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Abstract 11 

This study reports landfill leachate treatment by the forward osmosis (FO) process using 12 

hydrogen peroxide (H2O2) for membrane cleaning. Although chemical cleaning is an effective 13 

method for fouling control, it could compromise membrane integrity. Thus, understanding 14 

the impact of chemical cleaning on the forward osmosis membrane is essential to improving 15 

the membrane performance and lifespan.  Preliminary results revealed a flux recovery of 98% 16 

in the AL-FS mode (active layer facing feed solution) and 90% in the AL-DS (draw solution faces 17 

active layer) using 30% H2O2 solution diluted to 3% by pure water. The experimental work 18 

investigated the effects of chemical cleaning on the polyamide active and polysulfone support 19 

layers since the FO membrane could operate in both orientations. Results revealed that 20 

polysulfone support layer was more sensitive to H2O2 damage than the polyamide active at a 21 

neutral pH. The extended exposure of thin-film composite (TFC) FO membrane to H2O2 was 22 

investigated, and the active layer tolerated H2O2 for 72 hours, and the support layer for only 23 

40 hours. Extended operation of the TFC FO membrane in the AL-FS based on a combination 24 

of physical (hydraulic flushing with DI water) and H2O2 was reported, and chemical cleaning 25 

with H2O2 could still recover 92% of the flux. 26 

Keywords: hydrogen peroxide, landfill leachate treatment, membrane damage, fouling, 27 

membrane oxidation. 28 

1. Introduction 29 

Sanitary landfills are considered an effective way for disposal of solid waste (Atmaca, 2009; 30 

Renou et al., 2008a). Comparative studies revealed that the sanitary landfill method is the 31 

most economic method of eliminating solid urban waste (Renou et al., 2008b). Despite being 32 
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effective, these landfill sites generate undesirable and hazardous leachate wastewater when 33 

rainwater percolates through the dumping site. The landfill leachate wastewater is regarded 34 

as a serious environmental threat due to the existence of various hazardous organic and 35 

inorganic compounds (Danley-Thomson et al., 2020; Ghanbari et al., 2020; Reshadi et al., 36 

2020). The disposal of landfill leachate wastewater is a challenging problem that has been 37 

encountered by the municipal waste management industry. The composition of landfill 38 

leachate varies from site to site (Abbas et al., 2009; Renou et al., 2008a), which makes the 39 

treatment process of landfill leachate a formidable challenge. If not appropriately treated, 40 

landfill leachate can contaminate both groundwater and surface water; therefore, it requires 41 

an efficient treatment process. 42 

Currently, biological treatments (e.g. aerobic, anaerobic, physical/chemical) and membrane 43 

processes (nanofiltration and reverse osmosis), or a combination of different processes 44 

(Marttinen et al., 2002; Rautenbach and Mellis, 1994; Trebouet et al., 2001) are the dominant 45 

processes for landfill leachate treatment. Biological processes are usually used to treat 46 

leachate because they are simple and economical (Peng, 2017). However, authority’s stricter 47 

environmental regulations make biological processes incompetent, as they cannot satisfy the 48 

specifications required for discharge. A significant increase in pressure-driven membrane 49 

technologies has been noticed compared to biological treatment methods in recent years 50 

(Bhol et al., 2021; Renou et al., 2008a). Among membrane processes, reverse osmosis (RO) 51 

(43 RO plants) and nanofiltration (NF) treatment of landfill leachate have been widely used 52 

worldwide (Trebouet et al., 2001). However, membrane fouling and large concentrate 53 

generation are critical issues in the RO process (Renou et al., 2008a), and the NF membrane 54 

exhibits low permeability. For instance, Li et al. (2009) studied the tertiary treatment of 55 

landfill wastewater using thin-film composite (TFC) RO membranes, achieving a water flux of 56 

6.5 Lm2h-1 with a 53.4% recovery rate; however, membrane fouling resulted in a complete 57 

loss of permeability after two weeks. The RO technology also demands intensive pre-58 

treatment of the FS and membrane cleaning to overcome fouling, (Renou et al., 2008a) and 59 

is therefore not considered affordable. In another study, a composite graphene-oxide (GO) 60 

NF membrane was used for landfill leachate treatment.  Although an 86.5% to 99.8% rejection 61 

rate was achieved, low membrane permeability (6.93 to 2.05 LMH) was a significant challenge 62 

(Yadav et al., 2020a). 63 
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Forward osmosis (FO) is an alternative membrane technology for reducing the volume of 64 

landfill leachate wastewater (Ibrar et al., 2020a; Ibrar et al., 2020b; Yadav et al., 2020b) and 65 

freshwater recovery (Iskander et al., 2019). In the FO, a concentrated DS will extract 66 

freshwater from landfill leachate for volume reduction. Then, the diluted DS will either be 67 

treated for freshwater water production or safe discharge. For a successful FO treatment, 68 

membrane fouling control and cleaning strategies will inevitably achieve a high recovery rate. 69 

Dong et al. (2014)) used a cellulose triacetate (CTA) membrane to treat MBR (membrane 70 

bioreactor) landfill wastewater; however, membrane chemical cleaning was unavoidable. 71 

