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Abstract. This study aims to investigate the impacts of chemical cleaning on the performance of a reverse
osmosis membrane. Chemicals used for simulating membrane cleaning include a surfactant (sodium
dodecyl sulfate, SDS), a chelating agent (ethylenediaminetetraacetic acid, EDTA), and two proprietary
cleaning formulations namely MC3 and MC11. The impact of sequential exposure to multiple membrane
cleaning solutions was also examined. Water permeability and the rejection of boron and sodium were
investigated under various water fluxes, temperatures and feedwater pH. Changes in the membrane
performance were systematically explained based on the changes in the charge density, hydrophobicity and
chemical structure of the membrane surface. The experimental results show that membrane cleaning can
significantly alter the hydrophobicity and water permeability of the membrane; however, its impacts on the
rejections of boron and sodium are marginal. Although the presence of surfactant or chelating agent may
cause decreases in the rejection, solution pH is the key factor responsible for the loss of membrane
separation and changes in the surface properties. The impact of solution pH on the water permeability can be
reversed by applying a subsequent cleaning with the opposite pH condition. Nevertheless, the impacts of
solution pH on boron and sodium rejections are irreversible in most cases.

Keywords: boron; reverse osmosis (RO); membrane cleaning; sodium dodecyl sulfate (SDS),
ethylenediaminetetraacetic acid (EDTA)

1. Introduction

Population growth and thriving economic development in recent decades are placing enormous
pressure on the demand for freshwater supply. Water reclamation and desalination of seawater and
brackish water have been recognised as key solutions to tackle the challenge of securing a reliable
freshwater supply in many parts of the world (Elimelech and Phillip 2011). Reverse osmosis (RO)
is the most widely used technology for this purpose due to its efficiency and capacity to remove a
wide range pollutants (Wintgens et al. 2005). The use of RO filtration is inherently associated with
membrane fouling, which is the accumulation of colloidal particles, organic matter, inorganic salts
and micro-organisms on the membrane surface. Indeed, membrane fouling can eventually occur in
all membrane filtration applications regardless of pretreatment and any fouling control measures
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(Al-Amoudi and Lovitt 2007, Fritzmann et al. 2007, Kaykioglu et al. 2012).

Membrane fouling leads to an increase in operating pressure and thus energy consumption. To
recover the productivity of membrane installations, chemical cleaning is required. Chemicals
typically used for membrane cleaning can be categorised as acidic (e.g., HCI and citric acid),
caustic (e.g., NaOH and KOH), surfactant (e.g., sodium dodecyl sulfate (SDS) and
dodecyltrimethylammonium bromide (DTAB), metal chelating agent (e.g.,
ethylenediaminetetraacetic acid (EDTA)), and disinfectants (e.g., chloramine). Depending on the
nature of the fouling layer, chemicals used for cleaning can be either acidic or caustic solution
with some additives such as surfactants and/or metal chelating agents. The fouling layer usually
comprises different types of foulant and each is best removed by a specific cleaning chemical.
Thus, a complete cleaning process typically involves the use of various cleaning agents either
simultaneously or sequentially. The use of SDS or EDTA in caustic condition has been
recommended to improve cleaning efficiency (Li et al. 2005, Liikanen et al. 2002). In addition, the
combination of these two chemicals in caustic solution would be more efficient to mitigate
membrane fouling than when each chemical is individually used (Madaeni et al. 2001). The
frequency of the cleaning could range from a routine daily processes such as in whey processing to
long-term annual processes such as in desalination plants according to the frequency and extent of
fouling events (Van der Bruggen et al. 2003). However, the application of chemical cleaning
should be limited to a minimum frequency since repeated chemical cleaning may affect the
membrane performance and lifetime (Kimura et al. 2004). In fact, some studies reported that
chemical cleaning can cause significant impacts on the membrane surface properties and thus
affect the separation efficiency of the membrane.

