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ABSTRACT 

The emergence of facile approaches for the large-scale production of graphene oxide (GO) 

membranes necessitates a clearer understanding of their potential to foul, and more importantly, 

to uncover strategies for efficient recovery of membrane performance following fouling.  Here, 

we systematically investigated the feasibility of water, ethanol and hypochlorite as cleaning 

agents to remove organic foulants over a GO membrane. Amongst them, 100 ppm hypochlorite 

solution showed a remarkable ability to remove Bovine Serum Albumin (BSA) and could 

recover the membrane flux up to 98% after 5 cycles of BSA filtration and cleaning. The 

potential of hypochlorite was also demonstrated for permeance recovery during molecular 

filtration of tannic acid and methyl blue. Scanning electron microscopy, Attenuated Total 

Reflectance- Fourier-Transform Infrared Spectroscopy (ATR-FTIR) and X-ray diffraction 

(XRD) analyses were used to study the oxidative effects of hypochlorite on the GO membrane, 

and it was determined that exposure to higher concentrations of hypochlorite (>1000ppm) 

degrades the structure of GO membrane and deteriorates the membrane performance after 3 

cycles of cleaning. The studies demonstrate that the use of modest concentration of 

hypochlorite is effective in restoring permeance of this class of high flux nano-filtration 

membranes. 
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1 INTRODUCTION 

Graphene oxide (GO) as a functional nanomaterial has been successfully incorporated into 

membranes with improved chemical stability, high water permeance, precise molecular sieving 

and antifouling properties.1,2 The high permeance of GO membranes have been attributed to 

nanoscale pinhole defects that provide shorter path-lengths for permeation and enhanced slip-

flow in the hydrophobic sp2 domains; however, it is not clear which mechanism is more 

dominant.3–5 The combination of molecular scale channels between the GO sheets and the 

presence of ionisable oxygenated functional groups on the sheets promote high selectivity of 

GO membranes.6–10 The ability of GO sheets to form stable colloidal dispersions in polar 

solvents allow for the production of supported GO membranes using a wide variety of 

fabrication methods such as drop-casting and vacuum filtration.3,11–13 A novel approach using 

liquid crystal phases with spontaneously oriented GO sheets for scalable and semi-continuous 

production of GO membranes have promoted the use of GO membranes at industrial-scale14–

16,17. However, the viability of GO membranes at an industrial scale depends on facile 

fabrication method and understanding operational aspects, such as efficient means to recover 

permeance once the membrane has been fouled.18 In spite of numerous research on potential 

of graphene-based membranes in separation technology19–21 and possibility of fabrication of 

the membrane at an industrial scale, there is lack of research on fouling resistance, and protocol 

for removing foulants from GO membranes. 

Indeed, membrane fouling is caused by a combination of phenomena such as adsorption, 

pore plugging, concentration polarization or gel layer formation which results in a reduction in 

permeate output and quality.18,22 To mitigate the effects of fouling, higher pressures are 

required to maintain the membrane flux, which incur an additional energy cost of up to 50% of 

the total costs of industrial water treatment plant annually.23,24  
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Washing with oxidants such as chlorine/hypochlorite is an effective way to remove organic 

foulants from polymeric membranes, and this is facilitated by decreasing  the chemical affinity 

of the foulants with the membrane surface by the virtue of changes in adhesive forces or 

electronegativity, bond cleavage, and modification of the functional groups of the foulant.25,26 

Additional benefits of hypochlorite treatment are the post-operational disinfection and 

oxidation of foulants in a single-phase, cost-effective, permeance recovery stage.27 However, 

the use of hypochlorite as the cleaning agent is limited, because most polymeric membranes 

such as polyamide, polyether sulfone28, and cellulose28,29 degrade in this medium30,31 through 

chlorination and hydroxylation of the polymer chains. 

