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Abstract 

Holey reduced graphene oxide (r-HGO) was investigated for next-generation 

nanofiltration membranes for water desalination. The GO nanosheets were first etched with 

hydrogen peroxide to create holes to enhance the water permeance. The holey GO (HGO) 

was then deposited on ultrafiltration membranes and reduced using hydroiodic acid (HI) 

aqueous solutions to improve the selectivity of the r-HGO membranes. The r-HGO was 

characterized using Fourier transform infrared spectrometer (FTIR), Raman spectroscopy, 

atomic force microscopy (AFM) and goniometer. The permeation properties of the r-HGO 

composite membranes are tunable via changing the preparation conditions, such as etching 

time, reduction degree and loading content. The highest pure water permeance can reach 30 

Lm-2·h-1·bar-1 (LMH/bar) in 10 nm r-HGO-4-1.5 (where GO was etched for 4 hand reduced 

using a volume ratio of 1.5 for HI:H2O) while the rejection ofNa2SO4 and NaCl is 68% and 

30%, respectively. The highest rejection rate of Na2SO4 can achieve 99.1 % with the water 

permeance around 0.63 LMH/bar for r-HGO-4-4. Thus the HGO composite membrane can 

be considered to be a promising candidate among next-generation nanofiltration 

membranes. 
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1. Introduction 

Carbon nanomaterials, such as graphene oxide, are drawing growing attentions for its wide 

applications in electronics, biomedicine and membrane science.[1-3] Due to its chemical 

stability, tunable inter-layer spacing and particular water molecular transport pathway [ 4, 5], 

GO membranes have been a hot spot of research in water separation. 

It is predicted by molecular simulation that the friction of water is quite low when it flows 

through graphene nanochannels, which contributes to the high rate of water flow. [ 6] 

Furthermore, experimental results reveal that the water flux of GO membrane made via layer-

by-layer deposition of GO is approximately 4- 10 times greater than that of the majority 

commercial nano filtration membranes. [7] However, GO can be easily dispersed in water, 

making it difficult for long-term operation of water purification. In addition, in a wet 

condition, the capillaries in GO can become large enough for hydrated ions to pass 

through.[8] Molecules in aqueous solution can enter and transfer through the graphene 

capillaries if their sizes are within the critical size (- 4.5 A). [9] Considering these 

characteristics, GO-based membranes are mainly used in dye separation and separation of 

aqueous organic solution to date. [7, 1O] To adjust the selectivity of GO membrane regarding 

small molecules or ions while maintain the high water flux, several approaches have been 

explored and they are briefly summarized below. 

The selectivity of the GO membranes can be tuned via altering the surface charge. For 

example, carbon nanotubes (CNT) with abundant oxygen-containing groups can be 

introduced into the GO layers to increase the membrane surface charge, thus increase the 
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electrostatic interaction between the membrane surface and ions.[11 , 12] As a result, a 

charged membrane can even reject ions smaller than the pore size.[13, 14] Another approach 

is to tune the size of the nanochannel in the GO. The size of nanochannels in graphene sheets 

is one of the most significant parameters because it is directly related to the selectivity of the 

membrane. The nanochannel in GO can either be tuned via permeation condition, such as pH, 

salt concentration and pressure or via inserting nano-structured components, such as 

nanostrands and nanotubes.[15 , 16] 

Since the interlayer spacing of GO is around 1 nm, which is large enough for various kind 

of ions to pass through, the electronic interactions between GO and ions are actually playing 

a significant role in the rejection of ions. [17] A recent study reported the pH-responsive 

behavior of GO in ion sieving based on the alternation of charge and interlayer spacing of a 

GO membrane when pH varies. [ 18] In the study, the GO membrane was fabricated using a 

layer-by-layer procedure. The negatively charged GO nanosheets and positively charged 

poly(allylamine hydrochloride) (PAH) were deposited in tum on the hydrolyzed 

polyacrylonitrile (hPAN) substrate. As pH increases, the hydraulic resistance of the GO also 

increases, resulting in a lower flux, which is seemingly contrary to the previous found facts. 

