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Hypothesis: Anion exchange membranes (AEMS) are particularly prone to fouling when employed to
desalinate polymer flooding produced water (PFPW), an abundant sub-product from the oil and gas
industry. The formation of fouling on an AEM will be affected by the composition of the solution, which
includes various dissolved salts, partially hydrolyzed polyacrylamide (HPAM), crude oil, and surfactants.
Experiments: Electrodialysis experiments were performed to desalinate feed solutions with different
compositions, aiming to distinguish between their individual and combined effects. The solutions con-
tained diverse mono- and divalent ions. The analysis included data collected during the desalination
and characterization of the fouled AEMs by diverse analytical techniques.
Findings: HPAM produced the most severe effects in terms of visible fouling and increase of resistance.
This polyelectrolyte fouls the AEM by adsorbing on its surface and by forming a viscous gel layer that
rimethy-
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Gel layer
Crude oil
hampers the replenishment of ions from the bulk solution. Ca and Mg have a large influence on the for-
mation of thick HPAM gel layers, while the oily compounds have only a minimal influence acting mainly
as a destabilizing agent. The membranes also presented scaling consisting of calcium precipitates. The
effects of the gel layer were minimized by applying current reversal and foulant-free solution.

� 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polymer-flooding produced water (PFPW) is an abundant
stream from the oil and gas industry whose reuse can be beneficial,
if adequately treated [1,2]. The stream is co-generated when poly-
mer flooding technology is applied, which consists in injecting
water viscosified with polymers into the oil reservoir, increasing
the oil recovery by 5 to 30% [3]. The technology has been applied
in more than 700 projects in 24 countries [4], and will likely con-
tinue to be implemented given the still increasing demand for oil
[5]. This forecast also implies that large amounts of water will still
be produced, provided that a single field can generate up to 75 mil-
lion tons of PFPW every year [6]. Most of this water could be
reused in the preparation of new polymer solutions for injection
after receiving a primary treatment. However, if an additional
desalination step is included after this basic treatment and the
water is reused to prepare a viscous solution, the latter shows bet-
ter rheological properties than solutions prepared with primary-
treated PFPW or even with freshwater [1,7]. Furthermore, the
desalination step is economically appealing since, in many scenar-
ios, the savings in polymer can offset the desalination costs [8,9].
The desalination can be done via electrodialysis, a process that
relies on the use of ion-exchange membranes (IEMs) and electric
potential to transfer ions from a feed stream to a salty-
concentrate. This technology, already operating on a pilot plant
scale [1], has advantages over others because it allows the recovery
of the desalted water and residual polymer in one stream [10],
while the salt-containing stream still meets the requirements to
be reinjected [11]. However, as for many membrane-based pro-
cesses, the application of electrodialysis on a large scale is
restricted by the occurrence of fouling on the IEMs [10].

Fouling is the undesirable attachment of particular substances
or microorganisms to the outer or inner surface of a material
[12]. The fouling occurring on IEMs when desalting PFPW causes
a reduction in the desalination rates, an increase in the mem-
brane’s resistance, and a deterioration of the ion-exchange capacity
[13,14]. Even after treating the PFPWwith ultrafiltration [1,15], the
stream still contains a variety of dissolved salts, surfactants, par-
tially hydrolyzed polyacrylamide (HPAM), small amounts of solids
in suspension and crude oil [1,11,15–17], which cause organic and
inorganic fouling on the IEMs [13,14,17]. However, not all IEMs are
fouled the same. The positively charged anion-exchange mem-
branes (AEMs) are mainly fouled by the organic components,
HPAM, and oil, while the negatively charged cation-exchange
membranes (CEMs) are more susceptible to inorganic fouling
[13]. When their individual resistance is measured, fouled AEMs
presented a much higher increase compared to CEMs exposed to
the same conditions [13,15]. Overall, the literature indicates that
the impact of fouling by PFPW is more significant for AEMs than
for CEMs, so it has been a priority of researchers to mechanistically
understand and mitigate its formation.

The fouling caused by PFPW on AEMs has been studied in recent
years. Guo et al. [18] carried out electrodialysis experiments of
NaCl solutions with different HPAM concentrations at varying cur-
rent densities, with the objective of finding the mechanism of AEM
fouling by HPAM. The highest fouling phenomenon was observed
with higher HPAM concentrations at higher current densities,
and SEM analyses showed that a gel layer was formed on the dilu-
ate side of the AEM. Force-distance curves measured by AFM con-
firmed that electrostatic forces dominated the interactions
between HPAMmolecules and the AEMs. Thus, they suggested that
the fouling was caused by negatively charged HPAM molecules
moving to the positively charged AEM under electric field, forming
a gel layer near the membrane surface, and fouling the AEM due to
electrostatic interaction [18]. However, a previous study by Guolin
et al. [10], had determined that crude oil caused the greatest
increase in membrane resistance among AEMs fouled with either
suspension solution, crude oil, or HPAM. They observed the forma-
tion of a compact oil film on the surface and inside the AEM, which
would affect the permeation of the membrane. Later, Wang et al.
[15] opposed this, concluding that HPAM affected the desalination
performance and energy consumption more significantly than the
oil-related effects, and that electrostatic interaction, interface ther-
modynamic interaction, and molecular weight of the polymer
affected the membrane fouling [15].

Nevertheless, it is also known that the fouling effect can be
enhanced by the interactions between inorganic and organic com-
ponents [6,14]. This was recently described in the investigation of
Xia et al. [13], who found through membrane resistance measure-
ment and SEM analyses that the HPAM and the inorganic compo-
nents (salts) have a synergistic effect on the fouling of IEMs.
Although the study serves as a good precedent, it only evaluated
the effect of a few components at fixed concentrations, and it
was mainly focused on assessing the efficiency of chemical clean-
ing to remove the fouling from the membranes.

Accordingly, the objective of this work was to investigate how
the formation of fouling on an anion exchange membrane is
affected by the different components of PFPW, and to explain
why this occurs. Contrary to most of the previous works, the solu-
tions employed in this study do not only include sodium chloride,
but also other mono- and divalent ions generally present in pro-
duced water, and which are known to affect the properties of
HPAM [19,20]. Different concentrations of partially hydrolyzed
polyacrylamide and of oily compounds were employed. The resis-
tance of the fouling to the application of current reversal was also
evaluated.
2. Materials and methods

2.1. Materials

2.1.1. Six-compartment cell and setup
Electrodialysis experiments were performed in a six-

compartment cell with a four-electrode arrangement, previously
described by Długołęcki et al. [21]. The cell consists of six blocks
containing cylindrical compartments, with the cell electrodes
located at the two extremities. The compartments, numbered 1
to 6 from left to right, are separated by five ion-exchange mem-
branes (Fig. 1). The potential difference over the middle membrane
can be measured by employing two L-shaped Haber-Luggin capil-
laries, which are positioned on either side of the membrane point-
ing straight at each other. The capillaries, filled with 3 M KCl

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Scheme of the six-compartment cell and setup employed to perform the
electrodialysis experiments. The transmembrane electric potential (TMEP) is
measured through Haber-Luggin capillaries placed at each side of the membrane.

