mixtures as feed solutions at 343 K. It 
can be found that the increasing feed water concentration significantly 
promotes the permeate flux and the water concentration in permeate 
(Fig. 9c). The permeate flux of (0.3-GO/0.02-oa-POSS)15 membrane 
increases from 3.16 to 19.85 kg/m2 h and the water concentration in 
permeate is raised to 99.8 %. Especially, when the water concentration 
reaches 20 wt%, the membrane possesses an outstanding separation 
performance with the permeate flux of 6.04 kg/m2 h and the separation 
factor of 1974. Since the increase of the water content in feed confers 
different influences on the driving forces for water and ethanol perme-
ation, we calculated the water permeance, ethanol permeance and 
water/ethanol selectivity of the prepared membrane for in-depth anal-
ysis as shown in Fig. 9d. As the water concentration in feed increases 
from 5 % to 20 %, the water permeance increases slightly, while ethanol 
permeance sharply decreases, resulting in a remarkable increase in 
selectivity. These results indicate that the membrane swelling with this 
range of water concentration is faint and insufficient to cause the decline 
of diffusion selectivity. Meanwhile, owing to the continuous increase of 
water concentration in feed, the content of water molecules inside 
membrane increases, which leads to the blocking of ethanol molecules 
and the consequently decrease in ethanol permeance. When the water 
concentration in feed exceeds 20 wt%, the permeance of water and 
ethanol increases, elucidating the aggravated membrane swelling at 
higher water concentration, which causes the decreased selectivity. 
Nevertheless, the water/ethanol selectivity remains acceptable (higher 
than 900) with the water concentration in permeate reaches 99.8 %, 
demonstrating that the membrane performance at ultrahigh water 
concentration and at a high temperature up to 343 K still meets the 
requirements for utilization. 

For practical applications, the pH value of the separation environ-
ment also has a crucial effect on membrane performance. Herein, the 
(0.3-GO/0.02-oa-POSS)15 membranes were soaked in feed solutions for 
5 days under acidic/neutral/alkaline conditions, then the membrane 
performance was evaluated at 343 K (Fig. 10). After soaking, all the 
membranes show similar performance with the original membrane, 

Fig. 9. Effect of the temperature ((a) and (b)) and water concentration ((c) and (d)) on the (0.3-GO/0.02-oa-POSS)15 membrane separation performance.  
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demonstrating that the membrane has excellent chemical stability to 
bear harsh and complex application environments. 

To further validate the structural stability of as-prepared mem-
branes, the (0.3-GO/0.02-oa-POSS)15 membrane was immersed in 
water/ethanol solutions (10 wt%/90 wt%) for 20 min of ultrasonication. 
There is no clear defect and damage on membrane surface and no 
peeling between the separation layer and the support (Fig. 11a). 
Furthermore, we used a nano-scratch technology to compare the me-
chanical stability and interfacial adhesive force for the GO membranes 
with or without oa-POSS nanoparticles. As shown in Fig. 11b, the 
scratched membranes were characterized via SEM to observe the 
cracking region and then determine the starting point of membrane 
failure. With the enhancement of load, the scratch becomes obvious with 
an increasing scratch depth. Under the same load (scan displacement), 

(GO/oa-POSS)15 membrane shows a smaller scratch depth (Fig. 11c), 
indicating that the membrane incorporating oa-POSS nanoparticles has 
an enhanced mechanical stability, owing to the existence of the rigid 
cubic siloxane cage on oa-POSS. The load-displacement curve reveals 
that the critical loads of pristine GO and (GO/oa-POSS)15 membranes 
are 12.5 and 16.8 mN, respectively (Fig. 11d), corresponding to the 
interfacial adhesive property of different membranes. The enhanced 
interfacial adhesion of (GO/oa-POSS)15 membrane can be ascribed to 
the robust molecular interactions between GO nanosheets and oa-POSS. 

