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ARTICLE INFO ABSTRACT

Keywords: When humic substances (HS) are present in the feed water, fouling of ion-exchange membranes is inevitable

EDR despite the built-in self-cleaning process of electrodialysis reversal systems (EDR). When Ca®" is present in water,

Anion exchange membrane HS can readily chelate with them and form organic-Ca?* complexes, which can foul anion exchange membranes

rs:irzzisf;ilcl:f Interactions (AE.MS) in an irreversible manner. However, the elucidation of distinct processes between membrane scaling by

Calcium ion Ca®" and fouling by HS-Ca®* complexes is debated. We examined the AEM fouling by Ca®* and HS using syn-

Ternary complexes thetic groundwater. Well-characterized Sigma-Aldrich humic acid (HA) was used to adjust the dissolved organic
carbon content in the water. Forcefully fouled AEM by HA and HA-Ca?" was treated with 2% (w/w) NaCl and
0.03% (w/w) sodium dodecyl sulfate to destabilize the organic moieties on the membranes. The bonding types of
HA-Ca®" and HA with the membrane were examined by vibrational spectroscopy. The surface topographies were
visualized by scanning electron microscopy. Both inter- and intramolecular interactions, including hydrophobic
cation- interactions among HA-Ca2* complexes, were active in membrane fouling. Size compatibility and
reduced surface charge of HA-Ca?" (compared to HA) seems to alter the AEM self-cleaning process leading to
irreversible fouling. Based on the vibrational spectral evidence, a plausible AEM fouling mechanism by HA-Ca®*
is proposed. Identification of interactions between the membrane and the foulant will provide an insight into
designing appropriate self-cleaning protocols in EDR.

1. Introduction

Dissolved organic matter (DOM), consisting of humic substances
(HS), polysaccharides, proteins etc., is ubiquitous in natural waters. Its
concentration typically ranges between 0.1 and 10 mg L™! [1,2]. HS is
operationally classified as (a) humins (MW: 100-10 000 kDa, acid-base
insoluble fraction), (b) humic acids (HA) (MW: 10-100 KkDa,
acid-insoluble and base soluble fraction), and c) fulvic acids (FA) (MW:
1-10 kDa, acid and base soluble fraction) [3]. HS possess heterogeneous

cross-polymeric arrays of aromatic, cyclic and aliphatic organic struc-
tures formed during humification [3, 4]. The aliphatic and aromatic
carboxyl (-COOH), hydroxyl (-OH), alkoxy (R-O-R,-O-R) as well as
aliphatic carbonyl (-CO-) groups are most common in FA and HA frac-
tions [5,6]. Chelation of DOM and metal ions occurs at carboxylic and
phenolic groups via inner or outer-sphere complexation.
Physico-chemical properties of DOM moieties seem to change upon
metal ion complexation [7]. Hence, particular attention should be paid
to elucidate the mechanisms of metal ions-DOM interactions in
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Table 1
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Solution properties of 2% (w/w) NaCl and 0.03% (w/w) SDS desorption solutions at RT before and after the equilibration with fouled AEMs.

2% (w/w) NaCl solution

0.03% (w/w) SDS solution

pH DOC (mg/L) Ca®* (mg/L) EC (mS/cm) pH DOC (mg/L) Ca* (mg/L) EC (uS/cm)
Initial 6.24 + 0.13 0.00 + 0.00 - 18.21 + 0.89 3.88 + 0.03 70.21 + 15.91 - 104.57 + 13.55
Final (HA) 5.76 + 0.33 0.19 + 0.30 - 18.18 + 0.91 3.87 + 0.05 0.08 + 0.14 - 207.83 + 15.65
Final (HA-Ca*") 6.05 + 0.06 0.64 + 0.33 0.08 + 0.04 18.14 + 0.85 3.86 + 0.03 0.33 + 0.47 - 217.80 + 41.29
Final (Virgin) 7.08 + 0.03 0.00 =+ 0.00 - 18.23 + 1.02 3.86 + 0.06 0.00 + 0.00 - 214.6 + 10.53

designing effective water treatment technologies, e.g., coagulation,
flocculation, membrane separation [7-9].

Ion exchange membranes (IEMs) used in electrodialysis reversal
(EDR) systems, viz. anion exchange membranes (AEMs) and cation ex-
change membranes (CEMs), enrich anions and cations into separate
compartments. The negatively charged HS permeates through AEMs.
EDR technology uses a self-reversal process to clean membrane surfaces
periodically. However, HS can foul membranes, irrespective of the EDR
self-cleaning cycle, and the exact fouling mechanism has not been
resolved yet [10]. HS can also trigger other geochemical processes like
precipitation, aggregation, complexation, etc., enhancing membrane
fouling. The membrane fouling by HS mainly depends on hydropho-
bicity, functional groups, surface roughness, nano-channelling, solution
pH, macromolecular structure, and molecular weight of HS fractions [8,
9]. Membrane fouling typically occurs via inter-and intramolecular
bonding and the foulant-foulant interactions also intensify the degree of
membrane fouling [12,13].