Table 2
Composition of the diluate and concentrate solutions for the different fouling
experiments.

Experiment Mineral composition HPAM
polymer

Oily compounds

E1 53.3 mM NaCl – –
E2 53.3 mM NaCl 1.0 g/L –
E3 77.0 mM NaCl 1.0 g/L –
E4a, E4b* Brackish water (BW) 1.0 g/L –
E5 BW with 3x[Ca + Mg] 1.0 g/L –
E6 BW only Ca (x2) 1.0 g/L –
E7 BW only Mg (x2) 1.0 g/L –
E8 BW – 2 mg/L crude oil
E9 BW 0.5 g/L 2 mg/L crude oil
E10 BW 1.0 g/L 2 mg/L crude oil
E11 77.0 mM NaCl 1.0 g/L 2 mg/L crude oil
E12 BW 1.0 g/L 20 mg/L crude oil
E13 BW 1.0 g/L 20 mg/L model emulsion
E14 BW with 3x[Ca + Mg] 1.0 g/L 20 mg/L model emulsion

* E4 was performed in duplicate.
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solution, are connected through 30 cm tubes to the glass compart-
ments in which two reference electrodes are positioned.

The membranes were alternated as in a conventional ED cell,
with the AEM under study placed in the middle. Its effective area
was reduced to 7.07 cm2 by placing two plastic shields on either
side. The other four auxiliary membranes had an effective area of
23.8 cm2. The AEMs and CEMs employed in this study were Fuji-
film type 10, kindly provided by FujiFilm Manufacturing Europe
B.V. (The Netherlands), with properties summarized in Table 1.

As shown in the scheme of the setup (Fig. 1), four different solu-
tions were employed for each experiment. 1.0 L of each solution
was circulated in the following arrangement:

� Compartments 1 & 6. Electrode solution consisting of 0.05 M
Na2SO4.

� Compartments 2 & 5. Buffer solution, with the same mineral
composition as the feed solutions.

� Compartments 3 & 4. Concentrate and diluate solutions, respec-
tively, with the same initial composition at each experiment.

During the experiments, the solutions were kept inside a 25 �C
water bath (Julabo SW22). They were pumped through the cell at a
rate of 170 mL/min by peristaltic pumps (Cole-Parmer, Masterflex
L/S Digital drive, USA), and 8.0 mm PTFE tubing from EmTechnik.
Table 1
Properties of the anion and cation exchange membranes employed in this study.

Membrane property AEM type 10 CEM type 10

Backbone chemistry Acrylamide [22] Acrylamide
Thickness dry (lm) 125 135
Area resistance (X cm2) 1.7 2.0
Permselectivity (measured

at 0.05–0.5 M NaCl)
95 99

pH stability 1–13 1–13
The current over the cell was applied with an Autolab
PGSTAT12 (The Netherlands). This galvanostat also measured the
potential over the middle (test) membrane through the two refer-
ence Ag/AgCl electrodes (QM711X, QIS, The Netherlands) and the
capillaries. The pH and temperature of the diluate and concentrate
solutions were monitored inline with Orbisint CPS11D-7BA21
probes connected to a Liquisys-M pH digital sensor, both from End-
ress + Hauser (Germany).
2.1.2. Preparation of solutions
Each electrodialysis experiment made use of feed solutions with

different composition, which included varied mono- and multi-
valent ions, viscosifying polymer, and oily compounds [10], as
shown in Table 2. The mineral composition consisted of either
sodium chloride or brackish water (BW). The latter composition
was based on the Marmul field, in Oman [23], and is displayed in
Table 3 along with one variant. All solutions were prepared by dis-
solving the specified salts in demineralized water to create stock
solutions, which were later employed as a basis on which to add
the HPAM and/or the oily components.

The solutions with HPAM were prepared by slowly adding the
dry polymer to the vortex formed on the salt solution under fast
stirring. Once all the polymer was added, the stirring speed was
reduced and maintained for at least 24 h to guarantee its hydration
[2].

Regarding the oily compounds, two different compositions
were studied: one with crude oil and one with a model emulsion.
In both cases, stock solutions were prepared, characterized, and
dosed to attain concentrations of 2–20 mg of oily compound per
liter of test solution, as obtained after a secondary treatment
[10,11].

The preparation of the model emulsion was based on the
method described in [24]. In short, 346 mg of cationic
cetyltrimethylammonium bromide (CTAB) surfactant were dis-
Table 3
Mineral composition of the solutions. Based on the composition reported in [23].

Components Brackish water (BW)
(mM)

BW with 3x[Ca + Mg] (mM)

NaHCO3 15.59 15.59
KCl 0.72 0.72
Na2SO4 2.51 2.51
NaCl 53.30 53.30
CaCl2*2H2O 0.65 1.96
MgCl2*6H2O 0.46 1.37
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solved in 998.0 g of brackish solution previously conditioned to
45 �C. Then, 2.0 g of hexadecane was added and the solution was
mixed at 14,000 rpm by an IKA T25 Ultra-Turrax emulsifying mixer
(Germany) for 10 min. The emulsion had no visible phase separa-
tion, so its oil concentration was 2.0 g/L.

The stock solution with crude oil was prepared in a similar way.
After heating 2.0 L of brackish solution to 45 �C, 2.0 g of crude oil
was added, and the solution was mixed as described for the model
emulsion. This mixture was rested for 24 h, after which the water
phase was recovered and stored as oil stock solution. Its oil concen-
tration was estimated via TOC analysis (Section 2.2.3).

All the feed solutions were prepared with analytical grade salts
(NaCl, CaCl2�2H2O, MgCl2�6H2O, NaHCO3, KCl, and Na2SO4), pur-
chased from VWR and employed without further purification.
The polymer employed was Flopaam 3230S (HPAM with
MW = 5–8 million Da, 30% hydrolyzed), 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 and was kindly
provided by Shell.

