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• PET-G 1.75 mm filament was used to 3D 
print different flow electrode channels. 

• Vertical serpentine channels blocked 
with flow electrodes’ carbon particles. 

• The best FCDI performance was ach-
ieved when using horizontal serpentine 
channels. 

• Not even horizontal serpentine channels 
promoted adequate internal mixing. 

• Channels’ geometry affects flow elec-
trodes’ local viscosity and, therefore, 
FCDI performance.  
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A B S T R A C T   

Flow capacitive deionization (FCDI) is an emerging desalination technology at which flow electrodes (shear- 
thinning flowable carbon slurries) are used to remove ions from saline water. The geometry of flow electrode 
channels, which provide the path and ensure the distribution and mixing of the flow electrodes, is one of the most 
important aspects to be optimized. This work presents experimental and computational fluid dynamics (CFD) 
modelling analysis of the influence of the geometry of flow electrode channels on FCDI performance. Flow 
electrode gaskets (with open, serpentine (short) horizontal and serpentine (long) vertical channels) were 3D 
printed using a polyethylene terephthalate glycol (PET-G) filament. The FCDI cell with a vertical serpentine flow 
electrode channel exhibited the poorest performance due to channel blockage by carbon particles, while the best 
results were achieved with a horizontal serpentine flow electrode channel. CFD simulations aided in under-
standing this behaviour by showing that the channel geometry strongly affects the local shear rate, and thus the 
local viscosity of flow electrodes. Thus, it is recommended to design channels that induce flow disturbance 
aiming for increasing the shear rate and hence reducing flow electrode viscosity, therefore promoting their 
flowability and reducing clogging chances.  
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1. Introduction 

Flow Capacitive Deionization (FCDI) is an electro-membrane desa-
lination technology proposed in 2013 [1]. This technology employs flow 
electrodes to extract ions from saline streams by their electro-sorption at 
micropores of carbon particles composing flow electrodes [2]. Recently, 
FCDI has also been explored for selective recovery of target ions such as 
lithium [3] and ammonia [4]. The conventional FCDI cell consists of 
endplates, current collectors (both anode and cathode) and ion- 
exchange membranes separated by spacers. Typically, flow electrodes 
are circulated within the channels engraved on the surfaces of current 
collectors made of graphite or stainless-steel plates [5]. The formation of 
an electrical double layer (EDL) on the surfaces of carbon particles oc-
curs when an electrical potential difference is applied between current 
collectors. This EDL leads to the capacitive electro-sorption of ions [1,6]. 

Flow electrodes should be made of highly conductive and capacitive 
materials, with low viscosity, to ensure efficient ion adsorption while 
being easily circulated through the flow electrode channels [7,8]. The 
addition of conductive additives to carbon slurries increases flow elec-
trode conductivity, thus decreasing the internal electric resistance, but 
also increases the final fluid viscosity [9,10]. Thus, the choice of active 
materials, conductive additives, and electrolytes composing the flow 
electrode is paramount [11]. In general, activated carbon slurries are 
used as flow electrodes, which can be recirculated and regenerated in- 
situ, ensuring an energetically efficient process [12,13]. These carbon 
slurries have a shear thinning behaviour, meaning that their viscosity 
decreases with the increase of shear rate [9]. The shear rate, which 
corresponds to the gradient in velocity, depends on system geometry and 
fluid dynamics. To date, mostly serpentine-type channels have been 
used in FCDI cells to distribute and mix the flow electrodes [14–16]. 
There are very few studies in which other flow channel designs were 
explored and compared with the serpentine one [17]. The widening of 
these channels varies from 1 mm to 4 mm, and the most used width is 2 
mm [1,8,11,14,18–21]. Furthermore, since FCDI is still in its infancy, 
the so far performed studies were carried out in small devices and, thus, 
many crucial questions regarding the improvement of flow electrode 
channel design such as how the length and width of these channels affect 
the performance and clogging of the FCDI system remain unanswered. 

