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Hypothesis: Cation exchange membranes (CEMs) are subject to fouling when utilized to desalinate
wastewater from the oil and gas industry, hampering their performance. The kind and extent of the foul-
ing are most likely dependent on the composition of the stream, which in practical applications can vary
significantly.
Experiments: Fouling experiments were performed on commercial cation exchange membranes, which
were used in electrodialysis runs to desalinate solutions of varying composition. The variations included
ionic strength, type of ions, amount of viscosifying polyelectrolyte (partially hydrolyzed polyacrylamide),
presence of crude oil, and surfactants. Performance parameters, like electric potential and pH, were mon-
itored during the runs, after which the membranes were recovered and analyzed.
Findings: Fouling was detected on most CEMs and occurred mainly in the presence of the viscosifying
polyelectrolyte. Under normal pH conditions (pH ~ 8), the polyelectrolyte fouled the concentrate side
of the CEMs, as expected due to electrophoresis. However, by applying a current in the opposite direction,
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the polyelectrolyte layer could be removed. Precipitation occurred mostly on the opposite side of the
membrane, with different morphology depending on the feed composition.
Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
Table 1
Composition of the feed solutions for the electrodialysis experiments.

Experiment Solution
composition

HPAM
polymer

Oily compounds

E1 53.3 mM NaCl – –
E2 53.3 mM NaCl 1.0 g/L –
E3 68.0 mM NaCl 1.0 g/L –
E4* Brackish water

(BW)
1.0 g/L –

E5 BW with 3x
[Ca + Mg]

1.0 g/L –

E6 BW – 2 mg/L crude oil
E7 BW 0.5 g/L 2 mg/L crude oil
E8 BW 1.0 g/L 2 mg/L crude oil
E9 77.0 mM NaCl 1.0 g/L 2 mg/L crude oil
E10 (12) BW 1.0 g/L 20 mg/L crude oil
E11 (4) BW 1.0 g/L 20 mg/L model

emulsion
E12 (5) BW with 3x

[Ca + Mg]
1.0 g/L 20 mg/L model

emulsion
E13 (10) BW (pH = 4.5) 1.0 g/L 2 mg/L crude oil
E14 (11) BW (pH = 2.0) 1.0 g/L 2 mg/L crude oil

* Experiment E4 was performed in duplicate, a and b.
1. Introduction

Polymer-flooding produced water (PFPW) is a by-product of
industrial oil and gas production, especially when viscous poly-
meric solutions are pumped into the underground to increase the
oil or gas recovery. The reuse of PFPW within the same process
may be technically, economically, and sustainably beneficial. For
this, the produced water stream should be at least partially desali-
nated, and electrodialysis is a sound technology to achieve this
objective [1]. However, electrodialysis, as all membrane-based pro-
cesses, is susceptible to suffer from fouling, a problem that ham-
pers its industrial application, especially in the case of treating
produced water with polymer compounds [2].

Among the two types (cationic and anionic) of ion exchange
membranes (IEMs) used in an electrodialyzer, research has sug-
gested that the anion exchange membrane (AEM) suffers most sev-
ere from fouling when desalinating PFPW [3,4] because many
organic compounds in PFPW, including the partially hydrolyzed
polyacrylamide (HPAM) used as a viscosifier, are negatively
charged at neutral pH. These compounds move towards the anode
under the electric field (electrophoresis) and deposit mainly on the
positively charged AEM surface due to attractive electrical interac-
tions [5]. Consequently, the majority of studies have been dedi-
cated to (prevent) fouling on this kind of membranes [6–8].

In this line, one of our previous studies focused on the AEMs [9],
specifically on understanding the influence of the composition of
PFPW on fouling. It was found that the electrophoretically driven
HPAM fouled the membrane and formed a gel layer, leading to
increases in trans-membrane electric potential (TMEP). HPAM
appears to foul the AEM due to two phenomena: adsorption on
the AEM surface and formation of a viscous gel layer at the AEM-
solution interface that hampers the replenishment of ions from
the bulk solution. It was also observed that the presence of Ca2+

and Mg2+ lead to the formation of thick HPAM gel layers, while
the presence of oily compounds had only a minimal effect.

In contrast to AEMs, the fouling by PFPW on cation exchange
membranes (CEMs) has been less studied. Some publications have
reported HPAM gel layers on the surface of the CEMs [3,4,10],
despite the net electrostatic repulsion between the HPAM mole-
cule and the CEM [6]. Fouling by oil and by inorganic precipitants
has also been reported [4,10]. However, it is still not known how
the different components of PFPW interact with the CEM surface
and affect its fouling. Furthermore, the PFPW used in most studies
contained only HPAM, salts, and oil, and have overlooked the fact
that (generally cationic) surfactants are commonly employed
together with the viscous polymer solutions for increasing oil
recovery [11].

Therefore, the objective of this work was to reveal (1) the foul-
ing mechanisms for cation exchange membranes employed to
desalinate polymer-flooding produced water, and (2) how the vari-
ations in the water composition would affect this fouling. Synthetic
feed solutions tested in electrodialysis (ED) setups were varied in
concentrations of mono- and divalent ions (representative for
being present in PFPW), HPAM, a synthetic emulsion of a cationic
surfactant, and crude oil. Furthermore, the pH of the solution
directly influences the electrochemical properties of ion-
exchange membranes and the polyelectrolyte HPAM (including
635
its electrophoretic mobility) [6,12]; therefore, the pH effects on
fouling were also studied.
2. Materials and methods

2.1. Materials

2.1.1. Preparation of solutions
Synthetic solutions resembling PFPW with diverse composi-

tions were employed for each electrodialysis experiment, as sum-
marized in Table 1. The solution composition consisted of either
dissolved sodium chloride (as the only salt) or a brackish water
(BW) matrix (with a more diverse ionic composition), the latter
resembling water from the Marmul field in Oman [13]. BW con-
tained 53.3 mM NaCl, 15.6 mM NaHCO3, 2.51 mM Na2SO4,
0.65 mM CaCl2, 0.46 mM MgCl2, and 0.72 mM KCl [13]. For some
experiments, the ionic composition was further adjusted to assess
the effects of concentrations of specific ionic species and pH
(Table 1).

