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Introduction

1.1 About oil, enhanced oil recovery, and polymer-flooding

To present date, crude oil remains the largest source of energy for humanity,
accounting for nearly 34% of the primary energy consumed worldwide ( Figure 1.1)
[1]. Despite global concerns about the use of fossil fuels and climate change, in 2018
oil consumption grew 1.5%, while forecasts by the International Energy Agency
(IEA) predict that oil demand will keep growing at least until 2024, with no peak in
sight [1,2]. Meanwhile, environmental and societal pressure is increasing to come up
with more sustainable solutions to meet this increasing demand. Since finding and
exploiting new oil fields becomes more challenging and expensive, it is then
necessary to maximize oil recovery from currently producing reservoirs [3]. By
employing primary or conventional recovery methods, only 30% of the oil in a
reservoir can be extracted, so most part of the oil potentially available is left behind
[3,4]. Consequently, it is increasingly necessary to employ secondary (waterflooding
or gas reinjection) and tertiary (thermal, gas injection, or chemical injection) oil
recovery processes, which can increase the oil recovery to reach 50 to 80% [4].
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Figure 1.1. Global primary energy consumption by source. Adapted from [5].

Tertiary methods, most commonly known as enhanced oil recovery (EOR), work by
increasing oil mobility in the matrix of the subsurface reservoir. These are mainly
applied for recovering heavy and extra heavy crudes, oil sands, bitumen and shale
oil. It is estimated that 3.6 % of the worldwide oil production in 2012 came from
fields that utilize some form of EOR technique [6]. There are three kinds of EOR: gas
injection, thermal, and chemical techniques. The latter, chemical enhanced oil
recovery (cEOR), consists of injecting external fluids, containing polymers,
surfactants and other chemicals, to increase oil mobility and improve its overall
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flow. Although there are different kinds of cEOR methods (surfactant flooding,
alkaline flooding, etc.), the most employed is polymer flooding, comprising 55% of
the total EOR market in 2012 [4].

As shown in Figure 1.2, polymer flooding consists in injecting an aqueous viscous
solution through an injector well to increase the oil recovery from existing oilfields
[3]. The technique was implemented in numerous pilots and field injection tests
mostly in the USA in last century during the 70-80s following the 70s oil crisis [7].
Today, it is considered a mature cEOR technique that has re-emerged due to a
combination of increased demand, improvement of the polymers and chemicals
available, and a better understanding of the process mechanisms. It has been
recently applied in multiple projects around the world, including the USA, Canada,
China, India, Angola, Brazil, and Oman, in most cases yielding successful results
[4,6-8].

Polymer-flooding
produced water

Polymer

Figure 1.2. Scheme of a polymer flooding process. A viscous polymeric solution is injected through an
injector well, and the mix of fluids is recovered in a production well.

1.2 Water cycle for EOR?

Besides chemicals, polymer flooding and most EOR processes require large amounts
of water. It is usually estimated that to produce one barrel of oil with EOR, 4 to 8
barrels of water are needed [4]. In terms of absolute volume, the daily water demand
can be estimated as 12 to 24 million barrels per day (BPD), equivalent to 2 to 4 million
m3/day. The estimation considers the world average oil production in 2012 was 86
million BPD [1] and the fraction of oil production by EOR from section 1.1. This
water can be obtained from different sources, depending on the location of the
project. As shown in Figure 1.3A, for EOR projects performed inland, water sources
are surface water (rivers, lakes), underground water, or produced water, the latter
referring to water co-produced together with oil. Meanwhile, for the few projects
developed offshore, the main water sources are seawater and produced water [9].
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Figure 1.3. A) Schematic representation of the main water sources and produced water sinks
depending on the location of the EOR project. B) Type of source water for EOR projects, adapted
from [9].

Due to increased water demand for human consumption, general water scarcity, and
stricter regulations, most EOR projects currently rely on produced water (inland)
and seawater (offshore) to operate (Figure 1.3B, [9]). Furthermore, reusing produced
water might soon become the only option to operate EOR projects in countries where
legislation forbids the use of fresh potable water for oil well injection, like in Oman
[10]. In terms of volume, reusing produced water makes much sense since oil and
gas industry usually co-produces 3 to 10 barrels of water with each barrel of oil,
depending on the age and location of the wells [11,12]. All these reasons point out
towards produced water being the ideal water source for EOR treatments, at least in
quantitative terms. However, there are also some constraints, as will be elucidated
after explaining the working principle of polymer flooding and the parameters that
influence the viscosity of the solutions.
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1.3 About viscous solutions for polymer flooding and how they are
influenced by salinity, ion composition, and temperature

It has been mentioned that polymer flooding utilizes viscous solutions to increase
oil production. The viscous solutions operate at two scales: macro- and micro-scale.
In the macro-scale, polymer flooding improves the sweep efficiency by reducing the
mobility ratio between the displacing phase and the displaced phase through
increasing water viscosity. Meanwhile, at the micro-scale, polymer flooding
improves oil displacement efficiency due to the decreased elasticity of the solution
due to the presence of the polymer [13,14]. The viscous solutions used in polymer
flooding are prepared by adding high molecular weight polymers, mostly partially
hydrolyzed polyacrylamide (HPAM) and its derivatives or, in selected cases,
biopolymers, like xanthan gum [3,7,13].

HPAM is a copolymer of polyacrylamide (PAM) and poly(acrylic acid), obtained by
partial hydrolysis of PAM or by copolymerization of sodium acrylate with
acrylamide (Figure 1.4). HPAM and its derivatives have been extensively used in
industry as flocculants, dispersants, retention aids, steric stabilizers, and associate
thickeners in areas like wastewater treatment, mineral flotation, paper making, oil
and coal refineries, and emulsion polymerization reactions [15]. When used in EOR,
the degree of hydrolysis of the acrylamide monomers, which is also the fraction of
carboxyl groups, is preferred to be between 25 and 35%. In this range, the HPAM
solution has the right balance between viscosity gain on one hand, and sensitivity to
the salinity and hardness of the solvent on the other [13], hardness being defined as
the concentration of calcium and magnesium ions in a water-based solution [9].

H H
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Figure 1.4. Partially hydrolyzed polyacrylamide (HPAM) molecule

The sensitivity to salinity, among many other factors, can be explained by
considering that HPAM is a polyelectrolyte, that is, when dissolved in water its
counterions may dissociate. However, attractive interactions between the poly-ion
chain and the counterions still remain [16]. The counterions balance most of the
charge inside the polymer coil, so their osmotic pressure makes the chain expand to
larger sizes, resulting in the increased solution viscosity. Consequently, any factor
that affects the charge distribution or the electrostatic interaction, can also influence
the polyelectrolyte configuration and its global size or structure. For most
polyelectrolytes, these factors include the degree of hydrolysis, the ionic strength,
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the solvent quality, the solution pH value, the polyelectrolyte concentration, and the
solution temperature [17]. All these factors, plus the molecular weight of the
polyelectrolyte and its structure (linear, branched) influence the rheology of the
aqueous solutions into which these polymers are dissolved.

To understand how these factors affect the viscosity of HPAM solutions, it is
important to realize that the viscosity is a measurement of the intra- and inter-
molecular interactions, that is, the interactions within the same molecule and with
others. In solutions with low polymer concentration, intramolecular associations
dominate, which is known as the dilute region. The hydro-dynamic volume is
reduced and therefore the viscosity of the subsequent polymer solutions. When the
polymer concentration is increased the solution moves to the semi-dilute region
where intermolecular associations dominate. This leads then to network-like
formations (transient networks) which substantially increase the viscosity of the
solution [13]. The transition from the dilute to the semi-dilute regime is known as
the critical overlap concentration (C*), defined as the concentration at which
individual polymer molecules begin to interact (see Figure 1.5). This explains why
solutions with higher viscosities are obtained when using higher concentrations of
HPAM, HPAM with large molecular weights (MW), or branched HPAM derivatives
[18-21].
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Figure 1.5. Scheme representing the critical overlap concentration C*, with the transition between
the dilute and semi-dilute regimes. Based on Figure 7 in [20].

The effect of ionic strength, commonly referred as salinity, in the rheology of HPAM
solutions has been also addressed in several studies [19,21-28]. All of them confirm
the inverse relationship between viscosity and ionic strength, so the higher the ionic
strength, the lower the viscosity of an HPAM solution with fixed concentration.
Furthermore, the type of salts dissolved in the solution also have a great influence
in the viscosity. Multivalent cations present in the water affect the properties of
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HPAM solutions much stronger than monovalent cations. Depending on the salt
concentration and shear rate, the viscosity of HPAM solutions with multivalent salts
can have one order of magnitude lower viscosity compared to solutions with the
same ionic strength of monovalent ions [9,21,28,29]. There are two reasons to explain
this behavior: multivalent ions have a stronger charge shielding effect, and they also
act as cross-linking agents that interconnect two or more polymer molecules or two
regions of the same one through covalent bonds, further influencing the
conformation and rheological behavior of HPAM solutions [28].

1.4 Produced water must be treated before reused to confect viscous
polymer-flooding solution

As can be inferred from the previous section, polymer flooding requires water of
certain characteristics, which do not correspond to those of produced water. In terms
of quality, produced water can contain high salinity and diverse pollutants, so for
most applications it must be treated before being reused [30-32]. If produced water
is to be reinjected in conventional waterflooding (secondary recovery), it must be
only partially treated before being injected back in the subsoil [33]. However, when
EOR techniques are to be applied, higher water quality is required, as explained in
section 1.3. Thus, to be reused, produced water should to go through a series of
treatment steps, which may vary depending on its characteristics. At large, the water
must pass by a primary stage (hydrocyclone, corrugated plate separator, API
separator, or similar) followed by a secondary treatment, which can be a floater or a
nutshell filter. Finally, for certain cases, polishing and desalination steps are also
needed [33,34].

If water with high salinity or with high content of multivalent cations is used to
prepare a viscous solution for injection, either larger amounts of polymer need to be
added or more specialized (and expensive, and sometimes less environmentally
friendly) polymer formulations are needed [9,13]. In that case, additional to the
economic impact of using more chemicals, there is an environmental impact due to
increased polymer contamination in the produced streams.

Furthermore, there are also arguments for performing EOR with water that is low in
sulfate and other divalent anions. Sulfate present in produced water can be
converted to hydrogen sulfide (H2S) by thermophilic sulfate-reducing bacteria,
causing reservoir souring problems. In addition, water with high carbonate and
sulfate content is prone to cause scaling, which occurs normally in the form of
calcium or strontium salts. These salts can precipitate in surface facilities, injection
or production wells, or downhole in the reservoir, triggering miscellaneous
operational problems [35-37].



Introduction

Given the aforementioned reasons, polymer flooding solution should be prepared
with soft and/or low-salinity water, preferably with TDS in the range of 500 to 1000
ppm [35]. Regarding hardness, just 500 ppm of calcium decreases in half the
viscosity of the solution [9]. However, low-salinity water is rarely available on
location. As shown in Figure 1.6, nearly 90% of the EOR projects recently surveyed
used water with salinities above 1,000 mg/L, most of them above 10,000 mg/L [9].
Produced water can have even higher salinities, in the range between 2,600 and
360,000 mg/L [11]. Even though high-salinity water (TDS above 80,000 mg/L) has
been employed to prepare viscous polymer solution [7], nowadays it can be more
cost-competitive to include a desalination step in the process and to prepare the
polymer flooding solution in low-salinity water [35]. In that case, seawater
desalination is a relatively standard procedure, while produced water desalination
becomes more challenging due to its complex composition and variability, so
treatment schemes are being still investigated.
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Figure 1.6. Approximate salinity of the source water for EOR projects. Figure adapted from [9].

Water use by EOR projects (%)

1.5 Technologies for produced water softening and desalination

Advanced treatments for produced water include softening (the focus is on
removing multivalent cations) and desalination, and their application depend on the
intended use of the water. Softening is mainly performed to avoid scaling, that could
otherwise plug the reservoir and/or damage injection equipment [4], while
desalination can be performed to comply for criteria for discharge to surface waters,
or to reuse the water for irrigation, for low-salinity waterflooding, or for EOR
applications.

There are several technologies currently available to reduce the salinity and
hardness of conventional produced water (PW). The mature technologies that can
be used either for desalination or softening purposes are i) thermal processes like
evaporation, multistage flash distillation, mechanical vapor compression (MVC),
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and multi-effect distillation; ii) pressure-based membrane treatments: reverse
osmosis (RO) and nanofiltration (NF), iii) electrodialysis (ED) and similar electro-
membrane processes, and iv) other mature softening processes, like ion exchange
and chemical precipitation [4,33,38]. Since it would be very extensive to describe all
these technologies, only those with recent developments reported recently in the
scientific literature (<10 years), are compared in Table 1.1 (as a reference, 1 bbl =
0.159 m3). Further information about these and other treatments can be found in
recent literature reviews [11,30-33,38—40].

When performing the mentioned literature review, two technologies stood out due
to the elevated number of mentions: forward osmosis (FO) and membrane
distillation (MD) [41,42]. Although they are still under development, they have been
identified as potentially applicable for PW desalination. Hence, their main
characteristics are summarized in Table 1.2.

Yet, it must be considered that in most cases, a single technology cannot supply a
water product with the desired quality, so many technology-providing companies
offer treatment processes that make use of two or more softening/desalination

technologies [33].

Table 1.1. Comparison of selected mature technologies suitable for produced water softening and

desalination

Technology | Applicability Advantages Disadvantages | Energy use
MVC TDS removal | Modular design, lower High energy 10.4-13.6
[39,43] up to 200,000 | capital costs, reduced requirements kWh/m?

mg/L operating costs, less and high
prone to fouling by oil operational
and grease, less costs associated
intensive pre- with
treatment, recycling improvements
reduces the need for of heat transfer
disposal, highly coefficient
reliable and efficient
for desalination of PW.
RO TDS removal | Robust technology for Sensitive to 0.46 - 0.67
[30,44,45] (<40,000 monovalent salts organics and kWh/bbl
mg/L) removal, high pH inorganics in the | and 0.02 -
tolerance, automated feed stream, 0.13
operation, no vulnerable to kWh/bbl for
chemicals used, membrane seawater
potential for energy fouling, and
reduction through sensitive to high brackish
process modifications, temperature water
treatment of (>40°C),

10
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concentrate not intensive pre- desalination
needed, water treatment respectively.
recovery of 30% — 60% | required for PW
for seawater and 60% - desalination.
85% for brackish
water.
NF TDS removal Removes multivalent Prone to 0.08
[30,31] (500-25,000 ions at a lower membrane kWh/bbl.
mg/L) pressure than RO, high fouling,
pH tolerance, easily secondary waste
automated operation, production,
no solid waste highly sensitive
generation, lower to organic and
energy costs by use of inorganic
energy recovery pollutants in the
subsystems, water feed, vulnerable
recovery between 75% to high
and 90% is possible. operational
temperature,
requires
backwashing
ED TDS removal Cost-effective for the High operation 0.31-0.44
[30,46] (500-160,000 treatment of produced costs for kWh/kg of
mg/L) waters with relatively treatment of NaCl
low TDS. Robust concentrated equivalents
technology for water produced removed
reclamation. waters.
Desalination % can be | Relatively high
easily adjusted. CAPEX. Process
Membranes less requires
sensitive to fouling periodic
compared to other maintenance.
processes. Membranes
Selective removal of prone to fouling.
ions and small charged
molecules.
Table 1.2. Comparison of technologies under development for produced water desalination
Technology | Applicability Advantages Disadvantages | Energy use
Low applied pressure Re-
TDS (500 - thus lower fouling concentration of 046 — 0.67
175,000) mg/1 potential, inexpensive, the draw
FO . . L. kWh/bbl for
and dissolved high water recovery, solution is
[43,44,47] . i seawater
organics simple, no need for pre- needed thus desalination.
removal treatment, high extra cost,
rejection of all membrane

11
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contaminants, cleaning often
membrane fouling is required.
reversible, the potential
for regeneration of
draw solution.

Highly saline water
desalination is possible, Energy use
lower membrane depends on
fouling, no applied Membrane configuratio
pressure, lower fouling in the . On
operating temperatures, case of ) .
hy?:lilcfzaarrll)ins e.g., in VMD, high TDS hydrophobic aver;tg;, its
MD removal (TDS rejection, non-volatiles membrane, KWh/bbl
[43,44] removal, a modular mineral scaling, .
up to 300,000 . e . without
mg/l) design ut11121r.1g. plastics pre-treatmenjc of waste heat
thus avoiding feed water is and 1.63
corrosion, feed salt required, low KWh /Bbl
concentration does not flux. .
affect performance, with waste
heat.

different energy sources
can be employed.

1.6 Suitability of desalination technologies for treating polymer-
flooding produced water

All the desalination technologies enlisted in the previous section have been applied
to desalinate conventional produced water. However, when EOR technology is
applied, the chemicals added to the injected solution are also recovered with the
produced water, increasing its complexity. Since polymer-flooding is the most
employed cEOR technique, and most of the polymers employed are not easily
biodegradable, “polymer flooding-produced water” (PFPW) should receive special
attention [48].

In principle, PFPW could be treated with the same technologies used to desalinate
conventional produced water. For example, when thermal methods are applied, the
presence of polymer does not have a large influence, since these are robust
technologies with little sensitivity to the presence of organics, most of which are
degraded by physical-chemical processes that are enhanced at high temperatures.
Moreover, the desalinated stream consists basically of demineralized water, free
from salts and polymers, and thus would need to be partially salted again, and fresh
polymer added in order to be used as viscous flooding solution. Hence, this method
is less resource-efficient in terms of polymer recovery and reuse.

12



Introduction

Another mature technology for desalination is nanofiltration. Here the main
problem is that the membranes are sensitive to fouling, and that extensive pre-
treatments such as ultrafiltration must be applied, often repeatedly [49]. Moreover,
it has been reported that considerable amounts of polymer pass the ultrafiltration
membranes [50], leaving the NF membranes still exposed to fouling [51].
Furthermore, the NF water products would be i) a partially desalted stream for reuse
and reinjection, still needing fresh polymer to be added, and ii) a rejected solution
that would still contain polymer plus salts, which is not useful for reuse and
reinjection, and thus becomes as waste stream that needs to be treated before being
discharged into the environment. Something similar would be expected in the case
of applying reverse osmosis, but since even trace amounts of oil and grease can cause
membrane fouling [11], very intensive pre-treatment methods would be needed.

Electrodialysis (ED) is another technology emerging in the field of PFPW
desalination [52]. As presented in Figure 1.7, ED works by applying an electric
potential through two electrodes situated at the sides of a stack composed of anion
and cation exchange membranes arranged in an alternate form. The imposed
potential drives the cations towards the cathode (-, a negative potential), while
anions go towards the anode (+, a positive potential), which combined with the stack
configuration causes the depletion of ions in some channels and their concentration
in others. Compared to other desalination technologies, it offers two advantages for
treating PFPW:

a) Since it is an ion-selective technology, salts are transported through the
membranes while the polymer remains in the desalinating solution, reusing the
polymer could be a possibility.

b) ED allows the degree of desalination to be easily controlled. Thus, the product
is obtained already containing the desired salinity, avoiding the step of partially
mineralizing the stream.

Being able to reuse the back-produced polymer instead of spending energy and
resources to degrade it results a very attractive option, which makes electrodialysis
a very suitable desalination process. Furthermore, this option results beneficial since
it would minimize the pollution caused by produced water disposal while assuring
a reliable supply of water for the EOR projects [53]. If less polymer is required, the
impact is also favorable in terms of chemical procurement, transportation, storage
and handling (mixing and hydration) requirements and operating costs.

13
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Figure 1.7. Electrodialysis for (polymer-flooding) produced water desalination.

1.7 Current state of art and challenges for electrodialysis of polymer-

flooding produced water

Although the first reported application of electrodialysis to desalinate PFPW dates
to a few years ago, it has already been proven to be a promising option for desalting
PFPW. In China, where the largest polymer-flooding project in the world is being
developed, an ED pilot plant has been operating for a few years [54]. However, there
are still several issues to be investigated and solved, which can be grouped in five

areas:

a) Influence of PFPW composition and conditions. Until now, most of the available
literature about PFPW electrodialysis refers to the Daqing filed, in China.
However, PFPW composition and temperature varies enormously in ionic
composition, salt concentration, and temperature from place to place [55].
Would electrodialysis still be applicable for all these cases with different
compositions and temperatures? And, would the treated water with polymer,
for all these cases, be suitable for reuse? Since scarce literature reports on the
effectivity of ED desalination and polymer recovery as function of PFPW ionic

14
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b)

)

d)

e)

composition and temperature, this has been identified as a relevant knowledge
&ap-

Removal of multivalent ions. It has been stated that complete desalination of the
stream is generally not required for PFPW reuse for reinjection. However,
multivalent ions cause the most severe problems in terms of scaling and lost
polymer viscosity activity, so these ions should be preferentially removed. In the
literature, insufficient and contradictory information is available on the
possibilities to tailor ED for the specific removal of multivalent ions, hence this
is also an important knowledge gap.

Fouling. From the available scientific literature and information from practice
(personal communication with the members of the Wetsus Desalination theme),
this is the biggest problem to be addressed. Most of the polymers added to
prepare the viscous solution are polyelectrolytes, that is, they are, in overall,
negatively charged in solution, which attracts them towards the also charged
ion-exchange membranes, especially the positively charged anion exchange
membranes. Again, considering that PFPW composition would vary depending
on the geographical location and specific case conditions, it is desirable to know
how the ionic composition of the feed water would influence fouling. Important
questions to be resolved are which membrane characteristics would make the
membranes less prone to fouling by PFPW and which operational conditions
should be applied to the ED-system to minimize fouling.

Preservation of the polymer integrity and its viscosifying activity during and
after electrochemical treatments like ED.

Overall energy and material efficiency in terms of resource utilization and
minimization of negative impacts to the environment.

1.8 Aim and outline

The objective of this work is to improve the scientific understanding of the
desalination of synthetic polymer flooding produced water via electrodialysis and
the practical conditions relevant for its reuse to prepare viscous flooding solution.
To summarize, from the state of art and knowledge gaps addressed in the previous
paragraph, the following research questions were identified:

1)

2)

3)

How do PFPW composition and temperature influence the electrodialysis
performance?

Would it be possible to preferentially remove multivalent ions from PFPW
without completely desalinating it? Under which conditions?

What kind of fouling is formed on the ion-exchange membranes when desalting
PFPW and how is it affected by its composition?

15
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4) Which methods are the most suitable to minimize fouling by PFPW?
5) Which operational conditions result in improved electrodialysis performance?

6) What is the overall energy and material efficiency of ED PFPW treatment in
terms of resource efficiency and sustainability?

These questions leaded to the outline of the thesis (Figure 1.8) which is now
presented.

CHAPTER 1
Introduction on polymer-
flooding, water requirements
and desalination

Process characterization Membrane fouling Improved operation
e N e N
CHAPTER 2 CHAPTER 4 CHAPTER.G )
Proof of principle and process PFPW composition and fouling Use of pulsed electric field (PEF)
characterization on AEMs to improve performance and
N\ J \_ reduce fouling Y,
4 ~N Ve N
CHAPTER 3 CHAPTER 5 CHAPTER7
Preferential removal of PFPW composition and fouling EDR for PFPW desalination:
divalent ions on CEMs process performance related to
. J \_ AEMs characteristics Y,
CHAPTER 9 ) 4 CHAPTER 8 h
Energy consumption of an . Desalination of PFPW at
electrodialyzer increased water recovery and
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Figure 1.8. Structure of this thesis.

First, considering that PFPW composition and temperature differ greatly from
location to location, Chapter 2 explores PFPW desalination and reuse at selected
conditions (RQ1). In this chapter, we aimed to find out which were the most
challenging conditions to perform electrodialysis of PFPW, and how suitable would
it be to prepare fresh viscous solution with the desalinated PFPW.

In Chapter 3, we evaluate the possibility of preferentially removing divalent ions
from synthetic PFPW conditioned at different temperatures by varying the applied
current density (RQ2).

In Chapters 4 and 5, we investigate the effects of polymer-flooding produced water

composition and the fouling mechanism for the anion and cation exchange
membranes, respectively (RQ3).
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Chapters 6, 7, and 8 explore different options to minimize fouling (RQ4) and
improve the electrodialysis performance (RQ5) when desalinating PFPW. In
Chapter 6, we utilize a relatively new mode of operation, pulsed electric field, which
has been positively evaluated in the literature to minimize concentration
polarization and fouling. In Chapter 7, we analyze how the use of AEMs with
specific properties would impact the desalination performance when operated in ED
reversal mode. Later, in Chapter 8, we use the knowledge gathered along previous
chapters to propose an improved operation mode that considers the water recovery-
energy-membrane area tradeoff.

In addition, since the application of electrodialysis to desalinate viscous solutions is
unusual, Chapter 9 investigates the energetic consequences of working with this
kind of feed streams in terms of desalination and pumping energy consumption

(RQ6).

Finally, Chapter 10 includes a general discussion about the findings presented in
this thesis, and an outlook of the application of electrodialysis to desalinate
industrial water containing charged polymers.
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Chapter 2

Abstract

The reuse of polymer flooding produced water (PFPW) generated in oil and gas
industry is limited by its salt content, making desalination by electrodialysis a
promising treatment option. Therefore, this study aimed to 1) assess the technical
feasibility of employing electrodialysis to desalinate PFPW generated in assorted
scenarios, and 2) evaluate the reuse of the electrodialysis-desalted water to confect
polymer-flooding solution. The experimental work involved desalting two kinds of
synthetic PFPW solutions, one with relatively low salinity (TDS=5000 mg/L, brackish
PFPW), and another with high salinity (TDS= 32,000 mg/L, sea PFPW), at two
different temperatures, and later reusing the desalted solution to prepare viscous
solutions. For the electrodialysis runs, the effects of feed composition and
temperature on water transport, energy consumption and current efficiency were
analyzed. It was found that the presence of polymer did not significantly influence
the water transport rate nor the specific energy consumption for the seawater cases,
but had a measurable effect when desalting brackish water at 20°C. It was also found
that some polymer remained in the stack, the loss occurring faster for the brackish
PFPW. &till, both kinds of reused PFPW probed adequate to be employed as a basis
for preparing n polymer solution.
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2.1 Introduction

2.1.1  Polymer flooding produced water

Polymer flooding is a method for chemical enhanced oil recovery (cEOR) that relies
on the use of polymeric solutions to increase the recovery of hydrocarbons from
existing oil fields. It is currently applied in several projects around the world —
including countries like China, India, Oman, Angola, USA, Canada, United
Kingdom, and Brazil- and its use is predicted to increase since both energy and oil
demand will keep growing during the following decades, while finding new oil
fields becomes increasingly challenging and costly [1-4].

Polymer flooding consists in employing displacing fluids with high viscosity, which
consequently reduces the mobility of the aqueous phase and the water/oil mobility
ratio, and finally leads to an increase in the macroscopic displacement efficiency [5].
In practice, this means that large volumes of water viscosified with polymers are
pumped through an injector well in order to sweep the remaining oil and increase
its recovery. The produced stream is later recovered in a production well and split
in a gas, an oil and a water stream; the latter better called polymer-flooding
produced water (PFPW) so to distinguish it from other produced water without
polymers.

Depending on the geographic location of each project, the water for preparing the
polymeric solution can be taken from different sources, therefore varying extremely
in composition and salinity. As a rule, offshore projects rely on seawater as main
water source, while onshore projects can have access to a variety of water sources.
Recently, Henthorne et al. [6] published a survey about the source of injection water
for over fifty EOR projects, including besides polymer addition, other chemical and
thermal methods: most common source of water used was produced water itself
(over 50% of the cases) followed by seawater (40%). The authors also reported that
the salinity range of the water employed (57% of cases) was between 10,000 to 50,000
total dissolved solids (TDS), followed by lower salinity waters in the range of 1,000
to 10,000 TDS (23%). For the specific case of polymer flooding projects, Standnes &
Skjevrak [7] summarized the characteristics and results of 72 polymer flooding
projects implemented around the world. Considering only the projects for which the
polymer injection water quality is clearly stated, more than 50% reported employing
fresh water for the polymer preparation, 22% reported using produced water and
15% made use of high salinity water. Even though fresh water appeared as the
preferred option, it must be considered that many of the evaluated projects were
carried on during the 1960’s to 1980's, but in contemporary conditions of growing
water-scarcity and increasingly stringent legislation, it is foreseen that present and
future EOR projects will become more dependent on produced water as a main
supply source for their daily operation, including the make-up of polymer solutions.
For example, state regulation in Oman forbids oil and gas companies to use fresh
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water reservoirs (including shallow aquifers) for oilfield development, so the
operators in the country currently rely on deep groundwater and produced water
as supply sources [8,9].

Legislation and environmental concerns do not only play an increasingly important
role in the accessibility to water sources, but also in the selection of disposal methods
for EOR produced water. Even in non-water-stressed regions, the discharge of
PFPW has to adhere to progressively stringent regulations, making reuse a more and
more appealing option [10]. For example, according to the United Kingdom law, the
most commonly employed EOR polymer does not pass the standard biodegradation
test, so the base case for any polymer flooding project in the country is currently that
water that potentially contains traces of polymers cannot be disposed of and needs
to be re-injected [11]. With more stringent regulations, it could be even possible that
the practice of EOR produced water discharge may be phased out, forcing closed
loop recycling [1]. Consequently, the reuse of produced water and PFPW in different
EOR applications is being assiduously evaluated [1,12].

Among the different reuse options, the use of PFPW to confect new polymer solution
results threefold beneficial since it would minimize fresh water consumption,
reduce the pollution caused by PFPW discharge and guarantee a reliable supply of
water for the EOR projects [13]. In order to serve for reuse purposes, produced water
is required to go through a series of operations to remove reuse hindering
contaminants. Compared with the conventional produced water, PFPW contains not
only crude oil, minerals, and bacteria, but also residual polymer. This makes
treatment with commonly used methods difficult. Even after treatments such as
flotation, coagulation, sedimentation, sand filtration and ultrafiltration, PFPW still
contains residual organics and relatively high salinity (ranging from 2,000 to 150,000
ppm), the latter making the mixture inadequate for reuse in EOR [14,15]. This is
because the most employed viscosifying polymers are high molecular-weight
polyelectrolytes — like partially hydrolyzed polyacrylamide (HPAM, Figure 1.4) and
its derivatives — which are sensitive to the presence of ionic species in solution — salt,
alkali, or ionic surfactants. These ionic species have the effect of shielding the natural
repulsion between the negative charges of the carboxylate groups of the HPAM,
reducing the hydrodynamic size of the polymer molecule [16], and consequently
lowering the viscosity of the solution. Thus, for produced water to be reused to
confect polymeric solution, reduction of the salinity is highly desirable. Indeed, it
has been suggested that the ideal water salinity for this purpose is in the range of
500 to 1000 ppm, due to potential swelling and incompatibility with the reservoir
formation [17].
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2.1.2 Electrodialysis to desalinate PFPW

Currently, two types of processes are relevant for the desalination of produced
water: thermally-driven processes — that include multistage flash evaporation,
multiple-effect distillation and vapor compression evaporation,— and pressure-
driven processes such as reverse osmosis (RO) and nanofiltration [18-20]. While
each method possesses its own advantages and drawbacks, in this case they all share
one inconvenience: production of a water stream very low in TDS, and a rejected
stream concentrated in salts and organic matter. While the latter is problematic
because it still poses disposal issues, the former does not have the adequate salinity
to be reused in EOR, as previously explained.

This explains why electrodialysis (ED), a salt selective technology, has been recently
proposed to reduce the salinity of the PFPW stream [21]. In the reuse scheme, this
would have the highly desirable effect of reducing the amount of fresh polymer and
chemicals required to reach the target injection viscosity. Other potential benefits of
including a partial desalination step are the reduction of scaling along the injection
system, a decreased risk of reservoir souring, and a diminished polymer
contamination in the produced streams [22].

As stated before, the application of electrodialysis to desalinate PFPW is relatively
recent (first documented ten years ago), and has been focused in PFPW from the
Daqing field in China [21,23]. Until now results seem promising, leading to the
construction of a 9600 t/d water treatment ED setup [24] and further studies
addressing fouling of the ED membranes [24,25]. However, as EOR and polymer
flooding are being applied in increasingly diverse scenarios, the variety of the
generated PFPW is therefore also growing. For example, PFPW of salinities between
5000 TDS to seawater levels are abundant streams whose treatment with ED has not
been reported. Therefore, the reuse of these new varieties of PEFPW also needs to be
considered as a genuine option over the traditional injection and discharge practices.
This requires having actual experimental data and understanding of both: the ED
desalination process of PFPW and the factors that control the quality of the
reclaimed solution, leading to the objectives of this study.

2.1.3 Objectives

Accordingly, the two objectives of this work are:

i) To assess the technical and energetic feasibility of employing electrodialysis to
desalinate PFPW generated in assorted and relevant cEOR scenarios, i.e. with
different compositions and temperatures. The assessment is to be performed in a
way that allows identifying opportunity areas as well as potential implementation
issues.
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ii) To evaluate the reuse of the electrodialysis-desalted water to confect polymer
flooding solution.

The variables, salinity and temperature, were specifically chosen because they are
an obvious and unavoidable consequence of the variety of locations on which
polymer-flooding is being implemented. Still, both can have important
repercussions on the performance of ED and the characteristics of the treated water.

2.2 Materials and methods
2.2.1 Materials
2.2.1.1  Solutions for ED runs

Two different PFPW solutions were selected for this study, one with relatively low
salinity (TDS= 5,000 mg/L, from now on referred as brackish PFPW), and another
with high salinity (TDS= 32,000 mg/L, referred as sea PFPW). Their compositions are
specified in Table 2.1.

Brackish and sea PFPW synthetic solutions were prepared at a concentration of
1.0 g/L of HPAM with MW=5-8 million Da. The size and concentration of the
polymer were chosen considering reported values of polymer being back-produced
with 50% of its original molecular size [26] and at a lower concentration of what
originally injected.

Table 2.1. Measured composition of solutions. Prepared based on values reported by [28] and [10].

Sea water (SW) Brackish water (BW)
g/L g/L

Na* 9.500 1.761
K* 0.331 0.021
Ca? 0.350 0.014
Mg?* 0.952 0.013
Cl- 17.407 2.009
HCOs- 0.447 0.864
SO« 3.051 0.207

For preparing the back-produced polymer solution the procedure was the following.
First, 500 mL of previously prepared salt solution were poured in a glass bottle
containing a magnetic stirrer. Then, 500 mg of commercial HPAM with MW= 5-8
million Da were weighted in an analytical balance and slowly poured in the vortex
formed in the salt solution stirred at 600 rpm by a magnetic stirrer. Once all the
polymer was poured in, the agitation was reduced to 150 rpm and the bottle was
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sealed. Each polymer solution was left stirring overnight in order to assure complete
hydration [27], and was employed within 72 hours of its preparation.

Analytical grade salts (NaCl, CaCl2-2H>0, MgCl2-6H20, NaHCO3, KCl, and Naz250s4)
were purchased from VWR and employed without further purification. Two kinds
of HPAM were employed, Flopaam 3230S (MW= 5-8 million Da, 30% hydrolyzed),
and Flopaam 3630S (MW= 20 million Da, 30% hydrolyzed), both kindly provided by
SNF (France). All the solutions were prepared with demi water.

2.2.1.2  Solutions for viscosity measurement as a function of polymer concentration

In order to evaluate the effect of reusing desalted PFPW on the amount of polymer
required to attain the desired injection viscosity, a total of eight sets of solutions were
prepared, four for each water case. One set of solutions was prepared with the
original sea water (TDS ~ 32,000 mg/L), another with the original brackish water
(TDS ~ 5,000 mg/L), and the other six sets employed the reused diluates of the ED
runs (TDS ~ 500 mg/L). Before preparing some of the viscous solutions, the pH of
the ED diluates were adjusted to 8.0 by adding 1.0 M NaOH (Table 2.2.).

Table 2.2. Sets of viscous solution prepared to evaluate the viscosity as function of the concentration

of HPAM 20M Da
Set Basis for stock solution Diluted with
SW or BW no ED Sea or brackish water Sea or Pracklsh water (no
residual polymer)
Diluate PEPW Final diluate without Final diluate with residual
polymer polymer
Diluate SW or BW Final diluate without Final diluate without polymer,
pH=8.0 polymer, pH adjusted to 8.0 pH adjusted to 8.0
Diluate PFPW Final diluate without Final diluate with residual
pH=8.0 polymer, pH adjusted to 8.0 polymer, pH adjusted to 8.0

Each of the eight sets of solutions was prepared from a stock HPAM solution (5.0
g/L), just like in the field procedure in which a concentrated (stock) polymer solution
is prepared and then diluted to the desired injection viscosity. To assure proper
polymer hydration, all stock solutions were prepared in a basis without residual
polymer. The preparation method was like the one described in section 2.2.1.1, but
with the necessary adjustments to achieve the design concentration of 5.0 g/L of the
MW= 20 million Da HPAM.

After keeping the stock solutions under slow agitation for 24 hours, volumetric

dilutions were performed so to obtain solutions with 20 million Da HPAM
concentrations ranging between 0.2 and 2.0 g/L. The water employed for diluting
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some solutions was the diluate of the ED experiments containing residual HPAM (5-
8 million Da). The viscosity of these solutions was measured employing the
rheometer and settings specified in section 2.2.2.2.

2.2.1.3  Electrodialysis setup

Experiments were performed in an ED stack containing five repeating cells, each
consisting of a cation and an anion exchange membrane. The CEM and AEM
employed were Neosepta CMX and Neosepta ANX (Tokuyama Co., Japan),
respectively, and had a working area of 104 cm?2. An additional CEM was placed at
the beginning of the stack to close the first cell. The intermembrane distance was
fixed by using woven ETFE fabric spacers (Fluortex 09-590/47, Sefar, Switzerland),
with reported thickness of 485 pm. Gaskets made of silicone rubber with a thickness
similar to the spacer thickness were used to seal all the compartments and to form
the alternated flow channels for the diluate and the concentrate. On both sides of the
stack, squared titanium electrodes (mesh 1.7, area 96.04 cm?) with a mixed metal
oxide coating of Ru/Ir (Magneto Special Anodes BV, The Netherlands) were
employed as cathode and anode. The stack was closed with plates made of PMMA
(poly(methyl methacrylate)) and 8 bolts (Figure 2.1).

Endplate + Spacer + Spacer + Endplate +
electrode .. Gasket CEM gasket AEM gasket CEM Gasket —. electrode

» Concentrate out

Diluate out

Diluate in

Concentrate in

5x
Figure 2.1. Scheme of the electrodialysis stack employed, which was composed of six cation exchange
membranes (CEM) and five anion exchange membranes (AEM). Adapted from Vermaas et al. [29].

A potentiostat/galvanostat (Ivium Technologies, The Netherlands) was employed to
control electrical current and to measure the potential difference. The potential
difference over the membrane stack is measured using two reference Ag/AgCl gel
electrodes (QM711X, QIS, The Netherlands) placed at the inlet of each electrode
compartment.

Conductivities of the diluate and concentrate were measured inline with two

conductivity probes (Orion DuraProbe 4-electrode conductivity cell 013005MD)
directly before the ED stack. The probes were connected to a dedicated transmitter
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box (Orion Versastar Pro), which corrected the measured values to the reference
value at 25°C, and this last to a computer, where conductivity data was recorded
every 5 seconds. pH of the diluate and concentrate were also measured inline, after
the ED cell, with two pH probes (MemoSENS Endress + Hauser, pH range 1 to 12),
connected through a transmitter box (P862, QIS) with a data logger (Memograph M
RSG30, Endress + Hauser).

The solutions were pumped through the stack with peristaltic pumps (Cole-Parmer,
Masterflex L/S Digital drive, USA). Temperature control during the experiments was
achieved by employing 1.0 L glass jacketed vessels to store the diluate and
concentrate solutions. On the external part of the vessels, water coming from a
temperature-controlling recirculation bath was circulated. Figure 2.2 illustrates the
setup configuration.

Potentiostat [—

@

To concentrate +——— |

To diluate <+

OO Cathcdlp . __AEM CEM]Anode

Electrode

rinsing —
solution .

Diluate Concentrate

q

Il
B
i

Temperature Temperature
controlling @ P controlling
bath bath
Figure 2.2. Scheme of the setup. The electrodialysis stack was connected to a
potentiostat/galvanostat to control the electrical current and measure the potential difference

between two reference Ag/AgCl gel electrodes. The temperature of the solutions during the
experiments was controlled by two controlling baths.

2.2.2 Methods
2.2.2.1  Electrodialysis runs

ED experiments were carried out in a batch operation mode at fixed working
temperatures (20°C and 40°C). The diluate and concentrate containing vessels were
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pre-conditioned to the desired temperature by circulating water supplied by the
temperature-controlling bath. Later, 500 mL of the diluate and concentrate solutions
were poured in their corresponding vessels. For all experiments, the initial
concentrate consisted on 5.0 g/L of sodium chloride solutions. As diluate, four
different kinds of solutions were employed: sea and brackish PFPW with and
without HPAM added. Runs with and without polymer were always performed in
an alternate pattern.

The electrode rinse solution (2.0 L of sodium sulfate 20 g/L) was conditioned to the
experiment working temperature by using another temperature-controlling bath.
The concentrate and the diluate were recirculated through the corresponding
compartments of the ED stack at a constant flow rate of 120 ml/min, while the
electrode solution was re-circulated at a flow rate of 100 ml/min. The solutions were
circulated in their correspondent circuits during 10 minutes before starting the
experiment, allowing them to stabilize at the desired working temperature.

The experiments were run in constant current mode, at a fixed current density of 24
A/m? and switched to constant voltage mode when the limit value of 8.6 V was
reached over the work electrodes. All experiments were stopped when the diluate’s
conductivity dropped to 1.0 mS/cm. During all experiments, stack voltage and
current, as well as pH and conductivity were monitored for each circuit. Samples of
1.0 mL were taken periodically from the diluate and concentrate compartments.

During the experiments, the mass of the diluate was monitored by means of a mass
balance placed under its vessel. The volume of the solution at each data point was
calculated from the mass data using a density value corresponding to the
composition of the solution at a reference temperature of 25 °C (1.0075 g/L for the
experiments with sea PFPW and 1.00 g/L for the experiments with brackish PFPW).
These density values were calculated as the average of measured densities of the
solutions before and after being desalinated.

After each experiment with HPAM involved, the membrane stack was cleaned in-
place. The procedure consisted in pumping a series of solutions in both the diluate
and the concentrate compartments, each solution for a period of 10 minutes. The
sequence of solutions was: sodium chloride solution (15 g/L), sodium hydroxide
solution (0.1 M), fresh sodium chloride solution (15 g/L), hydrochloric acid solution
(0.1 M), and finally fresh sodium chloride solution (15 g/L) [30].

All the experiments were performed by triplicate, and the results shown are the
average of the values obtained for each of them.

32



Electrodialysis-based desalination and reuse of sea and brackish PFPW

2.2.2.2 Viscosity measurements

The dynamic viscosities of the polymer solutions were measured with a Discovery
HR-3 rheometer (TA instruments) with a bob and cup configuration. The cup had
an internal diameter of 30.43 mm and the bob an external one of 28.04 mm. The
temperature of the solution was controlled by a heating jacket and the viscosity
measured at + 0.1 °C of the specified temperature. The measurements were
performed at constant shear rate, starting from 1 s to 100 s™.

2.2.2.3  Analytical methods

Samples taken during the ED runs were analyzed to determine their cation and
anion content. Cations (Na*, K*, Ca?", Mg?) were measured by inductive-coupled
plasma optical emission spectroscopy (ICP-OES, Optima 5300DV, Perkin Elmer) and
anions (Cl- and SO+) by ion chromatography (IC, 761 Compact IC, Metrohm). For
all the runs with HPAM involved and selected samples without it, both diluate and
concentrate samples were analyzed for total carbon (TC) and total organic carbon
(TOC) using a TOC analyzer (Shimadzu TOC-VCPH). With this method, besides
monitoring the polymer concentration, it was possible to quantify the inorganic
carbon as the difference between the detected TC and the TOC. The inorganic carbon
detected was considered in the bicarbonate form (HCOs") if the pH of solution was
above the pKa of the carbonic acid/bicarbonate pair (pKs= 6.4). Additionally, the
diluate samples were analyzed utilizing liquid chromatography followed by an
organic carbon detector (LC-OCD) (Doc-Labor, Germany) to get further size and
nature information of the organic matter fractions of the polymer [31].

The total dissolved solids (TDS) content of each sample was calculated by adding
the obtained concentrations of cations and anions, including the bicarbonate.

2.3 Results and discussion

2.3.1 Electrodialysis performance

ED experiments were carried out at two different temperatures, 20 and 40°C, at a
fixed current density of 24 A/m? and stopped when the diluate’s conductivity
reached 1.0 mS/cm. The initial conductivity of the solutions circulating in the diluate
circuit was, on average, 49.20 + 0.6 mS/cm for the sea PFPW and 8.4 + 0.1 mS/cm for
the brackish PEPW, with no significant difference for the solutions with polymer and
without polymer. Thus, all experiments performed with seawater had roughly the
same duration —400 minutes— despite the presence of polymer, the same happening
with all the experiments performed with brackish water, which lasted
approximately 56 minutes (see Figure A2.1).
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As explained in section 2.2.2.3, the TDS of each sample was calculated by adding up
the measured concentrations of cations and anions. The values obtained are also
represented in Figure A2.1, which shows the decrease in remaining TDS as a
function of the measured conductivity. For the case of sea PFPW, the samples taken
at the end of the experiment contained in average 405 mg/L of TDS — a removal
percentage of 98.7%. This TDS value is slightly below the suggested minimal 500
mg/L to prepare the polymer solution for EOR [17], so it is advisable for future
experiments to target a final conductivity above 1.0 mS/cm. Additionally, it was
found that at the end of the desalination, the only ions still present in the diluate
were Na*, ClI-, SO and HCOs-, with a respective mass percentage of 38, 30, 30 and
2%.

Regarding the brackish PFPW, the average TDS of the diluates at the end of the
desalination was 450 mg/L. From the initial TDS content of 5,000 mg/L, the
percentage of removal is approximately 90.7%. Again, the only ions detected in the
final diluate were only Na*, Cl-, SO+~ and HCOs, in this case with a respective mass
percentage of 38, 28, 13 and 20%. These results are in agreement with those presented
by Jing et al., who reported faster removal of Ca? and Cl-compared to the removal
of Na* and HCOs~ when desalting Daqing PFPW [21].

Since all the experiments were performed at constant current and only switched to
constant voltage for the last minutes, the desalination time ought to be proportional
to the amount of salts removed, or more accurately, to the number of molar
equivalents that were transferred. In the case of sea PFPW, the average removal rate
was 157.8 = 1.3 meqg/h, while in the case of brackish PFPW, a removal rate of 150.2 +
2.3 meqg/h was attained. When statistically compared, both removal rates differ
insignificantly (p > 0.05).

2.3.1.1  Water transport

Together with the ions, water is also transported, consequently influencing the
efficiency of the separation process [32-34]. Thus, it is of great interest to understand
the implications of water transport when desalting PFPW.

