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The use of carbon flow electrodes has significantly impacted
electrochemical energy storage and capacitive deionization (CDI),
but device performance is limited as electrodes cannot surpass
~20 wt% carbon while maintaining flowability. We here introduce
flowable fluidized bed electrodes which achieve up to 35 wt%, and
apply these to water desalination by CDI.

Introduction
Water desalination by capacitive deionization (CDI) is a fast
emerging technology, with tremendous advances over the past
half-decade.1 The basic phenomena underpinning CDI
technology is ion electrosorption into micropores, whereby salt
ions are stored electrostatically in electric double layers (EDLs)
formed within micropores of charging porous carbon
electrodes. The traditional CDI cell consists of two static porous
carbon electrodes sandwiching the feed flow channel.
Transferring electrons between the two electrodes via an
external power supply allows for desalting the flowing
feedwater. Once the cell is fully charged, the electrodes must
be regenerated, which is often accomplished by shorting the
two electrodes, resulting in a brine cell effluent.
One of the most promising recent advances in CDI is the
advent of flow electrode capacitive deionization (FCDI). In FCDI,
traditional static (or film) electrodes were replaced by flow
electrodes consisting of suspensions of micron-scale carbon
particles in an electrolyte.2 The latter advance was was
preceded by the use of flow (or slurry) electrodes in
electrochemical energy storage systems such as flow batteries3
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and supercapacitors,4 and the decades-old investigations of
such flow electrodes.5 The two main advantages of FCDI
compared to CDI are that FCDI enables continuous desalination
with a single cell, as electrode regeneration can occur
downstream of the cell, and FCDI can also desalinate
significantly higher salinity feeds than CDI.2
One major limitation of FCDI is the poor electronic
conductivity of the flow electrodes, typically order 0.11 mS/cm,6 which is the result of transporting electric charge
through a discontinuous network of carbon particles. This
conductivity is many orders of magnitude lower than that
achieved by static electrodes,7,8 and on the order or lower than
the ionic conductivity of the electrolyte. Thus, transporting
electronic charge through the electrode is the major bottleneck
for FCDI technology, limiting the achievable salt removal rate
and cell energy efficiency.6 Similarly, low electronic conductivity
has been reported for the carbon flow electrodes of flow
batteries,9 flow supercapacitors,10 and flow electrode Capmix
systems.6
It has been demonstrated previously that flow electrode
electronic conductivity is a strong function of the electrode’s
carbon weight percent (CWP, expressed in wt%), as increasing
this percentage enables more effective electronic charge
percolation.6,9 Thus, one clear pathway to achieving the needed
breakthrough in flow electrode performance is to increase the
CWP. However, until now, the practical CWP of flow electrodes
has been limited to about 20 wt% as more concentrated
electrodes are no longer flowable.6,11 Another challenge for
FCDI is operating the cell continuously while regenerating and
re-using the electrodes in a closed-loop manner. Current
strategies involve adding system components, such as two FCDI
cells in series (one for charging of the carbon particles, another
for discharging the particles),12 or an extra (a third) ion
exchange membrane to separate the desalted and brine
streams.13
In this work, we demonstrate a breakthrough in suspension
electrodes, achieving a flowable electrode with up to 35 wt% by
leveraging upflow fluidized bed electrodes. The unique
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properties of fluidized beds allow us to overcome the
limitations of previously-used flow electrodes. Crucially, we
show flowable, exceptionally high CWP beds in our electrode
compartment while simultaneously CWP in the surrounding
flow system remains very low (here ~2.5 wt%), thus preventing
clogging of the flow system and minimizing pumping
requirements. We further demonstrate the first use of fluidized
bed electrodes for water desalination by CDI, and term this
novel technology “fluidized bed capacitive deionization” (Fbed
CDI). We show that our Fbed CDI cell can continuously
desalinate feedwater for several days while using a novel, low
infrastructure, and robust closed-loop system to regenerate
and re-use the electrodes.

where dp is the carbon particle diameter, ρ is the electrolyte
density (approximately that of water), ρp is the density of the
porous particle when filled with electrolyte, g is the
gravitational acceleration, and μ is the electrolyte viscosity. For
standard flow electrodes, where typical carbon particle size is
order 10 µm, the Archimedes number is either zero (for
horizontal flow) or order 0.001 (for vertical flow). In
comparison, Fbed CDI systems are designed for Archimedes
numbers of order unity and above, by ensuring that flow is
against gravity and using large enough beads, here order
100 μm diameter. Another unique feature of fluidized beds is
that the carbon bead volume fraction (and also CWP) is not a
static value as in flow electrodes, but a function of the relative
velocity between the particle and liquid. For sedimentation, this
relationship is often described by the empirical Richardson-Zaki
relation,16

