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Keywords: When performing electrodialysis (ED) to desalinate a stream, both the energy for desalination and the energy for
Electrodialysis pumping contribute to the total energy consumption, although under typical working conditions (e.g., brackish
Electrodialyzer

water desalination) the latter is usually negligible. However, the energy penalty might increase when desali-
nating viscous mixtures (i.e., viscosity of 2-20 cP). In this work, we experimentally investigate the desalination
performance of an ED-unit operating with highly viscous water-polymer mixtures. The contribution of desali-
nation and pumping energy to the total energy consumption was measured while varying diverse parameters, i.
e., salinity and viscosity of the feed, and geometry and thickness of the spacer. It was found that the type of
spacer did not significantly influence the energy required for desalination. The pumping energy was higher than
predicted, though in most cases minimal compared to the energy for desalination. Only when using thin spacers
(300 pm) and/or highly viscous feeds (12 cP), the pumping energy accounted for 50% of the total energy for low
salinity feeds. Therefore, the main contributor to the energy consumption of viscous solutions is the desalination
energy, provided that large spacer thicknesses (at least 450 pm) and adequate operating conditions are utilized to
limit pumping energy losses.
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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 [1,2]. Since then, electrodialysis has been used in an
increasing variety of applications, such as production of table salt [3],
recovery of organic acids [4], 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 electro-
dialyzer does not differ much from desalting brackish water. However,
new applications for ED are rapidly emerging, such as removal of lactic
acid from acid whey [5], desalination of glycerol [6], of fish sauce [7],
and of viscous produced water from the oil and gas industry [8]. These
applications have in common the high viscosity of the feed solutions,
typically in the range of 2-20 cP, i.e., 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 [9,10], but
also the energy required to pump the feed through the electrodialyzer. In
our previous works we have used synthetic viscous water from the oil
industry and presented preliminary economic calculations for the cost of
desalination [11,12]. However, in the case of high-viscosity solutions
the relative contributions for desalination and for pumping in the total
energy consumption have not been specifically addressed. Therefore,
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. During operation, the elec-
trodes are polarized and an electrical field is generated between them,
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 solu-
tion flow between these membranes. Thus, the electrical potential dif-
ference at the electrodes allows ion transport in the electrodialyzer,
resulting in a net transport of ions from the dilute compartment to the
concentrate compartment [1,13].

The energy consumed by electrodialysis can be attributed to two
main contributions, i.e. pumping and desalination [14]. The energy
required to transport ions from the diluate to concentrate (desalination
energy) depends on the system performance, which is mainly deter-
mined 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
diffusion 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 condition is reached
when the ion concentration at the membrane/solution interface ap-
proaches zero, and the corresponding current value is known as limiting
current density [15-17].

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
inside the compartments. The use of spacers can also have some disad-
vantages, like covering part of the membrane and reducing the area
available for ion conduction, a phenomenon called shadow effect [18].
On the one hand, thinner spacers are preferred to reduce the electric
resistance in the compartments [19], but on the other hand thinner
spacers also lead to increased pressure drop and higher risk of irre-
versible fouling. Thus, the selection of spacer thickness is crucial to
enhance the process performance under given process and feed
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conditions. Another option is the use of spacer-less cell design, by using
profiled membranes [20,21], which allow to reduce pressure drops [22]
and potentially minimizing the risk of fouling, though less effective than
conventional spacers to promote mixing in the channels [23].

When using viscous solutions in ED, 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. [24], 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 chan-
nels. For this reason, the authors concluded that it is necessary to keep
pressure drop and pumping energy 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 desalinate 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 cP)
after the ED step [8]. 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.

The aim of this work is to assess the energy consumption of elec-
trodialysis with highly viscous streams (up to 12 mPa-s), by investi-
gating the effect of different parameters, both on the feed conditions
(flow rate, viscosity, salinity), and on the cell geometry (spacer thick-
ness). We experimentally tested an ED unit equipped with spacers of
different thicknesses (ranging between 300 and 720 pm) and fed with
NaCl and polymer solutions at different salt concentration (1 and 5 g/L
NaCl) and viscosities (1, 2, 5 and 12 mPa-s), at different flowrates.
Finally, we evaluate the desalination performance of the system, by
identifying suitable working conditions to limit pumping losses when
desalinating viscous solutions via electrodialysis.