During electrodialysis, water transport can occur either as free or as bound water.
Free water transport (osmosis) will take place due to the difference in concentration
between the diluate and the concentrate [35]. The relationship between this driving
force and the flux of water transported by osmosis Jesn (mol m?s') can be
characterized by the water transfer or diffusion coefficient Dw (m?/s), as expressed in
equation 1 [33,35]:

(cc—caq) Am .
]osm=DwTd=E /2.1
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where cc and ca are, respectively, the molar concentrations in the concentrate and
diluate (mol/m3), 6 is the membrane thickness (m), Am is the amount of water
transported (mol), A is the membrane area (m?), and ¢ is the time (s).

Transport of water bound to ions, known as electro-osmosis, will take place
whenever ions are passing through the membrane, and has a minimum
corresponding to the water in the primary hydration sphere of the ions [32,36]. The
amount of water transported by electro-osmosis is highly related to the membrane
structure and properties, to the nature of the electrolyte solution and its
concentration, and to the current density [33,34,37-39]. The water flux due to electro-
osmosis is proportional to the flux of ions as expressed by:

Jeosm = tw Zi]i /2.2

Here, Jeosn is the electro-osmotic water flux (mol m s7), tw is the average water
transport number for a specific membrane pair (-), and Ji is the flux of positive and
negative ions (mol m-s). It is important to notice that tv is calculated as the average
water transport number across a membrane pair, thus comprising the water carried
by anions and cations combined [40].

As can be inferred, water transport through ion-exchange membranes is a complex
topic which can be addressed at many detail levels. For our study, the main interest
is to have a general outlook of the impact of the chosen variables — salinity,
temperature and polymer presence — on the observed water transport and finally on
the overall process efficiency. Of special interest is the assessment of the effect of
viscosifying polymer in the diluate stream. After all, the osmotic water transport is
thermodynamically defined as a function of the difference in water activities across
the membrane [41], and it is known that the addition of a solute to water always
lowers its thermodynamic activity [42]. From this perspective, lower water transport
could be expected for the viscosified solutions. And although electrodialysis has
been widely employed to desalinate multicomponent solutions with viscosities
higher than water — like meat extract [43], maple sap [44] and crude glycerol [45], -
the impact of the viscous component regarding the observed water transport was
not quantified.

During our study, the diluate’s mass was recorded and from this data, the volume
of solution was calculated (section 2.2.2.1). The computed volume decrease for all
the studied PFPWs is presented in Figure 2.3. The conductivity of the diluate is
presented in the x axis instead of time to facilitate the comparison of the amount of
salts present at a given moment in the sea and brackish cases. For the sea water
PFPW, the water transport profile of all the studied cases was quite similar, showing
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only a larger volume drop in the last two data points of the experiments without
polymer running at 40°C. Thus, at the end of the desalination, the largest water
transport was recorded for the referred set of experiments, from which the recovered
volume was 81.3 + 0.3% of the initial one. In contrast, for the runs at the same
temperature but with polymer, the water loss was slightly less severe (83.4 + 0.9%

recovered volume).

Sea case Brackish case
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Figure 2.3. Remaining volume in the diluate as function of the measured conductivity. Experimental
data points are represented by markers and modelled results by continuous dashed lines. Model
calculated employing process efficiency of 90% (see section 2.3.1.2), t,= 8, and Dy= 2.0 X 10°1° m?/s.

Although with a smaller volume decrease, the experiments performed with brackish
water showed a tendency like the one observed in the seawater ones. In the brackish
case, the highest volume recovery was registered in the runs with polymer at 20°C.
Meanwhile, the runs at 40°C without polymer showed again the smallest volumetric
recovery (94.9 + 0.8 %), while for the runs with polymer at the same temperature the
recovery was 96.6 + 0.6 %. Although the statistical analysis showed that neither the
differences in the sea water nor in the brackish water cases are significant (p > 0.05),
the potential recovery of an extra 2.0% volume of water could be large enough to
draw the attention towards the differences when desalting solutions in the presence
or absence of viscosifying polymer.

To assess the role of osmotic and electro-osmotic water transport in the observed
volume reductions, equations 2.1 and 2.2 were employed to calculate the projected
volume changes as a function of tw and Dw. Since the values of these parameters may
vary depending on the actual experimental conditions, they were calculated by
performing a regression analysis of the experimental data obtained at 20°C and
without HPAM. By setting a target to minimize the difference between the
calculated and the measured diluate volumes, an optimal combination of t.= 8.0 and
D«=2.0 x 107'° m?/s was found. Both parameters are in agreement with other values
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reported in the literature, where t» values of 8.2 and 8.0 for the same membrane pair
have been recently reported [40,46]. In a similar way, the calculated transfer
coefficient Dw is in the same order of magnitude that the value reported by Galama
for a similar membrane pair [33]. Finally, these t» and Dw values reveal that the
electro-osmotic water transport had the largest influence in the total amount of
transported water. It was calculated that, respectively, 94 and 95% of the effective
water transport in the sea and brackish cases, was attributable to the electro-osmotic
mechanism.

2.3.1.2  Energy use and current efficiency

Since the desalination experiments were run at constant current and stopped at
similar desalination degrees, the effects of the presence of polymer and the variation
in temperature were reflected in the energy use. The first indication of energy
consumption tendencies are the voltages supplied to the cell during the runs, shown
in Figure 2.4. In the case of sea PFPW, the initial voltages are around 0.5V, and all of
them increase slowly and steady as the desalination progress. They all show a sharp
increase around the minute 360, the time at which the diluate’s conductivity had
decreased to approximately 5.0 mS/cm. It is also noteworthy that the experiments
running at the same temperature behave in similar way, despite the presence or
absence of HPAM. On contrary, in the case of the brackish PFPW results, there were
larger differences between the experiments with and without polymer, especially
for the runs at 20°C. These differences again can be explained as the result of the
different viscosities of the solutions, which affect the diffusion rate of the ions and
influence the thickness of the ion depletion layer.

Furthermore, to assess the energy costs of desalting the different types of water
studied, and to compare the results with available data, the energy requirement per
unit of diluate volume (W) was calculated. For that, the following equation can be
employed [33]:

_ fI'Estackdt /23/

Wdesalination Va

where [ is the current (A), Eswc is the measured voltage in the stack (V), ¢ is the time
period (s), and Vi is the measured diluate volume (m?). It is important to notice that
this equation only accounts for the stack’s energy use; electrode losses and pumping
energy are not included.
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Figure 2.4. Measured voltages over the 5-cell pair stack. For the sea cases, there was a slow and
steady increase in potential until approximately minute 340, when presumably the limiting current
was reached, and from there on the voltage increases rapidly. For the brackish case, the sharp
increase in voltage occurred around the minute 30 for the solutions at 40°C and before for the
solutions at 20°C. Lower voltages were recorded for the sea cases than for the brackish ones; for the
experiments running at 40°C, and for the experiments running without HPAM.

Since the required desalination degree of PFPW would depend on the location and
type of reservoir, the energy necessary to reach two different TDS concentrations:
1000 and 500 mg/L (Figure 2.5) was calculated using Eq. 2.3. As expected, the specific
energy consumption for desalting seawater was larger than for desalting brackish
water, experiments running at 40°C consumed less energy than the ones running at
20°C, and the presence of polymer also increased the energy use, most notoriously
for the desalinations reaching 500 TDS and the runs at lower temperature. It should
be emphasized that although the process parameters were not optimized, the energy
consumption for the seawater case falls within the values reported by other authors
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Figure 2.5. Specific energy consumption for desalting sea and brackish PFPW in kWh per m? of
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As in all desalination processes, not all energy supplied to an ED system is used
effectively. In a large extent, the efficiency of electrodialysis is determined by the
properties of the membranes. Phenomena like back-diffusion of ions or co-ion
transport can occur due to their non-perfect selectivity [33]. Additionally,
electrodialysis efficiency is also affected by the process and system design, which
determine the limiting current density, the current utilization, the concentration
polarization, etc. In order to quantify the effectiveness of current utilization, the
coulombic efficiency is extensively used, defined as the total amount of electric
charge transported by ions, divided by the electric charge applied to the system
[33,48]. This is shown in Eqs. 2.4-2.6.

_ Quransported 4 0o a)
Qapplied
Qtransported =F Yz An; /2.5/
t
Qapplied = Ncellf Idt /2.6/
0

Where 1 is the coulombic efficiency (%), Q the electric charge (C), F is Faraday
constant (C/eq), ziis the valence of the ion (eq/mol), Ani, the moles of ions transported
(mol), and Nen the number of cell pairs (-). It must be noted that eq. 2.5 can be
employed either for the cations or for the anions, but not both simultaneously. Thus,
the efficiency for each experiment was reported as the average of the efficiencies
calculated independently for the cations and for the anions.

In general, the calculated current efficiencies were higher for the brackish water
experiments, ranging between 89 to 97%, while for the seawater ones it was found
to in the range of 84 to 90% (Figure 2.6). The most surprising finding is that in 3 of
the 4 cases, the runs without polymer presented a lower current efficiency than the
same run with polymer. This can possibly be explained as an effect of the lower
diffusivity of the ions when the viscosity of the solvent increases, which causes the
back-diffusion phenomena to happen at a lower rate.
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Figure 2.6. Current efficiency for the desalination of PFPW.

2.3.2 Evaluation of the PFPW solutions

As explained, the final goal of desalting the PFPW is to reuse it to confect fresh
polymer solution. Thus, as important as analyzing the process feasibility in energetic
terms, it is to make sure that the desalted stream can be reused in the polymer-
flooding process. Of special attention is its readiness to confect viscous solutions, as
it will be further studied in this section.

It has been stated that in polymer flooding, the oil recovery is increased by lowering
the mobility of the displacing phase (water) compared to the mobility of the
displaced phase (oil). This mobility reduction of the water phase is achieved by
increasing its viscosity through the addition of water-soluble polymers [4,5]. The
type of polymers employed and their concentration vary for each reservoir and
project, but in general it is preferred to use polymers with high molecular weight,
and in concentrations between 1000 ppm to 3000 ppm [5]. The viscosity of the
polymer solution must be evaluated at least at two temperatures, reservoir and
environmental, to ensure that the fluid viscosity remains within the desired range at
downhole conditions, but that it is also reasonably viscous to be pumped at surface
conditions [5]. And even though steady and dynamic rheological properties of the
polymer solution are important for cEOR applications [5,49,50], the initial evaluation
of a solution consists on performing a viscosity curve at different shear rates, with
special attention given to the viscosity obtained at a shear rate of 7.3 s or similar.

Accordingly, this study relied on steady shear measurements to characterize the
polymer solutions. The viscosities of the synthetic sea and brackish PFPW solutions
were measured before and after the desalination, at 20 and 40°C at various shear
rates (section 2.2.2.2). To facilitate the analysis, the viscosities recorded at shear rate
of 6.3 s are summarized in Table 2.3, but the complete set of measurements is
available in the supplementary material (Figure A2.3).
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Table 2.3. Viscosities of sea and brackish water solutions (in mPa.s).

Sea water SN A Brackish water e
(HPAM)® (HPAM)®
20°C 40°C | 20°C  40°C | 20°C  40°C | 20°C  40°C
Bef
eore 1059 0.694° | 3331 2233 | 1.010° 0659 | 9.027  6.080
desalination
After
er 1002 0653 | 6033 4172 | 1.002 0653 | 3201 2293
desalination

2 Viscosity of solutions of salinity 30 g/kg [51]

b Calculated as the average viscosity of water with 10 g salt/kg solution [51] and the viscosity of pure
water

¢ Viscosities of solutions with HPAM reported at a shear rate of 6.30 s7'.

Focusing on the values before the desalination, it is possible to notice that the sea
and brackish PFPW had, respectively, viscosities 3 to 9 times higher than same
solutions without polymer. It is also apparent that the viscosity of the solutions at
40°C is approximately 30% lower compared to that of the same solution at 20°C,
which is also normally observed in HPAM solutions [52]. Finally, when comparing
the viscosities of the different PFPW’s, the values measured for sea PFPW were
found to be 2 to 3 times lower than those for the brackish PFPW, something that was
expected due to the differences in salinity. Indeed, this difference in viscosity as a
function of salinity is similar to the one reported by Levitt for solutions of the same
polymer, Flopaam 3230S, although his measurements were performed with higher
polymer concentration and only using NaCl [27].

Then, after desalting the sea and brackish PFPW to a similar TDS content and
composition, one might expect the viscosity values to be higher and alike.
Remarkably, this was not the case. As presented in Table 2.3. (and in Figure A2.3.)
both, sea and brackish PFPW, showed an increase in viscosity after treated with ED.
However, the change in the sea PFPW was moderate, while for the brackish case it
was much more substantial. The viscosity of the sea PFPW at 40°C increased almost
twofold, from 2.23 to 4.17 mPa-s, while the viscosity of the brackish PFPW measured
at the same temperature increased nearly four times, from 6.08 to 22.93 mPa-s. This
meant that even after the desalination, the properties of both solutions still differ.
Thus, before trying to reuse them to prepare fresh polymer-flooding solution, the
cause(s) of these differences in viscosity were further scrutinized.

2321

Viscosity is highly dependent of the polymer concentration. Thus, the actual
polymer content of the solutions during the desalination process was monitored
through TOC analyses, which were carried on for both the diluate and the

HPAM content during the electrodialysis runs

41



Chapter 2

concentrate compartments. Initially, the sea and brackish PFPW solutions registered
an average of 381 and 360 mg/L. TOC, respectively, while the analysis of the
concentrate solution showed zero TOC content. For all the subsequent concentrate
measurements, the TOC measurement always resulted below the detection limits
(1.0 mg/L), indicating that the polymer was not able to pass through the IEMs.

The TOC measurements for the diluate sides of the sea and the brackish PFPW are
shown in Figure 2.7. In the case of the sea PFPW, it is observed that the TOC values
are practically constant since the beginning of the desalination process until the
conductivity reached 20 mS/cm, decreasing slightly in the three last measurements.
For the case of the brackish PFPW, it results noticeable that there is a larger decrease
of the TOC values in a much shorter desalination time. Furthermore, since water
was being transported from the diluate to the concentrate and the polymer was not
passing through the membranes, it was expected to detect an increase in the polymer
concentration in the diluate as the desalination occurred. The increase did not
happen, as shown with the dashed lines in the graphs, which represent the expected
TOC concentration when considering the water transported during the process.
Since organic carbon was never detected in the concentrate solution, the only
explanation would be that the missing polymer got adsorbed and/or precipitated on
the IEMs and spacers and stayed in the stack. This is a plausible explanation since it
is known that the charged polymer has affinity for the ion-exchange membranes, as
already reported in previous studies [24,25]. Additionally, when performing the
cleaning protocol, it was possible to observe some polymer and small solids
precipitating in the solutions, mainly in the basic one.

Considering the recovered volumes of the diluates and the measured TOC
concentrations, it is possible to quantify the amount of polymer remaining in the
stack. For the sea PFPW desalination runs at 40 and 20°C, it was calculated that 28.2
and 21.6%, respectively, of the initial mass of polymer in solution was left behind.
This represents a 14% (40°C) and 6% (20°C) reduction in the polymer concentration
measured by TOC. In the case of the brackish PFPW, 25.5 and 30.1% of the HPAM
remained in the stack during the runs at 40 and 20°C, respectively. This was reflected
as 22% (40°C) and 28% (20°C) reduction in the polymer concentration. Thus, despite
both kinds of water suffered similar polymer losses in terms of mass, for the brackish
case the loss occurred in a much shorter time. This observation, together to the
accelerated decrease rate on the sea PFPW when reaching a conductivity of 10
mS/cm, suggests that the polymer loss is closely related with the ionic strength
(salinity) of the solution. It seems that this variable affected the polymer loss more
than the temperature or processing time. As measured in the sea cases, the polymer
tends to remain in solution while the salinity is high, but once the salinity reaches a
certain level its attachment on the stack increases. This can be explained by the
shielding of the charges on the polymer. When the stream has high salinity, the
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charges on the polymer are effectively covered, so it is not substantially affected by
the electric forces on the stack. However, as the salinity decreases its intrinsic charges
become less shielded, making it more susceptible to have electrostatic interactions
with the stack elements.
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Figure 2.7. Measured and calculated TOC (A, B) and DOC (C, D) in the diluate’s of desalted solutions.
The TOC quantifies all the polymer present in solution, while the DOC can be regarded as the
concentration of small polymer particles which could pass through a 0.45 um PES filter. Each data
point indicates the average concentrations of samples taken from at least three different
experiments. The dashed lines represent the expected TOC and DOC concentrations considering
volume reduction due to water transport.

Additional to the TOC analysis, all the diluate samples were also analyzed with LC-
OCD. One of the parameters that can be evaluated by this technique is the
concentration of dissolved organic carbon (DOC), which is all the organic carbon
still in solution after filtering the sample through a 0.45 um PES filter. The results for
the sea PFPW (Figure 2.7C), show initial DOC values for both temperatures around
240 mg/L, which is approximately 60% of the initial TOC concentrations, meaning
that 40% of the polymer particles in solution were large enough to be retained by the
filter. At this point it is important to emphasize that when filtering an HPAM or any
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other polymeric solution, the hydrodynamic radius of the particles in solution plays
a significant role in their filter retention. The hydrodynamic radius of a HPAM
molecule depends not only on its molecular weight and hydrolysis degree [53], but
itis also highly sensitive to the ionic strength of the solution [27], pH [53,54], polymer
concentration [54], and to the presence of multivalent cations [55]. Regarding this
last point, it has been demonstrated that when calcium ions are present in the
solution, intrachain and interchain complexes are formed, so a particle is not a single
polymer molecule, but a cluster of molecules [55].

Further on, it is interesting that the two subsequent data points of the sea PFPW
analysis showed a small increase in DOC, and still the samples taken at 20 mS/cm
contained nearly the expected DOC concentration given the volume change of the
solution (dashed line). Since this tendency was not observed in the TOC analysis, a
plausible explanation is that while larger polymer molecules get adsorbed as soon
as the desalination starts, the smaller polymer molecules remain in solution for a
longer time. However, the initial tendency reverts and, from the 10 mS/cm reading
until the end of the desalination, the DOC values decrease proportionally to the TOC
values, suggesting that there was no more distinction between small and big
particles. Still, the final ratio of DOC to TOC was around 0.65, slightly larger than
the initial one.

Meanwhile, the DOC analysis of the brackish PFPW experiments and its comparison
with the TOC evolution (Figure 2.7B, D) suggests that, for this case, the temperature
plays a more significant role than for seawater. Although the overall DOC tendency
seems similar to the one of TOC, when closely examining it results clear that while
the DOC to TOC ratio is practically the same before and after the 40°C runs (0.67), it
increases from 0.72 up to 0.85 for the ones at 20°C. At first glance this result is
counter-intuitive: as the viscosity of the solution increased, one would expect small
particles to uncoil during the process, thus reducing the ratio of DOC to TOC.
Apparently, this effect was small compared to the larger loss of the bigger HPAM
particles in solution, as can be understood from the decrease in TOC.

It must be added that although the LCD-OCD analysis also included the
chromatographic separation of the dissolved organics, the results only indicated that
all the organics remaining in solution had an estimated molecular weight above
20,000 Da.

Another variable that was analyzed to explain the viscosity change during the

process was the pressure difference in the diluate stream. Although the analysis was
not conclusive, it is included as Appendix B.
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In summary, the results presented in this section gave a good insight into the
differences when desalting sea and brackish PFPW, but some questions remain.
Why after removing 31,500 mg/L TDS, the viscosity of the sea PFPW only had a light
increase, especially when compared against the change in the brackish PFPW? And
why does a solution with less polymer concentration show a higher viscosity? A
logical explanation for both questions would be that since the sea PFPW was
desalted for a longer time, the polymer in solution suffered more degradation (chain
breaking), which was not possible to detect with the TOC/DOC analyses. However,
yet another parameter might also be playing an important role in the observed
behavior: the pH.

2.3.2.2 Therole of pH

One of the key parameters to consider when evaluating HPAM solutions is their pH.
The carboxyl groups along the backbone chain of the molecule are pH-sensitive, so
the viscosity of HPAM solutions is strongly dependent on the hydrolysis degree
(content of carboxyl groups) and the variation of pH. These carboxyl groups can
exchange protons with dissolved salts in water, depending on pH conditions. At
high pH, the carboxyl groups dissociate and are negatively charged. Still, counter-
ions balance most of the charge inside the coil, so their osmotic pressure makes the
chain expand to larger sizes, resulting in the increased solution viscosity. On the
other hand, low pH causes all carboxyl groups to be protonated with hydrogen ions,
resulting in no charges on the polymer chain. The polymer molecules are now in a
coiled state which decreases viscosity [53]. Experimental results of this viscosity
dependence on the pH of solution [52,53], as well as on the addition of hydroxide
[52], have been previously reported.

Accordingly, the pH of the diluate solutions exiting the ED cell was constantly
monitored. For the sea PFPW the initial pH was 7.9, slightly basic, due to the
presence of bicarbonate ions in the solution. However, as the desalination
progressed the pH decreased, reaching average values of 4.5 and 3.8 for the runs at
40 and 20°C, respectively (Figure 2.8). It was also noted that there was a large pH
variability among the runs, especially in the readings between 20 and 5 mS/cm.

On the other hand, the brackish PFPW had an initial pH of 8.4, consequence of a
higher bicarbonate concentration (Table 2.1). The pH of these solutions also
decreased during the desalination, but in a less extent and with almost no variability,
consistently reaching a final pH of 6 regardless of the temperature.
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Figure 2.8. pH (open symbols) and inorganic carbon (filled symbols) evolution in the diluate solution.
The largest pH drop (from approximately 8 to 4) was observed for the sea PFPW, which had a low
initial inorganic carbon content (derived from a low bicarbonate content). Meanwhile, the brackish
PFPW had a moderate pH change (from 8.4 to 6), which could be related to a higher initial inorganic
carbon content.

These observations can be explained as combination of several factors. First, it must
be recalled that the bicarbonate ion is removed from the diluate together with the
other anions, so its concentration was decreasing over time. This is apparent from
the inorganic carbon results, which are also presented in Figure 2.8. It must be
noticed that the inorganic carbon value encompasses several inorganic molecules,
including carbonate, bicarbonate, carbonic acid, and carbon dioxide. Initially, the
main component of both kinds of solutions was bicarbonate, since their pH was
higher than the pKa of the carbonic acid/bicarbonate pair (pKa= 6.4). However, as the
desalination progressed, the bicarbonate was removed, so the solution had less
buffering capacity. This made the solutions more sensitive to any H* entering the
diluate, which can be coming from the anode reactions and/or from water splitting
happening within the cell. It is worth to notice that, despite the apparently large
change in pH, the concentration of protons went from 0.01 pumol/L (pH=8) to about
100 umol/L (pH=4). Seen from this point of view, the net increase of protons in the
diluate becomes less outstanding. In case that most of the extra protons were
originated in the anode, it is considered that an increase in the number of cell pairs
and in the flow rate of the electrode rinse would be enough to minimize the pH
variation.

However, there is evidence suggesting that the pH change was also enhanced by
water splitting within the membrane stack. When comparing the pH evolution of
the solutions with HPAM (Figure 2.8) and without it (data not shown), it was noted
that the HPAM containing solutions had a faster pH decrease, and their final pH
value was slightly lower than for the solutions without polymer. Since the relation
diluate/electrode rinse was the same in all cases, the most feasible explanation is that
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water splitting was occurring as consequence of membrane fouling. It is known that
water splitting occurs when the concentration in charged species is not enough to
ensure the current transport at the membrane interface in the electrodialysis cell [29].
When this limiting current density is reached, water dissociation occurs in the
interface of the AEMs [36,37,56]. The phenomenon causes the generation of H* at the
AEM diluate interface and OH- at the AEM concentrate interface. From this study
(section 2.3.2.1) and from others before it is known that HPAM tends to foul the ion
exchange membranes [24,25]. And when fouling occurs, the conditions for splitting
water become more ideal, which may even keep triggering the fouling formation
[5,30,31]. Indeed, from the fast voltage increase in the last minutes of the desalination
(Figure 2.4), it can be deduced that the limiting current density was reached during
this part of the ED treatment.

Since the desalted sea PFPW had higher polymer concentrations and even less ions
than the brackish PFPW one might, at least partially, attribute the minimal change
in viscosity of the former to its lower pH. In that case, the restoration to (nearly)
neutral pH might result useful to uncover the viscosifying potential of the remaining
HPAM in solution.

2.3.3  Preparation of viscous flooding water with desalted solution

Finally, the desalted solutions were employed together with 20 million Da HPAM
to prepare polymer flooding viscous solutions with different polymer
concentrations (section 2.2.1.2). For comparison purposes, two sets of viscous
solutions were also prepared with original sea and brackish water. The viscosities
were evaluated at 40°C, close to the median temperature of 46°C of many polymer
flooding projects [4].

All the measured curves confirm that the viscosity of the viscous solution is highly
dependent of the concentration of polymer (Figure 2.9). For both studied cases, sea
and brackish, the desalted solutions showed higher viscosities than the non-desalted
for same added polymer concentration.

As elucidated in the previous section, the low pH of the seawater diluates was
probed to be partially responsible for their lower viscosity compared to the desalted
brackish PFPW. In Figure 2.9 it is shown that, by adjusting the pH of the PFPW
diluate from its final value of 4.9 to 8.0, the viscosity increased from 4 to 10 mPa-s.
However, the effect of correcting the pH of the reused solutions is only noticeable at
low HPAM concentrations (below 1.5 g/L for the sea case and under 1.0 g/L for the
brackish case). This occurs because the addition of fresh HPAM also has the outcome
of increasing the pH of the solution, so even without initial pH control, the PFPW
diluates with 2.0 g/l HPAM reached a pH close to neutral. When the salinity and
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pH are similar, the viscosities of the sea and brackish PFPW diluates should be alike,
as found in the measurements for the 2.0 g/L. HPAM concentration.

It is also interesting to compare the viscosities achieved by reusing PFPW with
residual polymer vs using desalted water, both being in neutral pH conditions. In
the sea case, the presence of residual polymer made the reused PFPW up to four
times more viscous that its equivalent, diluate SW, without residual polymer. In the
case of brackish water, the viscosity differences were smaller, but still 50% larger
when residual polymer is present. For both kinds of water, the viscosifying effect of
the residual polymer is noticeable only when the fresh HPAM concentration was
below 1.5 g/L.

To finalize with the discussion about the differences in viscosity between the
desalted sea and brackish water, it can be pointed out that although the restoration
to neutral pH duplicated the viscosity of the sea PFPW diluate, it did not equalize it
to the one of the desalinated brackish PFPW. Since it has already been established
and explained that the sea diluate contained even a higher concentration of polymer,
it can be concluded that the polymer suffered some form of degradation. This could
be attributed to two factors, shear degradation due to the relatively long pumping
time, and chemical degradation due to the acidic conditions. The validation of these
hypotheses would need to be addressed in further studies.

Lastly, a hypothetic polymer flooding design with desired viscosity of 20 mPa.s at
40°C was considered (Figure 2.9). For the sea water case, the use of desalted water
would mean polymer savings of approximately 75%, while the use of desalted
PFPW with residual polymer and pH=8 could use less 10 times less polymer. These
results fully agree with the estimations of Ayirala et al.,, who indicate 5-10 times
lower consumption of polymer in low salinity water compared to seawater [17].
Regarding the brackish case, it is estimated that 60 to 100% less fresh polymer would
be needed, depending on the presence of residual polymer. Riethmuller et al.
projected a slightly lower (50%) reduction in the consumption of polymer and
associated stabilizing agents for brackish water desalted to 1000 ppm, but when
considering a viscosity goal of 55 mPa-s [9].
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Figure 2.9. Comparison of the viscosities of polymeric solution as a function of HPAM 20M Da
concentration and the type of water employed for their preparation. A hypothetical viscosity goal of
20 mPa-s is represented by the horizontal black line. All values reported were measured at 40°C and

shear rate of 7.3 s7L.

2.4 Conclusions

Electrodialysis is a suitable desalination process to treat PEPW of different salinities
and compositions. It was possible to reduce the salinity of synthetic PFPW
(containing 1.0 g/L of commercial 5-8 million Da HPAM) with two different salinity
levels (32,000 and 5,000 TDS in ppm) to approximately 500 ppm, the optimal salinity
to confect new polymer solution.

Water transport during the desalination was substantial, especially for the sea water
cases, for which only 81-83% of the initial volume was recovered. Slightly lower
water transport rates were measured for the runs with polymer at 20°C, but the
differences were not significant. The volume decrease was a consequence of osmotic
and electro-osmotic transport, the last being the most prominent. Yet, since osmotic
transport is a function of process time, lower volume losses could be attained by
employing higher current densities, at least for the initial part of the desalination,
with its consequent lower process time.

In terms of energy use, it was found that the presence of polymer did not
significantly influence the specific energy consumption for the desalination runs on
seawater nor brackish water at 40°C, but indeed it had a measurable effect when
desalting brackish water at 20°C. These results are thought to be related to the higher
viscosity of the latter stream, which restricts the movement of ions and results in an
accelerated arrival to the limiting current. It is noticeable that despite the process
conditions are not yet optimized, the energy consumption for the sea case at 40°C
was approximately 4.0 kWh/m3 when aiming to retain only 500 ppm of salt, and
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even 3.0 kWh/m?if the desalination is stopped when 1000 ppm are still in solution.
Regarding the energy efficiency, the presence of polymer seemed to have a beneficial
effect for achieving higher energy efficiencies, most likely due to hampering the
back-diffusion of ions.

Concerning the analysis of the desalted PFPW, it was found that 20 to 30% of the
initial mass of polymer in the diluate stream remained on the stack, most likely
adsorbed/precipitated on the membranes and spacers. The polymer loss was faster
on the brackish cases than on the sea ones, and for the latter the decrease rate
accelerated when reaching certain salinities. Thus, the decrease was associated to the
ionic strength of the solution. This variable seems to be more critical than
temperature or processing time regarding polymer adsorption/precipitation, an
observation that may result valuable when studying fouling (and associated loss and
degradation processes in the stack) for this type of polymers.

The desalted solutions presented an immediate and moderate increase in viscosity.
Even though the final salinity in all studied cases was similar, the final viscosities of
the sea and brackish PFPW differed significantly. It was verified that this was
partially due to the pH decrease during the desalination, and most likely also due to
partial degradation of the residual polymer. However, when fresh polymer was
added, all desalted solutions showed higher viscosities compared to the non-
desalted ones. The viscosifying effect of the residual polymer is also tangible, so it
has been demonstrated that by reusing PFPW the consumption of fresh polymer
could be reduced, resulting beneficial in environmental and economic terms.
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Figure A2.1. Top) Measured conductivity vs time for diluate and concentrate of ED runs performed.
Continuous lines indicate calculated conductivities considering an efficiency of 90% and water
transport (see section 2.3.1). Bottom) Measured TDS remaining on the diluate related to the

conductivity in ED experiments at different temperatures and compositions.

54



Electrodialysis-based desalination and reuse of sea and brackish PFPW

Sea PFPW Brackish PFPW
10 10
< mymiugs] &
8 - o 8 - & 3
i a ©
— 6 1 __ 6 - A O
= = A
w w S A o
4 ol N 4 o
O ~0No HPAM, 40 °C ©No HPAM, 40 °C
2 4 Qg AHPAM, 40 °C 2 A HPAM, 40 °C
© No HPAM, 20 °C & No HPAM, 20 °C
0 O HPAM, 20 °C OHPAM, 20 °C
— e L 0 — L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
1/Conductivity (cm/mS) 1/Conductivity (cm/mS)

Figure A2.2. Measured voltages over the 5-cell pair stack represented as a function of the inverse of
the conductivity of the diluate. A straight line indicates that the dominant resistance is that from the
diluate, as can be observed in part of the brackish PFPW plot. For the sea PFPW, the shape of the
curves is not linear, indicating that the total resistance is not controlled by a single factor (from
Ohm'’s law E=I*R with R=R, + B/conductivity).

After ED
1 Before ED 1000 . 1000
-==%=---0.5g/L NaCl fresh

--{71---SWT=40°C -=-=- SW T= 40 °C
. -==A=-=--BW T=40 °C —=-p---BW T= 40 °C
©w 01 4 --#@---SWT=20°C F 100 ~ & i ---®--- SW T=20°C | —
& ---A-=-BWT=20°C S o 01 Loy oa--BwT=20°C 100@
- ~— & i =x._=x=~ N g
z z 5 PrERRiwg £
B 8 = ~_§_§=§= 3
9001 | Ak ph-moy, [10 5 3001 1 EX 10 9
2 A-tr-BeA=poop AR 2 9 E-u--.---_.__._‘_‘ ) <
> g‘!-ni---nn---% > £ L OB -G O

~O-CR - -G R
0.001 T + 1 0.001 T 1
1 10 100 1 10 100

Shear rate (1/s) Shear rate (1/s)

Figure A2.3. Viscosities of synthetic sea (TDS™ 32,000 g/L) and brackish (TDS~ 5,000 g/L) PFPW
(HPAM concentration of 1.0 g/L) at 20 and 40°C before and after the electrodialysis treatment. For
most cases, the viscosities decrease with increasing shear rate, a behavior known as shear thinning,
characteristic of HPAM and other polymer solutions [52]. The viscosity curve of a 0.5g/L NaCl +1.0
g/L HPAM solution in the “After ED” plot is a reference of the expected viscosity.
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Appendix 2B. Pressure drop measurements

A parameter that could be useful to assess the contrasts while desalting sea and
brackish PFPW was the pressure drop of the diluate stream, since it can be easily
related with the apparent viscosity of the solution. It is known that the pressure drop
for an uniform and laminar flow in an infinite wide channel can be calculated by
using a momentum balance containing the pressure gradient and the wall friction
[29]:

12u-L-
Ap = /;3 ¢ /2.7/

Where Ap is the differential pressure (Pa), ¢is the volumetric flowrate of the diluate
(m3/s), L is the length of the flow path (m), and d is the height of the flow path (m).
As expressed in the equation, the pressure drop at a specific time is directly
proportional to the viscosity of the medium, in this case the brackish or the sea
PFPW. Supposing that the values of the rest of the parameters represented in Eq. 7
remain constant during the desalination, any change in pressure drop could be
related to a change in the viscosity of the solution.

As an example, one can observe that when desalting either sea or brackish solution
without polymer, the differential pressure Ap remained practically constant (Figure
A2.4). This was expected since the viscosity of salt solutions is not sensitive to the
amount of dissolved salts, especially at low to moderate concentrations, as also
reported in Table 2.2. In a similar way, it was expected that the Ap during the
desalination of both sea PFPW runs would remain nearly constant. When applying
Eq. 7 and the measured viscosities from Table 2.3, the calculated Ap increase at the
end of the sea runs at 20 and 40°C were around 0.9 and 0.6 kPa, respectively. As
shown on Figure A2.4., these projected changes in Ap were not observed, and even
during the run at 20°C the opposite trend was recorded.

Regarding the brackish PFPW desalination, the calculated Ap increases were larger,
3.9 and 2.8 kPa for the runs at 20 and 40°C, respectively. However, as in the sea case,
the 4p during the 40°C experiment remained practically constant. The only polymer-
containing stream that displayed a 4p increase during the desalination process was
the run at 20°C on brackish PFPW, and in this case the measured increase of 4 kPPa
was consistent with the calculated value of 3.9 kPa.
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Figure A2.4. Pressure difference measured between the inlet and the outlet of the ED stack for the
diluate stream. According to these results, the only stream that increased its viscosity during the
desalination was brackish PFPW running at 20°C with HPAM.

Nevertheless, the fact that only certain runs behaved according to the presented
equation forbids us from reaching conclusions regarding the change in viscosity
during the desalination of the PFPW. A possible explanation for the inconsistent
data is that the assumption of constant dimensions for the flow is not accurate, since
flow dead zones might arise. Another option, especially for the runs at 40°C, is that
the cell temperature was still changing when the desalination started.
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Removal of divalent ions from viscous
polymer-flooding produced water and
seawater via electrodialysis

This chapter has been published as:
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Removal of divalent ions from viscous polymer-flooding produced water and
seawater via electrodialysis, J. Memb. Sci. 589 (2019) 117251. doi:10.1016/j.
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Chapter 3

Abstract

The presence of multivalent ions in polymer-flooding produced water (PFPW)
hampers its recycling mainly because i) they increase the risk of scaling and reservoir
souring (sulfate), ii) they interfere with the viscosifying effect of the fresh
polyelectrolyte. It is desirable to achieve the removal of most multivalent ions
without completely desalting the stream. With the adequate process conditions,
electrodialysis could help to achieve this goal, so this work focused on evaluating
the removal of divalent ions from synthetic PFPW through varying operational
conditions. The experimental work consisted on batch experiments run in an
electrodialysis-stack composed of strong Neosepta ion-exchange membranes.
Synthetic PFPW solutions containing a mixture of monovalent and divalent ions
were desalted at four different current densities, and three different temperatures.
Additionally, the effect of the dissolved polymer on the removal was assessed by
performing half of the experiments on polymer-containing solutions and half of
them on solutions without it. Our results demonstrate that it is possible to achieve
preferential removal of divalent cations (calcium and magnesium) through
electrodialysis, especially when employing low current densities (24 A/m?) and high
temperature (40°C). The removal of sulfate, a divalent anion, is also accelerated in
these conditions. The presence of polyelectrolyte did not significantly affect the
removal rate of divalent ions. Thus, it is concluded that meticulous application of
ED to minimize concentrations of divalent ions in PFPW is a potential effective way
for water and polymer recycling in enhanced oil recovery situations, as an
alternative to the use of other non-selective desalination technologies.
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3.1 Introduction

Electrodialysis was first applied at industrial scale to desalinate brackish water,
more than 50 years ago [1]. Driven by the need of producing sodium chloride from
concentrated sea water, Japanese scientists developed a few years later ion exchange
membranes with permselectivity for monovalent ions [2], which eventually enabled
electrodialysis to be applied in various new fields [3,4]. However, a similar selective
process only allowing passage of multivalent ions seems more difficult to achieve:
yet no membranes with permselectivity for multivalent ions are reported.
Alternatively, some investigations have suggested that at adequate process
conditions, electrodialysis can be used to preferentially remove multivalent ionic
species from a stream [5-7]. This is of practical and economic importance for treating
and reusing waters produced by enhanced oil recovery and particularly from
polymer flooding, as later detailed. Therefore, this article is focused on achieving
preferential multivalent ion removal from saline water containing significant
polymer concentrations.

Polymer flooding is a chemical enhanced oil recovery (cEOR) method that consists
on the injection of large amounts of aqueous viscous solutions to increase the oil
recovery from existing oilfields [8]. Given the increasing energy and oil demand
together with the difficulty to find new oil fields, the technology has re-emerged and
it is currently applied in numerous projects around the world [9,10]. However, two
constraints still limit the use of polymer flooding and cEOR in general: little water
accessibility and/or restrictions for the disposal of the produced water (water
recovered together with the oil). Both restraints could be overcome when the water
can be reused in a closed loop [11], for which it must be treated. A process for reusing
produced water usually consist on primary and secondary treatments that strip it of
the excess of dissolved oil, and subsequent tertiary (or polishing) steps [12], often
designed to reduce the salinity and hardness of the produced water [13]. For the
specific case of reusing produced water to prepare polymer flooding solution, the
desalination step appears to be desirable for technical, economic, and environmental
reasons. This is because polymer flooding solution is usually brought to adequate
viscosity by adding high molecular weight polyelectrolytes, like partially
hydrolyzed polyacrylamide (HPAM) and its derivatives. Its viscosity enhancing
effect is extremely sensitive to the salinity of the water in which they are dissolved.
Thus, when low salinity water is employed, less polymer is required to reach the
design viscosity [14], and thus both the operational costs and the environmental
impact of the produced streams are reduced.

Nevertheless, not all salt ions are equally disadvantageous for the preparation of a
viscous polyelectrolyte solution (see Figure A3.1). The viscid properties of HPAM
solutions are significantly affected by the presence of multivalent cations, [15-19]
being calcium and magnesium (hardness), the most common ones. Solutions
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intended for cEOR applications must contain as less sulfate as possible to minimize
the risk of reservoir souring problems and the deposition of scaling [14,20,21]. Since
polymer flooding solution should not be prepared with wholly desalted water [14],
partial desalination of the produced water stream with preferential removal of
divalent ions would make the water fit for reuse in the make-up of viscous flooding
solution to be injected into the subsurface.

Compared to other options available to desalinate produced water (like thermal and
pressure-based membrane treatments) [12,22-24], electrodialysis offers two main
advantages: 1) the desalination target can be easily adjusted; and 2) since only ions
are removed, the remnant polymer in the desalted solution contributes to attain the
viscosity needed, i.e. savings on fresh polymer additions [25]. Moreover, it has been
reported that through varying operation parameters, like current density and
flowrate, preferential removal of a number of ionic species can be achieved [5,26].
Thus, electrodialysis could be employed to desalinate water generated from
polymer flooding applications —better referred as polymer-flooding produced water
(PFPW)—, to enable its reuse. The first step would be to select the adequate type of
membranes and process parameters.

3.1.1 Factors affecting permselectivity for specific ions: affinity, differences
in migration speed, and process conditions

The core of an electrodialysis assembly are the ion-exchange membranes (IEMs),
which selectively allow the passage of oppositely charged ions (counter-ions), while
obstructing similarly charged ions (co-ions). However, for PFPW desalination and
other applications, it is also desirable to have permselectivity between counter-ions
of different valence [4], like Na* and Ca?. The topic has been investigated by Sata
[2], who found that the permselectivity for specific ions in ion exchange membranes
is only governed by the affinity of the ions to the membrane (ion exchange
equilibrium constant) and the differences in the migration speed of the ions in the
membrane phase. However, this affirmation is conditioned to the elimination of the
effect of the diffusion boundary layer, which is usually not realistic. Hence, the
transport of counter-ions also depends on the operational conditions, explicitly, on
the current density and fluid dynamics. These parameters directly influence the
concentration polarization phenomena, controlling the formation of diffusion
boundary layers close to the membrane, and thus affect its selectivity [4,27,28]. This
and most findings regarding the selectivity of monopolar membranes can be found
in a recent review by Luo et al. [4], so we limited our literature overview to the most
relevant cases for the application.
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Most studies related to competitive ion transport have been focused on the cation
exchange membranes (CEMs). According to Kim et al., the competitive transport is
governed mainly by two factors: the CEM selectivity and the boundary layer
thickness [29]. While studying the separation of K* and Ca?, they observed an
increase in the transport number of K* ions with an increase in current density (or
cell pair potential drop). They concluded that despite the CEM has a higher affinity
towards Ca?" due to the greater ionic charge, the boundary layer facilitates a higher
K* transport number due to its higher diffusivity. Zabolotsky et al. also had
calculated that as a consequence of boundary layer development, the transport
number of Ca? ions decreased if the current density was increased [30]. Thus, both
studies coincide that divalent transport number is increased with lower current
densities, when the boundary layers are less pronounced. Later, Galama et al.
desalinated synthetic seawater and found that indeed the application of low current
densities enhanced the transport numbers of both, divalent cations and divalent
anions [5]. Other authors have also reported enhanced transport numbers of
divalent cations by applying lower current densities[7] and temperature gradients

[6]-

However, most of the publications on competitive transport utilized aqueous
solutions with diverse salts, in absence of other components. In case charged
polymers are added, i.e. residual polymers in produced EOR waters, it is unclear
how these would affect the processes in the boundary layers and thereby the
permselectivities of salt ions.

3.1.2 Potential effects of polymer presence in selectivity

The presence of polymer may affect the transport of ions due to three main reasons.
Firstly, it may alter the removal of all ions in general because it affects the
macroscopic viscosity of the solution, which directly influences the attained
turbulence of the fluid, concentration polarization, and thickness of the diffusion
boundary layers [6,31].

Then, considering that the most common viscosifying polymer is HPAM, its
presence in solution could affect the effective diffusion coefficient of ions,
particularly of cations. The charged segments of the anionic polyelectrolyte may
interact with the diffusing ions and give rise to some retardation of the diffusivity.
Furthermore, there is a known affinity between the divalent cations and HPAM
[32,33], and it has been described how Ca? and Mg? can interact with the acrylic
anion in a polyacrylamide derivative [34]. If these cations remain bound to the
polymer instead of being free in solution, they may stay longer in the diluate.
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The presence of HPAM could also trigger some differences in the removal rate of
anions, in this case due to the adsorption and concentration polarization of
negatively charged HPAM on the surface of the AEM [35,36], as represented in
Figure 3.1. It has been reported that the adsorption of an anionic polyelectrolyte on
the surface of strongly basic AEMs can decrease the transport number of SO
relative to that of Cl- due to stronger electrostatic repulsion between the anionic
surface layer and the SO+ ions [37]. Concentration polarization is enhanced because
the HPAM molecules tend to move towards the anode under the influence of the
electric field [36], creating a gel layer that might hinder the transport of (certain) ions.
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Figure 3.1. Representation of the adsorption of HPAM to the AEM during the desalination process.

3.1.3 Objectives

The objective of this work was to achieve and evaluate the preferential removal of
divalent ions from synthetic PFPW through varying operational conditions, namely
current density and temperature. It must be emphasized that the selection of this last
variable followed two main reasons: 1) the temperature of PFPW is highly
dependent on the location where the EOR process is carried out [38], and 2) its
variation can influence the results of an electrodialysis run in several ways, because
many relevant parameters (including the diffusion coefficients of ions, the viscosity
of the fluids, and the membrane properties) are temperature dependent [6,39,40].

Additionally, the effect of the dissolved polymer on the removal was assessed by
performing half of the experiments on polymer-containing solutions and half of
them on solutions without polymer. The effect of achieving preferential removal of
divalent ions over the monovalent ones was assessed by measuring the viscosity
attained when a fixed amount of fresh polymer is added to prepare viscous polymer
solution from the desalinated water.
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3.2 Materials and methods
3.2.1 Materials

3.2.1.1 Electrodialysis setup

Experiments were performed in an ED stack and setup like the one previously
described [25]. The stack contained five repeating cells, each consisting of a cation
exchange membrane (Neosepta CMX) and an anion exchange membrane (Neosepta
AMX), both from Tokuyama Co. (Japan). This membrane pair has been
characterized elsewhere [41]. The working area of the membranes was 104 cm2. An
additional CEM was placed at the beginning of the stack to close the first cell. The
intermembrane distance was fixed by using woven ETFE fabric spacers (Fluortex 09-
590/47, Sefar, Switzerland), with reported thickness of 485 um. Gaskets made of
silicone rubber with a thickness similar to the spacer thickness were used to seal all
the compartments and to form the alternated flow channels for the diluate and the
concentrate. On both sides of the stack, squared titanium electrodes (mesh 1.7, area
96.04 cm?) with a mixed metal oxide coating of Ru/Ir (Magneto Special Anodes BV,
The Netherlands) were employed as cathode and anode. The stack was closed with
plates made of PMMA (poly(methyl methacrylate)) and 8 bolts.

A potentiostat/galvanostat (Ivium Technologies, The Netherlands) was employed to
control electrical current and to measure the potential difference. The potential
difference over the membrane stack was measured using two reference Ag/AgCl gel
electrodes (QM711X, QIS, The Netherlands) placed at the inlet of each electrode
compartment. Conductivities of the diluate and concentrate were measured inline
with two conductivity probes (Orion DuraProbe 4-electrode conductivity cell
013005MD) directly before the ED stack. The probes were connected to a dedicated
transmitter box (Orion Versastar Pro), which corrected the measured values to the
reference value at 25°C, and this last to a computer, where conductivity data was
recorded. pH of the diluate and concentrate were also measured inline with two pH
probes (MemoSENS Endress + Hauser, pH range 1 to 12), connected through a
transmitter box (P862, QIS) with a data logger (Memograph M RSG30, Endress +
Hauser).