Al-Amoudi (2013) reported that the nominal pore size of a nanofiltration (NF) membrane
would be increased by more than 12% when the membrane was soaked in either a caustic SDS
solution or a mixture of tri-sodium phosphate + sodium tri-polyphosphate + EDTA in 18 h. The
enlargement of the membrane pores resulted in an increase in water and solute permeability (i.e.,
rejection decreased). In contrast, the membrane pore size was not affected by acidic cleaning (with
HCI) (Al-Amoudi 2013). Nevertheless, Simon et al. (2012) observed that the NF membrane pores
could be enlarged by both strongly acidic (pH 1.5) and caustic (pH 12) solutions. They suggested
that both strongly acidic and caustic conditions caused an internal charged repulsion effect
amongst charged groups in the membrane polymer matrix, leading to the expansion of the
membrane structure (Simon et al. 2012). Some studies reported the decrease in salt rejection of
membranes after caustic cleaning, however, such rejection loss can be recovered by applying an
acidic cleaning subsequently (Liikanen et al. 2002, Madaeni and Samieirad 2010). Chemical
cleaning could also alter the membrane surface charge density and hydrophobicity. However, the
impacts of such changes on the membrane separation appeared to be inconclusive and
membrane-dependent (Al-Amoudi et al. 2007, Fujioka et al. 2013, Simon et al. 2012, 2013b, Tian
et al. 2010). In fact, Simon et al. (2013a) reported that impacts of cleaning chemicals on the
membrane performance depend on the thickness of the membrane active layer. Membranes with a
thinner active layer would be more delicate to the impacts of cleaning chemicals. Fujioka et al.
(2013) reported that chemical cleaning of RO membranes would affect the rejection of small and
neutrally charged solutes such as N-nitrosodimethylamine (NDMA) at a higher magnitude than the
rejection of hydrated salts such as sodium chloride. This result raised the concern of inadequate
rejection of other small and neutrally charged pollutants such as boron by aged membranes. In fact,
it has been reported that the rejections of NDMA and boron could be well correlated (Tu et al.
2013).
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The impacts of chemical cleaning, especially sequential cleaning, on the rejection of small and
neutrally charged solutes by RO membranes have not been thoroughly understood. Thus, this
study aims to investigate the effects of single and sequential membrane cleanings on boron
rejection by RO membranes. Membrane cleaning agents used in this study include citric acid,
sodium hydroxide, SDS, EDTA, a mixture of SDS + EDTA, and two commercial membrane
cleaning formulations namely, MC3 and MCI11. Changes in the water permeability and the
rejections of boron and sodium are elucidated by any modifications in the membrane surface
charge, hydrophobicity, and chemical composition.

2. Materials and methods
2.1 Membranes and chemicals

The low-pressure RO membrane ESPA2 (Hydranautics, Oceanside, CA) was used. This
membrane is widely used for water reclamation for the removal of small and soluble organic
contaminants as well as in the second pass of seawater desalination plants for boron removal. The
manufacturer-recommended operational pH range of this membrane is from pH 2 to 10.6. During
chemical cleaning, a more aggressive pH range (i.e., from pH 1 to pH 12) can be used
(Hydranautics 2011). The ESPA2 is a thin-film composite membrane consisting of an ultra-thin
polyamide skin layer on top of a micro-porous polysulfone support layer.

Analytical grade NaCl, CaCl,, NaHCOs;, and B(OH); (Ajax Finechem, Taren Point, NSW,
Australia) were used to prepare the feed solution. Suprapur HNO; (Merck Co., Darmstadt,
Germany) was used for sample dilution prior to analysis. Milli-Q water (Millipore, Billerica, MA,
USA) was used for the preparation of all stock and feed solutions. Chemicals used for simulating
membrane cleaning include citric acid, sodium hydroxide, SDS, EDTA, a mixture of SDS and
EDTA, and two proprietary membrane cleaning formulations namely MC3 and MC11 (IMCD,
Mulgrave, Victoria, Australia). Properties of these solutions are presented in Table 1. EDTA and
SDS solutions are prepared approximately five times more concentrated than the typically
recommended values in order to accelerate any impact on the membrane. MC3 and MCI11
solutions are used at the supplier-recommended concentration.

Table 1 Solution used for membrane cleaning simulation in this study

Chemical/commercial name Chemical formula/ingredient Concentration pH
Citric acid (CA) CeHsO; --- 3
Sodium hydroxide (SH) NaOH - 11
Surfactant (SDS) NaC;,H,5SO, 0.15% 11
Chelating agent (EDTA) C0H6N,Og 5% 11

Mixture of surfactant and

0, 0,
chelating agent (SDS + EDTA) 0.15% SDS + 3% EDTA i

Organic acid, detergent builders,

MC3 and chelating agents

25gL"! 3

pH buffer, detergent builders,

MCl1 and chelating agents

25gL"! 11
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2.2 Cross-flow membrane filtration system and experimental protocol

A cross-flow membrane filtration system was utilised for evaluating the membrane
performance. A detailed description of this system is available elsewhere (Tu ef al. 2011). The
cross-flow membrane cell has an active surface area of 40 cm” (10 cm x 4 cm) with a channel height
of 2 mm.

At the beginning of each experiment, the membrane sample was compacted by using Milli-Q
water at 30 bar for 18 h. A stable flux was usually obtained within the first 10 h run. Following the
membrane compaction, pure water permeability of the membrane was measured from 5 to 30 bar
with 5 bar increments (at 20°C). Electrolyte solution was then added to the feed reservoir making
up a 10 L feedwater containing 10 mM NaCl, I mM CaCl,, 1 mM NaHCO;, and 0.43 mM B(OH);
(or 4.6 mg.L"' B). Rejections were obtained at permeate fluxes of 10, 20, 42, and 60 L.m™.h™" (or
LMH), temperatures of 10, 20, 30, and 40°C, and pH values of 7, 8§, 9.5, and 11. Unless otherwise
stated, the standard testing condition is 20 LMH flux, 20°C, pH 8, and 42 cm.s” cross-flow
velocity. The pH value was adjusted using either 1 M NaOH or 1 M HCI solution. In all
experiments, once the target operational parameters had been obtained, the system was stabilised
for 60 min before feed and permeate samples of 20 mL each were taken for analysis.

