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Assisted reverse electrodialysis—principles, mechanisms, and

potential
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Although seawater reverse osmosis (RO) is nearing its thermodynamic minimum energy limit, it is still an energy-intensive process,
requiring 2-3 kWh/m? at a recovery of 50%. Pre-desalination of the seawater by reverse electrodialysis (RED), using an impaired
water source, can further decrease this energy demand by producing energy and reducing the seawater concentration. However,
RED is hampered by the initial high resistance of the fresh water source, resulting in a high required membrane area (i.e., high
investment costs). In this paper, a new process is presented that can overcome this initial resistance and decrease the RED
investment cost without the need for additional infrastructure: assisted RED (ARED). In ARED, a small potential difference is applied
in the direction of the natural salinity gradient, increasing the ionic transport rate and rapidly decreasing the initial diluate
resistance. This decreasing resistance is shown to outweigh any negative effects caused by, for example, concentration polarization,
resulting in a process that is more efficient than theoretically expected. As this effect is mainly important at low diluate
concentrations (up to 0.1 M), ARED is proposed as a first step in an economic and energy efficient (A)RED-RO hybrid process.
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INTRODUCTION

Reverse osmosis (RO) is currently the benchmark for seawater
desalination, accounting for +60% of the worldwide desalination
capacity.! With full-scale plants needing 2-3 kWh/m® (at 50%
recovery)>™ and pilot plants operating at 1.8 kWh/m?, the RO
energy demand is approaching the thermodynamic limit of
1.06 kWh/m? for seawater desalination.>>° To decrease the energy
demand beyond this limit, focus will shift to pre-treatment and
post-treatment options.?

A potential pre-treatment or better “pre-desalination” option for
the RO processes is reverse electrodialysis (RED), which has
received significant research attention for the production of
sustainable energy from salinity gradients.””'® When feeding RED
with seawater and an undesirable fresh waste stream (i.e,, not
suitable for potable water), this process can be applied for pre-
desalination. The benefits of an RED-RO hybrid vs. seawater RO are
two-fold: (1) energy is produced in RED, while (2) the seawater
concentration is decreased, resulting in a lower RO energy
demand. The hybrid combination of RO and RED was first
mentioned by Li et al'' and has been discussed in literature
since.’> RED has also been compared to other osmotic dilution
processes, pressure-retarded osmosis (PRO), forward osmosis (FO),
and pressure-assisted osmosis (PAO), as a pre-desalination step
before RO.>"'* Compared to these, RED-RO has one main
advantage, when using impaired water as low salinity feed, there
is no/limited water transport, and the transported species are
different in RED and RO. This leads to a more credible “multi-
barrier concept”, providing more than one barrier (RO) to avoid
pollutants ending up in the produced drinking water.

Similar to FO/PRO, RED is faced with low transport rates (i.e.,
mainly occurring in the first stages of RED desalination, where the
low salinity compartment and membrane resistance is high),'® and

the required membrane surface area to reach a certain desalina-
tion degree is high. At ion-exchange membrane prices up to €100,
the slow transport currently represents the main bottleneck of
RED applications in general.”'"~'?

In this manuscript, a new mode of pre-desalination to overcome
slow transport rates, termed Assisted RED (ARED), is presented.
ARED could be compared to RED in terms of the driving force, in
the same way as the recently investigated PAO compares to
PRO.2°7?? By applying an external current in the direction of the
diffusional ion transport (i.e, along the spontaneous line of
transport following chemical potential gradients), the desalination
process is “assisted” and the initial high resistance of the dilute
feed could be quickly overcomed. This results in a decrease in the
required membrane area and a more economically viable process.
Although the process itself has been mentioned briefly in
literature before,'?* here, the experimentally observed behavior
of an ARED system is compared to its expected behavior, and—
similar to PAO, where there is a synergistic effect of combining
hydraulic and osmotic driving forces*°—it will be shown how and
why the system performs better than just the combination of
electric and electrochemical driving forces.

