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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• 3D-printed gaskets can successfully 
replace CNC-milled graphite plates.

• Roughness of 3D-printed gaskets addi-
tionally enhances FCDI performance.

• 3D-printed conductive gaskets allow for 
25 % higher FCDI desalination 
efficiency.

• The energy consumption was reduced 
by 10 % in FCDI cells with 3D-printed 
gaskets.

• 3D printing allows the fabrication of 
complex designs, impossible by CNC- 
milling.
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A B S T R A C T

As billions of people suffer from water scarcity, finding sustainable water resources is imperative. Flow capacitive 
deionization (FCDI) is a highly promising desalination process that can produce clean water from saline streams 
such as brackish and seawater. Conventional FCDI systems employ Computerised Numerical Control (CNC)- 
milled graphite plates that serve as current collectors and flow electrode channels. However, they have draw-
backs such as high manufacturing costs, waste generation, and the difficulty of producing complex geometries 
required for efficient flow electrode mixing. Here, we successfully demonstrate that 3D-printed flow electrode 
gaskets, made of non-conductive polyethylene terephthalate glycol (PET-G) or a carbon black-infused conductive 
polylactic acid (PLA), are viable alternatives to traditional graphite plates. In specific cases, the desalination and 
energy efficiency in FCDI cells with 3D-printed conductive gaskets were even 25 % and 10 % higher, respec-
tively, compared to traditional CNC-milled current collectors. The transition to 3D printing offers notable ben-
efits, such as the competence to fabricate complex designs that enhance internal mixing and charge percolation. 
This innovation represents a change of paradigm in the way FCDI cells should be designed and manufactured, 
using additive manufacturing, which represents an efficient, scalable, and cost-effective substitute for the con-
ventional approach, contributing therefore for the advancement of FCDI desalination technology.
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1. Introduction

Around 4 billion people experience severe water scarcity for at least 
one month of the year, and half a billion face water shortage all over the 
year [1,2]. It is widely recognized that one of the most pressing chal-
lenges of the 21st century is the sustainable supply of fresh water [3,4]. 
In response to this challenge, emerging desalination technologies, such 
as flow capacitive deionization (FCDI), are gaining significant attention 
and have been actively studied over the past decade [5–10].

Contrary to capacitive deionization (CDI), where static porous car-
bon electrodes are employed, FCDI employs activated carbon slurries as 
flow electrodes instead of fixed porous carbon electrodes [11–13], while 
ion exchange membranes define ions transport from feed to receiver 
compartments [14]. The possibility to recirculate flow electrodes be-
tween anode and cathode allows for their continuous charging and 
discharging (regeneration), thus avoids their saturation and allows for 
continuous desalination in a single device, while the presence of ion 
exchange membranes increases the charge efficiency due to co-ions 
exclusion [15–17]. Besides being an energy-efficient, sustainable and 
environmentally friendly desalination process, FCDI has also been pro-
posed for other applications, such as selective separation of different 
compounds like ammonia and fatty acids [18–20], removal of organic 
pollutants [21] and phosphorus [22], production of concentrated salt 
solutions [23], and extraction of valuable elements such as lithium and 
copper from saline streams [24,25].

Many efforts have been made to optimize the FCDI cell design to 
improve the desalination performance. Li et al. [26] employed different 
materials to build the feed compartment and a 54 % less energy con-
sumption was observed when graphite plate was used compared to the 
polypropylene-made intermediate chamber. Ehring et al. [27] intro-
duced a membrane-assisted static mixer in flow electrodes and reported 
a 250 % higher average salt removal rate compared to conventional flow 
electrode channel design. However, these static mixers are solely suit-
able for very low carbon mass loading in flow electrodes (<2 wt%). 
Likewise, Koller et al. [28] conducted a comparative analysis of various 
current collector architectures for FCDI applications. The bipolar current 
collector design was reported to be the most effective among the eval-
uated architectures, demonstrating a 55 % increase in salt removal 
compared to conventional graphite plate current collectors. However, 
the manufacturing process of bipolar current collectors is complex due 
to the need for advanced assembly techniques which limit their scal-
ability. Saif et al. [29] demonstrated, through experimental and 
computational fluid dynamics (CFD) modelling insights, that the flow 
electrode channel design has a significant impact on FCDI performance, 
as the channel geometry strongly affects the local shear rate, and thus 
the local viscosity and flowability of flow electrodes, which are non- 
Newtonian fluids with shear-thinning behaviour. The prevalent config-
uration for flow electrode channels reported in the literature is the 
serpentine design, typically engraved in graphite plates by Computer 
Numerical Control (CNC) milling [5,11,15,30]. However, such serpen-
tine design does not promote thorough mixing of the carbon particles 
[29], which is essential to facilitate charge percolation [31], and CNC 
milling has a limited capability to fabricate channels with more complex 
geometry which could enhance it [32]. Furthermore, CNC milling is a 
subtractive manufacturing technique, which creates waste and has 
limitations associated with material compatibility, lead times and cus-
tomization [32,33]. Additionally, CNC milling is not a standard or easily 
accessible equipment. Alternatively, 3D printing is an additive 
manufacturing technique with several advantages over CNC milling, 
including customization freedom, the ability to create complex geome-
tries, a wider selection of possible materials, waste reduction and rapid 
prototyping [34–36]. Furthermore, the expiration of protective patents 
made 3D printers cheap and widely available.

