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Abstract 

Inspired by fast and selective water transport in natural Aquaporin (AQP), an 

water binding bola-amphiphile-imidazole compound (IU) was embedded with the 

hydrophilic and laminated graphene oxide (GO) to prepare IU-GO membrane. 

H-NMR, TG, XRD, SEM, AFM and FTIR were conducted to characterize 

physicochemical properties of IU and IU-GO membranes. It was demonstrated that IU 

could well interact with GO to generate a robust membrane structure. The resulting 

IU-GO membranes were applied for pervaporation dehydration of n-butanol-water. 

The total flux and the separation factor of the optimized IU-GO membrane were 3506 

g·m-2·h-1 and 4454 respectively when the membrane was measured at 343 K with 

butanol content of 80 wt%. Furthermore, the membrane exhibited good stability and 

separation performance during 120 hours continuous operation test, showing great 

potential in application of solvent dehydration.  

Keywords: artificial water channel, imidazole, graphene oxide membrane, solvent 

dehydration, pervaporation  
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1 Introduction 

In recent years, pervaporation (PV) membrane separation technology is widely 

applied in solvent dehydration and organic separation due to its convenient operation, 

energy-efficiency, and environmental friendliness [1,2]. An ideal dehydration PV 

membrane allows for rapid transport of water, while simultaneously rejecting organic 

solvent [3]. Poly(vinyl alcohol) [4] and chitosan [5] are traditional polymer membrane 

materials for solvent dehydration due to the good hydrophilicity while suffering from 

an undesirable trade-off between permeability and selectivity which limits their 

further application [6].  

In nature, aquaporin (AQP) [7], as a trans-membrane protein, possesses both 

superior water permeability (~108-109 water molecules/s/channel) and high selectivity 

(filter out molecules and charged hydrated ions larger than water molecule). From this 

point of view, the selectivity water transport observed with AQP could provide 

valuable guidance in membrane separation, especially in PV dehydration of organic 

solvent. Typical behaviors of AQP are the hourglass-type structure, hydrophobicity 

and charge repulsion in the aromatic arginine (ar/R) constriction with diameter of 2.8 

Å and hydrophilicity on both side of the pore [8]. This unique structural property of 

AQP provides important insights for designing synthetic membrane materials with 

rapid water transport. The basic approach for mimicking this channel is to extract the 

AQP proteins and reconstitute them into vesicles or synthetic bilayers otherwise they 

will lose biological functions [8, 9]. Wang et al.[10] reported on a highly permeable and 

selective biomimetic composite membrane with a high AQP covering density 

exhibited water permeance of 4 L·m-2·h-1·bar-1 or 8 L·m-2·h-1·bar-1 for flat sheet or for 

hollow fiber polyamide thin layer RO membranes, respectively with a salt rejection 

of >97.5%.  In the application of AQP biological membranes, main challenges might 

include: i) difficulty in controlling stable structure and scaling-up because of 

insufficient stability of AQP proteins in high saline and operational pressure; ii) 

fragile lipid bilayers show poor compatibility with the practical applications; iii) high 

fabrication cost compared with synthetic counterparts [11, 12]. 



Therefore, researchers attempt to mimic the structure of AQP [13] and synthesize 

artificial simpler molecules with similar structural and thus water transport properties, 

namely artificial water channels, first reported by Barboiu et al.[14] Common artificial 

water channels such as carbon nanotubes [15-17] (CNTs), imidazole-quartet water 

channel [14, 18, 19] (IQWC) and peptide-appended pillar[5]arene [20-22] (PAP) have been 

explored during the last decades. Noy et al.[17] indicated that water permeability in 

0.8-nanometer-diameter CNTs, which confined water down to a single-file chain, 

exceeded that AQP. Hou et al. [21], Kumar et al.[23] et al. and Wang et al. [24] 

chronologically investigated the molecular transport of water through PAP channels 

embedded in in bilayer membranes and amphiphilic block copolymers [25, 26]. The 

PAP channel based on block copolymer membranes showed sharp selectivity for a 

molecular weight cutoff of ~ 500 Da and achieving large enhancement in permeability 

reaching about 65 L·m-2·h-1·bar-1. Alternatively, imidazole-quartet water channel 

artificial water channels [18] are excellent candidates to construct membranes with fast 

and selective water transport properties, while have not been further realized due to 

the lack of suitable embedding matrix and membrane fabrication approach. 