2. Materials and methods
2.1. Materials

2.1.1. Electrodialysis stack

Desalination experiments were performed in a 10 x 10 cm? elec-
trodialysis 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 Fujifilm CEM and AEM Type 10 (Fujifilm
Manufacturing Europe B.V., The Netherlands), 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 cm?. The outer membranes were separated from the elec-
trode compartments by 300 pm gaskets. The electrodes, placed at the
end plates, were made of titanium with Ru/Ir oxide coating (Magneto
Special Anodes B.V., The Netherlands). The stack was closed by the two
end plates and tightened to a 6 Nm torque. The final sealing of the stack
was ensured by using silicon glue. A schematic drawing of the stack and
experimental setup can be found in [25].

The ion exchange membranes used in this work (Fujifilm AEM/CEM
type 10) are 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
and high permselectivity [26], with characteristics summarized in
Table 1. Before the experiments, the membranes were conditioned in
0.1 M NaCl solution for 5 days.

2.1.2. Spacers

Four different spacers were used in this work, one extruded and three
woven, as shown in Fig. 1. Their main properties are summarized in
Table 2. All the thickness values reported in Table 2 were measured with



P.A. Sosa-Fernandez et al.

Table 1
Properties of the anion and cation exchange membranes employed in this study.
Data taken from their suppliers.

Membrane property AEM type 10 CEM type 10
Backbone chemistry Acrylamide Acrylamide
Thickness dry (pm) 125 135

Area resistance (Q cm?, measured in 0.5 M NaCl) 1.7 2.0
Permselectivity (measured at 0.05-0.5 M NaCl) 95 99

PH stability 1-13 1-13

a digital caliper (Mutitoyo 547-401, Japan). The extruded spacers
(Deukum GmbH, Germany) were 300 pm thick, while the three kinds of
woven spacers (AquaBattery B.V., The Netherlands) had thicknesses of
300, 450, and 720 pm, respectively. The void fraction (¢) reported in
Table 2 was calculated using the following equation [24]:

_ " &)
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where dyis the diameter of the fiber, I;is the distance between two fibers
and h is the spacer thickness, all obtained from the netting data.

2.1.3. Solutions

Table 3 summarizes the main properties of the solutions used during
this study. They comprised two different salinities and four values of
viscosity (p). Two different salinity values were chosen, to mimic the
typical composition of polymer-flooding produced water [8,28]. 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 mentioned
viscosities, measured at 25 °C, were attained by adding 1.0 to 4.0 g/L of
non-ionic polyacrylamide (NPAM). The density of all solutions was
~1.0 g/L. It is worth noting that NPAM, being a non-ionic compound,
does not affect the electrical conductivity of the solution (see Table 3).
Each experiment required 25 L of concentrate and 25 L of diluate so-
lution. The polymer-containing solutions were prepared by first hy-
drating the NPAM in a flask containing 10 L of salt solution, and then
diluting it to reach 25 L of feed solution with the desired viscosity. The
experiment was executed within 2 days of preparing the feed solutions
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to avoid degradation of the polymer.

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
[8,11], to limit the electrostatic interactions with the charged mem-
branes. The electrode rinse solution (ERS) consists of an aqueous solu-
tion of sodium sulfate 20 g/L, which was continuously recirculated
between anode and cathode for all the tests.

2.2. Methods

2.2.1. Electrodialysis tests

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, Ivium Technologies, The Netherlands). Four
different stacks, each one assembled with a different type of spacer, were
employed to desalinate the feed solutions as summarized in Table 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. All the
experiments were run at room temperature (23 + 1 °C). During each
experiment, voltage, current, and conductivities of the diluate and
concentrate streams were continuously recorded. The pressure differ-
ence between inlet and 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 min at a flow rate of 200
mL/min. The procedure comprised: HCI solution (pH = 2), 0.1 M NaCl,
NaOH solution (pH = 12), 0.1 M NaCl, and finally a 5.0 g/L NaCl so-
lution. This cleaning procedure was chosen to guarantee the removal of
polymer from the membranes, since it has been suggested that NaOH is
more effective in removing polyacrylamide fouling from CEMs while
HCl is better in removing this kind of fouling from the AEM [29].

i
N

——

l

Fig. 1. The four spacers used during this study: A) 300 pm, extruded; B) 300 pm woven; C) 450 pm woven; D) 720 ym woven.
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2.2.2. Composition and viscosity analyses

Samples from the feed and the diluate outlet were regularly taken
during each test. The 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).

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.

