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Graphical abstract 

 

 

 

Abstract  

In this work, polybenzimidazole (PBI), graphene oxide (GO) and reduced GO (rGO) nanocomposite membranes were 

developed via the common blade coating and phase inversion technique. Additionally, the nanocomposite membranes 

were dip-coated by polydopamine (PDA). Industrially relevant stable emulsions with high salinity, sharp unimodal size 

distribution and average oil droplet size of less than 500 nm were prepared as produced water. Few percentages of GO 

incorporation into the PBI matrix resulted in superior oil removal efficiency up to 99.9%, while maintaining permeance 

as high as 91.33.4 L m-2 h-1 bar-1. The presence of GO increased the mechanical stability of the membrane. Biofouling 

test of the nanocomposite membrane over 180 days showed remarkable improvement compared to the pristine PBI 

membrane. The nanocomposite membranes demonstrated promising long-term performance for oil-in-water emulsion 

separation as well as antifouling and antimicrobial properties without any alkaline or acidic cleaning. The membranes 

were capable of de-oiling high salinity emulsions with excellent reusability, which are promising for produced water 

treatment in harsh industrial conditions. 

1. Introduction 

  Water scarcity has become a global concern and main subject that is underlined by numerous studies and reports 

worldwide. Therefore, industrial wastewater management is getting much of interest and highlighted in the United 

Nations’ 2030 goals for sustainable development.[1] In particular, produced water management is becoming a must 

considering that the oil and gas industry is still growing with fast-paced to meet the high energy demand.[2] Produced 

water is a common expression used in the oil and gas industry to define the wastewater that is generated as a by-product 

along the crude oil and gas production. It is considered the largest waste stream during the exploration, drilling and 
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processing of oil and/or gas,[3] with an estimated global scale of 41 million m3 day-1.[4] In general, the oil and gas 

reservoirs have large volume of water associated or injected into the reservoir formation to increase pressure, hence aid 

the production of oil and gas. To put the amount of produced water into perspective, one barrel of oil produced is estimated 

to be equivalent to around three barrels of produced water for a typical reservoir and nine to ten barrels for a mature 

reservoir.[5] For example, a new reservoir produces more oil and/or gas than water; however when the reservoir is aging 

the amount of produced water increases dramatically and can reach up to 98 % of the produced oil and gas.[6] Also, the 

produced water is a complex mixture with various inorganic and organic compounds and its compositions vary from one 

reservoir to another depending on the geographic site of the well, type of in-contact hydrocarbons and the added chemicals 

throughout the drilling and production processes.[7]   

  Produced water treatment is necessary in which it includes the de-oiling and demineralizing processes before disposal 

or utilization to avoid formation damage and meet the stringent environmental regulations. Furthermore, treatment of 

produced water can add additional revenue as well as protect the aquatic environment and prevent soil pollution. In 

addition, oil emulsions could affect well injectivity by decreasing the permeability and blocking its pores. Therefore, in 

the oil and gas industry, the demineralizing and all downstream processes depends on the efficiency of the upstream de-

oiling process.  

  However, the existing conventional technologies are either susceptible to fouling or not efficient to separate stabilized 

oil-water emulsions. To date, various technologies are used in the industry as stand-alone or hybrid process such as 

adsorption, floatation, biological treatment, cyclones, gravity separators, coagulation-flocculation and evaporation to treat 

the produced water so it can meet the stringent environmental regulations for disposal or reuse in other processes.[8] 

Nonetheless, these technologies are not effective for treating emulsified oil with droplet size smaller than 10 µm.[9],[10] 

Consequently, chemicals dosage and applying external electric-field have been used to break those oil emulsions which 

tend to be energy-intensive processes and harmful to the environment.[11],[12] On the other hand, membrane technology 

has been acknowledged as an effective method for oil emulsion separation with lower energy consumption and a smaller 

footprint.[10] Despite these advantages, the major challenge for a successful membrane technology is reducing membrane 

fouling due to adsorptive surfactants or mechanical pore-plugging by the oil emulsions, which would cause a drastic 

reduction in membrane life span, flux and removal efficiency, and necessitate costly post-cleaning practice to achieve 

efficient recovery.[13] 

  Hydrophobic polymeric membranes such as polyvinylidene fluoride (PVDF), polysulfone (PS), polyacrylonitrile (PAN) 

have been studied widely for oily wastewater treatment.[8] However, these membranes are tend to be not efficient owning 
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to the higher density of water which hinders oil permeation by forming a barrier layer against it on the membrane 

surface.[14] Furthermore, it has been observed that increasing the hydrophilicity through physical or chemical 

modification as well as additives-blending could improve fouling-resistance during oil/water separation.[15],[9] 