Two-dimensional graphene oxide (GO) nanosheets, can be easily assembled into 

bilayer structure, and show better mechanical and chemical stability [27] than 

phospholipid bilayers, together with rich functional groups [28], making it an ideal 

platform for incorporating water channel molecules. Recently, Park et al. [11] 

demonstrated that GO membranes functionalized with a peptide motif can realize 

selective recognition and transport between Co2+ and Cu2+. State-of-art design and 

fabrication of GO membranes with a surface-tethered peptide RF8 to mimic the 

water-selective filter of natural AQP were also explored [12].  

In this work, we selected bola-amphiphile-imidazole compound (IU) [14, 19] 

embedded into GO interlayer to fabricate biomimetic IU-GO membrane (Fig.1). The 

main purpose of this work is to study water transport behavior through the interlayer 

space resulted from IU-GO membrane. The chemical structure of as-synthesized IU, 

morphologies and structure of resulting IU-GO membranes were systematically 

characterized. The water transport properties of the IU-GO membranes were 



evaluated by dehydration of butanol-water mixtures via pervaporation process. The 

solvent dehydration performance was further studied by varying the feed 

concentration, temperature and operating time.  

 

 

Fig.1 Schematic diagram of designed IU-GO membrane structure 

2 Experimental 

2.1 Imidazole-Ureido Synthesis 

1,6-diisocyanatohexane (Shanghai Aladdin Bio-Chem Technology Co., Ltd, 

China) and histamine (Shanghai Sigma-Aldrich Trade Co., Ltd., China) were mixed 

with a molar ratio of 1:2 (Fig.2) using tetrahydrofuran (THF, Shanghai No.4 Reagent 

& H.v Chemical Co., Ltd., China) as a solvent [14]. The resulting mixture was refluxed 

heating at 70 °C for 10 h, and then washed with THF for three times, followed by 

centrifugation at room temperature. Finally, the product was dried in vacuum at 70 °C 

for 48 h to receive white powder of bola-amphiphile-imidazole compound: 

N,N'-hexane-1,6-diylbis(1H-imidazol-4-ethylcarboxamide), further used as molecular 

scaffold to construct IU-GO membranes.  

 

Fig.2 Synthesis of bola-amphiphile-imidazole compound (IU) 

 

2.2 Membrane Fabrication 

Dried IU powder was solubilized in methanol with the concentration of 0.2 



mg·ml-1. Graphene oxide (GO, Nanjing XFNANO Tech Co., Ltd, China) nanosheets 

with lateral dimension of 2~5 μm and thickness of ~1 nm were dispersed into 

deionized water to get 0.25 mg·ml-1 suspension by ultra-sonication and centrifugation. 

IU and GO were mixed with ice bath as well as stirred for 0.5 h. The resultant mixture 

was vacuum-assisted filtered by polyacrylonitrile (PAN, Shandong Megavision 

Membrane Technology & Engineering Co., Ltd, China) [29] to obtain the pristine GO 

and IU embedded GO (IU-GO) membranes. According to the O element content 

analyzed by XPS, the actual IU mass fraction in IU-GO membranes were calculated 

as 2.4 wt %, 3.1 wt %, 3.8 wt %, 5.2 wt %, 6.7 wt %, 9.0 wt % and 9.3 wt % 

respectively. 3-6 membrane samples were prepared for GO or each IU-GO membrane. 

The deviation of membrane thickness (average error is 7.5 %) was controlled by using 

the same concentration of suspension for filtration and same filtration time for the 

fabrication of IU-GO membranes. 

2.3 Characterizations 

Molecular structure and thermal stability of imidazole-ureido were determined 

by using Nuclear Magnetic Resonance Spectrometry (NMR, AVANCE II 400, 

Germany) and thermogravimetric (TG, NETZSCH 209F1, Germany) from 30°C to 

200 °C with a rate of 10 °C·min−1 under N2. Surface morphologies and thicknesses of 

the membranes were characterized by scanning electron microscopy (SEM, Hitachi 

Limited S-4800, Japan). Roughness of the membrane surface was obtained from the 

atomic force microscope (AFM, Bruker Dimension Icon, Korea). A contact angle 

drop-meter was used to test membrane surface water contact angle (WCA, A100P, 

MAIST Vision Inspection & Measurement Co., Ltd.). Interlayer spacing of the 

membrane was examined by X-ray diffraction (XRD, Rigaku Miniflex 600, Japan) at 

the range of 5°≤ 2θ ≤ 40°. We utilized X-ray photoelectron spectroscopy (XPS, 

Thermo ESCALAB 250, USA) and Fourier transform infrared (FTIR, Thermo 

AVATAR-FT-IR-360, USA) spectra with the range of 400-4000 cm-1 to analyze the 

elements and functional groups of the samples.  