In this study, FCDI cells, with the conventional CNC-milled graphite 
plates and with 3D-printed flow electrode gaskets made of a) non- 
conductive polyethylene terephthalate glycol (PET-G) and b) a 

conductive mixture of polylactic acid (PLA) and carbon black (CB), were 
assembled and tested in terms of desalination efficiency, electrical 
properties and energy consumption. For a fair comparison between 3D 
printing and CNC milling, the same serpentine geometry was employed 
in all tests.

2. Experimental section

2.1. Design of 3D printing and CNC milling of flow electrode channels

The shape and dimensions of the tested flow electrode channels were 
identical for graphite plates and 3D-printed gaskets. The channel was a 
serpentine composed of 36 segments, each 2 mm thick, 2 mm deep and 
34 mm long, as depicted in Fig. S1 in Supporting information. This is one 
of the most reported designs in the field of flow capacitive deionization 
[6,37–39]. The active contact area between the channel and the mem-
brane was 26.58 cm2. The computer-aided design (CAD) of such a 
serpentine channel was created using Autodesk Fusion 360 software.

2.1.1. 3D printing of non-conductive and conductive flow electrode gaskets
Flow electrode gaskets were manufactured using a ZMorph VX 

Multitool 3D Printer (Zmorph3D, Poland) by fused deposition modelling 
(FDM), which is based on the layer-by-layer extrusion of thermoplastic 
materials. The CAD with geometry was saved as a Standard Tessellation 
Language (.STL) file, which was translated into a geometric code (G- 
code) using Voxelizer 3.0 software. G-code is the set of instructions for 
the 3D printer to turn designs into physical objects. In 3D printing, one 
can control the material's filling inside the printed object depending on 
the final application of the object. Increasing internal filling leads to a 
mechanically more robust object, while a lower internal filling will lead 
to faster printing, but with poorer mechanical properties. Thus, the in-
ternal filling of gaskets was chosen to be 90 %, which led to the presence 
of some voids in the final structure.

The non-conductive gaskets were printed using a 1.75 mm Poly-
ethylene Terephthalate Glycol (PET-G) filament from Dowire®, 
Portugal. The conductive gaskets were printed using a 1.75 mm fila-
ment, from Protopasta, USA, made of polylactic acid (PLA) and carbon 
black (CB). The materials which were employed are widely available, 
well-established and known for their stability. PET-G is resistant to 
water decomposition and exhibits good chemical stability and does not 
release harmful substances under normal conditions [40]. PLA is a 
biopolymer which biodegrades into lactic acid (LA) or to carbon dioxide 
and water. Moreover, it has been classified as Generally Recognized as 
Safe (GRAS) by the United States Food and Drug Administration (FDA) 
and has been found to be safe for all food packaging applications [41]. In 
this study, new gaskets were employed, but likewise prepared 3D- 
printed gaskets proved to be quite stable even after being used for 
nearly two years since no deterioration or alteration in their electro-
chemical performance was observed. To improve the first layer's adhe-
sion with the 3D printer bed, a stick adhesive (AprintaPro PrintaStick) 
was used in both cases. Before printing the gaskets, the 3D printer was 
calibrated to ensure the best print quality. This involved testing the 
various FDM printing parameters, such as extrusion temperature, bed 
temperature, and printing speed. Fig. S2 in Supporting information 
shows the 3D-printed gaskets.