The solutions with HPAM (MW = 5–8 million Da, 30% hydro-
lyzed) were prepared by slowly adding the polymer to the salt
solution under fast stirring. The obtained mixture was left over-
night under slow stirring and employed within three days of its
preparation.

The concentration of HPAM in the prepared solutions is pre-
sumed to be above the overlap concentration c*, defined as the
concentration at which individual polymer molecules begin to
interact, and inter-molecular crosslinking between two or more
polymers can occur [14,15]. This inference was reached by compar-
ing the results of Bjørsvik et al. [14] with our solutions. These
authors determined c* equal to 4.7 and 132 ppm for HPAM
(MW = 11 million Da, 30% hydrolyzed) solutions prepared, respec-
tively, in distilled water and 85.6 mM NaCl solution. Therefore, for
the highest salinity employed in the present study (77 Mm), c* of

http://creativecommons.org/licenses/by/4.0/
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HPAM has been calculated around 130 ppm, which is much lower
than the concentrations of 0.5 to 1.0 g/L HPAM used (Table 1).

Concerning the oily compounds, two compositions were exam-
ined: one with crude oil and one with a model emulsion prepared
with a cationic surfactant. This kind of surfactant, mostly employed
for flooding in carbonate reservoirs [16], was chosen due to its pos-
itive charge, opposite to that of the CEM. The preparation of the
stock solutions was done following the method defined in [17].
Accordingly, the synthetic emulsion was prepared by dissolving
346 mg (~1 mmol) of cationic cetyltrimethylammonium bromide
(CTAB) in 998 g of brine conditioned at 45 �C. Thereafter, 2.0 g of
hexadecane was added, and the solution was mixed at
14,000 rpm with an IKA T25 Ultra-Turrax (Germany) emulsifier
mixer for 10 min. The oil concentration of this emulsion was 2.0
g/L, so 10.0 mL was needed to obtain 20 mg/L in the feed solution.

For preparing the emulsion with crude oil, 2.0 g of oil was added
to 2.0L of BW at 45 �C, and the mixture was emulsified as described
above. This mixture was let to rest for 24 h, after which the water
phase was recovered, analyzed, and stored as an oil stock solution.
Its oil concentration was 6.5 mg/L, determined via gas chromatog-
raphy after extracting the oil components with hexane [18].

The pH of solutions E13 and E14 was adjusted by adding 1.0 M
HCl. The pH for E13 was set at 4.5 because this is approximately
the pKa for HPAM, which is mainly controlled by the carboxylic
groups in the molecule [19]. The pH for E14 was chosen below
the last known value at which HPAM has a negative zeta potential
[6].

Analytical grade salts (NaCl, NaHCO3, Na2SO4, KCl, CaCl2�2H2O,
and MgCl2�6H2O) acquired from VWR were utilized to prepare
the feed solutions. The polymer used was Flopaam 3230S, kindly
provided by SNF (France). Model emulsions were prepared with
analytical grade hexadecane (Merck, USA) and CTAB surfactant
(Sigma-Aldrich, UK). The crude oil originated from the North Sea
(typical characteristics can be found in [20,21]) and was kindly
provided by Shell.

2.1.2. Six-compartment cell and setup
The experiments were performed in a six-compartment cell

that has been formerly described [22]. The cation-exchange mem-
brane under study, with an effective area of 7.07 cm2, was placed in
the middle of the cell. Four auxiliary membranes, positioned alter-
nately as in an electrodialysis stack, separated the rest of the com-
partments (see Fig. 1). The membranes used in this study were
FujiFilm type 10, provided by FujiFilm Manufacturing Europe B.V.
(The Netherlands), with properties summarized in Table 2. The
membranes are homogenous, so the functional groups listed in
Table 2 are also exposed on their surface. Two L-shaped Haber-
Luggin capillaries filled with a 3.0 M KCl solution were placed on
each side of the test membrane. They were connected through
plastic tubing to two reference Ag/AgCl electrodes (QM711X, QIS,
The Netherlands) that allowed to measure the transmembrane
electric potential (TMEP) across the test CEM. The TMEP was
recorded with an Autolab PGSTAT12 (The Netherlands), which also
controlled the electric current passing through the cell.

As indicated in Fig. 1, four solutions were circulated through the
cell:

� Compartments 1 and 6. 1.0 L of 0.05 M Na2SO4 as the electrolyte
solution.

� Compartments 2 and 5. 1.0 L of a solution with the same min-
eral composition as the feed, as a buffer.

� Compartments 3 and 4. For each, 1.0 L of the solutions listed in
Table 1, becoming diluate and concentrate.

The temperature of the solutions was kept at 25 �C utilizing a
water bath (Julabo SW22). The solutions were pumped through
636
the cell at a rate of 170 mL/min by peristaltic pumps (Cole-
Parmer, Masterflex L/S Digital drive, USA), so the average flow
velocity at the membrane solution interphase was 0.07 cm/s. Their
pH and temperature were monitored with Orbisint CPS11D-7BA21
probes connected to a Liquisys-M pH digital sensor, both from
Endress + Hauser (Germany).