2.4 Pervaporation Measurement 

Pervaporation measurement was conducted by a homemade module. All 



membranes were supported by a stainless-steel construction. Flow rate of feed 

solution was fixed with 100 ml·min-1 by a peristaltic pump and the temperature 

needed to be maintained steady for some time before testing. The pressure of 

permeate side was below 160 Pa which was controlled by vacuum pump. The 

permeate vapor was collected at low temperature provided by liquid nitrogen. The 

separation performance of each sample was tested for at least three times. The 

deviation of separation performance (average error is 8.7 %) was controlled by 

applying the same operating conditions such as feed temperature and concentration, 

downstream pressure, as well as the conditions for measuring the membrane area, 

permeate weight and concentration. 

Flux (J, g·m-2·h-1) and separation factor (β) are often used to describe the 

separation performance of the membrane [28]. We definite water flux and separation 

factor as the following: 

                             𝐽 =
𝑀

𝐴·𝑡
                             (1) 

                            𝛽 =
𝑌𝑊 𝑌𝑂⁄

𝑋𝑊 𝑋𝑂⁄
                           (2) 

M, A and t represent the mass of permeates (g), effective separation area (m2) and 

collecting time (h) respectively. 𝑌𝑊, 𝑋𝑊 mean the mass fraction of water on the 

permeate side and feed side. Similarly, 𝑌𝑂, 𝑋𝑂 mean the mass fraction of organic 

component on the permeate side and feed side. 

Calculations of activation energy by the Arrhenius Equation [2] is used to explain 

the relationship between feed temperature and flux: 

𝐽𝑖 = 𝐽0 ∙ 𝑒−𝐸𝑎 𝑅𝑇⁄                        (3) 

While 𝐽𝑖 (g·m-2·h-1) is the flux of component i; 𝐽0 (g·m-2·h-1) is the pre-exponential 

factor; 𝐸𝑎 (kJ·mol-1) is the permeation-process-associated activation energy; T (K) is 

the operation temperature; R (kJ·mol-1·K-1) is the gas constant, R=8.314 × 10-3 

kJ·mol-1·K-1. We take the log of both side of above equation to get simple calculation 

formula: 

                       𝑙𝑛(𝐽𝑖) = 𝑙𝑛(𝐽0) −
𝐸𝑎

8.314
∙

1000

𝑇
                  (4) 

And the value of 𝐸𝑎 can be calculated by the slope of 𝑙𝑛(𝐽𝑖) vs 1000/T curve. 



Main factors to influence separation performance include driving force 

(temperature and concentration) and membrane structure (membrane thickness) [2]. To 

explore the influence of feed concentration and temperature, the driving 

force-normalized permeance and selectivity of IU-GO membrane were calculated. 

When considering the effect of membrane thickness on the pervaporation 

performance, permeability Pi is the key parameter to evaluate. The permeance ((𝑃/𝑙), 

GPU), permeability (Pi, Barrer) and selectivity (α) are obtained by:  

                       (𝑃/𝑙)𝑖 =
𝐽𝑖

𝑝𝑖0−𝑝𝑖𝑙
=

𝐽𝑖

𝑥𝑖0𝑦𝑖0𝑝𝑖𝑜
𝑠𝑎𝑡−𝑝𝑖𝑙

                 (5) 

                         𝑃𝑖 =
𝐽𝑖∙𝑙

𝑝𝑖0−𝑝𝑖𝑙
=

𝐽𝑖∙𝑙

𝑥𝑖0𝑦𝑖0𝑝𝑖𝑜
𝑠𝑎𝑡−𝑝𝑖𝑙

                   (6) 

                             𝛼 =
(𝑃/𝑙)𝑊

(𝑃/𝑙)𝐵
=

𝑃𝑊

𝑃𝐵
                       (7) 

Here,(𝑃/𝑙)𝑖  is the permeance of component i; ((𝑃/𝑙)𝑊  and (𝑃/𝑙)𝐵  represent 

permeance of water and butanol respectively); 𝑃𝑊 and 𝑃𝐵 represent the permeability 

of water and butanol respectively, l is the membrane thickness (μm); pi0-pil is the total 

driving force for transport of component i; pi0 and pil are the vapor pressure of 

component i on the feed and permeate side, respectively; pil is considered as 0 due to 

the low pressure of the permeate side (close to the vacuum, ~160 Pa); xio and yio 

represent the activity coefficient and mole fraction of component i of the feed 

respectively, and 𝑝𝑖𝑜
𝑠𝑎𝑡 is the saturated vapor pressure (Pa) of the pure component i at 

a certain temperature.  