As explained in the article, for GO with a low oxygen content between 0% and 30%, the 

original channels are very small. An increased pH can expand the channel size and thus 

increase the water flux. While for the GO with high content of oxygen groups, the channels 

are already large enough for water to go through. When the pH increases, the dominant factor 

becomes the increased charge of carboxylate groups and thus further hydration, which add up 
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to the resistance of water transport. Thus in this work, the water flux decreased with 

increasing the pH values. The result in the salt rejection test showed that the selectivity 

mechanism was dominated by the charge on the surface of GO membrane. At the pH of 7, the 

GO membrane presented high rejection ratio for so/- (68%) and Mg2+(91 %) but low 

rejection for monovalent ions like Na+ (42%). 

The interaction between GO layers and cations was investigated in another work. The 

surface charge as well as the interlayer spacing of the GO was affected by the contact with 

water or salt solutions, resulting in tunable ionic sieving effect. [ 19] The Mg2+ has a strong 

interaction with GO, which bring the zeta potential of GO membrane towards zero. Thus the 

rejection ratio for Mg2+ is less than 12%. Na+ ions do not increase the surface charge in the 

same way, hence the rejection of Na+ (79%) is much higher than that of Mg2+. 

In a recent work, a GO based nanofiltration membrane was assembled using multiwalled 

carbon nanotubes and reduced GO.[20] Compared with the interlayer spacing of GO, the 

space between two adjacent r-GO sheets is more narrower, contributing to a higher 

selectivity. The rejection rate of the prepared membrane was reported to be 83.5% for Na2SO4 

and 51.4% for NaCl. Furthermore, the water flux reached 11.3 LMH/bar, which was over 

twice of that of a neat graphene nanofiltration membrane. The high flux can be attributed to 

the enlarged interlayer space after the addition of the multi walled carbon nanotubes. 

Reduced GO not only presents higher selectivity than GO due to the narrowed interlayer 

spacing, but also exhibits better stability than GO when placed in water. Due to the strong 

hydrophilicity of GO, the GO coated on the membrane tends to re-disperse in water, thus the 
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coating is challenged. For r-GO, the coating can be more stable in water. The decreased 

amount of oxygen-containing groups in r-GO reduces its hydrophilicity and thus significantly 

depresses the tendency to disperse in water. However, after reduction, the densely packed r

GO layer will dramatically increase the membrane resistance, resulting in lower pure water 

permeance. A thick r-GO layer (around 0.5-1 micron) was reported to block any molecules 

including water.[21 , 22] To improve the water flux ofr-GO membrane, one approach is to 

reduce the thickness ofr-GO and thus the membrane resistance.[23] In 2014, a freestanding 

ultrathin r-GO film was first fabricated.[24] The GO in aqueous dispersion was deposited via 

vacuum filtration followed by reduction using hydroiodic acid (HI) solution. A water flux of 

57 LMH was reported after the r-GO film was tested in the FO system. The Na+ permeation 

rate of r-GO was five times slower than that of a GO film, indicating the superior salt 

rejection in the r-GO film compared with GO film. A similar work was done using the HI as a 

reductant to fabricate r-GO membrane.[25] As the HI exposure time increased from Omin to 

3 min, the NaCl rejection increased from - 30% to - 57%, while the water permeance 

significantly decreased from 11 LMH/bar to 1.7 LMH/bar. 

Making holes on GO nanosheets is an alternative way to improve the water flux. The nano-

scaled holes serve as extra channels for water molecular transport, decreasing the resistance 

of the membranes. The holey GO (HGO) can be obtained by means of chemical 

activation,[26, 27] catalytic oxidation,[28, 29] thermal annealing,[30] base and acid 

treatrnent.[31 , 32] Via tuning the etching condition such as the temperature, treating time and 

amount of etchants, the density and size of the holes generated on GO can be controlled.[33] 
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In a study, porous r-GO with pore size around 3 nm was obtained via chemical activation and 

thermal annealing followed with vacuum filtration.[34] The obtained holey r-GO membrane 

exhibits significantly enhanced water permeance which is around 6 times of that for a 

conventional GO membrane. However, the NaCl rejection slightly decreases to 20% though 

the rejection for dyes can be up to 99%. To optimize the trade-off between the water flux and 

salt rejection in desalination, improvement in the fabrication ofr-HGO membrane is needed. 

