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Abstract

This study reports landfill leachate treatment by the forward osmosis (FO) process using
hydrogen peroxide (H202) for membrane cleaning. Although chemical cleaning is an effective
method for fouling control, it could compromise membrane integrity. Thus, understanding
the impact of chemical cleaning on the forward osmosis membrane is essential to improving
the membrane performance and lifespan. Preliminary results revealed a flux recovery of 98%
in the AL-FS mode (active layer facing feed solution) and 90% in the AL-DS (draw solution faces
active layer) using 30% H,0; solution diluted to 3% by pure water. The experimental work
investigated the effects of chemical cleaning on the polyamide active and polysulfone support
layers since the FO membrane could operate in both orientations. Results revealed that
polysulfone support layer was more sensitive to H,0, damage than the polyamide active at a
neutral pH. The extended exposure of thin-film composite (TFC) FO membrane to H,0, was
investigated, and the active layer tolerated H,0, for 72 hours, and the support layer for only
40 hours. Extended operation of the TFC FO membrane in the AL-FS based on a combination
of physical (hydraulic flushing with DI water) and H,0, was reported, and chemical cleaning

with H;0; could still recover 92% of the flux.

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

membrane oxidation.

1. Introduction
Sanitary landfills are considered an effective way for disposal of solid waste (Atmaca, 2009;
Renou et al., 2008a). Comparative studies revealed that the sanitary landfill method is the

most economic method of eliminating solid urban waste (Renou et al., 2008b). Despite being
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effective, these landfill sites generate undesirable and hazardous leachate wastewater when
rainwater percolates through the dumping site. The landfill leachate wastewater is regarded
as a serious environmental threat due to the existence of various hazardous organic and
inorganic compounds (Danley-Thomson et al., 2020; Ghanbari et al., 2020; Reshadi et al.,
2020). The disposal of landfill leachate wastewater is a challenging problem that has been
encountered by the municipal waste management industry. The composition of landfill
leachate varies from site to site (Abbas et al., 2009; Renou et al., 2008a), which makes the
treatment process of landfill leachate a formidable challenge. If not appropriately treated,
landfill leachate can contaminate both groundwater and surface water; therefore, it requires

an efficient treatment process.

Currently, biological treatments (e.g. aerobic, anaerobic, physical/chemical) and membrane
processes (nanofiltration and reverse osmosis), or a combination of different processes
(Marttinen et al., 2002; Rautenbach and Mellis, 1994; Trebouet et al., 2001) are the dominant
processes for landfill leachate treatment. Biological processes are usually used to treat
leachate because they are simple and economical (Peng, 2017). However, authority’s stricter
environmental regulations make biological processes incompetent, as they cannot satisfy the
specifications required for discharge. A significant increase in pressure-driven membrane
technologies has been noticed compared to biological treatment methods in recent years
(Bhol et al., 2021; Renou et al., 2008a). Among membrane processes, reverse osmosis (RO)
(43 RO plants) and nanofiltration (NF) treatment of landfill leachate have been widely used
worldwide (Trebouet et al., 2001). However, membrane fouling and large concentrate
generation are critical issues in the RO process (Renou et al., 2008a), and the NF membrane
exhibits low permeability. For instance, Li et al. (2009) studied the tertiary treatment of
landfill wastewater using thin-film composite (TFC) RO membranes, achieving a water flux of
6.5 Lm2h* with a 53.4% recovery rate; however, membrane fouling resulted in a complete
loss of permeability after two weeks. The RO technology also demands intensive pre-
treatment of the FS and membrane cleaning to overcome fouling, (Renou et al., 2008a) and
is therefore not considered affordable. In another study, a composite graphene-oxide (GO)
NF membrane was used for landfill leachate treatment. Although an 86.5% to 99.8% rejection
rate was achieved, low membrane permeability (6.93 to 2.05 LMH) was a significant challenge

(Yadav et al., 2020a).
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Forward osmosis (FO) is an alternative membrane technology for reducing the volume of
landfill leachate wastewater (lbrar et al., 2020a; lbrar et al., 2020b; Yadav et al., 2020b) and
freshwater recovery (Iskander et al.,, 2019). In the FO, a concentrated DS will extract
freshwater from landfill leachate for volume reduction. Then, the diluted DS will either be
treated for freshwater water production or safe discharge. For a successful FO treatment,
membrane fouling control and cleaning strategies will inevitably achieve a high recovery rate.
Dong et al. (2014)) used a cellulose triacetate (CTA) membrane to treat MBR (membrane
bioreactor) landfill wastewater; however, membrane chemical cleaning was unavoidable.
Chemical cleaning was conducted using Alconox as a cleaning agent; however, Alconox is only
feasible for CTA membrane and detrimental to TFC membranes (Wang et al., 2015). Aftab et
al. (2019) used 0.1M NaOH to clean a CTA FO membrane treating landfill wastewater due to
physical cleaning failure to restore water flux. Previous studies on the FO process for landfill
leachate treatment demonstrated that H,O; could be an alternative to acid and alkaline
cleaning of the membrane, but CTA membrane damage was observed on the active and

support layers after the H,0, cleaning (lbrar et al., 2020b).