In this article, we evaluate the fouling potential of GO membranes with organic foulants 

such as methyl blue (MB), tannic acid (TA) and bovine serum albumin (BSA), followed by a 

study of the efficacy of various chemical cleaning agents such as water, ethanol, and 

hypochlorite towards permeance recovery. We also determine the stability of GO membranes 

under the oxidative effect of hypochlorite cleaning and suggest mechanisms by which GO 

degrade in extreme chlorine concentrations. 
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2 METHODOLOGY 

2.1 Membrane Preparation 

The graphene oxide utilized in this study was obtained from the Sixth Element Materials 

Technology Co. Ltd (Changzhou, China) and was formulated into a ~10 g/L GO suspension 

with rheological properties consistent with the shear thinning behaviour described elsewhere17, 

as necessary to produce large area GO membranes. Flat-sheet of Polyvinylidene fluoride 

(PVDF) ultrafiltration membranes (Synder Filtration, Vacaville, USA) with a nominal MWCO 

of 250 kDa were used as the membrane support. The PVDF support is stable in hypochlorite 

conditions (Figure S1). The membranes were printed via shear alignment method using a 

gravure printer (Labratester, Norbert Schlafli Machinery Company, Switzerland). A 10 g/L GO 

suspension was applied to the printing plate and was evenly distributed over the plate by a 

doctor blade. Following this, the support was pressed against the plate by the printer allowing 

transfer of the GO suspension from the printing plate to the substrate. The membrane 

underwent a step of drying and mild thermal treatment at 90 °C for 2 hours in a convection 

oven to improve the stability in aqueous based filtrations.32,33  

2.2 Filtration Studies 

2.2.1 Perm-selective properties of GO membranes 

The retention and permeance of several probe molecules were tested to show the perm-selective 

properties of a clean GO membrane. For these tests, organic probes with different chemistries 

such as Methyl blue (MB, 799.8 Da, negatively charged), Tannic acid (TA, 1.70 kDa, 

negatively charged) and Bovine Serum Albumin (BSA, 66.5 kDa, neutral) (Sigma-Aldrich, 

Australia) were used. Filtration tests were conducted in dead-end filtration cells from Sterlitech 

(HP4750 Stirred Cell, Sterlitech, USA) with an effective surface area of 14.6 cm2. The pressure 

was maintained at 1 bar and stirred continuously at 800 rpm for all filtration tests. Mass and 

pressure readings are recorded each second using Radwag precision balances (PS1000.R2, 
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Poland) and Fluigent pressure pump (MFCS-EX Extended flow control, France), respectively, 

giving data for continuous permeability measurements. Before any testing, all membranes had 

water permeance stabilised for 2 hours at 1 bar. All tests were repeated on 5 different samples 

and error was calculated from these 5 measurements. The permeance, J, 

(L m−2 h−1 bar−1, or LMH/bar) is defined as: 

𝐽 =
𝑉𝑝

𝐴∙𝑃∙𝑡
           (1) 

Where, Vp is the volume permeated in time, t, through a membrane with an effective surface 

area, A, at an applied pressure, P. All feed solutions were prepared in deionized (DI) water at 

a concentration of 10 mg/L, concentrations of feed and permeate samples were analysed using 

UV-vis spectroscopy (Ocean Optics USB4000). Rejection, R(%), was determined from a 

sample of the permeate collected after a 75 mL filtration from a 100 mL feed and calculated 

using the following expression:   

𝑅 =
𝐶𝐹−𝐶𝑃

𝐶𝐹
× 100%          (2) 

Where, CF is the initial concentration of the feed and Cp is the concentration of the probe in 

the permeate. 

2.2.2 Cleaning protocols for water, ethanol and hypochlorite 

To find a practical protocol to clean organic foulants from a GO membrane, deionized water, 

ethanol (absolute, Thermo Fisher Scientific, Australia) and, hypochlorite (Sigma Aldrich, 

Australia) were selected as cleaning agents, and MB, TA and BSA were chosen as foulants. 

