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Abstract 28 

While a number of graphene oxide (GO) materials have been evaluated as nanofillers in 29 

ultrafiltration membranes, there remain outstanding questions regarding GO material properties 30 

relating to membrane structure(s) and eventual performance (i.e. structure-performance 31 

relationships). In this work, we synthesize, apply, and evaluate GO analog materials of different 32 

shape, flat GO and crumpled GO (CGO), as nanoscale fillers in polysulfone (PSF) ultrafiltration 33 

membranes. GO/CGO-PSF composite membranes were synthesized via phase inversion, 34 

characterized using both microscopic and spectroscopic techniques, and compared with respect 35 

to permeability, rejection, and anti-fouling properties. Experimental results show that graphene 36 

shape alone results in varied performance. Observed differences are attributed to the (more) 37 

effective dispersion/stability of CGO nanoparticles in solvent (NMP) as a result of shape effects, 38 

which lowers the tipping mass percentage after which the effect of viscosity increase outweighs 39 

that of hydrophilicity increase. Our results also suggest that the change(s) in membrane porosity 40 

is likely to be a more important factor compared to surface hydrophilicity in determining 41 

ultrafiltration membrane performance when graphene oxides are applied with these mass 42 

percentages. In addition to the effect of GO shape, this study also highlights the importance of 43 

nanoparticle dispersiblity/stability in organic solvents when constructing the process-structure-44 

performance relationships for nano-enabled ultrafiltration membranes synthesized via phase 45 

inversion.  46 

 47 

Keywords: Graphene oxide, shape, dispersibilitiy, viscosity, porosity, hydrophilicity 48 
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1. Introduction 49 

  Recent advances in materials science and nanoscale engineering have offered 50 

opportunities to develop advanced water treatment technologies. In particular, surface nano- 51 

engineering of conventional polymeric membranes has shown tremendous potential [1]. To make 52 

nano-enabled membranes, functional nanomaterials are commonly surface-coated onto, or 53 

impregnated into, conventional polymeric matrices (i.e., as nanofillers). Nanofiller materials 54 

have attracted attention due to the ease with which they can be readily integrated into current 55 

state-of-art technologies for membrane fabrication, including phase inversion and interfacial 56 

polymerization. To date, a number of nanoparticles have been incorporated, including oxides 57 

(e.g., TiO2 [2, 3], Fe3O4 [4], SiO2 [5, 6]), metals (e.g., Ag [7, 8], Cu [9]), carbon nanomaterials 58 

(e.g., C60 [10], carbon nanotube (CNT) [11, 12], graphene [13-16] ), metal-organic frameworks 59 

(MOFs) [17, 18], and composites [19-21]. These studies have demonstrated membrane structural 60 

improvement with regard to surface hydrophilicity/charge, porosity, and mechanical stability. 61 

Corresponding enhancement in permeability, rejection, and anti-fouling properties were also 62 

observed [22].  63 

  Among the aforementioned nanomaterials, graphene-based nanofillers, including 64 

graphene oxide (GO), have attracted extensive research interest. In principle, GO partially 65 

remains as a one-atom-thick planar sheet with a sp2-bonded carbon structure while being 66 

derivatized with oxygen functional groups both on the basal plane (typically as hydroxyl and 67 

epoxy groups) and at the sheet edges (as carboxyl and carbonyl based functionalities). For 68 

membrane applications, GO has some unique material advantages compared to graphene and 69 

other nanocarbon analogs. For example, its manufacturing consumes only ca. 1% of the energy 70 

needed for CNTs (i.e., 500-1000 MJ/Kg of GO vs. 100,000 MJ/Kg of CNTs) [23]. Further, it is 71 

highly tunable regarding both size and surface chemistry – the breadth of which can vary by 72 
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orders of magnitude [24, 25]. In addition, GO materials can be engineered to have different 73 

shapes and as hybrid/composite structures [26-28].  74 

  GO nanofillers have been primarily demonstrated in polymeric ultrafiltration (UF) 75 

membranes (e.g.,polysulfone (PSF), polyethersulfone (PES), and polyvinylidene difluoride 76 

(PVDF) [29]) via phase inversion synthesis routes. Relatively small amounts of GO (usually 0.1-77 