Therefore, graphene oxide (GO) filler was selected for the nanocomposite due to its hydrophilicity, mechanical 

robustness, surface area and antibacterial activity. Incorporating the GO into the polymeric matrix is expected to enhance 

the transport of water and the ability to withstand high operating pressures during separation process due to its oxygenated 

functional groups, inter-layer spacing, and sturdy atom-thin structure.[16],[17] GO-based membranes have been 

successfully developed for various separations, which makes it a promising candidate for produced water treatment.[18] 

Coating the membranes with mussel-inspired polydopamine (PDA) layer has the potential to enhance the oil/water 

separation via its antifouling properties and strong resistance towards the adhesion of microorganisms.[19] 

Polybenzimidazole (PBI) was chosen as polymer matrix due to its chemical, thermal and mechanical stability as well as 

its highly rigid structure to withstand the harsh industrial conditions. 

  We expect that the integration of GO with PBI nanocomposite membrane, coated with PDA layer, will add promising 

permeation, antifouling and antibacterial properties in combination with adequate mechanical strength and thermal 

stability, which will make the developed membranes applicable for the industrial application of produced water treatment. 

2. Experimental 

2.1 Materials  

  GO powder was purchased from William Blythe Ltd., UK. S26 Celazole® PBI dope (26.2 wt% PBI, 72.3 wt% DMAc, 

1.5 wt% LiCl) was supplied from PBI Performance Products Inc., USA. Novatexx 2471 (polypropylene nonwoven 

support) was purchased from Freudenberg Filtration Technologies KG, Germany. Hexadecyltrimethylammonium 

bromide (CTAB) was purchased from Acros Organics. Dopamine hydrochloride was purchased from Alfa Aesar. Sodium 

chloride (NaCl), calcium chloride (CaCl2), magnesium chloride hexahydrate (MgCl2·6H2O), sodium sulfate (Na2SO4) 

and sodium bicarbonate (NaHCO3), N,N-Dimethylacetamide (DMAc), ascorbic acid and sodium periodate (NaIO4) were 

purchased from Sigma Aldrich. HPLC grade organic solvents such as hexane and acetonitrile were obtained from Fisher 

Scientific. Vegetable oil was obtained from local market, UK. Type II deionized water (DI) was used throughout all 

experiments with a resistivity of 18.2 MΩ cm at 25 °C (Milli-Q). All chemicals and materials were used as received 

without any modifications. 
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2.2 Reduction of graphene oxide 

  The reduction of GO was performed with ascorbic acid (AA).[20] In a typical experiment, 0.20 g of GO powder was 

added to 250 mL round-bottom flask, followed by the addition of water to achieve 0.80 mg mL-1 concentration. An 

aqueous GO dispersion was achieved by vigorous stirring at 350 rpm. 1.4 g of AA was added to the GO dispersion and 

left under stirring for 4 h at 90 °C. 

2.3 Membrane fabrication  

  Dope solutions containing 16 wt% PBI, and varied amounts of GO and reduced graphene oxide (rGO) were prepared 

using DMAc as solvent (Table 1, Fig. 1). The fillers were dispersed in DMAc using sonication, followed by the addition 

of the suspension to the commercial PBI stock solution (26 wt%). The dope solutions were mixed using an overhead 

mechanical stirrer at room temperature and speed of 60 rpm for 6 h. The PBI, PBI/GO and PBI/rGO membranes were 

prepared by wet phase inversion, which is the most widely used technique to prepare membranes for oil-in-water 

emulsions separation.[21] The dope solutions were cast on polypropylene nonwoven support using a casting machine 

(Elcometer 4340) with a gate height of 250 µm. The A4 size film was immediately immersed into a non-solvent 

coagulation bath, which contained 10 L of water at 22 °C. The membranes were washed with fresh water to remove any 

excess solvent. 

 

Fig. 1. Schematic representation of the membrane fabrication steps. 

The PDA coated membranes were prepared by conventional dip-coating method.[22] A dopamine monomer solution of 

2 mg mL-1 concentration was prepared in water. A 100  100 mm membrane was soaked in 140 mL solution at a 

temperature of 22 °C for 0.5 h, followed by the rapid dissolution of NaIO4 at 5 mM concentration. The mixture was gently 

shaken for 0.5 h then washed with water and stored in 1: 9 (acetonitrile: water solution). 
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Table 1. Membrane designations, compositions and dip-coating. 