2.2. Methods

2.2.1. Electrodialysis experiments
The electrodialysis experiments were run for 18 h at a fixed cur-

rent density of 28.3 A/m2. The current density represents 45% of
the limiting current density (LCD) for a 53.0 mM NaCl solution,
determined by the Cowan & Brown method [25] (see Fig. S2).
The duration of the experiment was chosen to allow a partial dem-
ineralization (~20%) of the bulk diluate solution.

Once the ED run was finished, the cell was emptied and the test
membrane was carefully recovered and stored (see Section 2.2.2).
The diluate and concentrate solutions were mixed and used as feed
in compartments 3 and 4 to test the potential between the capillar-
ies at different currents. This measurement provided the average
resistance of the solution, which, combined with its conductivity,
allowed to calculate the distance d between the capillaries [26].

The reversibility of the fouling by HPAM was studied through
electrodialysis reversal experiments. They consisted of alterna-
tively desalting solutions with and without HPAM in the compart-
ments 3 and 4 of the cell by switching the direction of the electrical
current.

2.2.2. Membrane analysis
After the ED experiments, the inner compartments of the cell

were emptied, the cell opened, and the membranes withdrawn.
They were carefully placed inside glass recipients, tilted approxi-
mately 45� to avoid any perturbation to the materials recovered.
The membranes were left drying at ambient temperature (23 �C)
for one day, after which they were cut in smaller pieces and stored
until analyzed by the following techniques.

2.2.2.1. SEM/EDX measurements. The scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) were per-
formed in JEOL-6480LV (JEOL Ltd. Japan). The samples were further
dried in a desiccator and gold-coated with a JEOL JFC-1200 fine
coater. Each membrane was analyzed from the two faces and the
cross-section. The samples used for the cross-section images were
prepared by first freezing them in nitrogen [6] and then cutting
them with a scalpel. The EDX was done under 15 kV accelerating
voltage and 10 mm working distance.

2.2.2.2. Raman measurements. Raman spectra were obtained using
a LabRAM HR Raman spectrometer from Horiba Jobin Yvon, with
an mpc3000 laser at 532.2 nm and a Synapse multichannel CCD
detector, as previously described [9]. The analysis was performed
on both faces of the membranes (focusing on the ion exchange
resin and avoiding the supporting fibers), plus some salt precipi-
tates and one grain of HPAM. The foulants were identified by com-
paring the Raman spectra of the fouled membranes with that of the
clean one (E1), as well as with the spectra of an HPAM granule, cal-
cite, and of other salts (brucite, aragonite, etc.).

2.2.2.3. Contact angle. Static contact angles were measured with a
Dataphysics OCA 35 contact angle meter (Germany) using the ses-
sile drop method with 2 ml MilliQ water [5,27]. While the drop was
still hanging from the syringe, the support with the dry membrane
was lifted until the membrane met the liquid. Once the drop was
placed on the membrane and the syringe was withdrawn, a
snapshot was taken. The contact angle was determined from the



Fig. 1. Scheme of the six-compartment cell and setup. The cell uses three cation-exchange membranes (C) and two anion-exchange ones (A) to separate the six
compartments. The cation exchange membrane under analysis is placed in the middle of the cell, sided by two Haber-Luggin capillaries, which allow measuring the TMEP
across the distance d. Adapted from [9].

Table 2
Properties of the cation and anion exchange membranes employed in this study [23].

Membrane property CEM type
10

AEM type
10

Backbone material Acrylamide Acrylamide
Reinforcement Polyolefin Polyolefin
Functional group [24] -SO3- -(CH3)3N+

Thickness dry (lm) 135 125
Area resistance (X cm2, measured in 0.5 M

NaCl)
2.0 1.7

Permselectivity (measured at 0.05–0.5 M NaCl) 99 95
pH stability 1–13 1–13

P.A. Sosa-Fernandez, S.J. Miedema, H. Bruning et al. Journal of Colloid and Interface Science 584 (2021) 634–646
snapshot (Fig. S1), and the procedure was repeated at least three
times at different points in the sample.
2.2.3. Solution analysis
The composition of the solutions was measured before and after

the experiments. Cations were determined via inductive-coupled
plasma optical emission spectroscopy (ICP-OES, Optima 5300DV,
Perkin Elmer). Anions were examined with ion chromatography
(IC, 761 Compact IC, Metrohm). The concentration of carbonate
species was calculated from the inorganic carbon concentration
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measured with a total organic carbon (TOC) analyzer (Shimadzu
TOC-VCPH).

3. Results and discussion

3.1. Analysis of TMEP during ED

The transmembrane electrical potential (TMEP) was monitored
during the electrodialysis experiments. This measurement reflects
the voltage loss due to the multiple resistances: the membrane, the
boundary layers, and a fraction of the two bulk solutions. Since the
distance d between the capillaries varied for some experiments, the
reported values are TMEP/d. The plots thereby obtained were
grouped to identify specific effects, as presented in Fig. 2.

3.1.1. Gel layer in NaCl solution and the effect of ionic strength
Fig. 2A shows the TMEP/d development for E1, E2, and E3. Since

E1 contained only sodium chloride and no foulants, there is no
increase in TMEP. In contrast, for the solution containing sodium
chloride plus 1.0 g/L of HPAM (E2), the TMEP steadily increases
throughout the experiment, probably an indication of the concen-
tration polarization building up. The TMEP dropped on three occa-
sions, but it eventually recovered and continued with its original



Fig. 2. TMEP/d vs. time t of ED runs grouped to show diverse effects. (A) Effect of ionic strength and HPAM. (B) Effect of the mineral composition in the absence of oil. (C) Effect
of mineral composition in the presence of 2 mg/L of crude oil. (D) Effect of increasing the concentration of HPAM. (E) Effect of the addition of crude oil and model emulsion. (F)
Effect of solution pH.
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trend. The drops are thought to be caused by disturbances in the
signal due to polymer conglomerates sticking together between
the capillary and the membrane. Then, once the conglomerate is
removed due to mixing in the cell, the restoration of TMEP occurs
within the same trendline.

