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A review: flow electrode capacitive deionization for improved elec-

trochemical water desalination

Alexandra E. L. Overland, Maira R. Ceron, Steven A. Hawks

Lawrence Livermore National Laboratory, 7000 East Ave, Livermore, CA, 94450

ABSTRACT: In many places of the world people have continued to suffer from major droughts and water shortages. With climate
change climbing in intensity, these dry conditions will only worsen. With much of the world’s water in the ocean, both saltwater and
brackish water have been identified as key water sources. Currently, there are several technologies available for water desalination
and treatment such as reverse osmosis, capacitive deionization, electrodialysis, and flow electrode capacitive deionization. This paper
will briefly review each of these technologies and propose a new design to improve the current flow electrode capacitive deionization
architecture. The new design uses a current collector flow-electrode architecture that has the potential to achieve record thermody-
namic energy efficiencies. This formulation is proprietary to Lawrence Livermore National Laboratory. IM release number: LLNL-

TR-839527.

INTRODUCTION

One out of seven people worldwide still do not have access
to clean water, a basic human right acknowledged by the United
Nations.! With climate change becoming more severe and
droughts extending indefinitely, water has become a sacred re-
source. Climate change is reducing the predictability of water
availability and affecting the water quality around the world.?
Many countries and people suffer from inadequate access to
clean potable water and poor sanitation. Not only will we see
the scarcity of water directly affect humans and human health,
water scarcity will also affect the agricultural sector (i.e., soil
properties, crop yields, and crop nutrients), natural ecosystems
(i.e., wetlands) and their biodiversity.® Yet, global water usage
has increased by a factor of six over the past century and is not
slowing down any time soon.?

Several global organizations have identified two sources that
could help remediate the global water crisis: saltwater and
wastewater.*> Most of the water (96.5%) on Earth is located in
the oceans and seas and has salinity levels around 30,000-
45,000 mg/L of total dissolved solids (TDS).* However, saltwa-
ter desalination plants will mostly affect and benefit coastal so-
cieties. The other source of potential water is brackish water
which contains more salts than freshwater but less salts than
seawater and can be sourced from waste water, estuaries, or
groundwater.® Brackish water has flexible saline water concen-
trations ranging from 3000 to 30000 mg/L and lacks the sus-
pended sediment content that is present in seawater which is
less costly to treat. Brackish groundwater is characterized by
high alkalinity and high hardness due to dissolved polyvalent
cations, and can also contain hazardous minerals such as arse-
nic, radium, uranium, and chromium which require additional
treatment schemes. ’

Water desalination technologies are important to treat brack-
ish groundwater. While the main goal for desalination plants is
to achieve water with <500 mg/L of TDS, desalination facilities
can also be used to produce water for other purposes which do
not need to meet drinking water standards (<1000mg/L of TDS)

to help relieve the strain on the world’s main freshwater sources
(i.e., rivers, lakes, and reservoirs). These other purposes include
irrigation water in agriculture or industrial applications such as
thermoelectric power generation. Irrigation for agriculture uses
around 32% of the freshwater while thermoelectric power gen-
eration uses around 45% of the freshwater available in the
United States.®

Desalination can be broken up into two different categories,
thermal processes and membrane processes. Thermal desalina-
tion includes processes such as multi-effect distillation and
multi-stage flash distillation which account for 26% of the total
seawater desalination capabilities.” For these processes, the feed
solution is heated, and the vapor is condensed to produce fresh
water. Today, thermal desalination development is largely fo-
cused on pairing the technology to a renewable energy source
such as solar energy.” Now, because membrane technology has
improved greatly, thermal desalination has decreased in popu-
larity due to its high energy needs. Membrane technology in-
cludes processes such as nanofiltration and reverse osmosis
which account for 60% of the total number of worldwide
plants.!® Although these processes operate at much lower en-
ergy costs compared to thermal desalination, they still consume
electrical energy for the high pressure systems required for
membrane desalination especially since seawater has a higher
osmotic pressure. Additionally, membranes suffer from the
trade-off between membrane selectivity (salt rejection) and
membrane permeability (permeate flux).®