Both HS and inorganic colloids possess pH-dependent charge sites,
and they interact with the membranes forming electrostatic (reversible
fouling) or chemical bonds (irreversible fouling). IEM fouling by amino
acids [11], tannins [14], sulfonated resins [15], or sodium dode-
cylbenzene sulfonate [16] has been extensively examined considering
electrostatic attractions between foulants and the membrane sites. The
reversibly fouled membranes can be restored using cleaning cycles with
appropriate cleaning agents [10]. However, dissolved HS (e.g., humic
acids and fulvic acids) can form ternary complexes with metal ions and
membrane surface sites (e.g., membrane-HS-M>t/ 3+), leading to irre-
versible fouling. Both inter and intramolecular interactions play a
pivotal role in the membranes’ irreversible fouling [17]. To the best of
our knowledge, research into an in-depth investigation of the IEM
fouling mechanisms by HS-M2*/3*-membrane ternary complexes,
especially due to Ca®" or other abundant cations (M2/3%) in water, is
scarce.

Ca?* is ubiquitous in hard water, which can deactivate the mem-
branes by scaling. However, in the presence of organic chelates, irre-
versible fouling may occur with an inconclusive mechanism. In this
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work, we examined the membrane fouling mechanisms by HA-Ca%*
complexes using synthetic water. Well-characterized Sigma-Aldrich
humic acid was used to represent the DOM in the water. The fouling
mechanism of the AEMs by ternary complexes was resolved by Attenu-
ated Total Reflectance Flourier Transform Infrared (ATR-FTIR) spec-
troscopy and Scanning Electron Microscopy-Energy Dispersive X-Ray
Spectroscopy (SEM-EDX). Vibrational spectral signatures of HA-fouled
and HA-Ca?"-fouled membranes were used to identify the impact of
Ca?* in HS-M?*/3*.membrane complex formation.

Salt solutions are capable of detaching foulants interacted electro-
statically with membranes by destabilizing them. For example, Persico
et al. (2017a, b) used NaCl as a desorption solution to remove peptide
fouling from CEMs. They explained that, positively charged peptides
interacted electrostatically with negative sulfonate sites of CEMs can be
desorbed with NaCl [11,18]. Similarly, sodium dodecyl sulfonate (SDS)
is used as a desorption reagent to desorb hydrophobically adsorbed
substances from a surface [19]. In this study, a sequential desorption
was also carried out for fouled membranes, first by a 2.0% (w/w) NaCl
solution and then by a 0.03% (w/w) SDS solution, to reveal the recovery
of the membranes. The extensive investigation of the IEM fouling in-
teractions by HA in the presence of Ca%t suggested seeking for appro-
priate pretreatment methods to exempt DOC-Ca®* present in
groundwater to enhance membrane durability of the EDR systems.

2. Materials and methods
2.1. Ion exchange membranes

CJMA-4 (anion exchange) and CJMC-4 (cations exchange) IEMs
were purchased from Hefei ChemJoy Polymer Materials Co. (China).
The membranes were built on polyvinylidene fluoride (PVDF) matrix
with quaternary ammonium (— —Nt(CH3z)3)or sulfonate (— —
SO3 ) groups for the AEMs, or CEMs fabrication. The AEM character-
ization data are summarized in Table S.1 (Table 1 support documen-
tation). According to the specifications given by the manufacturer, new
membranes were soaked in distilled water for conditioning.
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Fig. 1. Conductivity (mS cm Y vs fouling period (min) plot of feed solutions containing (a) Sigma-Aldrich humic acid (~2 mg L1, TOC), 0.001 M NaCl and 0.001 M
NaHCO3 at pH ~8 (HA) and (b) Sigma-Aldrich humic acid (~2 mg L~%, TOC), 0.001 M NaCl, 0.001 M NaHCO3 and CaCl,.2H,0 (~200 mg L7}, ca?) at pH ~8
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Fig. 2. Variation of desalination (D%), decolourisation (A%) and removal of DOC and/or Ca?t (Rpoc%)/ (Rca2*%) as a function of feed solution cycles in the
presence of HA (~2 mg L™, TOC, 0.001 M NacCl and 0.001 M NaHCOs at pH ~8) or HA-Ca" (~2 mg L™}, TOC, 0.001 M NaCl, 0.001 M NaHCO3 and ~200 mg L2,