Chemical cleaning was conducted using Alconox as a cleaning agent; however, Alconox is only 72 

feasible for CTA membrane and detrimental to TFC membranes (Wang et al., 2015). Aftab et 73 

al. (2019) used 0.1M NaOH to clean a CTA FO membrane treating landfill wastewater due to 74 

physical cleaning failure to restore water flux. Previous studies on the FO process for landfill 75 

leachate treatment demonstrated that H2O2 could be an alternative to acid and alkaline 76 

cleaning of the membrane, but CTA membrane damage was observed on the active and 77 

support layers after the H2O2 cleaning (Ibrar et al., 2020b).  78 

Compared to CTA membranes, thin-film composite (TFC) FO membranes are broadly 79 

employed in desalination and wastewater treatment systems because of the high permeation 80 

water flux and rejection of ions. Also, CTA membranes are sensitive to oxidants and operate 81 

within a narrow pH range (Farooque et al., 1999). In contrast, TFC membranes are relatively 82 

tolerant of oxidant damage and tolerate a pH range from 2 to 12.  H2O2 is environmentally 83 

safe, and it can efficiently remove foulants (almost 100%) from the membrane surface, 84 

compared to chemical cleanings such as citric acid, hydrochloric acid (HCl), sodium hydroxide 85 

(NaOH), sodium dodecyl sulphate (SDS), and disodium ethylenediaminetetraacetate (Ibrar et 86 

al., 2020b; Wang et al., 2017). Other oxidizing agents such as sodium hypochlorite (NaOCl) 87 

can react with organics, generating halogenated by-products that are potentially more toxic 88 

to the environment (Cai et al., 2016; Li et al., 2019).  89 

In this study, the FO process was applied for landfill leachate treatment using an H2O2 cleaning 90 

agent. For the first time, the polyamide and polysulfone (PSf) support layer of TFC FO 91 

membrane tolerance to long-term exposure to H2O2 was experimentally investigated. There 92 

is no systematic study that has reported the tolerance of TFC FO membrane over an extended 93 

period to H2O2. Firstly, the TFC membrane performance was investigated for dewatering of 94 
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landfill leachate in the AL-FS (leachate feed against the active layer) and the AL-DS (DS against 95 

the active layer). Secondly, in separate experiments, the TFC membrane tolerance to H2O2 96 

was investigated for the polyamide active layer and the PSf support layer in the long term. A 97 

4-day continuous operation with H2O2 cleaning was performed to calculate the permeation 98 

flux and the membrane rejection rate at the end of the experiments.  99 

2. Materials  100 

2.1. Leachate sampling and chemicals 101 

The landfill leachate samples were procured from the Hurstville Golf course located at 102 

Peakhurst, Sydney, Australia, and employed as a FS (FS). The DS (DS) was 0.6 M NaCl 103 

simulating the osmotic pressure of real seawater. In a long filtration test, the DS was 1M NaCl 104 

solution to avoid a significant dilution of the DS. Analytical grade H2O2  (30% w/w) was 105 

purchased from Merck Millipore, and was used as a cleaning agent in all the fouling 106 

experiments.  107 

2.2. FO membrane  108 

This study used a TFC (thin-film composite) membrane, Toray Chemical (South Korea), in the 109 

FO tests. This membrane consists of a polyamide active layer and a PSf porous support layer 110 

(Nguyen et al., 2019). Detailed intrinsic properties of this membrane were determined and 111 

are summarised in Table S.1 (Supplementary information). The virgin membranes were 112 

placed in DI water for at least 24 hours before using in the experiments, to ensure complete 113 

wetting. 114 

2.3. FO laboratory setup and experimental methodology 115 

A schematic diagram of the FO cell termed CF042D by the manufacturer (Sterlitech 116 

Corporation, USA) can be found in our previous study (Ibrar et al., 2020a). The cell features a 117 

membrane area of 42 cm2. The feed and DS were pumped using two gear pumps at a rate of 118 

2 Litres/minute. Two- flow meters (FF-550) were connected to the FO cell to monitor the feed 119 

and DS flow rate. The FS was placed on a balance (EK-15L) connected to a computer that 120 

recorded the weight change in the FS. The data obtained from the computer (grams)   was 121 

converted to the volume (V), and the water flux was calculated using equation 1.  122 
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𝐽𝐽𝑤𝑤 = (∆𝑉𝑉)
𝐴𝐴∗𝑡𝑡

                                  (1) 123 

In equation 1 ∆V represents the volumetric change of the FS,   A is the membrane area, and t 124 

is the time for the FO run. The reverse salt flux (RSF) was determined using equation 2.  125 

𝐽𝐽𝐽𝐽 = 𝑉𝑉𝑓𝑓𝐶𝐶𝑓𝑓−𝑉𝑉𝑖𝑖𝐶𝐶𝑖𝑖
𝐴𝐴∗𝑡𝑡

              (2) 126 

In equation 2, 𝑉𝑉𝑓𝑓 and 𝑉𝑉𝑖𝑖 are the final and initial volumes of the FS, respectively, 𝐶𝐶𝑓𝑓  and 𝐶𝐶𝑖𝑖 are 127 

the final and initial concentrations of the FS, respectively, 𝐴𝐴 is the effective membrane area, 128 

and 𝑡𝑡 is the filtration time. A conductivity metre obtained from LAQUA was used to record 129 

the change in the FS's conductivity, and a turbidity meter (Hach 2100P) was used for all 130 

turbidity measurements. Equation 3 was used to measure the pollutant rejection. 131 