2.1.2. CNC milling of graphite plates
A ZMorph VX Multitool 3D Printer (Zmorph3D, Poland) was used to 

engrave flow electrode horizontal serpentine channels at the surface of 
graphite plates (25 cm length x 6 cm width x 1 cm thickness, Graphite 
Technologies, Portugal) by CNC milling. The CAD with geometry was 
exported as a drawing exchange (.DXF) file, which was transferred into 
Voxlizer 3.0 software to set the G-code with CNC milling parameters like 
milling bit size, speed and depth. The original and CNC-milled graphite 
plates can be seen in Fig. S3 in Supporting information.
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2.2. Preparation of flow electrodes and feed solution

The YP50F activated carbon (Chemviron, Germany), specifically 
designed for electric double-layer capacitors, thus frequently used in 
FCDI, was employed to prepare the flow electrode slurry. Three different 
compositions, with 5, 10 and 15 wt% of YP50F were prepared in 1 g/L 
NaCl electrolyte. The upper concentration of 15 wt% of YP50F was 
chosen as at 20 wt% it was referred that the channels might clog [42]. 
These slurries were stirred for 24 h using a magnetic stirrer to attain a 
uniform carbon dispersion. The specific surface area of the activated 
carbon particles was determined by the Brunauer− Emmett− Teller 
(BET) method (ASAP2010, Micromeritics) and it was found to be 1600 
m2/g. The pore size distribution for YP50F activated carbon was also 
accessed using Barrett-Joyner-Halenda (BJH) method on the desorption 
branch of the isotherm and is presented in Fig. S4 in Supporting infor-
mation. The highest pore volume was observed for micropores (1.7 nm) 
with some mesopores (2–50 nm) also having been observed. In the 
activated carbons, the coexistence of micropores and mesopores is 
important to achieve high salt removal efficiency in the FCDI process. 
Ion adsorption occurs at the electric double layer (EDL) formed at the 
internal surface of micropores while mesopores are crucial for effective 
ion transport to the adsorption sites. The combination of both micro and 
mesopores enables activated carbons to effectively store and release ions 
during the cyclic charging and discharging, which enables continuous 
desalination by FCDI [43]. The viscosity of carbon slurries was measured 
using a controlled stress rheometer (Thermo Scientific, HAAKE MARS 
III, Germany) equipped with a Peltier heating system and a coaxial 
cylinder geometry (Rotor CC25 DIN Ti). Viscosity values were recorded 
as a function of shear rate, in the range from 1 to 215 s− 1, at constant 
temperature (20 ◦C). 1.5 g/L NaCl aqueous solution was used as the feed 
solution in all experiments, because it mimics a typical salt concentra-
tion in brackish water.

2.3. Assembling of flow capacitive deionization (FCDI) cells

An electrodialysis stack (MEGA, Czech Republic) was used to create 
FCDI cells (with one feed compartment and two flow electrode com-
partments) [29,44]. Its platinum-coated titanium electrodes measuring 

210 × 60 mm (length and width) were used as current collectors in FCDI 
cells with 3D-printed conductive and non-conductive gaskets that pro-
vided the path for the flow of carbon slurry. The assembly details of the 
FCDI cell with 3D-printed gaskets can be seen in Fig. S5 in Supporting 
information. In the case of FCDI cell with CNC-milled graphite plates, 
they were used instead of platinum-coated titanium electrodes and 
served as both a current collector and flow channels for the flow elec-
trode. To stop water leaks and seal the flow electrode channels, a 12 mm 
× 0.075 mm MIARCO® polytetrafluoroethylene (PTFE) Teflon tape was 
used. Between the feed channel and the anode compartment, a Fuma-
sep® FAB-PK-130 anion-exchange membrane was inserted, and a 
Fumasep® FKB-PK-130 cation-exchange membrane was installed be-
tween the feed channel and the cathode compartment. The thickness of 
each ion exchange membrane, both of which were provided by Fuma-
tech GmbH, Germany, was 150 μm. The feed channel was 1.6 mm thick.

2.4. Desalination experiments

FCDI stacks with CNC-milled graphite plates, 3D-printed non- 
conductive gaskets and 3D-printed conductive gaskets were used in 
desalination experiments (Fig. 1). Model brackish water (1.5 g/L NaCl 
solution) was pumped in a single-passage mode through the feed 
channel at a flow rate of 2.5 mL/min using a peristaltic pump (Lead 
Fluid – BT100S, China). The flow electrode was recirculated through the 
FCDI cell in a closed loop at a flow rate of 100 mL/min using a peristaltic 
pump (Masterflex® L/S® Digital Peristaltic Pump Drive, UK). The total 
volume of flow electrode used in each experiment was 50 mL.