An iterative fouling/cleaning protocol was implemented which consists of the following three 

steps: (i) fouling, (ii) washing and chemical cleaning, and (iii) water filtration. In this work, 

these steps are repeated 5 times per membrane sample.  
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In the first step, a GO membrane was fouled by filtering 75 mL of 100 mL feed, with 

concentration of 10 mg/L of the selected probe (MB, TA, BSA), in a dead-end cell. Next, to 

wash the membrane 50 mL of a cleaning solution (water, ethanol or 100 ppm hypochlorite at 

pH of 6.8) was stirred at 800 rpm for 5 minutes. Then, a fresh 50 mL feed of cleaning solution 

was filtered through the membrane. Finally, 100 mL of DI water was permeated through the 

membrane to rinse the membrane from any residual cleaning solution, and also measure 

recovered flux. Similar protocols have been described elsewhere.22,30 

The behaviour of a fouled GO membrane following all cleaning methods was evaluated by 

flux recovery (FR), after every cycle, and is defined as follows: 

𝐹𝑅 =
𝐽𝑤,𝑖

𝐽𝑤,1
× 100%          (3) 

Where, Jw,1 is the initial DI water permeance of the membrane before the first cycle, Jw,i is 

the membranes water permeance for each consecutive cycle, i.  

2.2.3 Fouling Resistance Calculation 

The total resistance of a fouled membrane can be described as the sum of contributions from 

adsorbed foulants, the gel layer, and the intrinsic membrane hydraulic resistances. Darcy’s law 

provides the basis of determining the resistances where permeance is inversely related to the 

membrane resistance as per Eq. 4.18,34,35 

𝐽 =
1

𝜇𝑅𝑇
            (4) 

𝑅𝑇 = 𝑅𝑚 + 𝑅𝑎 + 𝑅𝑔           (5) 

where 𝐽  is the permeance ( L m−2 h−1 bar−1, LMH/bar ), 𝜇  is the solution viscosity 

(1.005 × 10−3 Pa. s for water at 25°C and 1 bar,), 𝑅𝑇 is the cumulative resistance, and 𝑅𝑚, 𝑅𝑎, 

and 𝑅𝑔  represent the membrane resistance, adsorption resistance, and gel layer resistances, 
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respectively. The membrane resistance is calculated based on the permeance of deionized water 

through the clean membrane sample (𝐽𝑤). Gel layer resistance is calculated based on permeance 

during fouling (𝐽1 ) and adsorption resistance is calculated based on the water permeance 

following cleaning ( 𝐽2) These three terms when combined with Eq. 5 allow for the calculation 

of the gel layer resistance34,35:   

𝑅𝑚 =
1

𝜇𝐽𝑤
            (6) 

𝑅𝑎 =
1

𝜇𝐽2
− 𝑅𝑚           (7) 

𝑅𝑔 =
1

𝜇𝐽1
− 𝑅𝑎 − 𝑅𝑚          (8) 

2.2.4 Effect of higher concentration hypochlorite 

To evaluate the viability of cleaning with high concentrations of hypochlorite as an agent to 

treat organically fouled GO membranes and analyse the durability of GO membranes, 10 mg/L 

of TA was used to foul the membrane. These high concentration hypochlorite cleaning tests 

were performed in a dead-end filtration cell, under constant stirring at 800 rpm and 1 bar 

pressure. The test was initialized by permeating DI water through a GO membrane until a 

constant water permeance was obtained, this permeance was labelled Jw,1. Following this, a 75 

ml portion from a 100 ml feed of TA was filtered through the membrane, and the permeate was 

collected using a Radwag precision balance customized with a Labview interface to 

continuously collect permeance data. Once the TA filtration ended, the membrane was cleaned 

using 1,000 ppm hypochlorite and DI water. This procedure was repeated, beginning with the 

filtration of the TA, for 5 cycles.  

2.3 Resistance of Graphene oxide membrane in hypochlorite solution  

To evaluate resistance of GO membrane to hypochlorite a freestanding GO films prepared 

from a 10 g/L suspension was cast onto a glass substrate and dried at 40 °C for 24 h. Once 
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removed from the substrate a thick freestanding film was formed. Freestanding GO film 

samples were submerged separately in 100, 1,000, 10,000 and 100,000 ppm hypochlorite 

solution for 1 h. Following this exposure, the films were rinsed with DI water and dried at 

40 °C for 24 h. 

The differences in interlayer spacing between differently treated GO films were 

characterized using X-ray diffraction in a Rigaku Miniflex 600 diffractometer using Cu 

radiation (40 kV, 15 mA). Changes in the chemical structure of the GO films under these 

conditions were analysed by Attenuated Total Reflectance- Fourier-Transform Infrared 

Spectroscopy (ATR-FTIR, Perkin Elmer, Spectrum 100). FTIR spectra were recorded for an 8 

scan average at wavenumbers between 400 and 4000 cm-1 with a resolution of 4 cm-1. 