Ca?* at pH ~8
2.2. Chemicals

Unless otherwise specified, analytical grade chemicals were pur-
chased from Sigma-Aldrich (USA). Potassium hydrogen phthalate was
used to calibrate the Total Organic Carbon (TOC) analyzer for DOC
measurements. ~2 mg L' HA and HA-Ca®" solutions were prepared
using Sigma-Aldrich humic acid. Distilled water was used in all experi-
ments (JP Selecta AC-L4, Greece). The chemical and physical properties
of well-characterized Sigma-Aldrich humic acid are summarized in
Table S.2.

2.3. Fouling experiments

Preparation of the feed solutions: The feed solutions were prepared to
mimic groundwater conditions as detailed elsewhere [20]. A1 L of ~2
mg L%, TOC HA feed solution was prepared by mixing 0.0056
(£0.0001) g of Sigma-Aldrich humic acid in 0.001 M NaCl and 0.001 M
NaHCOs. A1 L of ~2 mg L™}, TOC HA-Ca?* feed solution was prepared
by mixing 0.0098 (+0.0001) g Sigma-Aldrich humic acid and 200 mg
L~! CaCl,.2H,0 in 0.001 M NaCl and 0.001 M NaHCOs. Both solutions
were stirred for 24 h using a magnetic heating stirrer at 550 rpm speed at
22°C and pH 11.44. The resultant solutions were filtered through PES
membrane filters (0.45 um) to yield dissolved HS fractions. The initial
pH of the feed solutions was adjusted to 8 with the 1 M HCI.

EDR setup: The EDR membrane stack system was purchased from
Hefei ChemJoy Polymer Materials Co. (China). Fig. S.1 (Fig. 1 support
documentation) shows the stack assembly, and Table S.3 shows the
specifications. A regulated DC power supply (LODESTAR; LP300SD) was
used to apply the required potential across the EDR cell. The pH (pH
probe; Orion 910003, U.S.A) and conductivity (conductivity cell probe;
Orion 013010MD, U.S.A) in dilute and concentrate chambers were
monitored with time using a multiparameter meter (Thermo Orion
A325, USA). The TDS of the solutions were calculated using built-in
functions in the multiparameter. The pH of the dilute and the concen-
trate chambers was adjusted to ~8 with 1 M NaOH or 1 M HCI. Dilute,
concentrate, and the electrode rinse solutions (ERS) was pumped to the
EDR system using a 4-way variable speed peristaltic pump (Lead fluid;
WT600S) at 0.3 L min ! flow rate. The initial volume for all three input
solutions was applied as 400 mL in each batch. Before starting an
experiment, each chamber was circulated with new solutions for around
5 min to eliminate air bubbles from the system. For a typical fouling
experiment, the treatment time was ~40 min at ambient temperature.

Analytical methods: The DOC content of the samples was measured by

TOC analyzer (Shimadzu TOC-L CSH/CSN, Japan), Ultraviolet absor-
bance at A 254 nm was measured using Ultraviolet-Visible (UV-Vis)
spectrophotometer (Shimadzu UV-2700), and the calcium ion concen-
trations were measured by flame Atomic Absorption Spectrophotometer
(Shimadzu AA-7000, Japan). The desalination efficiency (D, %) of the
feed solutions of each batch was calculated using Eq. 1 [21], where
60 and o are electrical conductivity (mS cm™!) at t = 0 and t respectively
in the dilute compartment.

0o — Ot

D= x 100% (€8]

0o
The decolourisation efficiency (A, %) of the feed solutions in each
batch was calculated by Eq. 2 [22], where Ag and A, are initial and final
UVys4 absorbance values of the feed solution at t = 0 and after time t,
respectively.

AO - A(
= % 100% 2
A X b (2

A=

Removal rate (R, %) of HS from the dilute compartment during the
treatment of each batch was calculated according to Eq. 3 [23], using
the initial DOC concentration (Cp) in mg L)) and the final DOC con-
centration (Cdn mg L™1). The calcium ion removal rate was calculated
using the initial and final Ca?" concentrations (mg L) for the HA-Ca*
feed solution.