U p  Uw  UT  (1  )n 1

[2]
where Up is the local particle velocity, Uw is the local electrolyte
velocity, UT is the terminal velocity of a single sedimenting
particle, φ is the particle volume fraction in the bed, and n is an
empirically determined parameter (n ~ 4.65 for sedimentation
in the creeping flow regime with smooth spherical particles).16

Experimental Methods

Figure 1: Schematics of a) the fluidized bed CDI (Fbed CDI) cell,
compared to b) a flow electrode CDI (FCDI) cell. While both
technologies utilize flowing carbon suspensions as electrodes,
FCDI is characterized by a negligible effect of gravity on the
small carbon particles in the cell, and a maximum electrode
carbon wt% (CWP) of ~20%. Fbed CDI is characterized by a
significant gravitational effect on the large carbon beads,
enabling a densely-packed fluidized bed electrode with CWP up
to 35 wt%, and simultaneously low CWP (~2.5 wt%) in the
surrounding flow system
Figure 1 is a schematic depiction of our Fbed CDI cell in
comparison to typical FCDI cells. Flow electrodes typically
employ smaller, order 10 µm sized carbon particles,2,14,15 and
the particles are entrained by the electrolyte and travel at the
electrolyte’s velocity.10 By contrast, the fluidized bed electrode
contains larger (> 100 µm diameter), spherical carbon beads
and flow is against the direction of gravity. As a result of the
relatively large bead size, gravitational forces acting on the
beads can significantly retard the particle relative to the flowing
electrolyte, leading to dense-packed flowing suspensions in the
electrode compartments.16 The influence of particle size can be
quantitatively captured by the non-dimensional Archimedes
number, which is the ratio of gravitational to viscous forces
acting on a carbon particle,

Ar  d p3( p  )g /  2
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The Fbed CDI cell consisted of graphite current collectors,
acrylic endplates, and Neosepta ion exchange membranes
(Neosepta IEM and CMX, Tokuyama, Japan). Recesses of 20 by
112 mm were milled into the acrylic endplates and the graphite
current collector was press fit into the recesses, leaving a gap of
1 mm in the acrylic above the current collector. 1.5 mm thick
silicon gaskets were placed on top of the acrylic layers with a
hole cut into them of 20 by 112 mm. The latter layers formed
the electrode compartments, and the entire electrode
compartments, after cell compression for sealing, were
~2.4 mm thick. Ion exchange membranes served as the inner
wall of the electrode compartments and the outer wall of the
feed channel. The feed flow compartment had the same area as
the electrode compartments, and was cut into a 0.22 mm thick
silicon gasket. The cell was sealed with ten M6, 50 mm long
stainless steel bolts, and connection to an external power
supply was made with titanium M6, 40 mm long bolt threaded
into the outside surface of the acrylic endplates to contact the
outside of the current collector.
A separate setup, which we term the “optically accessible
compartment”, was constructed to measure CWP in the
fluidized bed electrode, and this cell consisted simply of a single
acrylic endplate with a milled channel for the electrode, at least
one silicon gasket with a cut hole forming part of the electrode
compartment (or an o-ring serving the same purpose), and a
second acrylic endplate to seal the electrode compartment and
allow for optical access into the cell. The electrode
compartment area was the same as that used in the Fbed CDI
cell, and its thickness was varied between 1.2 and 6.4 mm in
order to test the effect of compartment thickness on fluidized
bed electrode composition.
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The fluidized bed electrode utilized activated carbon beads
(TE-3 activated carbon beads, Mast Carbon International Ltd.,
United Kingdom), where the bead size ranged between 125 and
250 µm in diameter. The beads contain significant
microporosity,17 and so are appropriate as high performance
CDI electrodes. Before use, the beads were wetted and placed
on a 75 μm sieve (Cole Parmer, USA) to filter out any small
carbon particles. Then, water was poured onto the sieve, filling
the sieve and catch pan, causing most beads to sink to the sieve
surface. Other beads did not sink, remaining instead above the
sieve surface as their pore structure remained filled with air.
This process was repeated two more times, and after the third
time, any remaining beads which did not sink were skimmed off
the top and discarded. The remaining beads were then dried for
24h at 105°C before use.