2.2. Methods

2.2.1. Electrodialysis experiments
The electrodialysis experiments were run for 18 h in constant

current mode. The current density was fixed at 28.3 A/m2, which
is 36% of the limiting current density (LCD) when desalting a
53.3 mM NaCl solution. The LCD was experimentally determined
through the Cowan and Brown method [25], as described in the
supplementary material.

For each experiment, a new membrane, previously conditioned
in either NaCl or brackish solution, was placed in the middle com-
partment of the cell. Once the capillaries were aligned, the exper-
iment was started. The potential over the membrane, pH, and
temperature were logged every minute. As soon as the experiment
finished, the fluids were removed from the cell and samples were
taken. The AEM was removed, dried at room temperature, and
stored. Next, the diluate and concentrate solutions were mixed in
equal proportions, and the potential between the capillaries was
tested for this solution at different currents. This measurement
provided the average resistance of the solution, and by combining
it with the solution conductivity, the distance d between the capil-
laries could be calculated [26].

To explore the reversibility of the fouling, some experiments
required switching of the direction of the electrical current. By
doing so, the solutions in compartments 3 and 4 of the cell were
desalted in an alternate form. Each experiment had a specific min-
eral composition, and made use of solutions with and without
HPAM.

2.2.2. Membrane analysis
Before being analyzed, the air-dried membranes were frozen in

liquid nitrogen and cut using a scalpel. The pieces were stored at
room temperature until analyzed. In addition, some membranes
were examined by SEM after being freeze-dried. For these samples,
a portion of the membrane was cut immediately after the experi-
ment and stored in a freezer at �80 �C. Then, the piece was
freeze-dried in a Christ Alpha 2–4 LDplus freeze dryer for 48 h
and stored.

2.2.2.1. SEM/EDX measurements. The recovered membranes were
analyzed with scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) by JEOL-6480LV (JEOL Ltd.
Japan). The samples were gold-coated in a JEOL JFC-1200 fine
coater. For SEM, each membrane was examined from three sides:
the two faces and the cross-section. The EDX conditions were
15 kV accelerating voltage and 10 mm working distance.

2.2.2.2. Raman measurements. Full Raman spectra (up to
4000 cm�1) were obtained by employing a LabRAM HR Raman
spectrometer from Horiba Jobin Yvon with an mpc3000 laser at
532.2 nm and a 800 mm focal length achromatic flat field
monochromator. The laser was focused through an Olympus
Bx41 microscope. The detector was a Synapse multichannel CCD.
The spectra taken included both faces of the membranes (focusing
on the ion exchange resin and avoiding the supporting fibers), salt
precipitates, and a grain of polyacrylamide.

2.2.2.3. Contact angle measurements. Static contact angles were
measured with a Dataphysics OCA 35 (Germany) contact angle
meter by using the sessile drop method (2 ml) with MilliQ-water.
The droplet was placed on the dry membrane after which a snap-
shot was taken, and from there the contact angle was determined.
The reported values are the average of at least three
measurements.

2.2.3. Solution analysis
1.5 mL samples of the solutions were taken before and after the

experiments and later analyzed for their ionic and carbon species.
Cations were measured by using inductive-coupled plasma optical
emission spectroscopy (ICP-OES, Optima 5300DV, Perkin Elmer).
Anions were analyzed with ion chromatography (IC, 761 Compact
IC, Metrohm). The concentration of carbonate species was obtained
from the inorganic carbon concentration measured with a TOC
analyzer (Shimadzu TOC-VCPH). The particle size distribution of
selected HPAM solutions was determined with DIPA 2000 – Parti-
cle Analyzer (Prolyse).

3. Results and discussion

Section 3.1 combines the analyzes of data logged during the ED
and that of the diluate side of the AEMs. Here we show that fouling
was observed on both sides of the AEMs, but the effects on electro-
dialysis performance were mainly attributable to the development
of a gel layer on the diluate side. Sections 3.2–3.4 present the anal-
yses of the concentrate side, process performance, and reversibil-
ity. Section 3.5 combines the presented information and
literature findings to explain how solution composition affects
the fouling by PFPW.

3.1. Formation of gel layer by HPAM (diluate side)

A common indication of the formation of a gel layer on a mem-
brane is the increase in electric resistance [13,27]. The changes in
resistance were measured as transmembrane electric potential
(TMEP) between the two capillaries of our experimental setup.
Although the TMEP would be affected by the increase of resistivity
of the bulk diluate solution during the experiments, the decrease in
conductivity was only 20%, so the impact was minimal. To account
for variations among experiments in the distance d between the
capillaries, the recorded TMEP was divided by d (Section 2.2.1),
and the obtained plots are included as Fig. 2. The results in the Fig-
ure are organized to highlight various effects, summarized in
Table S1.

3.1.1. Gel layer in the presence of NaCl and the effect of ionic strength
Fig. 2(A) shows the TMEP development for the experiments E1

to E3. As expected, the TMEP/d of E1, the experiment without fou-
lants, remained constant. In contrast, when HPAM was present in
the same solution (E2), there was a clear increase in TMEP. The ini-
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Fig. 2. TMEP/d vs time of ED runs showing assorted effects. (A) Effect of ionic strength and HPAM on TMEP/d. E1 and E2 had the same ionic strength, while E3 contained a
higher concentration of NaCl. (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. (F) Effect of the addition of model emulsion.
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tial TMEP/d of E2 was the same as for E1 because both experiments
had the same ionic strength. However, in E2 the potential built up
quickly in the first half-hour, after which the increase became
more gradual. The periods of instability in the E2 profile could be
due to disturbances in the HPAM gel layer or the adhesion of bub-
bles to the capillaries.

The shape of the TMEP curve is like a typical chronopoten-
tiogram profile [28], with a stabilization time in the order of min-
utes. The reason for this long stabilizing time is thought to be the
slow build-up of the HPAM gel layer. The HPAM layer not only
inhibits the replenishment of fresh solution near the membrane,
thickening the diffusion boundary layer (DBL), but also causes
the ionic transport pathway to become more tortuous [29], all of
which increases the electrical resistance, as indicated by the TMEP
profiles. Then, the stabilization period would be reached either
when the gel layer stopped growing due to flow conditions in
the cell, or when the DBL grew past the capillary tip (so the
changes could not be measured anymore). However, the last option
is highly unlikely because the reported thicknesses of DBLs are
quite below 2.5 mm, which was the approximate distance from
the membrane surface to the tip of the capillary. For example, for
a 50 mM NaCl solution desalted in a cell without flow, Tanaka
reported a DBL of 0.362 mm [30].