Other desalination techniques include electrochemical pro-
cesses such as capacitive deionization (CDI) and electrodialysis
(ED) which use potential differences to remove ions from the
water feed solution. CDI is an emerging and promising tech-
nique for water desalination, particularly brackish water desali-
nation, where the ions are adsorbed on the surface of charged
electrode material.'" CDI can be combined with additional
membrane technology to improve water recovery and effi-
ciency. The electrodes are also regenerative when the electrical
potential is removed allowing the ions to desorb from the
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electrodes. Unfortunately, this process is discontinuous and can
waste valuable time at an industrial scale. Electrodialysis (ED)
also uses an electrical potential along with ion exchange mem-
branes (IEMs) to generate brine and freshwater channels. How-
ever, ED is not ideal at an industrial scale yet due to high elec-
trical energy consumption, high resistance, and membrane foul-
ing.'? Both technologies, CDI and ED, are less sensitive to clog-
ging and therefore require less extensive pre-treatment.'> Addi-
tionally they are usually run at low-pressures and room temper-
atures.

LLNL seeks to combine ED and CDI in flow electrode ca-
pacitive deionization (FCDI) to improve on the current thermo-
dynamic energy efficiencies (TEEs). FCDI uses an electrical
potential to separate ions through IEMs and absorb into a car-
bon slurry which can be regenerated like the electrodes in CDI
by removing the electrical potential. FCDI is advantageous over
CDI and ED because the energy use is low while also being a
continuous operation with high water recovery. LLNL seeks to
modify the architecture of the flow electrode to decrease re-
sistance by increasing the contact time between the conductive
carbon slurry and current collector. The purpose of this paper is
to give a brief overview of current and relevant technologies
and describe the new architecture we plan to use to achieve rec-
ord TEEs for FCDI.

CURRENT TECHNOLOGY
Reverse Osmosis (RO)
External Pressure

Fresh Water

Figure 1. Mechanism behind reverse osmosis. An external pressure
larger than the osmotic pressure is applied to allow water to flow
from water of high concentrations to low concentrations.

Reverse osmosis is a diffusion-controlled process in which
the mass transfer of permeant through the membranes diffuses
via solution-diffusion mechanism where the permeants dissolve
in membrane material and then diffuse through the membrane.'°
Solution-diffusion occurs in three separate steps: absorption
onto the membrane surface, diffusion through the thickness of
the membrane, and desorption from the permeate surface of the
membrane.® RO membrane diffusion is controlled by achieving
a hydrostatic pressure greater than the osmotic pressure of the
solution. The positive pressure creates a chemical concentration
gradient across the membrane driving the liquid through the
membrane against the natural direction of osmosis (movement
of water from high to low concentrations) (Figure 1).° So, to
analyze the performance and efficiency of the membrane, water
recovery is measured (Equation 1),

Rw =F (1)

where Qp is the permeate volumetric flow rate and Qr is the
feed volumetric flow rate. Typical membranes afford water re-
covery anywhere from 35-85% depending on the feed water
composition, feed water salinity, pretreatment, concentrate dis-
posal options, and optimum energy design configuration.®

A suitable membrane for reverse osmosis should have met-
rics such as high water permeability, good mechanical strength,
thermal stability, and high chemical resistance.* Most of the
membranes for RO used today are designed as spiral wound
modulus, where the membranes are wound around an inner tube
that collects the permeate (Figure 2).'° The most significant dis-
advantage to using membranes is they slowly deteriorate within
1-3 years due to membrane compaction, fouling, and degrada-
tion from hydrolysis, chlorine attack, or cleaning which can de-
crease the membrane flux by 20% and salt rejection around 0.2-
0.3%.'

The most common membrane materials today are often pol-
ymeric materials such as cellulose acetate and polyamide thin
films. Cellulose acetate has low protein adsorption, good water
affinity, high mechanical strength, a low cost, low fouling re-
sistance, and poor thermal stability.* Typically these mem-
branes are easy to make, mechanically tough, resistant to deg-
radation by chlorine and other oxidants (up to 1 ppm of chlo-
rine), and can be used for sterilizing feed water. The exact com-
position for cellulose acetate varies but usually contains 40 wt%
acetate with 2.7 degree of acylation which produces 98-99% so-
dium chloride rejection with reasonable fluxes. Annealing can
have great effects on the salt rejection to water flux ratio be-
cause the properties of the membrane change with heat. Higher
annealing temperature leads to less micropores, higher salt re-
jection, but less water flux. On the other hand, cellulose acetate
membranes will hydrolyze over time and are most stable at pH
4-6.1
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Figure 2. Reverse osmosis spiral wound modules with thin com-
posite membranes containing an active polyamide layer with a po-
rous polysulphone layer wound round a central collection tube.!