RESULTS AND DISCUSSION

The CVCs of the stacks for the both membrane types and the
theoretical ideal, and expected CVCs (gray) are shown in Fig. 1. All
curves intersect the x-axis at the open-circuit voltage and the y-
axis at the short-circuited point (i.e., the maximum current density
attainable when the electrodes are short-circuited). Every quad-
rant represents a different mode of stack operation. The first
quadrant represents ED (positive current and voltage), the fourth
quadrant represents RED (negative current, positive voltage), and
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Fig. 1 Current-voltages curves, theory vs. practice. Current-voltage

relation using synthetic fresh water and seawater for two different
membrane types (diamonds = F- |, circles =F- Il), compared to the
ideal theoretical curve (gray line). Error bars representing the
standard deviation on the potential measurement are obscured by
the symbols (the highest error recorded is 0.48 V in the ED region, all
other errors are below 0.04V). The inset shows a close-up of the
ARED region (third quadrant), with the dotted line representing the
expected effect of concentration polarization. Feed concentrations
are 0.5M NaCl (artificial seawater) and 0.01M NaCl (artificial
impaired water). ED was not performed for F-l type membranes

the third represents ARED (negative current and voltage).
Operation in the second quadrant is physically impossible. In ED,
the non-ideal behavior becomes clear as the measured points
highly deviate from the ideal curve due to strong concentration
polarization in the fresh water compartment that is even further
desalinated. In RED, losses are expected to be minimal due to the
low currents generated.

Whereas in ED the potential difference increases with increasing
current densities relative to the ideal curve, the opposite is
observed for ARED. Based on Ohm'’s law (U =1 X R), the resistance
of the system in ARED is lower than what would be expected from
the theoretically ideal curve, with potentials up to 5.6 times lower.
In other words, any (non-)Ohmic losses encountered in the system
(e.g., concentration polarization) are counteracted by a stronger,
positive effect. This can be explained by two phenomena. First,
ions move to the diluate compartment in ARED and RED,
increasing the average concentration (between inlet and outlet)
in the low salinity compartment. This is most pronounced in ARED
as the effect increases with increasing current density. The higher
salt concentration increases the electrical conductivity (resulting in
a lower Ohmic resistance) of the compartment. Operation in ARED
also causes a second effect. Geise et al.'® showed that membrane
resistances measured with a low and high salinity concentration
on both sides of the membrane were greater than those with the
high concentration on both sides of the membrane. Similarly,
Galama et al.?* report that at ionic concentrations below 0.3 M
NaCl, the membrane resistance is mainly determined by the
lowest external concentration. It can thus be assumed that the
increased low salinity compartment concentration in ARED not
only results in a lower resistance of the compartment itself, but
also of the membranes. Both the effects are counterbalancing and
even overwhelming the non-Ohmic losses encountered in the
system because the relation between solution concentration and
compartment, and membrane resistance is a negative power
function, as shown by Galama et al.*> Since ARED rapidly changes
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Fig. 2 Total resistance at different current densities. Total resistance
(assumed equal to the sum of the low salinity compartment and
membrane resistances) for F-I membranes at a fresh water
concentration of 0.01, 0.1, and 0.25 M NaCl (flow rate = 100 ml/min)

the low concentrations, resistance rapidly decreases, resulting in
better-than-expected performance.

Figure 2 visualizes the total resistance (approximated as the
sum of the membrane and low salinity compartment resistance)
for different diluate concentrations, based on the continuous
experiments. The average membrane resistance can be calculated
from the obtained data using Eq. 2. The low salinity resistance is
based on the average of the incoming and outgoing concentra-
tions. Three different concentrations are used as the low salinity
compartment concentration; 0.01 M (i.e, representing the first
stage of (A)RED when feeding with seawater and fresh impaired
water), 0.1 and 0.25 M (i.e,, further steps in the (A)RED desalination
process). As the current density increases (i.e, moving from the
RED to the ARED region), the desalination rate in the stack
increases, increasing the average diluate concentration. This
decreases the solution resistance, resulting in a decrease in
membrane resistance, as discussed before. The total resistance
decreases via the negative power function and reaches a plateau
at higher current densities.