6 wt.% with respect to the polymer) have been incorporated into conventional polymeric 78 

structures, including PSF [14, 30], PES [31], and PVDF [12]. Through these processes, 79 

membrane surface hydrophilicity increases due to migration of GO to the membrane surface, as a 80 

consistent decrease of ca. 20° (average) water contacting angle has been observed. Further, for 81 

most studies, overall membrane porosity also increases [30-32]. Both factors have been 82 

implicated in the increase of membrane permeability, which ranges from 10% to ×20 times 83 

compared to controls. However, the (relative) importance/contribution of surface hydrophilicity 84 

and structural porosity, as they relate to enhanced water flux and varied rejection performance, is 85 

still under debate [3, 31-33]. While simultaneous increase in both water permeability and 86 

rejection rate has been observed [12, 30, 31, 33, 34], inverse relationships between water 87 

permeability and rejection rate (e.g., the water permeability increased however the rejection 88 

decreased, and vice versa) have also been reported [20, 32, 35]. The relationship between water 89 

permeability and rejection performance is complicated by varied properties of the applied GO 90 

materials (surface functional groups, hybrids), different mass loadings, and tested filtrates (e.g., 91 

size and charge). For example, GO property variations are likely to have a significant impact on 92 

its aggregation/dispersion states in processing solvents such as NMP and DMF that are 93 

commonly used in membrane synthesis [36]. More evidence is thus needed for a complete 94 

mechanistic understanding of the role of GO properties in affecting/changing the membrane 95 
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structure(s) and ultimately membrane performance. 96 

  In this work, we aim to discern the role of GO shape as it affects PSF membrane structure 97 

and performance. 3D GO analog materials, termed as crumpled graphene oxide (CGO), were 98 

synthesized by physically crumpling flat GO nanosheets using evaporation-induced confinement 99 

force, while maintaining its surface chemistry (i.e. that of flat GO) [26]. The two synthesized 100 

materials (GO and CGO) were incorporated into PSF UF membranes at varied material loadings 101 

(0, 0.5, and 1.5 wt.%) via a well-established phase inversion synthesis route [12]. Pristine and 102 

composite membranes were characterized using microscopic and spectroscopic techniques, and 103 

compared in terms of water flux, rejection, and anti-fouling properties. Taken together, data 104 

presented provides new insights on how GO properties, such as shape, affect the membrane 105 

structures (surface hydrophilicity, porosity) and subsequent membrane performance.  106 

 107 

2. Experimental 108 

2.1 Synthesis and Characterization of Flat and Crumpled Graphene Oxides 109 

Material Synthesis. GO was synthesized by oxidation and subsequent exfoliation of graphite, 110 

namely the modified Hummer’s method [37], as described in detail in our previous work [26]. 111 

Briefly, 50 ml of concentrated sulfuric acid (H2SO4) was added into a beaker containing 2 g of 112 

graphite powders (45 µm, Sigma-Aldrich) at room temperature. The mixture was cooled to 0 °C 113 

by using an ice bath, and 6 g potassium permanganate (KMnO4) was then slowly added while 114 

allowing it to warm to room temperature. The suspension was stirred for 2 h at 35°C before 115 

being cooled in an ice bath and diluted by 350 ml of deionized (DI) water. Then, hydrogen 116 

peroxide aqueous solution (H2O2, 30%) was added drop wise until the gas evolution ceased in 117 

order to reduce the residual permanganate. The suspension was then filtered, thoroughly washed 118 
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by DI water, and dried at room temperature for 24 h to obtain brownish graphite oxide powder. 119 

The dry graphite oxide powder was redispersed in DI water and sonicated for 2 h to get 120 

exfoliated nanosheets. The suspension was then centrifuged at 10,000 rpm for 30 min and the 121 

supernatant was used as the precursor for crumpled graphene oxide preparation by a furnace 122 

aerosol reactor (FuAR) method [26, 36].  123 

In the aerosol-assisted process, flat GO sheets are crumpled in a water droplet under the 124 

capillary compression induced by rapid water evaporation. GO aqueous solution (~ 50 mg/L, 125 

mass concentration) was sprayed into micrometer-sized (2-4 µm) water droplets using a six-jet 126 

Collison nebulizer (BGI Incorporated) under a pressure of 14 psi, and the droplets were delivered 127 

by nitrogen gas into an alumina furnace reactor maintained at 200 °C to heat it for a few seconds.  128 

Each aerosolized droplet acts as a micro-reactor, in which flat GO sheets are crumpled under the 129 

capillary compression induced by rapid water evaporation. A furnace temperature of 200 °C was 130 

selected to achieve effective crumpling but maintain the surface chemistry, based on our previous 131 

studies [36]. The CGO nanoparticles were finally collected using a membrane filter (Millipore) 132 

at the end stream of the reactor, weighed and applied in the fabrication of PSF membranes as 133 

described later. 134 

Material Characterization. Detailed material characterization methods were described in our 135 

earlier work [36]. The morphology and size of the GO/CGO samples were examined by 136 

transmission electron microscopy (TEM, TecnaiTM Spirit, FEI Co.) and atomic force 137 

microscopy (AFM, Veeco Nanoman). The sizes of GO/CGO were determined as the longest 138 

lateral dimension of a GO/CGO particle imaged by AFM or TEM and approximately 150 139 

particles were counted for each material using ImageJ software. Surface chemistry information 140 

was obtained with X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II equipped 141 
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with monochromatic Al Kα (1486.6 eV) X-ray source). ζ-potential (in 40 mg/L aqueous solution) 142 

was measured with a ZetaSizer Nano ZS instrument (Malvern Instruments, Worcestershire). 143 