The cathodic and anodic flow electrodes were collected in a 
continuously stirred reservoir to assure the mixing and neutralization of 
oppositely charged flow electrodes and, therefore, to release the ions 
electrostatically adsorbed during desalination on the surface of acti-
vated carbon particles [45]. Each desalination experiment was per-
formed for 1 h, during which a constant voltage of 1.2 V was applied 
using a Vertex 5A potentiostat (Ivium Technologies, The Netherlands). 
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 
associated error with the conductivity measurement device was ±0.5 %. 
The conductivity values were converted into NaCl concentration using 

Fig. 1. Schematic illustration of the flow-electrode capacitive deionization (FCDI) system used in this study.
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the calibration curve (Fig. S6) reported in Supporting information.
The desalination efficiency was calculated as follows [46,47]: 

Desalination efficiency (%) =
Cf − Ce

Cf
×100 (1) 

where Cf is the initial NaCl concentration and Ce is the effluent NaCl 
concentration (mM).

Energy (E) required to remove 1 mol of NaCl (W.h/molNaCl) was 
calculated as follows: 

Γ =

∫ t

0
Q
(
Cf − Ce

)
dt (2) 

E =
V
∫ t

0 I dt
t⋅Γ

(3) 

where Γ is the accumulated salt removal (mol), Q is the volumetric flow 
rate of feed (m3/s), V is the applied potential difference (V), I is the 
electrical current (A) passing through the FCDI cell during the desali-
nation experiment, and t is the time (s) of the desalination experiment.

2.5. Roughness measurements

The micro roughness of 3D-printed gaskets and CNC-milled graphite 
plates was measured using a KLA Tencor Alpha Step 200 Profilometer, 
USA. For each measurement, a 2000 μm length of each material was 
scanned at a scan rate of 50 μm/s. Two readings were taken for each 
measurement and average roughness was reported.

2.6. X-ray tomography

The samples were scanned using nano-CT (SkyScan 2214, Bruker, 
Belgium). An X-ray tube using a tungsten (W) source (operated at 50 kV 
and 110 μA) without a filter was used to acquire the images. A voxel size 
of 2.5 μm was selected. During data acquisition, the capillaries were 
rotated 360◦ and the images were taken every 0.4◦. An exposure time of 
2000 ms was used for non-conductive (PET-G) after use, and conductive 
(PLA + carbon) after use; 2100 ms for conductive (PLA + carbon) before 
use; and 2200 ms for non-conductive (PET-G) before use. A frame 
averaging of 3 was employed. No binning was employed. The flat panel 
was selected as the detector system. The reconstruction of the CT was 
done using the NRecon software (version 2.2.0.6, Bruker) based on the 
Feldkamp algorithm. CTAn software (version 1.20.8.0, Bruker) was used 
for the 3D analysis. A region of interest (ROI) representative of the 
sample was selected and, the images were binarized. The quantitative 
analyses of the sample were then performed through the 3D plug-in 
analysis. CTVox software (Bruker) (version 3.3.1, Bruker) was used for 
volume rendering.

2.7. Electrochemical properties

The electrical conductance of the 3D-printed gaskets and CNC-milled 
graphite plate was evaluated before and after desalination experiments 
by linear sweep voltammetry (LSV) performed using a Vertex 5A 
potentiostat (Ivium Technologies). A scan rate of 0.5 mV/s, at a step of 1 
mV for the potential difference range between − 0.5 V and +0.5 V was 
used to obtain current-voltage curves whose slope is the conductance of 
the material under analysis [48]. The electrical resistivity of the tested 
materials was calculated as follows: 

ρ =
1
κ
×

A
L

(4) 

where ρ (Ω⋅m) is electrical resistivity, κ (S) is the electrical conductance, 
L (m) is the length and A (m2) is the cross-section area of the tested 
material.

Electrochemical impedance spectroscopy (EIS) was also performed 

to measure the capacitance of flow electrodes at the end of each 
experiment. The feed solution (1.5 g/L NaCl) was pumped through the 
FCDI cell until the effluent conductivity values became equal to the feed 
conductivity. This step was done to maintain the feed channel resistance 
constant to avoid its influence on the capacitance measurements of the 
flow electrodes. EIS was performed on the same FCDI setup that was 
used in desalination tests in a frequency range of 10 kHz to 10 mHz with 
a sine wave signal amplitude of 10 mV using a Vertex 5A potentiostat 
(Ivium Technologies, The Netherlands). The capacitance was calculated 
by the following equation [46]. 

C =

⃒
⃒
⃒
⃒

1
ωZʹ́

⃒
⃒
⃒
⃒ (5) 

where C (F) is the capacitance, ω (Hz) is the angular frequency of the 
applied alternating current (AC) signals and Zʹ́  (Ω) is the imaginary 
resistance of the impedance.