C

R= C—‘ x 100% 3

0
2.4. Desorption experiments

The AEM was disassembled from the EDR system and dried in a
desiccator (Fig. S.2 (a) and (b)). The fouled membrane was cut into
small pieces (0.5 cm x 0.5 cm). Sequential desorption was carried out by
soaking membranes in 100 mL 2.0% (w/w) NaCl for 24 h while stirring;
then, the membrane pieces were soaked 100 mL of 0.03% (w/w) SDS
solution for 24 h while stirring. EC, pH, DOC and Ca?" concentrations of
desorption solutions were determined. Fouled and desorbed membranes
were then analyzed using SEM-EDX (EVO 18; ZEISS, Germany) and ATR-
FTIR (UATR two; PerkinElmer, USA).
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Fig. 3. High-resolution SEM images illustrating surface morphology of (a) activated AEM after immersing the virgin membrane in 0.001 M NacCl for 24 h, (b) AEM
fouled by HA and (c) AEM fouled by HA-Ca?*. Aggregated HA-Ca?" foulants on/in AEM pores are labeled, (d) 2% (w/w) NaCl desorbed, HA fouled membrane and
(e) 2% (w/w) NaCl desorbed, HA-Ca* fouled membrane, (f) 0.03% (w/w) SDS desorbed, HA fouled membrane and (g) 0.03% (w/w) SDS desorbed, HA-Ca?* fouled
membrane. Label A presents recovered AEM pores by desorption and label B shows the remaining foulant after desorption

3. Results and discussion
3.1. Fouling experiments

The initial current flux of the EDR is governed by the concentration
gradient of ions in the interfacial region of the feed side. The direction of
ions’ migration is determined by the potential gradient applied across
the EDR stack. Current flux in the feed solution is enhanced in the
presence of monovalent ions (Na™, CI~, HCO3™) and divalent (Ca2+) ions
with high mobility. These ions are more mobile and selective than other
charged species in the solution [19,20]. Hence, the effect of HS on the
current flux of the EDR is minimal. However, the deposition of HS lowers
the movement of the mobile ions across the AEM, thereby reduces the
current flux. As shown in Fig. 1 (a,b), the degree of AEM fouling by HA
or HA-Ca?* was determined by the conductivity measurements of per-
meates. Within a batch cycle, the conductivity of the permeate has
decreased. The spikes observed during each polarity reversal phase were
due to the mixing of the permeate and the concentrate at
off-specification periods as the solution carried over from the previous
cycle introduces extra conductivity to the next batch.

The solutes/ ions concentration near the membrane surface has
decreased with time; hence the current flux is reduced, creating an ion
deficit interface. At extreme ion deficit conditions water splitting occurs
on the IEM surface generating H" and OH ™~ which results in an enhanced
current flux [21,22]. The water splitting is enhanced significantly on the
surface of HS fouled membranes [27,28]. As a result, the solution pH in
the dilute compartment decreases while showing an opposite trend in
pH variations in the concentrate compartment. Therefore, the feed water
requires pH adjustments to nullify HA protonation or deprotonation.

When HA was used in the feed solution, the inlet pipe between the
AEM and spacer has blocked due to fouling after the fourth cycle in the
batch mode experiment. This was readily visible when the EDR stack
was dismantled (Fig. S.2). However, when HA-Ca" was used in the feed
solution, fouling at the above location (Fig. S.2) was delayed till the
seventh cycle. Hence it is arguable that, when HA is present in the feed,
the AEM fouling occurs more rapidly than HA-Ca* feed solution. AEM
fouling is promoted by the negative charge of the HA [29,30]. However,
when HA-Ca?* is present, the negative charge density of the organic
moiety is reduced due to the complexation of metal ions [7,25,26,33],
delaying membrane fouling.

Fig. 2 (a) and (b) show the decline of desalination and

decolourization removal efficiencies in permeate water when HA and
HA-Ca®" are used in the feed solution due to AEM membrane fouling.
Further, the reduction of the negative charge of HA in HA-Ca®" resulted
in lower DOC removal rates by the EDR membranes (<50%) in com-
parison to HA (>90%). The surface titrations of HA and HA-Ca®* solu-
tions in 0.1 M NaCl showed that the negative charge of the organic
moieties has reduced when Ca?* is present (Supplementary data). When
HA-Ca" is present in the feed solution, the Ca?* removal rate by the
AEM was increased from batch 1 to batch 7 (Fig. 2 (b)). The Ca?t in the
feed solution can remove in several ways; in one way, Ca>" can be
removed by CEM; alternatively, HA can form HA-Ca?" complexes that
AEM can remove. Thus, free Ca?" facilitates the bridging of HA onto
membrane sites, providing preferred alignments for hydrophobic
bonding between the HA moieties and the membrane surface. Further,
Ca?* attached membrane sites can serve as nucleation sites to form
inorganic scalants like Ca(OH),.