𝑅𝑅 = 1 −
𝐶𝐶𝑑𝑑𝑉𝑉𝑑𝑑
𝑉𝑉𝑝𝑝

𝐶𝐶𝑓𝑓
               (3) 132 

In equation 3, 𝐶𝐶𝑑𝑑 (ppm) is the concentration of the pollutants in the DS,  𝑉𝑉𝑑𝑑 (L) represents the 133 

final volume of the DS, 𝑉𝑉𝑃𝑃 (L) is the volume of the freshwater that permeated from the FS to 134 

the DS side, and 𝐶𝐶𝑓𝑓  (ppm) is the initial pollutants concentration in the FS. The concentration 135 

of all the pollutants was measured using inductively coupled mass spectroscopy (ICP-MS). 136 

2.4. FO fouling and cleaning experiments  137 

A virgin pre-soaked TFC membrane was flushed with DI water for 30 minutes to remove any 138 

impurities and mounted in the FO filtration unit. Fouling studies were conducted in two 139 

membrane modes, the AL-FS and the AL-DS orientation. To obtain a normalisation factor for 140 

normalized flux, initial runs were conducted using deionized water (DI) feed and 0.6M NaCl 141 

DS. Following this, the FS was replaced with landfill leachate and the DS with a fresh 0.6 M 142 

NaCl DS. Short-term tests lasted four hours per cycle. After each cycle, the membrane was 143 

cleaned with a 30% H2O2 solution diluted with pure water to 3% on the fouled side and DI 144 

water on the other side. The landfill leachate wastewater has a neutral pH of 7.52 (Table 1), 145 

and hence no pH adjustments were made to the H2O2 solution in all experiments. Additionally, 146 

the primary aim of using H2O2 was to avoid by-products or to generate a secondary chemical 147 

waste stream. The addition of acid or bases to the H2O2 may generate reaction by-products, 148 

making the process less environmentally friendly.  149 
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Long filtration tests were performed in the AL-FS, with each cycle lasting 24 hours. Instead of 150 

a 0.6 M NaCl, a 1 M NaCl solution was the DS to avoid significant dilution of the NaCl DS. The 151 

FS and DS were changed after every 24 hours in the beginning of the new cycle. Cleaning in 152 

long-term experiments was conducted after every 24 hours, using DI water for the first few 153 

cycles and then with H2O2 to compare their efficiencies. The recovered water flux of the FO 154 

membrane was obtained mathematically using equation 4. 155 

𝐹𝐹𝑅𝑅 = 𝐽𝐽𝑐𝑐
𝐽𝐽𝑓𝑓

 ∗ 100                      (4) 156 

Jf  denotes the average flux of a fouled membrane over a complete period, while Jc denotes 157 

the flux of the membrane after cleaning.   158 

2.5. Membrane tolerance tests for hydrogen peroxide  159 

Active exposure tests were conducted to test the membrane tolerance to H2O2 oxidation. A 160 

pre-soaked TFC membrane was mounted on the FO cell to calculate the pure water flux and 161 

RSF as baseline results. DI water was used to wash the membrane for about 30 minutes to 162 

remove any accumulated salt. Then, the FS was changed to the H2O2 (50 ml/L of 30% solution 163 

diluted with 1 L of DI water) while DI water was on the other side to prevent membrane 164 

dehydration. The solution was circulated continuously and periodically stopped to record the 165 

pure water flux and RSF to compare them against the baseline values. The pure water flux 166 

and RSF were recorded after 1 hour and then periodically after every 4 hours. The membranes 167 

were considered damaged when there was a substantial variation in water transport or solute 168 

transport compared to the virgin membrane. Each trial was done twice to confirm the findings. 169 

The maximum dose of H2O2 the membrane could withstand was calculated using equation 5. 170 

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐶𝐶 ∗ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚                                  (5) 171 

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 (ppm-h) is the maximum dose of H2O2 the membrane could withstand before critical 172 

performance loss occurred (Ling et al., 2017), 𝐶𝐶  is H2O2 concentration, and 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚  is the 173 

maximum time the membrane could withstand the oxidant. Membrane specimens were dried 174 

(24 hours) then analysis and evaluated through microscopic analysis.  175 
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2.6. Characterisation of FO membrane 176 

A Thermo Scientific Nicolet 6700 FT-IR spectrometer was used to perform Fourier transform 177 

infrared (FT-IR) analysis to study the characterisation of virgin and long-term exposed 178 

membranes to H2O2 over the range of 500–4000 cm-1. All membranes were dried before 179 

characterisation. Each scan was averaged from 50 scans. Microscopic analysis of the 180 

membrane morphology was conducted using field emission scanning electron microscopy 181 

(FE-SEM).   182 

2.7. Characteristics of the landfill leachate wastewater 183 

Inductively coupled plasma spectroscopy (Agilent Technologies ICP-MS 7900) was employed 184 

to analyse the landfill leachate wastewater. All the samples were collected from the landfill 185 

leachate containers with a plastic syringe. The colour of the leachate was a strong yellowish 186 

brown Fig. S.1 (Supplementary information), representing refractory compounds in the 187 

leachate formed by high concentrations of humic acids, fulvic acids, and hydrophilic fractions 188 