Compared to CTA membranes, thin-film composite (TFC) FO membranes are broadly
employed in desalination and wastewater treatment systems because of the high permeation
water flux and rejection of ions. Also, CTA membranes are sensitive to oxidants and operate
within a narrow pH range (Farooque et al., 1999). In contrast, TFC membranes are relatively
tolerant of oxidant damage and tolerate a pH range from 2 to 12. H;0:is environmentally
safe, and it can efficiently remove foulants (almost 100%) from the membrane surface,
compared to chemical cleanings such as citric acid, hydrochloric acid (HCl), sodium hydroxide
(NaOH), sodium dodecyl sulphate (SDS), and disodium ethylenediaminetetraacetate (lbrar et
al., 2020b; Wang et al., 2017). Other oxidizing agents such as sodium hypochlorite (NaOCI)
can react with organics, generating halogenated by-products that are potentially more toxic

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

In this study, the FO process was applied for landfill leachate treatment using an H,O; cleaning
agent. For the first time, the polyamide and polysulfone (PSf) support layer of TFC FO
membrane tolerance to long-term exposure to H,0, was experimentally investigated. There
is no systematic study that has reported the tolerance of TFC FO membrane over an extended

period to H;0,. Firstly, the TFC membrane performance was investigated for dewatering of
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landfill leachate in the AL-FS (leachate feed against the active layer) and the AL-DS (DS against
the active layer). Secondly, in separate experiments, the TFC membrane tolerance to H,0;
was investigated for the polyamide active layer and the PSf support layer in the long term. A
4-day continuous operation with H,O; cleaning was performed to calculate the permeation

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

2. Materials

2.1. Leachate sampling and chemicals

The landfill leachate samples were procured from the Hurstville Golf course located at
Peakhurst, Sydney, Australia, and employed as a FS (FS). The DS (DS) was 0.6 M NaCl
simulating the osmotic pressure of real seawater. In a long filtration test, the DS was 1M NacCl
solution to avoid a significant dilution of the DS. Analytical grade H,0, (30% w/w) was
purchased from Merck Millipore, and was used as a cleaning agent in all the fouling

experiments.
2.2. FO membrane

This study used a TFC (thin-film composite) membrane, Toray Chemical (South Korea), in the
FO tests. This membrane consists of a polyamide active layer and a PSf porous support layer
(Nguyen et al., 2019). Detailed intrinsic properties of this membrane were determined and
are summarised in Table S.1 (Supplementary information). The virgin membranes were
placed in DI water for at least 24 hours before using in the experiments, to ensure complete

wetting.
2.3. FO laboratory setup and experimental methodology

A schematic diagram of the FO cell termed CF042D by the manufacturer (Sterlitech
Corporation, USA) can be found in our previous study (lbrar et al., 2020a). The cell features a
membrane area of 42 cm?. The feed and DS were pumped using two gear pumps at a rate of
2 Litres/minute. Two- flow meters (FF-550) were connected to the FO cell to monitor the feed
and DS flow rate. The FS was placed on a balance (EK-15L) connected to a computer that
recorded the weight change in the FS. The data obtained from the computer (grams) was

converted to the volume (V), and the water flux was calculated using equation 1.
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In equation 1 AV represents the volumetric change of the FS, A isthe membrane area, and t

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

_ VeCr=ViC;
Axt

Js (2)

In equation 2, V; and V; are the final and initial volumes of the FS, respectively, Cr and C; are
the final and initial concentrations of the FS, respectively, A is the effective membrane area,
and t is the filtration time. A conductivity metre obtained from LAQUA was used to record
the change in the FS's conductivity, and a turbidity meter (Hach 2100P) was used for all

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

CaVa
Vp

Cr

R=1-

(3)

In equation 3, C; (ppm) is the concentration of the pollutants in the DS, V; (L) represents the
final volume of the DS, Vp (L) is the volume of the freshwater that permeated from the FS to
the DS side, and Cr (ppm) is the initial pollutants concentration in the FS. The concentration