2.3 Simulation of membrane cleaning

Chemical cleaning was simulated by soaking flat-sheet virgin membrane samples in a sealed
glass bottle containing a prepared cleaning solution for 25 h. The bottle was immersed in a
temperature-controlled water bath (SWB1, Stuart, Staffordshire, UK) and the temperature was
maintained at 30 £ 0.5°C. The 25-h exposure was chosen to simulate the cumulative membrane
cleaning period over three years of operation. Similar simulated membrane cleaning protocol has
been used elsewhere (Fujioka et al. 2013). After 25-h exposure to the cleaning chemical, the
membrane sample was removed from the solution and thoroughly rinsed with copious amounts of
Milli-Q water before being tested for surface properties and separation efficiency. Impacts of
sequential cleaning on the membrane performance were investigated by soaking a virgin
membrane in a cleaning solution for 25 h followed by another cleaning solution for 25 h. The
membrane was thoroughly rinsed with Milli-Q water between the two cleaning cycles.

The membrane cleaning protocol used in this study differs somewhat from that used in practice.
Membrane cleaning in full-scale RO membrane plants usually includes circulations of cleaning
solution which results in rigorous mixing of the solution to improve the cleaning efficiency. In
addition, the fouling layer on a used membrane may partially shield the membrane from direct
exposure to the cleaning agents. Despite these differences in the membrane cleaning regime, the
protocol used in this study is probably the most appropriate for simulating the impacts of chemical
cleaning under controlled conditions and has been widely used in other studies (Al-Amoudi et al.
2007, Fujioka et al. 2013, Simon et al. 2013Db).

2.4 Membrane characterisation methods

The electro-kinetic property of the virgin and chemically cleaned membranes was measured
using a SurPASS streaming potential analyser (Anton Paar GmbH, Graz, Austria). The zeta
potential of the membrane surface was calculated from the measured streaming potential using the
Fairbrother-Mastin approach (Childress and Elimelech 1996). All streaming potential
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measurements were conducted in a background electrolyte solution containing 1 mM KCIl, at 500
mbar streaming pressure, and room temperature of approximately 25°C. Analytical grade HCI and
KOH were used to adjust the pH by means of automatic titration.

The hydrophobicity of the membrane surface was measured using a Rame-Hart goniometer
(Model 250, Rame-Hart, Netcong, NJ) following the standard sessile drop method. Prior to each
measurement, the membrane sample was dried in air for approximately 5 h. Five Milli-Q water
droplets were applied to each membrane sample and the contact angle was immediately measured
on both sides of the droplet. Measurements were conducted at room temperature (ca. 25°C).

FTIR analysis was conducted using a Shimadzu IRAffinity-1 (Kyoto, Japan) spectrometer to
determine major functional groups of the virgin and chemically cleaned membranes. Membrane
samples were placed on the ATR crystal and pressed onto the surface with a plate press. The
measured spectrum was between 600 cm™ and 1750 cm™ at a resolution of 2 cm™. Each scan was
performed 20 times. Background correction was performed at the beginning of each measuring
batch.

2.5 Analytical methods

The concentrations of boron and sodium were analysed using an Agilent 7500 cs
inductively-coupled plasma mass spectrometry (ICP-MS) system (Agilent Technologies,
Wilmington, DE, USA). Concentrations of the ''B and **Na isotope were acquired and reported as
the overall concentrations of boron and sodium. Detection limits for ''B and *Na were
approximately 50 and 140 ng.L”, respectively. Samples of the feedwater and permeate were
diluted respectively 400 and 200 times using a 2% Suprapur HNOj; solution. Calibration and
sensitivity tuning were conducted at the beginning of every analysis batch. Internal calibration was
done using a Merck ICP multi-element standard solution. The coefficient of determination (R”) for
calibrations was greater than 0.99. The tuning was done using a multi-element tuning solution that
contains 1 ug.L™" of lithium, yttrium, cerium, thallium and cobalt. Each analysis was conducted in
triplicate and the variation was found less than 5%. Any instrumental drift during the analysis was
corrected by analysing a 5 ug.L™" calibration standard every five samples.

Conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter
(Thermo Fisher Scientific, Beverly, MA).

Solute rejection was calculated using

. Cf B Cp
Rej (%) =——=x100 (D)
C ’
where Crand C, are the concentrations of solute in feedwater and permeate, respectively.