3 Results and Discussion 

3.1 Characterization of Imidazole-Ureido 

1H NMR spectroscopy was used to confirm the molecular structure of IU. In this 

work, 1H NMR spectra of IU was recorded in d6-DMSO, by using the residual solvent 

peak as reference to examine the molecule structure of IU. and the observed peaks 

were in accord with the previously reported results and proposed formula [14]: δ = 1.22 

(s, 2H), 1.31 (t, 2H), 2.56 (t, 2H), 2.94 (q, 2H), 3.20 (q, 2H), 5.7 (t, 1H), 5.85 (t, 1H), 

6.75 (s, 1H), 7.65 (s, 1H), 11.80 (s,1H) (Fig.3a) It confirms that IU compound was 

successfully synthesized in this work. 



TG and DTG were also investigated to make sure the synthesized IU can remain 

stable under certainly high temperature conditions used during application (Fig.3b). It 

shows a slight mass loss occurring over a temperature range of 30-100 °C owing to a 

strong water binding, as previously reported [14]. The mass of compound IU starts to 

decompose at 180 °C and occurs secondary decomposition at 410 °C, indicating that 

the IU can keep its self-assembled form below 180 °C and thus can meet the 

requirements of solvent dehydration process.  
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 Fig.3 (a) 1H-NMR spectrum and (b) TG-DTG curves of the synthesized IU  

3.2 Characterization of Membrane 

3.2.1 Morphology 

Fig.4 a,d display the surface and cross-section morphology of the pristine GO 

membrane, displaying a typical wrinkles morphology [30] and a membrane thickness of 

104±12 nm. Fig.4 b,e and Fig.4 c,f represent the SEM images of IU-GO membranes 

with different mass fraction of IU (3.1 wt % and 9.3 wt % respectively). After 

(a) 

(b) 



embedding bola-amphiphile IU into GO interlayer, the thicknesses of IU-GO 

membrane was increased 130±10 nm (3.1 wt %) and 153±24 nm (9.3 wt %) 

respectively, while the laminar structure was well preserved [30, 31]. When the mass 

fraction of IU of membrane was increased from 0 wt % to 9.3 wt %, the membrane 

surface showed less wrinkles and an increase of local roughness with the addition of 

bola-amphiphile IU.  

 

Fig.4 SEM images of (a),(d) GO membrane (b),(e) IU-GO membrane with 3.1 wt % IU and 

(c),(f) IU-GO membrane with 9.3 wt % IU; 

Besides that, we analyzed 3D AFM figures of pristine GO membrane and IU-GO 

membrane with different mass fraction of IU (3.1 wt % and 9.3 wt %). Both of the 

pristine GO membrane and 3.1 wt % IU-GO membrane surface showed typical 

wrinkled morphology. Nano-bumps were observed on the 9.3 wt % IU-GO membrane 

surface. The result indicates that IU in the membrane gradually agglomerated to form 

nanoparticles when the solvent was evaporated. AFM also gave the surface roughness 

Rq (10.0 nm, 14.7 nm and 15.1 nm) of IU-GO membranes (0 wt %, 3.1 wt % and 9.3 

wt %) respectively. According to the WCA test, the hydrophilicity of IU-GO 

membranes showed a slight decrease compared with pristine GO membrane. Both 

chemical structure and surface roughness of the membrane surface determine the 

hydrophilicity [32, 33]. For a hydrophilic material, the hydrophilicity increased with its 

roughness. Here, a reduced hydrophilicity (slightly higher WCA) was found in the 

GO membrane with a rougher surface. It suggests that the chemical structure of the 



membrane surface (long hydrophobic chain alkanes) dominates the membrane 

hydrophilicity in our case. It would affect the water permeation of IU-GO membrane 

which will be discussed later.  