The solutions were pumped through the stack by using peristaltic pumps (Cole-
Parmer, Masterflex L/S Digital drive, USA). Temperature control during the
experiments was achieved by employing 1.0 L glass jacketed vessels to store the
diluate and concentrate solutions. On the external part of the vessels, water coming
from a temperature-controlling recirculation bath was circulated. The electrolyte
was also kept at the working temperature by means of a second temperature control
bath.
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3.2.1.2 Solutions

The diluate consisted of salt solutions with an initial composition specified in Table
3.1 (TDS5~32,000 mg/L), plus 1.0 g/L of commercial HPAM. To prepare the synthetic
PFPW, 500 mL of previously prepared salt solution were poured in a glass bottle
containing a magnetic stirrer. Next, 500 mg of commercial HPAM (MW= 5-8 million
Da, 30% hydrolyzed) were slowly poured in the vortex formed in the salt solution
stirred at 600 rpm. Once all the polymer was added, the stirring rate was reduced to
200 rpm and the bottle was closed. Each polymer solution was mixed overnight to
assure complete hydration and employed within 72 hours of its preparation.

Table 3.1. Measured mineral composition of diluate solutions. Prepared according to values in

[25,42].
Cations C (mM) Anions C (mM)
Na* 425.08 Cl- 482.95
K* 8.54 HCOs- 6.36
Caz 8.74 SO+ 32.57
Mg? 38.82

For comparative purposes, ED runs without any added polymer (using as diluate
the salt solution described in Table 1) were also performed. In all experiments, the
initial concentrate consisted on solutions containing 5.0 g/L of sodium chloride. For
the electrolyte compartments, solutions of 20 g/L sodium sulfate were circulated.

Additional solutions were prepared with each of the salts and 1.0 g/L of high
molecular weight HPAM (MW= 20 million Da, 30% hydrolyzed) to characterize their
influence on the viscosity of the flooding solution.

Analytical grade salts (NaCl, CaCl2-2H20, MgCl2-:6H20, NaHCOs, KCl, and Naz250s4)
were purchased from VWR and employed without further purification. The HPAM
employed were Flopaam 3230S (MW= 5-8 million Da, 30% hydrolyzed) and Flopaam
3630S (MW= 20 million Da, 30% hydrolyzed), both kindly provided by SNF (France).
All the solutions were prepared with demi water.

3.2.2 Methods

3.2.2.1  Electrodialysis runs

ED experiments were carried out in a batch operation mode at fixed working
temperatures (10, 20, and 40°C). The diluate and concentrate containing vessels were
pre-conditioned to the desired temperature by circulating through their heating
jacket water from the temperature-controlling bath. Later, 500 mL of the diluate and
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concentrate solutions were poured in their corresponding vessels. The electrode
rinse solution (2.0 L of sodium sulfate 20 g/L) was also conditioned to the experiment
working temperature by immersing the container in a second temperature-
controlling bath. The concentrate and the diluate were recirculated through the
corresponding compartments of the ED stack at a flow rate of 120 mL/min (linear
velocity of 1.03 cm/s), while the electrode solution was recirculated at a flow rate of
100 mL/min. The solutions were circulated in their correspondent circuits during 10
minutes before starting the experiment, allowing them to stabilize at the desired
working temperature.

The experiments were run in constant current mode, with current densities values
ranging 24 to 96 A/m? and switched to constant voltage mode when the limit value
of the potentiostat of 8.8 V was reached. All experiments were stopped when the
diluate’s conductivity dropped to 1.0 mS/cm. During the experiments, stack voltage,
electric current, pH, conductivity and the mass of the diluate were monitored.
Samples of 1.0 mL were taken periodically from the diluate and concentrate
reservoirs.

After each experiment with HPAM involved, the membrane stack was cleaned in-
place. The procedure consisted in pumping a series of solutions in both the diluate
and the concentrate compartments, each solution for a period of 10 minutes. The
sequence of solutions was: sodium chloride solution (5 g/L), sodium hydroxide
solution (0.1 M), fresh sodium chloride solution (5 g/L), hydrochloric acid solution
(0.1 M), and finally fresh sodium chloride solution (5 g/L). This last solution would
remain in the stack until a new experiment was performed.

All the experiments were performed at least in duplicate, and the results shown are
the average of the values obtained for each case.

3.2.2.2  Viscosity measurements

The dynamic viscosities of the polymer solutions were measured with an Anton Paar
MCR 102 rheometer, with the standard measuring system CC27/T200/SS (bob and
cup configuration). The measurements were performed at constant shear rate, from
1.0 to 100 s77, at a controlled temperature of 40°C.

3.2.2.3  Charge density

The charge density of Flopaam 3230S was determined by colloid titration using a
Miitek Particle Charge Detector (PCDO03), as described elsewhere [43]. In brief, a 0.1
g/L polymer solution was prepared in MiliQ water (section 3.2.1.2) and later diluted
to obtain a concentration of 1 mg/L. Then, a 10 mL sample with unadjusted pH (~6.5)
was titrated against a complexing agent of opposite charge (0.01 mN poly-
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diallyldimethylammonium chloride, pDADMAC), using an automatic titrator
(Metrohm titrando 888). To perform the titration, the titrant was added in steps of
0.02mL to the PCD measuring cell, while simultaneously recording the streaming
potentials (mV). The specific charge quantity was then determined based on the
titrant consumption in mL.

3.2.2.4  Analytical methods

Samples taken during the ED runs were analyzed to determine their cation and
anion content. Cations (Na*, K+, Ca?, Mg?) were measured by inductive-coupled
plasma optical emission spectroscopy (ICP-OES, Optima 5300DV, Perkin Elmer) and
anions (Cl-and SOs?- by ion chromatography (IC, 761 CompactIC, Metrohm). For the
runs with HPAM involved, both diluate and concentrate samples were analyzed for
total carbon (TC) and total organic carbon (TOC) using a TOC analyzer (Shimadzu
TOC-VCPH). The total dissolved solids (TDS) content of each sample was calculated
by adding the obtained concentrations of cations and anions.

3.2.2.5 Evaluation of permselectivity

The ion selectivity between divalent and monovalent ions of the same sign was
quantified in terms of the ratio P4, ,,, which is defined as [4,44]:

Pdiv — tdiv/tmonov /31/
monov — . /C
div/ “monov

Where t represents the transport number of either divalent (div) or monovalent
(monov) ions (-), and C their concentrations in the diluted compartment (eq/m?). The
transport number ¢ is defined as [44]:

tk =]k/2[]s] /3.2/

Where J;, denotes the ion flux (eq/m?h) of ion or group or ions k and Z[/] is the total
ion flux. In order to focus on the monovalent vs divalent effect, a single transport
number ¢ and concentration C were calculated for monovalent cations (comprising
Na* + K*) and another for divalent cations (Ca? + Mg?). Ion fluxes were obtained
from the ion concentration time courses in the diluted compartment during each
experiment.
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3.3 Results and discussion

3.3.1 General electrodialysis performance

ED experiments were carried out at three different temperatures: 10, 20 and 40°C,
and four different current densities: 24, 48, 72, and 96 A/m2. The initial conductivity
of the solutions circulating in the diluate circuit was, on average, 49.7 mS/cm when
only salts were present, and 49.1 mS/cm when 1.0 g/L of HPAM was dissolved in the
solution. The corrected conductivities (section 3.2.1.1) did not show any significant
variation for experiments running at different temperatures. Experiments running
at a lower temperature had longer durations than the ones running at higher
temperatures due to an earlier reaching of the limiting potential of 8.8 V and the
consequent switching to the constant voltage mode. Detailed information is
provided in Table A3.1.

The amount of TDS at different moments of the process was calculated by adding
the measured concentrations of cations and anions from the samples taken (section
3.2.2.4). By plotting the TDS values against the diluate’s conductivity, a constant
linear relationship between these two parameters was confirmed, regardless of the
different experimental conditions e.g. temperature and polymer presence (Figure
A3.2). This is emphasized because later in the document comparisons are made for
samples taken at analogous moments based on the conductivity in the diluate. Thus,
these comparisons will not only refer to samples taken at same conductivity, but also
at similar TDS content.

3.3.2 Removal of cations

The CEM used in this study, Neosepta CMX, is a strong membrane with fixed
sulfonic groups. For this type of membranes, a general transport order has been
recently described as: Ca2->Mg2+> K*> Na* regarding the cations presently involved
[4]. Additionally, the reported permeability of sodium over calcium (Pévaaz:) for the
mentioned membrane is 0.64 (measured at 150 A/m? for a equimolar solution of both
ions) [45]. At these conditions, the membrane is intrinsically more selective towards
calcium, or in other words, it will permit the preferential removal of the divalent
cations, presuming operational conditions allow the minimization of the effects of
the boundary layers.

3.3.2.1 Effect of current density on the removal of cations

The results concerning ion removal at 20°C in absence of polymer are first discussed
to facilitate the linking to the literature. Plot A on Figure 3.2 shows the measured
decrease of divalent cations (Cair, mM) and monovalent cations (Cmonos, mM) versus
the extent of desalination (presented as decreasing conductivity of the diluate), for
the experiments performed on seawater at different current densities. Firstly, it must
be noticed that the cation concentration decrease is linear for monovalent and
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slightly curved for divalent ions. Additionally, the curvature is more pronounced
for experiments ran at lower current densities. The curves indicate a faster decrease
in ion diluate concentration for the divalent cations compared to that of the
monovalent ones. This can be better visualized in plot C of the same figure, which
shows the permeability of divalent over monovalent cations, calculated as described
in section 3.2.2.5. Most of the obtained values are above 1, indicating preferential
removal of divalent over monovalent cations. Indeed, the average value is 1.3, which
is close to the value reported by [45]. In addition, it is possible to distinguish some
differences in transport behavior depending on the applied current densities. While
the experiments performed at 96 A/m? maintain an almost constant permeability
during their entire duration, the values calculated for the runs carried on at 24 A/m?
change during the desalination, peaking between 30 and 20 mS/cm. This variation
in permeability suggests that the transport of ions is governed by different processes
during the desalination, as will be further analyzed.

A further analysis of the transport of each cation for the two extreme current density
cases is presented in plots E and G of Figure 3.2. The different profiles obtained in
plots E and G, show the effect of the applied current density on the transport of
cations, which is noteworthy for Ca?* and Mg?", and in less obvious for Na*. This can
be explained considering that at low current densities the competitive transport is
governed by the CEM selectivity, which prefers Ca? and Mg? over the monovalent
ions [5,6,45,46]. On contrary, for higher current densities, the diffusion boundary
layer becomes thicker [47] becoming the rate-limiting region [29], favoring the
transport of monovalent cations due to their smaller hydrated size and faster
diffusion rates. The exception is the K* profile, independent of the applied current
density, which is in line with its high mobility/diffusivity, i.e. the boundary layer
was not a limiting factor to the transport of this ion. The observed divalent ion
transport order [Ca?* > Mg?* > Na‘] is in agreement with the ion-exchange and
selectivity hierarchies reported in the literature [4]. Actually, a previous study [40]
already reported a selectivity reversal for the [K*/Ca?] system, finding in ion-
exchange equilibrium experiments that the CMX membrane is more selective for
potassium than for calcium, which seems to be the case for the initial part of the runs
at 24 A/m?in plot E.
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Overall, the observed preferential removal of divalent cations is in agreement with
other studies [13,29,48-50], and especially with the one of Galama et al. [5], who also
focused on the desalination of seawater at 20°C when applying similar current
densities (30 and 100 A/m?) in a stack containing Neosepta CMX membranes. Similar
composition profiles were obtained for the mentioned current densities despite
having differences in the experimental conditions (like initial composition of the
concentrate and linear fluid velocity), and slightly different feed composition (they
had 10% higher TDS). Thus, the influence of the applied current density over other
process variables results noteworthy. These results show that the transport of
divalent cations is favored over the transport of the monovalent ones, for conditions
with less pronounced diffusive boundary layers, such as at low current densities.

3.3.2.2  Effect of polymer presence on the removal of cations

The addition of HPAM increased the viscosity of the solution. For the experiments
at 20°C, the seawater solution with 1.0 g/L of polyelectrolyte had an average
viscosity of 4.8 mPa-s, calculated from the initial (3.33 mPa-s) and final (6.03 mPa-s)
viscosities measured with the rheometer, as reported in our previous study [25]. This
value is approximately 4.6 times the viscosity of the seawater solution without
polymer [25]. However, it must be remarked that a rheometer reports the
macroscopic viscosity, which may deviate significantly from the microscopic
viscosity experienced by the ions in the solution due to their friction with the solvent
[51]. The microscopic viscosity is not affected much because the solvent is still water
plus a very low concentration of dissolved polymer segments at 20°C. This means
that the diffusion coefficients of the ions should remain the same despite the changes
in macroscopic viscosity. This was validated by the conductivity readings, which
were practically the same for solutions with and without HPAM (section 3.3.1), and
is also reported in the literature for other solutions viscosified with polymers [31,52].
Thus, the presence of HPAM could only influence the selectivity by changing the
fluid dynamics in the electrodialyzer, and by interacting with the ions in solution.

Regarding the change of fluid dynamics on the electrodialyzer, we drew on the
potential requirement during the experiments to find out if there was an impact on
concentration polarization. The data is included in Figure 3.3, from which two main
facts can be noticed. The first is that, no matter the experimental conditions, the
voltage kept increasing since the start of the experiments, indicating continuous
increase of resistance in the stack (according to Ohm’s law). However, during the
first half of our desalination experiments, the ohmic resistance was supposed to
decrease, given that the resistivity of the initial concentrate solution was five times
higher than the one of the diluate (95 vs 20 Q-cm, respectively). The continuous
increase thus suggests that the dominating resistance was in the diluate
compartment, possibly due to the progressive development of concentration
polarization in the diffusion boundary layer [6,47].
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The second remark for Figure 3.3 is the similarity of the curves obtained for the
experiments with and without polymer. For the experiments run at lower current
densities (24 and 48 A/m?) the presence of polymer was not a determining factor in
the potential needed to sustain the fixed currents densities. However, for the
experiments performed at 72 and 96 A/m? the presence of HPAM resulted to a
higher voltage in the cell, a sooner reaching of the limiting voltage in the
potentiostat, and slightly longer experiments (Table A3.1). This could be caused by
the lower turbulence in the cell when the diluate is viscosified, which affects the
mass transfer from the bulk of the fluid to the surface of the membrane [31].
However, it appears that the changes in fluid viscosity, and presumably in
concentration polarization, were not severe enough to affect the “ordinary”
selectivity for cationic species. Figure 3.2 shows that there was practically no
difference between the concentration profiles for experiments performed at the same
current density, disregarding the presence of polymer.
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Figure 3.3. Voltage applied to the stack as a function of time for experiments at 20°C.

Concerning the interaction of HPAM with the cations, again Figure 3.2 shows that
the composition profiles and permeabilities of divalent over monovalent cations are
alike the ones obtained for the solutions without polymer (left vs right side in the
figure). The main difference is the presence of small amounts of divalent cations (0.1
mM of Mg?) in the last samples taken from the experiments run with HPAM at 24
A/m?, while for the analogues without HPAM no divalents were detected. These
results were somewhat surprising because, as mentioned in section 3.1.2, HPAM has
a special affinity to divalent cations [32,33], and its acrylic group bonds particularly
well with calcium [34]. However, the plots show that the transport rate of both
divalent and monovalent ions is only affected by the applied current density and not
by the presence of polymer. The charge density of HPAM in solution was
experimentally determined (section 3.2.2.3) to a value of 5.62 meq/g. Thus,
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considering the polymer concentration in the diluate bulk (1.0 g/L), approximately
5.62 meq/L of the cations could remain bound to the polymer instead of being free
in solution, being retained in the diluate. The initial solution contained
approximately 95 meq/L of divalent cations (17 meq/L of Ca? and 78 meq/L of Mg?")
and 433 meq/L of monovalent cations, so they were present in excess. However, the
remaining part of divalent ions was much less than 5.62 meq/g (a maximum of 0.74
meq/g Mg?, and 0 meq/g Ca?"), hence the forces of the imposed electric field on the
cations appear to overrule the electrostatic attractive forces in solution between
divalent cations and polymers.

3.3.2.3  Effect of temperature on removal of cations

Let us next consider the removal of divalent cations at different temperatures, 10
and 40°C, in the presence of HPAM. Again, the effect of having a viscous diluate in
the formation of a boundary layer can be extracted from the information in Table
A3.1. At 40°C, we observed that for runs at the same current density, the switching
points and total durations were practically indifferent to the presence of HPAM. On
the contrary, for 10°C, the presence of HPAM significantly affected the behavior of
runs at current densities above 24 A/m?2. In the most extreme case (96 A/m?), the
limiting potential was reached when only 1.68 x 103 C had been transported, half the
amount that theoretically passed in the absence of polymer.

To explain these observations, as well as the removal of divalent cations, it must be
considered that the difference in temperature can influence the boundary layers by
two mechanisms: by affecting the diffusion coefficient of the ions [53,54], and by
changing the macroscopic viscosity of the fluid [25]. Both factors contribute to make
ion mobility less susceptible to diffusion limitation due to thinner boundary layers.
Therefore, the differences in experimental results in presence and absence of HPAM
(evaluated at the same current density and temperature) are attributed to the
changes in flow conditions and its effect in concentration polarization. Then, as
shown in Figure 3.4, most of the normalized concentrations for experiments at same
temperature and current density fall within the same trend lines, indicating that the
transport of divalent cations was practically unaltered by the different flow
conditions attained within the cell. Indeed, even the results obtained at different
temperatures were very similar. Figure 3.4 highlights by means of tendency lines
the two most extreme cases regarding experimental conditions: the experiments
performed at 40°C without HPAM (low viscosity and high diffusion coefficients)
and the ones at 10°C with HPAM (high viscosity and low diffusion coefficients). Yet,
even between these two extremes the differences in transport of divalent cations are
only perceptible for the runs performed at 24 and 48 A/m2. This can be explained by
considering that at high current densities the boundary layer is already so significant
that the selective transport is governed by the diffusion of the ions through it [29].

74



Removal of divalent ions from viscous PFPW and seawater via ED

At this point, the changes in temperature and hydrodynamic conditions are not
enough to make a difference in the observed selectivity. In contrast, when lower
current densities are applied, the differences in diffusivity can still impact the
thickness of the boundary layer, so the membrane properties can still exert influence
on the removal. However, it is also noted that the early reaching of the maximum
voltage for the experiments at 72 and 96 A/m? and 10°C limits the data points
available for comparison, and therefore extensive mechanistic interpretations.
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Figure 3.4. Normalized concentrations of divalent cations remaining in the diluate for experiments
performed at different temperatures, with and without HPAM, at fixed current densities A) i= 24
A/m?, B) i= 48 A/m?, C) i= 72 A/m? and D) i= 96 A/m?. Data from the initial part of the runs is not

shown to give visibility to the final stage. Discontinuous lines for the most extreme cases are included
for guiding the eye and to indicate when the system got voltage limited.

However, Figure 3.4 also shows that the concentration of divalent cations for
experiments performed at 40°C was always lower than for the other temperatures,
no matter the current density nor the presence of HPAM. There is another factor to
be considered when discussing the effect of temperature on the competitive
transport: its influence on the membrane properties. It was already mentioned that
at 25°C, the CMX membrane has a larger permeability for calcium over sodium [45].
Furthermore, it has been reported that the selectivity coefficient of the CMX for Ca?
over Na* increases with temperature, doubling when measured at 40°C instead of
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10°C [40]. Even if Mg?> was not included in the referred study, its similarity with
Ca? and our own observations indicate that the enhanced selectivity of the CMX
membrane at higher temperatures is probably also applicable for the system
[Mg?/2Na‘].

Thus, for the system studied, a combination of factors was shown to be beneficial to
achieve higher removal of divalent cations: i) low current densities which allow the
intrinsic selectivity of the membrane to dominate the process, and ii) higher
temperatures which reduce the thickness of the boundary layer and increase the
selectivity of the CMX membrane towards the divalent species. This can be better
visualized in Figure 3.5, which shows the percentage of divalent cations remaining
in the diluate for the samples taken at conductivities 10.5 and 5.5 mS/cm
(corresponding to approximately 83 and 91% of TDS removal). In all cases, the
experiments at 24 A/m? and 40°C retained a lower amount of Ca* and Mg?
compared to experiments run at higher current densities and lower temperatures, as
expected from the previous analysis. In addition, it is shown that the effect of the
low current density is less pronounced when HPAM is present, which is thought to
be related to the viscosity of the fluid increasing during the last part of the process.

3.3.3 Removal of anions

3.3.3.1 Effect of current density on the removal of anions

Following a similar scheme as for the transport of cations, Figure 3.6 shows the
concentration of anions in the diluate during the experiments run at 20°C at different
current densities. It must be considered that given the minimal concentration of
bicarbonate (6.36 mM) compared to that of chloride (490 mM) in the feed water, the
removal of the first was not monitored. Then, Figure 3.6A shows that, for the
experiments without HPAM, the concentration of chloride decreased in a fast and
constant mode, while sulfate ions tended to stay longer in the diluate, without much
apparent influence of the applied current density. Only when the concentration of
chloride had dropped to around 150 mM, the sulfate decreases more meaningfully.
This can be better observed in Figure 3.6C, which shows how the permeability of
sulfate over chloride started in low values (around 0.3) and kept increasing during
the experiment, finalizing around 0.9 for all current densities. This means that the
removal of sulfate was always lower than that of chloride, so at the end of the
desalination the molar concentration of both anions was nearly the same. Regarding
the influence of the current density, only one of the experiments performed at 24
A/m? (out of 3) slightly deviated from the general behavior of the rest of the
experiments, so a possible explanation for this observation is explored further in the
text.

76



Removal of divalent ions from viscous PFPW and seawater via ED

A No HPAM B HPAM
16% 16%
s 1 o 24A/m§ < |

5] 48 A/m * Z
E12% 72 A/’ * . £ X
= 1 m 9a/m’ =
] = ]
£ 8% * c 8%
't'tm * ~ ﬁ 't‘m |
= ] — 5 e s ]
+oa% =l = 4%
© ] =] =l & ]
o Y F / ] (&}
1 o | ] I b 1
0% 0%
40°C 20°C 10°C 10°C
D
16% 16%
] g
= S 1
g 12% A _8 12% -
e | = ]
£ 8% o 8% -
. ] £ ]
“bo &
S 1 * [F & ]
+ 4% ﬁﬁ - T o
& E :? FA -
© o~
S 1 sl N S 6
0% o Sl =l 0%

40 °C 20°C 10°C

Figure 3.5. Percentage of Ca?* + Mg?* remaining in the diluate. A) Samples taken at 10.5 mS/cm from
experiments without HPAM; B) Samples at 10.5 mS/cm with HPAM; C) Samples taken at 5.5 mS/cm
from experiments without HPAM; D) Samples at 10.5 mS/cm from experiments with HPAM. Each bar
is the average calculated from 2 independent experiments, and the star (*) indicates that the
individual values differed above 10%.

The transport tendencies for the anions agree with the results of Galama et al. [5],
who reported a constant reduction of chloride while the removal of sulfate
accelerated after approximately two thirds of the salts had been removed, although
in their study they found differences in transport rate depending on the applied
current density. Sirivedhin et al. [13] also reported different removal rates of anions
depending on the initial salinity of the water to be desalted. For waters with high
salinity (TDS above 62,000 mg/L), chloride was preferentially removed, most
probably due to its higher feed concentration. Meanwhile, for low salinity waters
(TDS ~5,000 mg/L) the removal of sulfate was faster than for the other anions,
especially when a low voltage was applied [13]. Indeed, the expected removal order
of anions passing through a strong AEM is CI- > SO+ [4,37], although it has also been
reported that the AMX membrane is more selective for sulfate than for chloride

(PC‘S;Q‘% = 1.3) when evaluated for a equimolar solution of chloride and sulfate at 30°C
and 20 A/m? [44]. Thus, our results together with the literature indicate that the
competitive transport of chloride and sulfate ions through the AMX membrane is
highly dependent on the concentration of the bulk solutions and the process
operational conditions.
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Figure 3.6. A, B) Concentration of anions in the diluate during the electrodialysis at different current
densities and 20°C. The concentration of divalent anions (filled symbols) can be read in the left axis,
while the concentration of the monovalent ones (non-filled symbols) can be read in the right axis.
Continuous lines are presented to guide the eye. C, D) Ratio of monovalent over divalent anions. A

and C refer to experiments without HPAM, while B and D to experiments with HPAM

3.3.3.2

Regarding the influence of HPAM in the removal of anions, Figure 3.6 shows that
there were no significant differences between the experiments performed with and
without HPAM. In both cases, chloride was preferentially removed, the final
diluates contained equimolar amounts of both anions, and there was no distinction
regarding the applied current density. This similarity can be explained by
considering that the concentration polarization of HPAM on the membranes only
occurs mainly in the final stage of the experiments, when the ionic strength of the

Effect of polymer presence on the removal of anions

solution has diminished considerably, as observed in our previous study [25]. Thus,

during most part of the experiments the polyelectrolyte remains free in solution, not

interfering with the normal electrodialysis performance.
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Additionally, one of the triplicates of the experiment at 24 A/m? presented again a
slightly higher permeability of sulfate over chloride (Figure 3.6D). Both observations
are thought to be due to a higher pH of the diluate stream, particularly when the last
sample was taken, which was the only anomaly in common for both experiments.
While for the two referred cases the final pH of the diluate was around 5, for most
of the experiments the pH reached a value of 4. This was most probably caused by
an incomplete removal of the acidified solution during the washing procedure.

3.3.3.3  Effect of temperature on anions removal

The effect of temperature on the removal rate of sulfate was more substantial that
the one measured for the divalent cations, as can be seen on Figure 3.7. While for the
experiments performed at 10°C the sulfate removal was like the one obtained at
20°C, experiments at 40°C showed a faster transport of the referred anion. This faster
removal at increasing temperature could be due to two factors: i) the faster diffusion
coefficient of the sulfate anion, which would increase its concentration near the
membrane, and ii) the increased affinity of the AMX membrane towards sulfate with
higher temperature [39]. In this regard, Guesmi et al. it reported that the selectivity
coefficient of the AMX membrane for SO4- over 2Cl- increases almost tenfold for
experiments at 40°C compared to the one measured at 10°C, this as a consequence
of an increase of the equilibrium extent of reaction mounting with temperature [39].

Figure 3.7 also shows that the presence of polymer did not affect the transport
tendencies of sulfate, as had been already observed for the experiments at 20°C.
However, contrary to those, the runs at 40°C indicated an effect of the applied
current densities on the removal of sulfate. The faster removal of sulfate at lower
current densities is perceptible when comparing the removal at specific salinities. A
feasible explanation is that at low temperatures, the transport through the AMX
membrane is limiting the removal of sulfate, so varying current density does not
have any effect on its removal. At higher temperatures, the transport of sulfate
through the membrane is facilitated, so now the limiting process would be the
transport from the bulk solution to the surface of the membrane, which is affected
by concentration polarization and current density.
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Figure 3.7. Normalized sulfate remaining in the diluate for experiments performed at different
current densities and temperatures, with and without HPAM. A) 24 A/m?, B) 48 A/m?, C) 72 A/m?, D)
96 A/m?. Discontinuous lines for the most extreme cases are included for guiding the eye and to
mark the period for which the constant current was maintained.

To close this section, we include Figure 3.8, which shows the percentage of sulfate
remaining in the partially desalted diluate (10.5 and 5.5 mS/cm) for the different
experimental conditions. The percentages of sulfate are significantly higher than the
ones presented in Figure 3.4 for the divalent cations, so it becomes clear that this
anion was transported with more difficulty. For instance, when the diluate solutions
had a conductivity of 10.5 mS/cm, most of them still had 50% of the initial amount
of sulfate, while roughly 80% of the other ions had already been removed. Thus, the
only conditions that allowed the preferential removal of sulfate were 40°C and 24
A/m?, coinciding with the best settings for the removal of divalent cations. Our
results indicate that in the presence of HPAM the removal of sulfate was slightly
decreased, although the differences are minimal.
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Figure 3.8. Percentage of sulfate remaining in the diluate. A) Samples taken at 10.5 mS/cm from
experiments without HPAM; B) At 10.5 mS/cm with HPAM; C) At 5.5 mS/cm from experiments
without HPAM; D) At 5.5 mS/cm from experiments with HPAM. Each bar is the average calculated
from 2 independent experiments, and the star (*) indicates that the individual values differed above
10%.

3.3.4 Water reuse after desalination

As a final evaluation, we include a comparison of the properties of viscous solutions
obtained when using electrodialysis versus a non-selective desalination. To
represent the electrodialysis case, salt solutions were prepared with the
compositions obtained in the best preferential removal case, this is, when the sea
water was desalted at 40°C and 24 A/m2 The no-preferential removal solution was
prepared by adding demi water to the synthetic seawater until reaching the
conductivity goal. Then, for both cases, high MW polymer was added and hydrated
as described in section 3.2.1.2, and their viscosities measured at 40°C.

As shown in Figure 3.9, the four solutions prepared with water desalted through
electrodialysis presented higher viscosities than the solutions prepared with diluted
seawater, the differences ranging between 22 and 43%. These results demonstrate
that even though the preferential removal of multivalent ions seemed minor, it can
have measurable effects in the properties of the viscous solution, which would be
potentially reflected as savings of fresh polymer and chemicals. If less polymer is
required, the impact is also favorable in terms of chemical procurement,
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transportation, storage and handling (mixing and hydration) requirements and
operating costs [14].

Regarding the sulfate removal, the desulphation level needed to minimize the
scaling would greatly depend on the amount of hardness in solution. As a reference,
a sulfate reduction plant based on nanofiltration can decrease sulfate concentrations
from 3000 to 40 mg/L, but even at this concentration there may still be a scaling
potential [55]. However, it is also known that SrSOs precipitation is inhibited when
[SO4] is below 1000 mg/L; and for [Ba]=80 mg/L, like in seawater [42], the
precipitation of BaSOs starts when [SO4]>175 mg/L [55]. Then, since the experiments
run at 24 A/m? and 40°C achieved a final sulfate concentration under 10 mg/L when
no HPAM was present (and 60 mg/L when it was), obtained results also seem
promising in this aspect.
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Figure 3.9. Viscosity of HPAM solutions prepared with desalted water. For the “no preferential
removal” case, the sea water solution was diluted with demi water until reaching the desired
conductivity. The “best preferential removal case”, was prepared according to the ionic compositions
attained during the runs at 40°C, 24 A/m? and without polymer. All solutions were prepared with 1.0
g/L of high MW HPAM, and their viscosities measured at 40°C and 7.3 s*. Values measured at other
shear rates are included in the Supplementary material.

3.4 Conclusions

To be reused, polymer-flooding produced water needs to be partially desalted, and
desirably stripped of its multivalent ions. For the composition studied in this article,
it was identified that divalent cations, accounting for less than 10% of all the cations
in solution, have the most significant effect in reducing the viscosity of polymer-
flooding solutions.

Our results demonstrate that it is possible to achieve preferential removal of divalent
cations through electrodialysis, especially when employing low current densities (24
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A/m?) and high temperature (40°C). The removal of sulfate, a divalent anion, is also
accelerated in these conditions. The presence of the polyelectrolyte HPAM does not
significantly affect the removal rate of divalent ions. Thus, meticulous application of
ED to minimize concentrations of divalent ions in PFPW is a potential effective way
for water and polymer recycling in cEOR situations, as an alternative to the use of
other non-selective desalination technologies. However, understanding
permselectivity of ions and the phenomena affecting it, including the effects of the
boundary layers, remains a topic for further clarifying research.
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Appendix 3A. Effect of individual salts on the viscosity of flooding
solution

Several studies have reported the influence of multivalent cations on the viscosity of
HPAM solutions [8,15,34], but for compositions considerably different to the one
used in this study. Thus, Figure A3.1 presents an evaluation of the effect of each
individual salt on the apparent viscosity of the polymer fluid. The presence of just
4.2 mM of sodium bicarbonate is enough to significantly decrease the viscosity of
the polymer solution with 40% compared to absence of salt. This large drop of
viscosity occurs because the polymers cannot swell as much as in demi water, i.e.
polymer coils overlap in demi water (semi-dilute regime) and are separated when
salt is present (dilute regime).

1000
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e = 4.2 mM NaHCO;
- =
100 ‘.-u.___.L | —a 9.9 mM KCI
— -
— - |
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Figure A3.1. Viscosity (1) of solutions prepared with 1000 ppm of high MW HPAM and individual
salts, measured at 40°C and shear rates (y) between 1 and 100 s™

Regarding the effect of divalent cations, it can be noticed that for similar molar
concentrations of potassium and calcium chloride, the solution with calcium has a
viscosity ten times lower than the solution prepared with potassium chloride. Other
authors have also reported that, depending on the salt concentration and shear rate,
the viscosity of HPAM solutions with added multivalent salts can decrease even one
order of magnitude compared to solutions with only monovalent salts present [15-
19]. It was also observed that solutions containing calcium and magnesium
presented viscosity values that are half of the values obtained for the sodium
chloride solution, despite their molar concentrations are 40 and 10 times smaller,
respectively. This is due to multivalent ions not only causing the charge shielding
effect, but also acting as a dynamic cross-linking agent to interconnect two different
polymer molecules or two regions of the same one, further influencing the
polyelectrolyte conformation and hence the rheological behavior of HPAM solutions
[16].
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These observations emphasize the urgency of primarily removing the multivalent
cations from the PFPW to make it suitable for reuse. Otherwise, large amounts of
polymer need to be added to obtain the desired viscosity and/or it is needed to
employ more specialized (and expensive) polymer formulations that remain stable
in brines with high hardness content [18].

Appendix 3B. Supplementary material

Table A3.1. Average duration of experiments and switching points to constant voltage mode.

T | @irzas Toqprastaan? T.ime. for Co.nductivity of Charge p.assn?d
e || clasty duration switching to dllua'te v.vhen before switching
constant voltage switching mode
°C A/m? Min min mS/cm 108 C
HII’\ZM HPAM HII’VXM HPAM HIIJVIZM HPAM HII’\ZM HPAM
24 387 396 386 389 1.89 1.30 5.79 5.84
48 222 202 201 184 4.68 4.20 6.04 5.53
0 72 160 148 112 112 9.75 9.33 5.04 5.02
96 120 118 79 78 12.06 12.15 4.75 4.67
24 398 406 379 381 2.83 2.57 5.69 5.71
48 228 222 172 173 8.09 8.19 5.15 5.19
20 72 168 171 105 100 12.86 14.56 4.70 4.50
96 131 144 78 67 14.14 18.84 4.69 3.97
24 386 386 377 364 211 3.25 5.65 5.45
48 199 212 176 168 4.43 7.75 5.28 5.04
10 72 151 210 104 62 11.07  28.95 4.67 2.79
96 158 203 54 28 25.18 37.46 3.19 1.68
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Figure A3.3. Concentration of Ca®* + Mg?* (Cai, mM) (filled symbols) and Na* + K* (Cronow, mM) (open
symbols) vs conductivity in the diluate during the electrodialysis at different current densities and
temperatures. A) 10°C without HPAM, B) 10°C with HPAM, C) 40°C without HPAM, D) 4 °C with
HPAM. Continuous lines are presented to guide the eye.
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Influence of feed composition on the
fouling of anion exchange membranes
desalinating polymer-flooding produced
water
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Chapter 4

Abstract

Anion exchange membranes (AEMS) are known for being 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 is thought to be affected by the composition of the solution, which includes
various dissolved salts, partially hydrolyzed polyacrylamide (HPAM), crude oil,
and surfactants. To test the influence of the feed, electrodialysis experiments were
performed to desalinate feed solutions with different compositions, aiming to
distinguish between their individual and combined effects. The solutions contained
diverse mono- and divalent ions. The analysis included data collected during the
desalination and characterization of the fouled AEMs by diverse analytical
techniques. The results showed that 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 hampers
the replenishment of ions from the bulk solution. Ca and Mg have a large influence
on the formation 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.
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4.1 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 polymer 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 continue 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 million 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 better 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
scenarios, 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
processes, 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
membrane's resistance, and a deterioration of the ion-exchange capacity [13,14].
Even after treating the PFPW with ultrafiltration [1,15], the stream still contains a
variety of dissolved salts, surfactants, partially 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 membranes (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.
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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 current 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 diluate side of the AEM. Force-
distance curves measured by AFM confirmed that electrostatic forces dominated the
interactions between HPAM molecules 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 formation 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 thermodynamic
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 components [6,14]. This was recently
described in the investigation of Xia et al. [13], who found through membrane
resistance measurement and SEM analyses that the HPAM and the inorganic
components (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 cleaning 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
solutions employed in this study do not only include sodium chloride, but also other
mono- and divalent ions generally present in produced 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 resistance
of the fouling to the application of current reversal was also evaluated.
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4.2 Materials and methods
4.2.1 Materials

4.2.1.1  Six-compartment cell and setup

Electrodialysis experiments were performed in a six-compartment cell with a four-
electrode arrangement, previously described by Dlugotecki 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 membranes (Figure 4.1). The potential difference
over the middle membrane can be measured by employing two L-shaped Haber-
Luggin capillaries, which are positioned on either side of the membrane pointing
straight at each other. The capillaries, filled with 3M KCI solution, are connected
through 30 cm tubes to the glass compartments 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 cm? 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 FujiFilm type
10, kindly provided by FujiFilm Manufacturing Europe B.V. (The Netherlands), with
properties summarized in Table 4.1.

Table 4.1. 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 (um) 125 135
Area resistance (€2 cm?) 1.7 2.0
Permselectivity (measured at 0.05-0.5M NaCl) 95 99
pH stability 1-13 1-13

As shown in the scheme of the setup (Figure 4.1), four different solutions were
employed for each experiment. 1.0L of each solution was circulated in the following
arrangement:

e Compartments 1 & 6. Electrode solution consisting of 0.05 M Na2SOa.

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

¢ Compartments 3 & 4. Concentrate and diluate solutions, respectively, 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
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pumps (Cole-Parmer, Masterflex L/S Digital drive, USA), and 8.0 mm PTFE tubing
from EmTechnik.

pH&T @ pH&T
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Anode + Cathode -
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: solution solution 1
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Figure 4.1. 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.

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 reference 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 Endress+Hauser (Germany).

4.2.1.2  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 4.2. 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 4.3 along
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with one variant. All solutions were prepared by dissolving 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.

Table 4.2. 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) 1.0g/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 emulsion
E14 BW with 3x[Ca + Mg] 1.0 g/L 20 mg/L emulsion

*E4 was performed in duplicate.

Table 4.3. Mineral composition of the solutions. Based on the composition reported in [23].

S Brackish water (BW) BW with 3x[Ca + Mg]
(mM) (mM)
NaHCO:s 15.59 15.59
KcCl 0.72 0.72
Naz2504 2.51 2.51
NaCl 53.30 53.30
CaCl*2H20 0.65 1.96
MgCl*6H20 0.46 1.37

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 hours 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 to 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

99



Chapter 4

were dissolved 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 minutes. The emulsion had
no visible phase separation, so its oil concentration was 2.0 g/L.

The stock solution with crude oil was prepared in a similar way. After heating 2.0L
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 hours, after
which the water phase was recovered and stored as oil stock solution. Its oil
concentration was estimated via TOC analysis (section 4.2.2.3).

All the feed solutions were prepared with analytical grade salts (NaCl, CaCl>-2H20,
MgCl2:6H20, NaHCOs, KCl, and Na250s), purchased 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.

4.2.2 Methods

4.2.2.1  Electrodialysis experiments

The electrodialysis experiments were run for 18 hours in constant current mode. The
current density was fixed at 28.3 A/m? which is 36% of the limiting current density
(LCD) when desalting a 53.3mM 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 compartment of the cell. Once the
capillaries were aligned, the experiment 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 capillaries 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
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and 4 of the cell were desalted in an alternate form. Each experiment had a specific
mineral composition and made use of solutions with and without HPAM.

4.2.2.2 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 experiment
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 hours and stored.

4.2.2.2.1 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.

4.2.2.2.2 Raman measurements

Full Raman spectra (up to 4,000 cm™) were obtained by employing a LabRAM HR
Raman spectrometer from Horiba Jobin Yvon with an mpc3000 laser at 532.2nm and
a 800mm 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.

4.2.2.2.3 Contact angle measurements

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

4.2.2.3 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-
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VCPH). The particle size distribution of selected HPAM solutions was determined
with DIPA 2000 — Particle Analyzer (Prolyse).

4.3 Results and discussion

Section 4.3.1 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 electrodialysis performance were mainly attributable to
the development of a gel layer on the diluate side. Sections 4.3.2.-4.3.4 present the
analyses of the concentrate side, process performance, and reversibility. Section 4.3.5
combines the presented information and literature findings to explain how solution
composition affects the fouling by PFPW.

4.3.1 Formation of gel layer by HPAM (diluate side)

A common indication of the formation of a gel layer on a membrane 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 o between the capillaries, the recorded TMEP
was divided by d (section 4.2.2.1), and the obtained plots are included as Figure 4.2.
The results in the figure are organized to highlight various effects, summarized in
Table 4.4.

Table 4.4. Comparisons enabled by the experimental approach

Effect Experiments involved
Addition of HPAM E1, E2
Ionic strength E2, E3
Mineral composition E3, E4, E5, E6, E7
Mineral composition in presence of oil E8, E10, E11
Increasing HPAM concentration E8, E9, E10
Increasing crude oil concentration E4, E10, E12
Addition of model emulsion with surfactant E4, E12, E13, E14
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Figure 4.2. TMEP/S vs time of ED runs showing assorted effects. (A) Effect of ionic strength and
HPAM on TMEP/S. 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.

4.3.1.1 Gellayer in the presence of NaCl and the effect of ionic strength

Figure 4.2A shows the TMEP development for the experiments E1 to E3. As
expected, the TMEP/d of E1, the experiment without foulants, remained constant. In
contrast, when HPAM was present in the same solution (E2), there was a clear
increase in TMEP. The initial 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

103




Chapter 4

periods of instability in the E2 profile could be due to disturbances in the HPAM gel
layer or the adhesion of bubbles to the capillaries.

The shape of the TMEP curve is like a typical chronopotentiogram profile [28], with
a stabilization time in the order of minutes. 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 resistivity,
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 (Figure 4.3A). 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 influence of the
applied voltage, accumulating on the diluate side of the membrane. The gel layer is
thin enough to allow to still distinguish the fibers underneath.

The diluate sides of membranes E1 and E2 were also analyzed with Raman. As
shown in Figure 4.3B, the profile obtained from E2 is closer to that of the dry HPAM
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granule than to the clean membrane (E1), confirming that the layer on top of the
membrane was HPAM.
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Figure 4.3. A) SEM images from membranes E1 (no foulant) and E2 (NaCl + HPAM). The gel layer is
visible on the diluate side of E2, but not in the image of the cross-section. B) Raman profiles from the
diluate side of membranes E1 (clean), E2, and a dry HPAM granule.

4.3.1.2  Effect of mineral composition

The effect of mineral composition on the formation of a gel layer can be first
examined in Figure 4.2B, 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
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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 like E4 but
containing only either calcium or magnesium, presented equally high TMEP/6
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 continuous 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 addition of HPAM of
different MW in the solution [15]. In our case, considering 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
divalent cations, as will be further explained in section 4.3.5.

The membranes recovered from these experiments were dried in two different ways
and analyzed by SEM (section 4.2.2.2). As visible in Figure 4.4A, 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
morphology of the gel layer as it was during the experiment. Based on the cross-
section pictures and EDX analysis (Figure 4.4B), the thicknesses of the air-dried gel
layers were estimated to be between 5 and 50 pm. In contrast, the freeze-dried layers
were significantly thicker, between 50 and 550 um. The combination of observations,
summarized in Table 4.5, is indicatory for the differences in the in situ formation of
the gel layer (photographs available in Figure A4.2 and Figure A4.3). 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 Figure 4.2B, 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 profiles 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 4.3.5.
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Nacl Brackish water (BW) BW with 3x[Ca + Mg]
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Figure 4.4. A) Examples of SEM images of the cross-sections of air-dried and freeze-dried
membranes. The arrows and circles indicate the gel layers. B) EDX analysis of air-dried membrane
from E4a. It shows a higher concentration of Cl the ion exchange resin, and Na presence mainly in

the HPAM gel layer. C) EDX images of the freeze-dried membrane of E4b.

The elemental analysis of the diluate side showed differences between the fouled
and the clean membranes (Table 4.6). 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, 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 Figure 4.4, 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 CI
from the bottom could be detected.
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Table 4.5 . Summary of the SEM and EDX results

Gel layer thickness (diluate side) Precipitates (concentrate side)?
Air- Freeze- Common
Membrane | opserved  dried dried! Type Traces
Elements
(um) (um)
1 No ) i N N Fe O Si
Mg
2 v 10 N/A X X 510
3 v 5 50 Scarce C,0 SO
crystals
4a v 34 N/A Crystals Ca, O Mg O, Si
4b Ve - 500 Crystals Ca, O Mg O
5 v 6 504 Crystals & Ca, O Mg O
plaques
Crystals &
6 9 355 Ca, O Mg O
o scales a 8
7 v 7 428 Small Mg, O -
crystals
8 No - - Scarce Ca, O Mg O
crystals
9 v 37 N/A Scarce Ca, O Na O
crystals
10 v 37 N/A Crystals Ca, O Mg O
Na Cl Si
11 v 5 120 X X Fe O
12 v 25 N/A Crystals & Ca, O MgO
plaques
Mg Si O
13 v 16 530 X X Al
14 v 52 350 Scales Ca, O Mg O

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

Element | M1 (Clean) M3 Mi4b M5 Meé M7
C 82.16 52.74 55.78 52.01 56.12 55.60
N 7.27 12.71 1748 16.59 17.04 16.92
O 4.58 19.90 24.00 2446 2444 2542

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

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
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(Figure 4.3B), so this characterization corroborates the gel layer to be formed mainly
by HPAM.

4.3.1.3 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 different mineral composition. Figure 4.2C 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 experiment. The runs
with NaCl+ HPAM+ oil (E11) and with BW+ HPAM+ oil (E10) showed profiles
almost identical to their analogs without oil (E3 and E4a, respectively). As noticed
for Figure 4.2B, the final TMEP/d value for the experiment containing BW is roughly
four times larger than the one containing only NaCl (770 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 pm, while
the gel layer in E10 (BW) was much thicker (37 um) (Table 4.5). The membrane from
E11 was also freeze-dried, and displayed gel layer thickness of 120 um and a high
porosity (Figure A4.3). 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.

4.3.1.4  Effect of HPAM concentration

The effect of HPAM concentration in crude oil containing solutions can be evaluated
from Figure 4.2D. At higher HPAM concentration, there was a higher increase rate
of TMEP, as previously reported [18]. However, the membrane analysis indicated
gel layers of similar 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.

4.3.1.5 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. Figure 4.2E shows that their TMEP/0 - 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
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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 4.5). Zhang et
al. also concluded 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
Figure 4.2F, shows that in the presence 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 cationic 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 um (Table
4.5). The SEM photographs from the diluate side (Figure A4.3, 300X) 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 (Figure A4.4B), indicating a
higher concentration of HPAM and possible 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 membranes, which was investigated through water
contact angle measurements (section 4.2.2.2.3). 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 surfaces more hydrophilic (Figure
A4.6). On the contrary, when crude oil was present, the hydrophobicity increased,
independently of 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. Furthermore, Zuo et al.
explained that the oil in solution can form negatively charged colloidal structures
that migrate towards the diluate side of the AEM [17].