In this work, the impact of flow electrode channel design on the ef-
ficiency of flow-electrode capacitive deionization (FCDI) systems was 
thoroughly examined in terms of achieved salt removal (from brackish 
water), as well as through the assessment of flow electrode distribution, 
flowability, mixing and pressure drop. To obtain empirical insights, flow 
electrode gaskets with different channel designs (open, serpentine hor-
izontal, and serpentine vertical) were prepared using 3D printing tech-
nology which is a simple and fast prototyping (manufacturing) 
technique in contrast to traditional CNC milling [22]. These gaskets 
were then integrated within FCDI cells and desalination tests under zero- 
voltage desorption (ZVD) and reversed-voltage (RVD) desorption con-
ditions were performed. To further understand the complex fluidic 
phenomena occurring within various channel designs, including their 
clogging, computational fluid dynamics (CFD) simulations were per-
formed, disclosing a significant impact of channel geometry/dimensions 
on the local shear rate values and, thus on the local viscosity of flow 
electrodes. Based on experimental and CFD modelling results, guidelines 
for the design of flow electrode channels were derived. 

2. Materials and methods 

2.1. Materials 

Polyethylene terephthalate glycol (PET-G) 1.75 mm filament (Dow-
ire®, Portugal) was used to prepare the flow electrode gaskets by a 3D 
printer. A stick adhesive (AprintaPro PrintaStick, 50 mL) was used to 
stick the filament to the printer bed. Powder activated carbon (AC), 
purchased from José M. Vaz Pereira LDA, Lisbon, Portugal, was used to 

prepare flow electrodes. NaCl salt (Honeywell Fluka™ Chemicals, Ger-
many) was used to prepare the electrolyte and feed solution. Milli-Q 
water (Millipore), with approximately 19 MΩ cm, was used to prepare 
all solutions. 

2.2. Preparation of flow electrode gaskets (3D printing) 

3D printing is an additive manufacturing technology that allows for 
creating 3-dimensional solid objects. One of the greatest advantages of 
3D printing is its flexibility, low cost and ability to fabricate objects with 
the desired/customised geometry [23]. The fused deposition modelling 
(FDM) 3D printing technique based on the extrusion of thermoplastic 
materials in a layer-by-layer fashion was used to manufacture flow 
electrode gaskets and create the respective flow electrode channels. The 
gaskets (Fig. 1) were designed using computer-aided design (CAD) 
Autodesk Fusion 360 software. 

Three different geometries were drawn: open (empty), serpentine 
horizontal and serpentine vertical. The open flow area was 6400 mm2 

(160 × 40 mm). The horizontal serpentine geometry contained 36 
evenly spaced 2 × 2 mm square cross section and 34 mm long segments, 
whereas the vertical serpentine geometry contained 7 evenly spaced 2 ×
2 mm square cross section and 142 mm long segments, except for 
channels connected with inlet and outlet, which were 149 mm long. The 
contact area between membrane and flow-electrode channel in both 
serpentine designs was 2658 mm2. The geometry of these three gaskets 
was saved in the appropriate file format of Standard Tessellation Lan-
guage (.STL) followed by a slicing technique done by Voxelizer software 
to translate .STL files into instructions for a multitool ZMorph 3D printer 
through a generation of a G-code. Polyethylene terephthalate glycol 
(PET-G) 1.75 mm filament (Dowire®, Portugal) was used to print gas-
kets, and a print stick adhesive (AprintaPro PrintaStick, 50 mL) to 
improve adhesion of the first printed layer to the printer bed. PET-G is an 
amorphous plastic in which glycol is added to PET to avoid the over-
heating limitation of PET and to minimize its brittleness and fragility. 
This filament is broadly used in the additive manufacturing market, 
combining the strength of acrylonitrile butadiene styrene (ABS) and 
polylactic acid (PLA) filaments. It has excellent thermal stability and is 
relatively easy to extrude. The 3D printer was first calibrated to manu-
facture the best quality prints by making several tests when printing the 
horizontal serpentine gaskets since they were the first ones to be pro-
duced. Some of the tested FDM printing parameters were extrusion 
temperature, bed temperature and printing speed. Once the 3D printing 
of gaskets was finished, a post-processing (refining) step was carried out; 
they were cleaned and polished with sandpaper to smoothen their 
surface. 