Surface morphology of pristine untreated GO membranes and samples treated with 100 ppm 

and 1000 ppm hypochlorite from the previously described experiments were studied via 

scanning electron microscopy (SEM), using a FEI Magellan microscope operating at 3.0 keV 

and 13 pA. The samples were sputter-coated with a thin iridium coating before SEM 

observation.  
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3 RESULTS AND DISCUSSION 

3.1 Perm-selectivity performance of the GO membrane  

The perm-selective performance of the GO membranes used in this work are detailed in this 

section. Single-solute solutions of MB, TA and BSA were tested and constitute a wide 

distribution of molecular weights. The membrane shows a 75.4% rejection for methyl blue, 

91.9% rejection for tannic acid and 100% rejection for BSA. The initial clean water permeance 

of the membrane was 39.4 ± 8.4 LMH/bar, however, filtration permeance declined to 28.4 ± 

5.5, 20.7 ± 4.8, 14.0 ± 2.5 LMH/bar, for MB, TA, and BSA filtration, as demonstrated in Figure 

1.   

 

Figure 1. (a) Water permeance (first left empty bar) and perm-selective properties of the GO membrane for three 

different probes: methyl blue (799 Da), Tannic Acid (1700 Da) and Bovine serum albumin (66.5 kDa). The empty 

bars represent the permeance (LMH/bar) for each solution respectively, while the blue shaded bars represent 

rejection of the given probes. The membrane shows a 75.4% rejection for methyl blue, 91.9% rejection for tannic 

acid and 100% rejection for BSA. (b) Cross-sectional SEM image of the PVDF-supported GO membrane (2 µm 

scale bar) 

 

3.2 Effect of cleaning protocols on fouling removal 

In this section, the feasibility of water, ethanol and hypochlorite in removing organic 

foulants from GO membranes is demonstrated. However, before that, it is noteworthy that the 

pKa of hypochlorite is 7.5 at 25°C.36 At a pH below the pKa, the chlorine content of the solution 

exists as hypochlorous acid, which has a higher oxidising potential (1.49 V) compared to 

hypochlorite which exists at pHs above the pKa (0.94 V).37  The test conditions (pH ~ 6.8) is 
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representative of the harshest conditions of those typically used in industry for the use of 

hypochlorite and its resultant oxidative effect. Furthermore, all probe molecules are soluble in 

water and ethanol and both solvents could be considered greener alternatives to common acidic, 

basic or oxidative cleaning reagents. Previous research has shown that neither of the solvents 

damage the graphene oxide sheets or irreversibly alter the structure of the membrane.17,32,33   

Given these observations, it is likely that both water and ethanol would enable cleaning of 

an organically fouled GO membrane.  However, water cleaning of GO membrane showed a 

flux recovery of 27.4% for MB fouling, 15.2% for TA fouling and 3.6% for BSA after 5 cycles, 

while ethanol cleaning showed slightly improved flux recoveries of 33.8%, 53.7% and 8.2% 

for MB, TA and BSA, respectively (Figure 2). These low flux recoveries may be due to the 

solvent’s inability to sufficiently solubilise the organic foulant. Organic fouling is strongly 

influenced by the adsorption of these molecules to the hydrophobic graphitic regions of the 

graphene oxide membranes. These hydrophobic interactions are reliant on the polarity of the 

medium and, the adsorption capacity of the membrane for the foulant molecules increases with 

increasing polarity of the solvents.38 The low polarity of organic solvents diminishes the 

interaction of foulants with the hydrophobic regions of the GO channels and enables desorption 

of the adsorbed foulant species. Indeed, in our experiments, we have found the use of organic 

solvents, specifically ethanol, to be more efficient at desorbing these organic probes.    