The average membrane resistance provided by the manufac-
turer is 1Qm’ for the F-l type membranes. From the measure-
ments at low currents (right side of the figure, where the effect of
desalination on the resistance is limited), it is shown that a similar
resistance was obtained in the 0.25 and 0.1 M solutions, but that
the membrane resistance was significantly higher in the 0.01 M
solution, as predicted. In the far ARED region (at higher current
densities), the overall resistance change is small, while in the RED
and initial ARED region (at lower current densities), the membrane
resistance significantly decreases with increasing current density.
These results further confirm the decrease in resistance of both
membrane and solution resistance for higher current densities,
especially at low salinities, and thus the reason ARED outperforms
its theoretical potential.

If the good performance of ARED is indeed due to the
increasing concentration in the diluate and the resulting decrease
in resistance, it should level off at higher diluate concentrations.
This is confirmed in Fig. 3, where the high salinity concentration
was kept constant at 0.5 M to ensure that the effects seen can be
attributed to the diluate compartment only.

The CVC profiles shift to lower potential differences with
increasing concentration due to a decrease in salinity gradient
between the both compartments. This results in a decreased
driving force for ion transport, and thus a lower potential
difference. This effect causes the slope of the curves to be lower
at higher concentrations as well.

More important, the curvature of the curves differs. At the
lowest concentrations (0.01 and 0.05 M), the downward trend is
clear, both visually and from the second order coefficients (—6.72
to —3.48) of the polynomial fit (equations of polynomial fits are
included in Supplementary Table 1). At higher concentrations, the
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Fig. 3 Comparison of different low salinity concentrations and
membrane types. CVCs at different low-salinity compartment
concentrations for F-l and F-ll type membranes. Error bars
representing the standard deviation on the potential measurement
are obscured by the symbols (all errors are below 0.04 V)

fit becomes linear because the effect of ion transport on the
diluate concentration is less, as the concentration initially was
already higher (i.e, solution and membrane resistance are
approaching a constant value). The results are similar for both
membrane types, although the absolute slope and second order
coefficient differ because of the difference in resistance between
both membrane types (lower for the F- membranes).

A key observation is that the increased conductivity of solution
and membranes dominates the concentration polarization effects.
Concentration polarization would cause a convex curve, while Fig.
3 shows concave curves or close to linear for higher concentra-
tions. In contrast, for ED, it is common to observe higher
resistances for higher current densities, which finally leads to a
limiting current density.?®?” With this knowledge, the ARED
conductance can be further increased (i.e., further lowering the
cell voltage) by optimizing the intermembrane distance®® and
membrane thickness.?

This study shows the potential of ARED, as this system is
capable of providing a boost in (pre-) desalination rates in (A)RED-
RO hybrids at lower energy (and investment) costs than
theoretically expected. Although previous research has theoreti-
cally indicated that the thermodynamic energy demand of ARED-
RO hybrids is significantly lower compared to stand-alone RO,'?
this research has shown that the benefits of lower than expected
resistances in the ARED technique is most pronounced at lower
diluate concentrations. At these concentrations, the decrease in
solution and membrane resistance significantly reduces the added
energy requirement (beyond the theoretical expectations), while
at higher concentrations, this benefit is lost and the systems
behave as theoretically expected. In our opinion, ARED can thus
be best used to overcome the initially high resistance in RED
systems. An added advantage is that ARED does not require
additional stacks, as segmented electrodes**?' can provide the
different potentials to different parts of the stack. In this case, a
high potential difference can be applied in the first part of the
membrane pile, switching to RED further on in the stack. This can
significantly reduce the (A)RED membrane requirement in an RO
hybrid, otherwise caused by very low desalination rate in early
RED stages. As such, ARED has a defined and valuable niche, as it
can help bring (A)RED-RO hybrids closer to the market—although
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Fig. 4 Envisioned process scheme. Envisioned hybrid process

including ARED and RED as pre-desalination steps prior to RO.

Impaired water is the preferred fresh water source here, serving as a
sink for the ions

Table 1. Nomenclature

Symbol Description Unit

Am Active membrane area m2

C Concentration mol/I

Eocv Open circuit voltage \Y

F Faraday constant 96 485 C/mol
H Compartment thickness m

N Number of cell pairs -

Raem AEM resistance Qm?2

Rcem CEM resistance Qm?2

Rg Universal gas constant 8.314 J/(mol )
Rstack Stack resistance Qm2

T Temperature K

z lon valence -

a Permselectivity -

B Shadow factor -

£ Spacer porosity -

K Conductivity S/m

there also could be some potential in ARED-RED sequences, even
for sustainable energy production.®> We expect (A)RED-RO hybrids
to provide energy-efficient and more economical seawater
desalination systems (Fig. 4) that can provide sustainable solutions
for water scarce regions worldwide.