2.2 Membrane Fabrication 144 

GO/CGO-PSF composite membranes were fabricated by the phase inversion method [14, 145 

38] (Figure 1). A typical casting solution consists of 8.1 g of 1-Methyl-2pyrrolidinone (NMP, 146 

Sigma-Aldrich), 0.1 g of polyvinylpyrrolidone (PVP, Mw 10,000, Sigma-Aldrich), 1.8 g of PSF 147 

(beads, average Mn ~22,000, Sigma-Aldrich), and a desired amount of GO/CGO (0-1.5 wt. % to 148 

the PSF mass). First, the dispersion of GO/CGO in NMP was prepared. To make GO-PSF 149 

membranes, the graphite oxide power (0 - 27 mg, as described in Section 2.1) was directly added 150 

in the NMP solution (8.1 g) and sonicated for 1 h in order to obtain exfoliated GO and a 151 

homogeneous mixture. While for CGO-PSF membranes, the CGO particles were directly added 152 

into the NMP solution by washing off from the collection filter using NMP solution. A mild 153 

sonication was applied afterwards for further dispersion. The GO/CGO dispersion was then 154 

added with PVP (0.1 g) and PSF beads (1.8 g). The mixture was placed on a heating plate 155 

(60 °C) and stirred for 24 h, during which the PSF dissolved, forming a homogeneous casting 156 

solution. After 24 h, the casting solution was cooled to room temperature slowly in order to 157 

remove any bubbles. 158 

Membrane casting was performed using a casting knife (EQ-Se-KTQ-150D, MTI Corp.) 159 

on a clean glass plate with a denominated thickness of 200 µm. Immediately after casting, the 160 

thin film was immersed into a water bath to initiate phase inversion. During the process, the 161 

casting solution was transformed into a two phase system, namely, a solid polymer-rich phase 162 

that formed the membrane structure and a liquid polymer-poor phase that formed the membrane 163 

pores [38]. The membrane coupons that came off the glass plate were stored in DI water before 164 
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characterization and performance evaluation. 165 

2.3 Membrane Characterization 166 

Membrane surface and cross-sectional images were obtained using field emission 167 

scanning electron microscopy (FESEM, NOVA NanoSEM 230, FEI Co.). To avoid the 168 

deformation during sample preparation, the membrane cross-sections were prepared by 169 

fracturing membrane coupons in liquid nitrogen. For SEM imaging, samples were sputtered with 170 

gold for 90 s (Headway PWM32-PS-CB15PL). Membrane surface morphology and roughness 171 

were also investigated using atomic force microscopy (AFM Veeco NanoMan) in a tapping mode 172 

(spring constant of 40 N/ m, resonance frequency of 325 kHz, tip radius of 8 nm, and a cantilever 173 

dimension of 125(L) × 30(W) × 4(H) µm). The average surface roughness (Ra, deviation in 174 

height) and root-mean-square roughness (Rq, the standard deviation of surface heights) were 175 

calculated and given by the instrument software (VEECO Nanoscope). Surface chemistry was 176 

studied using Fourier transform infrared spectrometry (FTIR, Nicolette Nexus 470). 177 

Further, membrane surface hydrophilicity was studied by measuring water contact angle 178 

using a sessile drop method (Pheonix-300). Before measurement, the membranes were kept in 179 

vacuum at 20 °C for 5 h to obtain dry coupons. At least six measurements were conducted for 180 

each membrane coupon/case and the average value with standard deviation was obtained and 181 

reported.  182 

 The gravimetric method was used to estimate the membrane porosity [12]. Membranes 183 

were dried in a vacuum oven at room temperature for 24 h and then weighed in an electronic 184 

balance to get the dry weight (mdry). The membranes were then immersed in MilliQ water for 24 185 

h and then weighed in wet state after carefully mopping the surface water with clean tissue paper 186 

(mwet). The membrane thickness h was measured by an automatic micrometer (Teclock SM-112, 187 
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Teclock Corporation), and at least 10 points from three membrane coupons for each case were 188 

measured. The average thickness was then obtained. The porosity was calculated as:  189 

ε = (������	
�)/��
�×� × 100%																						(Eqn. 1) 190 

where S is the surface area of the cut membrane, h is the thickness of the cut membrane, and �w 191 

is density of water, 1,000 kg/m3. 192 

Membrane mechanical strength was tested and compared (MTS CriterionTM Testing 193 

Systems, Model 41). The length of each specimen was set as 5 mm between the clamps, and the 194 

width and thickness were previously measured by a microscope (Carl Zeiss). Samples were 195 

measured under a 25 N load cell using a constant crosshead rate of 40 mm/s at 50 Hz. The 196 

Young’s modulus was calculated by the instrument software. 197 

Thermal stability analysis was carried out using thermogravimetric analysis (TGA, TA 198 