(Ibrahim and Yaser, 2019; Marañón et al., 2010). The presence of iron can lead to inorganic 189 

fouling that might contribute to irreversible fouling. The pH and conductivity were measured 190 

with a meter supplied by AQUA. The humic acids were negatively charged at the measured 191 

pH. The TOC (total organic carbon) values of the landfill leachate were measured using a TOC 192 

analyser  (Shimadzu Corporation, Japan).  193 

Table 1. Analysis of the landfill FS using ICP-MS 194 

Parameter Value Unit 

Turbidity 35 NTU 

Colour Brown (yellowy)  

Apparent particles Small particulates  

pH 7.52 - 

Conductivity 12100 µs.cm-1 

Total dissolved solids 4500 mgL-1 

Total organic carbon 145.1±5 mgL-1 

Ammonia <0.5 mgL-1 

Total suspended solids 27-117 mgL-1 
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Total Iron 3.5-5.2 mgL-1 

Magnesium 95.3±5 mgL-1 

Calcium 126±5 mgL-1 

Potassium 47.87 mgL-1 

 195 

The wastewater treatment plant supplied the values of ammonia, total suspended solids, 196 

and total iron.  197 

3. Results and discussions 198 

3.1. FE-SEM and FT-IR Analysis of the fouled membranes  199 

To determine the best membrane orientation for dewatering the landfill leachate, initial 200 

short-terms filtration tests were conducted to analyse the TFC membranes’ performance in 201 

the AL-DS and AL-FS modes using a 0.6M NaCl DS (simulating seawater osmotic pressure) and 202 

landfill leachate FS. Detailed information of these tests is presented in supplementary 203 

information (S.3.). The fouling mechanisms in the AL-FS and AL-DS modes were analysed using 204 

the experimental data by plotting t/V vs V Fig. S.3.2 to evaluate whether fouling was mainly 205 

because of the pore-blocking or cake formation mechanism (Wang and Tarabara, 2008). For 206 

the AL-FS mode, the curves in Fig. S.3.2a show linear lines with a correlation coefficient almost 207 

equal to 1, indicating that the cake layer in this orientation was the main cause of the small 208 

decline in the flux over time. The FE-SEM analysis of the fouled active layer also revealed the 209 

cake layer, as presented in Fig. S.3.2b. The cake layer in the AL-FS orientation from the FE-210 

SEM looks homogenous with a couple of cracks in the membrane. The cracks are due to the 211 

process of drying the membrane before the FE-SEM analysis. The straight line in the plot (Fig 212 

S3.2a) indicates a homogenous cake layer formation. The homogeneity of the cake layer was 213 

probably due to the interactions between humic substances or polysaccharides with proteins 214 

in the landfill leachate wastewater (Kim et al., 2014). It can be hypothesized that the cake 215 

layer acts as a pre-filter, protecting the membrane from materials with high fouling propensity 216 

in the landfill leachate wastewater (Di Bella and Di Trapani, 2019; Kochkodan et al., 2014). 217 

This will ease cleaning the AL of the membrane and hence facilitate a high flux recovery. 218 

However, the cake layer can also promote some foulants adsorption on the membrane 219 

surface, which will be harder to remove by physical cleaning. 220 
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Compared to the AL-FS mode, the AL-DS mode water flux decline shows a curved line, 221 

indicating pore-blocking at the early stages of filtration, which is also evident from Fig S.3.1a 222 

the water flux declined rapidly in the first 75 minutes. The line seems to level out at the later 223 

stages of the experiment, showing that the flux decline shifted from pore-plugging to cake 224 

layer. The results are again in agreement with Fig S.3.1a, where the AL-DS water flux was 225 

stable. The FE-SEM of the fouled support layer is presented in Fig. S.3.2d; the red circle 226 

indicates large-sized fouling materials attached to the smaller foulants trapped inside the 227 

support layer. These foulants are possibly a combination of macromolecular (such as humic 228 

and fulvic acids, which are the major contributors to the organic fouling on the membrane) 229 

and soluble metal ions in the leachate wastewater (Mi and Elimelech, 2010). 230 

The fouled membranes in both orientations were further examined through FT-IR 231 

spectroscopy to get some qualitative information about the foulants in the landfill leachate 232 

wastewater attached to the membrane surface. A visible change can be observed in the FT-233 

IR of the fouled membrane (Fig. 1).  Fig. 1a and 1b presented the FT-IR of pristine membrane 234 

and fouled membrane in the AL-FS orientation, respectively, and the FT-IR of the pristine 235 

membrane and the fouled membrane is presented in Fig 1c and 1d for the AL-DS mode. In the 236 

AL-FS mode, the FT-IR of the fouled membrane shows a small peak at the wavenumber 3749 237 

cm-1. This can be attributed to the clay particles (aluminium silicate) present in the landfill 238 

leachate wastewater. The clay particles were also visible in the landfill leachate wastewater 239 

(Fig. S.2). The band marked in the range 1520-1550 cm-1 and the peaks at 1481  and 1489 cm-240 
1 represents secondary amide and indicate fouling due to proteins(Delaunay et al., 2008). The 241 

intensity at these bands shows a decrease in intensity compared to the pristine membrane. 242 