METHODS
All symbols and parameters used are reported in Table 1.

Experimental set-up

The electrochemical membrane cell used in the experiments consisted of a
plexiglass encasement, containing stretched titanium electrodes with an
iridium (anode) or ruthenium (cathode) MMO coating (Magneto Special
Anodes B.V., The Netherlands). Five cell pairs, formed with Fujifilm type | (F-
1) or type Il (F-l) membranes (Fujifilm, the Netherlands), with an active
surface area of 7.8 x 11.2 cm? for each membrane, were used. Polyamide
spacers provided a compartment thickness of 485 um. The properties of
the membranes and the spacers are included in Supplementary Tables 2
and 3.

To isolate the losses associated to redox reactions occurring at the
electrodes, a reference electrode (Ag/AgCl, RE-5B, BASi, USA) was inserted
in both end plates to measure the actual potential difference across the
cell pairs. The potential difference was recorded using an Agilent 34970 A
Data Acquisition/Data Logger Switch Unit (Agilent Technologies, USA). The
limit of this equipment (+1.2 A or 136 A/m?) was used as the endpoint in
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the continuous experiments—see further. A DC current was applied to the
stack using an adjustable DC power supply (PS 5005, HQ Power, Belgium).

Experimental conditions

Continuous experiments (i.e., the concentration of the feed entering the
stack remained constant throughout the experiments) were performed to
generate current-voltage curves (CVC), whereby the response of the
potential to a change in current was recorded. Synthetic seawater (0.5 M
NaCl) and synthetic fresh water (different NaCl concentrations) were used
as feed streams. All streams had a flow rate of 100 ml/min and were run
through the stack without recirculation. Only the electrolyte solution
(0.25 M NaCl) was recycled in the same container. The current was adjusted
stepwise, and the corresponding potential was recorded after stabilization
of the signal (i.e, a standard deviation <5% between five consecutive
measurements, collected every 30 s). The conductivity of NaCl solutions at
the inlet and outlet were measured using a conductivity probe (SK23T,
Consort, Belgium).

CVCs allow the assessment of the behavior of the ARED technology and
comparison to RED and ED. An ideal CVC, assuming a perfect system
without losses, is a straight curve, as based on Egs. 1-3. Deviations from
this curve can be caused by changes in the stack resistance, Rgack (€.,
because of concentration polarization), and as such provide information on
the efficiency and losses encountered in real systems.

Estack = Eocv + i % Rstack (1

Here, i (A/m?) is the current density, while Focy and Ry are defined by
the following equations:*>

N (Raem | Reem hc hp
RStaCkfﬂ<1—B+1—B+<chez T \kax e @
- RyT Cc
Eoc\/ =Nxa 7F In (CD> (3)

N (-) is the number of cell pairs, A, (m?) is the active membrane surface
area for one membrane, Raem and Rcem (Qm?) are the membrane
resistances for the anion-exchange membranes (AEM) and cation-
exchange membranes (CEM), B (-) is the spacer shadow factor, h (m) is
the compartment thickness, subscript C denotes the concentrate
compartment and subscript D denotes the diluate compartment, k (S/m)
is the conductivity of the solutions, and ¢ (-) is the spacer porosity. a (-) is
the permselectivity, Ry (8.314 J/(mol.K)) is the universal gas constant, T (K) is
the temperature, z (-) is the ion valence, F (96,485 C/mol) is the Faraday
constant, and C (mol/m®) is the concentration.

Data processing and visualization. All data was processed using Microsoft
Excel (2016). Where mentioned, polynomial fits were determined using the
trendline function. All graphs were constructed using Veusz (version 1.26.1).

Data availability statement

Any raw data used in this manuscript can be freely obtained by contacting
the corresponding author.
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