3.2. Desorption study

EDR self-reversal process and the chemical washing are ineffective
for irreversible membrane fouling. The fraction of irreversible foulants
on AEMs can be determined by sequential desorption experiments. The
cleaning of the fouled membrane was carried out with 2% (w/w) NaCl
and 0.03% (w/w) SDS, and the solution properties of the desorbed so-
lutions are shown in Table 1. When the virgin membranes were des-
orbed with 2% (w/w) NaCl, the increased solution pH was ascribed to
OH ™ and Cl™ exchange. However, when the fouled membranes by HA or
HA-Ca?* were desorbed, the solution pH was decreased by detaching
protonated HS from the membrane.

Further, the desorbed HA had a higher quantity of protons (-COOH,
pH 5.76) compared to HA-Ca" (pH 6.05) indicating Ca®" complexation
(-COO~-Ca®*" in carboxyl sites). The NaCl treated HA-Ca*" fouled
membrane contained high DOC content due to high fouling intensity. Ca
(OH); scalants were readily visible in the membranes treated with HA-
Ca®" feed solution (Fig. S.3). The density of the scalants diminished
upon the NaCl treatment due to Ca(OH), dissolution. Enhanced mem-
brane scaling in the presence of HS in the feed solution is reported
previously [34]. SDS is a well-known cleaning agent used to destabilize
hydrophobic foulants [11]. The pH of the solution after SDS treatment
did not vary significantly; however, the EC was increased. Importantly,
as can be depicted by data the amount of HS-Ca®" removal by SDS was
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Fig. 4. FTIR-ATR spectra of virgin, HA fouled and HA-Ca?* fouled CJMA-4 AEMs at (a) high frequency (v, 4000-2500 cm ™) and (b) low frequency (v, 1800-400
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formations (v, 1515-1145 cm 1), C-GC stretching (v, 1090-900 cm ') and CH, bending (v, >800 cm ) vibrations to illustrate peak shifts due to membrane-foulant
interactions. (c-e) De-convoluted spectral regions illustrating foulant features of HA-Ca>*, HA fouled membranes and virgin membrane for the range 1720-1660

em™. (f-h) De-convoluted spectral regions illustrating foulant features of HA-Ca>*, HA fouled membranes and virgin membrane for the range 1140-1040 cm

high, indicating enhanced hydrophobicity of the foulants by cation-n
bridging interactions. The IR data suggested that the foulants could be
diminished from the membrane surfaces to some extent by cleaning
agents. Still, the membrane functionality cannot be restored (Section
3.3). The increased EC values of the NaCl and SDS solutions treated by
virgin membrane were not due to carbon-derived materials. The SDS
adsorption on the virgin AEM has decreased the solution DOC content
from 70.21 to 0.00 mg L. Increased EC after the SDS desorption is due
to the desorption of HA and complexed Ca®* ions.

3.3. Characterization of the fouled and desorbed membranes

SEM-EDX analysis: SEM images and EDX elemental data of virgin,
fouled and desorbed AEMs are used to identify the surface morphology
of fouled membranes after chemical cleaning. As shown in Fig. 3 (a), the
pores of the virgin AEM membrane have widened upon the NaCl treat-
ment thus facilitating the ion exchange. The elemental composition of
the NaCl treated virgin membrane shows surface-bound Cl. Compared to
virgin membrane, the NaCl treated membranes, the 0% was decreased
by 2.05%, and Cl% was increased by 2.71%, indicating the substitution
of CI” to OH™ (Table S.4). As observed in Fig. 3 (b) and (c), both

-1

foulants seemed to accumulate within the AEM pores. Quaternary amine
functional sites are located within the pores [35]. Therefore, initiation
and establishment of membrane-foulant interactions should occur
within pores, which cause severe irreversible fouling with humic sub-
stances. The EDX data of the HA and HA-Ca?' fouled membranes
showed an increased O content compared to the virgin membrane (for
HA; from virgin 2.05% to fouled 6.15% and for HA-Ca®*; from virgin
2.05% to fouled 6.07%). The appearance of the sulfur peak suggests the
presence of HA as the foulant. As seen from the SEM images, HA-Ca%*
fouling covered 33.90%, and HA fouling covered 30.74% of the mem-
brane surface. The fluoride content on HA-Ca?" fouled membrane sur-
face was reduced significantly (from 37.75% to 34.45%) than HA,
indicating high coverage by HA-Ca*. The intense fouling of the mem-
brane by HA-Ca®* may block the passage of the electron beam of the
SEM into the membrane surface, which may be the reason for the
reduced F content.