To gain more insights into the FT-IR of the foulants on the FO membrane, the fouled 243 

membrane spectra were subtracted from the pristine membrane spectra to get the spectra 244 

of the foulants only on the membrane surface. Spectral subtraction is frequently employed 245 

to isolate the spectral features of a component or physical change in the sample (Lin et al., 246 

2001). The spectra of the foulants are presented in Fig. 1b for the AL-FS orientation treatment 247 

of the landfill.  248 



10 
 

249 
Figure 1: (a) FT-IR of the pristine active layer and fouled membrane operating in AL-FS 250 

orientation (b) FT-IR of the fouled active layer in the AL-FS orientation (c) FT-IR of the pristine 251 

support and fouled support layer of the membrane (d) FT-IR of the fouled support layer in the 252 

AL-DS mode. 253 

The peak in the band 2940 cm-1 (Fig 1b)  is an indicator of silica fouling (Nataraj et al., 2008). 254 

Silica fouling in the FO process can contribute to irreversible fouling (especially in the 255 

presence of divalent calcium and magnesium ions), as it is stubborn and hard to clean by 256 

physical cleaning methods such as hydraulic flushing. The peak at 1100 cm-1 is an indicator of 257 

the alcohol group. The FT-IR of the fouled FO membrane in the AL-DS orientation is presented 258 

in Fig. 1c and 1d. Fig. 1c compares the pristine membrane's spectrum with the fouled 259 

membrane, whereas Fig. 1d shows only the foulants spectrum. The band at 3400 cm-1 is 260 

attributed to the O-H groups. The AL-DS spectrum also shows the presence of clay particles 261 

(3741 cm-1) and silica fouling (2962 cm-1).  The bands in Fig. 1d from 1427-1600 are indicators 262 
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of aromatic compounds. The sharp peak at 1427 usually shows calcium carbonate scaling 263 

(CaCO3) (Lee and Kim, 2009) due to Ca ions in the landfill leachate wastewater. The peak at 264 

this band is more intense when the FO membrane operates in the AL-DS orientation 265 

compared to the AL-FS. This implies that Ca ions have more fouling propensity in the AL-FS 266 

mode than the AL-DS mode. Both the AL-FS and the AL-DS fouled membrane showed similar 267 

peaks at 1234 cm-1, associated with the carboxyl and ester group and primary and secondary 268 

amines (Croué et al., 2003; Kurtoğlu Akkaya and Bilgili, 2020). 269 

3.2. Tolerance of FO membrane to H2O2 in extended exposure 270 

A pre-soaked virgin TFC membrane was exposed to H2O2 at the cleaning concentration (50 271 

ml/L) with the active layer facing the H2O2 solution, and DI water was circulated on the other 272 

side to avoid membrane dehydration. The concentration of H2O2 solution was chosen based 273 

on the previous studies (Ibrar et al., 2020a; Wang et al., 2017). Similar tests were conducted 274 

with the support layer against the H2O2 solution and DI water on the AL (active layer) side. 275 

After 24 hours, the H2O2 solution-DI water test was stopped, the membrane was cleaned with 276 

DI water (to flush out the H2O2) and a pure water flux and RSF were measured in the FO 277 

membrane using a 0.6M NaCl DS and DI water FS. The water flux and RSF were recorded every 278 

4 hours during the experiment and presented in Fig. 2a and 2b. For the AL-FS orientation and 279 

the H2O2 facing the active layer, no major changes in the pure water flux and RSF were noticed 280 

until 72 hours. After 72 hours, the pure water flux of the TFC membrane using 0.6M NaCl DS 281 

and DI water reached 118 LMH (a fivefold increase compared to the baseline), demonstrating 282 

substantial damage to the membrane. Moreover, the RSF declined significantly at the 283 

breakdown point due to AL damage, and hence most of the water permeated across the 284 

membrane. This may also be a sign of membrane ageing due to the long exposure to oxidant 285 

(Benavente and Vázquez, 2004). Similar results of membrane damage after 72 hours of H2O2 286 

exposure were reported by Abejón et al. (2013) for PA (polyamide) reverse osmosis 287 

membranes. However, the concentration of H2O2 was very high (35% w/w of aqueous H2O2 288 

solution).  289 

 290 
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291 
Figure 2: (a) Pure water flux and RSF recorded during the exposure tests, (b) Pure water flux 292 

and RSF recorded during the 40 hours exposure.  293 

The support layer of the FO membrane tolerated the H2O2 concentration for 40 hours only 294 

before a significant change in performance was recorded. After 40 hours, the FO experiments 295 

showed a threefold increase in the pure water flux and no substantial change in the RSF than 296 

the virgin membrane. Most membrane manufacturers report oxidant exposure in terms of 297 

maximum tolerance dosage value or Dmax (Abejón et al., 2013). The maximum H2O2 the 298 

membrane could withstand was calculated using equation [5]. Table 2 lists the maximum 299 

dosage calculated for the AL and the support layer (SL). All values were calculated at neutral 300 

pH. The polysulfone SL of the TFC membrane could tolerate the 3% concentration for only 40 301 

hours during long-term exposure. A threefold increase in the pure water flux was recorded 302 

after 40 hours of operation only.  303 

Table 2. Maximum dose values of hydrogen peroxide for the active layer and the support 304 