2.3. Assembling of flow capacitive deionization (FCDI) cell 

The FCDI cell (with one feed compartment and two flow electrode 
compartments) was assembled by adapting endplates and spacers from 
the EDR-Z-Mini electrodialysis unit (MEGA, Czech Republic) [24,25]. 
The endplates with embedded 210 × 60 mm (length and width) 
platinum-coated titanium electrodes were used as current collectors, 
while spacers were used to create the 0.8 mm thick feed channel. The 
flow-electrode compartments were created by using different 3D printed 
PET-G gaskets. MIARCO® polytetrafluoroethylene (PTFE) Teflon tape of 
12 mm × 0.075 mm (width x thickness) was used to prevent water 
leakages and to seal the flow electrode channels. A Fumasep® FAB-PK- 
130 anion-exchange membrane was placed between the feed channel 
and the anode compartment, and a Fumasep® FKB-PK-130 cation-ex-
change membrane was placed between the feed channel and the cathode 
compartment. Each ion exchange membrane, both supplied by Fuma-
tech GmbH, Germany, had a thickness of 150 μm. 
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2.4. Desalination tests 

A Vertex.5A potentiostat (Ivium Technologies, The Netherlands) was 
used as power source. In all the desalination tests, 1.5 g/L NaCl solution 
(brackish water feed stream) was pumped to the FCDI cell at a flow rate 
of 10 mL/min using a peristaltic pump (Lead Fluid – BT100S, China). 
The conductivity of the effluent was measured at the exit of the FCDI cell 
every 2 s using a conductivity meter (Horiba Laqua-PC1100, Japan). The 
flow electrodes were prepared by dispersing activated carbon (AC) in 1 
g/L NaCl aqueous solution (50 mL). A beaker cup containing the solu-
tion was covered by aluminium foil paper to prevent water evaporation 
and then slightly heated and stirred during 24 h using a mixer (Velp 
Scientific OHS 100 Digital Overhead Stirrer) to attain a uniform carbon 
dispersion. Flow electrodes with 0 wt% (just 1 g/L NaCl solution), 5 wt 
%, 10 wt% and 15 wt% of AC were prepared. In all desalination tests, the 
flow electrodes were circulated in separated anodic and cathodic closed- 
loop circuits at the flow rate of 60 mL/min using a peristaltic pump 
(Masterflex® L/S® Digital Peristaltic Pump Drive, UK). The pressure 
drop in flow electrode channels was measured using two pressure sen-
sors (Range 0–2.5 bar, CIT-F-I2, Prignitz Mikrosystemtechnik, Germany) 
one installed at the inlet and the other at the outlet of FCDI cells. 

At first, to investigate the effect of carbon loading (please see Sup-
plementary Information, section 3), flow electrodes with 0, 5, 10 and 15 
wt% of AC, were used in desalination tests performed in a single pass 
mode, at ±1 V, thus at reverse voltage desorption (RVD) conditions, and 
cycling time step of 150 s. The horizontal serpentine channel flow 
electrode gaskets were used in those tests. 

Afterwards, to assess the influence of different flow electrode 

channels’ design at the performance of FCDI, flow electrodes with 10 wt 
% of AC were used at desalination tests with open, serpentine vertical 
and serpentine horizontal channels gaskets carried out for five consec-
utive cycles of charging and discharging of 300 s each in a single-pass 
method at 1.2 V and zero-voltage (ZVD) and reverse-voltage (RVD) 
desorption conditions (Fig. 2 and Figs. SI.1 and SI.2 in the Supplemen-
tary Information show the experimental setup). 

Salt removal (Γ) and salt adsorption capacity (SAC) (mg of salt /g of 
carbon at both electrodes) were calculated using the following equa-
tions: 

Γ =

∫ t,charge

0
Q(c, feed − c, effluent)

)

dt (1)  

SAC = Γ*M salt/m electrodes (2) 

where Q is the feedwater flow rate, c is the concentration, t is the 
time, M_salt is the molar mass of salt and m_electrodes is the total mass 
of active carbon material (both electrodes). 