Q5000). Membrane samples were cut into a small size with weight of 1.8 ± 0.2 mg and placed in 199 

small aluminum pan followed by thermal analysis from 25 to 800 °C with a heating rate of 200 

10 °C/min in a nitrogen environment.   201 

2.4 Membrane Permeability and Selectivity 202 

To evaluate the performance of the as-synthesized membranes, the permeability and 203 

selectivity tests were performed according to established procedures [39]. The tests were 204 

conducted under a direct flow and constant pressure dead-end filtration mode. Solutions (water 205 

or 1 g/L bovine serum albumin, Mw ~66 kDa Sigma-Aldrich) were placed in a filtration tank 206 

(Millipore Amicon 8200) and pressurized by nitrogen gas at a certain pressure (i.e., 1 bar). The 207 

solution was stirred to minimize concentration polarization at the membrane surface. The 208 

permeated solution was measured over time using an integrated electronic balance (Mettler 209 

Toledo ML1502E) and data was logged automatically at 60 s intervals. 210 
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For the rejection test, the membranes were challenged by 1 g/L BSA and 10 mg/L methyl 211 

orange (MO) solution. The concentrations of BSA and MO were measured using a UV-vis 212 

spectrophotometer (Varian Bio 50) at an absorption peak of 278 and 463 nm, respectively. The 213 

solute rejection percentage was calculated using the following equation:  214 

         Rejection =  1 −	"#"$% × 100%                                                 (Eqn. 2) 215 

Where Cp and Cf are the concentrations of BSA and MO in the permeate and feed solutions, 216 

respectively. The rejection rates were averaged to obtain a mean value over a period of filtration 217 

time, usually corresponding to the time for filtering 200 mL solution. 218 

2.4 Membrane Fouling and Flux Recovery 219 

For the fouling (resistance) test, pure water was passed through the membrane until 220 

the flux remained stable. After that, the solution in the filtration cell was changed into the model 221 

protein solution of 1 g/L BSA. The filtration experiment lasted for about 2 h until the flux 222 

reached stable. After BSA ultrafiltration, the membrane coupon was taken out from the cell and 223 

flushed with MilliQ water for 3 min, mildly sonicated for 1 min in a bath sonicator, and again 224 

flushed with MilliQ water for 3 min, on both sides. The membrane coupon was replaced into the 225 

cleaned filtration cell, and pure water permeability was re-measured. At least three membrane 226 

coupons were tested for each case. The flux recovery ratio (FRR) was calculated using the 227 

following equation: 228 

&'' = ()$*+,
(-+$.,+ 	× 100%                                                        (Eqn. 3) 229 

where Fbefore and Fafter are the pure water fluxes of the pristine and fouled/cleaned membrane, 230 

respectively. 231 

To reveal more fouling details, the total fouling ratio (Rt), reversible fouling ratio (Rr) and 232 

irreversible fouling ratio (Rir) were calculated using Eqn 4-6 [40], where FBSA is the flux when 233 
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filtering 1 g/L BSA solution. 234 

           '/ = (-+$.,+�(012
(-+$.,+ 	                                                                   (Eqn. 4) 235 

           '3 = ()$*+,�(012
(-+$.,+ 	                                                                    (Eqn. 5) 236 

           '43 = (-+$.,+�()$*+,
(-+$.,+ 	                                                                (Eqn. 6) 237 

 238 

3. Results and Discussion 239 

3.1 Characterization of Graphene Oxides 240 

The morphology, size, and surface chemistry of GO and CGO were characterized using 241 

TEM, AFM, and XPS, which in part have been previously reported by our group (Figure 2) [36]. 242 

In terms of morphology, CGO has a distinctive quasi-spherical, crumpled structure, with 243 

relatively smooth surfaces and sharp ridges (Figure 2b), which is in contrast to the well-known 244 

flat morphology of pristine GO (Figure 2a). Our earlier work revealed that water evaporation 245 

during the furnace processing induces a strong caplliary force that effectively crumples flat GO 246 

sheets into paper-ball-like structures [26]. We further characterized the particle size distribtuions 247 

of GO and CGO using AFM and TEM respectively (Figure 2c). They both have very similar size 248 

distributions, and approximately >80% of these particles are between 100 and 400 nm (Figure 249 

2c).   250 

Surface chemistry of GO and CGO were quantified by XPS. GO is considered as a one-251 

atom-thick planar sp2-bonded carbon sheet rich in oxygen functional groups (e.g. hydroxyl, 252 

epoxy, carbonyl, and carboxyl groups, etc.) [41]. For a furnace temperature of 200 °C, a minor 253 

amount of oxygen functional groups were observed to be removed [26]. The high-resolution 254 

carbon 1 S peak from XPS spectra was deconvoluted into five oxidation states, which represent 255 
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most commonly accounted surface functional components, including the C-C (284.8 eV), C-OH 256 