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

2.4. FO fouling and cleaning experiments

A virgin pre-soaked TFC membrane was flushed with DI water for 30 minutes to remove any
impurities and mounted in the FO filtration unit. Fouling studies were conducted in two
membrane modes, the AL-FS and the AL-DS orientation. To obtain a normalisation factor for
normalized flux, initial runs were conducted using deionized water (DI) feed and 0.6M NacCl
DS. Following this, the FS was replaced with landfill leachate and the DS with a fresh 0.6 M
NaCl DS. Short-term tests lasted four hours per cycle. After each cycle, the membrane was
cleaned with a 30% H,0; solution diluted with pure water to 3% on the fouled side and DI
water on the other side. The landfill leachate wastewater has a neutral pH of 7.52 (Table 1),
and hence no pH adjustments were made to the H,0; solution in all experiments. Additionally,
the primary aim of using H,O, was to avoid by-products or to generate a secondary chemical
waste stream. The addition of acid or bases to the H,0, may generate reaction by-products,

making the process less environmentally friendly.
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Long filtration tests were performed in the AL-FS, with each cycle lasting 24 hours. Instead of
a 0.6 M NaCl, a 1 M NaCl solution was the DS to avoid significant dilution of the NaCl DS. The
FS and DS were changed after every 24 hours in the beginning of the new cycle. Cleaning in
long-term experiments was conducted after every 24 hours, using DI water for the first few
cycles and then with H,0; to compare their efficiencies. The recovered water flux of the FO
membrane was obtained mathematically using equation 4.

Ir

Jr denotes the average flux of a fouled membrane over a complete period, while J. denotes

the flux of the membrane after cleaning.

2.5. Membrane tolerance tests for hydrogen peroxide

Active exposure tests were conducted to test the membrane tolerance to H,0; oxidation. A
pre-soaked TFC membrane was mounted on the FO cell to calculate the pure water flux and
RSF as baseline results. DI water was used to wash the membrane for about 30 minutes to
remove any accumulated salt. Then, the FS was changed to the H,0; (50 ml/L of 30% solution
diluted with 1 L of DI water) while DI water was on the other side to prevent membrane
dehydration. The solution was circulated continuously and periodically stopped to record the
pure water flux and RSF to compare them against the baseline values. The pure water flux
and RSF were recorded after 1 hour and then periodically after every 4 hours. The membranes
were considered damaged when there was a substantial variation in water transport or solute
transport compared to the virgin membrane. Each trial was done twice to confirm the findings.

The maximum dose of H,0, the membrane could withstand was calculated using equation 5.

Dinax = C * tmax (5)

Dpax (ppm-h) is the maximum dose of H.0, the membrane could withstand before critical
performance loss occurred (Ling et al., 2017), C is H,02 concentration, and t,,,, is the
maximum time the membrane could withstand the oxidant. Membrane specimens were dried

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

A Thermo Scientific Nicolet 6700 FT-IR spectrometer was used to perform Fourier transform
infrared (FT-IR) analysis to study the characterisation of virgin and long-term exposed
membranes to H,0, over the range of 500-4000 cm™. All membranes were dried before
characterisation. Each scan was averaged from 50 scans. Microscopic analysis of the
membrane morphology was conducted using field emission scanning electron microscopy

(FE-SEM).

2.7. Characteristics of the landfill leachate wastewater

Inductively coupled plasma spectroscopy (Agilent Technologies ICP-MS 7900) was employed
to analyse the landfill leachate wastewater. All the samples were collected from the landfill
leachate containers with a plastic syringe. The colour of the leachate was a strong yellowish
brown Fig. S.1 (Supplementary information), representing refractory compounds in the
leachate formed by high concentrations of humic acids, fulvic acids, and hydrophilic fractions
(Ibrahim and Yaser, 2019; Marafién et al., 2010). The presence of iron can lead to inorganic
fouling that might contribute to irreversible fouling. The pH and conductivity were measured
with a meter supplied by AQUA. The humic acids were negatively charged at the measured
pH. The TOC (total organic carbon) values of the landfill leachate were measured using a TOC

analyser (Shimadzu Corporation, Japan).

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

Parameter Value Unit
Turbidity 35 NTU
Colour Brown (yellowy)
Apparent particles Small particulates
pH 7.52 -
Conductivity 12100 us.cm?
Total dissolved solids 4500 mglL*?
Total organic carbon 145.1+5 mglL*!
Ammonia <0.5 mglL?
Total suspended solids 27-117 mglL?
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Total Iron 3.5-5.2 mgL?