The comparison of E2 and E3 in the same figure shows that the
higher the ionic strength, the lower the TMEP. This was expected
since solutions with higher ionic strength have higher conductiv-
ity, which facilitates the transport of electrical current. This obser-
vation indicates that the resistance of the solution contributes
significantly to the TMEP measurement. Previously, Galama et al.
[27] concluded that the membrane conductivity is limited by the
conductivity of the ionic solution when the external concentration
was lower than 0.3 M. A second reason for the lower TMEP could
also be a reduction in the formation of fouling due to the dimin-
638
ished transport of HPAM. This can be explained by the decrease
of the electrophoretic mobility of charged macromolecules when
placed in a solution of higher ionic strength, as in the case of solu-
tion E3 compared to E2.

3.1.2. Effect of mineral composition (with and without oil)
The effect of the different mineral compositions is shown in

Fig. 2B. Although the theoretical ionic strength of E3 was lower
than for E4, their initial conductivities were the same (Table S1),
which explains that the initial TMEP/d was also identical. During
the experiment, the TMEP of the run E4a presented a slight
increase, while that of E4b and E3 remained constant. This was
probably due to a smaller d for E4a (d = 38 and 77 mm for E4b
and E3, respectively), which affected the hydrodynamics in the cell
(a numerical estimation would be only possible by fluid dynamics
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simulations, outside the scope of this article). Still, when more
divalent cations were added to the solution (E5), the TMEP/d also
remained flat during the experiment. This indicates that the min-
eral composition did not influence the concentration polarization
of ions in the diluate side of the membrane, contrary to what
was previously observed for the AEM [9]. It is worth to point out
that during the referred study, the TMEP/d values were above
800 V/m, 20 times higher than was reached for the CEMs.

The analysis of the experiments with different mineral compo-
sition in the presence of crude oil (Fig. 2C), leads to the same con-
clusions. In this case, E9 had the same ionic strength as E8, but its
measured conductivity was higher, which caused the lower TMEP/
d at the start and during the experiment.

3.1.3. Effect of HPAM concentration
Fig. 2D shows that increasing the concentration of HPAM does

not have a significant effect on the TMEP. The TMEP recorded for
the experiments without HPAM (E6) is practically the same as
for the experiments with 0.5 g/L (E7) or 1.0 g/L (E8) of it. This
demonstrates that, for the CEM, the increase in TMEP is caused
only by the concentration polarization on the diluate side and is
not related to the HPAM accumulation on the concentrate side of
the CEM.

3.1.4. Effect of oil addition (crude oil and model emulsion)
Fig. 2E shows the influence of crude oil and emulsion presence

in the feed solutions. Instead of increasing the TMEP as could have
been expected from having an increased variety of organic com-
pounds in solution, the tenfold increase of crude oil (E10) slightly
lowers the measured TMEP. Despite the variations in the final part
of the measurements during E10, the curves suggest that oil pres-
ence mitigates the TMEP development, probably because it dis-
rupts the formation of thick HPAM gel layers.

The comparison between having 20 mg/L of crude oil (E10) ver-
sus having 20 mg/L of hexadecane emulsion (E11) shows minimal
differences. The run with emulsion had a slightly larger TMEP/d,
but besides that, the development during the experiment was
the same. Similar remarks can be obtained from comparing the
experiments containing the synthetic emulsion (E11 and E12).
Although the curves showed marginally different tendencies dur-
ing the first 100 min of the experiment, they leveled and remained
equal all the subsequent time. This indicates that the presence of
oily compounds related to crude oil (>C16 and predominantly
non-soluble compounds) and surfactants, did not affect the TMEP
developments.

3.1.5. Effect of pH decrease
Fig. 2F shows the effect of pH variation in the TMEP/d develop-

ment. Due to the addition of HCl, the conductivity of the feed solu-
tion for E14 solution increased to 11.7 mS/cm (~4 mS/cm above
that of E8), causing a lower TMEP for E14. Still, the development
of the three TMEP curves (E8, E13, and E14) was the same, which
confirms that TMEP measurements were mainly determined by
the conductivity of the solutions. Nevertheless, the pH variation
was expected to cause the partial protonation of HPAM, affecting
its migration and, consequently, the fouling on the CEMs, as will
be presented in the following section.

3.2. Membrane analyses

In general, when HPAMwas present in solution, the membranes
recovered from the cell presented a visible viscous layer covering
one side of the CEM, from now on referred as a gel layer [6,28],
or as ‘‘dried gel layer” since the analyses were performed on dried
membranes. Their analyses are presented by analytical techniques.
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3.2.1. Surface analysis by SEM and EDX
3.2.1.1. Concentrate side. The SEM analysis of the E1 membrane (ex-
posed only to NaCl) did not show any form of fouling, as shown in
Fig. 3. The same figure shows that, when HPAM was present in the
feed solutions (E2), a dried gel layer was found on the concentrate
side, covering the entire surface of the membrane. The side where
HPAM appeared is consistent with the current direction applied in
the cell because the negatively charged polyelectrolyte migrates
towards the anode under the influence of the electric field [6].
Indeed, HPAM gel layers were found on the concentrate side of
all the membranes exposed to HPAM containing solutions. The
EDX of the cross-sections of the membranes did not show salt pre-
cipitates being covered under the HPAM gel layers.