2.5. Computational fluid dynamics (CFD) simulations 

To elucidate the impact of each studied flow electrode channel ge-
ometry (and specifically the reason for the clogging of the serpentine 
vertical channels), the flow fields in flow electrode channels were 
simulated using an open-source CFD software (OpenFOAM, v.7, 
https://openfoam.org). The snappyHexMesh OpenFOAM grid genera-
tion utility (https://cfd.direct/openfoam/user-guide/snappyhexmesh/) 
was used to create a computational mesh from the CAD drawings used to 

Fig. 1. CAD design of gaskets forming flow-electrodes’ channels: (from left to right) open, horizontal serpentine and vertical serpentine.  
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print flow electrode channels gaskets. The mass continuity and Navier- 
Stokes equations were solved using the SIMPLE (semi-implicit method 
for pressure-linked equations) algorithm, at the laminar regime, and 
15,000 iterations were performed to grant numerical stability (steady 
state) of the velocity, pressure and viscosity fields. Furthermore, the 
fluid streamlines were computed using the Paraview 5.3.0 software to 
visualise the fluid path in the studied computational domains. 

Since carbon slurries (such as the flow electrodes used in this study) 
are non-Newtonian fluids with a shear-thinning behaviour, their 
apparent viscosity at various shear rates was modelled using the 
Ostwald–de Waele power law (Eq. (3)) [9,26]: 

η = k⋅γn− 1 (3)  

where η is apparent viscosity (Pa.s), k is the consistency index (Pa.sn), γ 
is the shear rate (s− 1) and n is the shear thinning index (-). 

The flow of two fluids was simulated: a) water, which is a Newtonian 
fluid, thus with constant viscosity, b) flow electrode with 20 wt% of the 
YP50F activated carbon, which is a non-Newtonian fluid with shear- 
thinning behaviour (as any flow electrode). YP50F was chosen for the 
CFD case study since it is one of the most used carbon materials for 
electric-double layer capacitors, and its k and n values for a 20 wt% 
suspension were already reported (10.4 Pa.sn and 0.166, respectively 
[9]). 

3. Results and discussion 

3.1. 3D printed gaskets 

A PET-G thermoplastic material made up of polyethylene tere-
phthalate (PET) and ethylene glycol was used to prepare the gaskets 
forming flow electrode channels. First, the optimization of 3D printing 
parameters was performed when manufacturing the horizontal serpen-
tine gaskets. Table SI.1 shows some examples of different nozzle tem-
perature and printing speed influence on the quality of 3D printed 
gaskets. For case A, shrinkage from one side when heated deformed the 
thinner parts of the gasket. Thus, the nozzle temperature was reduced in 
the following attempts. For case B, the third printed layer failed to attach 
to the second layer, thus the nozzle temperature was slightly increased, 

Fig. 2. Schematic representation of the FCDI set up used in desalination tests.  

Fig. 3. Vertical serpentine flow electrode channel clogged with carbon parti-
cles from flow electrodes. 
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but kept below the temperature tested in case A. For cases C and D, there 
were still some problems with the formation of inner channels, thus for 
case E the infill printing speed was reduced, which allowed to obtain 
gaskets with the best printing quality. The final optimized FDM pa-
rameters set up for printing all PET-G gaskets (open, horizontal 
serpentine and vertical serpentine) are resumed in Table SI.2 of the 
Supplementary Information. The time and the length of the filament 
utilized to print the respective flow electrode channel gaskets are re-
ported in Table SI.3 of the Supplementary Information. 

3.2. FCDI desalination tests 

Gaskets with three different geometries (open, serpentine vertical 
and serpentine horizontal) were used to create flow electrode channels 
in FCDI cells tested for desalination of synthetic brackish water (1.5 g/L 
NaCl solution). 

The flow electrode channel geometry with open gasket allows for the 
flow of flow electrodes from the inlet to the outlet through all the surface 
of the current collector. When serpentine gaskets are used, the flow 
electrodes move in a continuous channel which is zigzagging from inlet 
to outlet, so there is only one possible flow path. Since the employed 
current collectors had a rectangular shape with 4 cm of width and 16 cm 
of length, the segments of the channel which was aligned vertically were 

4 times longer than the segments of the channel oriented horizontally. 
This reduced the number of bends from 35 (in horizontal design) to 8 (in 
vertical design), which translates into a lower pressure drop (Table SI.4 
in Supplementary Information). However, the vertical channels (thus 
the longer ones) clogged during the performed tests (Fig. 3). 