layer 305 

Membrane 

Orientation 

𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 𝒕𝒕𝒎𝒎𝒎𝒎𝒎𝒎 C 

AL 3,600,000 ppm-h 72 hours 50,000 mg/L 

SL 2,00,000 ppm-h 40 hours 50,000 mg/L 

 306 

3.3. Characterization of the damaged membranes by FT-IR and FE-SEM 307 
 308 
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The exposed membranes exhibited significant changes in the transport properties, a sign of 309 

membrane performance deterioration. The degradation to the membranes was further 310 

confirmed by FT-IR analysis since no studies are available, which describes the oxidative 311 

damage of the FO membrane by FT-IR analysis. The pristine and exposed membranes were 312 

analysed through FT-IR spectroscopy to study the surface chemistry of the exposed 313 

membranes. Both the polyamide AL and the PSf SL FT-IR analysis were conducted and are 314 

presented for the active layer (Fig. 3a and 3 b) and the support layer (Fig. 3c and 3d).  315 

 316 

Figure 3: (a) FT-IR of the pristine active layer and exposed active layer of the membrane for 317 

72 hours ranging from 4000 to 500 cm-1 (b)  FT-IR of the pristine and exposed active layer of 318 

the membrane for 72 hours ranging from 2000 to 500 cm-1 (c) FT-IR of the pristine support 319 

and exposed support layer of the membrane for 42 hours ranging from 4000 to 500 cm-1 (d) 320 

FT-IR of the pristine and exposed support layer of the membrane for 40 hours ranging from 321 

2000 to 500 cm-1. 322 
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The most obvious disturbance in the spectra for the exposed AL was the suppression of the 323 

peak intensity at 3400 cm-1, indicating the O-H suppression (strong broad) of the carboxylic 324 

group in the exposed membrane for 72 hours (Fig 3a). Similar peak suppression was observed 325 

for the PSf SL exposed for 40 hours (Fig 3c). The ring suppression in these bands might cause 326 

poor membrane performance in both orientations after continuous exposure to H2O2. There 327 

was no change at the peak at wave number 3750 (O-H stretching alcohol) for the AL, but 328 

suppression was visible in the SL at the same peak. For the damaged membranes, peak 329 

suppression was observed at around 3000 cm-1, as marked by the N-H stretching (amine salt) 330 

for both the AL and the SL. Similar results were reported for oxidant-damaged polyamide RO  331 

membranes by Antony et al. (2010). Minor suppression was also noticed for the O=C=O band 332 

at around 2300 cm-1. Significant stretching in the C=C band at around 1690 cm-1 indicates a 333 

change in the hydrogen bonding behaviour for the AL. Suppression was visible for this peak 334 

for the SL, suggesting a change in the hydrogen bonding behaviour for both the AL and the SL 335 

and indicates poor membrane performance. A more visible spectrum for the FT-IR analysis 336 

from wavenumber 2000–5000 cm-1 is provided in Fig. 3b and Fig. 3d for the AL and SL, 337 

respectively.  The peak at 1542 (N-H amide II) stands for the N-H plane bending (Antony et al., 338 

2010). Stretching was observed for the peak at 1664, indicating C=O stretching for the AL. This 339 

peak is usually identified as amide I mode (Kwon et al., 2017). Stretching was noticed at this 340 

band for the AL, as marked in Fig. 3b. Contrary to that observed for chlorine-damaged RO 341 

membranes, the peak shifts in the AL for the N-H group were lesser than the stretching of the 342 

C=O group. In general, H2O2 is known for reducing and oxidizing properties (Bienert et al., 343 

2006). For instance, H2O2 can oxidize the hydroxyl (-OH) group to the carbonyl (R2C=O) group 344 

(Sadri et al., 2014). Overall, it can be summarised that the oxidation of the membrane in the 345 

long exposure tests leads to damage of the polar functional (hydroxyl, carbonyl and amide) 346 

groups of the membrane.  347 

The exposed membranes to H2O2 were further examined through FE-SEM analysis. The FE-348 

SEM of the pristine active layer of the TFC membrane (Fig. 4a and 4b). The FE-SEM of the 349 

exposed active layer for 72 hours is also presented (Fig. 4c and 4d).  The active layer after the 350 

prolonged exposure to H2O2 appears to have scratches, possibly due to handling of the 351 

membrane in preparation for FE-SEM analysis (Fig. 4c). However, no visible damage is 352 
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noticeable. At higher magnification (Fig. 4d), there is a considerable difference between the 353 

virgin and exposed membrane morphologies. 354 

The FE-SEM of the pristine support layer (Fig. 4e and 4f) and exposed the support layer to 355 

H2O2 (Fig. 4g and 4h) were also examined. Compared to the AL, the SL FE-SEM shows clear 356 

visible signs of damage. Thus, the chemical cleaning of the SL with H2O2 is not recommended 357 

in the long term. Additional FE-SEM of the SL after 24 hours of exposure are also given in the 358 

supplementary information (S.4 Supplementary information).  Although there was no 359 

significant change in the water flux or RSF after 24 hours, the FE-SEM of the support layer 360 

after 24 hours indicates cracks, indicating a change in the membrane morphology after 24 361 

hours of exposure Fig. S.5. 362 

 363 

 364 

Figure 4 FE-SEM of the (a) pristine active layer at 100 µm; (b)  pristine active layer at 100 nm; 365 

(c) exposed active layer toward H2O2 for 72 hours at 100 µm; (d) exposed active layer against 366 