This research aims to enhance the water flux of an r-GO composite membrane while 

retaining the salt selectivity. A facile and scalable etching synthesis is developed to obtain 

holey GO (HGO) using H2O2. The prepared HGO is then vacuum filtrated on a commercial 

ultrafiltration membrane followed by the reduction of GO at ambient temperature. The 

synthesis of HGO and the fabrication ofr-HGO membranes are illustrated in Schematic I.To 

date, majority of the study regarding the GO-based composite membranes focus on dye 

removal, while the rejection for salts is not ideal.[7, 34, 35] Herein, the performance of the r-

HGO composite membrane in desalination is studied. Furthermore, the permeation properties 

can be tuned by altering several parameters, such as the etching time of GO, the degree of 

reduction ofHGO, and the loading content ofHGO. The pure water permeance ranges from 

0.63 LMH/bar to 30 LMH/bar while the Na2SO4 rejection ranges from 67.5% to 99.1 %. In 

the rejection test for NaCl, the highest rejection ratio reaches 51.8%. Because the preparation 

of HGO, the reduction and the vacuum filtration steps are all convenient to scale up, the 

approach can be used in practical production, which implies its great potential in industry. In 

addition, GO-based membranes were demonstrated to have better chlorine resistance than 
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commercial NF or RO membranes made from polyamide.[36, 37] In the future work, the 

chlorine-tolerance tests will also be carried out for the prepared r-HGO composite membrane 

and commercial NF membrane. 

Oxidation 
~ exfoliation 

~ 
~ 

Graphite 
Holey GO (HGO) 

Vacuum! filtration 

Reduction with HI 

r-HGO composite film HGO composite film 

Schematic 1. The synthesis ofHGO from graphite and the fabrication ofr-HGO membrane 

2. Experimental Section 

2.1 Material 

Natural graphite powder (325 mesh) was provided by Qingdao Huatai Graphite Co. , Ltd. 

(Qingdao, China). H2SO4 (99%), H2O2 (with inhibitor, 30 wt. % in H2O), HI (57 wt. % in 

H2O, stabilized), sodium hypochlorite solution (reagent grade, available chlorine 4.00-

4.99 %), sodium sulfate (Na2SO4, ~99.0%), and KMnO4 (ACS reagent, ~99.0%) were 

purchased from Sigma-Aldrich Co. LLC. Hydrochloric acid (HCl, 2.0 N) and ethanol (95%) 

was purchased from VWR International Ltd. PAN 350 was purchased from Sepro 

6 



Membranes, Inc. (Oceanside, CA). Sodium Chloride (NaCl, certified ACS crystalline) was 

purchased from Fisher Chemical Co. Mica (highest grade Vl mica discs, 15 mm) was 

purchased from Ted Pella, Inc. 

2.2 Fabrication of GO 

GO was prepared from graphite using a modified Hummers' method. 3.0g graphite was 

mixed with concentrated H2SO4 (70 mL, 99%) under agitation at ambient temperature. The 

mixture was then cooled in an ice bath. 9.0g KMnO4 was added gradually while the 

suspension was under stirring and the temperature was kept below 20 °C. After transferring 

the reaction system to a 40 °C water bath, the solution was stirred for 30 min, followed by 

addition of 150 mL water. The solution was kept at 90 °C with agitation. 15 min later, extra 

500 mL water was used. After that H2O2 (15 mL, 30%) was gradually added to remove the 

excessive potassium permanganate or manganese dioxide. The solution was filtered, while 

HCl aqueous solution was used to wash the precipitate. Finally the prepared GO was 

dispersed in distilled water with ultrasonicaiton. 

2.3 Fabrication of HGO 

10 mL 30% H2O2 aqueous solution was added to 100 mL 2g/L GO aqueous dispersion. The 

mixture was continuously stirred in a 100 °Coil bath for 1, 2, 4 or 4.5 h to get different pore 

sizes. After the reaction, the product was purified by centrifugation and vacuum filtration to 

remove the remaining H2O2 and tiny HGO debris. The synthesized HGO was defined as 

HGO-n h (n = 1, 2, 4, 4.5), where n is the treatment time used in its prepration. Higher n 

results in larger pore size for the HGO. 
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2.4 Characterization 

AFM images of the prepared GO and HGO were obtained on atomic force microscopy 

(AFM, Bruker Dimension Icon with ScanAsyst) under tapping mode. To prepare the sample, 

the diluted GO dispersion was dropped on mica substrate followed by air drying. After that, 

AFM imaging was performed at multiple locations across the sample. Fourier transform 

infrared spectrometer (FTIR, Bruker, VERTEX 70) was used to characterize the composition 

of GO and r-HGO composite membranes. To prepare a freestanding GO film as the sample 

for FTIR, GO aqueous solution was dried on a PTFE dish under 60°C. After that, a 

freestanding GO film can be carefully peeled off. Raman spectra of Polyacrylonitrile (PAN) 

substrate membrane and GO-based composite membrane were obtained via Raman 

spectroscopy (Renishaw In Via) with 514 nm laser source. SEM images were obtained using a 

focused ion beam scanning electron microscope (FIB-SEM, Carl Zeiss AURIGA 

CrossBeam)To study the hydrophilicity of PAN substrate membrane and GO composite 

membranes, water contact angle of the membranes was measured using a Rame Hart contact 

angle goniometer (Succasunna, NJ) The samples were dried in air for 24h before the 

measurement. 