Magnesium 95.3#5 mglL
Calcium 12615 mglL*?
Potassium 47.87 mglL?

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

and total iron.

3. Results and discussions

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

To determine the best membrane orientation for dewatering the landfill leachate, initial
short-terms filtration tests were conducted to analyse the TFC membranes’ performance in
the AL-DS and AL-FS modes using a 0.6M NaCl DS (simulating seawater osmotic pressure) and
landfill leachate FS. Detailed information of these tests is presented in supplementary
information (S.3.). The fouling mechanisms in the AL-FS and AL-DS modes were analysed using
the experimental data by plotting t/V vs V Fig. S.3.2 to evaluate whether fouling was mainly
because of the pore-blocking or cake formation mechanism (Wang and Tarabara, 2008). For
the AL-FS mode, the curves in Fig. S.3.2a show linear lines with a correlation coefficient almost
equal to 1, indicating that the cake layer in this orientation was the main cause of the small
decline in the flux over time. The FE-SEM analysis of the fouled active layer also revealed the
cake layer, as presented in Fig. S.3.2b. The cake layer in the AL-FS orientation from the FE-
SEM looks homogenous with a couple of cracks in the membrane. The cracks are due to the
process of drying the membrane before the FE-SEM analysis. The straight line in the plot (Fig
S3.2a) indicates a homogenous cake layer formation. The homogeneity of the cake layer was
probably due to the interactions between humic substances or polysaccharides with proteins
in the landfill leachate wastewater (Kim et al., 2014). It can be hypothesized that the cake
layer acts as a pre-filter, protecting the membrane from materials with high fouling propensity
in the landfill leachate wastewater (Di Bella and Di Trapani, 2019; Kochkodan et al., 2014).
This will ease cleaning the AL of the membrane and hence facilitate a high flux recovery.
However, the cake layer can also promote some foulants adsorption on the membrane

surface, which will be harder to remove by physical cleaning.
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Compared to the AL-FS mode, the AL-DS mode water flux decline shows a curved line,
indicating pore-blocking at the early stages of filtration, which is also evident from Fig S.3.1a
the water flux declined rapidly in the first 75 minutes. The line seems to level out at the later
stages of the experiment, showing that the flux decline shifted from pore-plugging to cake
layer. The results are again in agreement with Fig S.3.1a, where the AL-DS water flux was
stable. The FE-SEM of the fouled support layer is presented in Fig. S.3.2d; the red circle
indicates large-sized fouling materials attached to the smaller foulants trapped inside the
support layer. These foulants are possibly a combination of macromolecular (such as humic
and fulvic acids, which are the major contributors to the organic fouling on the membrane)

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

The fouled membranes in both orientations were further examined through FT-IR
spectroscopy to get some qualitative information about the foulants in the landfill leachate
wastewater attached to the membrane surface. A visible change can be observed in the FT-
IR of the fouled membrane (Fig. 1). Fig. 1a and 1b presented the FT-IR of pristine membrane
and fouled membrane in the AL-FS orientation, respectively, and the FT-IR of the pristine
membrane and the fouled membrane is presented in Fig 1c and 1d for the AL-DS mode. In the
AL-FS mode, the FT-IR of the fouled membrane shows a small peak at the wavenumber 3749
cm™. This can be attributed to the clay particles (aluminium silicate) present in the landfill
leachate wastewater. The clay particles were also visible in the landfill leachate wastewater
(Fig. S.2). The band marked in the range 1520-1550 cm™ and the peaks at 1481 and 1489 cm"
! represents secondary amide and indicate fouling due to proteins(Delaunay et al., 2008). The
intensity at these bands shows a decrease in intensity compared to the pristine membrane.
To gain more insights into the FT-IR of the foulants on the FO membrane, the fouled
membrane spectra were subtracted from the pristine membrane spectra to get the spectra
of the foulants only on the membrane surface. Spectral subtraction is frequently employed
to isolate the spectral features of a component or physical change in the sample (Lin et al.,
2001). The spectra of the foulants are presented in Fig. 1b for the AL-FS orientation treatment
of the landfill.
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Figure 1: (a) FT-IR of the pristine active layer and fouled membrane operating in AL-FS
orientation (b) FT-IR of the fouled active layer in the AL-FS orientation (c) FT-IR of the pristine
support and fouled support layer of the membrane (d) FT-IR of the fouled support layer in the
AL-DS mode.