Cleaning with 100 ppm hypochlorite exhibits permeance recovery of 90.3%, 98.2%, and 94.6% 

for membranes fouled with MB, TA and BSA, respectively. There is no doubt that the oxidising 

capacity of this reagent is the primary factor for the excellent permeance recovery, but the role 

of  ionic strength of the hypochlorite solution cannot be neglected as it can result in changed 

electrostatic interactions at the adsorbed foulant-membrane interface and deliver a positive 

contribution to the removal of foulants from the membrane surface.39,40  Such effects have been 

attributed to a variety of reasons including the increase in the hydration repulsion forces 
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between the membrane and foulant molecules which decreases the adsorption and deposition 

of foulants on the membrane surface.41–44 Alternatively, the improvement could also be 

attributed to the breakdown of the organic foulant into smaller by-products that can be easily 

removed from the membrane by rinsing or permeating through the GO membrane.45,46 Dyes 

have been shown to degrade to small chlorinated organic compounds with molar masses as low 

as 234 g/mol and with a less branched structure compared to the original dye.47,48 Similarly, 

natural organic matter, such as humic acid, have exhibited ring opening reactions and 

degradation to low molecular weight trihalomethanes such as chloroform (MW=119.4 g/mol) 

under chlorinating conditions.46,49 Based on the degradation of these organic foulants into 

smaller by-products, the observed improvement in permeance following hypochlorite 

treatment can be attributed to the degradation of the previously adsorbed organic material from 

within the GO galleries of the membrane. 

An analysis of the rejection trends that occur after each cleaning treatment indicates a 

consistency in the selectivity of GO membranes when any of the cleaning protocols is 

introduced, as seen in Figure 2d-f. The rejection data shows that none of the selected cleaning 

agents have a negative effect on the selectivity of the membrane. Typical recovery of polymeric 

nanofiltration membranes modified to increase their fouling resistances, to a range of organic 

contaminants, have water permeance recoveries ranging between 60-80%.50–52 Comparatively, 

nanofiltration membranes modified with GO nanosheets exhibit water permeance recoveries 

between 70-90%, which is consistently lower than the recoveries we obtain with 100 ppm 

hypochlorite treatment.53 Additionally, a study of the rejection of NaCl, Na2SO4 and MgCl2 

following exposure to low concentrations of hypochlorite showed minimal changes to salt 

rejection characteristics after hypochlorite exposure (Figure S2). This indicated that the 

introduced protocol of using 100 ppm hypochlorite to clean GO membrane has no detrimental 

effect on the membrane structure or surface charge to influence the overall membrane 
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performance. These results support the chemical cleaning of GO membranes with 100 ppm 

sodium hypochlorite to improve the permeability while maintaining membrane selectivity over 

alternative cleaning methodologies. 

 

Figure 2. Permeance recovery during the multi-run operation in the presence of (a) methyl blue, (b) tannic acid, 

(c) bovine serum albumin and (d-f) rejections by GO membranes for these probes during the 5-cycle cleaning by 

DI water (red), ethanol (green) and 100 ppm hypochlorite (blue). The high membrane flux recovery following 

cleaning by hypochlorite suggests efficiency of the protocol to address fouling by proteins and other selected 

organic foulants on a GO membrane.  

An analysis of the membrane resistances over the course of the fouling and cleaning cycles 

can provide some clarity on the competing fouling mechanisms occurring in the GO membrane 

and how the cleaning via different chemical agents influenced the fouled membrane. There 

could be two main mechanisms of fouling in the GO membrane, adsorption to the membrane, 

and precipitation of a gel layer of the foulant on the top-surface of GO membrane. Figure 3 

shows resistances due adsorption (Ra) or gel layer (Rg) after chemical cleaning with the selected 

foulants for 5 cycles. For cleaning with water, both Ra and Rg increase with each cleaning cycle. 

As the molar mass of the fouling probe increases, so does the resistances due to the build-up 

of foulants. Ethanol cleaning results in similar trends but has lower rate of increase in Ra and 

Rg compared to water. This supports flux recovery results, and shows that ethanol removes 
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both adsorbed material and the gel layer. Despite this, membranes cleaned with water and 

ethanol exhibit a continual increase in fouling of membrane.  