Changes in membrane performance (contact angle, water permeability) were calculated using

. X, —-X,
Relative change (%)= % x100 2)

vir

Where X, and X,;, are the performance parameters (i.e., contact angle or water permeability) of
the cleaned membrane and virgin membrane, respectively.
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3. Results and discussions
3.1 Changes in the membrane surface properties

3.1.1 Charge density

The charge density of a polymeric membrane surface may influence its pore structure and
Donnan equilibrium which govern the rejection efficiency, particularly of charged solutes (Schaep
et al. 2001). Charge density of the membrane was evaluated through the zeta potential value which
indicates a net interaction between the membrane surface and an electrolyte (Hurwitz et al. 2010).
In this study, the solution pH appeared to have a significant impact on the zeta potential of the
ESPA2 membrane (Fig. 1). The influence of solution pH on the membrane zeta potential can be
explained by the dissociation of functional groups on the membrane active layer (i.e., carboxylic
and amine groups) (Childress and Elimelech 1996). As the pH of the electrolyte increased from 3
to 11, the zeta potential of virgin ESPA2 membrane shifted from +30 mV to —42 mV with an
isoelectric point at pH 4 where minimum salt rejection and maximum water permeability is usually
observed (Childress and Elimelech 2000, Hoang et al. 2010, Teixeira et al. 2005). The 25-h acidic
cleaning (pH 3) did not cause any considerable impact on the charge density of the ESPA2
membrane. On the other hand, the caustic cleaning (pH 11) made the membrane slightly more
negatively charged at pH between 6 and 11 (Fig. 1). According to Elimelech et al. (1994), the
charged profile of a membrane can be affected by the adsorption of ions on the membrane surface,
which subsequently changes the dissociation of the membrane functional groups.

The SDS cleaning resulted in a decrease in the charge density of the membrane surface over the
entire pH range, both positive and negative charge (Fig. 1). It appeared that the SDS molecules
were adsorbed on the membrane surface and inhibited the impact of pH on the dissociation groups
of the membrane surface. Similar results have been reported by Simon et al. (2012); however,
opposite results were observed by Al-Amoudi ef al. (2007) who found that an over night exposure
to SDS would make the NF membranes more negatively charged from pH 3 to 10. The
discrepancy may be attributed to the different conformations of the membranes used. The acidic
cleaning conducted after SDS cleaning partially recovered the negative charge of the membrane
(i.e., closer to the charge of virgin membrane) (Fig. 1). However, the isoelectric point was not
recovered and was equal to that of the SDS-cleaned membrane. It is hypothesised that the
association between SDS and membrane surface has been weakened by the citric acid solution. It
is also noteworthy that there might be some modifications within the membrane pores but such
changes could not be detected by the streaming potential measurement (Méanttéri et al. 2006). In
fact, it was suggested that the charge within membrane pores, rather than that on the membrane
surface, would have a significant impact on the separation efficiency of the membrane (Childress
and Elimelech 2000).

The impact of EDTA on the membrane charge was opposite to that of SDS cleaning, although
these solutions had the same pH condition (pH 11). This result confirms that the membrane charge
density is more significantly impacted by the surfactant or chelating agent rather than the pH of the
cleaning solution. The zeta potential of the EDTA-cleaned membrane was slightly more negative
than that of the virgin membrane (Fig. 1). The isoelectric point was also shifted to a lower pH
value. The adsorption of EDTA on the membrane surface might have introduced more carboxylic
groups on the membrane surface, and thus increased the negative charge of the membrane. The
application of a subsequent acidic cleaning seemed not to considerably affect the membrane
charge density (Fig. 1), which implies that EDTA molecules were still adsorbed on the membrane
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surface. At pH < 5.5, the zeta potential of the SDS + EDTA-cleaned membrane was comparable to
that of those cleaned by either SDS or EDTA solution. However, at pH > 5.5, the zeta potential of
the SDS + EDTA-cleaned membrane was equal to that of the virgin ESPA2 membrane (Fig. 1). It
appeared that the charge density of the SDS + EDTA-cleaned membrane was the result of a
neutralisation impact of individual cleaning agents. The mechanism of this effect has not been
reported in the literature. The subsequent acidic cleaning led to a significant decrease in the
negative charge of the SDS + EDTA-cleaned membrane (Fig. 1).

The formulated MC3 cleaning solution did not cause any considerable impact on the charge
density of the ESPA2 membrane, whereas the MC11 solution led to a more negative membrane
charge (Fig. 1). A similar result has been reported elsewhere (Fujioka et al. 2013). The subsequent
caustic cleaning did not impact the charge of the MC3-cleaned membrane; however, it slightly
decreased the negative charge of the MCll-cleaned membrane (Fig. 1). Since the exact
composition of these solutions is proprietary, the mechanism of their impacts on the membrane
charge cannot be elucidated.
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Fig. 1 Changes in zeta potential of the ESPA2 membrane as a consequence of single and
sequential chemical cleaning. The measurements were conducted at room temperature
(ca. 25°C) in a 1 mM KCl solution
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3.1.2 Hydrophobicity and surface bonding