4.3.2 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
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precipitates were first spotted with SEM, and later analyzed with EDX and Raman.
The SEM and EDX results are summarized in Table 4.5, and Figure A4.5. includes
the SEM pictures.

SEM allowed to identify three recurrent morphologies for the precipitates,
arbitrarily called “crystals”, “scales” and “plaques” (Figure 4.5). The precipitation
in the form of “crystals” occurred when the solutions had a varied mineral
composition, that is, no precipitation 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 Figure A4.5) than when no oil was present. However, the effect
amplified significantly with an oil concentration of 20 mg/L (E12), and this
membrane presented the highest amount of plaques (Figure 4.5C). EDX confirmed
that all precipitates had similar compositions (Figure 4.5D & 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 E8 (No HPAM), E9 (0.5 g/L HPAM) and E10 (1.0 g/L
HPAM) increased in this order (Figure A4.5). 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
(Figure A4.5). The differences can be attributed to the slower migration of
magnesium and to its higher affinity to the CEM, which reduces its availability on
the concentrate stream [31], and to the higher solubility of the magnesium salts
compared to the calcium ones.
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Figure 4.5. SEM and EDX analysis of precipitates observed on the concentrate side of the AEMs. A)
An example of “crystals”, taken from E4A. B) Example of “scales” found on E14. C) Example of
“plaques” taken from E12. D) EDX analysis of precipitates on membrane E4a, including SEM
photograph, Ca and O distribution. E) EDX analysis of precipitates on membrane E12, also showing
Ca and O presence.

The EDX analysis indicated that most of the precipitates were composed by Ca and
O (Figure 4.5. D & 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 (Figure A4.7). However,
considering the EDX results and mentioned literature, it is likely that the precipitates
were mainly composed of calcium carbonate.
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4.3.3 Performance in terms of the transport of ions

Besides affecting 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
HCOs (considering no pH above 10), and SO«*, the only divalent anion. The
theoretical number of charge equivalents transported (efficiency 100%) was
estimated as 13.4 meq (1300 C), calculated from the applied current and the duration
of the experiment [2].

Figure 4.6 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 additional divalent cations. The
comparison of E8, E9, and E10 also shows a better performance when no HPAM was
present.
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Figure 4.6. Average change of monovalent and divalent anions, presented as charge equivalents, in
the diluate and concentrate solutions. The theoretical change in equivalents given the applied
current and operative time was 13.4 megq, indicated by the discontinuous line (100% efficiency). The
low performance measured in E3 can be attributed to a leaking capillary, detected after running the
experiment. The traces of sulfate detected in E2 and E11 probably came from the electrode
compartments.

As presented, the decrease in process performance in terms of transport of ions can
be related to the incidence of fouling and scaling. The mechanisms behind are the

reduction of the permselectivity of the membrane due to the shielding effect of the
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gel layer, the increase in back-diffusion of ions, and the occurrence of water splitting
[29]. The latter phenomenon was further analyzed through pH measurements,
which demonstrated significant quantities of water splitting, as further explained in
Appendix 4D.

4.3.4 Reversibility of fouling

The reversibility of the fouling was assessed through electrodialysis reversal
experiments, each performed either with NaCl or BW composition. We present first
the analysis for the NaCl experiment (Figure 4.7A). 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 minutes,
compartments 3 and 4 contained NaCl solutions without HPAM. As expected from
the absence of 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 previous
experiments, indicating the build-up of the gel layer. The current direction was
maintained for 60 minutes, allowing the formation of a HPAM layer, and then
reversed at minute 125. After the reversal, the TMEP/0 stabilized at the original value
of -55 V/m, but when the current was reversed again to the positive direction (minute
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 value. Finally, the TMEP/d values during the last
30 minutes of the experiment were closer to the initial ones. A similar behavior was
observed for the experiment with BW (Figure 4.7B), with the main difference 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 coincides with the diluate side of the membrane. This
confirms that the increase in TMEP is caused by the depletion of ions at the diluate
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.
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Figure 4.7. TMEP/5 profile for the current reversal experiment with A) NaCl solution and, B) BW
solution. Initially, 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
it. Thus, the shaded area indicates when the solution with HPAM was present in the setup. The plots
at the right are included to highlight the OCV measurements, which tended towards zero.

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.
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4.3.5 General fouling mechanism

Once the results from the membrane analyses have been presented, this section
combines the observations from the experiments into a fouling model.

4.3.5.1 Distinction between adsorption of polyelectrolyte and formation of a gel-
layer

First of all, we would like to distinguish between two mechanisms involved in the
fouling of AEMs by HPAM: i) the adsorption of the polyelectrolyte on the surface of
the AEM, and ii) the development of a gel layer due to transport of HPAM towards
the membrane and the entanglement of the polymer chains [18]. Indeed, when
studying organic fouling on other types of polymeric membranes, 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 polyacrylamide, 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
irreversible [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 4.3.4, 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 polyelectrolyte would be minimal [41], and
non-detectable with the current method, as observed in preliminary experiments
(Figure A4.9). 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 electrodialysis, 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, keeping 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.
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4.3.5.2 lonic 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 migration of HPAM towards the membrane, as suggested by
the delayed and lower TMEP/0 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 to 5 times higher than for experiments
in which only NaCl was present. These observations can be explained in that the
divalent cations complexate HPAM molecules 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
influence the formation of the gel layer; one related to the membrane-foulant
interaction and three to the foulant-foulant interaction.

Concerning the membrane-foulant interaction, it has been documented 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 be more 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 um. This
means that the size of the particles decreased as the concentration of divalent cations
increased, in agreement with previous measurements done for polyacrylamide
solutions [43]. The second effect of divalent cations regarding 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].

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
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membranes support this theory (Figure 4.8). For solutions with BW composition, the
continuous 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.

thickness and density. Images A), B) and C) show, respectively, the cross-sections of E11 (NaCl 77
mM), E13 (BW) and E14 (BW with triple divalent cations). Images D), E) and F) show the top view of
the same membranes in the mentioned order.

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.

4.3.5.3  Effects of the HPAM gel layer

The formation of the gel layer would have limited the replenishment of ions from
the bulk solution to the surface of the AEM (concentration 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 Figure 4.9, which shows
that the pH changes started to 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 consequences: a slight reduction of the coil size
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(the HPAM in the gel layer is in the overlap regime, so the coils have already their
random 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 constraints for the transport of ions, which
translates in an autocatalytic or self-amplifying process [34].
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Figure 4.9. TMEP/S, pH of the diluate and pH of the concentrate during E10. The discontinuous line
is plotted as a reference for the pH.

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).

4.4 Conclusions

In the applied concentration range, HPAM is the dominant foulant 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 concentrates near the membrane surface and forms a gel
layer of polyelectrolyte. 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.
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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 coverage 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 replenishment of ions from the
bulk solution to the surface of the membrane, 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 reversible 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 presence 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 i) the lower oil concentration used in the present study, ii) the variable properties
of crude oil depending on its origin [47], and iii) the use of membranes based on
different chemistries. While the FujiFilm AEMs employed in the present study are
based in an aliphatic compound (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 aromatic composed membranes, and thus have a high tendency to adsorb
on them (ie. through m-m interactions). Alternatively, aliphatic 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 recorded during the experiments are converted to resistances (using
Ohm'’s law), the values are above 900 ()*cm?, 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

120



Influence of feed composition on the fouling on AEMs desalinating PFPW

and consequent high resistances might have been propitiated by the hydrodynamic
conditions in the six-compartment cell, which has thick compartments and lacks
spacers to increase the turbulence. In order to better quantify the effect of fouling, it
would be ideal to have flow conditions which are closer to the ones in an ED stack.
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Appendix 4A. Supplementary material for Materials and methods

The limiting current density was determined using the method described by Cowan
and Brown [25]. The diluate and concentrate consisted of 53.3 mM NaCl solutions,
which was the lowest salt concentration among the ED experiments. Then, Figure
A4.1. was obtained after calculating the average of each current series and correcting
it for the membrane surface area. The graph shows that the last value within the
linear relation of the sub-limiting current density region is 78 A/m? which
corresponds to an applied current of 55 mA. Thus, the electrodialysis experiments
were performed at a current density below this value (28.2 A/m?). It should be noted
that the surface area of the test membrane is three times smaller than the other
membranes, so the LCD cannot be exceeded in the auxiliary membranes before it is
exceeded at the test membrane.
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Figure A4.1. Determination of limiting current density for AEM FujiFilm type 10 in 53.3 mM NaCl
solution.

Appendix 4B. SEM and EDX measurements

Although SEM/EDX data is summarized in Table 4.5, this appendix contains images
that could not be included within the text. It should be noted that measuring the
thicknesses of the gel layer may involve some inaccuracies, namely either the gel
layer may have only remained partly attached during the recovery of the membrane,
or the gel layer may have expanded during the freezing procedure.
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Figure A4.2. SEM images of the gel layer for experiments E3 to E6 for the freeze-dried membranes.
The arrows indicate the gel layer.
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Figure A4.3. SEM photographs of freeze-dried membranes recovered from E7, E11, E13, and E14. The
arrows indicate the gel layer.
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Figure A4.4. Elemental composition of the freeze-dried cross-section of membranes A) E13 and B)
E14. The membranes appear horizontally on the bottom of the images with the gel layers (signaled
by arrows) on top of them.
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B9/ JANA 12

Figure A4.5. SEM images of the concentrate side of the AEMs. Notice that the magnifications for E6
and E7 are different from the rest.

Appendix 4C. Contact angle and Raman measurements

Contact angle measurements were performed with MiliQ water in-air, as described
in section 4.2.2.2.3. The conditions were chosen to minimize disturbances to the
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fouling and to facilitate comparisons with the literature. However, by prioritizing
these factors, others were left aside, like the membranes being underwater when
they are under operation, which is not reflected when doing in-air measurements.

100

80

60

Contact angle (°)
o
o

El E2 E3 E4a E4b E5 E6 E7 E8 E9 E10 E11 E12 E13 E14
Figure A4.6. Static contact angle measurements on the diluate side of the membranes.

The Raman measurements confirmed the presence of HPAM on the diluate side of
the membranes where it has already been identified via SEM (Figure 4.3). For the
concentrate side, Raman allowed the clear identification of calcite (CaCOs) on
membrane E14, as shown in Figure A4.7. The presence of oil was indirectly observed
on both sides of the AEM given the high luminescence that affected the Raman
measurements when higher concentrations of oil were employed (E12).
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Figure A4.7. Identification via Raman of a precipitate obtained from the concentrate side of
membrane E14.

Appendix 4D. Water splitting quantification

The NaCl-based solutions (E1-E3 and E11) had an initial pH around 7, while the BW-
based solutions (E4-E10, E12-E14) were more alkaline, with an initial pH of 8.2, due
to their content of carbonate. However, these values changed during the
experiments. Even though the working current density was chosen below the LCD
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of the least conductive solutions, the formation of the HPAM gel layer and
concentration polarization could have caused some water to split [34]. As shown for
experiment E10 in Figure 4.9, the pH of the concentrate solution started to increase
around minute 40 of the desalination, coinciding with the increase in TMEP/0. This
happens because when limiting current density conditions are reached, the water
will usually split on the diluate side of the membrane, where concentration
polarization reduces the concentration of ions. Then, protons migrate to the cathode
and hydroxide ions to the anode, causing an increase in the pH of the concentrate
and a decrease in the pH of the diluate, as shown in the figure. Indeed, pH changes
were recorded during most of the experiments, as shown in Figure A4.8, indicating
an important degree of water splitting.

7 ~ E Diluate @ Concentrate

Experiment
Figure A4.8. Absolute pH change of the concentrate and diluate solutions during the electrodialysis
experiments.

From Figure A4.8, three main observations can be made. The first is that the largest
changes in pH occurred in solutions E2, E3 and E11, even though the measured
TMEP was lower. This is due to their lack of bicarbonate, which has a significant
buffering capacity. Although HPAM and crude oil might also have some buffering
effect, their influence was found to be minimal. The second observation is related to
the larger increase of pH in the concentrate compared to the decrease in the diluate.
This can be explained by: 1) the bicarbonate having a larger buffering capacity
towards a lower pH (which can be calculated from its pKz values); 2) the high
mobility of the protons (which can pass among compartments even through the
AEMs); and 3) the likely adsorption of protons on the fouling gel layer [29]. The final
remark comes from the experiment without HPAM (E8), which was the only one to
present a net increase of pH on both streams. This indicates that water splitting was
also occurring, but since there was no gel layer there was more replenishment of
fresh solution, and some of the hydroxyls were transferred to the bulk of the diluate
stream causing the pH to increase.
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Appendix 4E. Reverse fouling experiments with low HPAM
concentrations

Additional fouling experiments were performed to determine the effect of the
adsorption of HPAM on the electric resistance of the AEM. Therefore, these
experiments made use of solutions with low concentrations of HPAM (1 mg/L).
Figure A4.9 shows the TMEP/d obtained when using the solution with brackish
composition. The first two periods of 30 minutes were conducted with only salts
solution. Then, the solutions containing 1 mg/L of HPAM were added in the minutes
65 and 180 in the diluate compartment. Both times, the current was in the right
direction for the HPAM to displace towards the membrane, but still the changes in
the TMEP were minimal. After 60 minutes of maintaining the current direction, it
was reversed, but no change was detected. Similar results were obtained when using
other mineral compositions (only NaCl and brackish with 3x[Ca + Mg]). Thus, the
experiments indicated that the adsorption of HPAM does not contribute to the
significant increase of resistance, as previously reported for polyelectrolytes
adsorbed on IEMs [41].
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Figure A4.9. Resistance profile for the current reversal experiment with brackish solution. At point 1,
the current diluate solution is changed from brackish water (BW) to brackish water with 1 mg/L of
HPAM. At point 2, the other solution is changed from BW to BW with 1 mg/L of HPAM. The shaded

area indicates when HPAM-containing solutions were present in the cell.

132



Influence of feed composition on the fouling on AEMs desalinating PFPW

133






Chapter 5

Influence of feed composition on the
fouling of cation exchange membranes
desalinating polymer-flooding produced
water

A version of this chapter has been submitted for publication as:

P.A. Sosa-Fernandez, S.J. Miedema, H. Bruning, F.A.M. Leermakers, J.W. Post, H.H.M.
Rijnaarts, Influence of feed composition on fouling of cation exchange membranes
desalinating polymer-flooding produced water (2020)

Divalent cations Sodium chloride

Crude oil Concentrate

é =

Na* Cl-

CEM

Diluate —Im
+

Gel layer Precipitation



Chapter 5

Abstract

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 fouling are most likely dependent on the composition of
the stream, which in practical applications can vary significantly. To test the
influence of the feed solution, 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 monitored during the runs, after which the membranes were
recovered and analyzed. 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. Precipitation occurred mostly on the opposite side of the
membrane, with different morphology depending on the feed composition.
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5.1 Introduction

Polymer-flooding produced water (PFPW) is a by-product of industrial oil and gas
production, especially when viscous polymeric solutions are pumped in the subsoil
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 desalinated, and electrodialysis is a sound
technology to achieve this objective [1]. However, electrodialysis, as all membrane-
based processes, is susceptible to suffer from fouling, a problem that hampers 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 suggested that the anion exchange membrane
(AEM) suffers most severe 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 interactions [5]. Consequently, the majority of studies have been dedicated
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 PEPW 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 Ca? and Mg?* 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 there is a net electrostatic repulsion between
the HPAM molecule 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].
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Accordingly, the objective of the investigation presented here was to reveal 1) the
fouling mechanisms for cation exchange membranes employed to desalinate
polymer-flooding produced water, and 2) how the variations in the water
composition would affect this fouling. Synthetic feed solutions tested in 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 its
electrophoretic mobility) [6,12]; therefore, the pH effects on fouling were also
studied.

5.2 Materials and methods
5.2.1 Materials

5.2.1.1  Preparation of solutions

Synthetic solutions resembling PFPW with diverse compositions were employed for
each electrodialysis experiment, as summarized in Table 5.1. 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 contained 53.3 mM NaCl,
15.6 mM NaHCOQOs3, 2.51 mM Na250s, 0.72 mM KCI, 0.65 mM CaClz, and 0.46 mM
MgCl: [13]. In some experiments, the ionic composition was further adjusted to
study the effects of concentrations of specific (cationic) ionic species and pH (Table
5.1).

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

The concentration of HPAM in the prepared solutions is presumed 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 conclusion was reached by comparing the results
of Bjersvik 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,
respectively, in distilled water and 85.6mM NaCl solution. Therefore, for the highest
salinity employed in the present study (77 Mm), c* of 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 5.1).
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Table 5.1. Composition of the feed solutions for the electrodialysis experiments

Experiment Solution composition HPAM polymer Oily compounds
El 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 0.5g/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 BW 1.0 g/L 20 mg/L crude oil
E11 BW 1.0 g/L 20 mg/L model emulsion
E12 BW with 3x[Ca + Mg] 1.0 g/L 20 mg/L model emulsion
E13 BW (pH=4.5) 1.0 g/L 2 mg/L crude oil
E14 BW (pH=2.0) 1.0 g/L 2 mg/L crude oil

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

Regarding the oily compounds, two different compositions were studied: 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 positive charge, opposite to that of the CEM. The preparation of
the stock solutions was based on the method described in [17]. In the case of the
synthetic emulsion, it was prepared by dissolving 346 mg (~1 mmol) of cationic
cetyltrimethylammonium bromide (CTAB) surfactant in 998g 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 minutes. 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, 2.0g of oil was added to 2.0L of BW
previously heated to 45°C, and the mixture was emulsified with CTAB as described
above. This mixture was let to rest for 24 hours, after which the water phase was
recovered, analyzed, and stored as an oil stock solution. Its oil concentration was
determined as 6.5 mg/L via gas chromatography after extracting the oil components
with hexane [18].

The pH of solutions E13 and E14 was adjusted by adding 1.0M HCI. 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].
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Analytical grade salts (NaCl, NaHCOs, Na2SOs4, KCI, CaCl22H20, and MgClz-6H20)
acquired from VWR were employed 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 and was kindly
provided by Shell. The characteristics of this type of oil can be found in [20,21].

5.2.1.2 Six-compartment cell and setup

The experiments were performed in a six-compartment cell that has been previously
described [22]. The cation-exchange membrane under study, with an effective area
of 7.07 cm?, was placed in the middle of the cell. Four auxiliary membranes,
positioned alternately as in an electrodialysis stack, separated the rest of the
compartments (see Figure 5.1). The membranes used in this study were FujiFilm
type 10, provided by FujiFilm Manufacturing Europe B.V. (The Netherlands), with
properties summarized in Table 5.2. 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 30 cm 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 Figure 5.1, four solutions were circulated through the cell:

e Compartments 1 and 6. 1.0 L of 0.05 M Na2SOs as the electrolyte solution.

e Compartments 2 and 5. 1.0 L of a solution with the same mineral
composition as the feed, as a buffer.

¢ Compartments 3 and 4. For each, 1.0 L of the solutions listed in Table 5.1,
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 the cell at a rate of 170 mL/min by
peristaltic pumps (Cole-Parmer, Masterflex L/S Digital drive, USA). Their pH and
temperature were continuously monitored with Orbisint CPS11D-7BA21 probes
connected to a Liquisys-M pH digital sensor, both from Endress+Hauser (Germany).
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Figure 5.1. 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 o. Adapted from [9].

Table 5.2. 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] -50s- -(CHs)sN*
Thickness dry (um) 135 125
Area resistance (QQ cm?, measured in 0.5M NaCl) 2.0 1.7
Permselectivity (measured at 0.05-0.5M NaCl) 99 95
pH stability 1-13 1-13
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5.2.2 Methods

5.2.2.1  Electrodialysis experiments

The electrodialysis experiments were run for 18 hours at a fixed current 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]
(Figure A5.1). The duration of the experiment was chosen to allow a partial
demineralization of the bulk diluate solution (~20%).

Once the ED run was finished, the cell was emptied, and the test membrane was
carefully recovered and stored (see section 5.2.2.2). The diluate and concentrate
solutions were combined, and the new solution used in the compartments 3 and 4
to test the potential between the capillaries 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 alternatively desalting solutions with and
without HPAM in the compartments 3 and 4 of the cell by switching the direction of
the electrical current.

5.2.2.2  Membrane analysis

After the ED experiments, the inner compartments of the cell were emptied, the cell
opened, and the membranes were slowly withdrawn. They were carefully placed
inside glass recipients, tilted approximately 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.

5.2.2.2.1 SEM/EDX measurements

The scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) were performed 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 conditions were 15 kV accelerating
voltage and 10 mm working distance.

5.2.2.2.2 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 an 800 mm focal length
achromatic flat field monochromator. The laser was focused through an Olympus
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Bx41 microscope. The detector was a Synapse multichannel CCD. The analysis was
performed on both faces of the membranes (focusing on the ion exchange resin and
avoiding the supporting fibers), plus some salt precipitates and one grain of HPAM.
The foulants were identified by comparing the Raman spectra of the fouled
membranes with that of the clean one (E1), as well as with the spectra of an HPAM
granule, a CEM fiber, calcite, and of other salts possibly present (brucite, aragonite,
portlandite, etc.).

5.2.2.2.3 Contact angle

Static contact angles were measured with a Dataphysics OCA 35 (Germany) contact
angle meter by using the sessile drop method with 2 pl of MilliQ-water [5,27]. While
the droplet was still hanging from the syringe, the holder with the dry membrane
was lifted until the membrane contacted the liquid. Once the droplet was placed on
the membrane and the syringe withdrawn, a snapshot was taken. The contact angle
was determined from the snapshot, and the procedure repeated at least three times
on different spots of the sample.

5.2.2.3  Solution analysis

The composition of the solutions was measured before and after the experiments.
Cations were determined 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 calculated from the inorganic carbon concentration measured with a
total organic carbon (TOC) analyzer (Shimadzu TOC-VCPH).

5.3 Results and discussion
5.3.1 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/6. The plots thereby obtained were
grouped to identify specific effects, as presented in Figure 5.2.
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Figure 5.2. TMEP/S 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.

5.3.1.1 Gel layer in the presence of NaCl and the effect of ionic strength

Figure 5.2A 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
concentration polarization building up. The TMEP dropped on three occasions, but
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it eventually recovered and continued with its original 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 conductivity, which facilitates the transport of electrical
current. This observation indicates that the resistance of the solution contributes
significantly to the TMEP measurement. Previously, Galama et al. [28] concluded
that the membrane conductivity is limited by the conductivity of the ionic solution
when the external concentration was lower than 0.3M. A second reason for the lower
TMEP could also be a reduction in the formation of fouling due to the diminished
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 solution E3 compared to E2.

5.3.1.2  Effect of mineral composition (with and without oil)

The effect of the different mineral compositions is shown in Figure 5.2B. Although
the theoretical ionic strength of E3 was lower than for E4, their initial conductivities
were the same (Table A5.1), 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 0 for E4a (6= 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 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 mineral 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 composition in the presence
of crude oil (Figure 5.2C), leads to the same conclusions. In this case, E9 had the
same ionic strength as E8, but its measured conductivity was higher, which caused
the lower TMEP/6 at the start and during the experiment.
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5.3.1.3  Effect of HPAM concentration

Figure 5.2D 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.

5.3.1.4  Effect of oil addition (crude oil and model emulsion)

Figure 5.2E 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 compounds 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 presence mitigates the
TMEP development, probably because it disrupts the formation of thick HPAM gel
layers.

The comparison between having 20 mg/L of crude oil (E10) versus 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 during the first 100 minutes 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.

5.3.1.5 Effect of pH decrease

Figure 5.2F shows the effect of pH variation in the TMEP/d development. Due to the
addition of HCIl, the conductivity of the feed solution 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.

5.3.2 Membrane analyses

In general, when HPAM was 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 [6,29], or as “dried gel layer” since the analyses were
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performed on dried membranes. Their analyses are presented by analytical
techniques.

5.3.2.1 Surface analysis by SEM and EDX

5.3.2.1.1 Concentrate side

The SEM analysis of the E1 membrane (exposed only to NaCl) did not show any
form of fouling, as shown in Figure 5.3. 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 precipitates being covered under the
HPAM gel layers.

Diluate Concentrate Cross-section

Figure 5.3. 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.
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Although SEM is mainly considered a qualitative technique, it can be used to
estimate the thickness of polyelectrolyte layers placed on top of membranes [30,31].
Therefore, the SEM cross-section pictures of the CEMs were used to quantify the
approximated thickness of the dried gel layers, as reported in Table 5.3. 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 membrane. 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 5.3, the maximum measured thicknesses ranged between 5
and 14 um. Their variation was small, corresponding well with the similar TMEP
profiles described in section 5.3.1. 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 differences were noticed. The first is that 4 to
10 times thicker gel layers were found on the AEMs (up to 52 um). 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 further research is needed to demonstrate the
significance and reproducibility 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 suggests 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 concentration (<0.01 mmol/L) is
much lower than the charge of HPAM in solution (5.62 meq/L) [32]. Moreover, the
variations in HPAM concentration (E7 vs. E8), both above the overlap concentration
(section 5.2.1.1), 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 protonation of HPAM, whose charges
become shielded at lower pH, preventing 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.

148



Influence of feed composition on the fouling on CEMs desalinating PFPW

Table 5.3. Summary of the SEM/EDX and Raman results

Concentrate side Diluate side
Exp. | Gel layer Max. Raman Type of Common
’ obser\?,ed thi(c;i<£;zss identification prez,il;itates elements Traces
El No BDL» Clean CEM None - -
E2 v 14 HPAM Scarce - Na, Cl
E3 v BDL NMP Scarce C O Mg, Cl
E4a v 13 HPAM Plaques CaCOsc Mg, O
E4b v 4 NM® Scarce Na, O Ca
E5 v 13 HPAM Amorphous Ca, O Mg
E6 No BDL Clean CEM None - K, Cl
E7 v 6 HPAM +Plaques Ca, O Fe
E8 v 8 HPAM +Plaques Ca, O K, Cl
E9 v 12 HPAM None - Na, Cl, O
E10 v 6 HPAM +Plaques Ca, O Mg
El1 v 11 HPAM Plaques Ca, O Si
E12 s 6 HPAM, None - -
CaCOs
E13 No BDL Clean CEM Particulates C 0O Na, Cl
E14 No BDL Clean CEM Particulates C O Si, O

a Below detection limit
b Not measured
¢ Compound identified by Raman. EDX identified Ca and O.

5.3.2.1.2 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 5.3, most of the membranes displayed precipitates on their
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 [33]. The precipitates were more abundant and had different
morphologies than those observed on CEMs recovered after performing
electrodialysis in a stack [33]. Furthermore, it was found that the precipitates
presented different morphologies, so they were arbitrarily classified as plaques,
amorphous, or particulates, all exemplified in Figure 5.4. They were also related to
specific feed conditions, as will be further explained.
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Figure 5.4. 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.

The precipitation in the form of “plaques” (Figure 5.4A) appeared when the solution
had a BW composition and HPAM, but no oil (E4 and E11). Larger “plaques”
(Figure 5.4B) were observed for membranes 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 therefore seems to be independent of the electrical surface and field
characteristics, but related to the membrane (pure phase), oil and aqueous liquid
interfacial interactions of which the exact mechanisms and results thereof in ionic
precipitation and crystallization are somewhat difficult to be interpreted.

The “particulates” (Figure 5.4D) 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 particulates 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 protonated 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 diluate side of a CEM caused by a positively
charged polymer (poly(ethylene imine)) [34].
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By comparing the TMEP curves with the SEM images and the degree of salt
precipitation, it was determined that the salt precipitation did not influence the
measured TMEP, meaning that the transport of ions through the membrane was not
affected by their presence.

5.3.2.2 Raman measurements

Raman spectra were taken on both sides of each membrane, and the results of the
analysis are summarized in Table 5.3.

5.3.2.2.1 Concentrate side

Figure 5.5 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 (Figure 5.3). The profiles obtained from the membranes of E4a and E8 were
also closer to that of pure HPAM than to that of the clean membrane. However, in
these profiles, it is still possible to observe some of the distinctive peaks of the clean
membrane, like the one at 1610 cm. Either a thinner HPAM layer or discontinuities
in the layers may be causing this. The spectrum of E12 was also a combination of the
profiles of the clean membrane and an HPAM granule, plus some additional peaks.
The ones between 2800 and 2900 cm were identified as belonging to a CEM fiber,
while the peak at 1088 cm was identified as belonging to calcite (calcium carbonate),
which indicates some precipitation also on this side of the CEM.
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Figure 5.5. Raman profiles from the concentrate side of membranes E1, E2, E4a, E8, E12, and from
an HPAM granule
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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 concentrate side.

5.3.2.2.2 Diluate side

Raman profiles were also obtained for the diluate 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 (CaCO:s) for one of the precipitates
on membrane E11. This corresponds with the Ca and O composition identified via
EDX. For the rest of the experiments, there were no deviations from the spectrum of
the clean membrane, indicating 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.

5.3.2.3 Contact angle measurements

Figure 5.6 summarizes the contact angle measurements for both sides of the
membranes. In general, the contact angles on the concentrate 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 increased. This surge in hydrophobicity may be related to oil fouling 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 contact 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 (section 5.3.2). 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 suggests a complex interaction between HPAM, oil, and ionic
composition.
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Figure 5.6. 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.

The contact angles measured for the low-pH experiments indicated 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
pKa still migrated towards the anode. On the contrary, the experiment 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.

5.3.3 pH of solutions

The pH of the diluate and concentrate solutions was monitored during the
experiments, and the overall change is shown in Figure 5.7. For all the experiments,
there was a measurable change of pH, which in most cases, was an increase in the
diluate and concentrate 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 [35].
The generated protons 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 circumstances [9].
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Figure 5.7. Absolute pH changes of the concentrate and diluate solutions during the ED experiments

5.3.4 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 (1,300 C) from the diluate solution. This is the
theoretical number of charge equivalents transported if the desalination efficiency
was 100%. However, 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
Figure 5.8.

Regarding the change of monovalent cations (sodium and potassium), the figure
shows considerable variations in their transport. Several experiments presented
changes greater than the calculation for 100% efficiency (discontinuous line), which
is thought to be caused by the leakage of cations from the adjacent compartments of
the cell. Although they were separated by two AEMs, the permselectivity of the
latter is 95% (Table 5.2), 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.

154



Influence of feed composition on the fouling on CEMs desalinating PFPW

20

Monov. HDiv.

100% efficiency

ACharge equivalents (mmol)

El E2 E3 E4a E4b E5 E6 E7 E8 E9 E10 E11 E12 E13 E14
Experiment

Figure 5.8. Average change of monovalent and divalent anions, presented as charge equivalents, in
the diluate and concentrate solutions. The theoretical change in equivalents (calculated from the
applied current and operative time) was 13.4 meq, indicated by the discontinuous line (100%
efficiency). The low performances measured for E6 and E11 can be attributed to a contaminated
sample.

Continuing with the evaluation of monovalent transport, Figure 5.8 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 (Figure 5.7). 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 Figure 5.8. The transport of
the divalent cations was, in most cases, proportional to their concentration in the
original solution. However, E12 and E14 presented slightly more significant changes
in divalent 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 formation allowed the divalent cations to migrate more. Another
cause could be that, when the gel layer is formed, divalent cations tend to stay in the
vicinity of the HPAM molecules.

The small change in equivalents for E11 and the high transport of divalent cations
measured for E6 (Figure 5.8) 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 A5.1).
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5.3.5 Effect of current reversal

The reversibility of the fouling was evaluated through current reversal experiments.
These consisted of desalinating the solutions inside compartments 3 and 4 in an
alternate way. Figure 5.9A shows the TMEP/d profiles obtained for the experiment
ran with a feed solution of NaCl 68.1mM. Initially, compartments 3 and 4 contained
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/ HPAM. This would cause the formation
of an HPAM gel layer on 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/0 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
TMERP is first low (a) because concentration 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 solution (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 stabilized in a short period since there was no HPAM in
solution forming gel layers.

The experiment running with the BW solution rendered similar results, as can be
observed in Figure 5.9B.
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Figure 5.9. TMEP/S vs. time for the current reversal experiments with. 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. A) experiment with NaCl 68.1 mM, B) with BW.

5.3.6  Fouling mechanism

From the above results, we hypothesize the following processes. 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.

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
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membrane is usually higher than the transport number of ions in the bulk solutions
[36], 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 permselectivity [37]. This allowed OH™ ions to leak
towards the anode, from the concentrate to the diluate compartment [35,38,39]. On
the diluate side of the CEM, there might be an abundance of calcium ions diffusing
through the boundary layer, which could precipitate with the OH™ in the form of
Ca(OH)2. The generation 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 (Figure 5.7).

The increase of pH in both compartments would have also ruled the carbonate
species in solution from the first equilibrium pair Ho.COs/HCOs™ (pKa= 6.38) to the
second one HCOs7/COs?~ (pKa=10.3). The COs?~ generated is also likely to precipitate
with calcium as CaCOs [40] on the diluate side of the CEM. Considering that EDX
identified Ca and O as the components of most of the precipitates and that Raman
was positive for calcite in very few cases, it is likely that the precipitation occurred
first in the form of amorphous calcium carbonate [40,41]. With time, this compound
can transform into crystalline calcium carbonate polymorphs [41], but the process is
delayed by the presence of magnesium at the boundary layer.

5.4 Conclusions

Under the influence of the electric potential, an HPAM gel layer forms on the
concentrate side of the CEM. Given its location, the gel layer does not interfere
significantly with the transport of cations through the membrane, which is
translated in a minimal increase in the measured trans-membrane electric potential
(TMEP).

Precipitates in considerable quantities formed on the diluate side of the membrane,
but only when an HPAM gel layer had formed on the other side. This was related to
the decrease of selectivity of the CEM, which allows the leak of OH™ ions from the
concentrate to the diluate compartment.
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The presence of oily compounds, either synthetic emulsion or crude oil, makes the
HPAM gel layer less stable, producing even minor increases in TMEP. There was
more precipitation observed on membranes exposed to oil than on those exposed to
the synthetic emulsion with hexadecane and surfactant.
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Figure A5.1. Current density i versus measured voltage U measured in the 6-compartment cell for
diluate and concentrate solutions consisting of 53.3 mM NaCl, which was the lowest salt
concentration used during the experiments. The limiting current density corresponds to the last point
falling within the linear trendline (64 A/m?).

Table A5.1. Conductivity (in mS/cm) of the bulk diluate and concentrate solutions before and after
the electrodialysis experiments

Pre-experiment Post-experiment
Experiment
Diluate Concentrate | Diluate Concentrate

E1 n.a. n.a. n.a. n.a.
E2 6.08 6.015 4.76 7.654
E3 7.83 7.72 6.41 9.12
E4a 7.53 7.61 6.66 9.24
E4b 8.15 8.07 6.90 9.22
E5 8.55 8.49 7.60 9.84
E6 7.62 7.62 6.39 8.93
E7 7.59 7.58 6.38 8.89
E8 7.69 7.65 6.51 8.86
E9 8.99 8.96 7.59 10.11
E10 7.73 7.69 6.43 8.91
E11 7.74 7.68 6.53 9.03
E12 8.05 8.17 6.93 9.31
E13 8.31 8.41 7.04 9.59
E14 11.72 11.72 9.46 12.01
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Figure A5.2. SEM photographs taken from the diluate side of cation exchange membranes afr ED
experiments. All images are taken at a 300x magnification. Precipitation is clearly observed on
membranes E4a, E4b, E5, E7, E8, E10 and E11, and in minor amounts in E3, E6, E13 and E14.
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Chapter 6

Abstract

Concentration polarization and fouling hamper the desalination of polymer-
flooding produced water (PFPW) via electrodialysis (ED). This water is an abundant
by-product from the oil and gas industry. A common technique to mitigate both
problems is the application of pulsed electric field (PEF), which consists in supplying
a constant current during a short time (pulse) followed by a time without current
(pause). Accordingly, this work evaluated the application of PEF during the ED of
PFPW to improve the process performance and to reduce fouling incidences. The
experimental work consisted in performing ED batch runs in a laboratory-scale stack
containing commercial ion exchange membranes. Synthetic PFPW was desalinated
under different operating regimes until a fixed number of charges were passed.
After each experiment, a membrane pair was recovered from the stack and analyzed
through diverse techniques. The application of PEF improved the ED performance
in terms of demineralization percentage and energy consumption, the latter having
reductions of 36% compared to the continuous mode. In general, the shorter the
pulses, the higher the demineralization rate and the lower the energy consumption.
Regarding the application of different pause lengths, longer pauses yielded lower
energy consumptions, but also lower demineralization. Amorphous precipitates
composed of polymer and calcium fouled most on the anion and cation exchange
membranes, independently of the applied current regime, but in a moderate
amount. Finally, the present study relates the observed effects of PEF application to
the electrophoresis and diffusion of HPAM and shows that PEF is a sound option to
enhance the desalination of PFPW.
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6.1 Introduction

Concentration polarization and fouling are probably the two most important issues
to tackle to expedite the application of electrodialysis in the industrial scale [1,2].
Electrodialysis (ED) is an electro-membrane process that uses an electric potential as
a driving force to selectively transfer charged particles from one solution to another
through ion-exchange membranes (IEMs). In this context, concentration polarization
denotes the depletion and the accumulation of ions on the surface of the membranes,
and it is caused by differences between ion transport numbers in an electrolyte
solution and those in an IEM [3] (see Figure 6.1A). On the other hand, fouling refers
to the undesirable attachment of species on the surface or the inner part of a
membrane, and has different causes depending on the type of species attaching [4].
Actually, fouling can appear as a consequence of concentration polarization; for
example, due to the accumulation of salts beyond their maximum solubility on the
concentrate side of the membranes (scaling), or propitiated by the local changes in
pH when water dissociates on the surface of the IEMs [5]. Ultimately, fouling can
cause alterations in the membrane structure [4], and both phenomena can cause a
decrease of membrane permselectivity, water dissociation, and decreased process
performance.

Both phenomena, concentration polarization and fouling, have been documented
when desalting polymer-flooding produced water (PFPW), an abundant stream
from the oil and gas industry with reuse potential after partially demineralized [6-
13]. PFPW is obtained in different locations around the world after applying
polymer flooding technology to increase the oil recovery [6,14]. PEPW has a complex
composition that includes organic compounds, dissolved gases, solid impurities,
and minerals [15]. The characteristic component of PFPW is a viscosifying polymer
of high molecular weight, typically partially hydrolyzed polyacrylamide (HPAM)
[16]. In solution, HPAM is negatively charged. Thus, when exposed to an electric
field, HPAM is attracted and moves towards the positive side (anode), a
phenomenon called electrophoresis. Electrophoresis also happens during the
electrodialysis of PFPW, so the HPAM in solution moves towards the cathode and
forms a gel layer on top of the IEMs [7,10] (see Figure 6.1B). The accumulation of
HPAM causes concentration polarization and produces severe fouling, particularly
on the positively charged anion-exchange membranes (AEMs) [10,11].

To minimize concentration polarization during ED, several strategies have been
evaluated, including the use of ion-conductive spacers [17], membranes with
undulated or profiled surface [18], air-sparging [19], modified cell configurations
[20], etc. To prevent and control fouling on IEMs, strategies like membrane
modification [21], use of cleaning agents [11], incorporation of pretreatments [22],
and periodical reversal of the polarity [23], have been suggested. However, one
strategy that has proved effective for reducing the negative effects of both
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concentration polarization and fouling is the use of non-stationary electric fields
[2,4,24].
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Figure 6.1. A) Scheme representing concentration polarization in the diffusion boundary layers
(DBLs) for the CEM and AEM during electrodialysis. The DBLs cover the areas between the IEMs and
the discontinuous lines. On the diluate side of the IEMs, the concentration of counter-ions decreases,

while in their concentrate side, it increases. B) Concentration polarization when desalting polymer-
flooding produced water. The negatively charged HPAM (curly green molecules in the scheme)
migrates towards the positive anode.
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A non-stationary regime can be created by applying pulses of voltage that alternate
with pauses (ton/tof) of a certain duration [25]. The perturbations caused by the non-
stationary electric fields may scale down the concentration polarization because,
during the pause lapse, ion transport from the bulk solution to the membrane
continues through diffusion and convection, so the concentration gradient decreases
before the application of the pulse [2].

The use of non-stationary electric field, from now on referred as pulsed electric field
(PEF), was first proposed to control the concentration polarization phenomenon and
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separate Na* from Ca? [26]. Later, Mishchuk et al. determined that the application
of PEF can lead to a weakening of concentration polarization and an intensification
of electrodialysis [25]. They made a theoretical analysis and concluded that the
intensification of the electrodialysis would be most evident if the duration of the
current or the voltage pulses is considerably shorter than the calculated
characteristic time to build up the polarization layer. Malek et al. [27] investigated
the impact of applying pulsed voltage on ED performance when desalting NaCl
solutions. They found that in the sub-limiting regime, concentration polarization
had a negligible impact on ED performance, and thus, applying pulsed voltage led
only to reduced water production. On the contrary, in the limiting current region,
both water dissociation and desalination time decreased with increased frequency.
Therefore, by selecting an optimal pulse regime, they were able to operate safely
above the limiting current density (LCD), obtaining higher water production with
negligible water splitting, and having only a minimal increase in the energetic cost.
The use of PEF has also proved beneficial in terms of performance when using
electrodialysis to desalinate model salt solution containing whey proteins [20],
humate [28], and copper mine tailings [29].

Regarding fouling, the application of PEF has proven beneficial to mitigate fouling
caused by humate [30,31], casein solution [32], and minerals (calcium and
magnesium) [24,33] during electrodialysis. In the case of the casein solution [32], it
was found that the use of long pauses during the application of PEF could remove
protein fouling on the surface of AEM. Regarding the solution with high calcium
and magnesium content [24], the application of pulse/pause regimes with ratio 1
proved beneficial for decreasing scaling formation. The working principle behind
the effectiveness of PEF is also related to reducing concentration polarization, in this
case, to avoid the accumulation and close packing of foulants on the surface of the
membrane. It has been documented that, depending on the characteristics of the
foulants, there is usually an optimum frequency or fu/tey regime that would
effectively minimize the fouling [31,33]. However, given that this optimum
operation mode depends on the foulant characteristics and the cell configuration, it
must be experimentally determined. Some models have been recently developed,
like the one proposed by Sistat et al. to describe the pulsed-electric field mode
electrodialysis at sub-limiting currents [34], but when the feed solutions are more
complex than NaCl solutions, the best approach is still to experimentally find the
optimal conditions.

In this study, we evaluate the application of pulsed electric field (PEF) during the
electrodialysis of polymer-flooding produced water (PFPW) to improve the process
performance and to reduce fouling incidence. Since the benefits of applying PEF
depend on the application of an adequate pulse and pause regime(s), several ratios
of applied current and pause regime were employed during the batch electrodialysis
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of synthetic PFPW containing salts, HPAM, and crude oil. The effects of applying
different regimes were evaluated through different performance parameters and by
recovering some IEMs from the stack and analyzing them. Finally, our observations
are related to the electrophoresis and diffusion of HPAM molecules during the ED
process.

6.2 Materials and methods

Experiments were designed to evaluate the performance of electrodialysis under the
application of PEF. After the ED experiments, membranes were recovered from the
stack and further analyzed.

6.2.1 Materials

6.2.1.1  Preparation of solutions

Three types of feed solutions were employed during the experiments, either
consisting of brackish water (“BW”), brackish water + polymer (“BW+P”), and
brackish water + polymer + oil (“BW+P+O”). All solutions were prepared with
demineralized water and contained the same salt composition, based on that of the
Marmul field [35], as presented in Table 6.1. The pH of the fresh solutions was 7.9.

Table 6.1. Composition of brackish solution

Component Concentration (mM)
NaCl 53.30
NaHCOs 15.59
KCl 0.72
Naz504 2.51
CaCl2-2H20 0.65
MgCla-6H20 0.46

The “BW+P” solutions consisted of the brackish water plus 250 mg/L of partially
hydrolyzed polyacrylamide (HPAM) with MW = 4.4 — 4.8 million Dalton. The
solution was prepared by slowly pouring the polymer inside the BW solution under
fast agitation, after which it was left stirring at low speed overnight.

The third feed solution, BW+P+O, included 250 mg/L of HPAM plus 2.0 mg/L of
crude oil. To prepare the solution, 1.98 L of BW solution was heated up to 45°C in a
water bath. Then, 2.0 g of crude oil was added to the solution and emulsified with
an emulsifying mixer for 15 minutes. The mixture was rested for 24 hours, after
which the water phase was recovered and dosed to the feed solution.
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All salts employed to prepare the solutions (NaCl, KCI, MgCl>-6H20, CaCl2-2H20,
Na2504, and NaHCOs) were analytical grade, purchased from VWR (Belgium), and
employed without further purification. The HPAM employed was Flopaam 3130S
(MW= 4.4 to 4.8 million Da and 30% hydrolyzed), kindly provided by SNF (France).
The crude oil originated from the North Sea and was provided by Shell. NaOH and
HCI solutions utilized for chemical cleaning were prepared from analytical grade
reagents purchased from VWR.

6.2.1.2

Experiments were performed in an ED stack, similar to the one previously described
[12], but containing seven cell pairs and different membranes. The stack consisted of
seven AEM type 10, six CEM type 10 (both kindly provided by FujiFilm
Manufacturing Europe B.V.), and two Neosepta CMX (purchased from Eurodia,
France) (see Table 6.2). The Neosepta CMX membranes were placed at both ends of
the stack to ensure minimal water transport. The working area of the membranes
(104 cm?), spacers, gaskets, and electrodes were the same as previously reported. A
potentiostat/galvanostat Ivium-n-Stat (Ivium Technologies, The Netherlands)
controlled the electrical current and measured the potential difference over the cell.
The potential difference was measured using two reference Ag/AgCl gel electrodes
(QM711X, QIS, The Netherlands) connected to the ED cell. Figure 6.2 includes a
scheme of the setup.

Electrodialysis setup

Table 6.2. Properties of the anion and cation exchange membranes employed in this study. Data
taken from their suppliers.

Membrane bropert AEM FujiFilm | CEM FujiFilm Neosepta
property 10 10 CMX
Backbone chemistry Acrylamide Acrylamide Divinyl-
benzene
Thickness dry (um) 125 135 170
Area resistance (€2 cm?, measured in
1.7 2. 3.
0.5M NaCl) 0 0
Permselectivity (measured at 0.05-
95 99 92.52
0.5M NaCl)
pH stability 1-13 1-13 0-10

aMeasured @ 0.1M-0.5M NaCl [36].

The diluate, concentrate, and electrolyte solutions were pumped by three
independent MasterFlex pumps. The conductivities of the diluate and concentrate
were measured in line with two conductivity probes (Orion DuraProbe 4-electrode
conductivity cell 0130056MD) directly before the ED stack. The probes were
connected to a transmitter box (Orion Versastar Pro), which corrected the measured
values to the reference value at 25 °C. The pH of the solutions was also measured
online with two pH probes (MemoSENS EndresstHauser) connected to a
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transmitter box (P862, QIS). Two back-pressure valves, set at 0.25 bar, were placed
at the outlet of the electrolyte solution to guarantee the complete filling of the
compartments.