Membrane PBI (wt%) GO or rGO (wt%) DMAc (wt%) PDA dip-coating 

MPBI 16 0.00 84.00 No 

MPBI
GO 0.50 16 0.50 83.50 No 

MPBI
GO 0.75 16 0.75 83.25 No 

MPBI
GO 1.00 16 1.00 83.00 No 

MPBI
GO 1.50 16 1.50 82.50 No 

MPBI/PDA
GO 1.00  16 1.00 83.00 Yes 

MPBI
rGO 1.00 16 1.00 83.00 No 

 

2.4 Emulsions preparation  

  Stable oil-in-water emulsions were prepared by high mechanical shearing with the use of surfactant as an emulsifier. In 

a typical experiment, free-salt oil-in-water emulsions were prepared by mixing 0.5 g of vegetable oil (1 g L-1) with 20 mg 

of CTAB surfactant in 0.5 L water using T-18 ULTRA-TURRAX® (IKA England Ltd) at 15,000 rpm for 5 min at 25 °C 

as reported elsewhere.[23] Salts were added to simulate the salinity of produced water (Table 2).[4] In order to maintain 

the size and stability of the emulsions with salts, the turrax speed was increased to 20,000 rpm for 12 min. 

Table 2. Applied composition of salts in the tested produced water.[4] 

Salt Concentration (g L-1) 

Sodium chloride, NaCl 50 

Calcium chloride, CaCl2 16 

Magnesium chloride, MgCl2 8 

Sodium sulfate, Na2SO4 2 

Sodium bicarbonate, NaHCO3 1 

 

2.5 Membrane separation  

  A typical cross-flow system, composed of a membrane cell with an effective area of 52.8 cm2, a relief valve, a high-

pressure pump and a recirculation gear pump, was used for the filtrations (Fig. 2). The flow rate of the high-pressure 

pump and the recirculation gear pump were kept constant at 3 L h-1 and 100 L h-1, respectively. Samples from the retentate 

and permeate streams were collected for analysis. 
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Fig. 2. Schematic of the cross-flow filtration rig for produced water treatment. 

 

  The reported filtration results are the mean values of at least two independently prepared membranes. The oil removal 

efficiency (Eq. 1) was determined as the ratio of the obtained oil concentration in the permeate (Cp) and the feed (Cf) 

streams. The permeance (Eq. 2) was calculated based on the effective membrane area (A), the volume of the collected 

permeate (Vpermeate) over time (t) and the transmembrane pressure (ΔP). Continuous, long-term experiments were carried 

out at different split ratio (, Eq. 3) defined as the flow rate of the permeate (rpermeate) over the flow rate of the retentate 

(rretentate) streams. The desired split ratio was set by the relief valve. 

Removal efficiency [%] = (1-
Cp

Cf
)×100                                                   (Eq. 1) 

Permeance [L m-2 h-1 bar-1] = 
𝑉permeate

∆P A t
                                                      (Eq. 2)     

 [-] = 
rpermeate

rretentate
                                                  (Eq. 3)     

2.6 Chemical and morphological characterizations 

  Thermogravimetric analysis (TGA) was determined using TGA-550 (TA Instruments) with temperature ramp 

rate of 20 °C min-1 from 25 °C to 800 °C in a N2 atmosphere. Emulsion droplet size and distribution were 

analyzed based on a dynamic light scattering (DLS) method using Zetasizer 3000Hs (Malvern Instruments). 

Atomic force microscope infrared spectroscopy (AFM-IR) was performed on a MultiMode 8 HR using TESPA-

V2 probe (Bruker Instruments) in the tapping mode. The roughness analysis of the samples was performed on 

NanoScope software using a 10 μm × 10 μm scan area. ATR-FTIR spectra of the membranes were measured 

using an Alpha-P instrument (Bruker Instruments). An average of 32 scans was used to generate the spectra 

under air using dried samples. The swelling ratio (SR, Eq. 4) of the membranes was calculated using the dry 
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length (ld) and wet length (lw) of the membranes, and the reported values were obtained as an average of 10 

measurements. 