Chemical cleaning using either citric acid (pH 3) or sodium hydroxide (pH 11) rendered the
ESPA2 membrane slightly more hydrophobic (Fig. 2). Similar results have been reported by
Simon et al. (2012). Tian et al. (2010) hypothesised that sodium hydroxide could increase the
membrane surface hydrophobicity by reacting with hydrophilic functional groups in the active
layer. Previous studies (Hurwitz et al. 2010, Tang et al. 2009) showed that changes in the contact
angle may indicate changes in the membrane conformation and also the charge density. However,
in this study, no observable changes in the conformation of the membranes cleaned by either citric
acid or sodium hydroxide can be seen from the zeta potential (Fig. 1) and FTIR (Fig. 3)
measurements. On the other hand, chemical cleaning using either SDS or EDTA rendered the
membrane more significantly hydrophilic (Fig. 2). These results are consistent with the literature,
and could be attributed to the adsorption of hydrophilic SDS and EDTA molecules on the
membrane polyamide structure (Ang et al. 2006, Simon et al. 2012, Weis et al. 2003). A study
conducted by Kim et al. (2000) suggested that under extreme conditions, the polyamide active skin
layer can be hydrolysed to carboxylic acid derivatives, resulting in an increase in surface
hydrophilicity. Nevertheless, FTIR data (Fig. 3) do not show any hydrolysis of the membrane
surface.

As expected, the mixture of SDS and EDTA increased the membrane’s hydrophilicity (Fig. 2),
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Fig. 2 Changes in contact angle values of the ESPA2 membrane as a consequence of single and
sequential chemical cleaning. A positive value indicates an increase in the
hydrophobicity, and vice versa. The measurements were conducted at room temperature
(ca. 25°C) with Milli-Q water used as a reference solvent. The error bars show the
standard deviation of five replicated measurements
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Fig. 3 FTIR absorption spectra of virgin and chemically cleaned ESPA2 membranes at 2 cm™ resolution

given that these individual chemicals were found to cause the same effect. The formulated
cleaning chemicals MC3 and MCI11 shifted the membrane hydrophibicity in opposite directions.
MC3 rendered the membrane more hydrophilic, whereas MC11 made it substantially more
hydrophobic (Fig. 2). Similar results have been reported by Simon et al. (2013b). The high
hydrophilicity of the MC3-cleaned membrane can be explained by the presence of hydrophilic
chelating agents in the MC3 formula (Table 1). MC11 may contain hydrophobic ingredients but
the specific formula is unidentified.

It is interesting to note that the subsequent cleanings counteracted the impacts of the first
cleaning chemical on the membrane hydrophobicity, and thus changes in the membrane
hydrophobicity were diminished. A similar phenomenon with respect to the zeta potential of the
chemically cleaned membranes could be observed in Fig. 1. Results reported here suggest the
wash-out effect of the subsequent cleaning on the first one. Changes in the membrane
hydrophobicity may result in changes in the membrane performance. For example, it was reported
that a more hydrophilic membrane would have a higher water permeability (Akin and Temelli
2011, Al-Amoudi et al. 2008) and a lower fouling propensity (Li et al. 2007). In addition,
Bernstein ef al. (2011) reported that a decrease in hydrophobicity would lead to a decrease in
boron rejection, although the reason for such observation was not provided.
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3.2 Changes in membrane performance

3.2.1 Water permeability

Previous studies have reported that the water permeability of NF/RO membranes would be
either decreased or increased as a consequence of exposure to either strong acidic or caustic
conditions, respectively (Al-Amoudi et al. 2007, Braghetta et al. 1997, Liikanen et al. 2002,
Simon et al. 2012). Similar results were also found in this study. The 25-h acidic cleaning
decreased the water permeability of the ESPA2 membrane by more than 10%, whereas the caustic
cleaning resulted in a 5% water permeability increase (Fig. 4). Fundamental research conducted by
Braghetta et al. (1997) attributed the increase in the water permeability of NF membranes in
caustic conditions to the enhanced internal electrostatic charged repulsion within the membrane
matrix which increased the membrane porosity and so the water permeability. This explanation is
supported by the increase in charge density of the NaOH-cleaned membrane as observed in Fig. 1.
Interestingly, Childress and Elimelech (2000) reported that the pore size of membranes would be
reduced at both low and high pH, which resulted in the decrease in water permeability in both
acidic and caustic conditions. Considering the above discrepant results, the impact of pH on the
membrane water permeability seems to be membrane-dependent.

The 25-h membrane cleaning using either SDS or EDTA in caustic conditions resulted in a
significant increase (ca. 15%) in the water permeability of the ESPA2 membrane. A similar result
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has been reported in the literature (Al-Amoudi et al. 2007, Li and Elimelech 2004, Simon et al.
2012), and was attributed to the adsorption of SDS or EDTA molecules on the membrane surface.
The adsorption of these hydrophilic agents renders the membrane surface more hydrophilic, thus,
leads to an increase in its water permeability. This explanation is supported by the increase in the
hydrophilicity of the SDS-cleaned membrane and the EDTA-cleaned membrane as observed in Fig.
2. In addition, Liikanen et al. (2002) suggested that at high pH, EDTA could complex with some
membrane constituents, resulting in an increase in the membrane porosity and so an increase in the
water permeability. As expected, the mixture of SDS and EDTA in caustic conditions increased
the water permeability of the cleaned membrane (Fig. 4). It is interesting to note that the
correlation between increased hydrophilicity and increased water permeability was not seen with
the formulated cleaning chemicals MC3 and MCI11. The MC3-cleaned membrane and
MCl11-cleaned membrane obtained lower and higher water permeability, respectively (Fig. 4),
even though the MC3-cleaned membrane was very hydrophilic and the MC11-cleaned membrane
was highly hydrophobic (Fig. 2). Similar results were reported by Simon et al. (2013b). However,
this phenomenon cannot be thoroughly explained since the exact compositions of these two
commercially available formulated chemical cleaning solutions are not known.