H2O2  at 100 nm;  (e) pristine support layer at 100 µm; (f) pristine support layer at 10 µm; (g) 367 

exposed support layer toward H2O2 for 40 hours at 100 µm; and (h) exposed support layer 368 

towards H2O2 at 10 µm. 369 

3.4. Impact of membrane orientation on flux recovery  370 

Laboratory tests were performed in both the membrane modes in consecutive cycles using a 371 

0.6M NaCl DS to determine the best orientation for water reclamation from the landfill 372 

leachate. A cleaning cycle with H2O2 was conducted after each four-hour filtration cycle with 373 

landfill leachate. Table 3 and Fig. 5 show the flux recovery after each AL-DS and AL-FS filtration 374 

cycle. After the first filtration cycle, water flux recovery when the membrane AL against the 375 
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landfill leachate feed was 97.7±1 %.  Then, the membrane was cleaned with H2O2 for 30 376 

minutes and tested for landfill leachate filtration in another four-hour cycle to determine the 377 

impact of H2O2 cleaning in consecutive cycles. For the next three filtration cycles, the water 378 

flux recovery was 96.97±1 %, 92.9 %, and 84.95±1 %, respectively. The higher water flux 379 

recovery is due to the smooth surface of the active layer. It is also observed that there was 380 

no significant change in the RSF compared to the baseline RSF test. The AL-DS water flux 381 

recovery was 92±1% in the first cycle, followed by approximately 68±1% for cycle 2, 66±1% 382 

for cycle 3, and 61% for cycle 4. Based on the TFC membrane performance, the AL-FS can be 383 

selected as the best orientation for the landfill leachate dewatering under a long operating 384 

time. 385 

Table 3. Flux recovery percentage in two membrane modes 386 

Membrane 

orientation 

Recovery 

Cycle-1 (%) 

Recovery         

Cycle-2 (%) 

Recovery 

Cycle-3 (%) 

Recovery 

Cycle-4 (%) 

AL-FS 97.74 96.97 92.9 84.95 

AL-DS 92 68 66 61 

 387 

 388 

 389 
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Figure 5 (a) Permeation flux in the AL-DS for five cycles (b) Flux recovery rate (FRR) in the AL-390 

DS for five cycles after the initial baseline cycle (c) Plot of RSF in the AL-DS mode for the five 391 

cycles of filtration (d) AL-FS water flux in five cycles (b) AL-FS water flux recovery rate (FRR) 392 

for four cycles (d) Plot of RSF in the AL-DS for the four cycles of filtration. 393 

The cleaning efficiency of the H2O2 cleaning for the AL-FS and the AL-DS orientation can be 394 

further elucidated by comparing the FT-IR of the pristine, fouled membrane by landfill 395 

leachate and cleaned membrane by H2O2. As evident from Fig.S.6 (Supplementary 396 

information), the band at 3749 cm-1 might be attributed to aluminosilicate, which is still 397 

present in the spectrum of the cleaned membrane with H2O2 in the AL-FS and the AL-DS mode. 398 

In principle, aluminosilicate or clay is resistant to chemical cleaning attack, high temperature, 399 

and pressures (Armstrong et al., 2009), and therefore H2O2 was not able to effectively remove 400 

the clay foulants. Interestingly, there is no difference in the intensity for this band in the AL-401 

FS and the AL-DS mode. Proper pretreatment of the landfill leachate wastewater can 402 

eliminate clay particles or other colloids that may contribute to irreversible fouling on the 403 

membrane surface. The bands in the range 1520-1550 cm-1 and the peaks at 1481 and 1489 404 

cm-1 for protein fouling in the cleaned membrane spectrum show great resemblance to that 405 

of the pristine membrane.  406 

Results imply that H2O2 can be effectively employed for membrane cleaning fouled with a 407 

wide range of organic matters. Previous studies have also demonstrated that H2O2 can 408 

provide better cleaning efficiency than acid or alkaline cleaning. For instance, for PSf 409 

membranes fouled by glutamic acid wastewater, cleaning with H2O2 achieved higher water 410 

flux recovery than HCl and sodium hydroxide (NaOH) (Li et al., 2005). Also, for CTA membrane 411 

fouled by landfill wastewater, H2O2 cleaning was more effective than HCl cleaning and alkaline 412 

cleaning at pH 11 (Ibrar et al., 2020b).  Other polysaccharides foulants (1034 cm-1) are also 413 

effectively removed by the H2O2.  The band at 1243 cm-1 (C-O-C stretching) for the cleaned 414 

membrane is identical in intensity to that of the pristine membrane. The peaks in this region 415 

are usually of phosphate groups (P=O from phosphate or C-O-P, P-O-P) associated with nucleic 416 

acids (Liu et al., 2015; Schmitt and Flemming, 1998).  Other organic foulants (833 cm-1 to 686 417 

cm-1) are also effectively removed by the H2O2 as evident from the FT-IR in both the 418 

membrane orientations.   419 
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H2O2 is a green and cost-effective oxidising agent used to clean fouled wastewater 420 

membranes without generating any secondary by-products. H2O2 oxidises the foulants on the 421 

fouled membrane to carbon dioxide and water (Li et al., 2005). However, cleaning by H2O2 422 

alone is a slow reaction, and the high content of some organic refractory compounds (Huang 423 

et al., 2020) or inorganic foulants (in this study) cannot be effectively removed at the used 424 

concentration and time.  425 

3.5. Forward osmosis membrane performance in long filtration 426 

While H2O2 can damage the membrane in long-term exposure, it is feasible to combine 427 

physical cleaning with an H2O2 chemical cleaning protocol for efficient FO operation. This will 428 

minimize the requirements for frequent membrane cleaning, reduce the damages associated 429 

with chemical cleaning, membrane integrity, and membrane lifetime, and reduce operational 430 

costs associated with chemical cleaning. Hence, long-term filtration tests were conducted 431 

using DI water physical cleaning and H2O2 chemical cleaning. Physical cleaning with DI water 432 

was done after the initial two cycles, and H2O2 was employed only in the last filtration cycle 433 