It is possible to see in Fig. 3 that the carbon material accumulated in 
the middle of the channels, and almost completely blocked the last 
segment. Such agglomeration of carbon particles affects the efficiency of 
the FCDI cell because it leads to clogging of the flow electrode channels, 
and consequently, the FCDI operation has to be interrupted. The reason/ 
mechanism behind vertical channel blocking is discussed in Section 3.3 
(CFD simulations) but, shortly, at regions with low shear rate, the vis-
cosity of the flow electrodes increases (due to their shear-thinning 
behaviour), which decreases the flowability of flow electrodes. 

Regarding the desalination tests in the FCDI cell with open and 
serpentine horizontal channels, the latest performed better (Fig. 4). The 
electric current passing at the FCDI cell with both kinds of gaskets (open 
and horizontal serpentine) is almost the same (Fig. 4a and b) even 
though the quantity of AC carbon and the contact area is 2.4 times 
higher when using open channels instead of the horizontal serpentine 
ones. Furthermore, more salt is removed when using the horizontal 
serpentine channels as seen in Figs. 4c, d and 5. These experimental 
results suggest that a more efficient transport of ions occurs when using 

Fig. 4. Chronoamperometric curves at (a) reverse voltage desorption (RVD) conditions (1.2 V and − 1.2 V, for adsorption and desorption steps, respectively) and (b) 
zero voltage desorption (ZVD) conditions (1.2 V and 0 V, for adsorption and desorption steps, respectively); and effluent salt concentration under mentioned RVD and 
ZVD conditions (c and d, respectively), during desalination of brackish water with 24 mM of NaCl, in FCDI cells with open and horizontal serpentine gaskets. 
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horizontal serpentine channels. The reason why horizontal serpentine 
channels performed better than the open channel is explained in detail 
in Section 3.3 (CFD simulations) but, briefly, for the same flow rate, the 
linear velocity inside the open channel was on average lower than in the 
serpentine ones, thus the boundary layer resistance was higher, as well 
as there were dead zones and a higher viscosity region in the middle of 
the open channel, due to the shear thinning nature of the flow electrode, 
which hindered the efficient charge percolation. 

Regarding the use of two different desorption conditions: reverse 
voltage desorption (RVD) and zero voltage desorption (ZVD), the per-
formance of FCDI when using the RVD desorption mode was always 
superior, independently of the kind of employed gasket. When using 
RVD, a reverse potential difference is applied that helps ions to desorb 
faster, which regenerates the flow electrodes more effectively during the 
desorption cycle. In the case of the ZVD mode, the concentration of ions 
in the effluent was almost the same as in the feed (Fig. 4d), which in-
dicates that the desorption step would need to be performed longer to 
completely ensure an equivalent ions’ desorption. Therefore, for the 
same adsorption and desorption times, flow electrodes eventually will 
saturate under the ZVD mode, and their performance will decline over 
time. 

Regarding the salt removal for each case, a more detailed analysis for 
the last, 5th adsorption step, is shown in Fig. 5. The maximum amount of 
salt was removed when the horizontal serpentine flow-electrode chan-
nels were used under RVD mode (Fig. 5a). This result is in line with the 
chronoamperometric curves and the effluent salt concentration results. 
To quantify how efficiently the carbon material was used, the salt 
adsorption capacity (SAC) achieved during desalination tests was 
calculated (Fig. 5b). Although SAC is a material property, its value is 
affected by operating conditions and channel design, which show indi-
rectly that they have a strong effect on the FCDI cell performance. The 
highest SAC values were always obtained for the horizontal serpentine 
design, which demonstrates that this design was the most effective to 
promote flow electrodes capacity to adsorb salts. 

3.3. CFD simulations 

Computational fluid dynamics (CFD) simulations were performed 
using open-source OpenFOAM software and the results were visualized 
using Paraview. CFD simulations were performed to study the flow of 
water (Newtonian fluid) and a flow electrode (non-Newtonian fluid) in 
open, serpentine vertical and serpentine horizontal channels employed 
in the experimental FCDI desalination tests. Fig. 6 shows the velocity 
fields predicted by CFD simulations of water and 20 wt% YP50F flow 
electrode at a flow rate of 60 mL/min. 