The profile of E3 shows two main differences when compared to
E2: (i) it originates and stabilizes at a lower TMEP/d value, and (ii)
the voltage increase is less pronounced as it happens during a
longer time. Both effects can be attributed to the higher ionic
strength of E3. Solutions with higher ionic strength have less resis-
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tivity, which explains the lower initial and stabilization values.
Additionally, at higher ionic strength the charges of HPAM are
more shielded, so the polyelectrolyte becomes effectively less
charged. Consequently, the driving force (electrical potential)
working on the HPAM has a lower influence, so there is a decrease
in polymer migration. This theory contrasts with the one proposed
in [17], that suggested that at higher ionic strength, the lower
hydrodynamic radius and viscosifying ability would lead to more
migration of HPAM towards the anode.

The membranes and their gel layers were further studied with
SEM. The Fujifilm type 10 AEM is made of an ion-exchange resin
and reinforcement fibers, which are visible on both surfaces and
in the cross-section (Fig. 3A). Since the E1 solutions only contained
NaCl, no precipitation occurred on the membrane (top row of the
figure). The photographs from E2, in the same figure, show a gel
layer on the diluate side of the membrane, as expected from the
direction of the current in the cell and from the literature [18]. In
solution, the polyelectrolyte is negatively charged, so it migrates
towards the positively charged electrode (anode) under the influ-
ence of the applied voltage, accumulating on the diluate side of
the membrane. The gel layer is thin enough to allow to still distin-
guish the fibers underneath.

The diluate sides of membranes E1 and E2 were also analyzed
with Raman. As shown in Fig. 3B, the profile obtained from E2 is
closer to that of the dry HPAM granule than to the clean membrane
(E1), confirming that the layer on top of the membrane was HPAM.
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Fig. 3. (A) SEM images from membranes E1 (no foulant) and E2 (NaCl + HPAM). The gel l
Raman profiles from the diluate side of membranes E1 (clean), E2, and a dry HPAM gra
3.1.2. Effect of mineral composition
The effect of mineral composition on the formation of a gel layer

can be first examined in Fig. 2B, which shows the TMEP/d for
experiments E3 to E7. The most important feature to notice is
the continued increase of TMEP/d for the solution with brackish
salts (E4b). The slope decreases after the inflection point around
minute 100 but does not level off, and the final value is almost four
times larger than that of E3 (NaCl + HPAM). The curve for E5 (3x
[Ca + Mg]) has the same shape, and although it remains slightly
below that of E4b, still reaches a final value three times higher than
that of E3. The experiments E6 and E7, with ionic strengths similar
to E4 but containing only either calcium or magnesium, presented
equally high TMEP/d profiles.

Thereby, two kinds of TMEP/d curves can be distinguished: the
ones that tend to flatten relatively early, displayed during the
experiments with only NaCl (E2 and E3), and the ones with a con-
tinuous increase, which belong to experiments containing a mixed
mineral composition (E4 to E7). Indeed, a previous study also
reported curves with different slope levels depending on the addi-
tion of HPAM of different MW in the solution [15]. In our case, con-
sidering that all solutions had approximately the same ionic
strength, the observed differences can solely be attributed to the
nature of the ions present, and specifically to the presence of diva-
lent cations, as will be further explained in Section 3.5.

The membranes recovered from these experiments were dried
in two different ways and analyzed by SEM (Section 2.2.2). As vis-
0 2500 3000 3500 4000
i� (cm-1) 

E1

E2

HPAM
granule

ayer is visible on the diluate side of E2, but not in the image of the cross-section. (B)
nule.
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ible in Fig. 4A, the air-dried gel layers compacted on the surface of
the membranes, whereas the freeze-dried membranes maintained
some structures, which might still be representative of the mor-
phology of the gel layer as it was during the experiment. Based
on the cross-section pictures and EDX analysis (Fig. 4B), the thick-
nesses of the air-dried gel layers were estimated to be between 5
and 50 mm. In contrast, the freeze-dried layers were significantly
thicker, between 50 and 550 mm. The combination of observations,
summarized in Table 4, is indicatory for the differences in the
in situ formation of the gel layer (photos available in Figs. S3 and
S4). For example, the freeze-dried layers of the experiments with
NaCl solution (E3 and E11) were at least three times smaller than
the gel layers from experiments with BW composition. This ratio
is very similar to that shown in Fig. 2B, where the final TMEP/d
of E4b was approximately 3.5 times larger than that of E3. Thus,
our measurements suggest that the differences in the TMEP pro-
files could have been related to gel layers of different thicknesses,
which could be linked to the different mineral compositions in the
solutions. This is further discussed in Section 3.5.

The elemental analysis of the diluate side showed differences
between the fouled and the clean membranes (Table 5). The AEMs
in which a gel layer was visible (E3 to E7) presented a decrease in
the percentage of C and an increase in the percentage of N and O,
Fig. 4. (A) Examples of SEM images of the cross-sections of air-dried and freeze-dried me
membrane from E4a. It shows a higher concentration of Cl the ion exchange resin, an
membrane of E4b.
which corresponds with the composition of the HPAM molecule.
Furthermore, the amount of Cl detected diminished when there
were thicker gel layers present. As shown in Fig. 4, the ion-
exchange resin on the AEM is rich in Cl, so it is logical that when
thicker/denser gel layers were formed on top, less Cl from the bot-
tom could be detected.

Raman analyses were also performed on the diluate side of the
membranes (data not shown). In all cases, the profiles were very
similar to the one of the HPAM granule (Fig. 3B), so this character-
ization corroborates the gel layer to be formed mainly by HPAM.

3.1.3. Effect of mineral composition in the presence of oil
The influence of mineral composition on fouling in the presence

of crude oil can be pondered by comparing experiments E8, E10,
and E11, which had the same ionic strength and oil content but dif-
ferent mineral composition. Fig. 2C shows that the TMEP/d - time
profile of the solution containing only BW plus 2 mg/L of crude
oil but without HPAM (E8) remained flat during the whole exper-
iment. The runs with NaCl + HPAM + oil (E11) and with BW
+ HPAM + oil (E10) showed profiles almost identical to their ana-
logs without oil (E3 and E4a, respectively). As noticed for Fig. 2B,
the final TMEP/d value for the experiment containing BW is
roughly four times larger than the one containing only NaCl (770
mbranes. The arrows and circles indicate the gel layers. (B) EDX analysis of air-dried
d Na presence mainly in the HPAM gel layer. (C) EDX images of the freeze-dried



Table 4
Summary of the SEM and EDX results.