The observed surface morphologies of HA fouled AEM, and HA-Ca®*
fouled AEM are different (Fig. 3 (b) and (c)). The HA-Ca%" foulant
showed relatively large aggregations compared to that of the HA fouled
membranes. The size of HA aggregates in the presence of multivalent
cations and at different solution pH values were reported in the
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Fig. 5. ATR-FTIR spectra of 2% (w/w) NaCl and 0.03% (w/w) SDS desorbed fouled membranes. (a) High (v, 4000-2500 cm 1), (b) mid (v, 1800-1300 cm 1) and (¢)
low (v, 1400-500 em™h) frequency spectral regions of HA-Ca" fouled membranes. (d) High (v, 4000-2500 cm’l), (e) mid (v, 1800-1300 cm™Y) and (f) low v,

1400-500 cm ™) frequency spectral regions of HA fouled membranes.

literature [30]. In agreement with the published data, HA readily un-
dergoes aggregation due to inter- or intramolecular bridging by Ca**
[36].

As shown in Fig. 3 (d) and (e), the NaCl solution was ineffective in
removing HA derived foulants completely from the AEM due to the
incomplete destabilization of surface adhered organic moieties. The
NaCl treated membranes showed widened pores due to stripping of
electrostatically retained foulants. The SDS desorption should remove
foulants that are hydrophobically attached to the membrane [8,31].
After the SDS treatment, the fouled membranes were not recovered
markedly. Instead, we noted SDS self-fouling zones on the membrane
(Fig. 3 (f) and (g)). Recent evidence shows that SDS itself can act as a
foulant [32-34]. In the presence of SDS, membrane fouling by HS was
not readily apparent. SDS may interact with hydrophobic regions of the
membrane or with surface-bound HS after the NaCl treatment. However,
SDS accumulation intensity was comparatively higher for HA-Ca?*
fouled AEM membranes, indicating the replacement of HA-Ca2* by SDS.
EDX results showed that the SDS desorbed fouled membranes have a
noticeable increase in the S content as compared to the virgin mem-
brane. This is due to the secondary fouling of partially fouled mem-
branes by SDS. The interactions of SDS and AEMs were further
characterized using ATR-FTIR.

ATR-FTIR analysis: Membrane fouling initiates via membrane and
foulant interactions. The foulant-foulant interactions intensify the de-
gree of membrane fouling [13]. We used vibrational spectroscopy data
to elucidate molecular interactions between HA and HA-Ca®" with the
AEM. To identify membrane fouling by HA in the presence of Ca?*, the
fingerprint and functional groups regions of IR spectrums, and
de-convoluted bands for COO~ and *N-C vibrations at 1720-1560 cm ™!,
and COOH vibrations at 1140-1040 cm™! were used (Fig. 4). FTIR
spectrums at high (v, 4000-2500 em™Y), mid (v, 1800-1300 cm ™) and
low (v, 1400-500 cm ™) frequency regions of 2% w/w NaCl and 0.03%

w/w SDS treated HA fouled and HA-Ca?* fouled membranes are shown
in Fig 5.

O-H and C-H stretching vibration region (~3670-2850 em™D): As
shown in Fig. 4 (a), the IR band around 3382 em~! due to H-bonded
O-H stretching vibration (v(o-11)) has widened due to v(o.n) of phenolic or
carboxyl groups indicating the appearance of the HA/HA-Ca*" foulants
on the AEM surface. The redshift of the O-H stretching vibration region
(Av ~38 cm™!) observed for fouled membranes by HA or HA-Ca%"
compared to the virgin membrane, is ascribed to the H-bonding between
water and bound F in PVDF sites, and the foulants’ carboxylate and
phenolate groups. Similar red shifts have been reported in literature [35,
36]. The v(o.y band resulted from both the HA and HA-Ca®" fouled
membranes have narrowed and reduced the intensity upon NaCl and
SDS treatments (Fig. 5 (a), (b)). The desorb solutions destabilized fou-
lants adhered to the outer-most surface facilitating their desorption [8,
31,37]. However, the intensity of the v(o.y) band in the HA-Ca®* fouled
membrane only reduced with NaCl but not with SDS, showing
strengthened irreversible hydrophobic interactions of inner-most
fouling layers on the membrane (Fig. 5 (b)). The broadening of CHy
symmetric band (vcn) sym) at 2960.7 em™! compared to the virgin
membrane is attributed to the appearance of aromatic C-H [36,38,40].
The v(c 1) sym band of HA or HA-Ca?" fouled membrane has blue shifted
(compared to the virgin membrane) by Av 14.9 em™! or 11.0 em ™},
respectively due to hydrophobic CH-r interactions (Fig. 4 (a)). The C-H
stretching at 3029.8 ¢cm™!, attributed to PVDF membrane H-C-N*
groups showed red shifts after HA fouling by Av 1.3 cm™! and after
HA-Ca?* fouling by Av 0.7 cm ™. These shifts are due to the electrostatic
interactions between the membrane and the foulant. Therefore, the data
suggested the existence of less electrostatic interactions for HA-Ca%*
complexes due to their comparatively less negative surface potential
after Ca®* chelation [44,45]. NaCl and SDS desorption have reduced the
intensities of the peaks in this region, indicating deteriorated membrane
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surface features while appearance of SDS features upon the desorption
by the SDS solution (CH; at 2966 em!