Figure 2: Schematic of the Fbed CDI system for continuous
desalination and closed-loop electrode regeneration and reuse. The suspension is pumped from the mixing vessel into the
electrode compartments, forming fluidized bed electrodes. In
the cell, the carbon beads are charged and electrosorb salt ions.
The charged beads are then returned to the mixing vessel where
they spontaneously release salts via discharging collisions. A
small flow of feed water into the mixing vessel pushes brine into
the brine overflow compartment, while the beads remain in the
mixing vessel.
The full system used in desalination experiments is shown in
Fig. 2. A feed solution of 20 mM NaCl was pumped through the
cell’s feed channel by a peristaltic pump (Cole Parmer, USA) at
either 0.5 or 1.5 mL/min flowrate. Desalted water emerged
from the cell, and a conductivity sensor (Metrohm 856, K=0.7
cm-1) was placed at the exit to measure the desalted water
conductivity. The two current collectors were connected via a
Keithley 2400 power supply (Keithley Instruments Inc., USA)
which sets a constant voltage difference between them. The
voltage used varied from 1.0 to 1.9 V, and the resulting current
was between ~3 A/m2 and 8 A/m2 (area used is that of a single
electrode compartment in the cell). A mixing vessel was made
from 57 mm inner diameter PVC pipe, and this held the carbon
suspension. The initial suspension (before operation of the cell)
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consisted of 200 mL of 20 mM NaCl and 18.2 g carbon (8.3
wt%). The contents of the mixing vessel were continuously
stirred using a mixer at 300 rpm (Eurostar 60 Digital, IKA, USA)
in order to prevent bead sedimentation and ensure a fairly
uniform bead concentration in the tank. A peristaltic pump was
used to pump the electrodes from the mixing vessel into the
two electrode compartments with a flowrate for each electrode
of 2.5 mL/min, using 1.6 mm inner diameter norprene tubing
(Saint Gobain, France).
After passing through the cell, the suspensions consisted of
charged beads with electrosorbed salt ions, and the beads
needed to be discharged before re-use. The charged suspension
was returned to the mixing vessel, where the beads
spontaneously discharged and released salts via mutual
collisions in the stirred tank. The latter resulted in a rise of the
conductivity of the tank electrolyte, which was intermittently
measured by a second conductivity sensor placed in the tank
(Metrohm 856, Switzerland, K=0.7 cm-1), see Fig. 5, red
triangles. To take these conductivity measurements, the mixer
would be stopped for 60 s to allow the beads to temporarily
sediment away from the conductivity sensor in the mixing
vessel. Thus, the mixing vessel served several purposes,
including housing the uncharged carbon beads, regenerating
used electrode beads, and holding the brine. In order to prevent
the unchecked rise of the brine salt concentration (and hence
the concentration of the electrolyte in the fluidized bed
electrode), a small part of the feedwater stream was
continuously pumped into the mixing vessel at 0.15 mL/min. To
remove brine from the tank for discard, an overflow section was
created in the mixing vessel. The overflow section was fed by a
thin 8 mm inner diameter and 155 mm length vertical tube,
which allowed for the separation of brine from beads due to the
stagnant (unstirred) condition in the vertical tube. As feedwater
was pumped into the mixing vessel, brine was forced up the
vertical tube and into the overflow compartment, while beads
remained in the mixing vessel.

Results and Discussion

Figure 3: a)-c) are pictures of the rise of the fluidized bed in
the optically accessible compartment, and are sequential in
time, with a) occurring earliest followed by b) and then c).
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bed  inQ / U p A

where Q is the total suspension flow rate set by the pump, A is
the electrode flow cross sectional area, and Up is the measured
bed rise velocity (the local carbon particle velocity, see
supplementary information for more details on Up
measurements). Also, φin is the measured volume fraction of
beads in the inflow tubing. In each case, φin was ~ 5 vol%,
translating to a CWP of about 2.5 wt%, see Suppl. Inf. for more
details on these measurements. Subsequently, φbed was
converted to CWP using
[4]
bed (1  p)c