2.2.3. Calculation of desalination performance and pressure drops

For each flow rate, samples from the outlet of the diluate solution
were taken by triplicate (approximately after 15, 20, and 25 min for each
test) to independently measure their Na* and CI~ content, as previously
described. Next, the average removal for each sample was calculated
based on the ion removal of Na™ and Cl~, as expressed in Eq. (2):

1 ne n¢
ion removal = 3 —=4L )+ (1- # x 100% 2)

Na
nf eed l’l feed

where n¢ and ndcill are, respectively, the number of moles of Na™ and CI~

in the diluate of the sample; and n}g‘;d and nfele

, are the average number of

moles of Nat and Cl~ in the feed solution, determined as average from 3
samples. Since the feed contains a binary electrolyte (NaCl), the ion
removal for Na and Cl should be the same. In fact, the concentration of Cl
and Na as measured via IC and ICP-OES were very similar for all the
samples, besides minor deviations (<1%) that are in line with experi-
mental scattering and sampling accuracy. Finally, the ion removal at
each flow rate was averaged also from 3 independent samples.

The linear velocity of the fluid in the channel u (m/s) was calculated
using Eq. (3) [24]:

u= 0
ewhN

3

where Q is the total volumetric flow rate (m3/s), ¢ is the spacer void
fraction (-), w is the cell width (w = 0.1 m, in this study), h is the spacer
thickness (m) and N is the number of cell pairs (N = 10).

The Reynolds number (Re) was calculated for a flow between two
parallel flat plates, as described by Wright et al. [24]:

_ 2puh
H

Re ()]

where p is the density of the solution (kg/m®). The viscosity values used
for the calculations were those reported in Table 3.
The desalination energy Eges (Wh/m®) required for each flowrate Qg
(m3/h) was calculated as follows:
U fyI-dt

Eges = W (5)

where U is the applied voltage (V) measured across the cell pairs
(excluding the electrodes), I is the current (A) and t is the base time (1 h).
Both I and U were experimentally recorded by the Ivium-n-Stat.

The pressure drops AP (Pa) between two parallel plates can be
modelled by means of the Darcy-Weisbach equation, which relies on the
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Table 3
Description and properties of the investigated feed solutions.
Viscosity Case I Case II
p (cP) Brackish water (BW) Low salinity water (LSW)
5.0 g/L NaCl 1.0 g/L NaCl
NPAM Conductivity, NPAM Conductivity,
concentration, 6 (mS/cm) concentration, o (mS/cm)
cNPAM (g/L) cNPAM (g/L)
1.0 0 9.36 0 2.21
2.0 1.0 9.47 1.0 2.20
5.0 2.0 9.49 2.0 2.23
12.0 3.8 9.25 3.8 2.26

fluid density p, 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) [24]:

_ pfl

4h ©)

The friction factor f was calculated using the model developed by
Gurreri et al. [30], and later adopted by Wright et al. [24]. Based on the
results presented by Wright et al., this represents the most accurate
model so far reported in predicting the pressure drop of a bench-scale ED
stack.

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

Qd 'APd + Qc 'Apf
Epp = Q,l—/fo )

In which Epymp (Wh/m?) is the pumping energy consumption for the
diluate and concentrate streams [14], kg (-) is the efficiency of the
pumps, while Q4 and Q. are the total flow rates (m3/h) of diluate and
concentrate, and AP4 and AP, the corresponding pressure drops (Pa). In
Eq. (7), 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.

3. Results and discussion
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 Figs. S1
and S2, which present, respectively, the current densities recorded when
desalting 5.0 and 1.0 g/L NaCl solutions with different viscosities and in
the different stacks tested. The current density increased with time since
the flowrate was being increased. This was expected since a shorter
residence time will lead to a lower desalination degree in the stack
(under single-pass configuration). In addition, high flow rates improve
hydrodynamics in the compartments, thus reducing concentration po-
larization phenomena [17]. The effect of both phenomena is lower
resistance and hence higher current density with higher flow rate.
Furthermore, for the experiments desalinating the solutions with 5.0 g/L
NaCl, the current densities attained were higher than for the 1.0 g/L
NaCl solutions, as expected given the higher conductivity.

Next, using the samples collected during the experiments and Eq. (1),

Table 2

Main characteristics of the spacers used in this work.
Identifier Nominal thickness (pm) Open area (%) Material Void fraction & Supplier
300 extruded 300 - Polypropylene 0.77 Deukum GmbH
300 woven 300 56 Polyamide 0.70 AquaBattery B.V.
450 woven 450 53 Polyamide 0.71 AquaBattery B.V.
720 woven 720 59 Polyamide 0.76 AquaBattery B.V.
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the average ion removal was calculated for each stack, solution, and
flow condition. The average fluid velocity in the stack was calculated
using Eq. (2) and the spacer specifications. The results hereby obtained
are presented in Fig. 2 as ion removal versus linear velocity u for the
different spacers and solutions.