Hypochlorite is comparatively more effective at removal of the adsorbed organics. This is 

seen through the resistance to permeance added by the gel layer and adsorption (Figure 3c and 

3f). The contribution of each of these to the total membrane resistance provides insight into the 

potential of graphene oxide membranes to be fouled by the selected probes and the mechanisms 

by which these probes adhere to the membrane.  When cleaning with hypochlorite, Ra = 0.85 

for MB, 0.88 for TA, and 2.24 for BSA, while Rg = 3.18 for MB, 2.40 for TA, and 105.1 for 

BSA after 5 cycles. These resistance values are consistently lower than water and ethanol, with 

the exception of Rg for BSA. The low Ra for the BSA, TA, and MB suggest that hypochlorite 

can effectively minimize the adsorption of these molecules. Similarly, the low contributions to 

the membranes gel layer resistance observed for TA and MB indicate that hypochlorite is 

similarly effective at removing the build-up of these foulants as a gel layer on the top surface 

of the membrane. However, with BSA, the resistance is much higher for all cleaning solutions 

used, which is indicative of the high fouling potential of BSA on the GO membrane. This may 

be due to deposition of fresh BSA on top of the degradation by-production to form a thicker 

gel layer and hence higher Rg.
54 Overall, hypochlorite cleaning is superior for removing both 

Ra and Rg for MB and TA and Ra for BSA. Performance for Rg reduction by hypochlorite could 

be improved by using a more aggressive cleaning (higher concentration or time) to ensure 

degradation by-products do not persist on the membrane. 
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Figure 3. Resistance model analysis of the fouling characteristics of the GO membranes during multi-run 

operation: (a)-(c) adsorption resistance (Ra) and (d)-(f) gel layer resistance (Rg) for methyl blue, tannic acid and 

bovine serum albumin fouled membranes, respectively. Cleaning was done by hypochlorite (blue triangles, ▲), 

ethanol (green triangles, ●) and DI water (red squares, ■). By analysing the fouling characteristics of the 

membrane, it is possible to determine that hypochlorite is an effective cleaning agent as it removes both foulants 

adsorbed to the membrane and those that form a gel layer on the top surface of the membrane. 

 

3.3 Effect of higher concentration hypochlorite on GO membrane 

The exposure of freestanding GO films exposed to hypochlorite concentrations between 100 

and 100,000 ppm for an hour has allowed for the evaluation of the chemical stability of GO 

and provides insights into the mechanism by which hypochlorite chlorinates and oxidises GO. 

As per its pKa and oxidizing potential, hypochlorous acid is the more effective oxidising agent, 

the mechanisms presented in this work may be considered to apply across a range of pH values 

with only an effect on the reaction kinetics.36,37  

Based on the FTIR and XRD analyses of GO films treated with hypochlorite (Figure 4), 

chemical analysis shows that even at high concentrations of hypochlorite, the changes to the 

functional groups and the interlayer distance of the GO film were minor. The ATR-FTIR 

spectra (Figure 4a) exhibits the traditional broad peak (3000 to 3650 cm-1) reflecting the 

presence of hydroxyl groups from alcohol groups and residual water adsorbed via hydrogen 
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bonding within the film. A secondary peak at 1600 cm-1 has been assigned to bending of free 

water bonds in the GO structure and does not shift or lose intensity following hypochlorite 

exposure.55 Together with the decreasing intensity of the 3400 cm-1 peak indicates a loss of 

alcohol groups. A possible mechanism by which this occurs is the deprotonation of a 

hypochlorous acid molecule followed by a combination dehydration/nucleophilic substitution 

step where the hypochlorite anion reacts with the electropositive carbocation site (as denoted 

in Figure 4b).56 The formed hypochlorite ester has been known to further oxidise in the 

presence of hypochlorous to form a ketone and hydrochloric acid; however, the formation of a 

carbonyl within the plane of the GO sheet would be limited by steric hindrance effects.  