A three-stage long-term operation of (0.3-GO/0.02-oa-POSS)15 
membrane was carried out with a duration of around 24 days (Fig. 12a). 
Firstly, the membrane was assessed by separating the water/ethanol (10 
wt%/90 wt%) mixture at 343 K for 14 days. The permeate flux and the 
water concentration in the permeate side are stable during the test. Then 

Fig. 10. Effect of soaking treatment on the separation performance of (0.3-GO/0.02-oa-POSS)15 membrane. (a) Permeate flux and separation factor, (b) water 
permeance, ethanol permeance and water/ethanol selectivity. Feed water concentration: 10 wt%, feed temperature: 343 K. 

Fig. 11. (a) Photographs and FESEM images of (0.3-GO/0.02-oa-POSS)15 membrane before and after 20 min of sonication in 10 wt% water/90 wt% ethanol solution; 
(b) FESEM images of the interfacial failure of the (0.3-GO/0.3-GO)15 and the (0.3-GO/0.02-oa-POSS)15 membranes; (c) Scratch depth–displacement curve of the (0.3- 
GO/0.02-oa-POSS)15 membrane. (d) Load–displacement curve of the (0.3-GO/0.02-oa-POSS)15 membrane. 
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the membrane was soaked in 90 wt% ethanol aqueous solution for 5 
days. Compared with the pervaporation test process, the direct soaking 
in feed solution is harsher for membrane to resist swelling, since the 
solvent molecules will penetrate into the substrate pores and then con-
tact with the interfacial region of composite membrane, while the sol-
vent molecules transport to the membrane interface in the form of vapor 
in the pervaporation test. In our previous researches on polymeric 
membranes, some membrane materials could afford the long-term 
continuous operation, yet they show poor performance after being 
soaked in feed solution due to the severe swelling. Subsequently, the 
soaked GO/oa-POSS membrane was retested with the feed water con-
centration of 20 wt% at 343 K. The permeate flux and water concen-
tration in the permeate stabilize at 6 kg/m2h and 99.7 wt%, respectively, 
consistent with the results in Fig. 8c. The above results substantiate that 
the stable membrane structure is well-constructed and viable for the 
long-term liquid separation. 

In summary, the GO/oa-POSS membrane possesses a desirable 
structural stability and maintains the high separation capacity in the 
entire concentration range of water/ethanol mixture, acid/alkali envi-
ronment and long-term operation. The superior stability of the GO/oa- 
POSS membrane confers a greater competitiveness over other counter-
parts, especially in practical applications that demand more stern re-
quirements for membrane stability. More importantly, the (0.3-GO/ 
0.02-oa-POSS)15 membrane presents an impressive water/ethanol sep-
aration performance with high permeate flux and separation factor, 
lying on the top of state-of-the-art membranes (Fig. 12b and Table S1). 

4. Conclusion 

In summary, through incorporating the multifunctional oa-POSS 
nanoparticles, we successfully constructed GO channels with low 
transport resistance, high separation accuracy and robust framework. 
Specifically, oa-POSS promotes the water-selective separation process 
from three aspects: (i) the rigid, molecular-size siloxane cage of oa-POSS 
properly broadens the interlayer channel, leading to the less tortuous 
transport pathways and the lower transport resistance; (ii) the 
hydrophilic-hydrophobic hybrid structure of oa-POSS facilitates the 
preferential adsorption and the rapid diffusion of water molecules 
simultaneously; (iii) the abundant covalent cross-linking sites on oa- 
POSS confer strong bonding between GO and oa-POSS. Through the 
synergy of suitably enlarged channel size, heterogeneous hydrophilic/ 
hydrophobic nanodomains, and strong-bonding framework, the mem-
brane obtains an outstanding separation performance with the permeate 
flux of 6.04 kg/m2 h and the water/ethanol separation factor of 1974 
(343 K, water concentration in feed of 20 wt%), exceeding the state-of- 
the-art membranes for water/ethanol separation. Moreover, the excep-
tional membrane performance can be still maintained at high 

temperature, ultrahigh water concentration, acid/alkali condition and 
long-term operation. This work proposes a facile and promising way 
toward the implementation of two-dimensional laminar membrane in 
liquid separations. 
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