The peak in the band 2940 cm™ (Fig 1b) is an indicator of silica fouling (Nataraj et al., 2008).
Silica fouling in the FO process can contribute to irreversible fouling (especially in the
presence of divalent calcium and magnesium ions), as it is stubborn and hard to clean by
physical cleaning methods such as hydraulic flushing. The peak at 1100 cmis an indicator of
the alcohol group. The FT-IR of the fouled FO membrane in the AL-DS orientation is presented
in Fig. 1c and 1d. Fig. 1c compares the pristine membrane's spectrum with the fouled
membrane, whereas Fig. 1d shows only the foulants spectrum. The band at 3400 cmis
attributed to the O-H groups. The AL-DS spectrum also shows the presence of clay particles

(3741 cm™ and silica fouling (2962 cm™). The bands in Fig. 1d from 1427-1600 are indicators

10
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of aromatic compounds. The sharp peak at 1427 usually shows calcium carbonate scaling
(CaCO:s) (Lee and Kim, 2009) due to Ca ions in the landfill leachate wastewater. The peak at
this band is more intense when the FO membrane operates in the AL-DS orientation
compared to the AL-FS. This implies that Ca ions have more fouling propensity in the AL-FS
mode than the AL-DS mode. Both the AL-FS and the AL-DS fouled membrane showed similar
peaks at 1234 cm?, associated with the carboxyl and ester group and primary and secondary

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

3.2. Tolerance of FO membrane to H,0: in extended exposure

A pre-soaked virgin TFC membrane was exposed to H,O; at the cleaning concentration (50
ml/L) with the active layer facing the H,0; solution, and DI water was circulated on the other
side to avoid membrane dehydration. The concentration of H,0; solution was chosen based
on the previous studies (Ibrar et al., 2020a; Wang et al., 2017). Similar tests were conducted
with the support layer against the H,0; solution and DI water on the AL (active layer) side.
After 24 hours, the H,0: solution-DI water test was stopped, the membrane was cleaned with
DI water (to flush out the H,0;) and a pure water flux and RSF were measured in the FO
membrane using a 0.6M NaCl DS and DI water FS. The water flux and RSF were recorded every
4 hours during the experiment and presented in Fig. 2a and 2b. For the AL-FS orientation and
the H,0; facing the active layer, no major changes in the pure water flux and RSF were noticed
until 72 hours. After 72 hours, the pure water flux of the TFC membrane using 0.6M NaCl DS
and DI water reached 118 LMH (a fivefold increase compared to the baseline), demonstrating
substantial damage to the membrane. Moreover, the RSF declined significantly at the
breakdown point due to AL damage, and hence most of the water permeated across the
membrane. This may also be a sign of membrane ageing due to the long exposure to oxidant
(Benavente and Vazquez, 2004). Similar results of membrane damage after 72 hours of H,0;
exposure were reported by Abején et al. (2013) for PA (polyamide) reverse osmosis
membranes. However, the concentration of H,0; was very high (35% w/w of aqueous H,0;

solution).

11
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Figure 2: (a) Pure water flux and RSF recorded during the exposure tests, (b) Pure water flux

and RSF recorded during the 40 hours exposure.

The support layer of the FO membrane tolerated the H,0, concentration for 40 hours only
before a significant change in performance was recorded. After 40 hours, the FO experiments
showed a threefold increase in the pure water flux and no substantial change in the RSF than
the virgin membrane. Most membrane manufacturers report oxidant exposure in terms of
maximum tolerance dosage value or Dmax (Abejon et al., 2013). The maximum H;0; the
membrane could withstand was calculated using equation [5]. Table 2 lists the maximum
dosage calculated for the AL and the support layer (SL). All values were calculated at neutral
pH. The polysulfone SL of the TFC membrane could tolerate the 3% concentration for only 40
hours during long-term exposure. A threefold increase in the pure water flux was recorded

after 40 hours of operation only.

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

layer
Membrane D ax tinax C
Orientation
AL 3,600,000 ppm-h 72 hours 50,000 mg/L
SL 2,00,000 ppm-h 40 hours 50,000 mg/L