® @ Potentiostat | ]
N
To feed a

OOO Cathod 4 i _ AEM CEM] Anode

Figure 6.2. Scheme of the experimental setup. Desalination experiments were performed in batch
mode in an ED stack containing 7 cell pairs. Diluate, concentrate and electrolyte solution consisted
each in 2.0 L. Conductivity (k), pH, and temperature were continuously monitored. Adapted from [12].

6.2.2 Methods

6.2.2.1 Electrodialysis runs

The electrodialysis experiments were run in batch mode under different current
regimes, summarized in Table 6.3. Most of the experiments were run at intermittent
regimes, that is, comprising a pulse of applied current (fo:) and pause period (to).
The operational regimes were chosen to cover a wide range of pulse and pause sets,
and to study the impact of the pulse and pause durations as well as the pulse/ pause
ratios on the ED performance, since the literature reports improved performances
employing regimes that go from dozens of cycles per day [29] to several cycles per
second [34]. In addition, there were experiments run in continuous mode, and one
including a back-pulse of 0.1s, during which the current streamed in the opposite
direction.
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Table 6.3. Current regimes and feed solutions chosen for this study. Regimes selected in between
those in the literature [4,29,34].

Operating regimes BW* | BW+P* | BW+P+O

>
b

Continuous X
ton/tof = 100s/100s

ton/toff = 100s/300s

ton/tor = 10s/10s

ton/tos = 10s/30s

ton/tos = 1s/1s

ton/tosr = 1s/3s

ton/tof = 3s/1s

ton/togr = 0.15/0.1s

Back-pulse (ton=100s, tof =505, toack= 0.1 s, toff = 49.95s)

* For these feed solutions, experiments were performed in triplicate, but membranes were recovered
only from one run.

X X X X X X X X
X X X X X X X X

=<
P

The rest of the operational parameters, including volume and current density, were
kept constant. The current density was set at 32 A/m?, so 55% of the limiting current
density measured for the BW+P solution (Figure A6.1A). All experiments were run
until a theoretical charge of 2000 C (or 14 x 10° C considering the 7 cell pairs) was
transferred. This number of charges was set taking into account a desirable final
composition of ~1.0g/L, which would make the desalted PFPW easy to reuse [12].
The diluate and concentrate consisted each on 2.0 L of solution with the same
composition. Feed and electrolyte solutions were circulated in the ED cell at flow
rates of 170 mL/min (average linear speed of 1.3 cm/s) and 150 mL/min, respectively.
The experiments were performed in a laboratory with a controlled temperature of
23 +1°C.

The solutions were circulated in the ED cell for 10 minutes before the start of the
experiment. During the experiment, the applied current, stack voltage, and
transported charges were recorded using the software provided by Ivium
(IviumSoft). Samples were periodically taken. The final volumes of the solutions
were measured with a graduated cylinder.

6.2.2.2  Membrane recovery and stack washing

Immediately after each experiment, the ED stack was opened and the two
middlemost membranes, one AEM and one CEM, were withdrawn for further
analysis. After substituting them with new membranes, the stack was closed and
cleaned-in-place. The cleaning procedure consisted in 15 minutes wash with HCl
solution (pH = 2), 15 minutes rinse with NaCl solution (5.0 g/L), 15 minutes wash
with NaOH solution (pH = 12), 15 minutes rinse with NaCl solution (5.0 g/L), and a
final rinse of at least 15 minutes with BW solution [9,11].
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The recovered membranes were cut in four equal pieces (~25 cm?), as indicated in
Figure A6.2. One of the lower parts, where the fluid inlet is located, was stored in a
freezer at—80°C, to be later freeze-dried and analyzed by SEM. The other lower piece
was placed in a flask containing 200 mL of Milli-Q water and left under slow
agitation for 48 hours. Samples of this solution were then taken for performing
composition analyses (section 6.2.3.4).

6.2.3  Analysis

6.2.3.1 Percentage of demineralization
Measured conductivities were employed to calculate the percentage of
demineralization, according to equation 1 [20].

Ko —

Kq o
m= e 100% /6.1/

Where 7 is the demineralization percentage of ED, «o is the initial conductivity
(mS/cm) of the feed solution, and x« is the conductivity of the diluate solution
(mS/cm). The calculation is based on the assumption that conductivity and salinity
are directly proportional, valid for the low salinities used in this study [12].
Statistical analysis for this data consisted in calculating the single sample Z score, to
determine if the values of BW+P+O differed from the ones obtained for BW+P with
a confidence of 95%.

6.2.3.2  Transport number

The transport number of each ionic species ti (-) were calculated using the following
equation [13,37]:

t = ]i/Z[]s] 6.2/

Where J; denotes the ion flux (eq/m?h) of ion or group ions i and Z[/] is the total ion
flux.

6.2.3.3  Energy consumption (EC)
The energy consumption was calculated as [32]:

3 [1(6)-U(p) dt

EC
Vp.r

/6.3/
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Where I(t) is the current (A), U(t) the voltage (V), and Vby is the final volume of
diluate (m?). For this set of data, the statistical analysis consisted in the two-sample t-
test for equal means, with a confidence interval of 95%.

6.2.3.4  Solution analysis

Solution samples taken during the experiments and from membrane rinsing were
analyzed for their ionic and carbon composition. Cations were analyzed with
inductive-coupled plasma optical emission spectroscopy (ICP-OES, Optima
5300DV, Perkin Elmer), and anions with ion chromatography (761 Compact IC,
Metrohm). Total Carbon, inorganic carbon, and total organic carbon (TOC) were
measured using a TOC analyzer (Shimadzu TOC-VCPH).

The change in TOC after the desalination (Aroc) was calculated using the following
equation:

TOG,-TOG
Aroc —TCOX 100% /6.4/

where TOCo and TOCy represent, respectively, the measured TOC values (mg/L)
before and after ED.

6.2.3.5 SEM/EDX

Membrane samples from selected experiments were analyzed with SEM/EDX. First,
the membrane pieces stored at —80°C were vacuumed in a freeze dryer (Christ Alpha
2-4 LDplus) for two days. Then, the dried membranes were twice gold coated by
JEOL JFC-1200 fine coater for 15 s. The samples were analyzed using Scan Electron
Microscopy (SEM) and Energy Dispersed X-ray spectroscopy (EDX) manufactured
by JEOL JSM-6480LV (Europe). The EDX measurements were conducted at 300X
magnification, applying 15kV accelerating voltage.

6.2.3.6  Membrane resistance

The electrical resistance of selected IEMs was measured in a six-compartment cell,
as previously described by Galama et al. [38]. The four inner compartments
contained 0.5M NaCl solution, while the two outermost ones were filled with 0.5M
Na:x50: as the electrolyte solution. The solutions were circulated in each
compartment at 170 mL/min using peristaltic pumps. The membrane under
evaluation, placed in the middle of the cell, had an effective area of 7.07 cm2. It was
sided by two Habber-Luggin capillaries, each filled with 3.0 M KCI solution and
connected to an Ag/AgCl gel reference electrode, which allowed us to measure the
potential drop across them. The temperature of the solutions was maintained at 25°C
with a thermostatic bath.
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Before the measurement, the recovered membranes were pre-conditioned in 0.5 M
NaCl for at least three days. Once the membrane was placed in the cell, the solutions
were circulated for 1 h before doing the measurements. The membrane resistance
was determined using chronopotentiometry: increasing values of current density
were applied for 2 min each, while the electric potential was recorded. The current
over the cell was provided by Autolab PGSTAT12 (The Netherlands). The protocol
was repeated three times for each membrane, plus another time without the
membrane to obtain a blank measurement. The area resistances (2 cm?) were
obtained from the inverse of the slope when plotting the applied current density
(A/cm?) on the x-axis and the potential (V) on the y-axis (see Figure A6.3). Then, the
membrane resistance was calculated by subtracting the resistance of the blank from
the resistance with the membrane.

6.2.3.7 Polyelectrolyte displacement

HPAM displacement during electrophoresis was calculated via equation 5, which
relates the distance x (m) to the electrophoretic mobility of HPAM u (m? V- s1), the
electric field E (V/m) and the time ton (S):

Xg = UEto, /6.5/

The electrophoretic mobility of HPAM was estimated to be 1.2 x10¢ m?V-'s by using
the Smoluchowski equation and a zeta potential of -17 mV, which corresponds to
HPAM in a pH 8 solution [7].

The electric field can be calculated from the current intensity I, the conductivity of
the diluate solution x4, and the membrane area S (m2) [39]:

E=— /6.6/
Eq. 6 can be substituted in eq. 5 to obtain xt as a function of the conductivity of the

diluate, obtaining the following equation:

W ton
Xp = —— /6.7/
E KdS

The linear distance xp covered by the diffusing HPAM molecule during the pause

(tof) was calculated employing the HPAM diffusion coefficient Dupam (m?/s) in the
mean-square displacement equation:
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Xp = /6DHPAMtoff /6.8/

The HPAM diffusion coefficient Duram was calculated to be 2.17x1013 m?/s. This
value was obtained employing the Einstein-Stokes equation [40] and a particle
radius of 100 nm [41].

6.3 Results and discussion

It is well-known that the pulse-pause duration ratio and the pulse frequency are
important parameters for the optimization of the desalination [25,27] and the
reduction of fouling [32,33,42]. The first sub-section presents the evaluation of the
electrodialysis performance under the current regimes enlisted in Table 6.3,
followed by the analysis of fouling in section 6.3.2.

6.3.1 Desalination performance in different operating regimes

Since the ED experiments were run under constant current density, the cell potential
varied during the desalination. During the first cycles of each run, the cell potential
remained practically constant, as shown in plots A, C, and E in Figure 6.3. On the
contrary, during the last cycles of each experiment, the cell potential increased
significantly, frequently reaching the 10 V limit of the potentiostat (Figure 6.3B, D,
F). This is an indication of concentration polarization developing during the
application of the pulse at low dilute concentrations, as previously described in the
literature [25].
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Figure 6.3. Examples of data recorded during the experiments. The plots show the electric current |
(left axis, continuous lines) and potential U (right axis, discontinuous lines) for three different
regimes. A and B show, respectively, the first and a nearly final cycle of a 100s/100s run; C and D
show the same plots for a 100s/300s run, and the ones for the back-pulse case are figures E and F.

The arrows in plots A and B indicate the data points employed to create Figure 6.4.

The complete desalination process is shown in Figure 6.4A, which displays the
electric potential in the cell as a function of time for the different regimes applied.
The figure also shows that the experiments had different durations, ranging between
100 and 400 minutes, due to the use of operation modes that involved diverse
pulse/pause durations. Therefore, the experiments were mainly evaluated in
function of the theoretical transported charge Q, as represented in Figure 6.4B. To
maintain their readability, plots Figure 6.4A and 4B include only the last value
recorded after a cycle, as indicated with the black arrows in Figure 6.3.
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diluate vs Q (C) during the batch electrodialysis of BW+P solutions for the different current regimes
applied. The plots present one series of data representative of the 3 series performed.

pH diluate (-)

The pH of the diluate solution exiting the ED-cell was also continuously monitored,
and is included in Figure 6.4C. Changes occurred despite the solution contained a
high percentage of bicarbonate, which acts as a buffer. The figure shows that the
most severe changes occurred for the continuous operation, followed by the PEF
regimes with longer pulse time, mainly after 1600 C had passed. On contrary, the
regimes 10s/30s, 1s/3s, and 0.1s/0.1s presented the smallest changes of pH. The
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changes in pH coincide with the voltages in Figure 6.4B, which indicates that when
larger potentials were reached, more water was dissociated causing the observed
pH changes.

6.3.1.1 Percentage of demineralization

The percentage of demineralization (n) was calculated from the conductivity
readings of the diluate stream (6.2.3.1), which had an average initial value of 7.70
mS/cm. The demineralization achieved for all performed experiments is presented
in Figure 6.5. For the solutions with HPAM (BW+P), the figure shows that the
application of intermittent regimes increased the demineralization levels achieved
compared to the continuous mode. Higher demineralization percentages were
obtained for the shorter pulse intervals (excluding the 0.1s/0.1s regime), so the
highest value (91.5%) was achieved for the 1s/1s regime. It is also clear that the runs
with the longer pauses (100s/300s, 10s/30s, and 1s/3s) had slightly lower
demineralization compared to their analog experiments with shorter pauses
(100s/100s, 10s/10s and 1s/1s). This lower efficiency of the operating regimes with
longer pauses is explained by the back-diffusion of the transferred salts due to
osmosis. A higher demineralization was also reported by other authors during the
use of PEF [24,43,44]. For Lemay et al., high-frequency PEFs in combination with
short pulse/pause ratio improved the DR the most for the same number of charges
transported [43]. This condition could enhance the ion transport because
concentration polarization was diminished.

The demineralization percentages achieved when desalinating BW+P+O were, in
most cases, higher than the averages for BW+P feed, suggesting that the addition of
crude oil to the solutions did not affect, or even improved, the performance. This
could be related to the oil reducing the stability of the gel layer formed by HPAM
and thus also concentration polarization, as we suggested in our previous research
[45]. For the BW+P+O set, the tendencies were like the ones observed for BW+P,
except for the 0.1s/0.1s and the 1s/3s regimes, which presented the highest
demineralization percentages. The regime 1s/3s also showed a good performance,
contrary to the BW+P results, suggesting that the pause lapse was not enough to
allow the ions to back diffuse.
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Figure 6.5. Demineralization percentage n achieved after performing ED for BW, BW+P, and
BW+P+0 solutions.

6.3.1.2  Migration of cations

Concentration polarization can also affect the performance of membranes regarding
selectivity and specific ion removal [13,46]. Therefore, our analysis included the
removal of the cationic species. It was observed that the concentration (c) of sodium
and potassium in the diluate decreased linearly, while those of calcium and
magnesium could be better described by a 2" order polynomial (Figure A6.4A). The
same tendencies had been already observed in our previous work [13]. Thus, for
comparison purposes, the analysis focused on the initial part of the experiments, to
be specific until the first 1050 C were transported, where the concentration decrease
can be considered linear (Figure A6.4B). The transport numbers tx of each cation
were calculated using the concentrations obtained from the samples taken during
the first part of the experiments (see section 6.2.3.2). In this way, 5 to 9 tx values were
obtained for each cation for each current regime, and their averages are shown in
Figure 6.6.

Figure 6.6A includes the calculated t for Na*. Given its relatively high concentration
in the feed solution, an average of 94% of the current was transported by this ion,
although slightly lower t values were measured for some regimes, especially
100s/300s and 10s/30s. The lower ¢ of Na° in those regimes was compensated by
larger transport numbers for Ca?, as shown in Figure 6.6B. This could be explained
by considering that during the pause, the initial time is used to remove the
polarization layer, and if the pause is long, back diffusion of ions starts to happen.
Thus, the lower ¢ numbers for Na could be due to the back diffusion of this ion
during the long pause. When the pause was shorter, like in the 1s/3s regime, there
were no large differences in the transport numbers, probably because the relaxation
time was too short to allow significant back-diffusion. On the other hand, the
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transport numbers of K+ and Mg?* remained constant despite the operation mode.
When comparing the migration of cations using conventional and pulsed
electrodialysis, Casademont et al. [20] also reported for the latter a larger increase in
the migration of Ca? compared to the rest of the ions. The increase in Ca?* transport
can be related to the reduction of concentration polarization when pulsed
electrodialysis is applied. Less concentration polarization of ions in the diluate side
facilitates that those with slower diffusion coefficients, like Ca? and Mg?, to reach
the surface of the CEM [13,46]. Once in contact with the membrane, the transport of
Ca? is facilitated, while that of Mg?* still has to overcome an energy barrier caused
by the necessity of a partial dehydration of its ions [47].
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Figure 6.6. Transport number t for Na* (A) and for of K*, Ca®*, and Mg?* (B) calculated from the
samples taken during the first 1000C of the experiments.

6.3.1.3  Energy consumption

The energy consumption (EC) for the different operation modes was calculated
employing Eq. 3. Two values of energy consumption are reported: the energy
required to obtain 80% of demineralization (conductivity of 1.5 mS/cm, see Figure
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6.4B), and the energy required to transport 2000 C. The intermediate calculation for
1.5 mS/cm was set to compare the energy consumption when the same quality of
diluate is achieved, since in cases when higher demineralization degrees were
attained, the energy consumption would also increase due to the higher resistivity
of the solution. A second reason to report two EC values is to assess if the advantages
of the intermittent mode become more important in the over-limiting current
regime, as reported in the literature [2,27,34]. In preliminary experiments, it was
determined that the limiting current density when desalting a solution of 1.5 mS/cm
is 10 A/m? (Figure A6.1B), much lower than the experimental current density of 32
A/m2.

The EC’s calculated for all the experimental conditions are included in Figure 6.7.
The BW and BW+P results are presented with error bars since they were performed
by triplicate, contrary to the BW+P+O runs, which were executed in singular since
their performance was comparable that of the runs without oil. Indeed, all the EC
measurements for BW+P+O fall within EC + 1 standard deviation for the BW+P
solutions, meaning that statistically they do not differ. The plot also shows that, in
general, lower energy consumptions were obtained for the pulsed regimes
compared to the continuous one. The only exceptions were the two 3s/1s cases and
the 100s/100s regime for BW+P, which had an EC alike the continuous case.
Furthermore, the other two regimes with 100s pulse (back-pulse and 100s/300s) also
presented a minimal reduction in EC. Still, the statistical test for BW+P results
indicates that none of the EC’s obtained after applying a PEF mode differs from the
EC achieved in continuous (p>0.05).

Regarding the effect of the pause length, slightly lower energy consumptions were
obtained for the longer pauses, so the lowest energy demand was recorded for the
1s/3s regime. This coincides with the data shown in Figure 6.4A, which suggested
that limiting conditions were reached for most regimes, except the 10s/30s and 1s/3s
ones. Furthermore, while treating black Kraft liquor, Haddad et al. also measured
the lowest energy consumption for pauses much longer than the pulses [48]. The EC
calculated to achieve the intermediate (1.5 mS/cm) and the final product fall within
the same tendency, indicating that the application of PEF has measurable effects
even when used in the sub-limiting regime.

Although not particularly related to the application of PEF, it was unexpected to
obtain the highest energy consumption for the brackish solution without polymer.
Considering the inverse relationship between viscosity and Reynolds, a solution
with lower viscosity (like the BW) would achieve higher turbulence and mixing.
However, our results indicate the opposite. Thus, it is thought that the higher
viscosity of the BW+P solutions stabilizes the laminar flow, which would reduce the
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channeling and dead zones in the ED stack, so these runs make better use of the
available membrane area.
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Figure 6.7. Energy consumption (EC) per volume of product for the different regimes while
desalinating BW, BW+P, and BW+P+0O solutions. The lower (lighter) part of the bars indicate the EC
for reaching 80% demineralization, while the entire bar shows the EC after passing 2000 C. The error
bars indicate the standard error, calculated from at least three replicate runs.

Figure 6.8 shows that if both, energy consumption and demineralization percentage,
are considered, the most promising results were obtained for the regimes involving
pulses of 1s. Previous studies have also found that shorter pulses result beneficial in
terms of process performance [2,25,34,43,49], although in some cases operating with
very small pulses does not lead to further improvement due to the nature of the
foulants [30], which was probably the case for the 0.1s/0.1s regime In contrast, during
whey demineralization, Lemay et al. reported their best results using the referred
regime (0.1s/01s), which they attributed to the occurrence of voltage peaks and
electro-convective vortices [43]. It must be noticed that while the demineralization
results varied 8% at most, the effects of the intermittent regimes in energy
consumption were much larger, reducing it 36% for the same feed solution. This
observation also applies to the best performers, since the 1s/1s is only 2% better than
1s/3s in terms of demineralization percentage but spends 14% more energy. Yet,
before ranking the current regimes, it is necessary to consider if they also provide
good results in terms of minimizing fouling formation.
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Figure 6.8. Energy consumption (EC) vs. demineralization percentage (n) for BW and BW+P solutions
desalinated until 2000 C had been transported.

6.3.2 Fouling analysis

6.3.2.1 TOC

The concentration of HPAM in solution was monitored through Total Organic
Carbon (TOC) analyses (section 6.2.3.4) of the diluate and the concentrate. As an
example, Figure 6.9A and B show, respectively, the TOC concentrations for the
continuous and the 1s/1s regimes while desalting BW+P solutions. The HPAM
concentration remained stable during most of the process, but still slight variations
occurred at the end of the experiment. Given the relatively big MW of the HPAM
(4.4 - 4.8 million Da), it is very unlikely that it could be transported through the IEMs.
Another potential explanation for the TOC changes would be water transport
affecting the measured concentration of the solutes [12]. However, the solutions
presented a maximum change of volume of 5% after the experiments, which is not
enough to explain the larger variations of TOC. Thus, the most feasible explanation
is that TOC values varied because part of the dissolved HPAM remained in the stack.
Besides migrating towards the IEMs, some HPAM remained in the corners of the
spacers, as has been previously reported for other types of fouling [50].

Considering the previous observations, the overall TOC changes in an experiment
were analyzed employing Eq. 4, and the results are summarized in Figure 6.9C.
From the equation, positive Atoc values indicate a decrease of TOC, while negative
values indicate the opposite. However, most of the measured TOC changes were
within the normal error range (less than 10%), so for these cases, the conclusion is
that there wasn’t a significant amount of HPAM remaining in the ED stack. Larger
changes were measured for the 100s/100s, 10s/30s, and the back-pulse runs, but they
do not follow any clear tendency, so it is not possible to conclude if there is some
relationship between the operating regime and the TOC concentration in solution.
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The same can be said from other large Aroc values measured for the experiments
with BW+P+O feed solutions (Figure A6.6).
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Figure 6.9. TOC concentration vs transported charges Q in the diluate and concentrate of A) a run in
the continuous mode and B) a 1s/1s run. C) Aroc analysis for experiments with feed BW+P.

6.3.2.2  Membrane rinsing

After the ED runs, recovered membrane pieces of approximately 25 cm? were soaked
in 200 mL of Milli-Q water (section 6.2.2.2). The rinsing water was later analyzed to
determine the ionic and carbon content, and the results of these measurements are
shown in Figure 6.10. The analyses from the CEMs after desalting BW+P (Figure
6.10A) revealed that the ions released by the membrane were mainly Na* and CL,
with some traces of SOs*. Remarkably, most CEMs released organic carbon,
indicating that the HPAM recovered with them was loosely attached. On the
contrary, for the AEM rinse solution (Figure 6.10B), no organic carbon was detected,
except for the back-pulsed regime. This suggests that any HPAM recovered with the
membrane was strongly attached. In addition, the AEM analysis also showed that
Nat* and CI- were the most abundant ions. Instead of sulfate, traces of the other
cations (Ca?, Mg¥, and K*) were released.
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Figure 6.10. Concentration of species in rinsing solution of membranes recovered after the ED of feed
solutions BW and BW+P. A) and B) show, respectively, the results from the CEMs and AEMs.

The analysis for the BW+P+O solutions (Figure A6.7) rendered similar results.
Organic carbon was only released from the CEMs. Sodium and chloride were
present in the rinse solution of both membranes, although the amounts released
from the AEMs were higher than for the rest of the analyses.

6.3.2.3  SEM/EDX for selected experiments

Membranes taken from the continuous and from the intermittent runs 100s/100s,
1s/1s, 1s/3s, and 0.1s/0.1s were further analyzed with SEM and EDX. Figure 6.11
shows the SEM photographs of the AEMs and CEMs after desalting “BW+P” feed
solutions in the continuous and the 1s/1s and 1s/3s modes. They show that,
regardless of the operation mode, small amounts of fouling were present on both
sides of the AEMs and on the diluate side of the CEM. The fouling appears to be an
amorphous precipitation, and given the relatively large sizes of the particles, it is
likely that their composition included HPAM and salts. Considering the
configuration of the ED stack, HPAM was expected to accumulate on the diluate
side of the AEM and on the concentrate side of the CEM. This is because, under the
influence of the electric field, electrophoresis drives the negatively charged
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molecules towards the anode, but since they are too large to pass through the IEMs,
they accumulate on their surface [7,10]. AEMs are especially affected by organic
fouling, which is more severe and stable on them due to the electrostatic and
hydrophobic interactions between the foulants and the membranes [51]. All SEM
images, even those from the continuous run, show scarce precipitants that cover
only a small fraction of the membrane surface, which contrasts with our previous
observations of thick gel layers covering the entire surface of the membranes [45].
The differences can be attributed to the lower concentration of HPAM in solution,
shorter desalination times, and the use of an ED stack with spacers, the last element
enhancing turbulence and thus also acting against concentration polarization.

Regarding the CEMs, the images from the three current regimes also show some
precipitation on their concentrate side, while the diluate side remained almost clean.
This can be explained from the concentrate side being susceptible to two kinds of
fouling: HPAM fouling driven by the electric field [10], and salt precipitation or
scaling. Scaling usually happens on the concentrate side of the CEMs since it is here
that the cations accumulate due to concentration polarization (see Figure 6.1. A),
making them susceptible to precipitate either as carbonates or as hydroxides [24].

The SEM photographs of IEMs after desalting BW+P+O feed are included in Figure
6.11B. As for Figure 6.11A, they show scarce amorphous precipitation, which was
not obviously affected by the different operation modes. Precipitation was observed
on both sides on both kinds of membranes, including the diluate side of the CEM.
This suggests that some components present in oil might have acted as linking
agents between HPAM and the negatively charged membrane. Additionally, the
concentrate side of the CEM obtained from the continuous run displayed a different
kind of precipitate, consisting of a conglomerate of several spheres, which EDX
identified as rich in calcium and oxygen. The spheres were likely a form of CaCOs
precipitate, since the literature reports the formation of similar aggregates by using
polymers as crystal-growth modifiers [52].
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Figure 6.11. SEM photographs of recovered membranes from the experiments with feed solutions
BW+P (A) and BW+P+0O (B). Pictures were taken at an accelerating voltage of 5 or 6 kV and are
magnified 300x. The reference lines represent 50 um. The precipitate found on the CEM concentrate
side after continuous ED is magnified 2700x.

The elemental composition of the surface of the IEMs was determined via EDX. The
first two rows of Table 6.4 show the main components of the CEM exposed only to
BW solution, which can be used as a base to compare the rest of the measurements.
The main elements detected are C, N, O, and S, corresponding to the composition of
the membrane, plus the divalent cations Ca? and Mg?, presumably because they
remain as counter-ions inside the CEM. Still, some spots on the membranes
presented higher concentrations of calcium and magnesium, which can easily
precipitate after binding with either carbonate or hydroxide ions [53,54]. Then, when
analyzing the membranes fouled with BW+P solution, the elemental compositions
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remained almost identical to that of the clean membrane (Table A6.1). The only
differences were a slight decrease in the N content and a minimal increase in the one
of Ca, probably due to concentration polarization.

The CEMs analyzed after desalting BW+P+O feed (Table 6.4) presented more
obvious differences. The membrane used to desalinate BW+P+O in continuous mode
had a high content of C (72-76%) and a low content of O (~10%), which could be
related to the adsorption of hydrocarbons from the oil emulsion. Still, the application
of pulsed regimes seemed to have positive results in lowering organic fouling, since
the CEMs recovered from experiments using intermittent regimes presented
compositions closer to that of the clean membrane.

Table 6.4. EDX elemental analysis of CEMs recovered from selected ED experiments

Feed Percentage (%)
) Experiment | Side
solution C N (0] Na Mg S Cl Ca
D 58.18 9.79 2244 292 013 571 0.03 0.59
BW Continuous
C 60.74 9.77 2049 263 020 520 0.15 0.66
Continuous D |7612 1010 948 0.08 001 0.16 4.05 -
C 72.65 11.33 10.53 0.09 0.01 0.18 476 0.40
100s/100s D 6454 706 2010 254 016 495 0.01 052
C |6319 744 2047 272 0.17 525 004 057
1s/1s D 60.64 780 2206 299 017 5.62 0.07 054
BW+P+O
C 6253 791 2074 278 0.18 519 0.02 0.52
1s/3s D |6522 716 1923 271 014 495 0.03 0.44
C 63.01 715 20.82 294 0.18 528 0.03 0.46
0.1s/0.1s D 60.49 829 2200 288 018 542 0.05 053
C | 6070 786 2198 290 0.18 558 0.04 0.60

Table 6.5 summarizes the EDX analyses for the selected AEMs. The membrane
recovered after desalting BW solution presented slightly higher carbon and nitrogen
content than the CEM from the same experiment (62% and 24%, respectively), which
is reasonable since the functional groups of the AEM are quaternary amines. The
AEM exposed to BW+P solution under continuous mode presented a very similar
composition to that of the clean membrane. From our previous research [45], HPAM
presence is expected to cause an increase in O and a decrease in Cl, especially on the
diluate side of the AEM, where the polyelectrolyte tends to form a gel layer. The
same was observed on the diluate side of the membrane under the 0.1s/ 0.1s regime
(Table 6.5), but not so much for the rest of the membranes exposed to BW+P solution.
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The explanation would be the scarce presence of HPAM on the membranes, as
previously noticed from the SEM images (Figure 6.11).

Regarding the analysis of AEMs fouled by BW+P+O solution (Table A6.2), the
elemental compositions seemed consistent independently of the applied current
regime. Compared to the BW case, the membranes showed slight increases of C and
O on both faces, probably related to the adsorption of HPAM and oil, as observed
for the CEM.

Table 6.5. EDX elemental analysis of AEMs recovered from selected ED experiments

Feed Percentage (%)
. Experiment | Side
solution C N O Na Mg S C Ca

D | 6200 2429 841 - 002 018 509 -

BW Continuous
C | 6158 2433 878 - 003 017 495 017
D |6022 2490 9.89 013 002 018 4.64 0.02

Continuous
C |61.72 2503 896 0.10 0.01 0.12 395 0.01
D |7401 1133 1021 010 - 010 414 -
100s/100s

C |55.88 2470 13.00 0.12 0.05 0.18 431 1.66
D |7605 1070 8.69 0.01 - 014 427 011

BW+P 1s/1s
C |73.03 1292 950 003 0.01 015 430 0.01

153 D |7274 11.88 1037 0.08 001 0.16 473 -
s/3s
C | 7489 1193 862 002 - 015 433 0.01
D |6022 746 2302 284 021 543 0.03 0.61
0.1s/0.1s

C | 7491 1053 9.88 0.06 0.02 0.15 444 -

Overall, the AEMs presented higher increases of carbon content compared to the
CEMs, which is sound given their affinity to HPAM. Less organic fouling occurred
during the application of pulsed regimes of 1s/1s and 1s/3s. Longer pauses, like
1s/3s, were effective in reducing the organic fouling as nitrogen (N) concentration
dropped to 7.4 %. However, during this regime, also more minerals (Na, Ca, O, and
S) were spotted on the concentrate side of the AEM.

6.3.2.4 Membrane resistance

The last evaluation method for the fouled membranes was their electrical resistance.
Comparing the membrane resistance before and after performing the electrodialysis
can help to determine membrane damage due to irreversible fouling inside or on its
surface [55]. The electrical resistance was measured by first obtaining the slopes of
I-V curves performed with and without the membrane. Then, the membrane
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resistance was calculated by subtracting the resistance without membrane from the
resistance with the membrane (section 6.2.3.6).

Figure 6.12A shows the measured resistances of the CEMs recovered from selected
experiments. The resistance measured for the CEM exposed to BW was 2.4 Q-cm?,
slightly higher than the 2.0 QO-cm? reported by the supplier, which can be explained
by some multivalent ions remaining in the membrane despite the long conditioning
time. Then, the Figure shows that the membranes exposed to BW+P and BW+P+O
recorded small resistance increases, varying between 3 to 20%. The only membrane
that, instead of increasing presented a decrease in electric resistance, was the one
recovered after desalting BW+P in a 1s/3s mode. Probably this was due to the long
pause, as further explained in section 6.3.3.
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Figure 6.12. Measured electric area resistances of selected CEMs (A) and AEMs (B) recovered after
the ED runs.

Regarding the AEMs, Figure 6.12B shows that their electric resistances were lower
than for the CEM, many below the 1.7 Q-cm? reported by the supplier. The
membranes exposed to BW+P and BW+P+O solutions also suffered slight resistance

increases compared to the AEM exposed to BW solution, but the differences were
minimal.

6.3.3 Linking the performance with HPAM net displacement

It has been mentioned that due to the complexity of phenomena occurring during
the application of the pulsed regimes, no mathematical model can yet fully describe
such process. However, it is possible to understand why the shorter pulses deliver
the best effects in terms of performance by considering the electrophoretic and
diffusion properties of HPAM. During the pulse, HPAM would displace due to
electrophoresis a distance xt, which is proportional to its electrophoretic mobility
and the electric field, as expressed in Eq. 7. Then, during the pause, HPAM would
diffuse back and possibly nullify the electrophoretically induced concentration
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polarization, according to Eq. 8. These equations were employed to calculate the
displacement of HPAM molecules during the pulse (t:) and pause (tof) times studied
in this investigation.

The calculated displacements are included in Figure 6.13, which shows them as a
function of Q: the equation relating Q and the conductivity of the diluate ko was
obtained by plotting the experimental data of various runs, and is included in Figure
A6.5. The figure shows that the calculated displacements during tof result in
horizontal lines, which only depend on the pause time. On the other hand, the
displacements calculated due to electrophoresis increase along the desalination
process, since they are an inverse function of the conductivity of the diluate.

The lines’ intersections in Figure 6.13 mark the moment at which the back-diffusion
does not compensate anymore the HPAM displacement due to electrophoresis. For
example, for the 0.1s/0.1s regime, this moment is calculated to occur almost after
2000C have been transported, meaning that, during most part of the ED, the HPAM
would have remained in the bulk solution. When having pulses of 1s, the
electrophoretic displacement overtakes the one by diffusion sooner during the
process, around 1700C for to= 3s and around 1250C for to= 1s. According to these
calculations, the best performance should have been obtained for the experiments
under the 0.1s/0.1s regime, followed by 1s/3s, 1s/1s, and 10s/30s. Although not in
that particular order, the results shown in Figure 6.4B and Figure 6.8 coincide with
those predictions. For the rest of the regimes, the calculated diffusion is too small to
compensate the electrophoretic displacement, so it is likely that several HPAM
molecules would reach the membrane surface and start forming a gel layer. Once
the HPAM starts forming a gel layer, it would be very difficult to disassemble it by
simple diffusion, especially if the overlap concentration is reached. Thus, it is
desirable to avoid HPAM reaching and accumulating at the membrane surface; or
at least, to delay this moment as much as possible by keeping a short pulse duration.
A balance of the electrophoretic mobility with back diffusion was performed to
determine how long would the periods need to be to compensate the
electrophoresis-based displacement by the diffusion-based one (for for= tof). For the
initial conditions (ko= 7.8 mS/cm), it was calculated that a regime of 5s/5s would
equalize the HPAM displacement, while for the final conditions (ko= 1.0 mS/cm), the
optimal ton/tor decreases to 0.1s/0.1s. Thus, the experimentally found optimal regime
(1s/1s) falls within these values.
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Figure 6.13. Calculated displacement x of the HPAM molecule vs. transported charges Q. The
displacement during the pulse (t,,) was calculated employing Eq. 7, while that during the pause (tog)
was calculated with Eq. 8.

Finally, since the application of this methodology involved the highly time-
consuming method of disassembling the ED stack, the need of a reliable evaluation
parameter that would allow a fast screening of the different regimes became evident.
Three parameters were chosen: stack resistance, the electrodialysis membrane
fouling index (EDMFI) proposed by Lee et al. [30], and a normalized version of the
EDMEFI. The parameters were calculated for the results involving BW+P, and are
presented in Figure A6.8-Figure A6.10. Overall, the three parameters lead to the
same conclusions: the operating regimes with the highest concentration polarization
+ fouling tendency were the continuous and the backpulse mode. In a similar way,
the evaluation parameters pointed out that the 10s/30s and 1s/3s regimes were the
best for mitigating the negative effects of concentration polarization and fouling.
This ranking coincided with the one obtained from the electric potential
measurements (Figure 6.4B) on both the best and worst regimes to use,
corroborating that the latter is a reliable reference for performance.

6.4 Conclusions

The use of pulsed electric field to desalinate polymer-flooding produced water
improved the performance in terms of demineralization percentage and energy
consumption. In general, the shorter the pulse periods, the higher the
demineralization rate and the lower the energy consumption. The only exception
was for the runs with 0.1s pulses, which rendered low energy consumption but also
lower demineralization percentages, possibly because the high frequency could
cause a closest packing of the HPAM [30]. For regimes with the same pulse and
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different pause period, longer pauses yielded lower energy consumptions, but also
lower demineralization of the stream.

For a feed stream consisting of brackish water + HPAM, the best performances were
obtained employing the regimes 1s/1s (in terms of achieved demineralization) and
1s/3s (regarding energy consumption). Both regimes provided similar results in
terms of fouling development. Thus, choosing an optimal regime results a
complicated task. When comparing the performance of the 1s/1s and the 1s/3s
regimes, the gain in energy consumption for 1s/3s is higher than the gain in
demineralization for 1s/ls. However, the regime 1s/3s also implies that the
membrane stack is effectively in use only 25% of the time. Considering all these
factors, the most promising of the regimes would be 1s/1s. Still, it is likely that other
combinations of pulse and pause would also yield favorable results, especially if the
pulse time is under 5s.

The addition of oil to the solutions did not influence significantly the performance
results, and in many cases, they were slightly better in the presence of oil. This result
supports the idea that the HPAM gel layer becomes less stable when oily compounds
are present in the solution.

The membrane analysis showed that minor fouling developed on both kinds of
membranes, anionic and cationic. The fouling was in the form of amorphous
precipitates consisting mainly of HPAM and some calcium precipitates. The HPAM
fouling was loosely adhered to the CEM, while that on the AEM was not easily
removed. The presence of crude oil in the solution slightly increased the amount of
membrane fouling.

Since the ED stack has good hydrodynamic properties, the formation of HPAM gel
layers was minimized, especially when compared to our previous observations from
experiments performed in a six-compartment cell [45]. Therefore, for future
experiments, it would be desirable to evaluate the membranes after longer use
periods. Finally, it is worth to mention that the application of PEF to desalinate
streams in a larger scale, would depend on the availability of power sources
designed to be continuously switched on and off.
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Appendix 6A. Supplementary material
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Figure A6.1. Determination of the limiting current density (LCD) for BW+P solution of A) 7.8 mS/cm
and, B) 1.5 mS/cm. The current density i is plotted versus the electric potential U. The LCD, signaled
with the arrows, corresponds to the last data point falling within the linear trendline.
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Figure A6.2. lllustration of the cutting of the recovered membranes. SEM, EDX and rinsing water
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Figure A6.3. Examples of electrical resistance measurements. The current density i is plotted versus
the measured voltage U, and the area resistance is calculated as the inverse of the slope of the
trendline. A) i-U curve from the CEM recovered after the BW run, and B) blank i-U curve of solution

without membrane.
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Figure A6.4. Concentration (c) of cations vs. transported charges Q in the diluate, taken from the ED
runs with 3s/1s regime. c of K, Ca, and Mg is represented in the left axis, while c for Na is represented
in the right one. In A), it is apparent that Na and K concentrations follow a lineal decrease, while Ca
and Mg decrease as a 2" order function. B) Same data but considering only samples taken before
1050 C fitted to linear trend-lines. The plots include data from 3 independent experiments.
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Figure A6.5. Conductivity in the diluate kp as a function of transported charges Q. The plot allowed
to obtain the linear equation relating both variables, which was later employed in the calculation of
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Figure A6.7. Concentration of species in rinsing solution of membranes recovered after the ED of
feed solutions BW+P+0. A) and B) show, respectively, the results from the CEMs and AEMs.

Table A6.1. EDX elemental analysis of CEMs recovered from selected ED experiments (sup. Table 6.4)

Percentage (%)
Feed solution | Experiment | Side
C N (0) Na Mg S Cl Ca
] D | 60.88 946 20.60 234 0.17 5.63 - 0.85
Continuous
C 58.50 995 2149 290 0.15 567 037 0.90
D | 6327 7.65 2037 217 0.15 483 0.01 1.33
100s/100s
C 61.85 892 2035 247 0.17 524 0.06 0.78
D | 6148 8.63 2140 230 020 459 002 1.22
BW+P 1s/1s
C 61.02 8.68 2080 275 021 571 0.05 0.62
193 D | 6290 749 20.65 259 0.15 532 0.02 0.71
s/3s
C 61.94 802 21.17 262 0.15 525 0.01 0.66
D | 6367 745 20.18 258 15 516 0.04 0.63
0.1s/0.1s '
C 61.39 799 2144 262 0.15 548 0.03 0.78
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Table A6.2. EDX elemental analysis of AEMs recovered from selected ED experiments (sup. Table

6.5).
Feed Percentage (%)
. Experiment | Side
solution C N o Na Mg S Cl Ca
D 75.07 11.06 9.35 0.04 - 016 429 0.01
Continuous
C 7558 1093 851 0.04 - 022 4.67 -
D 7477 11.33 870 0.05 - 0.17 495 0.01
100s/100s
C 76.02 10.67 892 0.04 0.01 0.16 4.16 -
D 7373 1112 977 0.07 0.03 019 5.01 0.01
BW+P+O 1s/1s
C 7299 11.67 993 013 0.04 0.19 499 0.02
13 D 7525 1073 928 013 0.01 0.12 445 -
s/3s
C 60.39 738 2284 284 020 549 0.04 0.8
D 7372 1074 984 0.08 001 020 535 0.02
0.1s/0.1s
C 7415 10.35 10.64 0.10 - 0.14 456 0.02

Appendix 6B. Evaluation of fouling indexes methods

During this research, diverse fouling evaluation parameters were calculated and
related to the obtained results, aiming to avoid opening the ED stack to determine if
certain current regimes were being effective against fouling. The results are only
presented for the BW+P solutions because the presence of crude oil did not seem to
exert a significant influence in the ED performance.

Stack resistance

The stack resistance can provide an indication of fouling occurring during the
electrodialysis. It was calculated from the potential and current data using Ohm’s
law, and the results for the BW+P solutions are shown in Figure A6.8. The resistance
remained low and constant during the first half of the experiments, starting to
increase only after approximately 1200 C had been transferred. The highest increase
was computed for the backpulse regime, followed by the continuous one and the
100s/100s. The lower resistances were recorded for the regimes 10s/30s and 1s/3s,
which indicates that pauses of 10s and 1s were not enough to eliminate the
concentration polarization attained in the system during the pulses.
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Figure A6.8. Calculated membrane stack resistance vs. transported charges Q during the
electrodialysis of BW+P solution through different current regimes.

Electrodialysis Membrane Fouling Index (EDMFI)

The Electrodialysis Membrane Fouling Index (EDMEFI) is another option to assess
the effectiveness of anti-fouling treatments [30]. EDMFI derives from the model of
formation of a gel layer on the IEM surface during electrodialysis. It considers that
the concentration of deposited foulants on the surface increases proportionally to
the time and forms a gel layer, which is then providing an additional resistance for
the ED process. For a constant current, the EDMFI can be calculated by plotting the
potential drop U(t) over the squared current (I2) against time [31]:

Ut) R

/6.9/
m
=—+ (EDMFI)t

Where Rm is the membrane resistance (). The slope of the curve represents the
EDMFI for the experiment, and higher index values imply a greater fouling
potential.

Figure A6.9 shows the calculated values for a set of runs with BW+P solution. The
application of PEF diminishes the fouling tendency of the system, as indicated by
the lower slope. It shows that a shorter duration of applied current could lower the
membrane index fouling. Furthermore, the application of long pauses is even more
effective in reducing the EDMFI value, thus dropping the fouling tendency of ED.
The operating regimes 10s/30s and 1s/3s resulted in the lowest fouling index.
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Figure A6.9. U over I’ vs. transported charges Q for selected runs with BW+P solution. Linear
trendlines are presented for the continuous (red) and for the 1s/3s intermittent regime (black). The
slopes of the lines represent the Electrodialysis Membrane Fouling Index (EDMFI), as proposed by Lee
et al. [30]. A greater slope means a higher EDMFI and a higher fouling tendency.

Normalized EDMFI

A modified version of the Membrane Fouling Index for Electrodialysis (EDMFI)
proposed by Lee et al. [30] was employed as a quantitative indicator of the fouling
tendency in the membrane system. The resulting plot is shown as Figure A6.10.
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Figure A6.10. EDMFI over EDMFI, vs. transported charges Q for a set of electrodialysis experiments
desalinating BW+P solutions.

206



Improving the performance of PFPW electrodialysis through the application of PEF

207






Chapter 7

Electrodialysis reversal for desalination
of (waste)water produced after polymer-
flooding: performance related to anion
exchange membrane characteristics

This chapter has been submitted for publication as:
PA. Sosa-Fernandez, J.W. Post, H.L. Nabaala, H. Bruning, H.H.M. Rijnaarts,

Electrodialysis reversal for desalination of (waste)water produced after polymer-
flooding: performance related to anion exchange membrane characteristics (2020)

EDR of polymer-flooding
produced water

i T
il

Sorpt’;; - | - 7 -
7

Analysis

* Water uptake

* lon-exchange capacity
* Permselectivity

* Area resistance

D
&
.




Chapter 7

Abstract

Electrodialysis (ED) has been recently proposed to desalinate polymer-flooding
produced water (PFPW), a byproduct stream from the oil and gas industry rich in
charged polymers. However, process performance is limited by fouling occurring
on the ion-exchange membranes, particularly on the anionic ones (AEMs). Thus, this
study aimed to correlate the properties of different AEMs with their performance
while desalinating PFPW, ultimately evaluating their significance when fouling is to
be minimized and operation improved. Six stacks containing different
homogeneous and commercially available AEMs were employed to desalinate
synthetic PFPW during 8-days ED experiments operated in reversal mode. AEMs
recovered from the stacks were analyzed in terms of water uptake, ion-exchange
capacity, permselectivity, and area resistance, and compared against virgin AEMs.
Relatively small changes were measured for most of the parameters evaluated. For
most AEMs, the water uptake and resistance increased, while the IEC and
permselectivity decreased during operation. Ultimately, AEMs with high area
resistance were linked to the fast development of limiting current conditions in the
stack, so this property turned out to be the most relevant when desalinating PFPW.
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7.1 Introduction

Electrodialysis (ED) is a versatile electro-membrane process capable of removing
ions and small charged particles from a stream by applying an electric potential over
an arrangement of ion-exchange membranes (IEMs) [1,2]. One of its most recent
applications is the treatment of polymer-flooding produced water (PFPW), an
abundant stream from the oil and gas industry obtained after applying polymer
flooding technology [3-5]. After reducing its salinity, PFPW could be reused to
confect viscous flooding solution without the need to add excessive amounts of
viscosifying polymer and chemicals, increasing chemical use efficiency, thus leading
to environmental and economic benefits [6,7]. However, membrane fouling remains
a recurrent issue that needs to be tackled to expedite the application of ED at an
industrial scale [8,9].

Fouling denotes the undesirable attachment of species on the surface or the inner
part of a membrane [10]. Fouling can appear as a consequence of concentration
polarization, for example, due to the accumulation of salts beyond their maximum
solubility (scaling), or propitiated by the local changes in pH when water dissociates
on the surface of the IEMs [11]. Ultimately, fouling causes alterations in the
membrane structure, decreased membrane permselectivity, water dissociation, and
reduced process performance [10]. These complications also affect the desalination
of PFPW, making fouling a critical issue to be resolved when treating such industrial
water streams [12-14]. Since PFPW contains a mixture of organic compounds,
dissolved gases, solid impurities, and minerals [15], fouling can be easily formed on
the IEMs. The positively-charged anion exchange membranes (AEMs) are especially
prone to be fouled by negatively-charged organic molecules, like partially
hydrolyzed polyacrylamide (HPAM) [13,16,17], which is the most commonly
employed viscosifier in polymer-flooding oil and gas reservoirs under exploitation
[18].