It is noteworthy that the impacts of the chemical cleaning on the water permeability, either
positive or negative, can be mitigated or even inverted by applying a subsequent cleaning step with
a pH condition opposite to that of the initial cleaning solution. For example, cleaning with MC3 in
acidic conditions decreased 6% of the water permeability of the virgin membrane, and the
subsequent caustic cleaning led to a 25% increase in water permeability compared to the virgin
membrane (Fig. 4). A similar observation was reported by Fujioka et al. (2013). It appears that the
pH of the cleaning solutions has a strong impact on the water permeability of the membrane.

3.2.2 The rejection of boron and sodium

Membrane cleaning solutions usually contain surfactant and chelating agents in either caustic
or acidic condition. For a systematic investigation of the impacts of membrane cleaning on the
membrane integrity, the impacts of caustic and acidic conditions are first examined in this study.
The rejections of boron and sodium by virgin and cleaned membranes were investigated as
functions of permeate flux, temperature, and solution pH. In good agreement with the literature
(Hung et al. 2009, Koseoglu et al. 2008), boron rejection was strongly affected by flux,
temperature and feed solution pH. Boron rejection by the virgin ESPA2 varied from 45 to 72%
when the permeate flux increased from 10 to 60 LMH. Similarly, the increase in water temperature
from 10 to 40°C caused a decrease in boron rejection from 69 to 40% (Fig. 5). In particular, boron
rejection by the virgin ESPA2 reached 90% at the water pH of 11. On the other hand, sodium
rejection was higher than 95% and marginally affected by the operating condition changes (Fig. 5).
Transport mechanisms and the impacts of flux, temperature and pH on boron and sodium rejection
have been well discussed in the literature (Amar et al. 2009, Kezia et al. 2013). Possessing a pK,
of 9.2, the boric acid molecule is poorly hydrated in aqueous solutions having a pH lower than this
value. Boron rejection by commercial RO membranes is relatively low because the boric acid
molecule is small in size (its Stokes radius is approximately double that of the water molecule) and
neutrally charged. The transformation from boric acid to borate species explains the increase in
boron rejection as the pH increased (Tu et al. 2011). On the other hand, being a hydrated and
charged species at all pH values, the sodium ion can be efficiently removed by a RO membrane
regardless of operating condition changes (Tu et al. 2011).

Several studies have been dedicated to investigate the impacts of acidic and caustic cleaning on
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Fig. 5 Changes in boron and sodium rejections by the ESPA2 membrane as a consequence of
acidic (citric acid, CA) or caustic (NaOH) cleaning. Unless otherwise stated, the testing
conditions are: pH 8, feedwater contains 0.43 mM B(OH);, 10 mM NaCl, 1 mM
NaHCO;, and 1 mM CaCly; temperature 20°C, permeate flux 20 LMH, cross-flow
velocity 42 cm.s™

the separation efficiency of NF/RO membranes. Although using different membranes and different
targeted solutes, there is a good agreement amongst studies that caustic cleaning would markedly
decrease the rejection efficiency of the membranes, whereas acidic cleaning did not cause any
considerable impacts. Caustic cleaning was reported to decrease the rejection of NDMA (Fujioka
et al. 2013), MgCl, (Al-Amoudi 2013) and carbamazepine (Simon et al. 2012) by various NF/RO
membranes. In this study, the 25-h caustic cleaning with sodium hydroxide (pH 11) resulted in an
approximately 10% decrease in boron rejection, whereas sodium rejection was unaffected (Fig. 5).
The boron rejection loss was consistently observed at various testing permeate fluxes,
temperatures, and pH values, which indicated that the changes were caused by the modification of
the membrane surface. In practice, caustic cleaning is a typical membrane cleaning procedure
because it is very useful to remove many types of foulant (Ang et al. 2006, Li and Elimelech 2004).
The loss of boron rejection efficiency as seen on Fig. 5 may raise major concerns of inadequate
boron level in permeate water produced by aged membrane installations. The decrease in boron
rejection, together with the increase in water permeability (Fig. 4) of the caustic-cleaned
membrane, can be attributed to an increase in the membrane porosity which is caused by an
increased internal charged repulsion (Braghetta et al. 1997). Sodium rejection is unaffected by this
mechanism because the increased internal charged repulsion would help to sustain or even
improve the rejection of hydrated sodium molecules in the solution (Braghetta ez al. 1997).
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Cleaning solution:
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Fig. 6 Changes in boron and sodium rejections by the ESPA2 membrane after membrane
cleaning with SDS solution (pH 11) and SDS solution followed by citric acid solution
(pH 3). Unless otherwise stated, the testing conditions are: pH 8, feedwater contains 0.43
mM B(OH);, 10 mM NaCl, 1 mM NaHCO;, and 1 mM CaCl,; temperature 20°C,
permeate flux 20 LMH, cross-flow velocity 42 cm.s™