2.5 Fabrication of r-HGO composite membranes 

A desired amount of HGO solution was diluted to 20 mL with MilliQ water. Before the 

fabrication, PAN 350 was pretreated by ethanol for 1 h, followed by DI water. Then the 

solution was filtered onto PAN 350 by vacuum filtration. The HGO membrane was then dried 

with the assistance of vacuum filtration (GAST, DOA-P704-AA, USA) before the reduction 
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of HGO. To reach different reduction level, HI was diluted to various concentration using 

HI/H2O volume ratio 1: 1, 2: 1, 4: 1, etc. The HGO membrane was then immersed in the 

diluted HI aqueous solution for 3 h. After that, the rHGO membrane was washed under 

running water for several hours to remove the residue iodine and allowed to air dry for 24 h. 

The resulting reduced-HGO (r-HGO) membrane was defined as r-HGO- X- Y, where X 

denotes the etching time of HGO, Y denotes the ratio between HI solution and water in the 

reduction. For example, an r-HGO membrane with an etching time 2h and was reduced using 

the HI/ H2O ratio 4: 1 is denoted as r-HGO- 2- 4. 

2.6 Water permeance measurement 

Water permeance measurement was conducted in dead-end cell with an effective 

permeation area of 11.3 cm2. The cell was connected to a nitrogen cylinder containing high-

pressure gas. During the filtration, a driving force of 4 bar was applied. Meanwhile the 

permeate was collected and weighted by an electronic scale (Ohaus, Scout). Permeance Aw 

was calculated using Equation 1 and Equation 2: 

A = V (1)
w A · t ·(!:>p-!:>n) 

n=c·R·T (2) 

where V (L) is the volume of water V (L) permeated through a membrane of area A (m2) 

divided by the difference between the trans-membrane pressure drop /J.p (bar) and the 

osmotic pressure difference Mr at time t (h). (For pure water filtration, Mr= 0) rr can be 
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obtained from the molar concentration of solute ions in solution c (mol/L) at temperature T 

(K), while R is the ideal gas constant. 

2.7 Desalination tests 

Sodium sulfate and sodium chloride were used for salt rejection studies. The desalination 

experiment was performed in dead-end filtration systems under 4 bar using feed solutions 

containing 2 g/L (2000 ppm) salt. The salt rejection (R) was calculated using Equation 2: 

R (%) = (1 - ~;) X 100 (2) 

where Cp and CJ are the salt concentration in the permeate and feed, respectively. 

The desalination test was conducted after pure water permeation test. During the filtration, 

the feed solution was stirred at 700 rpm. The first 7 g filtrate was returned back into the cell 

to displace the residual water in the downstream tube. After that, the following 7 g filtrate 

was collected. To obtain the concentration of the filtrated permeance, the conductivity of the 

permeance was measured using a conductivity probe (Vernier). The difference between the 

conductivity of the permeance and retention can be obtained to calculate the rejection rate. 

The permeance was returned after measurement and the filtration was carried on again to 

collect another filtrate. The desalination test was completed when the difference between two 

successive conductivity measurement was less than 5%. 

3. Results and Discussion 

The composition of the synthesized GO was characterized using FTIR. As shown in Figure 

l(a), the characteristic bands of GO can be found in several locations. A wide band at around 



3300 cm-1 reveals the O-H stretching. The bands at 1720 cm-1 and 1620 cm-1 are 

corresponding to the stretching of C=O bond in -COOH and sp2 hybridized C=C bond. In 

addition, the O-H bending appears at 1388 cm-1
, while the stretching of C-OH and C-O is 

observed at 1222 cm-1 and 1053 cm-1, respectively. 