Membrane Gel layer thickness (diluate side) Precipitates (concentrate side)2

Observed Air-dried (mm) Freeze-dried1 (mm) Type Common Elements Traces

1 No – – x x FeO, SiO, MgSiO
2 Yes 10 N/A x x SiO
3 Yes 5 50 Scarce crystals C, O SO
4a Yes 34 N/A Crystals Ca, O MgO, MgSiO
4b Yes – 500 Crystals Ca, O MgO
5 Yes 6 504 Crystals & plaques Ca, O MgO
6 Yes 9 355 Crystals & scales Ca, O MgO
7 Yes 7 428 Small crystals Mg, O –
8 No – – Scarce crystals Ca, O MgO
9 Yes 37 N/A Scarce crystals Ca, O NaO
10 Yes 37 N/A Crystals Ca, O MgO
11 Yes 5 120 x x NaCl, SiO, FeO
12 Yes 25 N/A Crystals & plaques Ca, O MgO
13 Yes 16 530 x x MgSiOAl
14 Yes 52 350 Scales Ca, O MgO

1 N/A indicates that the freeze-drying procedure was not performed for that sample.
2 The SEM and EDX analysis of the concentrate side was performed on the air-dried membranes.

Table 5
Percentages of the main elements found on the diluate side of membranes E3 to E7.

Element M1 (Clean) M3 M4b M5 M6 M7

C 82.16 52.74 55.78 52.01 56.12 55.60
N 7.27 12.71 17.48 16.59 17.04 16.92
O 4.58 19.90 24.00 24.46 24.44 25.42
Cl 5.82 6.67 0.51 2.18 0.25 0.14
Na 0.02 7.47 1.48 4.14 1.82 1.78
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vs 210 V/m). This indicates that the presence of 2 mg/L of crude oil
did not have a significant effect on the increase of resistance, which
was mostly determined by the mineral composition of the solution
and the presence of HPAM.

The membranes recovered from these experiments were also
analyzed with SEM and EDX. E8 did not show any significant gel
layer nor precipitation. The air-dried membrane from E11 (NaCl),
presented a gel layer of approximately 5.0 lm, while the gel layer
in E10 (BW) was much thicker (37 lm) (Table 4). The membrane
from E11 was also freeze-dried, and displayed gel layer thickness
of 120 lm and a high porosity (Fig. S3). These observations
matched with the TMEP profiles, and again showed a correlation
between the presence of multivalent ions and the thickness of
the HPAM layer.

3.1.4. Effect of HPAM concentration
The effect of HPAM concentration in crude oil containing solu-

tions can be evaluated from Fig. 2D. At higher HPAM concentration,
there was a higher increase rate of TMEP, as previously reported
[18]. However, the membrane analysis indicated gel layers of sim-
ilar thicknesses for E9 (0.5 g/L HPAM) and E10 (1.0 g/L HPAM). This
suggests that the gel layer on E10 was more compact than the one
on E9 when assuming no layer materials were lost during recovery.
Regarding E8, which did not contain HPAM, no gel layer was
observed.

3.1.5. Effect of oil addition (crude oil and model emulsion with
surfactant)

The effect of increasing the concentration of crude oil can be
inferred by comparing experiments E4, E10 and E12. Fig. 2E shows
that their TMEP/d - time profiles were alike during most of the
experiment, although at the end a slightly lower TMEP/d was
recorded for the higher oil concentration (E12). This suggests a
destabilization of the gel layer by the oily compounds, limiting
its thickness and/or density. This theory is supported by the SEM
observations of the dried gel layer, since membrane E12 had the
thinnest of the three experiments (Table 4). Zhang et al. also con-
cluded that the fouling layer formed by HPAM and oil was not as
dense as the fouling formed by a single component [6].

Experiments E13 and E14 assessed the effect of an emulsion of
hexadecane and CTAB surfactant in the fouling. Comparing these
TMEP/d - time profiles with E12 in Fig. 2F, shows that in the pres-
ence of 20 mg/L of the hexadecane emulsion the TMEP/d reaches
much lower values than when the same concentration of crude
oil is added. The destabilizing effect of the emulsion on the HPAM
gel layer was larger probably because the positively charged catio-
nic surfactant is attracted towards the (negatively charged) HPAM.
Still, the profile of E14 (3x[Ca + Mg]), confirmed that the presence
of higher concentrations of divalent cations does not further
increase the formation of the gel layer, and it even slows down
the increase of TMEP with time, just as observed for E5.

The membranes recovered from E13 and E14 were freeze-dried,
and their SEM images revealed well preserved foam-like HPAM
layers, thicker than 350 mm (Table 4). The SEM photographs from
the diluate side (Fig. S4, 300 X) suggest that the gel layer on E14
was denser than in E13. This observation was reinforced by the
EDX analyses of the membranes, which showed that the gel layer
in E14 had a higher concentration of C, O, N, and Ca in the upper
part (Fig. S5B), indicating a higher concentration of HPAM and pos-
sible calcium precipitation. For the rest of the cross-section, the
EDX showed that the cations were equally distributed across the
gel layer for both E13 and E14.

The most significant difference found between experiments
with and without crude oil was the hydrophilicity of the mem-
branes, which was investigated through water contact angle mea-
surements (Section 2.2.2.3). It was found that when a HPAM dried
gel layer was present on the diluate side, the contact angle was
lower than for the clean membrane, meaning that it made the sur-
faces more hydrophilic (Fig. S7). On the contrary, when crude oil
was present, the hydrophobicity increased, independently of
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HPAM being present (E12) or not (E8). These observations coincide
with the available literature [13,17], and indicate that hydrophobic
oil components interact with both the AEM and the gel layer. Fur-
thermore, Zuo et al. explained that the oil in solution can form neg-
atively charged colloidal structures that migrate towards the
diluate side of the AEM [17].

3.2. Salt precipitation (concentrate side)

Salt precipitation was found on the concentrate side of most
membranes, which is common due to the higher concentration of
ions in this compartment. The precipitates were first spotted with
SEM, and later analyzed with EDX and Raman. The SEM and EDX
results are summarized in Table 4, and Fig. S6 includes the SEM
pictures.