CWP 

bed p  (1  bed )

where ρc is the mass density of the carbon phase (“skeleton
density”, ρc = 1.7 g/mL), ρp is the density of the electrolyte filled
carbon particle (ρp = 1.23 g/mL), ρ is the density of water
(ρ = 1 g/mL), and p bead porosity (p = 0.67, see Supplementary
Information for details).
In Fig. 4, we plot the experimentally measured electrode
CWP (eq. 4) versus the electrode superficial velocity, Usup
(Usup = Q/A), for varying electrode compartment thicknesses,
δelec, including 1.2, 2.4 and 6.0 mm. We fit the data in Fig. 4 to
the Richardson-Zaki equation (Eq. 2), and find that the data are
largely consistent with this equation for a best-fit exponent
n ~ 1.1, and coefficient UT ~ 2.5 mm/s (blue curve in Fig. 4, see
Suppl. Inf. for a discussion on this fitting). From Fig. 4, we
observe that the fluidized bed exhibits a higher CWP at lower
Usup, while CWP does not vary significantly with δelec. The
maximum CWP obtained is about 35 wt% at the lowest flow
rates tested, indicating that fluidized bed electrodes can attain
CWPs of nearly twice the limit of FCDI flow electrodes while
remaining flowable.
In Fig. 5, we show a representative result for the
desalination performance of our Fbed CDI system, in the form
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In Fig. 3, we show the rise of the fluidized bed as it initially
enters the optically accessible compartment. The pictures are
sequential in time, with a) showing the initial entrance of beads
from the bottom of the compartment, b) showing the rise of the
dense fluidized bed characterized by a clearly observable bed
rise height, and c) showing the completed upflow fluidized bed,
with beads leaving from the compartment through the top of
the compartment. Once the bed fills the compartment, as in c),
it will remain formed as long as the suspension is pumped into
the compartment, and in this state can be used for water
desalination by Fbed CDI. As can be seen from Fig 3b, the
growth of the fluidized bed is characterized by a kinematic
shock (a sharp discontinuity in bead density) where above the
shock there is a complete absence of beads. For such a shock,
the upwards velocity of the shock is equal to the local velocity
of the beads,18 and thus the observed bed rise (shock) velocity
can be used to calculate the bead volume fraction in the
fluidized bed, φbed. This is accomplished by a conservation of
bead volumetric flux between the cell and upstream tubing,
[3]
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Figure 4: Plot of the measured carbon weight percent (CWP) of
the fluidized bed versus bed superficial velocity, Usup for various
compartment thicknesses, δelec. The experimental data was
fitted to the Richardson-Zaki equation (blue curve). Results
demonstrate that fluidized bed electrodes can reach up to
35 wt%
while
maintaining
electrode
flowability.
Simultaneously, the CWP of the flow entering the compartment
remains low (~2.5 wt%).
of NaCl concentration versus time. Here we used the system
shown in Fig. 2, and apply a voltage of 1.6 V between the two
electrodes from t = 0 onward (resulting cell current is shown in
Fig. S1). The electrode flow rate was Q = 2.5 mL/min (so
5 mL/min for both electrodes), and the feed flow rate was
0.5 mL/min. The dotted line represents the constant feed
concentration of 20 mM which flows into the cell’s feed channel
(and also into the mixing vessel). The solid line represents the
measured concentration of the desalted water emerging from
the cell. As can be seen (blue curve in Fig. 5), when the cell
voltage is applied at t = 0 and electrosorption is initiated, we
observe a sharp drop in the cell effluent concentration, with this
concentration reaching a steady value of roughly 11 mM shortly
thereafter. The triangular markers represent the measured
electrolyte concentration in the mixing vessel, and this
concentration rises upon application of the cell voltage due to
the bead discharge in the mixing vessel. This brine
concentration reaches a steady value after roughly three days,
at nearly 50 mM. The dashed line is the result of a mass balance,
predicting the concentration in the mixing vessel based on the
measured salt removed from the feed stream (see
supplementary information for further details). As can be seen,
the mass balance prediction closely matches the measured
mixing vessel conductivity, and thus we conclude that
approximately all the salt electrosorbed by the beads is released
in the mixing vessel and any water transfer through the
membrane must have been minor. After three days, both the
cell effluent salinity and the mixing vessel salinity have reached
steady values, and thus at this time the entire Fbed CDI system
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is at a steady state while the flow electrodes are recirculating
from the mixing vessel to the cell and back. To our knowledge,
this is a sole example of a CDI system leveraging suspension
electrodes which can perform continuous desalination and
closed-loop regeneration and re-use of the electrodes without
need for a second cell12 or a third membrane.13 However, we
note that in our cell, we are not recovering energy from the
discharging beads, which may limit the energy efficiency of the
process.

theory

Salt concentration (mM)

50

data

40

30

feed

20

freshwater effluent
10

0
-0.03

surrounding flow system, minimizing pump requirements and
preventing clogging. We further demonstrated continuous
desalination of a feed stream, while regenerating and re-using
the electrodes in a simple closed-loop system. Future work will
attempt to improve the performance of our Fbed CDI system via
engineering modifications, including reducing system response
time.
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