 

SR = (𝑙w − 𝑙d) ∙ 𝑙d
−1 ∙ 100%      (Eq. 4)   

   

  Field Emission Scanning Electron Microscope (SEM) images were acquired using a FEI Quanta 200 with the 

accelerating voltage set to 20 kV, the samples were spin-coated with 6 nm layer of gold or palladium using a Quorum 

Q150TES under an Ar atmosphere to make the samples conductive for surface and cross sectional analysis. The thickness 

of the membranes was obtained from 10 measurements across the SEM cross sectional images of each membrane using 

ImageJ software. The Energy Dispersive X-ray (EDX) spectrums were obtained using FEI Quanta 200 with backscatter 

detector (BSE) at 15 kV in low-vacuum mode, the membranes, GO and rGO were uncoated since the gold and palladium 

can interfere with the elements of interest. TEM images of GO and rGO particles were measured using transmission 

electron microscopy (TEM, Titan Themis Z, FEI). The samples were dispersed in ethanol and then the solution was 

dropped on a copper grid to obtain their flat sheet. 

  Raman spectra of GO and rGO particles were collected from the Raman spectrometer (LabRAM ARAMIS, HORIBA 

Jobin Yvon) with visible laser (473 nm) and grating (1800 g mm-1) at room temperature. X-ray photoelectron spectroscopy 

(XPS) analysis for GO and rGO was performed via an Axis Supra instrument (Kratos analytical) equipped with a 

monochromatic Al Kα x-ray source (hν = 1486.6 eV) operated at a power of 150 W and under UHV conditions in the 

range of ~10-9 mbar. The contact angle measurements were performed on a DSA 100 (Krüss Instruments) drop-shape 

analysis system. The viscosity of dope solutions was obtained using Elcometer 2300 RV (Elcometer Inc, USA) with TL7 

connection at 6 rpm speed and 25 °C. 

  Nanoindentation was performed in water using a Hysitron Bioindenter (Hysitron, Eden Prairie, Minneapolis, MN) fitted 

with a 50 m diameter conospherical diamond probe. Samples were mounted to a glass slide using a custom made liquid 

cell cover. A 5 × 5 grid pattern was used to perform 25 indents per samples using a 5 second load, 2 second hold and 5 

second unload, loading function. Indents were performed in load control using a maximum load of 50 µN. Analysis was 

done using the Hysitron Triboscope software using the Oliver and Phar method to determine the reduced elastic modulus 

and hardness. 
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2.7 Antibacterial and antifouling tests 

  The antibacterial property of  MPBI  , MPBI
GO 1.00  and MPBI/PDA

GO 1.00  membranes was evaluated based on microscopic 

visualization via SEM after long-term exposures to water. The membranes were immersed in 0.5 L tap water at room 

temperature for 180 days without changing the water or adding any chemicals. Samples were taken and dried after 45, 

90, 135 and 180 days for characterizing the surface of the membranes using SEM. The antifouling property was assessed 

by the water flux recovery ratio (FRR, Eq. 5),[24],[25] which was calculated based on the pure water flux before (F0) and 

after (Fi) the produced water filtration, i.e. fouling-cleaning cycle. 

FRR [%] = 
Fi

F0
×100                                                                      (Eq. 5) 

  The membranes were conditioned with pure water and the flux (F0) was measured for 10 min. After filtering 150 mL of 

the simulated produced water, pure water was fed to the system to wash the membranes for 10 min and the flux was 

measured within this period and denoted by Fi. The fouling-cleaning cycle was repeated for three times to measure the 

FRR. SEM-EDX analysis was performed on the membrane top surface to examine the fouled layer after the filtration of 

0.5 L produced water, followed by rinsing with pure water. 

3. Results and discussions  

3.1 Materials characterization 

  rGO was synthesized by the reduction of GO to use as a filler in PBI membranes. Fig. 3 shows the TEM images and 

Raman spectra of GO and rGO. The GO showed smooth surface (Fig. 3a), while the rGO presented clumped and wrinkled 

structure after the reduction (Fig. 3b). The difference in morphology is due to the decomposition of the oxygen functional 

groups, which results in the stacking of the wrinkled graphene sheets during the reduction.[26] In the Raman spectra of 

GO and rGO (Fig. 3c), the specific G band and 2D band were observed at 1580 cm-1 and 2700 cm-1, which corresponds 

to the sp2 hybridized carbon-carbon bonds in graphene.[27] The observed D band at 1350 cm-1 for both samples indicates 

the lattice distortions. As a result of the reduction, an increase in the intensity ratio of D to G bands from 0.98 (GO) to 