(286.2 eV, 1-1.5 eV shift to higher binding energy (BE)), C-O-C (287.1 eV, higher BE compared 257 

to C-OH group), C=O (287.7 eV, 2.5-3 eV shift to higher BE) and COOH (288.8 eV, 4-4.5 eV 258 

shift to higher BE) functionalities [42, 43]. As shown in Figure 2d, GO is highly oxidized with 259 

abundant oxygen-based functional groups, including C-OH (~13% of area ratio), C-O-C (~ 35%), 260 

C=O (~6%), and COOH (~5%). Compared to GO, CGO was only mildly reduced (the C-C area 261 

ratios increased from ~41 ± 4 % of GO to ~45 ± 3 % of CGO), and other components remained 262 

nearly the same, including C-OH (~8% of area ratio), C-O-C (~ 37%), C=O (~ 5%), and COOH 263 

(~5%). The material characterization results show that while the morphology changes, CGO 264 

surface chemistry is very similar to GO. This is also consistent with the ζ-potential 265 

measurements, with both being around -46 mV (40 mg/L aqueous solution, pH 6.0 ± 0.3). 266 

3.2 Membrane Characterization 267 

The dispersibility of graphene oxides in organic solvents is a critical factor to consider 268 

when synthesizing GO-polymer composites including membranes. GO is polar in nature due to 269 

oxygen-containing functionalities, therefore polar solvents are thought (and observed) to 270 

facilitate its dispersion [44]. A previous study revealed that GO dispersions in organic solvents 271 

such as DMF and NMP exhibit long-term stability only when the concentration is lower than 0.5 272 

mg/mL [44]. In this work, sonication was used to exfoliate and disperse GO in NMP. Solid 273 

graphene oxide (as a powder, 0, 9, 27 mg) was directly added in the NMP solution (8.1 g) and 274 

sonicated for 1 h in order to achieve GO exfoliation and homogeneous mixing (Figure 1). 275 

Consistent with the previous study [44], our high GO concentration in NMP (> 1 mg/mL) leads 276 

to dispersion of GO flakes, with a few aggregates being observed. In contrast, CGO was 277 

observed to disperse well in NMP, even under the highest concentration (3.3 mg/mL).  This 278 
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observation agrees with our earlier findings of GO/CGO stability in water [36]. GO stability in 279 

water significantly increases (by 18-80%) when it is physically crumpled (as CGO), which 280 

reduces π−π interactions between discrete sheets, resulting in enhanced aggregation-resistance. 281 

Casting solutions were used to synthesize membranes via a phase inversion process as 282 

described in Section 2.2 and Figure 1. Compared to control PSF membranes that have a white 283 

color, membranes incorporated with GO/CGO are gray/black in color (S.I., Figure S1), 284 

suggesting successful incorporation of nanomaterials in the polymer matrix. As-synthesized 285 

membranes were further characterized by SEM and AFM (Figure 3), and GO or CGO particles 286 

were not directly observed on/at the membrane surfaces in top-view SEM images (Figure 3a-e). 287 

The direct observation of nanoparticles on the membrane surface depends on the mass 288 

percentage (total amount) of nanoparticles blended. For previous reports observing surface 289 

nanoparticles, the mass percentage (normalized to the polymer mass) were typically higher than 290 

3% (and up to > 30%) [2, 45, 46]; in contrast, in this work loadings were always lower than 2%. 291 

It should be noted that for high aspect ratio materials such as carbon nanotubes, material 292 

observation on the surface of similar membranes occurred with mass percentages as low as 1% 293 

[12, 47]. Direct comparison of the SEM top-view images show that the membranes became 294 

smoother with addition of nanoparticles (Figure 3a-e). The membrane cross-section exhibits a 295 

finger-like morphology, typical of PSF UF membranes synthesized via phase inversion (Figure 296 

2f-j). The dense, selective layer forms at the top portion of the membrane structure, and larger 297 

pores gradually develop throughout the rest of the membrane. Overall, no significant difference 298 

in cross-sectional structure was identified between modified and unmodified membranes. Figure 299 

3(k-o) shows the three-dimensional AFM images of the PSF and composite membrane surfaces. 300 

The 3D surface images exhibit the same trends as those directly taken from SEM top-view 301 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

images. This was further confirmed by surface roughness properties obtained from AFM 302 

analysis, including mean roughness (Ra) and root mean square of Z data (Rq) (Table 1). All the 303 

roughness parameters of the composite membranes were smaller than those of the pristine PSF 304 

membranes. The average Rq and Ra values for the PSF membrane were 76.2 ± 34.9 and 60.7 ± 305 

29.5 nm, respectively, and for composite membranes, values decreased by ca. 50% (30-45 nm for 306 

Rq, and 23-35 nm for Ra, Table 1). Further, surface roughness (Rq) continued to decrease from 307 

~40 nm (with 0.5 wt.% addition) to ~30 nm (with 1.5 wt.% addition), and the variation among 308 

measurements also decreased (as indicated by the standard deviation). In other words, with 309 

CGO/GO amendment, membranes became relatively smoother. Previously, both increases [12, 310 