Although the fouling nature of the feed solution is difficult to amend, there exist
several strategies to control fouling during ED. A fundamental approach is the
control of the hydrodynamic conditions to ensure the adequate mixing of the
streams, and thus minimize concentration polarization. Adequate mixing is
generally achieved by pumping at high flowrates, employing spacers designed to
increase the turbulence, and by sparging air or other gases into the stack [19].
Besides, there are other strategies to prevent and control fouling during ED:
application of electrodialysis with polarity reversal (EDR), incorporation of
pretreatments, use of pulsed electric field, modification of the membranes, and the
design of specific cleaning routines [10,20]. In EDR, the concentrating and diluting
compartments are alternatively switched by periodically reversing the direction of
the electric current [15,21]. In this way, ions for which the membranes are permeable
pass through the membranes moving in the opposite direction, while impurities
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adsorbed on the membranes are removed. However, one of the main disadvantages
of EDR is the reduced efficiency due to the streams mixing every time that they are
switched. Many of the other strategies have already been tested for desalinating
PFPW. Ultrafiltration (UF) has been incorporated as a standard pretreatment since
it reduced the severity of fouling on the IEMs. However, fouling still occurs since
UF does not eliminate all the organic components present in the stream [16,22,23].
Cleaning routines have also been tested and optimized to remove the particular
fouling caused by PFPW [12,14]. However, their use can also lead to potential
negative impacts on membrane selectivity and performance [10,24].

Another of the strategies, the application of pulsed electric field (PEF), was recently
tested by our research group for desalinating PFPW [25]. Besides concluding that
concentration polarization caused most of the decreases in performance, it was
surprising to observe that the fouling on the IEMs was minimal, especially
considering our previous studies [6,13]. These observations included membranes
utilized to desalinate PFPW with HPAM and crude oil in the continuous mode. Two
reasons could explain the results: i) the duration of the experiments (2-6 hours) was
too short for producing significant fouling, and ii) the type of membranes employed
(FujiFilm type 10, based on an aliphatic matrix) also influenced the results.

In this line, recent investigations also suggest that the chemistry of the membranes
and its water content are the main factors influencing the fouling of organic
compounds [26]. When studying fouling by PFPW on PVDF membranes, Zuo et al.
explained the antifouling characteristics of SiO2/PVDF AEMs in terms of their
hydrophilicity. They described that the mixture SiO2/PVDF was more hydrophilic
than PVDF alone, which allowed these membranes to interact stronger with the
water molecules than with the organic and oily components in the feed [27]. Also,
while performing electrodialysis on PFPW, Wang et al. concluded that the fouling
on heterogeneous IEMs was more severe than the one on homogeneous IEMs due
to physical blockage [16].

As presented, there are various indications that AEMs susceptibility to fouling when
desalting PFPW, relates to material and matrix characteristics. Besides water
content, it is desired to know which other membrane characteristics can be
correlated to a high or low fouling incidence by treating PFPW. Thus, the general
objective of this study is to determine which AEM properties are beneficial in terms
of minimizing the effects of fouling and improving the performance when employed
to desalinate PFPW. The research is focused on six commercially available
homogeneous AEMs, which were employed to desalinate PFPW during relatively
long term-experiments. To extend the process lifetime and increase membrane
exposure, the EDR operation mode was employed, as it would be commonly used
when desalinating industrial water. Then, the membranes were recovered, and their
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properties evaluated. The results were compared against the properties measured
for virgin membranes, and for membranes soaked in the feed solutions without the
application of an electric potential (sorption experiments), aiming to improve the
understanding of the role of membrane material on fouling.

7.2 Materials and methods

Experiments were planned to evaluate the performance of six different kinds of
AEMs during long term electrodialysis runs with polarity reversal. After the ED
experiments, the membranes were recovered from the stack, and their properties
analyzed.

7.2.1 Materials

7.2.1.1  Preparation of solutions
The composition of the synthetic feed solution employed for all experiments was
based on that of the brackish water (BW) in the Marmul field in Oman [28], as
outlined in Table 7.1. All the salts employed (NaCl, KCl, MgCl..6H20, CaCl2.2H20,
Naz504, and NaHCOs) were analytical grade, purchased from VWR (Belgium), and
used without further purification.

Table 7.1. lonic composition of synthetic brackish water (BW) solution.

Ion Concentration (mM)
Na* 73.92
K+ 0.72
Caz 0.65
Mg?* 0.46
Cl- 56.24
HCOs 15.59
SO 2.51

Synthetic polymer-flooding produced water was prepared by adding the necessary
amount of partially hydrolyzed polyacrylamide (HPAM) to 10.0 L of BW solution
under fast stirring (~750 rpm). After pouring the HPAM, the stirring rate was
reduced to 250 rpm, and the solution was left mixing overnight to assure complete
HPAM hydration. The resulting solution is referred to as brackish water + polymer
(BW+P) solution.

During the last part of the ED experiments, the feed PFPW contained emulsified
crude oil. To prepare the emulsion, 2.0 g of crude oil was added to 2.0L of BW
previously heated to 45 °C. The emulsification was done with an emulsifying mixer
set at 15,000 rpm for 15 minutes. This stock solution was used to obtain 20 mg/L and
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40 mg/L of oil emulsions employed in the 10L feed solution, also referred to as
BW+P+O solution. The stock solution was immediately added to the feed to avoid
separation of the non-soluble part when left unused for long periods.

The HPAM employed was AB-305-VLM (MW= 600-900 kDa and 30% hydrolyzed),
kindly provided by SNF Floerger (France). The crude oil originated from the North
Sea and was provided by Shell.

7.2.1.2  lon exchange membranes

For this study, six different types of homogeneous anion exchange membranes were
used, with properties summarized in Table 7.2. All membranes contain quaternary
ammonium anion exchange groups and report high permselectivity. Type 1 and
type 10 from FujiFilm were selected due to their different chemistry. The following
membranes were either purchased or provided by the industry: Neosepta AMX
from Eurodia (France); Fuji types 1, 10, and 12 by FujiFilm Manufacturing B.V. (The
Netherlands); and Suez AR204E and Suez AR908E by Suez Water Technologies &
Solutions (Canada).

The CEM employed was Neosepta CMX, a strong membrane that contains sulfonic
acid groups as fixed charges. Its properties have been previously reported in the
literature [29,30].

7.2.1.3  Electrodialysis setup

Experiments were performed using a cross-flow ED stack composed of five cell
pairs. The stack contained six Neosepta CMX membranes plus five AEMs of the
same type, as listed in Table 7.2. All membranes employed to assemble a stack were
new, with an active membrane area of 0.01m2. The membranes were separated by
485 um polyamide woven spacers (Sefar 06-700/53, Switzerland) with coated silicon
rubber at the sides as gaskets (Aquabattery, The Netherlands). The cell contained
electrodes made of titanium with mixed metal oxide coating from Magneto Special
Anodes BV (The Netherlands). The housing of the stack was kindly provided by
REDstack BV (The Netherlands). It consisted of polymethyl methacrylate side plates
for the water distribution and end plates with the electrode compartments, plus the
materials needed to close the assembly. A scheme of the stack is available in [19].

The electrical current was controlled by a potentiostat/galvanostat Ivium-n-Stat
(Ivium Technologies, NL). The potential difference over the membrane stack was
measured using two reference Ag/AgCl gel electrodes (QM711X, QIS, the
Netherlands) placed at the inlet of each electrode compartment and connected to the
Ivium-n-Stat.
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Table 7.2. Summary of chemical and physical properties of the six AEMs investigated as reported by
the manufacturers.

. Area
AEI\: Thzcknil)ess resistance” Chemistry Description Application
typ l“l (Q sz)
High Desalination
e of food,
crosslinking, .
Neosepta Styrene- . concentration
135 24 .. high . .
AMX divinyl benzene . of inorganic
mechanical
salt, hardness
strength
removal
?D-structure 9f Low power Water
Fuii inert polyolefin  consumption softenine b
: 110 0.9 fibers filled with & medium "8y
type-1 . . capacitive
aliphatic water S
. . deionization
polyamide [31] permeating
Purifying
Low power process/
Fuii consumption wastewater/
J 130 1.6 - & medium brackish
type-10
water water/
permeating food streams
by ED
Same chemistry
Fuji 130 17 as Fu}l.type 10, i )
type-12 but different
support
Suez Copolymers of . Water
AR204E 530 >3 vinyl monomers medium treatment
1 f
Suez 650 6.0 ;OpO ymers o medium Wastewater
AR908E vinyl monomers treatment

*Measured in 0.5M NaCl

The feed and electrolyte solutions were pumped by three independent peristaltic
pumps from Cole-Parmer, Masterflex L/S Digital drive (USA). The conductivities of
the diluate and the concentrate streams exiting the ED stack were continuously
measured with conductivity probes (Orion DuraProbe 4-electrode conductivity cell
013005MD). A transmitter box (Orion Versastar Pro) connected to the probes
corrected the measurements to the reference value at 25 °C and recorded them on
the computer. The pH of the diluate and concentrate was also continuously
measured by two pH probes (MemoSENS Endress+Hauser, pH range 1 to 12) placed
after the ED stack. The pH probes were connected to a transmitter box (P862, QIS,
Endress+Hauser). Two back-pressure valves, set at 0.25 bar, were placed at the outlet
of electrolyte solution to ensure it was evenly distributed through the electrodes.

215



Chapter 7

7.2.2 Methods for the EDR runs

7.2.2.1  Electrodialysis reversal runs

EDR experiments were conducted at a constant current in a batch recirculation
mode, meaning that the diluate and concentrate streams were both fed from the
same vessel, went through the ED stack, and returned to the feed container (Figure
7.1). The vessel contained 10.0 L of the feed solution, which composition and
flowrate were varied for the different stages of the experiment, as specified in Table
7.3. Since the first stack assessed was the one containing Neosepta AMX, some
operational parameters were determined based on its performance and later
implemented on the subsequent experiments. For example, the switch to solution III
(BW+ 50 mg/L HPAM) was done together with an increase in linear velocity to avoid
operating at high voltages, and it was further increased when switching to stage IV
(BW+ 100 mg/L HPAM). Since there was a rapid electric potential increase when
stage V (BW+200 mg/L HPAM) started, the current density was reduced to 75 A/ma?.
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Figure 7.1. Scheme of the setup employed. The experiments were run in a batch recirculation mode,
in which two streams were taken from the same feed solution, circulated through the ED-stack, and
returned to the same reservoir. Adapted from [6].

Overall, the EDR was run at a constant current between 75 to 100 A/m? for nearly
200 hours with current reversal every hour (the lower current density was applied
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to avoid reaching the 10 V limit of the potentiostat). The electrolyte solution,
consisting of 0.14 M Na2SOs, was circulated at 170 mL/min and was replaced
simultaneously with the feed solutions. The experiments were performed in a
laboratory with controlled temperature at 23 + 1°C.

Table 7.3. Feed compositions, current density, flow rate, velocity, and times of the different

experimental stages
Current Flow rate Fluid
Stage Feed solution (10 L volume) density (mL/min) velocity )
(A/m?) (cm/s)

I 0.5 M NaCl 100 150 1.6 8+
I BW 100 150 1.6 6
11 BW + 50 mg/L HPAM 100 180 1.9 24
v BW + 100 mg/L HPAM 100 210 22 24
Vv BW + 200 mg/L HPAM 75 240 2.5 24
VI BW + 200 mg/L HPAM +20 mg/L oil 75 240 2.5 48

VII BW + 200 mg/L HPAM +40 mg/L oil 75 240 2.5 60
VIII | BW +200 mg/L HPAM +40 mg/L oil 100 240 25 14

Each experiment started by running the electrodialysis for at least 12 hours with 0.5
M NaCl to ensure the optimum assembly of the stack. Then, the solution was
substituted by BW, and the stack performance was measured to confirm that 100
A/m? could be supplied without reaching limiting current density (LCD) conditions.
During the experiments, the applied current, stack voltage, conductivity, pH, and
temperature were monitored continuously. Samples from all streams were
periodically taken. After each experiment, the stack was disassembled, and all the
membranes recovered for analysis.

7.2.2.2 Degree of demineralization

The degree of demineralization (Dum, %) was calculated employing the initial
conductivity of the feed solution co (mS/cm) and the conductivity of the diluate
solution cs (mS/cm), according to equation 1 [32].

Co—C
Dgom = "C—Od «100% /7.1

7.2.3  Methods for membrane characterization

7.2.3.1  Water uptake and hydration number

The water uptake (WU), also called swelling degree by some authors, indicates how
the membrane mass changes when exposed to water [33]. For its determination, wet
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membrane coupons were removed from 0.5M NaCl solution, their outer surface was
smoothly wiped with a laboratory tissue, and their wet mass (1mwv) recorded. Then,
the coupons were placed in Petri dishes and left in a vacuum oven at 30°C to dry
overnight. Then, the dry mass (ma) of the coupons was measured, and the WU
calculated as the mass of removed water divided by the dry mass [34,35]:

WU = /7.2

The hydration number (1) [36] or water content [33] of the membranes was
calculated by dividing the WU by the molecular weight of water and the ion
exchange capacity (IEC, meq/g-dry) of the membrane. A factor of 1000 is necessary
to report 4 in mol H2O/mol counterion.

_ WU x 1000 /7.3/
"~ MWy, X IEC

7.2.3.2 lon-exchange capacity (IEC), charge density, and charge per area

The ion-exchange capacity (IEC) of a membrane reports the number of ion-exchange
equivalents per mass of dry membrane (meq/g-dry). It was determined by
exchanging their counterion from chloride to nitrate and then measuring the amount
of chloride released. First, AEM coupons were conditioned in 0.5M NaCl solution
for at least 48 h. Then, they were rinsed with Milli-Q water (to ensure that excess
chloride on the surface was removed) and soaked in 200 mL of 0.5M NaNQOs while
stirring at 300 rpm. In this way, the Cl- in the membrane is exchanged by NOs. After
24 hours, samples of the solution were taken and analyzed for their chloride content
via ion chromatography (see section 7.2.3.6). This concentration is proportional to
the number of ionic charges present in the membrane sample, so once obtained, it
was converted in meq and divided by the ma to obtain the IEC [26,30,37].

The charge density (meq/g H20), which reflects the equivalents for the water-
swollen membrane, was calculated by dividing the measured IEC by the WU [38].

7.2.3.3  Permselectivity

The permselectivity () of the AEMs was experimentally obtained by dividing the
measured potential (AUumes) over the theoretical one (AUno) for a 100% permselective
membrane (Eq. 4), the last calculated through the Nernst equation. The activity
coefficients of the 0.5M and 0.1M NaCl solutions were considered as 0.686 and 0.778,
respectively [30].
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AUpeas [7.4/

¢ AUtpeo

AlUmeas was determined by placing a membrane coupon in the middle of a two-
compartment cell (Figure A7.1). Two solutions, 0.1M and 0.5M NaCl were circulated
through each compartment of the cell at 300 mL/min. Both solutions were
maintained at 25°C utilizing a recirculation bath. The potential difference across the
membrane was measured using two Ag/AgCl reference electrodes, each placed
inside one compartment, and connected to the Ivium potentiostat/galvanostat. The
potentiostat was set in the open cell mode to register the potential generated from
the sample membranes. The potential registered within the last 15 minutes of a
running system was averaged to obtain the mean value after the system has
stabilized.

7.2.3.4  Electrical resistance

The electrical resistance of the AEMs was measured in a six-compartment cell, as
previously described [39]. The four inner compartments contained either 0.5M NaCl
or BW solution, while the two outermost ones had 0.5M Na2SOxs as the electrolyte
solution. The solutions were circulated at 170 mL/min using peristaltic pumps. The
active area of the membrane under evaluation was 7.07 cm?. The membrane was
sided by two Habber-Luggin capillaries, each filled with a 3.0 M KCI solution and
connected to an Ag/AgCl gel reference electrode, allowing to measure the potential
drop across them. The measurements were performed at 25°C.

The measurements were performed on the same membrane coupons previously
tested for permselectivity, which were conditioned in 0.5M NaCl. The area resistance
was determined using chronopotentiometry: increasing values of current density
were applied for two minutes each, while the electric potential was recorded. The
current over the cell was provided by Autolab PGstat12 (The Netherlands). Three
measurements were performed for each type of membrane, plus another time
without it to obtain a blank measurement. The area resistances (Q2 cm?), with and
without membrane, were taken as the slope of the plot with the applied current
density i (A/cm?) on the x-axis and the potential U (V) on the y-axis. Then, the
membrane resistance r» was calculated by subtracting the resistance of the blank 7
from the resistance with the membrane 7, ; as shown in Eq. 5.

Tm = Tm+s — s /1.5/

7.2.3.5 Single AEM characterization in six-compartment cell

The six-compartment cell was also employed to characterize the behavior of single
AEMs when employed to desalinate the BW+P solution. The cell had the same
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configuration as previously described, with compartments the four inner
compartments filled with the BW solution. The AEM under study was placed in the
middle of the cell and employed to desalinate the solution in compartment four at a
constant current density of 28 A/m? [17]. After 30 minutes, the solution running
through compartments 3 and 4 was substituted by BW+P solution containing 200
mg/L HPAM, after which the desalination continued for 90 minutes.

7.2.3.5.1.1 Sorption tests

Sorption tests were performed to evaluate the effect of exposing the membrane to
HPAM-containing solutions, but without passing a current through them. The tests
were performed by dipping virgin membrane coupons in 0.5L of BW+P solutions
containing 200 mg/L HPAM. The solution was contained in plastic boxes that were
kept closed and stored at lab temperature. After 48 hours, the membranes were
recovered for analysis, and samples of the solution were collected and analyzed for
Total Organic Carbon (TOC). The concentration of HPAM was related to TOC
measurements through a standard curve (Figure A7.2).

7.2.3.6  Solution analysis

Samples taken during the ED and membrane characterization experiments were
analyzed for their ionic and carbon composition. Cations were determined via
inductive-coupled plasma optical emission spectroscopy (ICP-OES, Optima
5300DV, Perkin Elmer), and anions through ion chromatography (IC, 761 Compact
IC, Metrohm). Total Carbon (TC), inorganic carbon (IC), and total organic carbon
(TOC), were measured using a TOC analyzer (Shimadzu TOC-VCPH).

7.2.3.7 Electrodialysis model

The potential U required during the electrodialysis was calculated by modeling the
system as an electric DC circuit with resistors in series. The area-specific resistance
of a single cell-pair consists of four terms: the area-specific resistance of a CEM (rcem),
that of the compartment filled with a spacer and a concentrated salt solution, that of
the AEM (r4em), and that of the compartment filled with a spacer and a diluted salt
solution. Since the feed solution was the same for both compartments and Dan was
relatively low, the resistances of the diluate and concentrate solutions can be
calculated using the feed conductivity (x,), so the potential required by the stack can
be calculated using Eq. 7.6:

_ 7. TCEM . (TcEM . h TAEM /7.6/
Uv=1 Am [1_3 +N (1—3 +2 Ko'(l_Vsp) + 1-p )]

Where I is the current (A), An is the membrane area (cm?), N is the number of cell
pairs, {3 is the shadow factor, and Vsp is the volume fraction of the spacer [40]. The
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equation considers the N number of cell pairs plus the extra CEM needed to close
the stack.

7.3 Results and discussion

The first part of this section contains the results from the electrodialysis runs
performed with the different AEMs. The second one includes the characterization of
the membranes, including the virgin ones, and the ones recovered after the ED and
the sorption experiments.

7.3.1 Desalination performance with different AEMs

After assembling each ED stack, its robustness was tested by desalinating 0.5M NaCl
solution at 100 A/m? for approximately 16 hours (stage I). An example of the plots
recorded during this stage is included in Figure 7.2, and the average absolute
potential U recorded for each stack is summarized in Table 7.4. The lowest electric
potential, and therefore the lowest stack resistance, was measured for the stack
containing Fuji type 10 AEMs, which was approximately 30% lower than for the
stack with Fuji type 12 AEMs, the one that registered the highest potential.
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ohn »® - L
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Figure 7.2. Electric potential U (marine) and current density i (light blue) versus time during the
desalination of NaCl 0.5M (stage ) in EDR mode. Values measured for the stack composed by (A)
Neosepta AMX and (B) Fuji type 10. The plots obtained from the other stacks can be found in the
Appendix.

Table 7.4. Average absolute potential [U| measured while desalting NaCl 0.5M solution at 100 A/m?.

Stack ITI (V) stage A (0.5M NaCl)
Neosepta AMX 0.68
Suez AR204E 0.81
Fuji type 10 0.63
Suez AR908E 0.74
Fuji type 1 0.54
Fuji type 12 0.93
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Next, the feed solution was switched to BW, and the stack rinsed for one hour. For
the stack containing Neosepta AMX, the LCD was determined to be 180 A/m?
corresponding to the inflexion point in the plot of current density versus stack
voltage (Figure A7.4). For the rest of the stacks, a similar method was employed, but
the measurement was stopped after ensuring that operating at 100 A/m? would still
fall within the ohmic (linear) region. The only stack whose LCD was below 100 A/m?
was the one containing FujiFilm type 12.

After the LCD tests, the stacks were employed for 6 hours to desalinate BW at 100
A/m? (stage II), as shown in Figure 7.3. Stages III and IV implied increases of the
flow velocity, while in stage V the current density was decreased to 75 A/m?to avoid
operating at high voltages. The figure shows that when crude oil was incorporated
in stage VI no sharp increase in voltage was observed, the first time this occurred
during the EDR runs. The relatively stable voltage profile was also observed during
stage VII, whose feed solution contained 40 mg/L of crude oil, and allowed to switch
back to a higher current density (100 A/m?) for stage VIIL

Figure 7.3 also shows that the measured potential fluctuated differently for each of
the stacks. Still, it is possible to identify that the membranes Suez AR204E, Suez
AR908E, and Fuji type 12 coincide in reaching higher voltages during the first hours
of the experiments when desalinating at a current density of 100 A/m?. The figure
also shows that for the stages operated at 75 A/m?, the voltage remained relatively
stable, although slight increases occurred during stage VII for the Neosepta, Fuji 10,
and Suez AR204 stacks.
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Figure 7.3. Electric potential U versus time during the EDR runs with stacks containing different
AEMs. Chronologically, the experiments were performed in the following order: Neosepta AMX, Suez
AR204E, Fuji type 10, Suez AR9OS8E, Fuji type 1, and Fuji type 12.

The effects of multivalent ions were also observed in two stacks. First, the stack
containing Suez AR908E presented some voltage peaks after changing from NaCl to
BW solution, which was likely related to the presence of multivalent ions. This effect
was further analyzed with the Fuji 1 stack since the first 4 hours of stage II
desalinated a BW solution without divalent ions (Ca and Mg). As can be seen in
Figure 7.3, this had a significant effect, since the recorded voltage was nearly half of
that needed when desalting BW solution with all its components.

Figure 7.4 shows the degree of demineralization (Dun) calculated from the measured
conductivities of the solutions, according to Eq. 7.1. In general, the degree of
desalination achieved with all the stacks was similar, as expected, given the
operation at constant current, with values ranging between 10 and 30%. For the
stacks composed by Neosepta AMX and Fuji type 1, the initial Din was slightly
higher than for the rest, but it leveled at 20% around hour 60, when the current
density was lowered to 75 A/m? (stage V). The lower plot also shows the moment
when limiting current conditions were reached for the Suez AR908E and the Fuji
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type 12 stacks at hour 6, when stage III started, as indicated by their lower

demineralization performance.
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Figure 7.4. Demineralization after a single pass (%) vs. time during the EDR runs performed with
different AEMs. Calculated values are represented by the symbols, and continuous trendlines
(calculated as moving average) are included only for guiding the eye. The change of stage is

represented by the horizontal lines.

Among the anions present in the feed solution, the removal of sulfate is particularly
interesting because it is the only divalent, and it is usually transported with more
difficulty than the monovalent ones [41]. Figure 7.5 shows the sulfate removal,
which was calculated from the diluate and concentrate samples taken during the
runs. The initial SO4 removal values of the stacks varied significantly, from almost
50% for Suez AR204E to 10% for Fuji type 12, with most values around 30%. The
SO« removal above 30% in the initial stage is expected since this anion was not
present in the solution before, so the membranes are still conditioning in the BW
solution. Once the membranes are conditioned, the SO removal further stabilizes.
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Figure 7.5. Measured sulfate removal vs. time for each stack. Each data point was calculated from
the average changes in sulfate concentration in both the diluate and the concentrate stream.
Continuous trendlines (calculated as moving average) are included only for guiding the eye.

7.3.2 Evaluation of the anion exchange membranes

Membrane properties (thickness, water uptake, IEC, permselectivity, and area
resistance) were determined for virgin and fouled AEMs. There were two kinds of
fouled membranes: the ones recovered from the ED-stack (photography’s of these
membranes are included in Figure A7.5), and the ones recovered from the sorption
tests. The sorption experiments were performed to assess if the changes measured
were caused by PFPW being transported, or if similar behaviors were observed
when the AEMs were soaked in BW+P solution. We refer to sorption and not to
adsorption tests because, although it has been noticed that the HPAM molecule is
too big to go through the IEMs [6], it is possible that segments of the linear chains of
the polymer can get inside the membranes.

The properties measured for the virgin membranes are included in Table 7.5,
together with some values reported in the literature.

225




Chapter 7

Table 7.5. Values measured and reported in the literature for membrane properties. Typical repeat
errors for permselectivity are below 0.02

AEM Wet IEC Water Hydration Perm- Area Area
type thickness (meq/g  uptake  numberA  selectivity resistance  resistance
(um) dry (g (mmol () in 0.5M in BW
AEM) H:0/g H:0/meq) NaCl (Q.cm?)
dry (Q.cm?)
AEM)
Neosepta 137 +2 13+ 0.25+ 10.6 0.9 0.94 239+0.05 9.92+0.14
AMX 141 [26], 0.03 0.02 0.94 [26], 2.77 [26],
138 [29] 14 0.23[26], 0.91[29] 2.35[29]
[26],  0.16[29]
1.3 [29]
Fuji type 127 +2 149 + 0.40 = 171+1.4 0.86 1.24+0.01 8.77+0.11
1 139 [25] 0.24 0.03 0.90 [26] 1.05 [26]
1.8[26]  0.56[26]
Fuji type 151+3 2.16 = 0.63 = 163 +0.8 091 1.56+0.02  554+0.12
10 0.12 0.03
Fuji type 148 +13 149 + 0.21 % 79+0.23 0.90 5.13 £0.03 14.19 +
12 0.18 0.02 0.26
Suez 616 +11 1.35+ 0.50 = 14.8+0.3 0.90 4.73+0.01 11.09 +
AR204E 0.18 0.03 0.42b 55 0.18
2.342
Suez 655+ 14 1.84 + 0.55 + 16.7+0.9 0.92 4.96 +0.03 10.08 +
AR908E 0.19 0.04 0.43v 6.0 0.19
1.972

2The manufacturer reports the IEC as meq/g of dry resin, so the values cannot be compared directly.
b Values reported by the manufacturer as % of the wet resin.

7.3.2.1  Physico-chemical characterization of new membranes

In general, the measured thicknesses correspond with the ones reported in the
literature and by the membrane suppliers (Table 7.2). The only exception was Suez
AR204E, which was over 60 pum thicker than reported by the supplier. Regarding the
IEC of the AEMs, it ranged between 1.3 meq/g-dry for Neosepta AMX to 2.19 meq/g-
dry for Fuji type 1. For the membranes for which data is available, the measured
values do not deviate significantly from other values reported.

Water content is a function of the molar percentage of charged groups in the
membrane. Charged groups in the membranes increase osmotic pressure hence
increasing water uptake [42]. As presented in Table 7.4, the water uptake of the
membranes under study covered a wide range, from 0.21 g H2O/g dry AEM for the
highly crosslinked Fuji type 12, to 0.63 g H2O/g dry AEM for Fuji type 10. However,
since the dry weight of the AEMs includes the thick support of the Suez membranes,
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WU comparisons could be deceptive. To avoid this, the hydration number A of the
membranes was also calculated. This parameter shows that Neosepta AMX, Fuji
type 1, and Fuji type 10 possess similar water content. Fuji type 12 is the least
hydrated, corresponding with its measured WU. Regarding the Suez membranes,
their hydration numbers are higher than for the rest of the AEMs and similar
between each other. This observation agrees with the hydration reported by the
manufacturer, which, although given in % of wet resin, indicates that the
membranes are similar.

7.3.2.2  Electrochemical characterization of new membranes

The permselectivities of the evaluated membranes were similar, around 0.9.
Neosepta AMX presented the highest value, 0.94, consistent with previous reports
in the literature [26,29]. The high permselectivity of the membranes was expected
since this property is directly related to the fixed charge concentration, which is high
for all the evaluated AEMs.

The area resistances of the membranes were measured in two different solutions:
0.5M NaCl, which enables us to compare our measurements to others reported in
the literature, and the BW solution employed during the desalination experiments.
Among the six AEMs, Fuji type 12 exhibited the highest electrical resistance for both
the NaCl solution (5.1 Q)-cm?) and the BW one (14.19 Q-cm?). Despite Fuji type 12 is
a thin membrane, the high resistance was expected since this property is highly
dependent on water content, which is itself linked to the fixed charge concentration
of the polymer [38]. Fuji type 12 presented a relatively low IEC, low hydration
number, and, consequently, a high area resistance. Although much thicker than Fuji
type 12, the Suez membranes presented similar resistance values, which can be
explained given their higher water content. The other FujiFilm membranes (type 1
and type 10) show a low electrical resistance, as expected, given their thin support
and elevated water content. The electrical of Neosepta AMX was slightly higher than
for Fuji type 1 & 10, although they have similar thicknesses, which could be
attributed to a higher crosslinking degree.

7.3.2.3  Physico-chemical evaluation of fouled membranes

The water uptake (WU) measured for the AEMs is displayed in Figure 7.6A.
Compared to the virgin membranes, the fouled membranes after sorption and after
electrodialysis presented similar changes; that is, they both increased or decreased
depending on the type of AEM. Most of the membranes presented a net increase in
WU, and only Neosepta AMX and Fuji type 10 membranes presented a decrease.
The measured increases in WU are, at least partially, attributable to the presence of
viscous solution being removed together with the AEM. The removal was evident
because the fouled coupons had higher wet weights than the ones from virgin
membranes, despite all being cut with the same surface dimensions. Although the
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surfaces of the coupons were smoothly cleaned with a tissue, it is likely that some
HPAM-containing solution remained on the AEM, especially on those with a
rougher surface.

If the comparisons are made in terms of the hydration number, as shown in Figure
7.6B, the results indicate that the thin membranes (Neosepta and the Fuji ones),
presented a decrease in hydration. In contrast, for the Suez ones, the tendency is still
an increase in hydration. Other studies have also reported both increase and
decrease of water content on aged membranes [43].

Figure 7.6C shows the IEC measured for the virgin and fouled membranes. With a
few exceptions, the IEC of the AEMs did not significantly change when fouled, either
by sorption or by ED. The exceptions were Fuji type 1 and Suez AR908E after ED,
both of which presented a notorious increase of IEC compared to the virgin
membranes. The increase in IEC could be caused by the presence of calcium ions,
which could interact with the negatively charged HPAM to form a complex group
with a positive net charge. The positive net charge group may provide extra charge
carriers on the surface of the membranes hence increasing ion exchange capacity.
Additional sorption tests were performed with only HPAM and NaCl solution (to
exclude the effect of the divalent ions), and it was observed that the IEC of fouled
AEMs dropped close to that of the virgin ones (data not shown).

The slight decreases in IEC are, on the contrary, commonly measured for aged or
fouled membranes [43], and can have diverse causes. One is the foulant occupying
the fixed charge group’s sites, thus reducing the number of fixed charge carriers. The
reduction of IEC is also typical when the membranes were exposed to high pH, for
example, when reaching limiting current conditions and hydroxide anion was
formed. When operated under high pH conditions, the functional groups of AEMs
can decompose, and its functional property is reduced [24,37].
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Figure 7.6. Comparison of membrane properties for virgin, soaked, and membranes fouled after ED.
(A) Water uptake (WU), B) hydration number (1), C) ion exchange capacity (IEC), D) Charge per area,
E) permselectivity and, F) area resistance (in 0.5M NaCl).
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7.3.2.4  Electrochemical characterization of fouled membranes

Figure 7.6E shows the permselectivities measured for all the AEMs. In this case, all
fouled membranes presented the same behavior: their permselectivity decreased
(except for Neosepta AMX after sorption, which remained the same). Two reasons
can explain permselectivity reduction. First, HPAM and other charged molecules
present in the solution probably interacted with the fixed charged groups of the
AEMs and reduced their effective charge, therefore diminishing their ability to reject
co-ions. A second reason is a permselectivity dependence on the binding affinity of
the counterion with the polymer fixed charge groups [34]. Given the composition of
the BW employed during the experiments, it is expected that varied counterions
(Cl, SOs* and HCOs) would be present inside the AEM matrix, thus affecting
membrane permselectivity.

The permselectivity also can be affected by the water content of the membrane, and
the higher the water sorption, the lower the permselectivity of an AEM [38]. This
relationship explains why the sharpest decreases in permselectivity (above 10%)
were recorded for the Suez membranes, which presented the highest increase in
water uptake (Figure 7.6A).

Furthermore, the permselectivity drops were more severe upon AEM sorption. Two
factors might have influenced this result. First, the crude oil incorporated in the feed
solutions from the last stages might foul the AEMs in a different form. Second, the
dynamic operation in the ED-stack, particularly regarding fluid hydrodynamics,
might have limited the amount of foulant remaining on the membranes.

Figure 7.6F shows the electrical resistance, measured in 0.5M NaCl, of the six AEMs.
For most of the fouled membranes, there was a slight increase after fouling from
both sorption and ED process, and even in a few cases, the resistance of the fouled
membranes did not have a significant change. It must be recalled that the membrane
coupons employed for resistance measurement were the same previously employed
for measuring permselectivity (see section 7.2.3.4), so any foulant that was not firmly
attached was removed by the fluid while measuring permselectivity. Therefore, the
increase in resistance could be attributed to some firmly attached foulants (HPAM,
oil), which attach to the membrane and reduce the available surface area for ion
permeation. Resistance can also be affected by the presence of varied counterions on
the AEM matrix, which affect the water content of the membrane [38].

7.3.3 Relationship between membrane properties and process behavior

In this section, we relate the performance of the stacks composed by different AEMs
with the information gathered during the individual membrane characterization.
Since the most considerable differences in stack performance were observed in terms
of voltage increase, we first focused on explaining this behavior. To do so, we
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modeled the ED stack as an analogous DC circuit in which the different components
(CEM, AEM, diluate and concentrate compartments) are represented as a series of
resistances, as explained in section 7.2.3.8. The parameters employed in the model
are summarized in Table 7.6.

Table 7.6. Parameters used for the ED model

Parameter Value
CEM resistance (0.5M NaCl) 3.3 Q-cm? [39]
CEM resistance (BW) 7.0 Q-cm? [39]
AEM resistance (0.5M NaCl and BW) Table 7.5
Shadow factor 3 0.48 [40]
Spacer volume Vsp 0.2
Current density 100 A/m?

Figure 7.7A shows that the modeled results are close to the ones measured during
stage I, when a 0.5M NaCl was desalinated (Table 7.4). Furthermore, the same figure
includes the results obtained after adjusting the model to estimate the potential
required to desalinate the BW solution. For that case, CEM and AEM resistances had
to be considered, as indicated in Figure 7.6. The voltages thereby obtained also
approached the ones measured when the BW desalination was just started.
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Figure 7.7. A) Comparison of modeled and measured voltages for the different stacks operated at
100 A/m?. B) Contribution of AEM resistance to the stack resistance according to the model for the
BW solution.

Besides reasonably predicting the voltages required by the different stacks, the
model allowed us to weight the contribution of each of the cell pair’s components.
Focusing on the AEM’s, we estimated that for the membrane with the lowest
resistance, Fuji type 10, the AEMs represent 26% of the total stack resistance. In

contrast, for the stack composed by Fuji type 12, the AEMs represent 48% of the
resistance (Figure 7.7B).
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Please note that the model is applied to the initial conditions of stage II, when only
BW was being desalinated. However, not all stacks behaved the same during this
stage. While for three of the stacks (Neosepta, Fuji type 1 and type 10), the applied
voltage stabilizes very fast; for the other three membranes, it remains to fluctuate
during the stage (see Figure 7.3). This difference could be attributed to the
membranes still conditioning to the composition of the BW solution (given their
thickness and high degree of crosslinking they take longer to do so), but also to the
likely development of concentration polarization. This explains the differences
between the modeled voltage values and the measured ones. Then, when the
HPAM-containing solution is incorporated in stage III, concentration polarization
increased and reduced the active area of the membranes, causing the surge in
voltage. Figure 7.3 shows that all stacks were somehow sensitive to the
incorporation of BW+P solution, but the ones containing AEMs with lower electric
resistance had smaller changes than the others.

In this regard, it appears that the other membrane properties analyzed in this study
did not have much influence on the development of concentration polarization.
Figure 7.4 shows that lower desalination performances were recorded for the stacks
composed by Fuji type 12 and Suez AR908E. Both AEMs coincide in having high
area resistance, but their other properties differ significantly. Fuji type 12 has low
WU, low IEC, and charge/area, while Suez AR908E combines a high WU with high
IEC and charge/area.

Further tests were performed on single AEMs desalinating BW+P solutions at
moderate current density (28 A/m?) in the six-compartment cell (section 7.2.3.5).
During the tests, the transmembrane electric potential (TMEP) was monitored
continuously. Any sudden increase could be related to the development of
concentration polarization and fouling on the different AEMs when exposed to the
BW+P solution [17]. However, the results presented in Figure 7.8 indicate that
desalinating the BW+P solution did not cause a notorious increase of the TMEP,
independently of the AEM under observation. For example, the membranes with
low water content (Neosepta AMX and FujiFilm type 12), had similar behavior to
those with high water content (Suez membranes). These results suggest that the high
voltages achieved during the stack operation were not only driven by AEM fouling.
Thus, it is likely that other factors were triggering the increase in voltage.
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Figure 7.8. Measured transmembrane electric potential (TMEP) vs. time for fouling experiments in
the 6-compartment cell. BW was desalinated at 28 A/m? for 30 minutes, after which the feed was
substituted by the BW+P solution. Plot A) presents results for Neosepta AMX, Suez AR204E, and Fuji
type 10, while plot B) includes Suez AR9OS8E, Fuji type 1, and Fuji type 12. The jumps in TMEP are
caused by small variations in the conductivity of the solution.

Then, it is interesting to pay attention to other phenomena happening in the cell, like
concentration polarization and fouling of the spacer. The clean spacers already had
a significant shadow factor, but this effect might have increased when they were
exposed to HPAM-containing solution. The spacers, made of polyamide, had likely
a high affinity with the polyacrylamide contained in the BW + P solution. Thus, the
additive effects of higher solution viscosity plus the higher affinity with the spacer,
the active area of the membranes in contact with the BW + P solution, was effectively
reduced. For the stacks containing low-resistance membranes, this did not have a
significant effect.

On the contrary, the stacks that contained AEMs with higher resistance reached LCD
conditions almost immediately. According to the Nernst-Planck equation, higher
resistance is due to lower diffusivity or thicker membrane.lon transport by
migration at high resistance can still be high by applying high voltage, but the
driving force for diffusive ion transport cannot be compensated. Thus, the effect of
high resistance is a change of transport mechanism, fewer diffusions, more
migration. Then, the LCD occurs in the boundary layer next to the membrane due
to the depletion of ions, causing water splitting phenomena and possibly damaging
the AEMs due to the local increase of pH [24]. However, the pH meters placed after
the ED cell registered relatively small changes (< 1.0), probably due to the
bicarbonate in solution acting as a pH buffer.

Regarding the influence of the membrane chemistry, its role probed not to be as

critical as expected [44]. While desalinating the BW + HPAM solution, the aromatic
(Neosepta AMX) and some of the aliphatic membranes had relatively stable
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performances. When adding crude oil to the feed and with it some aromatic
compounds, the performance of all stacks stabilized (Figure 7.3). The pictures of the
recovered AEMs (Figure A7.5) suggest similar degrees of fouling for all of them. It
is also possible that surface properties non-measured in this investigation, like the
roughness and hydrophilicity of the AEM, could have influenced their performance
in the stack. However, these effects might have been small, as suggested by the
single membrane experiments in Figure 7.8.

7.4 Conclusions

Six different ED stacks, each containing a different type of homogeneous strong
AEM, were employed during 8-days experiments to desalinate PFPW. During three
of the six EDR runs, limiting conditions were reached, which was attributed to the
combination of high intrinsic area resistance of some of the AEMs and the
development of concentration polarization when HPAM-containing solution was
fed to the stack.

Operating the electrodialysis in reverse mode was only beneficial during some
minutes after the switch, after which the required voltage increased again due to
concentration polarization. Given the aim of this work of comparing the membranes
after operating under similar conditions, the current density was maintained despite
the higher voltage, which could have affected the membranes, like the reduction in
charged functional group density. For other purposes, like operating the system
during extended times, the current density should be adjusted according to the
characteristics presented by each stack.

The incorporation of crude oil in the feed solution did not have a negative effect in
terms of increasing the stack resistance, and, in some cases, it even caused its
decrease and stabilization.

This experimental work proved the close relationship between membrane
properties. Changes in their physico-chemical characteristics, like water content and
IEC, were also reflected in their electrochemical behavior, namely permselectivity
and area resistance. Membrane properties measured after ED and after sorption
experiments generally followed the same trends, suggesting that most changes were
mainly due to processes occurring on the surface of the membranes and not due to
their internal poisoning. For some membrane properties, the measured changes
were more substantial for the AEMs soaked in BW+P solution (without oil) than for
the AEMs recovered from the ED stack, which suggests that even small
concentrations of oil in solution influences the interaction between AEMs and the
surrounding solution.
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Although all tested AEMs operated smoothly after the operating current density was
decreased to 75 A/m?, this work evidenced the advantages of using membranes with
low area resistance, which are operating at higher current densities and diminishing
the risk of reaching limiting conditions. In that context, for future works, we would
choose AEMs with a low resistance to desalinate PFPW. Since resistance is a
consequence of material characteristics, the desired membrane would need to be
relatively thin, have high IEC, and moderate to high water content. However, factors
like mechanical and chemical stability, which were not analyzed in this
investigation, could turn out to be more favorable for the reinforced membranes.
Thus, for future studies, it would be desirable to i) evaluate the AEMs performance
for reaching the final desalination objective, and ii) assess the long-term stability of
different kinds of AEMs.
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Appendix 7A. Supplementary material
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Figure A7.1. Scheme of the two-compartment cell utilized for potential measurement, the
potentiostat measures the open cell voltage. The solutions were stored in a warm bath at 25°C.
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Figure A7.4. Current density vs. voltage curves obtained when desalinating BW solution in stacks
containing (A) Neosepta AMX, (B) Suez AR204E, (C) Fuji type 10, (D) Suez AR9OSE, (E) Fuji type 1, and
(F) Fuji type 12. For Neosepta AMX, the LCD was calculated, while for the other AEMs, the test was
only performed until enduring that the operation at 100 A/m? would follow ohmic behavior (linear

trend).
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Figure A7.5. Photography’s of anion exchange membranes recovered after the EDR runs
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Chapter 8

Abstract

When desalinating an industrial stream like polymer-flooding produced water via
electrodialysis (ED), high water recoveries, low energy consumption, and reduced
membrane area are all desirable. However, little effort has been done until now to
experimentally achieve these goals. Encouraged by recent and promising results
obtained using aliphatic membranes and pulsed electric field, this study
experimentally evaluated different strategies and operational conditions to increase
the water recovery while keeping a low energy consumption. The results obtained
were analyzed to understand the tradeoffs in operative time, water recovery and
energy consumption. At last, the experimental data was employed to perform an
economic analysis, which indicated that although further optimization should be
possible, current conditions already make ED desalination of polymer-flooding
produced water a sound case from an economical point of view.
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8.1 Introduction

Polymer-flooding produced water (PFPW) is a relatively new waste stream co-
produced by the oil and gas industry when polymer flooding technology is applied
to enhance oil recovery from a field. PFPW typically contains varying amounts of
dissolved solids —mainly salts-, oil, and a viscosifying water-soluble polymer,
typically partially hydrolyzed polyacrylamide (HPAM) or one of its derivatives [1].
To be reused in polymer flooding, PFPW should be partially desalinated, a goal that
can be achieved by using electrodialysis (ED) [2,3]. However, the mixed composition
of PFPW, and particularly the presence of the polyelectrolyte HPAM, makes the
desalination by ED challenging due to concentration polarization and fouling
[1,4,5].

An option to reduce concentration polarization and fouling incidences during ED is
to use a pulsed electric field (PEF) [6]. This mode of operation consists in applying
the electric current for a short time (pulse), followed by a resting period without
current (pause), while the streams are continuously pumped through the ED stack.
In this way the built up of polarization layers is prevented. In previous
investigations, PEF and continuous modes were employed and compared in their
performances to desalinate PFPW. Membrane surface analyses revealed that fouling
was minimal, with negligible differences between both operation modes. In contrast,
noteworthy reductions in energy consumption (above 30%) and desalination
performance were found, especially when employing a pulse/pause regime of 1s/1s

[7].

Although these results were encouraging, the small amount of fouling found on the
IEMs was a surprise. Two explanations were put forward: either the duration of the
experiments (2-8 hours) was too short to accumulate significant amounts of foulants,
or the membranes employed (FujiFilm type 10) had superior antifouling properties
than others previously employed in various studies [3,8,9].

Both hypotheses were addressed in a recent study, in which synthetic PFPW was
desalinated continuously for 8 days employing stacks composed of different kinds
of AEMs. The desalination performance and membrane analysis indicated more
fouling than in the PEF study. Regarding the role of the membranes, it was found
that the likelihood of the stacks reaching limiting conditions mainly depended on
the resistance of the AEMs. Moreover, the stability in stack desalination
performance, was smaller for aromatic AEMs than for aliphatic AEMs, suggesting
that the latter were more adequate to desalinate PFPW [10].

The next step in operationalizing PFPW desalination by advanced ED is to operate
the lab-scale system under relevant conditions to optimize energy consumption,
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capital investment and water recovery, as well as the tradeoffs among these factors,
as will be further elaborated.

First, the ED process needs to be designed to generate more product and less
concentrate, that is, to achieve high water recoveries. This results from the purpose
of desalinating PFPW is to reuse it, while minimizing the concentrate solution that
needs to be further treated or disposed of. However, previous investigations have
been conducted at constant water recoveries around 50%. Higher water recoveries
could mean less waste, higher energy efficiency, and lower costs [11]. With ED very
high water recoveries can be reached, above 90% for some industrial cases [12,13].
These high recoveries can be achieved by operating the ED in the feed and bleed
mode [12], or in a batch process by splitting the feed disproportionately. Of course,
achieving higher water recoveries may also affect energy consumption and
likelihood of scaling, both of which could increase.