1.05 (rGO) was observed. The amount of oxygen-containing functional groups significantly decreased, which was also 

demonstrated by the FTIR and XPS analysis (Fig. S5, Table S3). These results demonstrate the decline of the average 

size of the sp2 domain and the recovery of the defected hexagonal network of carbon atoms by the reduction.[27],[28] 

Fig. 3d shows the XRD patterns of GO and rGO to explore their interlayer distances. GO showed a strong characteristic 

diffraction peak at 9.72°, which is in good agreement with previous studies.[27],[28] The interlayer distance between the 

GO sheets (d = 9.09 Å) is attributed to the existence of the oxygenated functional groups. On the other hand, the graphene 
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peak for rGO was shifted to be around 21.64°, which indicates the decrease of the interlayer distance (d = ~3.52 Å), which 

is a result of restoring the conjugate structure of the sp2 carbon via the removal of the oxygen-containing function groups. 

In addition, the recovered hexagonal structures and the narrow interlayer distance of rGO contributed to the enhancement 

of thermal stability after the reduction (Fig. S6).  

 

  

Fig. 3. TEM images of (a) GO and (b) rGO, (c) Raman spectra and (d) XRD patterns of GO and rGO.   

 

 ATR-FTIR spectra of the membranes are shown in Fig. 4 and Fig. S7. For the pristine PBI, a broad absorption peak at 

2000–3600 cm-1 was observed, corresponding to stretching vibrations of the hydrogen bonding (NHN).[29],[30] The 

specific NH absorption peak of PBI at ~3200 cm-1 was buried in the wide absorption peak. The three characteristic peaks 

of PBI at 1630 cm-1, 1532 cm-1 and 1438 cm-1 were observed for all the membranes, which are assigned to C=C and C=N 

stretching bands.[30] These peaks for MPBI coincide with those of MPBI/PDA
GO 1.00  as a result of the similar chemical bonds 

found in both PBI and PDA. Nonetheless, the successful PDA coating of the PBI-based membrane was confirmed by i) 

a distinguish peak attributed to α,β-unsaturated ketone observed at 1610 cm-1, and ii) the increased intensity of the 

stretching vibrations of catechol –OH groups at about 3200 cm-1. On the other hand, there was no obvious indication of 

the incorporation of GO and rGO owing to the low content (<2 wt%) (Fig. S7).   
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Fig. 4. ATR-FTIR spectra of MPBI , MPBI
GO 1.00 and MPBI/PDA

GO 1.00  membranes as well as GO and PDA. 

 

 The dope solution viscosity, membrane thickness, swelling ratio and surface properties are summarized in Table 3, while 

the morphologies and topographies of the membranes are shown in Fig. 5. The higher the loading of the GO, the higher 

the viscosity of the dope solution, which culminated in a 68% increase at 1.5% GO loading. The observed increase in 

viscosity can be attributed to the oxygen-containing functional groups of the GO that can form secondary interactions, 

such as hydrogen bonding, with the amine moieties of the PBI. This hypothesis is further supported by the approx. 10% 

decrease in viscosity when rGO is used instead of GO. 

Table 3. Dope solution viscosity, membrane thickness and surface properties. 

Membrane 
Viscosity  

(mPas) 

Thickness 

(m) 

Swelling ratio 

(%) 

Surface properties 

Young’s 

modulus 

(GPa) 

Hardness 

(GPa) 

Contact 

angle () 

Roughness, 

R
q
 (nm) 

MPBI 3976 ± 9 38.8 ± 0.6 5.71 ± 0.32 0.1 ± 0.03  0.2 ± 0.06 55.5 ± 1.6 16.5 ± 1.0 

MPBI
GO 0.50 4640 ± 7 47.5 ± 0.9 6.82 ± 0.24 1.4 ± 0.3 1.4 ± 0.6 51.5 ± 1.7 30.1 ± 2.7 

MPBI
GO 0.75 5082 ± 13 49.5 ± 0.6 7.35 ± 0.28 2.1 ± 0.8 1.3 ± 0.6 49.1 ± 1.6 32.9 ± 3.8 

MPBI
GO 1.00 5656 ± 11 45.2 ± 1.0 8.17 ± 0.21 3.1 ± 0.9 2.1 ± 0.8 45.8 ± 0.8 44.2 ± 2.8 

MPBI
GO 1.50 6684 ± 17 49.9 ± 0.8 7.44 ± 0.26 1.9 ± 0.5 1.7 ± 0.6 51.0 ± 0.8 30.7 ± 2.5 

MPBI/PDA
GO 1.00  - 53.3 ± 1.2 7.12 ± 0.24 1.6 ± 0.4 1.1 ± 0.4 59.5 ± 1.0 23.9 ± 2.9 

MPBI
rGO 1.00 5128 ± 15 45.3 ± 1.1 6.26 ± 0.22 1.7 ± 0.3 1.4 ± 0.4 50.0 ± 1.2 17.2 ± 1.2 
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The thickness of the membrane increased from 38.8 m to 49.9 m as an increase of the GO loading content, which is 

governed by the viscosity of the dope solution (Table 3). The increase in the viscosity of the dope solution results in 

longer demixing time. The diffusion rate of water into the film of the polymer dope solution and the diffusion rate of the 