3023 cm™,

CHs (Ve ) sym) at 2851 cm ™
cm ) [46] (Fig. 5). Intense SO, asymmetric IR bands (Vs02) asym)
appeared at 1169 cm ™! and 1232 cm™?

(VcH) sym)> CH2 (V(c.H) asym) at
and CH3 (V(c.H) asym) at 2923

and the symmetric band (v(so2)

sym) at 1074 em !

confirmed the SDS-induced fouling after the foulant
desorption. Vibrational data observed from the desorption study
revealed that the membrane functionality cannot be restored by chem-
ical cleaning because the foulants have destructed the membranes
irreversibly. Enhanced irreversible fouling by HA-Ca?" was previously
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hypothesized by our team to explain the failure in self-reversal mecha-
nisms to purge the foulant from the AEM surfaces [10].

C=C stretching vibration region (~1720-1560 cm™Y): The de-
convoluted peaks of the C=C stretching vibrational region shown in
Fig. 4 (¢)-(e) for HA-Ca®" fouling, HA fouling and virgin membrane,
respectively, varied markedly. Accordingly, the broad "N-C stretch
(V(:N.0)) of quaternary amine functional sites at 1646.1 cm ™' and the
C=C stretch (vc=c)) at 1613.61 cm ™! observed in the virgin membrane
can be attributed to the incomplete addition of quaternary ammonium
functionalities to the PVDF polymer during membrane manufacturing
[34]. Upon fouling, these peaks are shifted due to electrostatic and hy-
drophobic interactions between the membrane and the foulant. Strength
of the v n.c) was affected by the degree of electrostatic interactions;
thus, a higher red shift of Av 7.3 cm™! was observed for HA fouled
membranes compared to the red shift of Av 2.2 cm ™! for HA-Ca*, which
signifies the reduced negative charge density on HA-Ca2'. The V(c=C)
provides insight into the hydrophobic -t donor-acceptor interactions as
well as cation-r interactions. Broad and blue shifted peak at Ay 2.3 cm ™
for yc—cy of HA-Ca®>" indicate the accumulation of HS via cation-n
bridging interactions (Fig. 6). Therefore, enhanced fouling by mem-
brane-HA-Ca2* ternary complexes can be observed in ATR-FTIR data.
This notion supported the accumulation of foulants on the membrane
surface via foulant-foulant interactions. In contrast, the HA fouled
membranes showed a red shift of Av 4.3 em™! for yc—c) due to mem-
brane C=C bond weakening upon electrons acceptance from n-donors of
the HA.

CHj and CHs deformations (~1515-1145 cm L): Dispersive forces
among the membrane and the foulant have caused blue shifts for the
deformation band corresponding to CHy in-plane bending or scissoring
(1335.9 cm ™! by Av 0.5 cm™! for HA, by Av 1.8 cm™! for HA-Ca?")
(Fig. 4 (b)). Higher blue shift recognized for the HA-Ca®* fouled
membranes confirmed significant CH-donor-acceptor hydrophobic in-
teractions between the membrane and the foulant. Red shifts observed
for C-H deformations of H-C-N" supported the electrostatic interactions
described previously (Fig. 4 (b)).

C—C stretching vibrations and C-C-C skeletal vibrations (—~1090-900
cm™)): The intensification of the C-C stretching vibrations (vc.c)) at
1072.4 and 1056.3 cm ™! and the C-C—C skeletal vibration (V(c-c-¢y) band
(596 cm 1) observed after fouling is due to the HA accumulation on the
membrane surface. Further, the de-convoluted peaks for v(.c) showed
blue shifts after HA, and HA-Ca" fouling and the shifts are illustrated in
Fig. 4 (f)—(h). The shifts are due to the London dispersive van der Waals
interactions between the polymeric membrane backbone and the fou-
lant. Moreover, there was no significant effect of Ca* on these in-
teractions as there were no marked changes to the transmittance peaks
between membrane-HA and membrane-HA-Ca®* complexes.