Another common material that makes up RO membranes are
polyamide thin film composites. These membranes have a
dense top layer and highly porous support layer which affords
high water permeability, low operating pressure, and separation
of organic foulant.* These thin film composites are synthesized
by interfacial polymerization which is a common technique
used to make these membranes and produces extremely high
salt rejections with good water fluxes.'* Typical membranes,
tested with 3.5% sodium chloride solutions, have a salt rejection
of 99.5% and water flux of 30 gal/ft’ » day at 800 psi. These
metrics show that polyamide thin film composites have more
than half the salt passage of cellulose acetate membranes and
twice the water flux with far better rejection of low-molecular-

2



weight dissolved organic solutes. On the other hand, these
membranes are very sensitive to even ppb levels of chlorine or
hypochlorite disinfectants. The rate of degradation of the mem-
brane is significantly slowed if tertiary amines or aromatic pol-
yamides are used with high crosslink density.'*

Capacitive Deionization (CDI)

Capacitive deionization (CDI) relies on porous carbonous
materials as solid electrodes to temporary store ions when a po-
tential difference is applied. The water feed solution is flowed
between two electrodes and the ions are attracted to their re-
spective charge through electrostatic forces and are adsorbed
onto the electrode. Once the electrodes are saturated, the elec-
trodes can be regenerated by removing the external electric field
which causes the ions to desorb from the electrode material and
creates concentrate (Figure 3). CDI is advantageous because
CDI operates at low-pressures and does not require a membrane
which can deteriorate over time.'?
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Figure 3. Pictorial representation of CDI during a) adsorption and
b) desorption of ions."?

On the other hand, CDI can suffer from co-ion adsorption
since there no way to screen off oppositely charged ions which
leads to low charge efficiency of the system if operated around
the wrong point of zero charge and/or voltage window. The use
of ion exchange membranes (membrane capacitive deioniza-
tion, MCDI); however, can solve the problem of low charge ef-
ficiency in CDL"?

The mechanism of ion transport and adsorption in CDI can
be described by the electrical double layer (EDL) when an ac-
cumulation of ions is formed at the electrode-electrolyte inter-
face due to the electrical potential."'> The EDL model further
dates back to Helmholtz where he assumed that all surface
charge is charge-compensated by a countercharge adsorbed to
the surface. So, in an ideal environment, for every anion ad-
sorbed onto the anode, one cation would be adsorbed onto the
cathode resulting in 100% charge efficiency. Realistically, ions
do not condense in the plane adjacent to the electrode, but re-
main in a diffusively distributed layer close to the surface de-
scribed by the Gouy-Chapman model.! The thickness of the dif-
fuse layer is defined by the 2 or 3 times the Debye length, the
characteristic distance for the counterion concentration and po-
tential to decrease by a factor of e (~2.7). The Gouy-Chapman
theory predicts two different pathways that the diffuse layer
takes to compensate surface charge: 1) counterion adsorption in
the diffuse layer, and 2) co-ion desorption.! These pathways im-
ply that the ions close to the surface, in the absence of charge,
are now being expelled because they have the same charge as
the surface charge that builds up. This effect lowers the charge
efficiency of CDI to around 60-80%.' Furthermore, when the
EDL voltage drops below the thermal voltage, the system can
reach the Debye-Hiickel limit and zero salt adsorption can oc-
cur. When the Debye-Hiickel limit is reached, co-ions within
the electrode, prior to applying the electrical potential, desorb
into the flow channel. Thus, no salt is removed from the water
feed solution (Figure 4).

With these theories in affect, one would except with increas-
ing cell voltages, both the charge and the charge efficiency
would increase along with salt adsorption. At typical voltages
for CDI (1.0 V), far above the Debye-Hiickel limit, one would
expect charge efficiencies close to 1, however, this is not ob-
served. This discrepancy is contributed to the Stern layer, the
thin dielectric layer between the charged surface and the begin-
ning of the diffuse layer. The thickness of this Stern layer cor-
responds to the hydrated radius of the ion and is considered the
closest-approach-plane for the center of the ions to the charged
surface.! The dielectric layer creates a space that does not con-
tain ions and acts like a capacitor causing relatively high voltage
drops up to 80%."
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Figure 4. The effect of co-ion desorption from electrical double
layers on salt adsorption in a symmetric two-electrode cell pair con-
taining activated carbon electrodes, quantified by the charge effi-
. 1
ciency.