46] and decreases [32, 48, 49] in surface roughness have been observed after the incorporation of 311 

nanomaterials. It is generally considered that rough surfaces accumulate contaminants in the 312 

valleys, leading to increased fouling tendencies [12]. 313 

FTIR spectra of PSF and composite membranes do not show significant differences due 314 

to the dominance of polysulfone in the composite (S.I., Figure S2). For all, spectra show typical 315 

absorption peaks of polysulfone [50]: 1151 cm-1 (O-S-O stretching), 1244 cm-1 (C-O-C 316 

stretching), and 1585 cm-1 (C-C aromatic), characteristic of the sulfone group, while absorption 317 

peaks 1020 cm-1 and 830 cm-1 are indicative of C-H stretching of the aromatic ring of 318 

polysulfone. 319 

Contact angles (CA), a measurement of surface hydrophilicity, are presented in Table 1. 320 

CA values decreased when GO and CGO were added; for control membranes, a CA of 90.6 ± 321 

6.2° was measured, which decreased to below 80° for all composite membranes. In particular, 322 

membranes with 0.5% GO addition has a water contact angle of 64.6 ± 4.0°, which is 323 

considerably more hydrophilic compared to pristine PSF membrane. Such enhancement is 324 
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attributed to the migration of GO particles onto/into the membrane surface during the phase 325 

inversion process, thus imparting the surface with hydrophilic oxygen-containing functional 326 

groups [12]. Observed CA values also agree well with previous GO composite membranes, 327 

which are in the range of 60 - 70° [12, 33, 51]. 328 

 Based on porosity estimations, studied membranes have porosities ranging from 80 to 329 

85% (Eqn. 1). GO modified membranes have a higher porosity (~ 85%) than those of CGO 330 

modified ones (~80-82%) (Table 1). The increase of porosity is due to fast exchange of solvent 331 

and non-solvent in the phase inversion process. The addition of hydrophilic particles, under 332 

certain concentrations, can increase the thermodynamic instability of the casting system and 333 

decrease the de-mixing time of the casting solution. Faster de-mixing leads to more porous and 334 

thus more permeable membranes, as described previously by others [10]. However, the addition 335 

of (excessive) GO leads to an increase in polymer solution viscosity, resulting in delayed de-336 

mixing and the formation of smaller pores [34, 48, 52]. It is also of note that compared to PSF 337 

membranes, CGO-PSF membranes have lower porosity (Table 1).   338 

3.3 Membrane Permeability and Rejection 339 

Figure 4a shows pure water flux of pristine, GO-, and CGO-PSF membranes. Pure water 340 

flux through the original PSF membrane was measured to be 60.3 ± 13.8 L/(m2·h) (LMH). For 341 

membranes with 0.5% of GO, permeability increased to 123.2 ± 37.0 LMH (Figure 4a), however 342 

for 0.5% CGO loading, the flux decreased to 48.8 ± 3.7 LMH. Further, when the GO and CGO 343 

loading further increased to 1.5%, the permeability of pure water decreased to 83.1 ± 19.1 and 344 

30.2 ± 5.1 LMH, respectively. From these results, two take away observations can be made:  345 

First, the addition of GO and CGO of the same mass percentage leads to markedly different 346 

effects on permeability – GO addition results in an increase of permeability; however, the 347 
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addition of CGO has the opposite effect. Second, permeability decreases when the addition of 348 

both materials is increased. The increase of flux with addition of GO is consistent with previous 349 

studies showing a similar (increasing) trend [14, 30]. This is attributed to a substantial increase in 350 

surface/pore hydrophilicity (water CA decreased by about 20°) and relative increase in 351 

membrane porosity. 352 

These two observations can be explained by the existence of a tipping mass percentage 353 

for nanofiller addition [34, 48, 52, 53]. Overall, the addition of (hydrophilic) nanofillers changes 354 

the hydrophilicity and viscosity of the casting solution. Increased hydrophilicity leads to faster 355 

exchange of solvent and non-solvent, forming more porous membrane structure; however, with 356 

further addition of nanomaterials, the viscosity of the casting solution increases, resulting in less 357 

porous structures. Previous studies suggest that a tipping mass percentage is a critical point –358 

after which, the water flux decreases due to the (substantial) increase of casting solution 359 

viscosity (i.e. the effect of viscosity increase outweighs that of hydrophilicity increase) [34, 48, 360 

52-54]. The mass percentage can be <1% to a few percent, depending on the additive and 361 

polymer types. A decrease in the surface roughness has been observed for suppressed porous 362 

structure formation due to slow(er) de-mixing [52]. 363 

CGO has a much lower tipping mass percentage value compared to GO. We tested CGO-364 