Acidic cleaning was reported to cause negligible impacts on the rejection of NDMA (Fujioka et
al. 2013) and MgCl, (Al-Amoudi 2013) by NF/RO membranes. In this study, the 25-h acidic
cleaning with citric acid (pH 3) led to an approximate 10% decrease in boron rejection and 5%
decrease in sodium rejection (Fig. 5). This rejection loss indicates major conformational changes
occurred within the membrane polymer structure. It is noteworthy that such rejection decrease was
coupled with a 10% decrease in water permeability of the acidic-cleaned membrane (Fig. 4). The
concurrent loss of water permeability and solute rejection was reported elsewhere in the literature
(Kang et al. 2007), and was attributed to the transformation from crystalline regions to an
amorphous state of the membrane polymer structure. According to Kang et al. (2007), this
transformation led to a cleavage of the polyamide structure which decreased solute rejection and
created a “soft barrier layer” which was compacted under operating pressure and consequently
resulted in a flux decline. However, FTIR analysis in this study is not adequately sensitive to
detect these changes (Fig. 3) and thus the exact mechanisms accounting for this phenomenon
cannot be verified.

The reported results regarding the impacts of SDS cleaning on the membrane performance are
discrepant and appear to be strongly membrane-dependent (Al-Amoudi 2013, Childress and
Elimelech 2000, Simon et al. 2013a). In this study, the rejections of boron and sodium by the
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SDS-cleaned membrane were comparable to that by the NaOH-cleaned membrane (Fig. 6). This
result implies that SDS itself does not cause any negative impact on the rejection efficiency of the
membrane. The SDS-cleaned membrane had a lower boron and sodium rejection than the virgin
ESPA2 membrane because of the caustic condition as discussed previously (Fig. 5). The
application of an acidic cleaning after SDS cleaning caused a substantial decrease in sodium
rejection and sustained the boron rejection of the cleaned membrane (Fig. 6). This phenomenon
has not been reported in the literature. As previously discussed, the application of citric acid could
remove the adsorbed SDS from the membrane surface. It is hypothesised that this process also
changes the internal pore structure of the membrane, likely the charge within pores which is not
detected by the streaming potential measurement. The decrease in sodium rejection is a result of
the decrease in charged repulsion between sodium molecules and internal membrane pores.
Compared to the NaOH-cleaned membrane, the EDTA-cleaned membrane obtained a
marginally lower sodium rejection (i.e., 5% lower) and a comparable boron rejection (Fig. 7). This
result is consistent with previous studies (Simon et al. 2012, 2013a) which found that EDTA
cleaning in caustic conditions does not cause considerable impact on the separation efficiency of
membranes. However, in contrast with SDS, the application of an acidic cleaning after EDTA
cleaning recovered the rejection of sodium to the level of the NaOH-cleaned membrane (Fig. 7). It
is noteworthy that this sodium rejection was still lower than that by the virgin membrane.

Cleaning solution:
Sodium: —e— NaOH —C—EDTA —&— EDTA then CA

Boron: —#— NaOH —{—EDTA —8—EDTA then CA
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Fig. 7 Changes in boron and sodium rejections by the ESPA2 membrane after membrane
cleaning with EDTA solution (pH 11) and EDTA solution followed by citric acid
solution (pH 3). Unless otherwise stated, the testing conditions are: pH 8, feedwater
contains 0.43 mM B(OH);, 10 mM NaCl, 1 mM NaHCOs;, and 1 mM CaCl,; temperature
20°C, permeate flux 20 LMH, cross-flow velocity 42 cm.s™
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Consistent with the surface analysis results (i.e., charge and hydrophobicity), it appears that the
adsorbed EDTA on the membrane surface has been removed by the acidic cleaning and this
process does not negatively affect the membrane polymer structure.

Impacts of the combined SDS and EDTA in a caustic solution on the membrane performance
have not been reported in the literature, although this mixture was found to be more effective to
mitigate membrane fouling than individually used (Madaeni et al. 2001). In this study, the SDS +
EDTA-cleaned membrane had approximately 8% lower boron rejection than the caustic-cleaned
membrane (Fig. 8), and consequently about 18% lower than that of the virgin membrane (Figs. 5
and 8). Sodium rejection appeared to be unaffected by the SDS + EDTA cleaning solution (Fig. 8).
This impact is different from that caused by separated SDS cleaning and EDTA cleaning, which
implies that there probably are mutual interactions amongst SDS, EDTA, and the membrane
surface when SDS and EDTA are used simultaneously. Because boron rejection is mainly
governed by the sieving effect, the decrease in boron rejection indicates an increase in the pore
size of the SDS + EDTA-cleaned membrane. Nevertheless, this expansion of the membrane pores
could be reversed when an acidic cleaning was subsequently applied, as evidenced by the recovery
of boron rejection (Fig. 8). However, the application of acidic cleaning could not recover the boron
rejection by the SDS + EDTA-cleaned membrane back to the level of the virgin membrane (Figs.
5 and ).