DMAc into the water phase are delayed during the phase inversion process.[31],[32] The longer demixing time contributes 

to the formation of less porous structures and reduces the structural contraction, resulting in the formation of a thicker 

membrane. The MPBI/PDA
GO 1.00  was found to be the thickest membrane with an increase of 8 m. This increase is not the result 

of a pristine PDA layer on top of the support PBI membrane. It is hypothesized that the PDA coating prevents [33],[34] 

the usual shrinkage [35] of the membrane structure upon drying prior to the SEM analysis. 

Owing to the hydrophilic nature of GO, the swelling ratio of the membranes increased with the GO loading from 5.71% 

for the pristine PBI membrane to 8.17% for the MPBI
GO 1.00. Further increase to 1.5% GO loading resulted in a decrease in 

the swelling ratio due to the GO agglomeration. Both the reduction of GO and the PDA coating decreased the swelling 

compared to the corresponding MPBI
GO 1.00 membrane. 

Hydrated nanoindentation analysis was carried out to assess the mechanical properties of the membranes (Table 3). The 

addition of 0.5% GO resulted in an order of magnitude increase in the Young's modulus and hardness, which is in good 

agreement with other GO/polymer composites.[36] The significant increase in the mechanical property can be attributed 

to the strong hydrogen bonding between the GO and PBI,[37] which is also evident from the increase in the viscosity of 

the dope solution. Although increase of the GO content to 1% improved the mechanical properties, further increase to 

1.5% resulted in a moderate decrease in both the Young's modulus and hardness, which could indicate the agglomeration 

of GO. Furthermore, MPBI
GO 1.00 showed high thermal stability even at 600 °C, which is consistent with the pristine PBI 

membrane (Fig. S11). The pH stability of the membrane, covering the wide range of pH = 1–11, was also demonstrated 

through a long-term stability test up to 30 days (Fig. S12). The improved mechanical properties and the excellent thermal 

and pH stability of the PBI/GO nanocomposite membrane could be strong merits to use the membranes in harsh conditions 

including high pressure, high temperature and high concentration of acid or base. 

 



 13 

 

Fig. 5. SEM images of (a-c) cross-section and (d-f) top surface and (h-j) AFM height images of (a,d,h) MPBI, (b,e,i) 

MPBI
GO 1.00 and (c,f,j) MPBI/PDA

GO 1.00  membranes (also refer to Fig. S8–10). 

  

  Water contact angle of the membranes monotonously decreased from 55.5° of the pristine PBI to 45.8° of the MPBI
GO 1.00 

as the GO loading increased due to the increase in the oxygen-containing functional groups present in the GO.[38],[39] 

However, further increase in the GO loading resulted in a 10% increase in the water contact angle for MPBI
GO 1.50. This 

phenomenon can be attributed to the increased hydrophobicity of the membrane due to GO aggregation at higher loading 

content.[40] The reduction of graphene, MPBI
GO 1.00 to MPBI

rGO 1.00, somewhat increased the water contact angle due to the more 

hydrophobic nature of rGO than that of GO. MPBI/PDA
GO 1.00  revealed 60° of water contact angle, which is consistent with the 

previously reported results of the PDA coating layer.[41],[42] 

  The trend for the change in roughness as a result of varied membrane composition is the opposite as for the water contact 

angle (Table 3). The roughness of the PBI/GO membranes monotonously increased from 16.5 nm of the pristine PBI up 

to 44.2 nm for MPBI
GO 1.00  due to accelerated rate of phase inversion by the presence of the hydrophilic GO.[43],[44] 

Nonetheless, the roughness decreased at the highest GO loading due to its probable agglomeration. The PDA coating and 

the replacement of GO with rGO both resulted in a smoother surface. Therefore, the improved hydrophilicity of the 

PBI/GO membranes can enhance the water permeance,[45] because the more hydrophilic surface can adsorb more water, 
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and create a hydration layer, preventing oil interaction, which ultimately minimizes any fouling and improves oil-in-water 

emulsions separation.[46] 

 

3.2 Produced water treatment  

  The performance of the membranes was assessed in oil-in-water emulsions in the presence and absence of salts (Fig. 6). 