SEM allowed to identify three recurrent morphologies for the
precipitates, arbitrarily called ‘‘crystals”, ‘‘scales” and ‘‘plaques”
(Fig. 5). The precipitation in the form of ‘‘crystals” occurred when
the solutions had a varied mineral composition, that is, no precip-
itation was observed for experiments containing only NaCl. The
‘‘scales” were large and amorphous precipitates, only observed
on the concentrate side of E6 (BW with only Ca) and E14 (BW with
3x[Ca + Mg]). The ‘‘plaques”, which were flat precipitates, appeared
when oil was added to the solution. When 2 mg/L of oil was added,
the crystals became already more amorphous (E10 in Fig. S6) than
when no oil was present. However, the effect amplified signifi-
cantly with an oil concentration of 20 mg/L (E12), and this mem-
brane presented the highest amount of plaques (Fig. 5C). EDX
confirmed that all precipitates had similar compositions (Fig. 5D
and E), so the observed differences may be due to the presence
of more nucleation sites in which the crystals could start to
develop.

In general, more precipitation was observed for experiments
that reached higher TMEP/d values due to the presence of HPAM
gel layers. For example, the amount of precipitation on membranes
B)A)

E)

D)

Fig. 5. SEM and EDX analysis of precipitates observed on the concentrate side of the AEMs
(C) Example of ‘‘plaques” taken from E12. (D) EDX analysis of precipitates on membrane E
on membrane E12, also showing Ca and O presence.
E8 (No HPAM), E9 (0.5 g/L HPAM) and E10 (1.0 g/L HPAM)
increased in this order (Fig. S6). The only exception was E7, which
presented very few precipitates on the concentrate side. Thus,
although the BW experiments with only calcium (E6) and only
magnesium (E7) had similar TMEP/d curves and gel layers, they
showed contrasting amounts of mineral precipitation (Fig. S5).
The differences can be attributed to the slower migration of mag-
nesium and to its higher affinity to the CEM, which reduces its
availability on the concentrate stream [31], and to the higher solu-
bility of the magnesium salts compared to the calcium ones.

The EDX analysis indicated that most of the precipitates were
composed by Ca and O (Fig. 5D and E), suggesting that they were
in the form of calcium carbonate [31–33]. However, this could
not be proven via EDX given that the background ─the AEM─
already had a high carbon content, so any other high concentration
of carbon would not stand out. Magnesium was frequently found
within the Ca-O precipitates, but in lower concentrations. Other
elements detected were K, Na, and Cl, originating from the feed
solutions, and others like Si and Fe, which probably originated from
impurities in the dissolved salts, polymer, and crude oil.

Raman analysis was also performed on most of the membranes,
but it only allowed to identify calcite as one of the precipitates on
E14 (Fig. S8). However, considering the EDX results and mentioned
literature, it is likely that the precipitates were mainly composed of
calcium carbonate.

3.3. Performance in terms of the transport of ions

Besides having an effect on the TMEP and in the membrane
morphology, fouling is also likely to influence the ion-transport
through the membranes and, therefore, the process performance.
The transport of anions through the AEM was calculated from
the average change in the concentration of anions in the diluate
and concentrate compartments. The analysis distinguished
between the monovalent ions, Cl� and HCO3

� (considering no pH
C)

Ca

Ca

O

O

. (A) An example of ‘‘crystals”, taken from E4A. (B) Example of ‘‘scales” found on E14.
4a, including SEM photograph, Ca and O distribution. (E) EDX analysis of precipitates
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above 10), and SO4
2�, the only divalent anion. The theoretical num-

ber of charge equivalents transported (efficiency 100%) was esti-
mated as 13.4 meq (1300 C), calculated from the applied current
and the duration of the experiment [2].

Fig. 6 presents the average changes in charge equivalents. In
general, the experiments performed reasonably, transporting at
least 70% of the theoretical number of equivalents. In most cases,
the higher transport of equivalents corresponded to membranes
with thinner gel layers. For example, the highest transport of
charge equivalents was measured for experiments E11 and E2,
which coincide in only having NaCl as mineral composition. On
the other hand, the lowest transport was measured for E5 and
E14, which presented a thick gel layer and precipitation on the
concentrate side due to the extra amount of divalent cations. The
comparison of E8, E9, and E10 also shows a better performance
when no HPAM was present.

As presented, the decrease in process performance in terms of
transport of ions can be related to the incidence of fouling and scal-
ing. The mechanisms behind are the reduction of the permselectiv-
ity of the membrane due to the shielding effect of the gel layer, the
increase in back-diffusion of ions, and the occurrence of water split-
ting [29]. The latter phenomenon was further analyzed through pH
measurements, which demonstrated significant quantities of water
splitting, as further explained in the Supplementary Material.
3.4. Reversibility of fouling

The reversibility of the foulingwas assessed through electrodial-
ysis reversal experiments, each performed either with NaCl or BW
composition. We present first the analysis for the NaCl experiment
(Fig. 7A). Before applying the electric current in a certain direction,
the open-circuit voltage (OCV) of the cell was recorded. Since the
cell might have some asymmetry, comparisons are made among
periods with the same current direction. For the first two periods
of 30 min, compartments 3 and 4 contained NaCl solutions without
HPAM. As expected since there were no foulants, the TMEP/d values
were constant, independently of the direction of the current. Then,
after adding the solution with 1.0 g/L of HPAM (1 in the plot), the
TMEP/d curve increased in a sinusoidal shape, as observed in previ-
ous experiments, indicating the build-up of the gel layer. The cur-
rent direction was maintained for 60 min, allowing the formation
of a HPAM layer, and then reversed at minute 125. After the rever-
sal, the TMEP/d stabilized at the original value of �55 V/m, but
when the current was reversed again to the positive direction (min-
ute 160), the TMEP/d increased again. Then, at point 2, the solution
with HPAM is substituted by a solution without foulant, which
causes a decrease in the TMEP, although it does not reach the base
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Fig. 6. Average change of monovalent and divalent anions, presented as charge equivale
given the applied current and operative time was 13.4 meq, indicated by the discontinuo
leaking capillary, detected after running the experiment. The traces of sulfate detected
value. Finally, the TMEP/d values during the last 30 min of the
experiment were closer to the initial ones. A similar behavior was
observed for the experiment with BW (Fig. 7B), with the main dif-
ference that when the foulant was added, the increase in TMEP
was much faster, as in previous experiments.

There are some details to highlight. The fact that after reversing
the current at minute 125 the TMEP goes back to its original value,
indicates that the fouling only has a tangible effect when it coin-
cides with the diluate side of the membrane. This confirms that
the increase in TMEP is caused by the depletion of ions at the dilu-
ate side of the AEM due to concentration polarization [34]. The
HPAM layer is still present when the current stopped at minute
125, as indicated by the higher OCV value. Thus, when the current
is reversed, the HPAM layer is probably still interacting with the
membrane, but its effect is minimal since now it is placed on the
concentrate side.