3.3. Characterization of the damaged membranes by FT-IR and FE-SEM

12
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The exposed membranes exhibited significant changes in the transport properties, a sign of
membrane performance deterioration. The degradation to the membranes was further
confirmed by FT-IR analysis since no studies are available, which describes the oxidative
damage of the FO membrane by FT-IR analysis. The pristine and exposed membranes were
analysed through FT-IR spectroscopy to study the surface chemistry of the exposed
membranes. Both the polyamide AL and the PSf SL FT-IR analysis were conducted and are

presented for the active layer (Fig. 3a and 3 b) and the support layer (Fig. 3c and 3d).
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Figure 3: (a) FT-IR of the pristine active layer and exposed active layer of the membrane for
72 hours ranging from 4000 to 500 cm™ (b) FT-IR of the pristine and exposed active layer of
the membrane for 72 hours ranging from 2000 to 500 cm™ (c) FT-IR of the pristine support
and exposed support layer of the membrane for 42 hours ranging from 4000 to 500 cm™ (d)
FT-IR of the pristine and exposed support layer of the membrane for 40 hours ranging from

2000 to 500 cm™.
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The most obvious disturbance in the spectra for the exposed AL was the suppression of the
peak intensity at 3400 cm?, indicating the O-H suppression (strong broad) of the carboxylic
group in the exposed membrane for 72 hours (Fig 3a). Similar peak suppression was observed
for the PSf SL exposed for 40 hours (Fig 3c). The ring suppression in these bands might cause
poor membrane performance in both orientations after continuous exposure to H,0,. There
was no change at the peak at wave number 3750 (O-H stretching alcohol) for the AL, but
suppression was visible in the SL at the same peak. For the damaged membranes, peak
suppression was observed at around 3000 cm™, as marked by the N-H stretching (amine salt)
for both the AL and the SL. Similar results were reported for oxidant-damaged polyamide RO
membranes by Antony et al. (2010). Minor suppression was also noticed for the 0=C=0 band
at around 2300 cm™. Significant stretching in the C=C band at around 1690 cm™ indicates a
change in the hydrogen bonding behaviour for the AL. Suppression was visible for this peak
for the SL, suggesting a change in the hydrogen bonding behaviour for both the AL and the SL
and indicates poor membrane performance. A more visible spectrum for the FT-IR analysis
from wavenumber 2000-5000 cm™ is provided in Fig. 3b and Fig. 3d for the AL and SL,
respectively. The peak at 1542 (N-H amide II) stands for the N-H plane bending (Antony et al.,
2010). Stretching was observed for the peak at 1664, indicating C=0 stretching for the AL. This
peak is usually identified as amide | mode (Kwon et al., 2017). Stretching was noticed at this
band for the AL, as marked in Fig. 3b. Contrary to that observed for chlorine-damaged RO
membranes, the peak shifts in the AL for the N-H group were lesser than the stretching of the
C=0 group. In general, H,0; is known for reducing and oxidizing properties (Bienert et al.,
2006). For instance, H202 can oxidize the hydroxyl (-OH) group to the carbonyl (R.C=0) group
(Sadri et al., 2014). Overall, it can be summarised that the oxidation of the membrane in the
long exposure tests leads to damage of the polar functional (hydroxyl, carbonyl and amide)

groups of the membrane.

The exposed membranes to H.0; were further examined through FE-SEM analysis. The FE-
SEM of the pristine active layer of the TFC membrane (Fig. 4a and 4b). The FE-SEM of the
exposed active layer for 72 hours is also presented (Fig. 4c and 4d). The active layer after the
prolonged exposure to H,0, appears to have scratches, possibly due to handling of the

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

virgin and exposed membrane morphologies.

The FE-SEM of the pristine support layer (Fig. 4e and 4f) and exposed the support layer to
H,0; (Fig. 4g and 4h) were also examined. Compared to the AL, the SL FE-SEM shows clear
visible signs of damage. Thus, the chemical cleaning of the SL with H,02is not recommended
in the long term. Additional FE-SEM of the SL after 24 hours of exposure are also given in the
supplementary information (S.4 Supplementary information). Although there was no
significant change in the water flux or RSF after 24 hours, the FE-SEM of the support layer
after 24 hours indicates cracks, indicating a change in the membrane morphology after 24

hours of exposure Fig. S.5.

Figure 4 FE-SEM of the (a) pristine active layer at 100 um; (b) pristine active layer at 100 nm;
(c) exposed active layer toward H,O; for 72 hours at 100 um; (d) exposed active layer against
H>0; at 100 nm; (e) pristine support layer at 100 um; (f) pristine support layer at 10 um; (g)
exposed support layer toward H,0; for 40 hours at 100 um; and (h) exposed support layer

towards H202 at 10 pm.