 

Fig.5 AFM and WCA images of (a), (d), (g) GO membrane (b), (e), (h) IU-GO membrane 

with 3.1 wt % IU and (c), (f), (i) IU-GO membrane with 9.3 wt % IU 

3.2.2 Chemical and Physical Structures 

The chemical structure of GO and IU were investigated by FTIR (Fig.6) and 

XPS (Fig.7), which revealed the molecular interaction between GO and IU. Fig.6 

demonstrates the FTIR results of the pristine GO membrane (red curve), IU-GO 

membrane (blue curve) and the PAN substrate (black curve). We could clearly figure 

out peaks of hydroxyl group (3252 cm-1, -OH), carboxyl group (1736 cm-1, C=O, and 

1359 cm-1, C-OH), aromatic ring (1625 cm-1, C=C) and epoxy group (1072 cm-1, 

C-O-C) from spectrum of GO membrane. Besides that, analyzed from IU molecular 

structure and IU-GO membrane characterization, functional groups including 

methylene bond (2847 cm-1 and 2921 cm-1, -CH2-) and nitrogen hydrogen bond (1571 

cm-1, -NH-, might come from C=O of imidazole-ureido) were observed. It 



demonstrated that IU has been embedded into GO interlayer.  
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Fig.6 FTIR spectra of IU-GO membrane, GO membrane and PAN substrate 

As revealed by XPS spectra in Fig.7 a-d, C and N elements were analyzed to 

further study the chemical structure of GO and IU. Typical peaks of GO were listed as 

carboxyl group (-O-C=O, 289.4 eV, accounts for 2.39%), carbonyl group (C=O, 

288.4 eV, accounts for 7.08%), epoxy group (C-O-C, 286.9 eV, accounts for 48.4%) 

and aromatic ring (C-C, 284.8 eV, accounts for 42.13%). For XPS C1s spectra of 

IU-GO membrane, we found that carboxyl group could even hardly be detected but 

carbon-nitrogen bond (C-N, 285.7 eV, 9.99%) was observed. By comparing the XPS 

N1s spectra of IU with that of IU-GO, we found that the ratio of functional group 

-NH-CH=N- decreased (from 72.43% to 47.00 %) and the ratio of functional group 

-NH-C=O- increased (from 27.57% to 53.00%). Therefore, in addition to hydrogen 

bonding between GO and IU, there are dehydration condensation of the carboxyl 

group and ring opening reaction of the epoxy group on GO with the pyrrole nitrogen 

on the imidazole ring of the IU.  
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Fig.7 XPS spectra for C1s of (a) GO membrane and (b) IU-GO membrane;  

N1s of (c) synthesized IU and (d) IU-GO membrane 

The physical properties and d-spacing of IU-GO membranes with different IU 

mass fraction were characterized by XRD (Fig.8a,b). Three typical peaks represent 

PAN substrate where 2θ values are equal to 17.60, 22.75 and 25.90, respectively. The 

d-spacing of GO membrane were calculated from Bragg's Law [34]. It shows that 

d-spacing of the pristine GO membrane is 0.85 nm, which agrees with reported value 

[35, 36]. The typical peak gradually shifts towards lower 2θ value with the embedding of 

the IU into GO interlayer, indicating an enlarged interlayer space. When the IU 

accounts for 3.1 wt %, d-spacing of the IU-GO membrane is 0.87 nm. Considering the 

graphene thickness of 0.34 nm, the empty interlayer space of IU-GO membrane for 

molecular transport is calculated as 0.53 nm. As further increasing the embedding IU 

content to 9.3 wt %, the d-spacing was reached 1.07 nm. Thus, an empty interlayer 

space of 0.73 nm was obtained, which is larger than the molecular diameter of most 

small organic solvents such as ethanol and butanol.  

(a) (b) 

(c) (d) 



From the XRD, we can obtain an averaged interlayer spacing (< 1 nm) of the 

GO-based membrane. While the flexible GO nanosheets can easily generate local 

bulges (typical wrinkles morphology of GO membrane surface shown in Fig 4a), 

which is able to accommodate components larger than its averaged interlayer spacing. 

This phenomenon has been reported by many papers studying 

nanomaterials-intercalated GO membranes[2, 3, 29, 36]. The dimension of assembled 

imidazole-quartet water channel (IQWC) are bigger than interlayer spacing: 

1.07x0.97 nm, excluding the diameter of C-atoms. We further measured the XPRD 

data on samples containing constant amount of 20 mg IU and variable amounts of GO 

to cover the concentration domain of the prepared IU-GO membranes. They are not 

reminiscent with the formation of lamellar quartet phases observed in crystal structure 

of the IU, including the imidazole-quartet water channels (IQWC). Based on x-ray 

single structure analysis they are probably accommodating partial assembled 

structures of IU-ribbon, which probably can be accommodated by pairs, with the 

dimensions of 0.65±0.2 nm within the GO interlayer space. They are binding water at 

their extremities, generating the clustering of water within the membrane Further 

studies would be carried out to confirm the self-assembly of IU at supramolecular 

level maintained in the presence of GO nanosheets. 
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Fig.8 (a) XRD patterns and (b) d-spacings of GO membrane and IU-GO membrane with 

different mass fraction of IU (c) XRD patterns of IU-GO powders (left) the measured main 

distances observed in the x-ray crystal structure of IU (center)[14] and possible models for the 

embedding of the IU in IU-GO layers (right).  