Raman spectroscopy is an effective tool to study the structural features of graphene-based 

materials. Hence, we performed Raman spectroscopy for the prepared GO in the form of 

freestanding film. The Raman spectrum of GO in Figure 1 (b) displays two intense peaks at 

1350 cm-1 and 1600 cm-1, which are also designated as D band and G band, respectively. D 

band ( disordered band) is corresponding to sp3 hybridized carbon atoms, while G band is 

related to in-plain sp2 domains in the graphene-based material. The ratio between the 

intensity of the D band and G band, Io/ fo, can be used to indicate the degree of disorder. The 

larger the Io/ fo is, the more disordered domains or defects relative to the sp2 domains. 

The morphology of GO nanosheets is observed via AFM. Figure 1 ( c) and ( d) revealed that 

the GO nanosheet was single-layered with an apparent thickness around 1 nm. 
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Figure 1. (a) FTIR spectra of GO, HGO-2-1.5 , and HGO-4-1.5 freestanding film, (b) Raman 

spectra of GO film, ( c) AFM images of GO nanosheets, and ( d) the height profile 

corresponding to the arrowed line of GO. 

According to the AFM image and the height analysis results shown in Figure 2, for the 

HGO etched by H2O2 for lh (HGO-1 h), the size of the hole was found to be about 23 nm. 

When the etching time was extended to 2 h, larger holes of - 43 nm were presented. In the 

case of 4 h etching, the original integrated GO flakes was broken into small pieces with quite 

irregular edges. The long axis of the hole marked in Figure 2( c) reached 110 nm. 
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Figure 2. AFM images and magnified details around the red arrow for HGO-lh (a), HGO-2h 

(b), HGO-4h (c) and the height profile corresponding to the arrowed line for HGO-lh (d), 

HGO-2h (e), HGO-4h 

To investigate the effect ofr-HGO coating on the membrane surface morphology, 

scanning electron microscopy (SEM) was used. Figure 3(a) presents the PAN support surface, 

which is rough with high-density pores on it. However, after HGO was deposited on the 

substrate followed by the reduction of HGO, all the substrate was covered by the coating, 

resulting in a much smoother surface (Figure 3(b)). The unique feature of GO, winkle 

structure, is also observed in the SEM image ofr-HGO composite membrane. 

The reduction degree ofr-HGO coated on the membrane was characterized using Raman 

Spectroscopy. As shown in Figure 3, the r-HGO presents the characteristic peaks of GO at 

1350 cm-1 and 1600 cm-1
. The Io/ Ia value of GO was 0.76, and it increased to 0.91 for r-
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HGO-4-1 after the reduction, indicating that the reduction of GO leads to more defective 

structures of carbon. The ratio of D and G band increases slightly with increasing 

concentration of HI used to reduce the HGO. For example, the Io/ Ia is 0.93 and 0.95 for r-

HGO-4-2 and r-HGO-4-4, respectively. 

(c) (d)80 
r-HGO 4:1 lo: IG :0.95 68 

0 

Cl) 

"5" g' 60 
~ r-HGO 2:1 lo: IG = 0.93 (II.. 
~ CJ 
·;;; (II 

C: 1: 40 
~ r-HGO 1:1 lo: IG = 0.91 0 

CJ£ .. 
Cl) 

,; 20
3:: 

GO lo: IG =0.76 

0800 1200 1600 2000 
PAN r-HGO 1 :1 r-HGO 2:1 r-HGO 4 :1 

Raman shift (cm·11 

Figure 3. SEM images of (a) surface of PAN support, (b) surface of 30nm r-HGO-4-1.5 

coated PAN, (c) Raman spectra ofr-HGO composite membranes treated with diluted HI 

solution using a HV H2O ratio of 1: 1, 2: 1, 4: 1, and (d) water contact angle of PAN, r-HGO-4-

1, r-HGO-4-2, and r-HGO- 4- 4 composite membranes 
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Figure 3(d) shows the effect ofr-HGO coating on the water contact angle of the composite 

membrane. The water contact angle increases sharply after modification: for a neat PAN 

membrane, the water contact angle is 46°±2°, while for r-HGO composite membranes, the 

range of contact angles vary from 57° to 68°. The reduction of the HGO decreases the 

hydrophilicity of a membrane surface, which is consistent with earlier studies on the 

hydrophobicity ofr-GO. 

To study the performance of the r-HGO composite membranes, we performed water 

permeation measurements and desalination using dead-end permeation cells at 4 bar. Pure 

water permeation was performed first to obtain the water permeance. Three sets of 

experiments were performed to study the effect of the reduction level of HGO, HGO loading, 

and H2O2 etching time of GO on the performance of r-HGO composite membranes. 