For every case, the computed velocity values are lower when the 
working fluid is the flow electrode. This is due to a higher viscosity of 
flow electrodes when compared with water. For the open case, the fluid 
velocity is constant at almost the entire domain (thus practically without 
a velocity gradient, except near the walls). At serpentine channels, for 
water, it is possible to see a gradient of velocity in the channels, with a 
wide (and higher) velocity region in the middle of channels and 
decreasing velocity values when approaching walls at which a no-slip 
condition is observed. For flow electrodes, the only visible velocity 
profile alterations at serpentine channels are at the bends. However, at 
the 90◦ corners, the flow velocity is practically zero, which suggests it 
would be more attractive to use a more bowed shape. 

Since flow electrodes are non-Newtonian fluids with a shear-thinning 
behaviour and, as seen in Fig. 6, the gradient in velocity is affected by 
the channel’s geometry, the viscosity fields of flow electrodes in 
different channels were computed. Fig. 7 shows slices of viscosity fields 
in the middle of the channel thickness for the flow electrode with 20 wt 
% of YP50F in channels with open, serpentine vertical and serpentine 
horizontal geometry. 

It is possible to observe in Fig. 7 that the viscosity in the serpentine 
horizontal geometry is lower than in other geometries. Due to the 
presence of many bends, where the fluid changes its direction 180◦, and 
where the variation of the velocity gradient, thus the shear rate, is 
higher, the viscosity is lower. Also, the frequent presence of such bends, 
and short segments between them, prevent that viscosity increases along 
straight segments. By contrast, in the serpentine vertical design, since 
straight segments are long, and the bends are few, it is possible to see 
that the viscosity becomes higher in the straight segments. This higher 
viscosity, thus lower flowability, explains why in the experimental tests 
the FCDI cell with serpentine vertical channels was blocked. Widening of 
vertical channels might delay the clogging issue. Still, as seen in the case 
of the open channel, which is the maximum case of channel widening, 
the viscosity becomes extremely high in almost the entire domain. The 
open channel hasn’t clogged (as there was still a pathway for flow 
electrode flow near the walls), but the performance of the FCDI cell with 
open channel was worse than with serpentine 2 mm width horizontal 
channels (Fig. 5). Thus, the widening of the channels might mitigate (or 
delay) the clogging issue but at the expense of bad mixing and a decrease 
of shear rate in the middle of the channel, which will increase the vis-
cosity and create a dead zone, without fluid phase renewal, which ul-
timately might lead to decrease of salt removal. Thus, the introduction of 
more bends, such as in the horizontal serpentine design, seems to be 
advisable. To understand in more detail what happens at the bends, fluid 
streamlines (Fig. 8) were computed from the velocity fields. 

Fig. 8 shows streamlines in the channel with open geometry (for 

Fig. 5. (a) Salt removal (mg); and (b) Salt adsorption capacity (SAC (mg/g)) at the last, 5th, adsorption step, under RVD and ZVD conditions.  
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water) on the left and with serpentine geometry in the middle (for 
water) and on the right (for flow electrode). For the channel with open 
geometry, no mixing was predicted, not even with water, which shows, 
together with viscosity fields, that such geometry is not suitable for use 
as a flow electrode channel. Streamlines of the flow electrode in the open 
geometry (figure not shown) were almost the same as for water (thus 
without any mixing), but the velocity values were slightly lower. 

Streamlines in the bends of serpentine vertical and serpentine horizontal 
channels were very similar, thus only the latter are shown. 

When the fluid was water, it is very clear that there is mixing in the 
bends where streamlines are crossing, although there is no mixing at the 
straight segments. That mixing at the bends might result due to the 
formation of Dean eddies. However, when the fluid is the flow electrode, 
no mixing is predicted, not even at the bends. Also, as observed for the 

Fig. 6. Slits (at the middle of the channel) of velocity fields (m/s) of water and flow electrode (20 wt% YP50F) in channels with open, serpentine vertical and 
serpentine horizontal geometries, as predicted by computational fluid dynamics (CFD) simulations. 

H.M. Saif et al.                                                                                                                                                                                                                                  



Desalination 578 (2024) 117452

8

open design, the velocity values are slightly lower for the flow electrode 
in comparison with the ones observed for water. Since there is no mixing 
of flow electrodes, even in the bends, only the first layers which are in 
contact with the current collector are getting charged, thus can electro- 
sorb ions, which means that it is imperative to develop alternative de-
signs where better mixing of shear-thinning fluids is promoted. 