3.3 Pervaporation Performance  

3.3.1 Effect of IU Mass Fraction 

Water transport properties of IU-GO membranes with different IU mass fractions 

were investigated by measuring pervaporation dehydration performance. The total 

flux and separation factor are shown in Fig. 9. To normalize the effect of driving force 

and membrane thickness on the separation performance, permeance, permeability and 

selectivity are calculated in Table 1. All the membrane samples in Fig. 9 are tested 

under the same pervaporation conditions (90 wt % butanol-water solution at 313 K) to 

keep an identical driving force. Meanwhile the membrane thickness was controlled at 

~100-150 nm for IU-GO membranes with different IU mass fractions. Thus, the 

permeability and selectivity follow similar variation trends for flux and separation 

factor, respectively.   

The embedded bola-amphiphile IU into GO membranes would affect the water 

transport behavior in three possible ways: i) presumed water binding by 

bola-amphiphile IU to allow highly selective water transport through membrane; ii) 

enlarged GO d-spacing (XRD result in Fig. 8) to promote the water diffusion rate 

while reduce the diffusion selectivity; iii) decreased hydrophilicity (WCA result in 

Fig.5 g-i) to suppress the water adsorption. The separation factor and selectivity of 

IU-GO membranes were enhanced by one order of magnitude with introducing IU up 

to 3.1 wt%, confirming the highly selective transport properties of IU towards water. 

However, excessive IU (>3.1 wt%) reduced the separation factor and selectivity, due 

to decrease of diffusion selectivity caused by the enlarged d-spacing, as well as 

suppressed water preferential adsorption resulted from the lowered hydrophilicity. 

The flux and permeance (or permeability) were co-determined by above 

mentioned IU, d-spacing and hydrophilicity with a complicated way. The flux and 

permeance would be increased because of the embedded IU and enlarged d-spacing 



while reduced due to the lowered hydrophilicity with the addition of IU. As increasing 

the IU mass fraction to 3.1 wt%, ideal water clusters might be gradually formed, 

together with the enlarged d-spacing, achieving the highest water flux and permeance 

(or permeability). Additionally, the hydrophobic alkane chains of IU would suppress 

the water transport simultaneously, leading to the variable flux and permeance (or 

permeability) for GO membranes embedded with different IU mass fractions. 
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Fig.9 Butanol dehydration performance of GO membrane and IU-GO membranes fabricated 

in different mass fraction of IU (90 wt % butanol-water at 313 K) 

Table 1 Permeance, permeability and selectivity of IU-GO membrane fabricated in different 

mass fraction of IU in 90 wt % butanol-water solution 

Mass fraction of IU / 

wt% 

(P/l)Water 

/ GPU 

(P/l)Butanol 

/ GPU 

PWater  

/ Barrer 

PButanol  

/ Barrer 
𝛼 

0 

2.4 

3.1 

3.8 

5.2 

6.7 

9.0 

9.3 

9294 

7454 

9925 

8582 

6410 

7765 

6442 

5122 

49.97 

9.30 

4.73 

8.70 

10.18 

37.08 

30.81 

19.81 

967 

850 

1290 

1133 

859 

1095 

947 

784 

5.20 

1.06 

0.61 

1.15 

1.36 

5.23 

4.53 

3.03 

186 

802 

2098 

986 

630 

209 

209 

259 



3.3.2 Effect of Feed Concentration 

Pervaporation dehydration performance of organic solvents would largely 

depend on water concentration in the feed [28]. Here, we studied the influence of 5 

wt %, 10 wt %, 15 wt % and 20 wt % water in n-butanol water mixture at 343 K 

(Fig.10) respectively. When the water concentration ranged between 5 wt % ~20 

wt %, flux of IU-GO membrane increased from 575 to 3506 g·m-2·h-1 and separation 

factor changed from 830 to 4454 at 343 K. It could be found that increasing feed 

water content significantly promoted both the flux and separation factor of IU-GO 

membrane. The enhanced water transport can be attributed to enhancement of driving 

force and membrane swelling in the butanol-water solution with higher water 

concentration.  
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Fig.10 Effect of feed water concentration on the butanol dehydration performance at 343 K 