3.4. Impact of membrane orientation on flux recovery

Laboratory tests were performed in both the membrane modes in consecutive cycles using a
0.6M NaCl DS to determine the best orientation for water reclamation from the landfill
leachate. A cleaning cycle with H,0, was conducted after each four-hour filtration cycle with
landfill leachate. Table 3 and Fig. 5 show the flux recovery after each AL-DS and AL-FS filtration

cycle. After the first filtration cycle, water flux recovery when the membrane AL against the
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landfill leachate feed was 97.7+1 %. Then, the membrane was cleaned with H,0, for 30
minutes and tested for landfill leachate filtration in another four-hour cycle to determine the
impact of H,0; cleaning in consecutive cycles. For the next three filtration cycles, the water
flux recovery was 96.97+1 %, 92.9 %, and 84.95+1 %, respectively. The higher water flux
recovery is due to the smooth surface of the active layer. It is also observed that there was
no significant change in the RSF compared to the baseline RSF test. The AL-DS water flux
recovery was 9211% in the first cycle, followed by approximately 68+1% for cycle 2, 66+1%
for cycle 3, and 61% for cycle 4. Based on the TFC membrane performance, the AL-FS can be
selected as the best orientation for the landfill leachate dewatering under a long operating

time.

Table 3. Flux recovery percentage in two membrane modes

Membrane Recovery Recovery Recovery Recovery
orientation
Cycle-1 (%) Cycle-2 (%) Cycle-3 (%) Cycle-4 (%)
AL-FS 97.74 96.97 92.9 84.95
AL-DS 92 68 66 61
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Figure 5 (@) Permeation flux in the AL-DS for five cycles (b) Flux recovery rate (FRR) in the AL-
DS for five cycles after the initial baseline cycle (c) Plot of RSF in the AL-DS mode for the five
cycles of filtration (d) AL-FS water flux in five cycles (b) AL-FS water flux recovery rate (FRR)

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

The cleaning efficiency of the H,0; cleaning for the AL-FS and the AL-DS orientation can be
further elucidated by comparing the FT-IR of the pristine, fouled membrane by landfill
leachate and cleaned membrane by H;0.. As evident from Fig.S.6 (Supplementary
information), the band at 3749 cm™ might be attributed to aluminosilicate, which is still
presentin the spectrum of the cleaned membrane with H,O; in the AL-FS and the AL-DS mode.
In principle, aluminosilicate or clay is resistant to chemical cleaning attack, high temperature,
and pressures (Armstrong et al., 2009), and therefore H,0;, was not able to effectively remove
the clay foulants. Interestingly, there is no difference in the intensity for this band in the AL-
FS and the AL-DS mode. Proper pretreatment of the landfill leachate wastewater can
eliminate clay particles or other colloids that may contribute to irreversible fouling on the
membrane surface. The bands in the range 1520-1550 cm™ and the peaks at 1481 and 1489
cm* for protein fouling in the cleaned membrane spectrum show great resemblance to that

of the pristine membrane.

Results imply that H,0; can be effectively employed for membrane cleaning fouled with a
wide range of organic matters. Previous studies have also demonstrated that H,O, can
provide better cleaning efficiency than acid or alkaline cleaning. For instance, for PSf
membranes fouled by glutamic acid wastewater, cleaning with H.O; achieved higher water
flux recovery than HCl and sodium hydroxide (NaOH) (Li et al., 2005). Also, for CTA membrane
fouled by landfill wastewater, H,0; cleaning was more effective than HCl cleaning and alkaline
cleaning at pH 11 (lbrar et al., 2020b). Other polysaccharides foulants (1034 cm™) are also
effectively removed by the H20,. The band at 1243 cm™ (C-O-C stretching) for the cleaned
membrane is identical in intensity to that of the pristine membrane. The peaks in this region
are usually of phosphate groups (P=0 from phosphate or C-O-P, P-O-P) associated with nucleic
acids (Liu et al., 2015; Schmitt and Flemming, 1998). Other organic foulants (833 cm™ to 686
cm?) are also effectively removed by the H,0, as evident from the FT-IR in both the

membrane orientations.
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H,0, is a green and cost-effective oxidising agent used to clean fouled wastewater
membranes without generating any secondary by-products. H,0, oxidises the foulants on the
fouled membrane to carbon dioxide and water (Li et al., 2005). However, cleaning by H,0;
alone is a slow reaction, and the high content of some organic refractory compounds (Huang
et al., 2020) or inorganic foulants (in this study) cannot be effectively removed at the used

concentration and time.