Foulant structural features: The appearance of new bands after mem-
brane fouling can be ascribed to foulant features. One such feature is the
C-O stretch of carboxyl groups (v(c-0) coon) at 1121.2 em™! for the HA-
Ca?* and at 1120.9 cm ™! for the HA as shown in Fig. 4 (f) and (g),
respectively. A noticeable high frequency for v(c.0) coon of HA-Ca2* is
due to the strengthening of the C-O bond due to inner-sphere Ca2* co-
ordination as shown in Fig. 6 [7,41-43]. Further, the cat complexation
to HA was supported by the shift obtained for COO™ stretching vibra-
tions (V(coo-)). The v(coo-) band observed for HA-Ca®* was blue shifted
by Av10.0 cm ! compared to HA fouled membrane (Fig. 4 (c) and (d)).
The appearance of a C=0 stretching band of carboxyl groups (v(c=0)
coon) at 1726.1 ecm™! for the HA-Ca®* and at 1724.0 cm ™ for the HA is
identified as a foulant feature and shown in the supporting documen-
tation (Fig. S.4) [40,47]. The aromatic C=C stretching in the 1658-1647
cm ! [49] region was also identified as a new feature to the spectrum,
which further confirmed the presence of HS on the AEM surface.

3.4. Postulated mechanism of membrane fouling by HA and HA-Ca®*

Based on the results presently shown and in corroboration with
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published data [11-13,24,46-49], a plausible mechanism for membrane
fouling by HA and HA-Ca%" is proposed (Fig. 6). Literature data show
the formation of Ca?* and dissolved organic carbon complexes, namely
HA-Ca®" and FA-Ca?" at typical groundwater pH conditions (6.36-9.87)
[15,25,26,48-52]. This study specifically focused on the effect of
incorporating Ca®" into HA and observed physiochemical changes that
occurred when HA-Ca®" complexes participated as the foulant for
EDR-AEMs. Our vibrational spectroscopic data confirmed the electro-
static double-layer interactions of HA or HA-Ca®* with the AEM surface.
Fig. 6 illustrates the formation of the electrostatic double-layer in-
teractions. Further, possible hydrophobic interactions with non-polar
aliphatic and aromatic portions within the macromolecular structure
of HA and polymeric backbone structure of the membrane surface were
also considered when postulating the mechanism.

As shown in Fig. 6, part of the HS’s negative charge is reduced due to
inner-sphere Ca®" complexation with COO™ sites. This fact predomi-
nantly affects the formation of membrane-HA-Ca®" ternary complexes.
Further free Ca>" present in the synthetic waters forms inter-molecular
bridges and cation-n complexes (Fig. 6) to facilitate HA accumulation.
Therefore, free Ca%* has enhanced the stability of the HA derived fou-
lants on AEM benign to EDR self-cleaning cycle. The HA derived
mechanism of fouling deviates significantly in the presence of Ca%* in
water [10]. The irreversible nature of hydrophobic interactions (i.e.,
CH-r, cation-n, n-1, and dispersive interactions) between HA-Ca®* and
the membrane compared to HA was observed by IR data after the SDS
treatment. Common membrane-foulant interactions irrespective of the
presence or absence of Ca®* were identified as hydrogen-bonding be-
tween membrane-bound water and the HS, CH-r interactions between
CH; of the membrane and n-acceptors, van der Waals interactions be-
tween the hydrocarbon skeleton and the HS, polar-n interactions among
the quaternary ammonium sites and n-donors, and salt bridges due to
ionic interactions between quaternary ammonium sites and negative
functional groups like carboxylate in HS.

4. Conclusions

HA or HA-Ca?" interacts differently with AEM surfaces leading to
partial or totally irreversible membrane fouling. Electrostatic in-
teractions partially account for reversible components of HA and HA-
Ca?* fouled membranes, whereas HA-Ca?* showed irreversible fouling
due to inter-molecular bridging interactions. Although NaCl or SDS
removes outer-most surface-bound organic moieties from the mem-
branes, a total recovery of the membrane functionality was not possible.
SDS desorption allowed demarcation of hydrophobic interactions in the
formation of membrane-foulant complexes. HA-Ca* foulants accumu-
lated via cation-r interactions were mainly desorbed with SDS. SEM and
IR data from the sequential desorption study further suggested the
comparatively high irreversible nature of the HA-Ca?* fouling compared
to the HA fouling. Overall, the results indicated the requirement of an
alternative method for the self-cleaning process in the EDR systems to
combat irreversible fouling that occurs by organometallic complexes.
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