Figure 4(a) reveals the permeation property and salt rejection in r-HGO-4-1 , r-HGO-4-

1.25, r-HGO-4-1.5 , r-HGO-4-2, and r-HGO-4-4, which were all etched for 4h yet reduced to 

various level. The r-HGO-4-1 was the least reduced one among all the samples shown in 

Figure 4(a), while the sample r-HGO-4-4 was the most reduced one among all. Comparing 

with the permeance of 350 Lm-2h-1/bar for the uncoated PAN membranes, the permeance of r

HGO-4-1 dramatically decreased to 23 Lm-2h-1/bar. With further reduction, the oxygen

containing groups in HGO nanosheets decreased. The inter-layer spacing between HGO 

layers narrowed, which increased the resistance of water transportation. As a result, the 

permeance decreased to 12 LMH/bar for r-HGO-4-1.5 , and finally to 0.63 LMH/bar for r-

HGO-4-4. The same trend that permeance decreased with increasing reduction level was also 
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observed for the Na2SO4 and NaCl solution. (Figure 4 (b)). The permeance for the salt 

solution is similar to that for the pure water. Part of the reason is that the osmotic pressure 

had been considered in the measurement of salt solution permeance, thus the obtained 

permeance is close to the true permeance which is considered to be the property of the 

membrane and independent of the feed. If the concentration polarization was also considered, 

it is possible that we could find the permeance for salt solution was higher than that for pure 

water. It is unusual for the polymeric membranes, yet for GO-based membranes, the 

increased permeance for saline could be attributed to the interaction between the cations and 

the GO. The cations such as Na+ can be adsorbed by GO due to the oxygen-containing groups 

andn-electron rich area of GO. As a result, the inter-layer spacing can be enlarged, 

contributing to an increased permeance. [19] However, the salt rejection ratio affected by the 

reduction level followed the reverse trend. In the case ofr-HGO-4-1 , the rejection ratio for 

Na2SO4 and NaCl was 74% and 20% separately. As the degree of HGO reduction increased, 

both the rejection increased. For r-HGO-4-1.5, the rejection for Na2SO4 and NaCl was 91.4% 

and 34.3%, respectively, while for r-HGO-4-4, the Na2SO4 rejection even reached 99.1 %. 
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Figure 4. (a) Pure water permeance, (b) permeance ofNa2SO4 and NaCl solution and (c) 

Na2SO4 and NaCl rejection for 20nm r-HGO-4h composite membranes treated with various 

HI concentration 

When we increased the HGO content deposited on the substrate, the water permeance 

decreased as a result of the increasing membrane resistance (Figure 5(a)). With 20 mg/m2 

HGO loading and an estimated coating thickness - 10 nm, the membrane showed a water 

permeance of 30 LMH/bar, while with 60 mg/m2HGO content (and an estimated coating 

thickness of - 30 nm), the water permeance was only 7.3 LMH/bar. On the other hand, as the 

r-HGO thickness increased from - 10 nm to - 30 nm, the Na2SO4 rejection increased from 

67.5% to 96.7% and the NaCl rejection increased from 29.9% to 41 %, presumably because 

thicker r-HGO films leads less defects (as shown in Figure 5(b)). 
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Figure 5. (a) Permeance for pure water, Na2S04 and NaCl solution (b) Na2S04, NaCl 

rejection ofr-HG0-4-1.5 composite membranes with various HGO thicknesses. 

The effect of the etching time of the GO on the permeation properties of the r-HGO 

composite membranes was also studied. With the extension of etching time, larger holes 

could be observed using AFM. The more porous structure ofHGO leads to higher water 

permeance, as shown in Figure 6(e). For r-HGO-lh membrane, the water permeance was 

merely 2 LMH/bar, while for an HG0-4h membrane with longer H20 2 treating time, the 

permeance reached 12 LMH/bar. However, there is always a trade-off between permeability 

and water/salt selectivity. As the H20 2 treating time increased, more ions passed through the 

HGO layers and the salt rejection decreased. For example, as the etching time increased from 

1 h to 4 h, the Na2S04 rejection decreased from 98.5% to 91.4% and the NaCl rejection 

decreased from 51.8% to 34.3%. 
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Figure 6. (a) Permeance for pure water, Na2SO4 and NaCl solution (b) Na2SO4 and NaCl 

rejection ofr-HGO membranes with various H2O2 treatment times. 