Although SEM is mainly considered a qualitative technique, it
can be used to estimate the thickness of polyelectrolyte layers
placed on top of membranes [29,30]. Therefore, the SEM cross-
section pictures of the CEMs were used to quantify the approxi-
mated thickness of the dried gel layers, as reported in Table 3.
However, it must be emphasized that the overall thickness of the
gel layer on top of the membrane is highly dependent on the
way it was extracted from the cell, on how it was dried, and on
the viscosity of the surrounding solution. The last item becomes
especially significant when the polymer concentration is above
overlap, as in this case, since the HPAM molecules are interacting
and increase the amount of solution withdrawn with the mem-
brane. Still, we report the dried-gel layer thicknesses because they
can be compared against those reported in our previous study for
AEMs [9]. Furthermore, since the experimental work was carried
out by the same team, the methodology differences are minimal.

As presented in Table 3, the maximum measured thicknesses
ranged between 5 and 14 mm. Their variation was small, corre-
sponding well with the similar TMEP profiles described in Sec-
tion 3.1. The reproducibility of the experiments becomes
apparent when correlating the gel layer very well to the properties
of the liquid. When comparing the dried gel layers observed on the
CEMs to those previously observed on the AEMs [9], two main dif-
ferences were noticed. The first is that 4–10 times thicker gel layers
were found on the AEMs (up to 52 mm). The second difference is
that in the case of CEMs, the presence of divalent cations (Ca and
Mg), did not seem to affect the thickness of the gel layers, as
observed for the AEMs. These results are only indicatory, and fur-
ther research is needed to demonstrate the significance and repro-
ducibility of these observations conclusively.

It was observed that the addition of synthetic emulsion (E11)
and crude oil (E8, E10) produced thinner gel layers than for the
experiment without oily compounds (E4). This observation sug-
gests that the oily compounds make the HPAM gel layer less stable,
as was previously proposed for the AEMs [9]. The influence of the
cationic surfactant is thought to be minimal since its molar con-
centration (<0.01 mmol/L) is much lower than the charge of HPAM
in solution (5.62 meq/L) [31]. Moreover, the variations in HPAM
concentration (E7 vs. E8), both above the overlap concentration
(Section 2.1.1), did not cause significant changes in the observed
thickness of the gel layer.

For the experiments at low pH (E13 and E14), no HPAM dried
layer was observed. This lack of layer is likely related to the proto-
nation of HPAM, whose charges become shielded at lower pH, pre-
venting the molecule from migrating under the influence of the
electric field. Furthermore, the low pH also reduces the viscosity
of HPAM solutions, so less solution is recovered together with
the membrane due to the no-slip effect.

3.2.1.2. Diluate side. Salt precipitation is frequently formed on the
concentrate side of the IEMs since it is at this side that the higher
concentrations of ions are reached [2]. However, as presented in
Table 3, most of the membranes displayed precipitates on their



Fig. 3. SEM images from the diluate, concentrate, and cross-section of membranes E1, E2, and E4. The magnifications for the diluate and concentrate asides are 300x, while for
the cross-sections are 600x (the scale bars represent 50 mm, except for the cross-section, where they represent 20 mm). The cross-section image of membrane E2 appears
different because of the way of cutting the membrane, and not due to differences in its internal structure.

Table 3
Summary of the SEM/EDX and Raman results.

Experiment Concentrate side Diluate side

Gel layer observed Max. thickness (mm) Raman identification Type of precipitates Common elements Traces

E1 No BDLa Clean CEM None – –
E2 U 14 HPAM Scarce – Ca, Na, Cl
E3 U BDL NMb Scarce C, O Mg, Cl
E4a U 13 HPAM Plaques CaCO3

c Mg, O
E4b U 4 NMb Scarce Na, O Ca
E5 U 13 HPAM Amorphous Ca, O Mg
E6 No BDL Clean CEM None – K, Cl
E7 U 6 HPAM +Plaques Ca, O Fe
E8 U 8 HPAM +Plaques Ca, O K, Cl
E9 U 12 HPAM None – Na, Cl, O
E10 U 6 HPAM +Plaques Ca, O Mg
E11 U 11 HPAM Plaques Ca, O Si
E12 U 6 HPAM, CaCO3 None – –
E13 No BDL Clean CEM Particulates C, O Na, Cl
E14 No BDL Clean CEM Particulates C, O Si, O

a Below detection limit.
b Not measured.
c Compound identified by Raman. EDX identified Ca and O.
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diluate side, and only when an HPAM gel layer was present on the
opposite side. One might suggest that the precipitates formed by
adhered liquid drying on this side of the membrane, but this option
can be discarded considering previous analyses on CEMs [32]. The
precipitates were more abundant and had different morphologies
than those observed on CEMs recovered after performing electro-
dialysis in a stack [32]. Furthermore, it was found that the precip-
itates presented different morphologies, so they were arbitrarily
classified as plaques, amorphous, or particulates, all exemplified
in Fig. 4. They were also related to specific feed conditions, as will
be further explained.
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The precipitation in the form of ‘‘plaques” (Fig. 4A) appeared
when the solution had a BW composition and HPAM, but no oil
(E4 and E11). Larger ‘‘plaques” (Fig. 4B) were observed for mem-
branes exposed to BW solution plus crude oil (E7, E8, and E10).
The most substantial amount of them was found on the diluate
side of membrane E10, coinciding with the higher concentration
of crude oil. The composition of the plaques consisted mainly of
Ca and O, with some traces of Mg. This particular precipitation
shape was also found on AEMs exposed to crude oil [9], and there-
fore seems to be independent of the electrical surface and field
characteristics, but related to the membrane (pure phase), oil and



Fig. 4. Different fouling precipitates observed for the CEM. (A) Deposits in the form of ‘‘plaques” from the diluate side of E4. (B) Larger ‘‘plaques” on the diluate side of E10. (C)
Amorphous precipitation from E5. (D) ‘‘Particulates” on the diluate side of E13.
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aqueous liquid interfacial interactions of which the exact mecha-
nisms and results thereof in ionic precipitation and crystallization
are somewhat difficult to be interpreted.