Another aspect to be considered when designing an electrodialysis process for
PFPW is the number of hydraulic stages. Typically, the design values for salt
removal in one hydraulic stage is 40-50%, meaning that to increase the amount of
salts removed in an ED system, additional stages must be incorporated [13]. For
example, Doornbusch et al. recently found that four stages would be needed to
obtain drinking water (TDS<0.5 L) from seawater [14]. This is because the operating
current density for an electrodialyzer is usually limited by the lowest salinity during
the stage. If the process is divided in two or more stages, each stage can be operated
at different current densities, which has a positive impact in the production rate, but
implies more equipment and different energy consumption. In our case study
(PFPW mimicking that from the Marmul field in Oman), the salinity of the feed is
just below 5.0 g/L[15], while the desired salinity of the product is around 1.0 g/L[16],
so 80% salt removal is needed. This means that, if PFPW is desalinated in a
continuous process, at least two stages would be desirable to achieve the preferred
product quality.

Another aspect that hasn’t been addressed yet is the analysis of the cost-benefits of
applying PEF at a larger scale. For a non-optimized system, we achieved energy
savings of approximately 30% for a PEF regime of 1s/1s. Because of the pauses
during operation, the time required to desalinate a fixed volume of solution was
almost doubled. If a production rate is defined, a system operated in PEF with a
1s/1s regime would require twice the membrane area needed by an ED system
operated in continuous mode. It might be possible to further reduce the pause time
and still obtain beneficial results. For example, Mikhaylin et al. found their best
results in terms of demineralization rate and low scaling by applying regime pauses
four times shorter than the pulse (2s/0.5s) [17].
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Summarizing, when selecting operational conditions for an ED system, the tradeoff
between energy consumption, capital investment (including membrane area and
staging) and water recovery should be considered. PFPW being highly viscous and
containing high concentrations of polymers, does not behave like common brackish
water, hence literature guidelines for designing and operating a system to minimize
the total costs of regular brackish water desalination[18] might not be fully
applicable and the costs and implications for PFPW desalination can be very
different. For example, Thiel et al. estimated that, in practice, the minimum work
necessary to desalinate produced water could be up to 9 kWh/m?, nearly an order of
magnitude higher than for seawater desalination [19].

Operational conditions for an ED system can vary quite significantly, and selection
and design of an adequate ED configuration for a certain application requires a
thorough understanding of the relationships among energy consumption — capital
costs — water recovery. Furthermore, the possibility of using pulsed electric field has
not been explicitly considered in the reports available in literature. Therefore, this
study has two objectives: 1) to evaluate PFPW desalination at conditions close to the
foreseen industrial application, specifically operating at high water recoveries, and
at -close to- limiting current density, and 2) to use the collected data to relate
performance in terms of energy consumption — capital costs — water recovery, and
to identify strategies to cope with their tradeoffs.

To achieve these objectives, the study is subdivided in three sections. In the 1st
section, the water recovery was systematically increased while evaluating the effects
in energy consumption and water transport. In the 27 part, the performance and
fouling sensitivity of two ED-stacks composed of different IEMs was evaluated.
Finally, the 3 section employs the results from the previous two to scrutinize the
energy-membrane area—water recovery tradeoffs, and to discuss the feasibility of
using PEF during the process.

8.2 Materials and methods

8.2.1 Preparation of solutions and chemicals

The feed solutions consisted of a mixed salt solution, referred as brackish water
(BW), plus viscosifying polymer (BW+P). The BW solutions were prepared in
demineralized water, according to the composition of the Marmul field (Oman), by
adding the following salts: 53.3 mM NaCl, 15.6 mM NaHCOs, 2.51 mM Naz50s, 0.72
mM KClJ, 0.65 mM CaClz, and 0.46 mM MgCl2 [15]. The pH of the fresh solutions was
7.7, and their conductivity 7.75 mS/cm.

All BW+P solutions had a concentration of 0.5 g/L of partially hydrolyzed
polyacrylamide (HPAM). They were prepared by slowly pouring the polymer inside
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the BW solution under fast agitation, after which the mixture was left stirring at low
speed overnight.

The salts employed to prepare the solutions (NaCl, KCI, MgCl>-6H:0, CaCl2-2H20,
Naz2S0s, and NaHCO:s) were analytical grade, purchased from VWR (Belgium), and
employed without further purification. The HPAM employed was Flopaam 3130S
(MW= 4.4 to 4.8 million Da and 30% hydrolyzed), kindly provided by SNF (France).
NaOH and HCI solutions utilized for chemical cleaning were prepared from
analytical grade reagents purchased from VWR.

8.2.2 Electrodialysis setup

Experiments were performed in ED stacks like the one previously described [7]. Two
configurations were used:

i.  FujiFilm (FF) stack. Contained seven FujiFilm type 10 AEMs, six CEMs type
10, and two Neosepta CMX, which were placed at both ends of the stack as
shielding membranes.

ii. = Neosepta stack. Consisted of seven Neosepta AMX membranes, six CMS
CEMs, and two Neosepta CMX as shielding membranes.

The FujiFilm membranes were kindly provided by FujiFilm Manufacturing Europe
B.V., while the Neosepta membranes were purchased from Eurodia (France). The
working area of each membrane (104 cm?), spacer, gasket, and electrode were the
same as previously reported. A potentiostat/galvanostat Ivium-n-Stat (Ivium
Technologies, NL) controlled the electrical current and measured the potential
difference over the cell. The potential difference was measured using two reference
Ag/AgCl gel electrodes (QM711X, QIS, NL) placed at the inlet of each of the
electrode compartments.

The diluate, concentrate, and electrolyte solutions were pumped by three
independent MasterFlex pumps. The conductivities of the diluate and concentrate
were measured in line with two conductivity probes (Orion DuraProbe 4-electrode
conductivity cell 013005MD) placed before the ED stack. The probes were connected
to a transmitter box (Orion Versastar Pro), which corrected the measured values to
the reference value at 25 °C. The pH of the solutions was measured with two pH
probes (MemoSENS Endress+Hauser) connected to a transmitter box (P862, QIS).
Two back-pressure valves (0.25 bar) were placed at the outlet of the electrolyte
solution to guarantee the complete wetting of the electrodes.
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8.2.3 Electrodialysis runs

The electrodialysis experiments were run in batch mode until the design
conductivity of 2.0 mS/cm was reached in the diluate stream. Most of them were run
at a constant current of 40 A/m?, which was found to be the limiting current density
when desalinating a 2.0 mS/cm solution prepared by diluting the BW solution with
demi water (Figure A8.1). Diluate and concentrate feed solutions had the same
composition. Both were pumped at 260 mL/min (linear velocity of 2.0 cm/s), while
the electrolyte was circulated at 170 mL/min. The ED runs were performed at 23 +
1°Cin a controlled-temperature laboratory.

Two sets of experiments were performed during this study, summarized in Table
8.1 together with their main conditions. For the water recovery set (#1), the only
variable was the ratio between the volumes of diluate (Vp) and concentrate (Vc),
which had different values depending on the volume of concentrate, which was
varied between 5.0 to 0.5 L. The rest of the operational parameters, including the
volume of the diluate (5.0L) and current density (40 A/m?), were kept constant. This
set was run only with the FujiFilm stack.

Table 8.1. Summary of ED runs performed during this study

Vi \Y i
Run/set Stack (Ll; @ lc) Stages Mode A /lmz) Replicates

la FujiFilm 5.0 5.0 1 Continuous 40 3

1b FujiFilm 5.0 3.0 1 Continuous 40 1

1c FujiFilm 5.0 2.0 1 Continuous 40 1

1d FujiFilm 5.0 1.0 1 Continuous 40 1

le FujiFilm 5.0 0.5 1 Continuous 40 3

2a Fujifilm & 4.0 0.4 1 Continuous 40 Set of 3
Neosepta

2b Fuiifilm &=y 5 104 1 PEF 15/0.55 40 Set of 3
Neosepta

2c Fuifilm & 17 5 1 04 1 PEF 15/0.55 60 Set of 3
Neosepta

Before each ED run, the solutions were circulated through the cell for 10 minutes
before starting the measurements. During the experiment, the applied current, stack
voltage, and transported charges were recorded using the software provided by
Ivium (IviumSoft). Samples were periodically taken. The final volumes of the
solutions were measured with a graduated cylinder. Immediately after the runs, the
ED stack was cleaned-in-place by circulating a sequence of solutions for 10 minutes
each. The schedule included: HCI solution (pH = 2), NaCl solution (5.0 g/L), NaOH
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solution (pH = 12), NaCl solution (5.0 g/L), and a final rinse of at least 15 minutes
with BW solution [20,21].

8.2.4 ED for comparing the performance of two stacks through 3 sequential
runs

For the second part of the study, two different ED-stacks were employed, one
composed by FujiFilm membranes and one composed by Neosepta membranes
(section 8.2.2). Besides the type of membranes, both stacks were identical, containing
the same number of cell pairs, type of spacers, etc. Each of the stacks was employed
to desalinate three sequential batches of 4.0L of BW+P solution, each set operated in
a different mode. Three modes were tested: one in continuous, and two in PEF mode
run at different current densities, as described in Table 8.1. The PEF regime was
determined after performing preliminary experiments, included in Appendix 8B.
After a set of three runs was finished, the stack was cleaned-in-place as explained in
the previous section.

8.2.5 Analytical methods
8.2.5.1 Solution analysis

Diluate and concentrate samples were taken during the experiments. Their content
of cations was analyzed with inductive-coupled plasma optical emission
spectroscopy (ICP-OES, Optima 5300DV, Perkin Elmer), and that of anions with ion
chromatography (761 Compact IC, Metrohm). Total Carbon, inorganic carbon, and
total organic carbon (TOC) were measured using a TOC analyzer (Shimadzu TOC-
VCPH).

8.2.5.2  Water recovery and energy calculations

The Water Recovery (WR) was calculated by dividing the final volume of diluate
(Vby) by the sum of the initial volumes of diluate (Vb)) and concentrate (Vc,):

WR = —2f_ x 100 181/
Vp,itVci

The energy consumption (EC) was calculated by integrating the product of the
current I (A) and the voltage U (V) [22]:

EC= [I(t)-U(t)dt /8.2/

The specific energy consumption (SEC) was obtained from dividing the EC by the
final volume of diluate (Vby) in m3.
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8.2.5.3  Osmotic and electro-osmotic transport

The ionic composition of the streams, determined from the sample analysis, was
used to calculate the flux of ions from the diluate to the concentrate stream and the
concentrations in the bulk solutions. Then, the equations for osmotic and electro-
osmotic water transport (Egs. 2.1 and 2.2 in Chapter 2 [3]) were employed to estimate
the amount of water transported. The parameters D (m?/s) and tw (mol-H20/F) were
simultaneously determined by employing a non-linear solving method that would
minimize the square of the differences between the concentrations measured and
the ones estimated. The constraints given to the program were 0 <Dw<1, and 4< tw
<20.

8.3 Results and discussion

8.3.1 Water transport and energy consumption as water recovery is
increased

The first objective of this work was to increase the water recovery (WR) of the
process. The initial volume of concentrate solution (Vci) was systematically
decreased from 1.0 to 0.1 times the volume of diluate (Vp,) to achieve a higher water
recovery. Since the rest of the parameters were maintained, including the volume
and composition of the diluate solution, the amount of salts transferred from diluate
to concentrate solution was essentially the same. This implied that for smaller
volumes of concentrate, the resulting salt concentration was higher, as indicated by
the measured conductivities in the bulk solution, presented in Figure 8.1A. This had
a small effect on the electric potential required to maintain the desalination at
constant current, as presented in Figure 8.1B.
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Figure 8.1. A) Conductivity of the bulk concentrate solution (k¢) measured during batch ED
experiments desalinating 5.0 L of diluate solution with different volumes of concentrate (V) solution.
B) Electric potential (U) vs time (t) during the runs.
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Another effect of increasing the water recovery was a higher amount of water
transport, which can be inferred from differences in recovered diluate volumes
(Figure 8.2A). Free water transport (osmosis) occurs due to the difference in osmotic
pressure between the diluate and the concentrate streams, and the larger the
difference is, the higher the water transport. The relation between the driving force
and the flux of water transported by osmosis can be characterized by the water
transfer or diffusion coefficient Dw (m?/s) [3]. However, water is also transported in
the hydration shell of the ions that migrate from diluate to concentrate, commonly
referred to as electro-osmosis. The water flux due to electro-osmosis is related to the
flux of ions through the average water transport number for a specific membrane
pair tv (moles H2O/F)[23]. By employing the method described in our previous
work[3], the values of twand Dw for the pair of FujiFilm type 10 membranes were
respectively estimated as 11 moles H2O/F and 1.91x10 m?/s. Both values are higher
than the ones previously determined for the membrane pair Neosepta CMX/AMX
(t+=8, and Dw«=2.0x10-10 m?/s) [3], indicating that FujiFilm membranes allow higher
osmotic and electro-osmotic transport. Figure 8.3 shows how the modelled
conductivity values, based on ion migration and water transport, compare with the
experimental data for the runs with the lowest and the highest WR.

Finally, when plotting the specific energy consumption (SEC, calculated via Eq. 8.2),
as a function of WR (Figure 8.2B), it can be noticed that by increasing the WR from
48% to 85%, the SEC was also higher, from 0.43 to 0.50 kWh/m?. This was caused by
the combination of slightly higher electric potential required to transport the salts
across the IEMs, plus the reduction in the volume of product due to water transport.

5.0 1 0.6
1A) 1B)
49 ] = ]

] ° £05 M
= 1 @ ° = 1 e ®
>D 4.8 i e i i i.

] o |

] w 0.4 A1

] ] SEC = 0.0017WR + 0.3479

- — 03 +———r——1——7+—1—

40 S0 60 70 8 90 40 50 60 70 80 90

WR (%) WR (%)

Figure 8.2. Diluate volume (A) and specific energy consumption (SEC) (B) both vs water recovery
(WR) calculated from the ED runs with varying concentrate volume. The error bars were calculated
from experiments performed by triplicate.
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Figure 8.3. Average conductivities of the diluate and the concentrate streams vs time for
experiments with 48% WR (A) and 85% WR (B). The modelled values consider 90% efficiency, t,= 11,
and Dy,=1.91 x1077 m?/s.

8.3.2 Comparison of an aromatic (Neosepta) and an aliphatic (FujiFilm)
stack in different operation modes

The second experimental part consisted in performing three batch desalinations in
series without cleaning the ED-stack in between, with the aim of comparing their
performance after fouling has occurred. As shown in Figure 8.4, three different
operational scenarios were tested using the Neosepta and FujiFilm stacks: A)
continuous (40 A/m?); B) PEF mode (1s/0.5s) with 40 A/m? pulses (1=26.7 A/m?); and
C) PEF mode (1s/0.5s) with 60 A/m? pulses (1=40 A/m?). There were considerable
differences in the operative time and electric potential required to desalinate the
three consecutive batches of PFPW depending on the stack and mode of operation.
Among the several details that can be elaborated, our discussion will focus on three:
time differences between runs, water transport, and energy consumption.

The time differences from run to run can be better appreciated in Figure 8.5A.
Although the differences are small, it is curious to notice that while for the FujiFilm
stack the 2nd and 3t runs tended to be longer than the 1t one, the opposite occurred
for the Neosepta stack. Based on our previous work[10], this could be an indication
of some HPAM fouling the FujiFilm IEMs and reducing their permselectivity, which
causes an increase in the transport of counter-ions and a decrease in efficiency, thus
increasing the time of the run. In contrast, the duration of the experiments performed
with the Neosepta stack was highly consistent from run to run, so apparently no
changes in permselectivity occurred. The largest time difference for the Neosepta
stack occurred between the 1st and 2 run of the continuous experiments; this may
be explained by the fact that the first run of the stack was done with new membranes,
which were apparently still stabilizing during the 1% run.
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Figure 8.4. Electric potential (U) vs time during batch runs performed in sequence without cleaning-
in-place. (A) Continuous operation at 40 A/m?, (B) Pulsed operation 1s/0.5s, with 40 A/m? pulses,
and (C) Pulsed operation 1s/0.5s, with 60 A/m? pulses.
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Figure 8.5. Running time (A), water recovery WR (B), and specific energy consumption SEC (C),
obtained when operating the FujiFilm and Neosepta stacks in different modes to desalinate 3
batches of PFPW until reaching a conductivity of 2.0 mS/cm.

Water transport had also major consequences on the results presented in Figure 8.4
and Figure 8.5. It did not only have implications in terms of reducing water recovery,
but it also extended the operational time because it implies that the remaining salts
are dissolved in a smaller volume, so more ions had to be transported to reach the
desired quality in the diluate. Then, as shown in Figure 8.4A, when operated in
continuous mode, the FujiFilm stack required roughly 50 more minutes over the 390
minutes used by the Neosepta stack to complete the three ED runs. Moreover, the
average WR achieved by the FujiFilm stack was 83.4%, while for the Neosepta stack
it was 89.8% (Figure 8.5B). These results can be related to the differences between
the electro-osmotic and diffusion coefficients for both membranes, presented in
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section 8.3.1. On average, 440 meq of ions were transported from diluate to
concentrate during each of the runs, which implied an electro-osmotic transport of
~60 mL of water for the Neosepta stack and ~90 mL for the FujiFilm stack
(considering t«=8 mol H20O/F and t»=11 mol H20/F, respectively). For the Neosepta
stack, that was practically all the water that was transported, meaning that water
transport via diffusion did not play an important role, as expected from the low
osmotic diffusion coefficient (D»=2.0x10-1° m?/s). On contrary, the osmotic diffusion
coefficient calculated for the FujiFilm stack was one order of magnitude larger
(D»=1.9x10 m?/s), and our measurements also indicated that most of the water
transport (65%) can be attributed to osmosis.

Still addressing water transport, its effects were maximized during the pulsed
operation at 40 A/m? (Figure 8.4B): while the total time required by the Neosepta
stack was ~600 minutes, the operation with the FujiFilm stacks lasted more than
900 min. Similarly, the average duration of a run was under 200 minutes for
Neosepta, and 300 minutes for FujiFilm (Figure 8.5A). For both stacks, the transport
of water through electro-osmosis should have been the same as calculated for the
continuous mode (since a similar number of salt equivalents were transported), but
the osmotic transport increased due to the extended operational time. By comparing
the conductivity measurements vs time (Sup. Material, Figure A8.2) it can be
deduced that during the runs with the FujiFilm stack, forward salt transported
during the pulse and backward water transported during the pause approached
balancing values, which caused the extra operational time. However, these negative
effects of elevated water transport in the FujiFilm stack were minimized by
operating at 60 A/m? (Figure 8.4C and Figure 8.5B). In that case, the average
operative time per run with the FujiFilm stack was 165 minutes, only 22 minutes
longer than for the Neosepta stack, and the water recovery was 3% higher than for
the continuous runs (Figure 8.5B).

In terms of energy consumption, Figure 8.5C shows that when operated in
continuous mode or in PEF with low current density pulses (40 A/m?), the Neosepta
stack achieves the desired desalination with a lower SEC. However, the performance
of the FujiFilm stack improves when operated at higher currents due to lower
operative time (meaning lower water transport), and lower membrane resistance
compared to the Neosepta membranes[10]. Thus, when operated in PEF mode with
60 A/m? pulses, the SEC of the FujiFilm stack is lower than that of Neosepta one.
Additional experiments performed in PEF with 100 A/m? pulses (1=66.7 A/m?)
resulted in 1.24 kWh/m? for the FujiFilm stack and 1.43 kWh/m? for the Neosepta
one (plots included in Figure A8.3). This confirmed the tendency of improved
performance of the FujiFilm stack when higher current densities are employed.
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8.3.3 Inter-relative analysis of water recovery, energy use and implemented
membrane area

The current densities employed in the previous sections fall in the lower-end of the
recommended range to minimize costs for BW desalination[18]. However, this
disadvantage could be compensated by the savings when reusing the desalted
water, especially since they also imply savings in polymer. Thus, we performed an
economic analysis to identify if the current process design would be satisfactory
enough to move onwards to the scaling up of the process. Table 8.2 includes the
parameters and values employed for the calculations.

The costs were calculated by adding up the installed membrane costs plus the
energy costs, both in $/m® As can be observed in Figure 8.6, three cases were
evaluated: low, moderate and high, depending on the price of the installed
membrane area, which were assumed to be 100, 200 and 500 $/m? respectively.
These values were determined based on the prices of different commercial IEMs and
are in agreement with recent literature[27]. The energy cost was calculated by
adding up the pumping cost (fixed at 0.4 kWh/m?), plus the energy for desalination
cost. The desalination costs and membrane costs were calculated simultaneously,
from the data presented in sections 8.3.1 and 8.3.2 of this study, as follows: a stack
containing 0.146 m? of total membrane area (7 cell pairs x 104 cm?) produced
approximately 4.0 L of diluate in 3h of operation at an average current density of 40
A/m?2. Hence, for this current density the apparent flux is 9.1 L/m?h. Assuming an
annual utilization of 8,000 hours and a membrane lifetime of 6 years[24], each m? of
installed membrane has a total production capacity of 437 m? of diluate, or inversely,
2.28x10* m? of membrane area are needed per m® of product. Similar calculations
were performed for other current densities, some evaluated during this work (26.7,
66 A/m?), and some extrapolated (90 and 120 A/m?), resulting in energy costs ranging
from 0.05 to 0.24 $/m3, and membrane costs between 1.71 and 0.11 $/m3. Thus, for
most of the evaluated cases, the membrane cost dominates total costs, similar to
previous calculations for brackish water desalination [18].

Table 8.2. Parameters used for cost estimation

Parameter Value
Installed membrane cost 150, 250, 500 $/m3
Apparent flux with current stack @ 40 A/m? 9.1 L/m?h
Annual utilization 8,000 h
Membrane lifetime [24] 6 years
Energy consumption pumps & others 0.4 kWh/m3
Electricity cost 0.05 $/kWh
Amount of HPAM saved [3,25] 0.5 kg/m3
Price of HPAM [26] 1.0, 1.5, 2.5 $/kg
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On the other hand, the only savings considered were those from a reduced polymer
consumption. The reason for this is that the polymer is relatively costly, and the
saving of water use and discharge are highly case dependent. In this generic
assessment, these were not capitalized but could add case specific benefits on top of
those assessed here. From our previous research, it was found that by desalinating
the PFPW, at least 0.5 kg/m? of HPAM could be saved[3], an estimation supported
by other studies [25]. For the calculations three cases were evaluated: low, moderate,
and high savings, depending of the price of the polymer HPAM (1.0, 1.5 and 2.5
$/kg).

Finally, Figure 8.6 shows that when moderate costs and savings are considered, the
break-even point (indicated with an X in the figure) occurs at a relatively low current
density of 30 A/m?2. At low membrane costs, even low end in polymer savings are
offering a favorable business case at current densities of 35 A/m2. Only when the
membrane costs are in the high end, high polymer savings would be necessary to
compensate for the operation at low current densities.
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Figure 8.6. Estimation of costs and savings for polymer-flooding produced water desalination as a
function of average current density. Low, moderate, and high costs and savings scenarios are based
on the information supplied in Table 8.2.

8.4 Conclusions

During this study, the use of aliphatic versus aromatic membranes and the
application of pulsed electric field were experimentally tested to increase the water
recovery and reduce the energy consumption during PFPW desalination. Water
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transport through the ion-exchange membranes tested showed significant
differences. However, it was demonstrated how the high-water permeability of
aliphatic FujiFilm-10 IEMs affected both energy consumption and the final water
recovery of an electrodialysis-based process. However, it was also shown that most
of the water transport could be attributed to the osmotic component, which becomes
less significant when the ED was operated at higher current densities, so the
performance of the stack containing aliphatic membranes equalized that of the stack
containing the aromatic ones.

Regarding the application of pulsed electric field, comparisons made for same
average current density showed a negative impact in SEC for the Neosepta stack and
practically no impact in the case of the FujiFilm stack. Although fouling might have
formed after desalinating three consecutive batches, its effect on the overall
performance of the stacks was minimal.

The economic analysis demonstrated that the recovery of PFPW with ED at low
current density offers a realistic business case with potential to be further improved
if higher current densities are achieved. This could be achieved either by applying
the PEF mode, or by employing stacks that allow operation with higher cross flow
velocities and hence higher limiting current densities. Beyond savings in polymer
use, additional, but case specific economic and sustainability benefits can be
achieved by the reuse of water, which can be a significant factor in fresh water-scarce
areas where many oil and gas production sites are located [28].

References

[1] J. Guolin, W. Xiaoyu, H. Chunjie, The effect of oilfield polymer-flooding wastewater on anion-
exchange membrane performance, Desalination. 220 (2008) 386—393.
doi:10.1016/j.desal.2007.03.010.

[2] G. Jing, L. Xing, S. Li, C. Han, Reclaiming polymer-flooding produced water for beneficial use:
Salt removal via electrodialysis, Desalination and Water Treatment. 25 (2011) 71-77.
doi:10.5004/dwt.2011.1766.

[3] P.A. Sosa-Fernandez, J.W. Post, H. Bruning, F.A.M. Leermakers, H.H.M. Rijnaarts,
Electrodialysis-based desalination and reuse of sea and brackish polymer-flooding produced
water, Desalination. 447 (2018) 120-132. d0i:10.1016/j.desal.2018.09.012.

[4] P.A. Sosa-Fernandez, S.J. Miedema, H. Bruning, F.A.M. Leermakers, H.H.M. Rijnaarts, J.W.
Post, Influence of solution composition on fouling of anion exchange membranes
desalinating polymer-flooding produced water, Journal of Colloid And Interface Science. 557
(2019) 381-394. d0i:10.1016/].jcis.2019.09.029.

[5] H. Guo, L. Xiao, S. Yu, H. Yang, J. Hu, G. Liu, Y. Tang, Analysis of anion exchange membrane
fouling mechanism caused by anion polyacrylamide in electrodialysis, Desalination. 346
(2014) 46-53. doi:10.1016/j.desal.2014.05.010.

[6] S. Mikhaylin, L. Bazinet, Fouling on ion-exchange membranes: Classification, characterization

261



Chapter 8

(7]

(8]

(9]

(10]

(11]

[12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

262

and strategies of prevention and control, Advances in Colloid and Interface Science. 229
(2016) 34-56. doi:10.1016/j.cis.2015.12.006.

P.A. Sosa-Fernandez, J.W. Post, M.S. Ramdlan, F.A.M. Leermakers, H. Bruning, H.H.M.
Rijnaarts, Improving the performance of polymer-flooding produced water electrodialysis
through the application of pulsed electric field, Desalination. 484 (2020).
https://doi.org/10.1016/j.desal.2020.114424.

T. Wang, S. Yu, L. an Hou, Impacts of HPAM molecular weights on desalination performance
of ion exchange membranes and fouling mechanism, Desalination. 404 (2017) 50-58.
doi:10.1016/j.desal.2016.10.007.

X. Zuo, L. Wang, J. He, Z. Li, S. Yu, SEM-EDX studies of SiO2/PVDF membranes fouling in
electrodialysis of polymer-flooding produced wastewater: Diatomite, APAM and crude oil,
Desalination. 347 (2014) 43-51. doi:10.1016/j.desal.2014.05.020.

P.A. Sosa-Fernandez, J.W. Post, H.L. Nabaala, H. Bruning, H.H.. Rijnaarts, Electrodialysis
reversal for desalination of (waste)water produced after polymer flooding: performance
related to anion exchange membrane characteristics, Manuscript Submitted for Publication.
(2020).

M. Turek, K. Mitko, K. Piotrowski, P. Dydo, E. Laskowska, A. Jakdbik-Kolon, Prospects for high
water recovery membrane desalination, Desalination. 401 (2017) 180-189.
doi:10.1016/j.desal.2016.07.047.

H. Strathmann, lon-Exchange Membrane Processes in Water Treatment, in: Sustainability
Science and Engineering, Elsevier, 2010: pp. 141-199. doi:10.1016/51871-2711(09)00206-2.

F. Valero, A. Barcelo, R. Arbds, Electrodialysis Technology. Theory and applications, in: M.
Schorr (Ed.), Desalination, Trends and Technologies, InTech Europe, Rijeka, 2011: pp. 3—-20.
doi:10.1063/1.2717084.

G.J. Doornbusch, M. Tedesco, J.W. Post, Z. Borneman, K. Nijmeijer, Experimental
investigation of multistage electrodialysis for seawater desalination, Desalination. 464 (2019)
105-114. doi:10.1016/j.desal.2019.04.025.

A.R. Al-Hashmi, T. Divers, R.S. Al-Maamari, C. Favero, A. Thomas, Improving polymer flooding
efficiency in Oman oil fields. Paper SPE-179834-MS, in: SPE EOR Conference at Oil and Gas
West Asia Held in Muscat, Oman, 21-23 March 2016., SPE, Muscat, 2016: p. 18.

S.C. Ayirala, E. Uehara-Nagamine, A.N. Matzakos, R.W. Chin, P.H. Doe, P.J. van den Hoek, A
Designer Water Process for Offshore Low Salinity and Polymer Flooding Applications, SPE
Improved Oil Recovery Symposium. (2013). doi:10.2118/129926-MS.

S. Mikhaylin, V. Nikonenko, G. Pourcelly, L. Bazinet, Intensification of demineralization
process and decrease in scaling by application of pulsed electric field with short pulse/pause
conditions, Journal of Membrane Science. 468 (2014) 389-399.
doi:10.1016/j.memsci.2014.05.045.

K.M. Chehayeb, D.M. Farhat, K.G. Nayar, J.H. Lienhard, Optimal design and operation of
electrodialysis for brackish-water desalination and for high-salinity brine concentration,
Desalination. 420 (2017) 167-182. d0i:10.1016/j.desal.2017.07.003.

G.P. Thiel, E.W. Tow, L.D. Banchik, H.W. Chung, J.H. Lienhard V, Energy consumption in
desalinating produced water from shale oil and gas extraction, Desalination. 366 (2015) 94—
112. doi:10.1016/j.desal.2014.12.038.

H. Guo, F. You, S. Yu, L. Li, D. Zhao, Mechanisms of chemical cleaning of ion exchange



Desalination of PFPW at increased water recovery and minimized energy

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

membranes: A case study of plant-scale electrodialysis for oily wastewater treatment,
Journal of Membrane Science. 496 (2015) 310-317. doi:10.1016/j.memsci.2015.09.005.

Q. Xia, H. Guo, Y. Ye, S. Yu, L. Li, Q. Li, R. Zhang, Study on the fouling mechanism and cleaning
method in the treatment of polymer flooding produced water with ion exchange membranes,
RSC Adv. 8 (2018) 29947-29957. d0i:10.1039/c8ra05575k.

B. Ruiz, P. Sistat, P. Huguet, G. Pourcelly, M. Araya-Farias, L. Bazinet, Application of relaxation
periods during electrodialysis of a casein solution: Impact on anion-exchange membrane
fouling, Journal of Membrane Science. 287 (2007) 41-50.
doi:10.1016/j.memsci.2006.09.046.

A.H. Galama, M. Saakes, H. Bruning, H.H.M. Rijnaarts, J.W. Post, Seawater predesalination
with electrodialysis, Desalination. 342 (2014) 61-69. doi:10.1016/j.desal.2013.07.012.

H. Strathmann, A. Grabowski, G. Eigenberger, lon-exchange membranes in the chemical
process industry, Industrial and Engineering Chemistry Research. 52 (2013) 10364—-10379.
doi:10.1021/ie4002102.

E.C.M. Vermolen, M. Pingo-almada, B.M. Wassing, D.J. Ligthelm, S.K. Masalmeh, H.
Mohammadi, G.R. Jerauld, M. Pancharoen, IPTC 17342 Low-Salinity Polymer Flooding :
Improving Polymer Flooding Technical Feasibility and Economics by Using Low-Salinity Make-
up Brine, The SPE Imroved Oil Recovery Symposium-USA. (2014) 15. doi:10.2118/153161-
MS.

A.M. AlSofi, M.J. Blunt, Polymer flooding design and optimization under economic
uncertainty, Journal of Petroleum Science and Engineering. 124 (2014) 46-59.
doi:10.1016/j.petrol.2014.10.014.

R.A. Tufa, Y. Noviello, G. Di Profio, F. Macedonio, A. Ali, E. Drioli, E. Fontananova, K. Bouzek,
E. Curcio, Integrated membrane distillation-reverse electrodialysis system for energy-
efficient  seawater  desalination, Applied Energy. 253 (2019) 113551.
doi:10.1016/j.apenergy.2019.113551.

M. Nasiri, I. Jafari, B. Parniankhoy, Oil and Gas Produced Water Management: A Review of
Treatment Technologies, Challenges, and Opportunities, Chemical Engineering
Communications. 204 (2017) 990-1005. doi:10.1080/00986445.2017.1330747.

263



Chapter 8

Appendix 8A. Supplementary material
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Appendix 8B. Preliminary experiments to find optimal pause time
during PEF with 1s pulses

Before carrying out the set of experiments presented in section 8.3.2, ED runs were
performed to test the effect of reducing the pause period under 1s when applying a
PEF regime with pulses of 1s. This PEF mode was the best performing in our
previous investigation[7], but it was interesting to test if it could be further
improved.

The desalination experiments were performed in two stages, divided in a way that
each stage would remove around 50% of the salts [13]. The PEF mode was only
applied during the second desalination stage since this is the most energy-intensive
part of the process. The three PEF modes evaluated were: 1s/1s, 1s/0.5s, and 1s/0.33s.
Given the different pause times, the runs had different durations, but also reached
different electric potential, as can be observed in Figure A8.4. The SEC calculated for
regimes with 1s, 0.5s and 0.33s pauses were, respectively, 12.0, 16.9 and 7.4% smaller
than for the continuous case. Thus, further experiments were performed with a
1s/0.5s regime.
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Figure A8.4. Electric potential (U) vs time during the desalination of PFPW in two stages. The 1st
stage is run in continuous mode, while the 2nd is run in PEF mode with different pause times (the
continuous case is included as reference). The switch of stage was performed when the conductivity
of the diluate decreased to 3.5 mS/cm and is roughly indicated by the vertical line. The curve
presented in stage 1 is representative of the ones obtained in all the runs.
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Abstract

When performing electrodialysis to desalinate a stream, both the energy for
desalination and the energy for pumping the solutions contribute to the total energy
consumption, although usually the second term is much smaller than the first. This
might differ when desalinating streams with high viscosities, i.e. above the one of
water (1 cP). Accordingly, this experimental research focused on measuring the
contribution of the desalination and the pumping energy to the total energy
consumption when varying diverse parameters, namely the salinity and viscosity of
the feed, and the type and thickness of the spacer. It was found that the type of spacer
did not significantly influence the energy required for desalination. Regarding the
pumping energy, it was higher than predicted by models found in the literature, but
in most cases, it was minimal compared to the energy for desalination. Only when
using very thin spacers (300 um) and/or very viscous feeds (12 cP) energy for
pumping equalized that of desalination of feeds with 1 g/L NaCl. Thus, it was
concluded that the main contributor to the energy consumption of viscous solutions
is still the desalination energy, and it is recommended to use spacers of a thickness
between 450 and 720 um to keep pumping energy low.
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9.1 Introduction

Electrodialysis (ED) is a mature process applied in industrial scale for the production
of potable water from brackish water sources for more than 50 years [1]. Since then,
electrodialysis has been used in an increasing variety of applications, like production
of table salt [2], recovery of organic acids [3], and for the desalination of industrial
streams. Most of these industrial applications address the desalination of aqueous
streams with low viscosity, so the operation of the electrodialyzer does not differ
much from desalting brackish water. However, new applications are emerging, like
removal of lactic acid from acid whey [4], desalination of glycerol [5], of fish sauce
[6], and of viscous produced water from the oil and gas industry [7]. Besides their
novelty, these applications have in common the high viscosity of the feed solutions,
typically several times higher than sea or brackish water. In electrodialysis, the
viscosity of the feed solution may influence not only the mass transfer between the
solution and the membranes and hence the energy required for desalination [8,9],
but also the energy required to pump the feed through the electrodialyzer. Since it
is not known how the relative contributions for desalination and for pumping are in
the total energy consumption, there is an evident need to study the electrodialysis
of viscous feeds, focusing on the influence of several parameters in the energy
consumption.

Electrodialysis uses an applied electrical potential difference as driving force to
desalinate one of the streams circulating through an electrodialyzer, which consists
of a series of anion and cation exchange membranes (AEMs and CEMs, respectively)
placed alternately between two electrodes and separated by spacers. When
operated, the electrodes generate an electrical field which allows the cations to
migrate towards the cathode passing through the CEMs. Likewise, the anions
migrate towards the anode passing through the AEMs while the desalting and
concentrating solution flow between these membranes. Thus, the electrical potential
difference at the electrodes allows ion transport in the electrodialyzer, resulting in a
net transport of ions from the dilute compartment to the concentrate compartment
[1,10].

The energy consumed by electrodialysis can be reduced to two main sources, i.e.
pumping and desalination [11]. The energy required to separate ions in the solution
(desalination energy) depends on the performance of the electrodialysis system,
which is mainly determined by the electrical resistance of the membranes and the
solutions. In most cases, the highest resistance in the system is due to the diffusive
boundary layers close to the surface of the membranes in the diluate compartment.
Due to the non-homogeneous mixing of the solutions at the proximities of IEMs,
concentration polarization occurs, thus causing diffusive boundary layers of non-
negligible thickness inside the channel. Concentration polarization phenomena in
ED are enhanced when the current density increases. In particular, a limiting
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condition is reached when the ion concentration at the membrane/solution interface
approaches zero, and the corresponding current value is known as limiting current
density [12-14].

Spacers play an important role for both energy contributions. They are placed
between the ion-exchange membranes to create a constant intermembrane distance
and to improve the mixing of the solutions in the stack. The use of spacers can also
have some disadvantages, like covering part of the membrane and reducing the area
available for ion conduction, a phenomenon called shadow effect [15]. On the one
hand, thinner spacers are preferred to reduce the electric resistance caused by the
ion migration through the solutions [16], but on the other hand thinner spacers also
lead to increased pressure drop. Thus, it is important to have an optimal spacer
thickness. Another option is the use of spacer-less cell design, by using profiled
membranes [17,18], which allow to reduce pressure drops [19] and potentially
minimizing the risk of fouling, though less effective than conventional spacers to
promote mixing in the channels.

When fluids of viscosity above that of water, like the examples mentioned in the first
paragraph of the introduction, flow in an electrodialyzer, their friction forces are
higher than for non-viscous solutions. Hence, larger pressure losses than for other
aqueous systems should be expected. However, assessing the pressure loss in an
electrodialyzer is not an easy task. This has been recently pointed out by Wright et
al. [20], who created a comprehensive model for brackish water desalination, but
who admitted not being able to find a model that reliably predicted pressure drop
in the flow channels. Because of this, the authors concluded that it is necessary to
keep pressure drop and pumping power characterization for ED stacks as an
ongoing area of research.

Therefore, it is of special interest to investigate what are the main constraints when
employing ED to demineralize highly viscous solutions. For instance, in the case of
viscous produced water from the oil and gas industry, the feed solution could
initially have a water-like viscosity (i.e. in the range of 1-2 mPa-s) while increasing
significantly (up to 20 mPa-s) after the ED step. Such a large increase of viscosity
between inlet and outlet can remarkably impact the overall energy consumption of
ED, as well as the optimal operating conditions of the process.

Accordingly, the aim of this work is to assess the energy consumption of
electrodialysis with highly viscous streams (up to 12 mPa-s), by investigating the
effect of different parameters, both on the feed conditions (flow rate, viscosity,
salinity), and on the cell geometry (spacer thickness). We experimentally tested an
ED unit composed by spacers of different thicknesses (between 300 to 720 pm) fed
with solutions of NaCl (1 and 5 g/L) with different viscosities (1, 2, 5 and 12 mPa-s),

270



Energy consumption of an electrodialyzer desalting viscous solutions

at different flowrates. Thus, in summary, the performance varied depending on the
viscosity of the solution, the type of spacer, and the flowrate, as will be elaborated
along the article.

9.2 Materials and methods
9.2.1 Materials

9.2.1.1 Electrodialysis stack

Desalination experiments were performed in an electrodialysis stack with cross-flow
configuration for the feed streams (REDstack B.V, The Netherlands). The stack
contained 10 membrane pairs, each one composed by one CEM, one AEM, and two
spacers. The membranes in the stack were commercial CEMs and AEMs type 10
from FujiFilm B.V., while Neosepta CMX membranes (Astom Corp., Japan) were
used as outer CEMs (close to the electrodes). Once placed in the stack, each
membrane had a working area of 100 cm2. The outer membranes were separated
from the electrode compartments by 300 pum gaskets. The electrodes, placed at the
end plates, were made of titanium with mixed metal oxide coating from Magneto
Special Anodes BV (NL). The stack was closed by the two end plates and tighten
with bolts to 6 Nm. The complete seal in the stack was assured by using silicon glue.
A scheme of the stack is available in [21].

The ion exchange membranes used were FujiFilm type 10 (AEMs and CEMs). These
membranes are reinforced standard grade homogenous ion exchange membranes
based on polyolefin with strong functional groups (quaternary ammonium for the
AEM and sulfonic acid for the CEM). The membranes have low electric resistance,
so low power consumption, and high permselectivity [22]. Before the experiments,
the membranes were conditioned in a 0.1M sodium chloride solution for 5 days.

9.2.1.2 Spacers

Four different spacers were used in this research: one extruded and three woven, as
shown in Figure 9.1. Their main properties are summarized in Table 9.1. All the
thickness values reported in Table 9.1. were measured with a digital caliper
(Mutitoyo 547-401, Japan). The extruded spacers, supplied by Deukum GmbH
(Germany), were 300 um thick. The woven spacers were 300, 450, and 720 um thick.
These spacers were manufactured by Aquabattery B.V. (The Netherlands)
employing polyamide nettings from Sefar (Switzerland). The void fraction e
reported in Table 9.1. was calculated using the equation provided by Wright et al.
[20] and the netting data.
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— —

Figure 9.1. The four spacers used during this study: A) 300 um, extruded; B) 300 um woven; C) 450
um woven; D) 720 um woven. The horizontal bars in the bottom left of the pictures indicate a length
of 1 mm. The orientation presented here is the same as in the spacer.

Table 9.1. Characteristics of the spacers used during this investigation.

. Netting Void
Thickn

Identifier jekness (code given Material fraction Supplier

(um) b

y Sefar)? €
300 extruded 300 - Polypropylene 0.77 Deukum GmbH

300 woven 300 06-475/56 Polyamide 0.70 Aquabattery
450 woven 450 06-700/53 Polyamide 0.71 Aquabattery
720 woven 720 06-1320/59 Polyamide 0.76 Aquabattery

2 The code indicates the material (06 for polyamide), mesh opening in um (475, 700, 1320), and open
area % (56, 53, 59).

9.2.1.3 Solutions

There were eight different solutions employed during this study, which comprised
two different salinities and four viscosities. The salinities employed were 5.0 g/L
NaCl, namely brackish water (BW), and 1.0 g/L NaCl, referred as low salinity water
(LSW). The viscosities were 1, 2 5, and 12 cP, measured at 25 °C. The viscosities were
attained by adding 1.0 to 4.0 g/L of non-ionic polyacrylamide (NPAM). Each
experiment required 25L of concentrate and 25L of diluate solution. The polymer-
containing solutions were prepared by first hydrating the NPAM in a flask
containing 10L of salt solution, and then diluting it to reach 25L of feed solution with
the desired viscosity. The experiment was executed within 2 days of preparing the
feed solutions to avoid degradation of the polymer.
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The sodium chloride was analytical grade, provided by VWR (The Netherlands).
The non-ionic polymer NPAM was Flopaam FA920 (MW of 5-7 million Da), kindly
provided by SNF (France). This non-ionic polymer was chosen over the hydrolyzed
one used in previous studies [7,23] to limit the electrostatic interactions with the
charged membranes. The electrode rinse solution (ERS) consists of an aqueous
solution of sodium sulfate 20 g/L, which was continuously recirculated between
anode and cathode for all the tests.

9.2.2 Methods
9.2.2.1  Electrodialysis runs

The electrodialysis experiments were conducted in continuous mode (single pass) at
a constant voltage of 3.0 V supplied and controlled by a potentiostat (IVIUMnSTAT
from Ivium Technologies, The Netherlands). Four different stacks, each one
assembled with a different type of spacer, were employed to desalinate the eight
solutions described in section 9.2.1.3. During each ED experiment, the diluate and
concentrate solutions were circulated at the same flowrate, varied between 50 and
300 mL/min, by two independent pumps (Masterflex L/S). The electrode rinse
solution was pumped by a third pump at a constant rate of 170 ml/min. The
experiments were run in a laboratory with controlled temperature of 23 + 1°C.

During each experiment, voltage, current, and conductivities of diluate and
concentrate were continuously recorded. The pressure difference between the inlet
and the outlet of the diluate stream was measured by means of two pressure sensors
(Jumo, Germany) positioned immediately before and after the stack.

After each experiment, the stack was cleaned-in-place by circulating a sequence of
solutions, each one during 10 minutes at a flow rate of 200 mL/min. The procedure
comprised: HCI solution (pH=2), 0.1 M NaCl, NaOH solution (pH=12), 0.1M NaCl,
and finally a 5.0 g/L NaCl solution. This cleaning procedure was chosen to guarantee
the removal of polymer from the membranes [23].

9.2.2.2 Composition analysis

Samples from the feed and the desalted solutions were frequently taken. Their
chloride concentration was measured by ion chromatography (IC, Compact IC,
Metrohm), while sodium was measured by inductive-coupled plasma method (ICP-
OES, Optima 5300DV, Perkin Elmer).

9.2.2.3  Calculation of ion removal percentage

For each flow rate, samples from the outlet of the diluate solution were taken by
triplicate (approximately at minutes 15, 20 and 25) to independently measure their
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Na* and CI- content as previously described. Then, the average removal for each
sample was calculated using the Na* and Cl- removal values, as expressed in Eq. 9.1:

nNa nCl
(1_ l\?il )+<1_ C?il )
nfeatled Dfeed X 100% /9‘1/
2

ion removal =

Where n# and n§}; are, respectively, the number of moles of Na* and CI- in the

diluate of the sample; and n}veae q and nfé oq are the average number of moles of Na*
and Cl in the feed solution, determined from 3 samples. As shown in the equation,
the fraction of removed Na* and Cl- was calculated separately by dividing the
number of moles in the diluate by the average number of moles of each ion in the
feed and subtracting that number from the unit. Finally, the ion removal at each flow
rate was averaged also from 3 independent samples.

9.2.2.4 Linear velocity and Reynolds number

The linear velocity of the fluid in the channel © (m/s) was calculated using eq. 2 [20]:

_ Q /9.2/
b= ewhN

Where Q is the total volumetric flow (m3/s), € is the void fraction (-), w is the flow
path width (m), / is the channel gap (m) and N is the number of cell pairs.

9.2.2.5 Desalination energy consumption

The desalination energy E;.s (Wh/m?) required for each flowrate Qs (m?h) was
calculated by dividing the average energy consumption U fotl -dt (Wh), by the
product of the flowrate Qs and the base time (1 hour). The current I (A) and voltage
U (V) values were taken as recorded by the Ivium-n-Stat. Thus, the equation to
calculate the desalination energy is:

Ufy1-dt /93/
Eges = TR

9.2.2.6  Pressure drop models

The pressure drops AP (Pa) between two parallel plates can be modelled by means
of the Darcy-Weisbach equation, which relies on the fluid density o, the Darcy
friction factor f (-), the length of the channel’s active area L (m), the fluid velocity in
the channel u, and the spacer thickness h (m) [20]:
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_pfLu? /9.4/

AP m

The friction factor f was calculated using the models of Gurreri et al. [24] and Ponzio
et al. [25] in the form that Wright [20] presented them. They were chosen based on
the results presented by Wright et al.,, where these two models were the best in
predicting the pressure drop of a bench-scale and a commercial stack, respectively.
To perform this analysis, the Reynolds number was calculated as described by
Wright et al., and using the viscosity values listed in section 9.2.1.3 .