The permeance and oil removal efficiency for all the membranes showed similar tendency against both feed solutions 

with respect to the changes in the composition of the materials (Fig. 6a). The permeance and oil removal efficiency 

monotonously increased with increasing GO loading up to 1 wt%, culminating at approx. 91 L m-2 h-1 bar-1 and 100%, 

respectively. The observed tendency is in line with previous reports on graphene-based polymer membranes.[47] 

Hydrophilic surface facilitates the transport of water into the pores, while higher roughness (Table 3) provides higher 

surface area, which results in the enhancement of water permeance. Further increase in the GO loading to 1.5 wt% 

maintained the 100% removal efficiency but resulted in approx. 5% decrease in the permeance. 

  The oil removal efficiency of the PDA-coated membrane (MPBI/PDA
GO 1.00 ) is comparable to the corresponding uncoated 

membrane (MPBI
GO 1.00). However, the permeance was reduced to approx. 50–60 L m-2 h-1 bar-1 due to the PDA growth on 

the membrane surface. The coating layer is known to increase the hydraulic resistance, and the membrane performance 

is dominantly governed by the thicker and more compact PDA layer, which can lead to lower permeance.[48] The 

reduction of the GO resulted in membranes with inferior performance with respect to both oil removal efficiency and 

permeance, since the rGO increased the hydrophobicity of the membrane. 

 

Fig. 6. (a) Permeance and removal efficiency of oil-in-water emulsions with (striped bars) and without (solid bars) salt. 

(b) Long-term permeance and removal efficiency for MPBI
GO 1.00 during produced water treatment. The split ratio () was 

kept constant by adjusting the pressure. 
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  The membrane with 1 wt% GO showed superior performance compared to the rest of the series, and therefore it was 

tested for long-term produced water treatment up to 10 liters (Fig. 6b). The effect of split ratio on the membrane 

performance was investigated. The oil removal efficiency (approx. 100%) was constant during the filtration for all split 

ratios. However, an initial decline in the permeance, over the first 2 liters of the filtration, was observed in all cases. The 

lower the split ratio, i.e. higher relative permeate flow rate, the more pronounced the decline in permeance. At 90% and 

99% permeate flow rates, the permeance decreased by 27% and 92% corresponding to steady-state values of 62 and 7 

L m-2 h-1 bar-1, respectively. Consequently, the trade-off between the steady-state permeance and the split ratio was found 

to be a crucial factor to consider during produced water treatment. The stable separation performance during the long-

term experiment demonstrated the first step in the assessment of industrial applicability of the nanocomposite membranes. 

  The regeneration of MPBI
GO 1.00 was studies through filtration-cleaning cycles (Fig. 7). The removal efficiency of oil was 

found to be constant 100% during the experiments. The pure water permeance was measured prior to each cycle and it 

showed a diminishing 4.9%, 2.3% and 1.2% decrease over the four cycles. The permeance decline during the start-up 

period was different for each cycle, while the same steady-state permeance of approx. 64 L m-2 h-1 bar-1 was achieved 

each time. The initial decline in permeance as well as the standard deviation of permeance decreased after each cycle.  

 

Fig. 7. Membrane cleaning study for 𝑀𝑃𝐵𝐼
𝐺𝑂 1.00. Produced water was used during each cycle. Prior to each cycle, 0.5 L pure 

water was used to clean the membrane. Pure water permeance and flow recovery ratio (FRR) are reported for the final 

0.05 L filtrate of the washing cycle. 
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  The best performing membrane (MPBI
GO 1.00) was compared with various published membranes for oil-in-water emulsion 

separation including polymeric, inorganic and composite membranes (Fig. 8, Table S5). The effectiveness of separation 

depends largely on the size of the emulsions, and therefore the permeance was normalized by the average droplet size of 

the emulsions. The  MPBI
GO 1.00  demonstrated excellent oil removal efficiency at the expense of permeance. Only two 

membranes reported in the literature showed higher permeance but notice that i) they were not tested with produced water 

(i.e. oil-in-water emulsion without salt), and ii) neither long-term stability, nor antifouling properties and cleaning were 

assessed. 