 The carbonyl group bond stretches (C = O) from carboxylic acid groups occur in untreated 

GO at 1715 cm-1.57 Following treatment this representative carbonyl peak decreases in intensity 

and has disappeared following exposure to 100,000 ppm hypochlorite, indicating that all 

carbonyl peaks may have reacted upon interaction with hypochlorite. This suggests that the 

interaction with hypochlorite results in the removal of carboxylic acid groups. Figure 4c depicts 

a potential mechanism by which carboxylic acid reacts under these extreme conditions which 

sees the formation and cleavage of organic hypochlorite to form carbon dioxide.58  

A weak ring-stretching peak from the epoxide groups is present in the 1230-1280 cm-1 range 

and disappears after the 10,000 ppm hypochlorite treatment. However, the related alkoxy group 

(at 1040 cm–1) which is distinctive of ether and epoxy groups is present and overlapped with 

the –OH bend at 965 cm–1 until it disappears when GO is treated with 100,000 ppm 

hypochlorite. This shifting of the epoxy peaks may be representative of a ring opening reaction 

step that occurs via a nucleophilic substitution (SN2) reaction such as that depicted in 4d.59  

Finally, a C–Cl stretching band is present at 650 cm−1 due to the advanced oxidation process 

on the films at this high hypochlorite concentration indicating an additional chlorination 
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reaction occurs. The chlorination of aromatic compounds has been well established and 

produces both mono- and, to a lesser extent, di-chlorinated compounds. These mechanisms 

occur in much smaller moieties such as phenol or non-functionalized naphthalene which may 

be limited by steric effects within the graphene oxide sheets.60,61 In summary, the ATR-FTIR 

analysis and the proposed mechanism indicate that hypochlorite has negligible impact on the 

GO films at low concentration (<1000 ppm). A long-term study to test the stability of GO 

exposure to 100 ppm hypochlorite solution for 1,000 h showed strikingly similar results to the 

GO film exposed to 100 ppm for only 1 h (Figure 4a). This suggests that the oxidation of GO 

is more sensitive to concentration rather than exposure time.  

XRD results (Figure 4e) support the conclusions drawn from FTIR analysis that the GO 

undergoes only mild oxidation even at 100,000 ppm exposure, which resulted in a small 

increase in the interlayer space from 7.4 Å to 8.2 Å. At exposures above 10,000 ppm, the XRD 

peaks representing GO interlayer distance broaden and reduced in intensity. This indicates 

reduction in crystallinity of the GO sheets structure after hypochlorite exposure. 
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Figure 4. (a) FTIR Spectrum of freestanding GO films exposed to (ii) 100 ppm, (iii) 1,000 ppm, (iv) 10,000 ppm, 

(v) 100,000 ppm of sodium hypochlorite solution for 1 hour and compared to (i) untreated GO. Mechanisms 

representing possible pathways for the removal of (b) hydroxyl groups (c) carboxylic acid groups and (d) epoxy 

groups from GO sheets. Finally, (e) XRD characterisation of freestanding GO films exposed to the same 

hypochlorite conditions as in (a).  

 

3.4 Effect of high concentration hypochlorite cleaning 

A tannic acid fouling test was conducted, while cleaning using 1000 ppm hypochlorite 

solution to test the stability of GO membrane (Figure 5). After the first two cycles, the flux 

recovery remained at 90 % with a rejection of TA above 96%. This indicates that during short 

term exposure to high concentrations of hypochlorite, GO membranes remain stable with no 

influence on the perm-selective properties of the membrane. However, in the following two 

cycles, the flux recovery of the membrane increases from 90% to 120% but the TA rejection 

remains above 96%. Indicating that the hypochlorite is oxidising the GO and introducing small 

defects that may result in the increased permeance without influencing the retention properties 

of the membrane.  Following 5 cycles of exposure to 1,000 ppm hypochlorite result in a flux 

recovery of 186.9% and a drop in the TA rejection to 79%.  
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Figure 5. Effects of high concentration 1,000 ppm hypochlorite cleaning of a GO membrane fouled with 10 mg/L 

tannic acid foulant. Flux recovery (black, ■) and tannic acid rejection (blue, ▲) at 1 bar over 5 fouling/cleaning 

cycle, respectively. The increase in flux recovery in the third cycle and the drop in TA rejection in cycle 5 show 

the degradation of the GO membrane in extreme hypochlorite conditions. 