9.2.2.7 Pumping power consumption

The energy consumed for pumping a fluid was determined from the flow rates and
the pressure drop AP in each stream, expressed as:

E _Qd'APd'l'Qc'APc /9.5/

pump =

Qa “kesr

In which Epunp (Wh/m?) is the pumping power consumption for the diluate and
concentrate streams [11], ke (-) is the efficiency of the pumps, while Qd and Qc are

the flow rates (m3/h) and AP4 and APc are the pressure drops (Pa), of respectively the
diluate and concentrate solutions. In this equation, the pressure drop in the electrode
rinse is neglected due to the small volume of electrode rinse solution compared with
the volumes of the diluate and concentrate solutions.

9.2.2.8 Viscosity measurement

Viscosity curves of the feed and diluate solutions were measured at different shear
rates with a rheometer (RheoCompass, Anton Paar) using the bob and cup
configuration. All samples were stored at 5 °C and measured at 25 °C within 5 days.

9.3 Results and discussion

9.3.1 Energy consumption for desalination

The electrodialysis experiments were run at constant voltage, so the first indication
of differences in performance was the attained current density. An example of the
initial data obtained is included in Figure 9.2, which presents the current densities
recorded when desalting 1.0 g/L NaCl solutions with different viscosities and in the
different stacks tested. The figure shows that the higher current densities were
attained in the stack with extruded spacers. The current density also increased with
time, since the flowrate was being increased. This can be explained by the fact that
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less residence time will lead to less desalination (concentration gradients). In
addition, higher flowrate would give slightly lower concentration polarization. The
effect of both phenomena is less ohmic losses and hence higher current density with
higher flow rate.
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Figure 9.2. Current density vs time for the ED runs performed to desalinate 1.0 g/L NaCl solutions of
different viscosities in different stacks: A) 300 um extruded, B) 300 um woven, C) 450 um woven, D)
720 um woven. In each run six different flowrates were tested, starting from 50 until 300 mL/min,
each one maintained for ~25 min.

In most cases, higher current densities were obtained when desalting solutions with
higher viscosity. This might be due to different flow regimes: on one hand one
would expect higher concentration polarization with higher viscosity (i.e. a lower
current density), but on the other side the higher viscosity may lead to a better flow
distribution over the stack (i.e. a higher current density). Due to fouling or
irregularities on the membrane surface, the flow through some areas of the
electrodialyzer may become restricted, a phenomenon known as preferential
channelling [26]. Apparently, in the stacks with the 300 um non-woven extruded
spacer and the 450 um woven spacers, the latter effect is dominant.

For the experiments desalinating the solutions with 5.0 g/L. NaCl (included in Figure

A9.1), the current densities attained were higher than for the 1.0 g/L NaCl solutions,
as would be normally expected.
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Next, using the samples collected during the experiments and Eq. 1, the average ion
removal was calculated for each stack, solution, and flow condition. The average
fluid velocity in the stack was calculated using Eq. 9.2 and the spacer specifications.
The results hereby obtained are presented in Figure 9.3 as ion removal versus linear
velocity u for the different spacers and solutions.

It is worth noticing that the ion removals included in Figure 9.3 are consistent with
the current densities shown in Figure 9.2, which suggest an also steady current
efficiency during the runs. All plots in Figure 9.3 also show decreased ion removal
as the fluid velocity increases, which was also anticipated since at higher velocity
the residence time decreases. The figure also shows that different spacers allowed
very different ion removal percentages: while the 450 um spacer yielded up to 90%
ion removal, the 300 um woven one did not allow to remove more than 20% of the
ions present in the feed. When comparing the 300 pm spacers, it can be observed
that the ion removal using extruded spacers was approximately 3 times higher than
when using the woven one. This could be due to the fluid channelling and not
wetting the entire membrane area available. The highest ion removals were achieved
with the stack containing 450 um woven spacers, which can be attributed to a better
flow distribution in the stack, and consequently a higher current efficiency. It also
results noteworthy that the percentages of ion removal only varied depending on
the spacer and were very similar for solutions with the same viscosity and different
salinity.
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lon removal (%) versus linear velocity for desalination experiments of NaCl solutions with
different viscosities performed in 4 different stacks.

As was shown in Figure 9.2 and Figure 9.3, different ion removals and current
densities were obtained depending on the experimental conditions. Consequently,
the desalination energy consumption Ews, calculated using Eq. 3, also varied. This

can be observed in Figure 9.4, where the energy is plotted against the ion removal
percentage.
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Figure 9.4. Specific energy consumption vs. ion removal for electrodialysis experiments desalinating
solutions containing 5.0 and 1.0 g/L NaCl.

Figure 9.4 shows that the energy for desalination Eas is linearly dependent of the
amount of the percentage of removed ions, independently of the viscosity of the
solution or the spacer in the stack. In other words, the current efficiency remains
constant in all the tests. This is expected to occur for experiments at constant voltage,
because any increase in resistance does not lead to higher heat losses, but to a lower
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current (density). Then, since the power consumption Eas is directly related to the
current (Eq. 4) and the latter is linked to the number of ions transported, the
relationship between Essand ion removal should be linear. Then, as shown in Figure
9.4, experiments run with same salinity feed followed the same trend, which allowed
to obtain the two empirical equations presented in Table 9.2.

Table 9.2. Empirical equations relating the desalination energy (Wh/m?3) to the ion removal (%)

Salinity Equation R?
5.0 g/L Edes= 6.4682*ion_removal 0.87
1.0 g/L Edes=1.3602*ion_removal 0.97

9.3.2 Pressure loss and energy for pumping

Figure 9.5 includes the experimentally measured pressure drops for the diluate side
of the four stacks. Higher pressure drops occurred on the stacks with thinner spacers
(smaller /) and for higher flow velocities, as expected when considering equation 5.
The pressure drop was also higher when the viscosity of the diluate was higher,
which causes a higher friction factor f.

Besides the experimental data, Figure 9.5 also includes the pressure drop calculated
by the models developed by Ponzio [25] and by Gurreri [24] and adapted by Wright
et al. [20] (as described in section 9.2.2.6). It can be observed that both models
underestimate AP, most notoriously for the 720 um spacer and for the higher
viscosities. Indeed, Wright also reported an underestimation of the pressure drop
when using these and other models, although in their case the differences were less
significant [20]. Still, it must be considered that the models were developed mostly
for low-viscosity solutions, so it is understandable that they do not accurately
predict the pressure loss when a fluid with higher viscosity is being pumped.
Furthermore, the polymer solution is a non-Newtonian fluid which apparent
viscosity increases as the shear rate increases, making more difficult to predict the
pressure loss due to friction. In this case, the friction factor calculated by any of the
models would need to be approximately three times higher in order to predict more
accurately the experimental data here presented.
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Figure 9.5. Model and experimental pressure drop for the 4 stacks tested with solutions of 1, 2 5, and
12 cP.

The energy needed to pump the diluate and concentrate solutions through the
electrodialyzer was calculated using Eq. 9.5 (AP4, Qu, APc, Qc and k= 0.9). Then, the
results obtained for the low salinity case are presented in Figure 9.6 as a function of
the linear velocity u. The results are closely related to those presented in the previous
figure: larger pumping energies were required when treating fluids with higher
viscosity, as well as when using thinner spacers. It is worth noticing that the
pumping energy for the 450 and the 720 um spacers is very similar, while the one
obtained for 300 um woven spacer is significantly different from the other two,
especially for viscosities of 2 cP or higher.
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Figure 9.6. Pumping power as a function of linear velocity u for the LSW.

9.3.3 Total energy consumption

Figure 9.7 presents the total energy consumption needed to remove 50% of the ions
from the low salinity solutions (1.0 g/L), calculated by adding the desalination and
pumping energy consumptions. It shows that, for all studied cases, Eus is larger than
Epump, and when using 450 or 720 pm spacers to desalinate solutions with viscosities
up to 5 cP, the pumping energy can still be considered negligible. However, when
employing any of the 300 um spacers, or when desalting the streams with higher
viscosity (12 cP) the Epump value becomes more relevant, even equalizing the Ess value
in the case of the 12 cP solution with the 300 pm extruded spacer.

When analysing the results obtained for the BW solution it should be considered
that the desalination energy is approximately 5 times larger than for the LSW, while
the energy for pumping is the same. Therefore, for the BW solution the main
contribution to energy consumption was in all cases the desalination energy. These
results are included in the supplementary material.
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Figure 9.7. Total energy consumption to remove 50% of the salt from 1.0 g/L NaCl solutions,
calculated for each viscosity and spacer.

9.3.4 Evaluation of fluid viscosity after ED

Besides the main energy requirements of the process, there is another constraint
when pumping viscous solutions: the sensitivity of the materials to shear. In the case
of polymer-containing solutions, high shear rates can cause breaking of the polymer
and reduction of the viscosity. To evaluate this effect, the viscosity of the feed and
the diluate solutions was determined after all the experiments.

The viscosity measurements are presented in Figure 9.8 as a function of shear rate.
It shows that all the diluate solutions had the same viscosity as the initial feed
solution, independently of the stack or fluid velocity at which they were treated.
This is a positive result, since it suggests that the shear forces inside the stack do not
become high enough to break the polymer chains. There could be the possibility that
due to the decrease in the salt content, the viscosity of the diluate increases and was
compensated for the possible polymer degradation. However, even the solution that
had minimal ion removals, like those that went through the 300 pm woven stack,
presented the same viscosity as the feed.
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Figure 9.8. Viscosity curves of the feed and diluate solutions. The plots show the measurements for
LSW solutions (1 g/L NaCl) viscosified at 2, 5 and 12 cP. The viscosity was measured for each of the
flowrates tested, but only 50, 200 and 300 mL/min (expressed as fluid velocity) are included. The
data is divided by stack A) 300 um extruded, B) 300 um woven, C) 450 um woven and D) 720 um
woven.

9.4 Conclusions

In this investigation, we assess the energy consumption for the desalination and
pumping of viscous fluids using ED-stacks with different spacers. The combination
of stacks using different spacers and varying fluid viscosities resulted in different
current densities and ion removal percentages. However, when compared for the
same output of 50% ion removal, results indicated practically equal energy
consumption for all viscosities and spacer configurations tested, indicating no
additional energy needs for pumping.

Still, the results showed an evident effect of spacer configuration and fluid viscosity
on the pumping energy consumption. The pumping energy became a significant
component in the total energy need when solutions of viscosity above 1 mPa-s (1 cP)
were desalinated, especially when desalting 12 mPa-s solutions. Nevertheless, the
only case in which the measured pumping energy consumption equalized the
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desalting energy consumption was when desalting a 1 g/L NaCl solution of 12 mPa-s
in a stack containing 300 pm-thick spacers.

The results obtained indicated that the effect of spacer thickness on the energy for
desalination Eus is insignificant, but that it is wise to use spacers of thicknesses

between 450 and 720 pm to keep the pumping energy Epunp limited and to achieve
enough molar salt removal.
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Figure A9.1. Current density vs time for the ED runs performed to desalinate 5.0 g/L NaCl solutions of
different viscosities. In each run six different flowrates were tested, from 50 to 300 mL/min, each one
maintained for ~25 min.
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General discussion and outlook

This chapter is divided in three sections. In section 10.1, we recall the main areas of
investigation that were defined in the first chapter (influence of polymer-flooding
produced water composition and conditions, removal of multivalent ions, fouling,
preservation of polymer integrity) and discuss the findings presented in this thesis.
Then, section 10.2 introduces a polymer flooding case with brackish water and
evaluates the feasibility of introducing a produced water desalination step. Finally,
section 10.3 includes some last remarks about the outlook and recommendations for
future research.

10.1 Main findings for the electrodialysis of polymer-flooding
produced water

10.1.1 Influence of PFPW temperature, composition, and HPAM size on ED
performance

Polymer-flooding produced water (PFPW) can have very different compositions
and be recovered at diverse temperatures depending on the geographic location of
the oilfield. Despite these extensive variations, in Chapter 2 we proved that
electrodialysis (ED) can be used to desalinate PFPW at salinities ranging from 5,000
to 32,000 mg/L, and at temperatures ranging from 10 to 40°C. In terms of energy
consumption and polymer loss, the process proved to be more attractive when
operated at higher temperature (40°C), due to faster diffusion of the ions and less
concentration polarization [1,2]. This means that although ED and polymer-flooding
could be employed at most oil production locations in the world, those where PFPW
is available at higher temperatures would are more attractive for its implementation.

In many of the chapters of this thesis, the process performance was assessed utilizing
the desalination energy consumption (Eas). For the brackish water desalination, the
energy consumption was reduced from 1.8 kWh/m? (at 20°C, Chapter 2) to 0.6
kWh/m? (at 23 °C, Chapter 8). The improvement was achieved by 1) increasing the
linear flow velocity in the stack, and 2) stopping the desalination earlier in the
process (when reaching 2.0 mS/cm instead of 1.0 mS/cm). Furthermore, to dissipate
the doubt of elevated pumping power consumption when desalinating viscous
feeds, Chapter 9 compared the energies consumed by desalinating and by pumping
in diverse scenarios. The results indicated that the energy for desalination Easwas
the main contributor (> 90%) to the total energy consumption when using 450 pum
thick spacers, for solution viscosities ranging from 1 to 12 mPa-s. Since the rest of the
experimental work in this thesis made use of this kind of spacers, it is safe to suppose
that the Eas presented in the different chapters comprise most of the total energy
consumption by the ED system.
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By measuring the concentration of polymer in the desalinating solution, in Chapter
2 it was found that a sharp loss of polymer occurred when the salinity of the stream
decreases to approximately 2.5 g/L or lower, independently from the starting salt
concentration (and thus of the duration of the ED runs). This observation indicated
that, when addressing fouling, the most critical part of the desalination process was
the one at lower salinity.

Another variable to be considered during PFPW desalination is the size of the
partially hydrolyzed polyacrylamide (HPAM) molecules. When the fresh solution
for injection is prepared, HPAM molecules of large MW are used, normally 20
million Da or more. However, during the polymer flooding process the shear forces
cause the HPAM molecules to break down in smaller sizes. Accordingly, during this
research the synthetic PFPW was prepared with HPAM molecules of three different
MW, all of them for 30% hydrolyzed. Chapters 2 to 5 employed HPAM with an
average MW of 5-8 million Da (Flopaam 3230S). In the research described in chapters
6 and 8, HPAM with 4.4-4.8 million Da (Flopaam 3130S), and Chapter 7 HPAM with
0.6-0.9 million Da (AB-305-VLM) were utilized, respectively. The first experiments
were performed with the higher MW HPAM to evaluate likely polymer breakage
during the electrodialysis process, and possible effects of the smaller fragments on
the ED by penetration of Ion Exchange Membranes (IEMs). Contrary to these
expectations, LC-OCD measurements did not show any significant polymer
degradation, at least within its recognition range. Thus, the lower MW HPAM was
used to study the possibility of some smaller molecules to go through the IEMs, but
no evidence of such a behavior of these smaller polymer fragments was observed,
both observed phenomena to be important for PFPW treatment.

It must be pointed out that the HPAM analyses presented in the previous chapters,
consisting in TOC and LC-OCD measurements, could not be used to verify the MW
of the HPAM supplied by SNF Floerger. The experimental determination was
recently done thanks to a new method developed to determine the MW of polymers
above 1 million Da. The method, fully described by Ajao et al. [3], makes use of the
same LC-OCD apparatus, but equipped with a tandem column consisting of an
Agilent BioSec5 5 pm 1000 A (7.8 mm*300 mm) and a Toyopearl HW-50S 30 pum (20
mm*250 mm). By using this method, BW solutions containing 0.5 g/L of each kind
of HPAM were analyzed, finding slightly higher MW for Flopaam 3130S and AB-
305-VLM, as shown in Table 10.1.

Table 10.1. Molecular weight of HPAM used to prepare the viscous solutions to desalinate

Commercial name Nominal MW Measured MW
Flopaam 3230S 5-8 million Da 5.54 million Da
Flopaam 31305 4.4-4.8 million Da 5.54 million Da

AB-305-VLM 0.6-0.9 million Da 1.40 million Da
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Contrary to the LC-OCD characterization, viscosity measurements confirmed that
Flopaam 3230S had indeed a larger MW than Flopaam 3130S, as reported by the
supplier. It is known that HPAM of larger MW has a stronger viscosifying effect, so,
for solutions with an equal HPAM concentration and hydrolysis degree, the
viscosity is expected to be proportional to the MW of the polymer. To quantify this
effect, BW solutions containing 0.5 g/L. HPAM were prepared and their viscosity
measured. As can be observed in Figure 10.1, the viscosity of the BW solution
containing Flopaam 3230S was approximately 2 times higher than that containing
Flopaam 3130S, and the viscosity of this solution was also twofold the one of the
solution containing AB-305-VLM.
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Figure 10.1. Viscosity vs shear rate for BW solutions prepared with 0.5 g/L HPAM of different MW: 5-
8 million Da (Flopaam 3230S), 4.4 to 4.8 million Da (Flopaam 3130S), and 0.6-0.9 million Da (AB-305-
VLM). Measurements performed at 25°C.

Likewise, the effect of using HPAM of different MW on the desalination
performance had not been explicitly tested in the literature and studies described in
previous chapters, so the last ED runs executed had this objective. These were
performed with the FujiFilm stack and setup described in Chapter 8, at a constant
current of 60 A/m2. The desalination was carried out in batch mode, until a
conductivity of 2 mS/cm was reached in the diluate solution (approximately 80%
TDS removal). The diluate solutions consisted in BW solutions containing 0.5 g/L of
HPAM with different MW. Then, as presented in Figure 10.2, the two runs with high
MW HPAM showed no difference in terms of electric potential or energy
consumption. However, the ED run performed with the smallest HPAM behaved
somewhat different, displaying a slightly higher electric potential, operational time,
and energy consumption. This is the opposite of the results reported by Wang et al.
[4] when comparing the impact of 0.3, 0.8 and 3.0 million Da HPAM on energy
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consumption and current efficiency. Thus, despite the results suggest that there
could be a minor influence of the MW of HPAM in solution, these results must be
considered as preliminary since each ED test was only performed once, and these
might be still influenced by the order of execution, i.e. a decreasing HPAM size over
experimental time.
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Figure 10.2. Electric potential U (A) and consumed energy (B) vs time for ED runs desalinating 1L of
BW solution containing 0.5 g/L of HPAM of different MW

Finally, as can be observed in Figure 10.1, the viscosity of the diluate recovered after
ED was tested again, increasing between 20% (Flopaam 3130S) and 40% (Flopaam
3230S).

From this section, three conclusions can be obtained: i) the higher the temperature
of PFPW, the lower the energy consumption during electrodialysis; ii) ED can be
used to desalinate PFPW with salinities ranging from 5,000 to 32,000 mg/L; and iii)
the size of the HPAM molecule does not exert a significant influence in ED
performance, this being valid for nominal HPAM sizes between 0.6 and 8 million
Da.

10.1.2 Removal of multivalent ions

In Chapter 3, it was demonstrated that by using low current densities and higher
temperatures, it is possible to accelerate the removal of the most abundant divalent
cations in PFPW, namely calcium and magnesium. The transport of divalent cations
was also reported in Chapter 6, where an increase in the transport number of Ca?
was measured during the application of pulsed electric field (PEF) modes,
coinciding with previous literature reports [5]. In both chapters, the faster transport
of divalent cations was related to the reduction of concentration polarization. Less
concentration polarization of ions in the diluate side facilitates for those with slower
diffusion coefficients, like Ca?* and Mg?, to reach the surface of the cation exchange
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membrane (CEM). Furthermore, the results from Chapter 3 showed that calcium
and magnesium were not transported equally. The transport of Ca* is facilitated
compared to that of Mg?, most likely because the latter has to overcome a larger
energy barrier due to the partial dehydration required to be transported through the
CEMs [6].

Regarding the divalent anions, only sulfate was included in the PFPW formulation
applied in Chapter 3. In this chapter, it was observed that its removal rate was only
increased as an effect of temperature and not as a result of current density. Later, as
described in Chapter 7, the removal of sulfate was also measured while employing
different AEMs, finding only small differences in the removal percentage when the
same current density was applied.

To summarize, multivalent cations (Ca? and Mg?*) can be preferentially removed
over Na and K when concentration polarization is minimized, either by applying
low current densities or by increasing the temperature. Sulfate removal, on the other
hand, only increased when higher temperatures were applied.

10.1.3 Fouling

Since the beginning of this investigation, the literature suggested that membrane
fouling would be an important issue when desalinating PFPW [7,8]. The first
evidence of fouling was described in Chapter 2, when organic carbon concentration
(TOC) was found to decrease mainly during the last part of the ED process, when
the conductivity of the diluate was under 5 mS/cm.

Later in this thesis, fouling was specifically addressed in Chapters 4 and 5. We
recognized the difference between HPAM adsorption and the formation of gel
layers, since our experimental work was mainly suited to study the latter
phenomena. It was found that thick gel layers were formed on the diluate side of the
AEMs and on the concentrate side of the CEMs, which lead us to realize that the
main driving force was the electrophoresis of HPAM moving towards the positive
electrode under the influence of the applied electric field. It was also found that
when the feed solution contained divalent cations, the gel layers were thicker and
caused larger increase of resistance that for feed solutions containing only sodium
chloride and HPAM. However, the membrane resistances measured during these
experiments were extremely large, especially in the case of the AEMs, making us
realize that the hydrodynamic conditions in the 6-compartment cell were likely
enhancing the fouling phenomenon.

Consequently, the next study addressing fouling (Chapter 6) was performed in an

ED-stack. In this case, a membrane pair was recovered from the stack after
performing ED runs using different operational conditions in terms of pulsed
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electric field (PEF). Compared to the study presented in Chapter 2, the desalination
was finished earlier, when reaching a conductivity of 1.5 mS/cm instead of 1.0
mS/cm, but the flow velocity was the same, 1.3 cm/s. Besides the improvements in
process performance, it was surprising to find through TOC analysis that the loss of
HPAM during the desalination had been minimal, independently of the operation
mode. Although small amounts of polymer were released from the CEMs rinsed in
pure water, SEM photographs of non-rinsed pieces showed minimal amounts of
fouling on both, the CEMs and AEMs. We considered two possible explanations:
either the duration of the experiments (2-8 hours) was too short to accumulate
significant amounts of foulants, or the membranes employed (from FujiFilm) had
superior antifouling properties than the ones used in Chapter 2 (Neosepta
membranes).

The previous results leaded us to design our next study (Chapter 7). In it, stacks
composed by different AEMs were used continuously for 200 hours to desalinate
brackish water with increasing amounts of HPAM and crude oil. Despite faster flow
velocities were employed (up to 2.5 cm/s), three of the six stacks evaluated reached
limiting conditions, which was related to the higher area resistance of the AEMs they
contained. It was also found that a more stable operation was obtained when the
feed solution contained crude oil, even if the concentrations were minimal, which
was already observed in the previous studies. This suggested once more that the
main fouling mechanism involved formation of HPAM gel layers that are resistant
to moderate shear forces. It was proposed that when oil is present the gel layers are
easier to be removed, thus causing less operational problems.

Finally, in Chapter 8, three consecutive batch desalinations were performed,
showing practically the same behavior in the first and the last run, suggesting that
fouling was not severe, independently of the set of IEMs employed. Thus, by
comparing the results obtained in Chapter 2 and in Chapter 8, can be concluded that
the operation performance was improved, and fouling reduced by 1) increasing the
flow velocity, and 2) aiming for slightly higher salinities/conductivities (2.0 mS/cm
instead of 1.0 mS/cm) for the final product.

10.1.4 Reusability of the desalinated water

The reusability of the desalinated water was tested in Chapter 2. When measured
after the desalination, the viscosity of the solution did not increase as much as
expected, which was attributed to the decrease in pH during electrodialysis. For
situations where the pH of the solution is not brought back to neutrality, the amount
of fresh polymer needed to reach the desired viscosity of 40 mPa's was reduced by
approximately 60% compared to that required when brackish and seawater were
used as a basis. However, to further increase the viscosity of the desalted solutions,
the pH of these solutions had to be brought back to neutrality by adding a strong
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base, which is inconvenient due to the use of additional chemicals. Thus, it was
needed to gain understanding why the pH changes occurred and how they could be
minimized so the desalinated solution could be reused without extra pH adjustment.

In Chapter 2, the pH changes were most significant for seawater and not so much
for brackish water, which helped to identify two variables affecting pH changes. The
first one, is that the used brackish water recipe included a relatively large amount of
bicarbonate, which acted as a buffer and minimized pH variations. The second one
was that the batch electrodialysis of seawater took 5 times longer time, meaning that
more protons could migrate from the electrode compartments towards the diluate
solution, decreasing its pH. However, from the electric potential curves it was also
possible to identify that the limiting conditions were reached during the last
moments of the runs, likely causing water splitting and the consequent pH
alteration.

Considering these observations, the conditions set for subsequent experiments were
improved in terms of reducing concentration polarization and pH changes. Two
actions were taken: increasing the flow speeds (from 1.3 in Chapter 2 to 2.0 cm/s in
Chapter 8) and lowering the desalination goal (from 1.0 to 2.0 mS/cm, comparing
the same chapters). Although the last conditions were not tested for the desalination
of seawater, for brackish water they meant a significant reduction in the pH change
of the diluate solution: the solutions recovered during the experimentation for
Chapter 8 had a final pH of 7.5, instead of the 6.9 measured after the runs of Chapter
2 (Figure 2.9).

Then, as presented in Figure 10.3, the desalinated solution at pH=6.9 was as viscous
as required without any added HPAM, while the one at pH=7.5 still needed the
addition of 0.2 g/L. of HPAM 20M Da, which means 84 to 100% polymer savings. The
small viscosity difference is attributable to the amount of residual polymer in the
solutions, which was 1.0 g/L for the first and 0.5 g/L for the second. Still, there are
other rheologic and mechanical properties to be considered when injecting viscous
solutions [9,10], so it is likely that HPAM 20M Da or other particular viscosifier
would still be required.
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Figure 10.3. Comparison of the viscosities of polymeric solutions vs the concentration of HPAM 20M
Da when using different water sources for the preparation. The BW no ED represents the BW
formulation without being desalinated, “BW after ED pH=6.9" is the diluate produced in Chapter 2,
and “BW after ED pH=6.9" is the diluate produced in Chapter 8. The viscosities were measured at
40°C, and the horizontal line represents a viscosity goal of 20 mPa-s.

Summarizing the findings on reusability of the desalinated water, the results
obtained indicate that it would be fit to be reused in the same process without any
major complication. As presented in Figure 10.3, the residual polymer may or may
not contribute significantly to the viscosity gain, but the most relevant feature is that
it does not interfere with the hydration of the fresh polymer.

10.2 Case study for electrodialysis application: polymer flooding in a

field in the south of Oman

This case study has been addressed during most of the chapters included in this
thesis because it is a good example of a polymer-flooding project in a water-scarce
area. Since 2014, Riethmuller et al. [11] identified the use of low-salinity makeup
water as the most important opportunity when implementing Enhanced Oil
Recovery in the area of South Oman, as it had the potential to substantially improve
the project economics by reducing polymer consumption.

10.2.1 General information

Oman is the largest oil producer in the Middle East that is not a member of the
Organization of the Petroleum Exporting Countries (OPEC). Its national oil
company, Petroleum Development Oman (PDO), implemented in 2010 polymer
flooding to increase the oil recovery from Marmul field, in the South of Oman
(Figure 10.4. ).
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Greece

Arabian Sea

Figure 10.4. Marmul field, located in the South of Oman, approximately 60 km from the nearest
coast.

The required polymer injection rate is approximately 13 000 m3/d at 15 mPa-s
polymer viscosity at the wellhead. On site, there is a water-treatment plant which
treats the produced water to reduce the amount of oil and the total suspended solids
to a prescribed limit to ensure that the optimum polymer-injectivity rate is
maintained. The water-treatment plant consists of a two-stage treatment. Primary
treatment uses induced-gas-flotation units to remove oil and solids by droplet
coalescence, while secondary treatment uses nutshell filters to further remove oil
[12,13]. Once treated, the produced water is mixed with the viscosifying polymer
and reinjected (Figure 10.5A).

The optional process path, as presented along this thesis, is to include a desalination
step with electrodialysis. However, the pre-treatment necessary to perform the ED
might be different for each situation. For this thesis, it was assumed that an
ultrafiltration stage preceded the ED, as has been documented for the pilot plant
operating in the Daqing field, in China [14,15]. The UF reduces the concentration of
oil, HPAM, and solids suspension in the feed, which helps to reduce the fouling
incidence in the IEMs [14]. However, recent literature suggests that it might be
possible to perform the ED immediately after the media filtration [16], without the
need of UF. This optionality of the UF step has been included in the process diagram
included as Figure 10.5B and will be therefore considered for the economic analysis.
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Figure 10.5. Process diagrams for polymer flooding A) using produced water after secondary
treatment, and B) including a desalination step to reduce the salinity of the produced water.

10.2.2 Economic analysis

The economic analysis was done for 3 case scenarios (A, B, and C), and is presented
in Table 10.2. These analyses differ in the calculations for ED and UF equipment but
consider the same values for polymer savings. For this last aspect, it was assumed
that a cubic meter of BW water would need approximately 1.0 kg of HPAM (18-20
million Da) to reach the viscosity goal of 15 mPa-s [17,18]. Considering the injected
volume of 13,000 m¥d, and a conservative polymer price of USD $1.5/kg [19], the
yearly cost of polymer is estimated as 7.14 million USD (operating 330 days per

300



General discussion and outlook

year). By reducing the salinity of the water, the amount of polymer needed can be
halved, so the polymer savings were estimated as 3.57 million $/year.

Scenario A is based on the results presented in Chapter 8, in which electrodialysis
was performed at an average current density of 40 A/m?, yielding a product flux of
9.1 Lm2h, or 0.22 m3m-=2d-l. This value served to calculate the membrane area of
59,500 m?, which would be required to treat the 13,000 m?/d for polymer injection in
Marmul. The investment for ED was calculated using this value and assuming a
membrane installed cost of $150/m2. Then, the CAPEX for ED was obtained by
dividing the investment by 6 years, the assumed useful life of the membranes [20].
The OPEX cost was calculated from the energy consumption, as in Chapter 8, and
the price of electricity in the Dhofar region, in Oman, which is USD $0.05/kWh [21].
The other operational costs are estimated as fixed annual prices for staff ($80k/y) and
cleaning chemicals ($100k/y). The result, as can be observed in Table 10.2, is a
positive annual balance, with a return-of-investment of 19% (a payback in about 5
years).

Table 10.2. Economic analysis for 3 scenarios of polymer-flooding implementation

Scenario A Scenario B Scenario C
Membrane area ED (m?) 59,500 59,500 15,000
Energy consumption ED (kWh/m?) 1.05 1.05 4.2
Investment ED 8,928k 8,928k 2,232k
Investment UF 1,450k 1,450k
Total Investment 8,928k 10,378k 3,682k
CAPEX ED 1,488k 1,488k 372k
CAPEX UF 242k 242k
OPEX ED 405k 405k 1,081k
OPEX UF 204k 204k
Annual polymer saving 3,571k 3,571k 3,571k
Total annual benefit 1,678k 1,232k 1,672k
Rol (%) 19% 12% 45%

Scenario B uses the same values as A for the ED, but also includes the cost of UF.
The CAPEX for UF were calculated using information from a commercial supplier
website with an investment of 100$/(m3.d) for UF membrane installations
(Nanostone, US [22]), and for simplicity a similar lifetime as ED membranes (note:
lifetimes may be much longer when ceramic UF membranes are applied). As
presented in Table 10.2, the CAPEX and OPEX for the UF plant are adding to the ED
one, causing a negative impact for the Rol in this scenario. It is likely that the OPEX
costs for UF in Oman would be lower than the one calculated given the relatively
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low cost of electricity, but even if it was negligible the scenario would remain less
feasible.

Scenario C also includes UF, but the ED calculations are based on optimized process
conditions to reduce the CAPEX. According to Chehayeb et al. [23], the costs of BW
ED can be minimized by using high flow speeds which would allow to operate at
high current densities, thus minimizing the required membrane area. Accordingly,
scenario C assumed an ED operation at 160 A/m?, which remains within the
possibilities of commercial electrodialyzers [16], and would reduce the required
membrane area to nearly 15,000 m? one fourth compared to the previous scenarios.
The energy costs for ED was calculated to increase fourfold, a value determined from
an extrapolation of our own measurements in Chapter 8 (8x increase for 160 A/m?)
and the power requirement presented in Fig. 7 of Chehayeb et al. [23] as a function
of the applied current density (2x increase). Nevertheless, due to the very high
savings in CAPEX for ED, this scenario concludes with very positive numbers for
potential annual savings, and an Rol of 45%.

The analysis shows that the economic viability of desalinating PFPW via ED can be
subject to some constraints, especially if a pre-treatment is included. All the
scenarios would result more positive if the polymer savings were USD $1.2/ms3,
which is still a realistic value, for example considering the savings of USD
$2.5/m’reported by Sparrow et al [16]. Furthermore, it is likely that the operative life
of the equipment could be extended to at least 10 years by considering a membrane
replacement after 5 or 6 years, which would lower the CAPEX for both UF and ED.
The most interesting case, both economically and scientifically, would be to utilize
ED without a previous UF stage. Sparrow et al. report that the electrodialyzer Flex
EDR Organix E200 from Saltworks, containing hydrocarbon-resistant Ion-Flux
membranes, successfully treated PFPW from a Canadian oilfield containing up to
1000 ppm oil-in-water during 60 days [16]. Although the highest oil content of the
PFPW fed during this thesis was 40 ppm (Chapter 7), its presence did not show
negative effects during the ED runs, opening the possibility to test the treatment of
feeds with elevated oil content.

Hence, for practical applications two main conclusions coming forward from the
research of this thesis and need to be considered:

i. PFPW ED treatment with a UF pretreatment unit. The main advantage is that
the fouling on the ion exchange membranes would be minimal. The con is that
the economic feasibility of the process becomes more constrained and
dependent on the OPEX savings by reducing polymer consumption.

ii. PFPW ED treatment without a UF pretreatment unit. The main advantage of
this treatment train is the economical since the CAPEX would be halved.
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However, the challenge would be ensuring that the ED plant, and mainly the
ion exchange membranes, can operate for long times in the presence of oil and
other organic compounds without suffering of major complications.

10.3 Last remarks and outlook

10.3.1 Concerns about fluid velocity

Typical fluid velocities for an electrodialyzer range between 6 to 12 cm/s [24].
However, during the present work, flow velocities were lower, between 1 and 2
cm/s. Still, when the effect of increased velocity was tested in Chapter 8, it did not
show further improvement of the limiting current density. This was probably due
to the design of the ED-stacks used for that and for most of the research described
in this thesis, relying in only two inlets of 0.7mm diameter for feeding both the
diluate and concentrate compartments. Still, the fact that promising results were
obtained with this stack just emphasizes the opportunities of applying the
technology on a larger scale.

10.3.2 Options to treat the concentrate and increase the sustainability of the
process

A frequent concern when desalination processes like electrodialysis are employed is
what to do with the concentrated solution, i.e. what would be the most adequate
brine management approach [25]. Water management technologies and pollution
prevention strategies suggest the following hierarchy regarding environmental
preferences: i) Minimization, ii) Recycle/reuse and, iii) disposal [26]. In the present
case, minimization is addressed by designing the ED process to 90% water recovery,
but still the volume of concentrate would be significant. Considering an inland
project in which the disposal to the sea/ocean is not an option, the most suitable
options would be:

e Reinjection. This is the first choice for most of the projects. The concentrated
solution could be reinjected in the reservoir, or in deeper wells not connected to
it, also known as deep-water injection. In deep well injection, the waste streams
are permanently stored in the injection zone, and is a very common technique
used by the desalination water treatment plants [27].

e Evaporation ponds. The salty solutions are placed in specially designed ponds
which are open to the environment, allowing the natural evaporation of the
water. Dry salt is the final waste product, which must be characterized and
disposed of accordingly as solid waste. This technique is considered as a
common solution for brine disposal, especially for inland desalination plants in
arid and semi-arid areas [27,28], as well as for the treatment of produced water
onsite and offsite [29]. Although evaporation ponds are typically economical,
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they have the disadvantage of requiring large land areas, of not recovering the
water, and having a low process productivity [28]. In addition, their
implementation is being even more restricted due to environmental concerns
and new legislation being applied worldwide.

o Thermal treatments to reduce volume until zero-liquid discharge. There are
several thermal processes capable of further concentrating the streams and even
achieve zero-liquid discharge goals. One of the most promising from the
industrial point of view is the use of falling-film evaporators, which use a
vertical tube heat exchanger bundle where the brine is distributed in a falling
film along the inside of the tube wall, where condensing steam causes a portion
of the salty water to evaporate [30]. An option that is still under development, is
the use of super-critical water desalination [31]. The main disadvantage is the
energy consumption and CO: and other greenhouse gases footprint associated
to this [32] which is becoming a major issue for all oil industries.

o Constructed wetlands. In onshore locations, where space is available,
constructed wetlands are an option to treat industrial effluents and make them
fit for reuse or for surface discharge [33,34]. However, in this case the salinity of
the water cannot be as high as for the other treatment options due to the
sensitivity of the plants. High levels of monovalent ions (especially sodium [35-
37]) and remaining polymer or oil related [38] are problems that need to be
resolved before the water can be released in open natural systems.

Although all the presented options are widely accepted, they must be selected not
only considering the economical but also the sustainability point of view. In Chapter
8 of this thesis it was discussed how higher recoveries would be beneficial in terms
of equipment investment, but the higher salinities in the concentrate might also
require the addition of anti-scalants and other chemicals, increasing the
environmental impact of the desalination. Therefore, to ensure the sustainability of
any project, it is better if the evaluation is performed as a whole, considering both
the electrodialysis and the disposal of the brine. By doing so, it might be found that
moderate water recoveries are better since the brines produced could be discharged
with less or no environmental damage.

The options to perform this analysis are varied. A relatively simple way of analyzing
a desalination and concentrate-disposal train would be to calculate its total
emissions in CO: equivalents [39], although this method might overlook some
sustainability aspects. Another option is to perform a life-cycle assessment, which
would allow to determine the total emissions during the life-cycle of a project, thus
aiding in the selection process [40]. Finally, there are new tools, modelling
frameworks, which are being designed for evaluating and comparing desalination
treatment trains from both the economical and sustainable points of view [41].
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10.3.3 Outlook

The results from this investigation have shown that electrodialysis is a suitable
technology to treat synthetic PEPW. Since the experiments were performed far from
the producing sites and PFPW would possibly degrade during transport, real
produced water could not be tested. However, for the next stage of investigation, it
can be suggested to treat real PFPW, and to do so as close as possible to the
production site to prevent any polymer or oil degradation during the transport.

Further research would also be advisable for understanding the adsorption of
HPAM on ion-exchange membranes with different chemistries. One possibility for
doing so would be to use reflectometry [42]. However, meaningful results could only
be obtained if the silicon wafers needed to perform this technique can be successfully
modified with the same polymers and ion-exchange groups as used in the ion-
exchange membranes. Another possibility to use the adsorption of foulants on
surfaces is to use self-assembled monolayers with different ending chemical
functionalities [43].

Moreover, the balance between water recovery and brine production/brine quality
and the use of chemicals (polymer, antiscalants, anti-corrosives, and pH
adjustments), UF and other equipment, and total energy (carbon footprint) of the
whole treatment train needs to be addressed to fully assess the sustainability of
PFPW treatment variants.
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Summary

This thesis explores the use of electrodialysis, an electrical and membrane-based
technology, to partially desalinate polymer-containing produced water (PFPW)
generated in the oil and gas industry. Chapter 1 includes an introduction to polymer
flooding, explains its water needs in terms of quality and quantity, and enlists some
possible treatments to reach the desired water quality. It is also explained how, by
partially desalinating PFPW while retaining the viscosifying polymer,
electrodialysis would allow reusing the water for polymer flooding, while
significantly decreasing the amount of new polymer to be added when preparing
viscous solutions. The chapter also includes some possible constraints for the
implementation and enlists the research questions that are answered in the
subsequent chapters.

In Chapter 2, we assessed electrodialysis to desalinate PFPW generated in different
scenarios and evaluated the reuse of the desalted water to confect the polymer-
flooding solution. The experimental work involved desalting two kinds of synthetic
PFPW solutions, one with relatively low salinity (TDS=5000 mg/L, brackish PEPW),
and another with high salinity (TDS= 32,000 mg/L, sea PFPW), at two different
temperatures, and later reusing the desalted solution to prepare viscous solutions.
The analysis for the ED-step included the effects of feed composition and
temperature on water transport, energy consumption, and current efficiency. It was
found that the presence of polymer did not significantly influence the water
transport rate nor the specific energy consumption for the seawater cases, but had a
measurable effect when desalting brackish water at 20°C. It was also found that
some polymer remained in the stack, the loss occurring faster for the brackish PFPW.
Still, both kinds of reused PFPW probed adequate to be employed as a basis for
preparing polymer solutions.

Chapter 3 addressed the selective removal of divalent cations from PFPW through
a variety of operational conditions. The chapter starts by explaining how the
presence of multivalent ions in PFPW hampers its recycling mainly because i) they
increase the risk of scaling and reservoir souring (sulfate), ii) they interfere with the
viscosifying effect of the fresh polyelectrolyte. Then, the chapter explains the
experimental work, which consisted of batch experiments run in an electrodialysis-
stack. Synthetic PFPW solutions containing a mixture of monovalent and divalent
ions were desalted at four different current densities and three different
temperatures. Additionally, the effect of the dissolved polymer on the removal was
assessed by performing half of the experiments on polymer-containing solutions
and half of them on solutions without it. The results demonstrated that it is possible
to achieve preferential removal of divalent ions (calcium, magnesium, sulfate)
through electrodialysis, especially when employing low current densities (24 A/m?)
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and high temperature (40°C). The presence of polyelectrolyte did not significantly
affect the removal rate of divalent ions. It was concluded that the precise application
of ED to minimize concentrations of divalent ions in PFPW is a possible a more
effective way for water and polymer recycling in enhanced oil recovery situations,
then the use of other non-selective desalination technologies.

Chapters 4 and 5 address the influence of the feed composition on the fouling
formed on anion and cation exchange membranes, respectively. The composition of
the solution, which includes various dissolved salts, partially hydrolyzed
polyacrylamide (HPAM), crude oil, and surfactants. Electrodialysis experiments
were performed to desalinate feed solutions with different compositions, aiming to
distinguish between their individual and combined effects. The solutions contained
diverse mono- and divalent ions. The analysis included data collected during the
desalination and characterization of the fouled AEMs by diverse analytical
techniques. Chapter 4 shows that 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 hampers the
replenishment of ions from the bulk solution. Ca and Mg have a large influence on
the formation of thick HPAM gel layers, while the oily compounds have only a
minimal influence acting mainly as a destabilizing agent. The membranes showed
scaling consisting of calcium precipitates. The effects of the gel layer were minimized
by applying current reversal and foulant-free solutions. Regarding the CEMs,
Chapter 5 showed that 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. Precipitation occurred mostly on the opposite side of the
membrane, with different morphology depending on the feed composition.

In Chapter 6, we evaluated the application of pulsed electric field (PEF) during the
electrodialysis of PFPW, that is, to supply a constant current during a short time
(pulse) followed by a period without current (pause). This operation mode aimed to
improve process performance by reducing fouling incidences. The experimental
work consisted of ED batch runs in a laboratory-scale stack containing commercial
ion-exchange membranes. Synthetic PFPW was desalinated under different
operating regimes until a fixed amount of charges was passed. After each
experiment, a membrane pair was recovered from the stack and analyzed through
diverse techniques. The application of PEF improved the ED performance in terms
of demineralization rate and energy consumption, the latter having reductions of
36% compared to the continuous mode. In general, the shorter the pulses, the higher
the demineralization rate, and the lower the energy consumption. Regarding the
application of different pause lengths, longer pauses yielded lower energy
consumptions but also lower demineralization. Amorphous precipitates composed

312



Summary

of polymer and calcium fouled on the anion and cation exchange membranes,
independently of the applied current regime, but in a moderate amount. Finally, the
chapter related the observed effects of PEF application to the electrophoresis and
diffusion of HPAM. It showed that PEF is a sound option to enhance the desalination
of PFPW.

Under the premise that process performance is limited by fouling occurring on the
anion-exchange membranes, Chapter 7 aimed to correlate the properties of different
AEMs with their performance while desalinating PFPW. The study made use of six
stacks containing different homogeneous, commercially available AEMs, which
were employed to desalinate synthetic PFPW during 8-days ED experiments
operated in reversal mode. The AEMs recovered from the stacks were analyzed in
terms of water uptake, ion-exchange capacity, permselectivity, and area resistance,
and compared against virgin AEMs. Relatively small changes were measured for
most of the parameters evaluated. For most AEMs, the water uptake and resistance
increased, while the IEC and permselectivity decreased during operation.
Ultimately, AEMs with high area resistance were linked to the fast development of
limiting current conditions in the stack, so this property turned out to be the most
relevant when desalinating PFPW.

Considering the most favorable conditions assessed in previous chapters, Chapter 8
addresses the experimental evaluation of different operational conditions to increase
water recovery while keeping a low energy consumption. The experimental work
included the evaluation of applying a continuous constant voltage operation versus
the use of PEF, as well as comparing the performance of stacks composed by either
aromatic or aliphatic membranes. The results were analyzed in terms of operative
time, water recovery, and energy consumption and serve to indicate under which
conditions specific types of membranes would be preferred. At last, the collected
data was used to perform an economic analysis. It indicated that although further
optimization should be possible, achieved settings already made ED desalination of
polymer-flooding produced water, a sound case from an economic point of view.

Chapter 9 assessed the contribution of the desalination and the pumping energy to
the total energy consumption desalinating streams with high viscosities, i.e., above
the one of water (1 cP). The assessment included the influence of other important
parameters, namely the salinity of the feed and the type and thickness of the spacer.
It was found that the type of spacer did not significantly influence the energy
required for desalination. Regarding the pumping energy, it was higher than
predicted by models found in the literature, but in most cases, it was minimal
compared to the energy for desalination. Only when using very thin spacers (300
um) or very viscous feeds (12 cP) energy for pumping equalized that of desalination
of feeds with 1 g/L. NaCl. Thus, it was concluded that the main contributor to the
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energy consumption of these viscous solutions is still the desalination energy, and it
is recommended to use spacers of a thickness between 450 and 720 um to keep
pumping energy low.

At last, Chapter 10 starts by recalling the main areas of investigation that were
defined in Chapter 1 (influence of polymer-flooding produced water composition
and conditions, removal of multivalent ions, fouling, preservation of polymer
integrity) and discuss the findings presented in this thesis. Then, a full-scale polymer
flooding case is introduced and based on the results of the previous chapters, an
economic analysis performed. In the three scenarios analyzed, introducing a
produced water desalination step would have a positive return on investment. In
two of them, the payback time is sooner than six years. Finally, the chapter includes
some last remarks about the investigation and recommendations for future research.
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