The ‘‘particulates” (Fig. 4D) were only spotted on membranes
exposed to solutions with low pH (E13, E14). The EDX analysis
showed that, unlike all the other precipitates, these did not contain
calcium, and only consisted of oxygen and carbon. Since the partic-
ulates only showed up at low pH values (4.5 and 2.0), it could be
that HPAM or other components of the crude oil became proto-
nated due to the acidic conditions, so their overall molecular
charge became less negative (pH 4.5, close to the pKa of HPAM)
[19], or even positive (pH 2.0). This would mean that, under an
electric field, they would not migrate to the anode but even, when
positively charged, towards the cathode, precipitating now on the
diluate side of the CEM. Park et al. also reported fouling on the dilu-
ate side of a CEM caused by a positively charged polymer (poly
(ethylene imine) [33].

By comparing the TMEP curves with the SEM images and the
degree of salt precipitation, it was determined that the salt precip-
itation did not influence the measured TMEP, meaning that the
transport of ions through the membrane was not affected by their
presence.

3.2.2. Raman measurements
Raman spectra were taken on both sides of each membrane, and

the results of the analysis are summarized in Table 3.

3.2.2.1. Concentrate side. Fig. 5 shows the Raman profiled for
selected CEMs, together with that of a clean membrane (E1), and
a clean HPAM granule. The last two served as references for the
rest of the membranes. The profile from the concentrate side of
membrane E2 was much more similar to that of the HPAM granule
than to the clean membrane, which corresponds well with the SEM
observations of an HPAM gel layer covering the CEM (Fig. 3). The
profiles obtained from the membranes of E4a and E8 were also clo-
ser to that of pure HPAM than to that of the clean membrane. How-
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ever, in these profiles, it is still possible to observe some of the
distinctive peaks of the clean membrane, like the one at
1610 cm�1. Either a thinner HPAM layer or discontinuities in the
layers may be causing this. The spectrum of E12 was also a combi-
nation of the profiles of the clean membrane and an HPAM granule,
plus some additional peaks. The ones between 2800 and
2900 cm�1 were identified as belonging to a CEM fiber, while the
peak at 1088 cm�1 was identified as belonging to calcite (calcium
carbonate), which indicates some precipitation also on this side of
the CEM.

The profiles obtained from the low pH experiments (E13 and
E14) did not differ from the reference membrane, indicating that
no significant amount of HPAM nor oil was present on their con-
centrate side.

3.2.2.2. Diluate side. Raman profiles were also obtained for the dilu-
ate side of the CEMs. The only identifications for this side of the
CEMs was a small presence of HPAM on the diluate side of E7,
and the identification as calcite (CaCO3) for one of the precipitates
on membrane E11. This corresponds with the Ca and O composi-
tion identified via EDX. For the rest of the experiments, there were
no deviations from the spectrum of the clean membrane, indicat-
ing small fouling tendency on this side of the CEM, and confirming
that the amount of HPAM solution extracted with the membrane
was too small to be detected by the analytical method.

3.2.3. Contact angle measurements
Fig. 6 summarizes the contact angle measurements for both

sides of the membranes. In general, the contact angles on the con-
centrate side were smaller than those of the reference (E1) and the
diluate side, indicating higher hydrophilicity. For most cases (E3-
E5, E11-12), this observation corresponds with the sides on which
HPAM gel layers were observed and was expected since HPAM is
hydrophilic. On the contrary, when moderated amounts of crude
oil were also added to the solution (E6, E8, E10), the contact angle,
and therefore the hydrophobicity, of the concentrate side



Fig. 5. Raman profiles from the concentrate side of membranes E1, E2, E4a, E8, E12, and from an HPAM granule.

Fig. 6. Water contact angles measured on the diluate and concentrate sides of the recovered CEMs. The colored parts (yellow and green) indicate significant differences (>10%
between the measured contact angle and the reference E1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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increased. This surge in hydrophobicity may be related to oil foul-
ing on the concentrate side: oil in solution can form negatively
charged colloidal structures [8], which would migrate towards
the anode, just like HPAM, and form a film also on the concentrate
side of the CEM. Alternatively, the oil components could interact
with the membrane by hydrophobic interactions, with some oil
molecules even penetrating the membrane matrix and blocking
the ion-exchange sites [2].

Concerning the diluate side, most CEMs presented higher con-
tact angles than the reference: E2, E4 (HPAM-containing), E6 (only
oil), and E10, E13, and E14 (HPAM + oil). The higher contact angle
indicates lower hydrophilicity and coincides with the absence of
HPAM gel layers (see Section 3.2). In most cases, the lower
hydrophilicity also coincides with the presence of precipitation.
Different forms of precipitated crystals can influence surface
roughness, hydrophobicity, and interfacial water tension, which
are reflected when conducting contact angle measurements. In
the case of E6, since no HPAM was present in the feed solution, it
might be that the conditions were favorable for oil components
to penetrate the CEM matrix from the concentrate side. This sug-
gests a complex interaction between HPAM, oil, and ionic
composition.