It is also noteworthy that the formation of the second HPAM
layer (minute 160), goes slightly faster than the first time that a
layer was formed. This can be interpreted as a partial removal of
the gel layer by the current reversal. However, when the solution
without foulant is added and the current is reversed once more,
the initial TMEP values are recovered. Two reasons could explain
that the solution without HPAM has better results in removing
the gel layer: (i) the concentration gradient between the gel layer
and the fresh solution, and (ii) turbulence. The latter arises from
the lower viscosity of the solution without HPAM [2], which causes
more turbulence in the cell and therefore higher shear forces that
overcome the remaining attraction of the fouling layer towards the
membrane.

Thus, our experiments indicate that the HPAM gel layer, or at
least most part of it, can be removed by a combination of current
reversal and use of clean solutions. However, this is not a definite
conclusion, as will be further explained in the following section.
3.5. General fouling mechanism

Once the results from the membrane analyses have been pre-
sented, this section combines the observations from the experi-
ments into a fouling model.
3.5.1. Distinction between adsorption of polyelectrolyte and formation
of a gel-layer

First of all, we would like to distinguish between two mecha-
nisms involved in the fouling of AEMs by HPAM: (i) the adsorption
of the polyelectrolyte on the surface of the AEM, and (ii) the devel-
opment of a gel layer due to transport of HPAM towards the mem-
brane and the entanglement of the polymer chains [18]. Indeed,
E7 E8 E9 E10 E11 E12 E13 E14
riment

Div.

nts, in the diluate and concentrate solutions. The theoretical change in equivalents
us line (100% efficiency). The low performance measured in E3 can be attributed to a
in E2 and E11 probably originated from the electrode compartments.
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Fig. 7. TMEP/d profile for the current reversal experiment with (A) NaCl solution and, (B) BW solution. Initially, the compartments 3 and 4 contained solutions without
foulants. At point 1, the solution on the diluate side was switched for a solution with the same mineral composition but containing 1 g/L of HPAM. At point 2, the solution with
HPAM is substituted by the solution without foulant. Thus, the shaded area indicates when the solution with HPAM was present in the cell. The plots at the right are included
to highlight the OCV measurements, which tended towards zero.
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when studying organic fouling on other types of polymeric mem-
branes, authors have used a similar approach, differentiating
between membrane-foulant and foulant-foulant interactions
[35,36].

Regarding the adsorption stage, it has been thoroughly
described how polyelectrolytes, including hydrolyzed polyacry-
lamide, adsorb on (oppositely charged) surfaces [37–40]. The
adsorption occurs even when the concentration of polyelectrolyte
in solution is as low as 1.0 mg/L, and is usually considered irre-
versible [39]. In contrast, a gel layer needs higher concentrations
to develop, and since it would be physically attached, it should
be reversible. This distinction between two mechanisms also helps
to explain the results from Section 3.4, which confirmed that most
part of the gel layer was dispersed, but gave no evidence of the
adsorbed layer. Actually, the literature suggests that the increase
in resistance of a membrane with an adsorbed layer of polyelec-
trolyte would be minimal [41], and non-detectable with the cur-
rent method, as observed in preliminary experiments (Fig. S10).
Thus, to confirm if adsorbed HPAM remains on the AEM after
applying current reversal, other techniques would need to be
employed.

However, for the relatively high concentration of HPAM in the
PFPW of this study, the main fouling process is thought to be
agglomeration near the membrane surface. During the electrodial-
ysis, this anionic polyelectrolyte migrates towards the anode and
accumulates on the diluate side of the AEM. The HPAM tends to
accumulate predominantly due to the electrostatic attraction that
exists between the charged polymer and AEM [17], and the van
der Waals attraction that exists between polymer and membrane
materials. Due to the increasing concentration of polyelectrolyte,
the local viscosity of the solution also increases [17], creating a
gel layer that can stay in place under moderate shear rates. Even
when the surrounding solution is removed, the high viscosity of
the gel layer retards the water depletion out of the gel layer, keep-
ing the polymer–polymer and polymer-surface interactions intact
and the gel layer due to that at its place, close to the AEM, so when
the membrane is recovered the gel layer comes together with it.
3.5.2. Ionic strength of solution and divalent cations influence the
fouling by HPAM

There are at least two aspects of the solution composition that
directly affect the fouling by HPAM: the ionic strength and the
presence of divalent cations. The ionic strength impacts the migra-
tion of HPAM towards the membrane, as suggested by the delayed
and lower TMEP/d profiles of the experiments with higher ionic
strength. Regarding the divalent cations (calcium and magnesium),
it was found that they affect the formation and morphology of the
HPAM gel layer. Experiments with brackish composition reached
TMEP values 3–5 times higher than for experiments in which only
NaCl was present. These observations can be explained in that the
divalent cations complexate HPAMmolecules by forming inter and
intra molecular bridges between them [6,20]. The complexation
starts when HPAM and divalent cations are put in contact in the
solution, but can continue for hours [20], thus it keeps occurring
while the gel layer is forming. In specific, we found in the literature
four phenomena related to the complexating effect of divalent
cations that could have an effect on the formation of the gel layer;
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one related to the membrane-foulant interaction and three to the
foulant-foulant interaction.

Concerning the membrane-foulant interaction, it has been doc-
umented that when divalent cations are in solution, more mass of
polyelectrolyte can be adsorbed than when only monovalents are
present [40,42]. Depending on the concentration of divalent
cations, polyelectrolyte chains can form micelles and thus would
adsorb as aggregated molecules [40], which increases the amount
of matter per area unit. The formation of aggregates and the coiling
up of HPAM molecules also explains the first phenomenon related
to the foulant-foulant interaction, which is that the gel layer formed
in the presence of divalent cations can bemore compact and denser
[6].We performed particle size analyses on HPAM solutions in NaCl,
BW, and BW with 3x[Ca + Mg] and found, respectively, average
sizes of 7.89, 7.37 and 5.33 mm. This means that the size of the par-
ticles decreased as the concentration of divalent cations increased,
in agreement with previous measurements done for polyacry-
lamide solutions [43]. The second effect of divalent cations regard-
ing the foulant-foulant interaction is that they could cause stronger
adhesion forces between carboxylate-containing molecules (like
HPAM), as reported in [35] for a fouled membrane and a probe with
carboxylate groups on its surface. The third factor is that gels
formed by polyacrylamide and divalent cations are reported to
shrink with time [44]. A fourth factor, not particularly related to
the presence of divalent cations but to the high voltages reached
in the cell when they were present, is that HPAM gels can also
diminish their volume under the influence of electric fields [45].
Fig. 8. Selected SEM images that illustrate the influence of divalent cations on HPAM laye
of E11 (NaCl 77 mM), E13 (BW) and E14 (BW with triple divalent cations). Images (D),

0

200

400

600

800

1000

00101

TM
EP

/
(V

/m
)

Time (m

TMEP/d
pH  Concentrate
pH Diluate
Reference pH

Fig. 9. TMEP/d, pH of the diluate and pH of the concentrate during E
The aforementioned factors suggest that the gel layers formed
in the presence of divalent cations are more compact and resistant
to shear forces than the gels containing only monovalent cations.
Indeed, the SEM images of some freeze-dried membranes support
this theory (Fig. 8). For solutions with BW composition, the contin-
uous increase of the TMEP profiles even past the inflection point
could mean that the gel layer was increasing in thickness and/or
density thanks to the morphology given by the divalent cations.