 

Fig. 8. Comparison of separation performance and the trade-off between oil removal efficiency and permeance over 

emulsion droplet size. The inset shows the duration of the different studies. Refer to Table S5 in the Supporting Material 

for the data and references. 

 

3.3 Antifouling properties   

The membrane fouling formed on the surface during the operation increases the hydraulic resistance and subsequently 

leads to flux decline as well as eventually influences on the membrane life-time and the maintaining cost and efficiency. 

Two methodologies were used to investigate membrane fouling: i) FRR (Eq. 5) was calculated for the membranes after 

produced water treatment (Fig. 7); and ii) elemental analysis by EDX was performed on the surface of the fouled 

membranes before and after cleaning (Fig. 9). The permeance of the pure water gradually decreased after each fouling-

cleaning filtration cycle due fouling. After three cycles, the FRR values for MPBI
 , MPBI

GO 1.00 and MPBI/PDA
GO 1.00  membranes were 

found to be 60.5%, 91.8% and 72.6%, respectively (see Table S5). MPBI
GO 1.00 showed the best fouling resistance along with 

a high FRR, which can be explained by the presence of GO and the hydrophilic nature of the membrane (Table 3). More 
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hydrophilic surface of MPBI
GO 1.00 can adsorb the water molecular and form the hydration layer on its surface, which is 

beneficial for preventing the attachment and helping the detachment of hydrophobic foulants onto membrane surface, 

contributing to the high FRR. 

The salt scaling, which mainly consisted of sodium, calcium and chlorine ions, and descaling on the membrane surface 

before and after cleaning by the hydraulic force was confirmed through SEM images and EDX elemental analysis (Fig. 

9). After cleaning with water, some salts remained on the membrane surface of MPBI
 , while the surface of  MPBI

GO 1.00 and 

 MPBI/PDA
GO 1.00  was easily cleaned. The more hydrophilic surface of  MPBI

GO 1.00  and  MPBI/PDA
GO 1.00  resulted in weaker interaction 

between the membrane surface and the salts,[49] which in turn facilitated the descaling process. 

A long-term fouling study was performed by immersing the membranes in tap water and taking samples for SEM 

analysis after 45 and 180 days. Bacteria growth on the MPBI
  membrane surface after 45 days was observed, which resulted 

in an extensive biofouling coverage of the surface of the membrane after 180 days (Fig. 10). On the contrary, a virtually 

clean surface for MPBI
GO 1.00 and MPBI/PDA

GO 1.00  membranes were observed during the six-months study. In line with previous 

observations on GO,[50] these results further demonstrate that the incorporation of GO and PDA in polymer membranes 

can effectively inhibit the initial attachment of bacteria and suppress its growth on polybenzimidazole supports. 

 

Fig. 9. SEM-EDX elemental analysis of (a) MPBI
 , (b) MPBI

GO 1.00 and (c) MPBI/PDA
GO 1.00  after filtering 0.5 L of produced water 

(Fouled) and after washing it with pure water (Cleaned). The y-axis represents count of elements and the x-axis represents 

the energy in keV. 
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Fig. 10. SEM images of the membrane surface for (a, d) MPBI, (b, e) MPBI
GO 1.00 and (c, f) MPBI/PDA

GO 1.00  at 1600x magnification. 

The membranes were soaked in tap water for (a-c) 45 days and (d-f) 180 days prior to analysis.   

4. Conclusion  

  Nanocomposite membranes comprising of polybenzimidazole (PBI) and graphene oxide (GO) with polydopamine 

(PDA) coating were developed using phase inversion and dip-coating techniques. The introduction of as low as 0.5–1.5 

wt% GO into the polymer matrix resulted in enhanced membrane performance at multiple fronts. Compared to the pristine 

PBI, the permeance increased by 17% culminating at 91 L m-2 h-1 bar-1, while the oil removal efficiency increased from 

80% to 100%. The water flux recovery (FRR) was maintained above 90% over 4 produced water filtration/cleaning 

cycles. The retentate/permeate split ratio was found to have no effect on the oil removal but it determines the steady-state 

permeance during long-term produced water treatment. Both the GO and PDA improved the antifouling properties of the 

membranes, which was evaluated through cleaning cycles and SEM-EDX analysis. The observed changes in membrane 

performance was attributed to the changes in hydrophilicity and surface topology of the membranes. The results 

successfully demonstrated the potential of PBI-GO-PDA nanocomposite membranes in the treatment of oil-in-water 

emulsions and produced water. 
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