4. Conclusions and perspective 

This work demonstrates the profound influence of flow electrode 
channels geometry and dimensions on the desalination performance of 
flow capacitive deionization (FCDI). Furthermore, the reverse-voltage 
desorption (RVD) conditions were found to be the most effective to in-
crease salt removal. Flow electrodes are non-Newtonian fluids with 
shear-thinning behaviour, i.e., their viscosity decreases with the increase 
of shear rate, which local values are influenced by the shape (geometry) 
of channels. Thus, as evidenced by performed CFD simulations, when 
working with flow electrodes, it is very important to avoid long straight 
channels without any interposed velocity gradients as it leads to low 
local shear rate and, therefore, to the increase of flow electrodes vis-
cosity. The most evident consequence of such behaviour was observed 
when the serpentine vertical (long) channels clogged. Conversely, pe-
riodic perturbations of the velocity field, such as bends within the 
serpentine design, reduce flow electrodes viscosity, thereby facilitating 
smoother flow, but they must be frequent. This was the case for herein 
used serpentine horizontal design and, indeed, the FCDI cell employing 
such gaskets had the highest salt removal. However, and surprisingly, as 
never reported so far, even though the serpentine geometry (with short 
channels) stands as the most favourable condition, it fails to promote the 
internal mixing of flow electrodes. The main key messages and guide-
lines are: 

• The geometry of channels has a strong impact on the internal pres-
sure drop, local shear rate and flow electrodes’ viscosity, thus ulti-
mately affecting their flowability. 

Fig. 7. Slits (at the middle of the channel) of viscosity fields for the flow 
electrode with 20 wt% of YP50F in channels with open, serpentine vertical and 
serpentine horizontal geometries, as predicted by computational fluid dynamics 
(CFD) simulations. 

Fig. 8. Representation of streamlines (fluid pathways of water and flow electrode) passing through z = 0.5 and 1.5 mm, in channels with open and serpentine 
horizontal geometries, as predicted by computational fluid dynamics (CFD) simulations. 
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• The viscosity of flow electrodes in the middle of straight segments 
increases with the increase of channel length, thus potentially lead-
ing to channel clogging issues.  

• None of the studied geometries (which are the ones more frequently 
used in this field) yield efficient internal mixing of flow electrodes. 
Notably, the formation of Dean vortices was exclusively observed 
only when water was employed as the working fluid. 

Thus, it is still imperative to explore alternative designs that promote 
effective internal mixing and minimize the viscosity of flow electrodes, 
especially when performing a scale-up of FCDI, since, as seen here, there 
is a high risk of clogging of long channels. 
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1) 3D printing of flow electrode gaskets 

Table SI.1. Tested conditions for producing PET-G-made flow electrode gaskets. 

Print Case A B C D E 

Nozzle 

temperature 

235ºC 200ºC 220ºC 210ºC 210ºC 

Infill print 

speed 

36 mm/s 48 mm/s 48 mm/s 48 mm/s 36 mm/s 

Print: 

     

 

 

 

 

 

 



Table SI.2. 3D printing conditions used to manufacture flow electrode gaskets. 

Printing parameter  Printing parameter 
 

Filament PET-G Height maximum multiplier 0.85 

Quality 100% First layer height 0.25 mm 

Durability Light First layer extrusion 110% 

Infill 30% Filament diameter 1.75 mm 

Support No Extrusion multiplier 1 

Print speed 30 mm/s Hot bed temperature 60oC 

Travel speed 90 mm/s Extruder temperature 210oC 

Infill print speed 150% Fan speed 100% 

Artifact print speed 150% Retraction height 0.05 mm 

First layer speed 40% Retraction amount 2 mm 

Small perimeter speed 70% Retraction speed z 10 mm/s 

Small perimeter threshold 20 mm Retraction speed e 100 mm/s 

Maximum adhesion ratio 2 Wipe distance 2 mm 

Height minimum multiplier 0.3 Retract on start 1 

 

Table SI.3. Time taken to print the flow electrode gaskets.  

Gasket geometry 
Job time 

(hours: minutes: seconds) 
PET-G filament length 

Open 2:34:56 6.16 meter 

Horizontal serpentine 5:03:09 9.95 meter 

Vertical serpentine 5:02:57 10.20 meter 

 

 



2) FCDI desalination tests lab setup and FCDI cell interior parts. 