The SEM images (Figure 6) provide additional insight into the retention and permeance 

behaviour observed in Figure 5. The results indicate a decreasing surface coverage of GO 

across the membrane. A transient state during which the top GO layer is continuous is reflected 

both by the surface morphology of the membrane exposed to 1,000 ppm of hypochlorite for 6 

hours (Figure 6d) and the increase in permeance without loss in retention as observed in Figure 

5. The membrane performance depicted in Figure 5 provides a basis for an approximation of 

the expected lifetime of a GO membrane used industrially with a hypochlorite cleaning 

protocol. Chlorination intensity, defined as a combination of concentration and exposure time 

(ppm.h), is a frequently used parameter that describes the chlorine resistance of membranes. It 

is relevant for comparisons of the chlorine resistance of membranes treated at different chlorine 

concentrations and exposure time. Thus, a membrane resistant at chlorination intensities of 

1,000 ppm.h may be considered to be equivalently resistant in both 1,000 ppm hypochlorite for 

1 hour and 100 ppm hypochlorite for 10 hours.62  Although there is some debate on the 

usefulness of the parameter, so it is used here only as an estimation of the expected 

performance.63 GO membranes have been shown to be stable at a chlorination intensity of 
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6,000 ppm.h as indicated by Figure 6. Therefore, at 100 ppm cleaning agent concentration, 

seen to be typical of industrial applications, the GO membranes used here may be estimated to 

retain their performance for at least 80 hours.64 This may be an underestimation of the potential 

lifespan of a GO membrane treated with this concentration of hypochlorite. As discussed 

previously, FTIR analysis showed little difference in a GO sample exposed to 100 ppm for 1 h 

or 1,000 h.   

The surface morphologies of the GO membranes treated with 100 and 1,000 ppm of 

hypochlorite for treatment times of up to 8 h are presented in Figure 6. The micrographs of 

membranes treated with 100 ppm (Figure 6a, 6c, 6f) display the continuity and uniformity of 

the GO film following chemical cleaning treatment. Additionally, the semi-hexagonal dimples, 

known as Bérnard cells, are artefacts in the PVDF substrate that appear within the SEM image 

of the GO membrane due to the small thickness of the GO layer. These images indicating that 

there is no damage to the surface structure of the GO membranes following treatment with low 

concentrations of hypochlorite. The negligible effect of the 100 ppm treatment of GO with 

hypochlorite is corroborated with the previously presented FTIR and XRD analysis along with 

the consistent rejections observed in Figure 2d-f. Comparatively, 6b and 6d show the effect of 

short term cleaning at 1,000 ppm hypochlorite for 4 and 6 h, respectively, where the 

morphology of the surface shows no damage. Their surface structure is similar to the 

morphologies of GO membranes exposed to lower concentrations of hypochlorite. GO 

membranes exposed to 1,000 ppm of hypochlorite (Figure 6f) shows erosion of the GO coating 

and exposes the pores of the PVDF substrate. This micrograph indicates that the long-term 

exposure to high concentrations of hypochlorite is responsible for the decline in TA rejection 

observed in Figure 6.  
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Figure 6. SEM images of the surface morphologies of GO membranes through which 100 ppm (a, c, and e) and 

1,000 ppm (b, d, and f) of hypochlorite were filtered through GO membranes at 1 bar for 4, 6 and 8 hours, 

respectively. The insets of each micrograph are the membrane samples from which the images were collected. 
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4 CONCLUSION 

This study investigated the feasibility of water, ethanol and hypochlorite for cleaning 

organic foulants from GO membranes. After 5 cycles of cleaning, 100 ppm hypochlorite 

solution showed recovery of 90.3%, 98.2%, and 94.6% fouled by methylene blue, tannic acid 

and BSA, respectively. However, it was revealed that higher concentrations of hypochlorite 

solution (>1000ppm) reduces the selectivity of the GO membrane, due to highly oxidative 

action which damages the membrane. The mild oxidative potential of 100 ppm hypochlorite 

solution on the organic foulants does play a critical role in degrading and removing foulants on 

GO membranes. 
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Supporting Information: 

• Polyvinylidene fluoride (PVDF) support membrane stability in hypochlorite. 

• Long-term perm-selective stability of a GO membrane evaluated following 

treatment with 100 ppm hypochlorite. 

• Salt rejection properties of the GO membrane before and after exposure to 

hypochlorite. 

• Specification of all chemicals used and their properties. 
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