Regarding the effect of the crude oil, it is suggested that it acts
as a destabilizer of the HPAM-gel layers, as indicated by the
slightly lower TMEP profiles and thinner gel layer thicknesses
obtained when present in the feed solution. It can be that some
charged oil components migrate towards the anode [17] and get
embedded in the gel-layer, becoming impurities that make the
layer less resistant to shear forces. Nevertheless, the employed
oil concentrations were small compared to that of HPAM, so the
observed effects were minimal.

3.5.3. Effects of the HPAM gel layer
The formation of the gel layer would have limited the replenish-

ment of ions from the bulk solution to the surface of the AEM (con-
centration polarization), increasing the thickness of the diffusion
boundary layer and causing the decrease of anions’ concentration
on the diluate side of the AEM. Due to the low concentration of
anions, water eventually started to dissociate on the diluate side
of the AEM, producing protons and hydroxyl groups [34]. This is
exemplified in Fig. 9, which shows that the pH changes started to
r thickness and density. Images (A), (B) and (C) show, respectively, the cross-sections
(E) and (F) show the top view of the same membranes in the mentioned order.
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occur soon after the TMEP started to increase, and they continue
during the rest of the experiment. The protons tend to go towards
the cathode, but first must go through the HPAM gel layer, where
some of them might get adsorbed. This could have two conse-
quences: a slight reduction of the coil size (the HPAM in the gel
layer is in the overlap regime, so the coils have already their ran-
dom coil size), and the neutralization of the HPAM gel layer on
the AEM [29]. Still, the pH on the diluate stream decreases, which
can enhance HPAM precipitation [46] and, consequently, the con-
straints for the transport of ions, which translates in an autocat-
alytic or self-amplifying process [34].

Salt precipitation on the concentrate side of the AEM is also
linked to the presence of the gel layer. While the HPAM layer is
forming, water dissociation occurs at the interface of the layer
and the AEM. The hydroxide ions migrate towards the concentrate
side of the AEM, where two events can take place: (i) divalent
cations can precipitate directly with the hydroxide, and (ii) the
pH increases, allowing bicarbonate to be converted to carbonate,
which can also increase precipitation [31]. The gel layer-
precipitation relationship was demonstrated in E8 (no gel layer
and minimal precipitation) and E9 (less HPAM in solution leading
to slight precipitation).
4. Conclusions

In the applied concentration range, HPAM is the dominant fou-
lant in terms of resistance increase and coverage of the AEM. Its
anionic charge causes it to migrate towards the surface of the
membrane at the diluate side when the electrical current is
applied. There are two fouling mechanisms for the HPAM on the
AEM: (i) it adsorbs to the oppositely charged membrane due to
electrostatic and hydrophobic interactions [18], and (ii) it concen-
trates near the membrane surface and forms a gel layer of poly-
electrolyte. However, most of the effects analyzed in this study
are attributable to the formation of the gel layer on the diluate side
of the membrane.

The mineral composition of polymer-flooding produced water
influences the thickness and structure of the HPAM gel layer.
Increased ionic strength decreases the migration of HPAM by cov-
erage of negative charges. The presence of divalent cations in the
solution likely causes the formation of thicker and denser HPAM
gel layers. The presence of these gel layers hampers the replenish-
ment of ions from the bulk solution to the surface of the mem-
brane, lowering the limiting current density of the system. This
condition triggers local pH changes and the precipitation of salts
on the concentrate side of the AEM.

Despite its mineral composition, the gel layer shows a reversi-
ble nature when a combination of current reversal and foulant-
free solution is employed, but most likely the small HPAM amount
that is adsorbed on the surface of the AEM remains there, but
barely affects the membrane performance.

Salt precipitation occurred frequently on the concentrate side of
the membranes, mostly in the form of calcium carbonate. The pres-
ence of crude oil changed the morphology of the calcium carbonate
precipitation and was found to destabilize the HPAM gel layer.

Our results agree with Xia et al. [13] regarding the joint effect of
HPAM plus mineral foulants, but differ from theirs concerning the
impact of the crude oil and oily compounds. For the present study,
the effect of crude oil, either alone or in combination with the rest
of the foulants, was minimal. The difference might be due to (1) the
lower oil concentration used in the present study, (2) the variable
properties of crude oil depending on its origin [47], and (3) the use
of membranes based on different chemistries. While the Fujifilm
AEMs employed in the present study are based in an aliphatic com-
pound (acrylamide), the membranes used by Xia et al. were based
on an aromatic one (polyphenylene) [13]. Previous studies have
indicated that membranes based on aliphatic compounds are less
prone to suffer from organic fouling [48–50]. It is understood that
the aromatic fractions of crude oil have a higher affinity for aro-
matic composed membranes, and thus have a high tendency to
adsorb on them (i.e. through p-p interactions). Alternatively, ali-
phatic oil fractions predominantly adsorb on membranes through
hydrophobic interactions, and the ab- and adsorbed layers appear
to have only a minor effect on the functioning of the membranes
used in our study. Thus, it appears that aliphatic membranes are
also more suitable to treat streams containing crude oil, despite
it naturally consists of a mixture of aliphatic and aromatic
compounds.

If the TMEP values recorded during the experiments are con-
verted to resistances (using Ohm’s law), some of them are above
900X* cm2, which are notoriously high for a membrane and the
liquid adjacent to it. Indeed, in our previous research employing
a membrane stack [2], such high resistances were never reached.
The thick gel layers and consequent high resistances might have
been propitiated by the hydrodynamic conditions in the six-
compartment cell, which has thick compartments and lacks spac-
ers to increase the turbulence. In order to better quantify the effect
of fouling, it would be ideal to have flow conditions which are clo-
ser to the ones in an ED stack.
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