It is worth noticing that the ion removals included in Fig. 2 are
consistent with the current densities shown in Figs. S1 and S2, which
suggests also constant current efficiency during the runs. All plots in
Fig. 2 also show decreased ion removal as the fluid velocity increases
due to the decreasing residence time. Fig. 2 also shows that different
spacers allowed very different ion removal: while the 450 pm spacer
yielded up to 90% ion removal, the 300 pm woven spacer 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

Brackish water (BW) 5.0 g/L NaCl
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using the woven one. This could be due to the fluid channelling and not
wetting the entire membrane area available. It should be also noted 300
pm-woven and 300 pm-extruded spacers have different mesh orientation
(45 and 90, respectively), which influences the mass transfer in the
compartments [30,31]. The highest ion removal values were achieved
with the stack containing 450 pm woven spacers, which can be attrib-
uted 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.

Fig. 2 also shows that, for most cases, higher ion removals were
obtained when desalting solutions with higher viscosity. The higher ion
removals also correspond with the higher current densities reported in
Figs. S1 and S2. This might be due to different flow regimes: on one hand
one would expect higher concentration polarization with higher

Low salinity water (LSW) 1.0 g/L

100 100
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Fig. 2. Ion removal (%) versus linear velocity for desalination experiments of NaCl solutions with different viscosities performed at constant voltage (3.0 V).
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viscosity (i.e. a lower current density), but on the other hand 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 mem-
brane surface, the flow through some areas of the electrodialyzer may
become restricted, a phenomenon known as preferential channelling
[32]. Thus, given the lower performance observed for the stacks with the
300 pm woven spacers, one might conclude that preferential channel-
ling occurred during those experiments.

As shown in Fig. 2, the ion removal values and current densities
varied as a function of the solution viscosity and type of spacers.
Consequently, the desalination energy consumption Eg., calculated
using Eq. (3), also varied. This can be observed in Fig. 3, where the

Brackish water (BW) 5.0 g/L NaCl
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energy is plotted against the average ion removal.

Fig. 3 shows that the energy for desalination Eg; is linearly depen-
dent 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, in
the investigated (under-limiting) current regime, the current efficiency
remains constant in all the tests. This is expected to occur for experi-
ments at constant voltage, because any increase in resistance does not
lead to above average heat losses, but only to a lower current (density).
Therefore, since the energy consumption Eg is directly related to the
current (Eq. (5)) and the latter is linked to the number of ions trans-
ported (Egs. (8) and (9)), the relationship between Eg4,s and ion removal
is linear, as expressed in Eq. (10). Table S1 in the Supplementary

Low salinity water (LSW) 1.0 g/L NaCl
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Fig. 3. Specific energy consumption vs. ion removal for electrodialysis experiments desalinating solutions containing 5.0 and 1.0 g/L NaCl with additional NPAM at

different concentration.
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material compares the analytical solution for Eq. (10) and the empirical
solution (obtained from the trendlines in Fig. 3).

I=0xFx(Ciy—Cou) 8
Ede.& =UXFx (Cin - Cour) (9)
E4es = U X F x Cy, x ion removal (10)

3.2. Pressure loss and energy for pumping

Fig. 4 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 h) and for higher flow velocities, as
expected when considering Eq. (6). 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, Fig. 4 also includes the pressure drop
calculated by the model developed by Gurreri et al. [30], and later
adapted by Wright et al. [24] (as described in Section 2.2.3). It can be
observed that the model underestimate AP, most notoriously for the 720
pm spacer and for the higher viscosities. Indeed, Wright et al. also re-
ported an underestimation of the pressure drop when using Gurreri’s
et al. and other models, although in their case the differences were less
significant [24]. In this case, the friction factor calculated by the model
would need to be approximately three times higher to predict more
accurately the experimental data here presented.

Our first hypothesis to explain such discrepancy between model and
data was that, since the model was developed specifically for low-
viscosity solutions with Newtonian behaviour, its predictions of pres-
sure loss when a fluid with higher viscosity might be compromised.
Indeed, polymer solutions are usually non-Newtonian fluids, with
apparent viscosity increasing as the shear rate increases, making more
difficult to predict the pressure loss due to friction. However, by plotting
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the calculated friction factor versus the Reynolds number (Fig. 5), it was
observed that the same f/Re relationship holds for all data indepen-
dently of the viscosity, meaning that the polymer-salt solutions used in
this work all have Newtonian behaviour in the investigated range of
shear rates. Therefore, it can be concluded that the difference between
model and experiments are not due to different rheological behaviour of
the investigated solutions. Instead, such discrepancy is most likely due
to the concentrated pressure drops (in the inlet-outlet manifolds of the
stack), which are measured experimentally but not included in the
model [30,33]. In that regard, our results are similar to the ones of
Gurreri et al., who also reported higher pressure drops for the manifolds
that for the inner part of the cell [33].