The material of the electrode is the key contributor to the
overall efficiency of CDI technology. A good electrode has
properties such as high porosity, good electronic conductivity,
high surface area, high capacitance, good stability, hydrophilic-
ity, and economic feasibility.'* The most common material used
for CDI are carbon-based materials which possess many of the
properties listed above. Carbon-based electrodes often contain
activated carbon, carbon nanotubes, graphene, or carbon sheets
and are made by depositing a dispersion solution onto a support
(the current collector). While carbon-based materials are known
for high specific surface area and comparatively low cost, they
also have major limiting factors such as low porosity, conduc-
tivity, and wettability.!!"'* These shortcomings can be improved
upon by chemically and physically treating the electrodes with
various gases to increase pore size, etching to increase surface
area, and functionalizing to increase hydrophilicity.'®

Electrodialysis (ED)

Electrodialysis membranes operate under electric current
causing ions to move through parallel membrane and are typi-
cally only used for brackish water desalination.® Like capacitive
deionization, electrodialysis employs an electrical potential as
the driving force to extract charged compounds from a saline
solution. Ions travel through cation- and anion-exchange mem-
branes (CEM and AEM) to generate fresh water and a brine so-
lution.'* Using the CEMs and AEMs allows for high salt re-
moval rate with water salinity less than 5,000 mg/L and energy
consumption of 0.8-1.5 kWh/m® of 45 L/m*h. Compared to CDI
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this technology is cyclic, so there is no time wasted trying to
regenerate the membranes and does not require extensive pre-
or post-treatment. ED affords high removal rate of salt, genera-
tion of high brine concentrate, high segregation of metals, and
is less susceptible to scaling.'> Additionally, using monovalent
perm-selective IEMs allow for selective separation of monova-
lent ions against multivalent ions (i.e., for the production of ir-
rigation water). On the other hand, electrodialysis has higher
energy consumption, is more susceptible to clogging, and relies
on membrane technology which naturally deteriorate over time.

Figure 5. Diagram of a constructed electrodialysis setup: a) desalt-
ing cell; b) concentrating cell; c¢) duct; d) slot; ¢) fastening frame;
f) feeding frame; g) cation exchange membrane; h) anion exchange
membrane; 1) spacer; ) feeding solution; k) desalted solution; 1)
concentrated solution.'?

The electrodialysis setup includes a stack of IEM mem-
branes, electrodes, spacers, gasket seals, and compartments for
the feed and concentrate (Figure 5). Within the electrodialysis
stack, anion and cation exchange membranes are placed alter-
nating between the anode and cathode and situated between the
feed and brine compartments. Spacers act as manifolds for col-
lecting and distributing the solutions to and from the different
channels. These spacers are often made of polypropylene so that
the equal area is the effective area of the installed IEMs with a
thickness of 0.42-10 mm.'?> The IEMs are commonly thin poly-
meric films with charged groups such as polysulphone, polysty-
rene, and polyethylene. CEMs have negatively charged func-
tional groups (i.e., carboxylic acid, phosphoryl, sulfonic acid,
phosphonic acid) attached to the polymeric backbone which
prevent negatively charged groups from passing through while
allowing positive ions to pass. Alternatively, AEMs have posi-
tive charged functional groups (i.e., quaternary, tertiary, sec-
ondary amines, and ammonium) bonded to the polymeric back-
bone which prevent positively charged groups from passing
through but allows negative ions to pass (Figure 6).'? Different
supports can be made to tune the mechanical strength of the
membranes but can reduce conductivity or perm-selectivity. To
minimize potential ohmic loss, one can reduce the thickness of
the IEM except thin IEMs have been found to have poor perme-
ability to gases, produce low selectivity, and have crucial me-
chanical properties.'?