The contact angles measured for the low-pH experiments indi-
cated different behaviors. For E13, performed at pH 4.5, the diluate
side presented decreased contact angle con the concentrate side
and higher contact angle in the diluate side, very similar to the
general tendencies. This suggests that HPAM at pH close to its
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pKa still migrated towards the anode. On the contrary, the experi-
ment at pH 2.0 (E14) presented high contact angles on both sides of
the CEM. For the concentrate side, the effect can be related to the
reduced activity of HPAM, while for the diluate side, the hypothesis
presented for E6 might also be applicable.

3.3. pH of solutions

The pH of the diluate and concentrate solutions was monitored
during the experiments, and the overall change is shown in Fig. 7.
For all the experiments, there was a measurable change of pH,
which in most cases, was an increase in the diluate and concen-
trate solutions. This is an indication of water splitting. Although
the current density was chosen below the limiting current density
of the least conductive solutions, water splitting could occur due to
concentration polarization on the diluate side of the membrane,
where the concentration of ions is lower [34]. The generated pro-
tons will migrate to the cathode and hydroxide ions to the anode.
Thus, for the CEMs, it is expected that the diluate increases in pH,
and the concentrate decreases. However, the changes were much
lower than the ones measured for AEMs under similar circum-
stances [9].

3.4. Performance evaluation by solution analysis

Considering the current density and the duration of the ED run,
it was expected to remove a maximum of 13.4 meq (1,300C) from



Fig. 7. Absolute pH changes of the concentrate and diluate solutions during the electrodialysis experiments.
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the diluate solution. This is the theoretical number of charge equiv-
alents transported if the desalination efficiency was 100%. How-
ever, the formation of fouling could have affected the coulombic
efficiency. Thus, the CEM performances were analyzed from the
measured changes in the concentration of cations. The average
changes, calculated in charge equivalents for the diluate and the
concentrate compartments, are presented in Fig. 8.

Regarding the change of monovalent cations (sodium and
potassium), the figure shows considerable variations in their trans-
port. Several experiments presented changes greater than the cal-
culation for 100% efficiency (discontinuous line), which is thought
to be caused by the leakage of cations from the adjacent compart-
ments of the cell. Although they were separated by two AEMs, the
permselectivity of the latter is 95% (Table 2), meaning that they
allow the passage of some cations. Then, although the measured
values are affected by this systematic error, they can still be used
to compare the effects of fouling on membrane performance.

Continuing with the evaluation of monovalent transport, Fig. 8
shows that the more extensive transport was measured for the
experiment with a high concentration of oil (E10). Coincidently,
this experiment also presented one of the smallest changes in pH
(Fig. 7). This suggests that since oil disrupts the formation of thick
HPAM layers, there was less concentration polarization and water
splitting, so the transport of Na and K could be higher.

The results for the divalent cations are also included in Fig. 8.
The transport of the divalent cations was, in most cases, propor-
tional to their concentration in the original solution. However,
Fig. 8. Average change of monovalent and divalent anions, presented as charge equivale
(calculated from the applied current and operative time) was 13.4 meq, indicated by the d
can be attributed to a contaminated sample.
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E12 and E14 presented slightly more significant changes in diva-
lent cations. For E12, the higher concentration of divalent cations
in the feed solution helps to explain the higher transport. Still, both
experiments coincide in not presenting an HPAM gel layer on the
concentrate side. Thus, it is suspected that this lower gel layer for-
mation allowed the divalent cations to migrate more. Another
cause could be that, due to electrostatic interactions the mobility
of Ca2+ in the HPAM gel layer is low.

The small change in equivalents for E11 and the high transport
of divalent cations measured for E6 (Fig. 8) can only be attributed
to experimental errors. In both cases, it is likely that the samples
were contaminated when taken out, so the measured equivalents
are not related to the process performance. This can be confirmed
from the measured conductivities of the solutions (Table S1).

3.5. Effect of current reversal

The reversibility of the fouling was evaluated via current rever-
sal experiments. These consisted of desalinating the solutions
inside compartments 3 and 4 in an alternate way. Fig. 9 shows
the TMEP/d profiles obtained for the experiment ran with a feed
solution of NaCl 68.1 mM. Initially, compartments 3 and 4 con-
tained NaCl solution without foulants, which explains the flat
TMEP/d profiles for both current directions (until minute 60).

At minute 60 (1), the solution acting as concentrate is switched
by a solution with the same mineral composition plus 1.0 g/L
HPAM. This would cause the formation of an HPAM gel layer on
nts, in the diluate and concentrate solutions. The theoretical change in equivalents
iscontinuous line (100% efficiency). The low performances measured for E6 and E11



Fig. 9. TMEP/d vs. time for the current reversal experiments with NaCl 68.1 mM. At the beginning of the experiment, the diluate and concentrate consisted of salts solutions
without foulants. At point 1, the concentrate solution was switched for a solution with 1.0 g/L of HPAM. At point 2, this solution was substituted again by the one without
HPAM.
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the concentrate side of the CEM. Still, the TMEP/d did not show any
significant alteration. However, when the current direction was
switched at minute 120, the TMEP/d initiated at a different value
and gradually became more negative peaked at its lowest value
and then stabilized. This indicates that, when the gel layer and
the desalting solution are on opposite sides of the membrane, no
significant TMEP changes occur. When the current direction was
switched, the previously formed gel layer is not immediately
removed by electrophoresis. The TMEP is first low (a) because con-
centration polarization caused an accumulation of ions on this side.
After some minutes of transporting cations in the new direction,
their concentration on the diluate side of the CEM decreases, so
these need to be transported from the bulk solution through the
gel layer that is still in place. The gel layer poses a resistance to
the transport of cations, which causes a spike in measured TMEP
(b). After a short period, the reversed current eventually pulls the
HPAM gel layer away from the membrane due to a combination
of electrophoresis and shear forces, which causes the TMEP to
return to its original value.