Cleaning solution:
Sodium: —#—NaOH —2—EDTA+SDS —#— EDTA+SDS then CA

Boron: —@—NaOH —0— EDTA+SDS —&— EDTA+SDS then CA
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Fig. 8 Changes in boron and sodium rejections by the ESPA2 membrane after membrane
cleaning with EDTA + SDS solution (pH 11) and EDTA + SDS solution followed by
citric acid solution (pH 3). Unless otherwise stated, the testing conditions are: pH 8,
feedwater contains 0.43 mM B(OH);, 10 mM NaCl, I mM NaHCOs3, and 1 mM CacCl,;
temperature 20°C, permeate flux 20 LMH, cross-flow velocity 42 cm.s™
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Cleaning solution:
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Fig. 9 Changes in boron and sodium rejections by the ESPA2 membrane after membrane
cleaning with MC11 solution (pH 11) and MC11 solution followed by citric acid solution
(pH 3). Unless otherwise stated, the testing conditions are: pH 8, feedwater contains 0.43
mM B(OH);, 10 mM NaCl, 1 mM NaHCO;, and 1 mM CaCl,; temperature 20°C,
permeate flux 20 LMH, cross-flow velocity 42 cm.s™

Boron rejection by the MC11-cleaned membrane was comparable to that of the caustic cleaned
membrane (Fig. 9), which was approximately 10% lower than boron rejection of the virgin
membrane (Fig. 5). A similar result was reported by Fujioka et al. (2013) who found that the
rejection of NDMA — a compound having similar molecular properties to boron, would be
decreased when the ESPA2 membrane was cleaned by MC11. In good agreement with a previous
study result (Simon et al. 2013b), the rejection of sodium by the MC11-cleaned membrane was
equivalent to that of the caustic-cleaned and also of the virgin ESPA2 (Figs. 5 and 9). The acidic
cleaning following the MC11 cleaning did not cause any impacts on boron and sodium rejection,
and thus a 10% lower boron rejection than the virgin membrane still remained (Figs. 5 and 9).

Interestingly, MC3 appeared to be the only cleaning chemical tested in this study which could
recover the decreased boron rejection caused by acidic/caustic solutions, thus preserved boron and
sodium rejections of the cleaned membrane as high as that of the virgin membrane (less than 5%
variation) (Figs. 5 and 10). In other studies, membrane cleaning using MC3 was found to cause
discernable impacts on the rejections of organic compounds and inorganic salts (Fujioka et al.
2013, Simon et al. 2013b). The application of a caustic cleaning after the MC3 cleaning did not
cause any impacts on the rejections (Fig. 10) although this cleaning process causes major changes
on the membrane water permeability (Fig. 4).
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Cleaning solution:
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Fig. 10 Changes in boron and sodium rejections by the ESPA2 membrane after membrane cleaning
with MC3 solution (pH 3) and MC3 solution followed by sodium hydroxide solution (pH
11). Unless otherwise stated, the testing conditions are: pH 8, feedwater contains 0.43 mM
B(OH);3, 10 mM NaCl, 1 mM NaHCO;, and 1 mM CaCl,; temperature 20°C, permeate flux
20 LMH, cross-flow velocity 42 cm.s™

4. Conclusions

Membrane cleaning can substantially alter the hydrophobicity and water permeability of the
RO membrane; however, its impacts on the rejections of boron and sodium are much less. This
finding implies that water and solutes (boron and sodium) transport through RO membranes by
different mechanisms. Different behaviours of boron rejection and sodium rejection were also
observed in some cases (i.e., EDTA, SDS + EDTA, MC3), which underlined the difference
between boron and sodium transport mechanisms through RO membranes. Although the presence
of surfactant or chelating agent may cause some decreases in the rejections, solution pH was found
to be the key factor responsible for the loss of membrane separation and surface properties. Strong
acidic or caustic cleaning, respectively, would decrease or increase the water permeability.
However, the impacts of solution pH on the water permeability could be reversed by applying a
subsequent cleaning with opposite pH condition. On the other hand, the impacts of solution pH on
boron and sodium rejections were irreversible in most cases. The results of this study imply that in
order to minimise the impacts of chemical cleaning on the membrane performance, the cleaning
solution either with or without the addition of surfactant and chelating agent should be used at less
harsh pH conditions where possible. In addition, the strong impact of the cleaning solution on the
water permeability suggests that a typical method to evaluate cleaning efficiency, which is based
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on the water permeability recovery, is of low reliability. A recovery in water permeability after
membrane cleaning can be observed even when the fouling layer is not thoroughly removed,
which may cause more severe fouling afterwards.
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