To further utilize the features of HGO with various pore sizes, composite membranes with 

multiple HGO layers were fabricated. A porous layer of HGO with large pore size was first 

deposited on the PAN UF membrane. Then the membrane was allowed to dry, followed by 

the deposition of the top layer with smaller pore sizes (or shorter etching time). The first 

HGO layer serves as a support layer to provide a smooth surface for the coating of the thin r-

HGO film with smaller pores that controls the water permeance and salt rejection. 

Figure 7 shows the effect of coating layers on the water permeance and Na2SO4 rejection. 

For example, both membranes of 5-15(5 nm r-HGO-1-1.5 and 15 nm r-HGO-4-1.5) and 2-10 

(2 nm r-HGO-1-1.5 and 10 nm r-HGO-4-1.5) are composed of the same materials, HGO-1-

1.5 and HGO-4-1.5. Thinner selective layer (HGO-1-1.5) leads to higher water permeance 

and lower Na2SO4 rejection. Ideally, the membrane of 2-10 should have water permeance 2.5 

times of the membrane of 5-15. However, there may be defects in the thin membranes and 
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thus the membrane of 2-10 showed water permeance more than 3 times of the 5-15, which is 

also consistent with the lower salt rejection. 
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Figure 7. (a) Pure water and Na2SO4 solution permeance (b) Na2SO4 rejection of 5-15 (5 nm r-

HGO-1-1.5 and 15 nm r-HGO-4-1.5), 2-10 (2 nm r-HGO-1-1.5 and 10 nm r-HGO-4-1.5), and 

3-10 (3 nm r-HGO-1-1.5 and 10 nm r-HGO-4.5-1.5) 

Membrane 3-10 is made from HGO-1-1.5 and HGO-4.5-1.5, and showed higher water 

permeance than the membrane 2-10, though the 3-10 has the selective layer thicker than the 

2-10. This may also suggest that the gutter layer (i.e., r-HGO-4.5) may have significant 

impact on the water permeance. The gutter layer ofr-HGO-4.5-1.5 may not be very smooth 

and thus, it introduces defects in the thin film ofr-HGO-1-1.5, leading to unexpectedly high 

water permeance and low rejection ( as shown in Figure 7(b)). 

To compare the performance of the prepared r-HGO composite membranes in this study with 

those reported in the literature, we selected two samples, 20 nm r-HGO-4-1.25 and r-HGO-4-

4, and the results are summarized in Table 1. Our r-HGO composite membranes show higher 
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water flux than other reported membranes at comparable Na2SO4 rejection, demonstrating the 

promise of our approach in preparing nanofiltration membranes. 

Table 1. Comparison of the permeance and rejection efficiency ofNa2SO4 using membranes 

reported in the literature and samples we prepared. 

Permeance Rejection 
Concentration 

Membrane Method (Lm-2·h- for 
of feed (g/L) 

1·bar-1) Na2S04 

GO/NMP/PSF [38] Phase inversion 12.5 72% 

PVDF-PAA/ GO [19] Vacuum filtration 2.8 79% 2 

GO (120) NFMs[39] Electrospraying 11.3 63.1% 2.84 

G-CNTm (8:1) [20] Vacuum filtration 4.76 95.1% 1.42 

PRGO/ HNTs- Solvent 
6.18 28% 1 

PSS[35] evaporation 

GO PAN [18] LbL 5.2 68% 0.95 

GO PSF [40] LbL 16 45% 1.42 

Vacuum 
RGO-OCNT[ 41] 11.3 83% 0.71 

Filtration 

r-HGOPAN 21 85.1% 2 

Vacuum Filtration 

6.6 98.5% 2 

4. Conclusions 

In this study, we have prepared novel r-HGO composite membranes via the vacuum 

filtration. By controlling three parameters (the etching time of GO, reduction degree of HGO, 
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and thickness of coating), composite membranes with various permeation properties were 

designed. The optimized composite membrane shows a pure water permeance of 12 

LMH/bar, while the retention ofNa2S04 and NaCl can reach 91.4% and 34.3%, respectively. 

The highest Na2S04 retention can reach 99.1 % with a pure water permeance around 0.63 

LMH/bar. We have demonstrated a facile and versatile approach in preparing membranes, 

which may have industrial potential. 
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