 

Fig. SI.1. FCDI setup used in this work.  

Flow electrodes 

containers 

FCDI cell 

Treated water 

Conductivity 

probe 

Feed (1.5 g/L 

NaCl) Tank 

Peristaltic 

pump 



 

Fig. SI.2. Components of the FCDI cell with horizontal serpentine gaskets.  

 

3) Pressure drop in flow electrode channels 

Table SI.4. Pressure drop values at a flow rate of 60 ml/min of water and 20 wt.% YP50F 

flow electrode in open, serpentine vertical and serpentine horizontal channels. The error 

of measurement is ± 5 mbar. 

Geometry\Fluid 
Water 

(mbar) 

20 wt.% YP50F 

(mbar) 

Open 5 20 

Vertical 10 25* 

Horizontal 30 75 

* Values obtained while channels haven’t yet clogged. 

 

 



4) Effect of carbon loading 

To investigate the effect of carbon loading, desalination tests with flow electrode with 0 

wt.% (so just 1 g/L NaCl solution), 5 wt.%, 10 wt.% and 15 wt.% of AC were performed 

in a single pass experiment, at ±1V, thus under reverse voltage desorption (RVD) 

conditions, and each step time of 150 s. The feed flow rate and concentration were 10 

ml/min and 1.5 g/L NaCl, respectively, the electrode flow rate was 60 ml/min, and 

horizontal serpentine flow electrode gaskets were used. The results are shown in terms of 

current–time (Figure SI.3), salt removal (Figure SI.4) and salt adsorption capacity (Figure 

SI.5) at the last adsorption step (5th cycle). 

 

Fig. SI.3. Profiles of electric current during FCDI desalination tests, with horizontal 

serpentine gaskets, under RVD conditions (±1V), when using flow electrodes with 

different carbon loading. 
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Figure SI.3 shows that with the increase of carbon loading in flow electrodes, a higher 

electric current is obtained in the FCDI cell, thus more ions are transported, which 

translates into an increase of the quantity of salt which is removed (Figure SI.4).  

 

Fig. SI.4. Salt removal at the 5th adsorption step of 150 s during FCDI desalination tests, 

with horizontal serpentine gaskets, under RVD conditions (±1V), when using flow 

electrodes with different carbon loading. 

 

The highest amount of salt (3.08 mg during 150 s) was removed when flow electrodes 

with 15 wt.% AC were used, which is more than 3 times higher amount when compared 

with the blank test (without any carbon in the anode and cathode compartments, thus 

operated as an electrodialysis stack). 
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To investigate how effectively the activated carbon material is used in the flow electrodes 

during the desalination test, the salt adsorption capacity (SAC) was calculated (Figure 

SI.5). 

 

Fig. SI.5. Salt adsorption capacity (SAC) at the 5th adsorption step of the used flow 

electrode as calculated from the performance of FCDI cells, with horizontal serpentine 

gaskets, under RVD conditions (±1V), when using flow electrodes with different carbon 

loading. 

 

The highest SAC was achieved when flow electrodes with 5 wt.% of AC were used, which 

indicates the most effective utilization of the carbon material. On the other hand, the SAC 

values for 10 wt.% and 15 wt.% AC slurries were almost the same. This behaviour might 

arise from better mixing of flow electrodes with 5 wt.% of AC since they have the lowest 

2.14

1.33

1.34

Blank 5 wt.% 10 wt.% 15 wt.%

0.0

0.5

1.0

1.5

2.0

2.5

Sa
lt

 a
d

so
rp

ti
o

n
 c

ap
ac

it
y 

(m
g/

g)

Carbon loading

0.00



viscosity. With the increase of carbon loading, the viscosity increases, reaching a point at 

which there is no internal mixing, hence SAC decreased and eventually stabilized. 

Therefore, in order to achieve a relatively high salt removal, at acceptable SAC values, 

and at a relatively low viscosity of flow electrodes (to operate the FCDI process without 

risk of channels clogging), a flow electrode with 10 wt.% of activated carbon was used 

to analyse the effect of flow electrode channel design on the FCDI desalination 

performance. Even so, as reported in the manuscript, the vertical serpentine channels 

clogged, which was then thoroughly investigated through CFD simulations. 
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