At minute 150, when the current direction is switched again,
there was no gel layer forming on the diluate side of the CEM, so
the TMEP stabilizes in a short time. At time 2, the concentrate solu-
tion (containing HPAM) is replaced by the initial NaCl solution
without polymer, but this does not cause any change in TMEP
because the cations are transported from the other side. When
the current direction was switched two more times, the TMEP sta-
bilized in a short period since there was no HPAM in solution form-
ing gel layers.

The experiment running with the BW solution rendered similar
results, so this included in the supporting information (Fig. S4).

3.6. Fouling mechanism

From the above results, we hypothesize the following pro-
cesses. When an electrical potential is applied, HPAM in solution
at moderate pH migrates towards the anode, accumulating on the
concentrate side of the CEMs. The gel layer grows as the process
continues to thicknesses about 10 to 20 fold lower values, as
found for AEM [9]. This confirms that the electric charge of the
membrane has a considerable influence on the degree of fouling
of HPAM. Zeta potential measurements from the literature also
help to explain this difference. On one hand, Chen et al. [35]
showed that the zeta potential of PFPW becomes more negative
with HPAM addition. The zeta potential is negative because
HPAM is a water-soluble anionic polymer. On the other hand,
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Zhao et al. [36] measured the zeta potential of commercial and
house-made cation-exchange membranes and reported all of
them being negative. The negative zeta potentials for both the
membrane and the PFPW indicate that their surface displays a
negative charge, and thus the electrostatic forces between are of
repulsion, which influences the thickness of the gel layer formed
on the membrane.

Precipitation occurred on the diluate side of the membranes,
but only where a gel layer was present on the opposite side. In
electrodialysis, precipitation occurs typically on the concentrate
side of the membrane, where the number of ions increases due
to concentration polarization. This happens because the flux in
the membrane is usually higher than the transport number of ions
in the bulk solutions [37], so the ions emerge from the membrane
faster than they can disperse into the concentrate solution. This
results in a concentration increase at the concentrate-membrane
interface.

However, in all the CEMs from this study, the precipitation
occurred on the diluate side of the membrane, and only when a
gel layer was formed on the opposite side. HPAM migrates and
starts accumulating on the concentrate side of the CEMs as soon
as the electric potential is applied to the cell. With the gel layer
forming on its surface, the Donnan exclusion of the CEM decreased
due to the fouling growth, causing decay in membrane permselec-
tivity [38]. This might have allowed OH─ ions to leak towards the
anode, from the concentrate to the diluate compartment
[34,39,40]. On the diluate side of the CEM, there might be an abun-
dance of calcium ions diffusing through the boundary layer, which
could precipitate with the OH─ in the form of Ca(OH)2. The gener-
ation of OH─ ions by CEM provides conditions for the formation of
scaling [2]. Still, some of the generated OH─ ions reached the bulk
of the diluate compartment, as evidenced by the slight increase of
pH during most of the experiments (Fig. 7).

The increase of pH in both compartments would have also ruled
the carbonate species in solution from the first equilibrium pair
H2CO3/HCO3

─ (pKa = 6.38) to the second one HCO3
─/CO3

2─

(pKa = 10.3). The CO3
2─ generated is also likely to precipitate with

calcium as CaCO3 [41] on the diluate side of the CEM. Considering
that EDX identified Ca and O as the components of most of the pre-
cipitates and that Raman was positive for calcite in very few cases,
it is likely that the precipitation occurred first in the form of amor-
phous calcium carbonate (ACC) [41,42]. With time, this compound
can transform into crystalline calcium carbonate polymorphs [42],
but the process is delayed by the presence of magnesium at the
boundary layer.
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4. Conclusions

Under the influence of the electric field, HPAM migration leads
to formation of a gel layer on the concentrate side of the CEM.
Given its location, the gel layer does not interfere significantly with
the transport of charge through the membrane, which is translated
in a minimal increase in the trans-membrane electric potential
(TMEP). Our measurements agree with those of Wang et al. [3],
who reported small increases in the electric resistance of CEMs
when these were exposed to HPAM of three million Da. Further-
more, the present study also demonstrated that in the presence
of a HPAM gel layer the divalent/monovalent selectivity of the
CEM changes, resulting in lower transport rates of divalent ions.

Precipitates of CaCO3 and MgCaO3 formed on the diluate side of
the membrane in considerable quantities, but only when an HPAM
gel layer had formed on the other side. This was related to the
decrease of permselectivity of the CEM, which might allow the leak
of OH� ions from the concentrate to the diluate compartment.
Adjusting the pH to low values effectively prevented the formation
of precipitates.

The presence of oily compounds, either synthetic emulsion or
crude oil, had minor effects in the measured TMEP, presumably
because these compounds make the HPAM gel layer less stable.
There was more precipitation observed on membranes exposed
to oil than on those exposed to the synthetic emulsion with hex-
adecane and surfactant.

The formation of the HPAM gel layer turned out to be a reversi-
ble phenomenon. To the best of our knowledge, the present study
was the first one that probed that the HPAM gel layer could be
effectively removed from CEMs by applying a current reversal. Pre-
vious studies had also suggested the removability of HPAM fouling
on CEMs, but only after performing chemical cleaning on them
[4,10]. This means that in practical operation the negative effects
of HPAM gel layer formation, reduced divalent cation transport
and reduced permselectivity, can be controlled by operating the
electrodialysis in the reversal (EDR) mode. This is an hypothesis
that should be tested in a subsequent study.
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