The energy needed to pump the diluate and concentrate solutions
through the electrodialyzer was calculated using Eq. (7) (APg, Qq, AP,
Q. and ke = 0.9). The results obtained for the low salinity case are
presented in Fig. 6 as a function of the linear velocity u. The results are
closely related to those presented in the previous figure: larger pumping
energies are required when treating fluids with higher viscosity, as well
as when using thinner spacers. It is worth noticing that the pumping
energies for the 450 and the 720 pm spacers are very similar, while the
one obtained for 300 pm woven spacer is significantly different from the
other two spacers, especially for viscosities of 2 cP or higher. It might be
that the results with the 300 pm woven spacers were different due to the
orientation of the spacer. The force applied to close the stack could have
pushed the spacer netting into the membrane, especially at the inlet and
outlet of the membrane pile. Then, due to the 90 degree orientation of
the spacer, the remaining flow channel between the wires of the woven
netting and the membrane is much narrower, heavily obstructing the
feed flow.

3.3. Total energy consumption

Fig. 7 presents the total energy consumption needed to remove 50%
of the ions from the low salinity solutions (1.0 g/L NaCl), calculated by
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Fig. 4. Model and experimental pressure drop for the 4 stacks tested with solutions of 1, 2 5, and 12 cP.
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Fig. 5. Friction factor versus Re for the 4 stacks tested with solutions of 1, 2 5, and 12 cP.

adding the desalination and pumping energy consumptions. It shows
that, for all the studied cases, Eq; is larger than Epyyp, and in particular
when using 450 or 720 pm spacers to desalinate solutions with viscos-
ities up to 5 cP, the pumping energy can be practically considered
negligible. However, when employing any of the 300 pm spacers, or
when desalting the streams with higher viscosity (12 cP) the Epym, value
becomes more relevant, even matching the Eg,s 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.

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 feed
solutions to shear. In the case of polymer-containing solutions, high
shear rates can cause breaking of the polymer and reduction of the
viscosity [34]. To evaluate this effect, the viscosity of the feed and the
diluate solutions was determined after all the ED experiments.

The viscosity measurements are presented in Fig. 8 as a function of
shear rate. It shows that all the diluate outlet solutions had the same
viscosity as the initial feed solution, independently of the spacer thick-
ness or fluid velocity at which they were treated. This result confirms
that the shear forces inside the stack do not cause any significant
breaking of 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 in the case of low ion removal (e.g., the 300 pm woven stack), the

outlet solutions presented the same viscosity as the feed. These results
are similar to those of Kalbani et al., who studied the degradation of
polyacrylamide solutions and found minimal viscosity decreases when
passing the solutions through a centrifugal pump. In that case, they
found to be more efficient to cause a drastic pressure drop by means of a
valve, or to use chemical oxidization [34].

4. Conclusions

In this work, we assess the energy consumption for the desalination
and pumping of viscous fluids using ED stacks with different type of
spacers. Specifically, we tested polymer-water mixture with varying
viscosity (1-12 cP) and salinity (1 and 5 g/L), which resulted in different
current densities and ion removal. 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 desalination.

The results showed an evident effect of spacer configuration and
fluid viscosity on the pumping energy consumption. The pumping en-
ergy became a significant component (in some cases up to 48%) in the
total energy need when solutions of viscosity above 1 cP (1 mPa-s) were
desalinated, especially when desalting 12 cP solutions. Nevertheless, the
only case in which the measured pumping energy consumption was
equal to the desalting energy consumption was when desalting a 1 g/L
NaCl solution of 12 cP in a stack containing 300 pm-thick spacers.

The results obtained indicated that, in most cases, desalinating
viscous streams (in the range of 2-12 cP) via ED gives negligible
pumping energy requirements, given that flow rate and spacer geometry
are properly chosen. Specifically, spacers of 450 pm are preferable to
obtain lower pumping energy (Epymp) consumption while achieving high
salt removal. Furthermore, spacers with moderate thicknesses would
also be beneficial for processes where there is fouling formation, since in
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those cases the pressure drop might be more severe.

In addition, this study proved that no polymer breakage occurred
during the desalinations performed, and for any of the experimental
conditions. Finally, we propose that future research should include a
larger range of fluid velocities during the runs, as well as to explore
alternative options to handle highly viscous fluids, like working at
higher temperatures.
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