Table 2 Permeance, permeability and selectivity of IU-GO membrane at 343K under different 

feed water concentration 

Water concentration  

/ wt% 

(P/l)Water  

/ GPU 

(P/l)Butanol  

/ GPU 

PWater  

/ Barrer 

PButanol  

/ Barrer 
𝛼 

5 

10 

15 

2507 

2742 

4451 

2.21 

1.76 

1.70 

326 

356 

579 

0.29 

0.23 

0.22 

1134 

1558 

2618 



20 4960 0.85 645 0.11 5835 

    In order to further understand the effect of feed water concentration on the 

transport properties, the flux and separation factor was normalized by the driving 

force as permeance and selectivity, respectively. As shown in Table 2, (P/l)Water and 

PWater was enhanced with increasing the feed water concentration owing to the swelled 

membrane structure caused by water molecules adsorbed in the membrane. The 

properly loosened membrane structure lowers the transport resistance for water 

molecules, meanwhile is insufficient to facilitate butanol permeation due to the larger 

molecular size of butanol. In addition, the facilitated penetration of water molecules 

occupies more water clusters in membrane, thus inhibiting the diffusion of butanol 

molecules [2]. Hence, the butanol permeance shows a decreased tendency with the 

increasing feed water concentration and resulted in enhanced selectivity of IU-GO 

membrane. In polymeric membranes, swelling often happens with increase of feed 

water content, resulting in a decrease in selectivity [37]. The suppressed swelling 

behavior enabled by the IU-GO structure would allow the membrane application in 

dehydration of solvent containing a wide range of water content. 

3.3.3 Effect of Feed Temperature 

Fig.11 a shows the influence of feed temperature (313 K, 323 K, 333 K, 343 K) 

on the dehydration performance of IU-GO membrane with IU mass fraction of 3.1 

wt %. Both flux and separation factor were increased as the feed operation 

temperature raised. Specifically, when the temperature of feed solution was 343 K, 

the flux and separation factor rose up to 1468 g·m-2·h-1 and 4601 respectively. This 

phenomenon is favorable for the application of IU-GO membrane since its separation 

efficiency can be enhanced by simply increasing the feed temperature. 
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Fig.11 Effect of feed temperature on the (a) dehydration performance with 90 wt %  

butanol-water feed solutions (b) Arrhenius plots of flux  

Generally, the relationship between feed temperature and total flux follows 

Arrhenius law[2, 29]. Fig.11 b displays Arrhenius plots of water and butanol permeation 

through the IU-GO membrane in dealing with 90 wt % butanol-water feed solutions. 

According to the calculation, we obtained that permeation activation energies for 

water and butanol are 16.81 kJ/mol (endothermic) and -27.21 kJ/mol (exothermic) 

respectively. Water flux was increased when the temperature raised due to the flux 

was consistent with incremental temperature driving force [38]. In the same way, the 

attenuation of butanol flux also relies on the permeation activation energy of butanol, 

which means the butanol permeation decreased with the temperature. Namely, water 

was much easier to pass through IU-GO membrane than butanol if the membrane was 

operated at higher temperature. It explained why both flux and separation factor were 

improved by increasing the feed temperature. The water selectivity over butanol for 

IU-GO membrane kept increasing with operation temperature, which indicated 

butanol encountered higher transport resistance under high temperatures than water.  

Like the effect of feed concentration discussed above, the feed temperature 

affects the PV performance also in two aspects: driving force and membrane structure. 

The driving-force-normalized permeance and selectivity were calculated in Table 3 to 

study the influence of temperature on the intrinsic transport properties of the IU-GO 

membrane. Both (P/l)Water and (P/l)Butanol were decreased with rising the feed 

temperature while the selectivity increased. According to the solution-diffusion model 

(b) (a) 



[39], the mass transfer of PV process is governed by sorption and diffusion. At higher 

temperature, the sorption would be inhibited while the diffusion would be promoted. 

The lowered permeance reveals that adsorption process plays a dominant role during 

mass transfer. Moreover, the IU-GO membrane might show higher adsorption 

selectivity for water towards butanol which resulted in higher selectivity. 