PSF membranes with 0.25 wt.%, which shows a higher water flux than that of pristine PSF 365 

membranes, suggesting a tipping mass percentage value < 0.5%. For GO, the tipping mass 366 

percentage value is larger than 0.5%. For comparison, a previous study reported a tipping mass 367 

percentage as low as 0.2% for GO materials [53]. This difference is likely due to more effective 368 

dispersion/stability of CGO in NMP solvent, thus enhancing its material efficacy (i.e., more 369 

interaction surfaces between CGO and PSF molecules). This observation is also supported by the 370 
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change in surface hydrophilicity. For casting solutions with higher viscosities, diffusion kinetics 371 

are relatively slower for GO/CGO materials. As a result, membranes with 1.5 wt.% addition have 372 

decreased surface hydrophilicity compared to those with 0.5 wt.% material addition. 373 

There remains a debate over which factor, pore size (porosity) or hydrophilicity change, 374 

is dominant with regard to water permeability enhancement for nano-enabled, ultrafiltration 375 

membranes as synthesized by phase inversion. The role of pore size was believed to be more 376 

important than surface hydrophilicity as discussed by Razmjou et al.[2] and Li et al.[55]; 377 

however, others believe that surface/pore hydrophilicity is key [47, 56]. In this study, CGO-PSF 378 

membranes show that while surface hydrophilicity increased, porosity and water permeability 379 

decreased. These findings likely suggest that porosity, for these membranes, is the more 380 

important variable responsible for changes in water permeability for similar material-based 381 

conditions.  382 

Separation performance was evaluated by filtration of BSA and MO solutions (Figure 4b 383 

and c). BSA is a serum albumin protein, with a Stokes radius of ca. 3.48 nm for single molecules. 384 

With a point of zero charge at pH 5.4, it was found to be negatively charged for our studies 385 

(measured by electrophoretic light scattering, pH: ∼6.3) [39]. MO is a commonly studied dye, 386 

much smaller than BSA with a molecular weight of 327 Da. The rejection rates of BSA are 387 

almost the same for all membranes tested – virtually 100% (Figure 4b). For MO, rejection rates 388 

were inversely correlated with water flux (Figure 4c); for higher water flux, lower rejection of 389 

MO occurred. For example, pristine PSF membranes have a retention rate of 48.9 ± 7.4%.  A 390 

decrease was observed for GO-PSF membranes with 0.5% material loading (41.4 ± 7.7%) which 391 

then increased to 52.7 ± 5.0% for CGO-PSF membrane with 1.5% loading. These results are a 392 

classic example of the trade-off between permeability and selectivity. 393 
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The membrane rejection mechanisms can include size-, charge-, and adsorption-based 394 

mechanisms, among which, size-based (sieving) mechanism is considered to be critical for 395 

ultrafiltration membranes. Size exclusion rejection is dependent on the pore size of membranes 396 

and molecular weight of the solute. Previous studies have attributed increased protein rejection 397 

(with concurrent increase in water permeability) to enhanced adsorption [12, 33], since proteins 398 

were observed to have high adsorption tendencies (on/with carbon nanostructures) [57]. Here, we 399 

were not able to observe an increase of protein rejection with addition of GO due to the complete 400 

rejection of BSA by all membranes evaluated. For the rejection of BSA, we believe it is mainly a 401 

size exclusion mechanism, as previous reports of similar membranes revealed a MWCO size of 402 

around 50 kDa [58]. Additionally, a hydrophilicity/charge-based mechanism appears to be 403 

minimal, as we did not observe higher rejection rates of MO for GO membranes with higher 404 

surface hydrophilicity (lower water contact angle). 405 

3.4 Membrane Flux Recovery 406 

Membrane flux recovery data, after fouling and subsequent cleaning, is presented in Figure 5. 407 

For pristine PSF membranes, 68.6 ± 25.1% of the water flux could be recovered after BSA 408 

fouling and cleaning. However for 0.5% and 1.5% GO-PSF membranes, 52.7 ± 17.0% and 62.8 409 

± 0.4% of water flux were able to be recovered, respectively. Both were lower than that of 410 

pristine PSF membranes. This is in contrast to a number of previous reports that demonstrate 411 

modified membranes with higher flux recovery ratio (FRR) compared to pristine ones. For these, 412 

enhanced surface hydrophilicity was believed to mitigate protein adsorption due to the repulsion 413 

force from the hydrated layers on the surface which also preserves protein (tertiary) structure 414 

[33]. However, we did not observe significant FRR enhancement as a function of (enhancement 415 

in) surface hydrophilicity. Interestingly, for 0.5% CGO-PSF membranes, the highest water flux 416 
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recovery ratio was achieved, with a percentage of 76.3 ± 17.0%. It is also noteworthy that 0.5% 417 

CGO-PSF membranes had a lower surface hydrophilicity than 0.5% GO-PSF membranes. These 418 

observations suggest that due to relatively larger pore sizes, the GO-PSF membranes had more 419 

partially blocked pores during fouling, which subsequently decreased the flux (i.e. size 420 

exclusion-based mechanism for solute rejection). This also supports the key role of porosity 421 