(Fig.6). It is noteworthy that all values of permeation flux were normalized to avoid the impact 434 

of dilution. 435 

 436 

Figure 6: (a) Permeation flux in the AL-FS during long-term experiments, each cycle was 24 437 

hours (b) FE-SEM analysis of the fouled membrane after the 72 hours filtration, (c) FE-SEM 438 

analysis of the membrane after cleaning with H2O2 after the 72 hours of filtration.  439 
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Since fouling in the AL-FS filtration style is governed by the cake layer, introducing some 440 

turbulence can dislodge fouling materials from the membrane surface. Physical cleaning at 441 

elevated cross-flow velocity (51 cm.sec-1) was employed after each FO filtration cycle of 24-442 

hour length. To avoid significant changes in the concentrations of the FS and DS, both were 443 

replenished after each 24-hour cycle. The high turbulence induced by physical cleaning with 444 

DI water only restored 79 ±1% (first cycle) and 66 ±1 % (second cycle) of the average water 445 

flux, indicating that some fouling materials were strongly attached to the membrane surface. 446 

This can be probably due to inorganic foulants such as silica foulants, which in the existence 447 

of Ca or Mg ions are stubbornly attached to the membrane and require chemical cleaning. It 448 

can also be assumed that physical cleaning could remove large-size fouling materials from the 449 

membrane surface, leaving the smaller and stubborn fouling matters. After 72 hours of FO 450 

filtration, H2O2 cleaning was employed, which restored 92 ± 2 % of the average flux. The FE-451 

SEM of the fouled membrane before 72 hours of filtration is shown in Fig. 6b. After 72 hours 452 

of filtration by H2O2 (Fig. 6c), the cleaned membrane showed some irreversible fouling (red 453 

circle), which is still attached to the membrane surface. This seems like inorganic scaling, 454 

which is inevitable due to the complex nature of the landfill leachate wastewater. In this study, 455 

the inorganic scaling on the membrane is mainly caused by the clay particles (3741 cm-1) and 456 

silica fouling (2962 cm-1), as presented earlier in the FT-IR.  It is evident from the FE-SEM and 457 

FT-IR analysis that H2O2 concentration and duration were insufficient to remove the 458 

irreversible inorganic scaling of the membrane effectively. Proper pretreatment of the landfill 459 

leachate wastewater can be another effective way to control inorganic fouling. Also, 460 

antiscalant blended DS or lowering FS pH would reduce inorganic scaling in long-term FO 461 

operations (Zhang et al., 2017).  462 

The TFC membrane achieved efficient rejection for total organic carbon (98 %) and turbidity 463 

of 99.5% as presented in Fig. S.6. The rejection of divalent calcium and magnesium ions was 464 

higher than the rejection of monovalent potassium. This can be attributed to the larger 465 

hydrated radii and smaller crystal radii of calcium and magnesium ions compared to the 466 

potassium ion (Tansel et al., 2006). Generally, it is important to take inorganic scaling into 467 

account when selecting proper cleaning protocols. Since flushing with DI water combined 468 

with H2O2 cleaning was not completely effective for removing inorganic scaling, the osmotic 469 

backwash method could be coupled with H2O2 and proven effective (Ibrar et al., 2020b). 470 
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Future research should investigate combining the osmotic backwashing method with the 471 

H2O2 method to clean organic and inorganic foulants as an environmentally friendly method.  472 

4. Conclusions  473 

FO can be a viable alternative for dewatering landfill leachate; it can efficiently reject 474 

contaminants in landfill leachate wastewater. In short-term filtration cycles, cleaning with 475 

H2O2 proved to be an efficient cleaning protocol in the AL-FS filtration style. However, only 476 

70% of the average flux could be restored in the AL-DS filtration style. This study also explored 477 

long-term exposure of TFC membrane to H2O2 cleaning. The AL of the FO membrane could 478 

tolerate the cleaning concentration in this study for almost 72 hours, whereas the support 479 

layer could only tolerate it for about 40 hours. Both the AL and the SL were damaged after 480 

the long-term exposure, as confirmed from the FT-IR and FE-SEM analysis. For efficient FO 481 

operation, physical cleaning protocols such as DI water flushing or osmotic backwashing 482 

techniques should be combined with chemical cleaning with H2O2 to avoid compromising the 483 

membrane integrity. Future studies should test the forward osmosis membrane's tolerance 484 

to other cleaning agents or wastewater laden with chemicals. Additionally, novel chemical 485 

cleaning protocols, which can clean the membrane without compromising integrity, should 486 

be investigated. 487 
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