Table 3 Permeance, permeability and selectivity of IU-GO membrane under different feed 

temperatures in 90 wt % butanol-water feed solution 

Temperature 

/ K 

(P/l)Water  

/ GPU 

(P/l)Butanol  

/ GPU 

PWater  

/ Barrer 

PButanol  

/ Barrer 
𝛼 

313 

323 

333 

343 

8971 

7226 

5179 

3726 

5.01 

1.92 

0.78 

0.54 

1166 

939 

673 

484 

0.65 

0.25 

0.10 

0.07 

1791 

3764 

6640 

6900 

3.3.4 Effect of Operation Time 

Continuous pervaporation on the 3.1 wt % IU-GO membrane was investigated in 

90 wt% butanol-water solution at 333 K to evaluate the stability of the membrane 

(Fig.12). It was noted that prior to long-term performance test, this membrane had 

been working for over 120 h. During additional 120 h continuous pervaporation 

separation, the membrane selectivity kept stable and the water concentration in 

permeate was around 99.5%. According to the XPS analysis, strong interaction was 

confirmed between GO and IU, which is favorable for achieving this stable separation 

performance. The stability can be also related to the insolubility of the resulted H 

bonding aggregates or particles of IU in the membrane. Flux demonstrates a minor 

decline, from ~1147 g·m-2·h-1 to ~1000 g·m-2·h-1. This kind of decline might result 

from the metastable GO [40, 41]. The O/C ratio of GO will decrease to fixed value of 

0.38 within the relaxation time and final reaches a quasi-equilibrium state [2]. High 

temperature accelerates the reduction of GO compared to room temperature and leads 

to the minor decline of flux. While after that, IU-GO membrane showed stable 

separation performance. 
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Fig.12 Effect of operation time on butanol dehydration performance of IU-GO membrane in 

dealing with 90wt % butanol-water feed solutions at 333 K 

Fig.13 concludes common polymeric membranes (polyimides, cellulose, 

poly(vinyl alcohol) and polyacrylonitrile), inorganic membranes (zeolite and silica) 

and GO-based membranes [27, 39, 42] for butanol dehydration performance reported in 

literature [37, 43]. Operation conditions of each membrane reported in Fig.13 are listed 

in Table 4. In general, compared with polymeric membranes, IU-GO membrane 

displays higher flux and separation factor, while shows lower separation performance 

compared with inorganic membranes. As discussed above, the assembly manner and 

hydrophilicity of IU significantly affect the separation performance, which requires 

further optimization in future study. 
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Fig.13 PV performance of membranes for butanol dehydration reported in literature  

  



Table 4 Operation conditions of each membrane demonstrated in Fig.13 

 
Membrane 

T  

/°C 

Butanol 

/wt % 

Flux 

/g·m-2·h-1 

Separation 

factor 
Reference 

Polymer 

membranes 

PAI/PEI 60 85 846 1174 [44] 

PI-ZrO2 40 90 140 109 [45] 

CS 30 95 210 2657 [46] 

PVA 60 90 950 140 [47] 

HPAN 30 70 2030 99 [48] 

Inorganic 

membranes 

NaA zeolite 70 90 2700 8000 [49] 

A-type zeolite 75 90 1370 90000 [50] 

T-type zeolite 75 90 1700 18000 [50] 

Hybrid silica 95 95 1800 1100 [51] 

Tubular silica 70 95 4500 600 [52] 

GO based 

membranes 

GOPASA 30 90 2540 2241 [39] 

CS@GO 70 90 10000 1523 [27] 

GO/AAO 50 90 3100 230 [42] 

IU-GO 

IU-GO 40 80 1948 1817 This work 

IU-GO 60 90 1318 4352 This work 

IU-GO 70 80 3506 4454 This work 

* PAI means polyamide-imide; PEI means polyetherimide; PI-ZrO2 represents 

mixed-matrix membranes based on polyimides with ZrO2 nanostars; CS represents 

chitosan membrane; PVA represents means poly(vinyl alcohol) membrane; HPAN 

represents hydrolyzed polyacrylonitrile membrane.  

4 Conclusions 

In summary, inspired by natural fast water transport channel AQP, we introduced 

the molecular bola-amphiphile imidazole compound (IU) into the layered structure of 

assembled GO laminate to fabricate a new type of IU-GO membrane. IU-GO 

membrane demonstrated high water transport selectivity over butanol due to the 

introduction of IQWC. The total flux and separation factor of the optimized IU-GO 

membrane were 3506 g·m-2·h-1 and 4454 respectively for pervaporation dehydration 

of 80 wt% butanol-water solution at 343 K. The IU-GO membrane exhibited a 

simultaneous enhancement in flux and separation factor with increasing feed water 

concentration and temperature, together with a stable performance during continuous 

operation, showing great potential in solvent dehydration. The explored molecular 



transport behavior through IU-GO membrane would also inspire design and 

fabrication of GO-based membranes for organic separation in future. 
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