(pore size), compared to surface hydrophilicity, when determining and predicting membrane 422 

performance. Our calculations using Eqn. 4-6 showed that only irreversible fouling existed for 423 

these membranes, and the total/irreversible fouling ratios were 0.31, 0.47, 0.24, 0.37, and 0.50 424 

for PSF, 0.5% GO, 0.5% CGO, 1.5% GO, and 1.5% CGO membranes, respectively. 425 

3.5 Mechanical Strength and Thermal Stability 426 

The tensile strength of the membranes are shown in Figure S3. The PSF control 427 

membranes have a Young’s modulus of 71 ± 8 MPa. With 0.5% addition of GO, the mechanical 428 

strength decreased likely due to increased porosity of the membrane; with further increase to 429 

1.5% GO, the strength became similar to that of PSF membranes (69 ± 16 MPa). The low-430 

dimensional carbon nanomaterials were believed to act as extensions for hybrid architectures, 431 

which can become entangled with polymer chains, thus enhancing the strength, as noted by 432 

others [12]. The eventual strength of the composite membranes was a trade-off between the 433 

increase of porosity and the effects of GO as extension. For both CGO scenarios, the strength 434 

decreased, which was attributed to the shape effect - the 3D spherical structure likely cannot act 435 

similarly for the hybrid architectures compared to 2D structures. 436 

For thermal stability, the PSF and composite membranes did not show difference. They 437 

were thermally stable until the temperature reached around 510 °C, agreeing with the reported 438 

values in literature [59, 60].  439 
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4. Conclusions 440 

In this work, we synthesized, applied, and compared two types of GO material variables, 441 

flat GO and crumpled GO (CGO), as nanoscale fillers in polysulfone (PSF) ultrafiltration 442 

membranes. Our experimental results show that graphene oxide physical shape leads to varied 443 

membrane structures, water flux, and rejection performance(s). These differences are attributed 444 

to the (more) effective dispersion of CGO nanoparticles, which considerably lowers the tipping 445 

mass percentage for substantial viscosity change of the casting solution. A tipping mass 446 

percentage value between < 0.5% is observed for CGO; for GO, the tipping mass percentage 447 

value is larger than 0.5%. Results clearly indicate that GO material properties, such as varied 448 

shape, affect the dispersion status and subsequent hydrophilicity and viscosity of the mixture 449 

casting solutions, thus affecting membrane structure (surface hydrophilicity and porosity) and 450 

performance (permeability, rejection, and flux recovery). This study also suggests that a change 451 

of porosity is likely to be a more important factor than that of surface hydrophilicity in 452 

determining ultrafiltration membrane performance when graphene oxides are applied as 453 

nanoscale fillers of these mass percentages.   454 
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Figure 1. Schematic diagram of GO- and CGO-PSF membrane fabrication. 639 
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Figure 2. Material characterization of GO and CGO: (a) and (b), TEM images of GO and CGO; 657 

(c) size distribution of GO and CGO obtained by analyzing AFM and TEM images respectively; 658 

(d) surface chemistry information obtained by analyzing XPS data. 659 
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Figure 3. Top view (a-e) and cross-section view (f-j) SEM, AFM (k-o) of PSF, and GO, CGO-675 

PSF membranes (with 0.5% and 1.5% material loading). 676 
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Figure 4. Pure water permeability and rejection performances of the pristine PSF and GO/CGO-693 

PSF membranes. 694 
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Figure 5. Recovery of membrane flux after BSA fouling 699 
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Table 1. Porosity and surface roughness of PSF and GO, CGO-PSF composite membranes. 717 

 718 

Membranes Water CA (°) Porosity Rq (nm) Ra (nm) Rmax (nm) 

PSF 90.6 ± 6.2 83.8 ± 4.6% 76.2 ± 34.9 60.7 ± 29.5 553.6 ± 235.7 

0.5% GO 64.6 ± 4.0 84.7 ± 5.0% 37.5 ± 30.8 27.9 ± 20.7 303.3 ± 263.0 

0.5% CGO 76.4 ± 6.1 82.6 ± 8.9% 45.0 ± 22.7 34.7 ± 16.1 316.3 ± 141.5 

1.5% GO 73.1 ± 3.4 85.1 ± 14.0% 31.6 ± 4.3 23.1 ± 3.9 277.3 ± 43.0 

1.5% CGO 78.3 ± 8.9 80.0 ± 7.7% 30.8 ± 1.2 24.5 ± 1.3 211.0 ± 23.4 

   719 
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Highlights 

• Graphene oxide materials of different shapes led to varied membrane structure and 

performance. 

• More effective dispersion/stability of crumpled graphene oxide nanoparticles in NMP 

considerably lowers the tipping mass percentage value for viscosity change of the casting 

solution. 

• Change(s) in porosity is likely to be a more important factor than that of surface 

hydrophilicity in determining UF membrane performance when graphene oxides are 

applied with these mass percentages. 

 