The electrodes themselves are conventional capacitive elec-
trodes and made of a mixture of poly(vinylidene fluoride) and
activated carbon. Activated carbon is common due to its high
surface area and pore size distribution. These electrodes do not

require any toxic materials but can suffer from carbon layer sat-
uration.'?
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Figure 6. Schematic of the ED system where charged ions (M* and
X") pass through CEM and AEM to generate concentrate and dilute
streams.'?

The main reason why ED has not been scaled up is because
of membrane fouling. Membrane fouling is typically caused by
the molecular size of organic particles which range from 200-
700 Da and cause internal clogging.'? Others have done studies
to limit membrane fouling such as adding pre-treatment through
ultrafiltration or nanofiltration, using activated carbon and
cleanings actions to prevent clogging, or using porous mem-
branes instead of IEMs. 2

Flow Electrode Capacitive Deionization (FCDI)

Flow electrode capacitive deionization combines elements of
both electrodialysis and capacitive deionization to deliver a new
water desalination technology. FCDI incorporates the capaci-
tive adsorption of salt ions while also using flowable electrodes
to continuously replenish the electrode chamber with new or re-
generated particle electrodes.!® This new configuration im-
proves upon aspects where electrodialysis and capacitive ad-
sorption are disadvantaged. Future works are even trying to in-
tegrate FCDI technology with renewable energy sources to use
in remote off-grid power areas.'®
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Figure 7. Typical laboratory scale FCDI device and its major com-
ponents incorporating both IEMs and flowable electrodes to max-
imize salt removal and minimize energy usage.'
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Several different factors go into creating a FCDI such as cell
architecture, electrode/current collector/membrane material,
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and operation of the cell. Like a CDI setup, a FCDI includes
separators, current collectors, and spacers which are held to-
gether by end plates. Figure 7 shows a standard configuration
of a FCDI cell where the feedwater flows through the spacer
channel.'®

The ion transfer in flow electrodes can be tricky. When the
electrical potential is applied, ions move through IEMs and are
adsorbed into the carbon slurry where electrons are transferred
to the current collector to complete the circuit. Flow-electrodes
contain a mixture of active materials, electrolyte, and conduc-
tive additives to a desired ratio (Equation 2),'

solid content (wt%)
active materials + solid conductive additives

" active materials + conductive additives + electrolyte

()]

Typical active materials and conductive additives found in
FCDI devices include carbon-based materials (i.c., activated
carbon, carbon black, graphene, and carbon nanotubes), highly
conductive solid substances (i.e., molybdenum carbide and gra-
phene/reduced graphene oxide), and aqueous electron-media-
tors (i.e., hydroquinone, indigo carmine, and m-phenylenedia-
mine).'%!” Each bring their own set of advantages and disad-
vantages but, generally, bring large specific surface area, good
conductivity, and are relatively low cost. However, current
mass loading is limited by 5-20 wt% to balance viscosity and
conductivity.! Furthermore, the electrolyte also plays a key role
in the flow-electrode since the electrolyte is usually >80 wt% of
the slurry. Finding the correct balance of salts is crucial since
additional ions will be added during desalination. While in-
creasing the salinity of the electrolyte increases electronic con-
ductivity, slurry stability can decrease and lead to severe parti-
cle aggregation and higher viscosities.'®!” The flow-electrode is
crucial to the electrodialytic and capacitive processes and
strongly influence the efficacy of ion removal in the FCDI de-
vice.

Another crucial component of the FCDI is the current collec-
tor and flow channels. The current collectors not only transfer
current and charge distribution to the electrode particles but also
direct the flow of the electrode suspension and provide struc-
tural support to the chamber separators.'® Current collectors
with ideal properties would possess high electrical conductivity,
robust mechanical strength, be lightweight, self-supporting, and
low cost. Materials like stainless steel or graphite-based plates
can be used but each come with their own disadvantages. Stain-
less steel is strong and has good conductivity but is easily sus-
ceptible to corrosion and can be difficult to modify. On the other
hand, graphite has a resistance to corrosion and can be designed
for various configurations except these carbon plates can
quickly become costly. Designing FCDI cells are not a trivial
task since one has to consider these three main principles: i)
high effect contact surface area between the current collectors
and flow-electrodes for rapid distribution of charge to the car-
bon slurry, ii) minimized hydraulic resistance to flow of the
slurry, and iii) minimized weight and cost.'®

PROJECT SCOPE

With electrochemical devices and systems making advances,
this project aims to mark the turning point where electricity-
driven desalination becomes more efficient than osmotic-driven
desalination. Using flow electrode capacitive deionization tech-
nology, LLNL seeks to create a desalination device that can

achieve >90% water recovery for brackish water desalination at
a record thermodynamic energy efficiency (TEE) of signifi-
cantly greater than 30%. This reduction of energy use by >4x
can be achieved by combining engineering advantages of elec-
trodialysis reactor design with energy-barrier-free sorption.
Along with the desalination device, the group will also use an
engineering process model to predict and verify optimal perfor-
mance.