3.5. Forward osmosis membrane performance in long filtration

While H,0; can damage the membrane in long-term exposure, it is feasible to combine
physical cleaning with an H,0; chemical cleaning protocol for efficient FO operation. This will
minimize the requirements for frequent membrane cleaning, reduce the damages associated
with chemical cleaning, membrane integrity, and membrane lifetime, and reduce operational
costs associated with chemical cleaning. Hence, long-term filtration tests were conducted
using DI water physical cleaning and H,0, chemical cleaning. Physical cleaning with DI water
was done after the initial two cycles, and H,0, was employed only in the last filtration cycle
(Fig.6). It is noteworthy that all values of permeation flux were normalized to avoid the impact

of dilution.

a 24

—&=— Jw (LMH) |
® H,0, clean

2

22 -

204

-
(2]
1

Jw (LMH) AL-FS
>

Time (hours)

Figure 6: (a) Permeation flux in the AL-FS during long-term experiments, each cycle was 24
hours (b) FE-SEM analysis of the fouled membrane after the 72 hours filtration, (c) FE-SEM

analysis of the membrane after cleaning with H202 after the 72 hours of filtration.
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Since fouling in the AL-FS filtration style is governed by the cake layer, introducing some
turbulence can dislodge fouling materials from the membrane surface. Physical cleaning at
elevated cross-flow velocity (51 cm.sec!) was employed after each FO filtration cycle of 24-
hour length. To avoid significant changes in the concentrations of the FS and DS, both were
replenished after each 24-hour cycle. The high turbulence induced by physical cleaning with
DI water only restored 79 £1% (first cycle) and 66 +1 % (second cycle) of the average water
flux, indicating that some fouling materials were strongly attached to the membrane surface.
This can be probably due to inorganic foulants such as silica foulants, which in the existence
of Ca or Mg ions are stubbornly attached to the membrane and require chemical cleaning. It
can also be assumed that physical cleaning could remove large-size fouling materials from the
membrane surface, leaving the smaller and stubborn fouling matters. After 72 hours of FO
filtration, H,0; cleaning was employed, which restored 92 + 2 % of the average flux. The FE-
SEM of the fouled membrane before 72 hours of filtration is shown in Fig. 6b. After 72 hours
of filtration by H,0; (Fig. 6c), the cleaned membrane showed some irreversible fouling (red
circle), which is still attached to the membrane surface. This seems like inorganic scaling,
which isinevitable due to the complex nature of the landfill leachate wastewater. In this study,
the inorganic scaling on the membrane is mainly caused by the clay particles (3741 cm™ and
silica fouling (2962 cm), as presented earlier in the FT-IR. It is evident from the FE-SEM and
FT-IR analysis that H,O, concentration and duration were insufficient to remove the
irreversible inorganic scaling of the membrane effectively. Proper pretreatment of the landfill
leachate wastewater can be another effective way to control inorganic fouling. Also,
antiscalant blended DS or lowering FS pH would reduce inorganic scaling in long-term FO

operations (Zhang et al., 2017).

The TFC membrane achieved efficient rejection for total organic carbon (98 %) and turbidity
of 99.5% as presented in Fig. S.6. The rejection of divalent calcium and magnesium ions was
higher than the rejection of monovalent potassium. This can be attributed to the larger
hydrated radii and smaller crystal radii of calcium and magnesium ions compared to the
potassium ion (Tansel et al., 2006). Generally, it is important to take inorganic scaling into
account when selecting proper cleaning protocols. Since flushing with DI water combined
with H;0; cleaning was not completely effective for removing inorganic scaling, the osmotic

backwash method could be coupled with H,O0, and proven effective (lbrar et al., 2020b).
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Future research should investigate combining the osmotic backwashing method with the

H.0; method to clean organic and inorganic foulants as an environmentally friendly method.
4. Conclusions

FO can be a viable alternative for dewatering landfill leachate; it can efficiently reject
contaminants in landfill leachate wastewater. In short-term filtration cycles, cleaning with
H.0; proved to be an efficient cleaning protocol in the AL-FS filtration style. However, only
70% of the average flux could be restored in the AL-DS filtration style. This study also explored
long-term exposure of TFC membrane to H,0; cleaning. The AL of the FO membrane could
tolerate the cleaning concentration in this study for almost 72 hours, whereas the support
layer could only tolerate it for about 40 hours. Both the AL and the SL were damaged after
the long-term exposure, as confirmed from the FT-IR and FE-SEM analysis. For efficient FO
operation, physical cleaning protocols such as DI water flushing or osmotic backwashing
techniques should be combined with chemical cleaning with H,0; to avoid compromising the
membrane integrity. Future studies should test the forward osmosis membrane's tolerance
to other cleaning agents or wastewater laden with chemicals. Additionally, novel chemical
cleaning protocols, which can clean the membrane without compromising integrity, should

be investigated.
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