As with any electrochemical devices and systems which re-
quire a large amount of current to perform anything measurable,
managing the resistances within the device will determine both
the energy efficiency and rate capability. The key limiting fac-
tor identified for the desalination device is the low interfacial
contact area, at any given moment in time, between the flowing
carbon particles and the current collector within the flow elec-
trode. This electron transfer from the current collector to the
carbon slurry particles dictates the current conduction within
the entire system and has been identified as the rate limiting
step. Much of this low electronic conductivity within the flow
electrode is contributed to voltage drops due to ohmic losses.
Currently, the flowable capacitive electrodes are limited to 10-
30 wt% carbon, and thus have percolation electronic conductiv-
ities of only 0.1-1 mS/cm.'*!®!° On the other hand, the brine
concentrate will have conductivities 40-100x higher depending
on the chosen water recovery and feed concentration. This
causes the conduction pathways to be limited by electronic con-
duction. So, to maximize the time-average contact area between
the carbon slurry and current collector and achieve low re-
sistance and record thermodynamic efficiency, the group pro-
poses to construct a templated membrane electrode assembly
(MEA) using a structed carbon current collect inspired by heat-
exchanger flow plates (Figure 8). LLNL proposes to use a pil-
lared heat-exchanger flow plate design to maximize charge
transfer while minimizing pressure drop. This design was cho-
sen because heat-exchangers are highly optimized to maximize
heat transfer while minimizing pressure drop. LLNL hopes the
design will provide an excellent and novel solution to the prob-
lem.

a) Current Flow
Collector

Desalinated b)
Electrode CEM Water

Top-down view: Current Collector Heat Exchanger Design

Electrical Conductivity (mS/cm)

Feed
%= carbon slurry particle Water

0 05 1 15 2 25 3
NaCl Concentration (M)

Figure 8. (a) Current conduction pathways in the flow electrode
chamber, (b) proposed membrane electrode assembly for the struc-
ture current collector for increased time-averaged contact with the
carbon slurry, (¢) conductivity comparison for electronic percola-
tion vs. ionic conduction within the flow electrode.?

To start the project, we will begin by fabricating a FCDI de-
vice from stainless steel, aluminum, or even copper, to optimize
the geometry before more electrochemical testing. Based on
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previous estimates, this plate structure could reduce the re-
sistance by ~7x due to increased charge transfer between the
carbon slurry and current collector. Once the geometry is opti-
mized, more electrochemically stable plates can be made from
graphite or titanium. For example, a prototype could be 3D
printed from a polymeric material and then carbonized to in-
crease conductivity.

This project incorporates several milestones and stop points
to monitor progress and successes. Once the plates are fabri-
cated, we aim to recreate efficiency values from literature to
show and compare the promising results of FCDI by replicating
their plates. In tandem, we will also be designing and fabricat-
ing the heat-exchanger flow plates and evaluating their perfor-
mance. They will be individually characterized using half-cells
to quantify their hydraulic permeability for the carbon slurry
and conductivity measured by impedance. The half-cell design
allows us to quickly measure the merits of each current collector
structure to assess the tradeoff between conductivity and pres-
sure drop.

CONCLUSIONS

With this new FCDI plate design, the project has three main
goals: 1) can we reproduce a FCDI TEE of >10% from literature
for a water recovery of >90% for a flow of 2 g/L = 0.5 g/L?*!
2) Can we reduce the overall resistance by 2x or great with the
new flow-through architected current collector design? And 3)
can we achieve a record TEE >25% for brackish water desali-
nation at a water recovery of >90% for 2 g/L > 0.5 g/L? With
this new FCDI current collector design, we hope to unlock a
whole new fresh water source by targeting brackish water and
greatly improve water resilience across the United States.
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