3. Results and discussion

3.1. Desalination performance

To analyse the desalination performance of FCDI cells with CNC- 
milled graphite plates and 3D-printed non-conductive and conductive 
gaskets, desalination experiments were performed using 1.5 g/L of NaCl 
aqueous feed solution. The electric current at FCDI cells was recorded 
during experiments and is shown in Fig. 2.

In the case of 3D-printed non-conductive and conductive gaskets, 
there was a gradual increase in current values for all the composition of 
flow electrodes (5, 10 and 15 wt%), which indicates a progressive in-
crease of the salt amount being removed from the feed. This effect can be 
confirmed when looking at the conductivity of the effluent (Fig. 3), 
which continuously decreased over time in FCDI cells with 3D-printed 
non-conductive and conductive gaskets. The initial and final NaCl con-
centration in the effluent for each desalination experiment can be seen in 
Table S1 in Supporting information.

Both observations indicate that the FCDI performance increased over 
time when using 3D-printed flow electrode channel gaskets. On the 
other hand, when traditional CNC-milled graphite flow electrode 
channels were used, the amount of current passing through the FCDI cell 
was constant over time (when using 15 wt% flow electrodes) or slightly 
decreased (when using 5 and 10 wt% flow electrodes). This translated 
into a constant effluent concentration in the FCDI cell with CNC-milled 
graphite plates when using 15 wt% flow electrode and an increase of 
effluent concentration when using flow electrodes with 5 wt% and 10 wt 
% of YP50F. To better understand the FCDI desalination performance, 
the desalination efficiency (at t = 1 h) and specific energy consumption 
during 1 h of operation were calculated (Fig. 4).

When 5 and 10 wt% YP50F carbon slurries were used as flow elec-
trodes, the FCDI cells with 3D-printed gaskets outperformed the FCDI 
cell with CNC-milled graphite plates in terms of desalination efficiency. 
When 15 wt% flow electrodes were used, the highest desalination effi-
ciency was obtained in FCDI cell with CNC-milled graphite plates fol-
lowed by FCDI cells with 3D-printed conductive and non-conductive 
gaskets. The energy consumption has the reverse trends of desalination 
efficiency.

3.2. Resistivity and surface roughness of flow electrode gaskets

To understand the different behaviour of FCDI cells when using 5 and 
10 wt% flow electrodes compared to 15 wt% flow electrodes, the re-
sistivity of the employed materials (Fig. 5) and their surface roughness 
(Fig. 6) were analysed.

For FCDI cells with 15 wt% flow electrodes, the desalination trends 
follow the resistivity of the materials which is the lowest for CNC-milled 
graphite plates (2.78 × 10− 4 Ω.m), followed by 3D-printed conductive 
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(0.88 Ω.m) and non-conductive (4.16 × 107 Ω.m) gaskets. Since graphite 
plate resistivity is the lowest one, it would be expected that the desali-
nation efficiency will be the highest (something which was only 
observed when using 15 wt% flow electrodes). What is also interesting 
to observe is that the resistivity values are not constant (at least for the 
3D-printed materials); pristine 3D-printed gaskets had higher resistivity 
than the used ones. This decrease of the resistivity, by 28 % and 17 % for 
conductive and non-conductive gaskets, respectively, after being used 
for 1 h, explains why the current was increasing over time in FCDI cells 
with 3D-printed gaskets, and why it was constant when using graphite 
plates (which resistivity kept constant). The decrease in the resistivity of 

3D-printed materials was caused by the penetration of highly capacitive 
YP50F activated carbon particles (164 F/g) [49] into the void spaces of 
3D-printed structures. The 3D-printed non-conductive gasket before and 
after use are shown in Fig. S6 in Supporting information. After use in the 
desalination tests, the black colour of the gasket evidences the presence 
of highly capacitive YP50F carbon particles retained inside the voids of 
the 3D-printed gasket. This was confirmed by X-ray tomography (Fig. 7
and Videos 1–4), of which the comprehensive analysis is presented in 
Section 3.3.

However, as previously mentioned, for 5 and 10 wt% flow electrodes 
the desalination efficiency was the highest in the FCDI cell with 

Fig. 2. Chronoamperometric curves obtained at FCDI stacks with 3D-printed (non-conductive and conductive) and CNC-milled (graphite) flow electrode channels 
when using flow electrodes with (a) 5 wt%, (b) 10 wt% and (c) 15 wt% of YP50F during desalination of aqueous solution with 1.5 g/L of NaCl.

Fig. 3. Effluent conductivity at FCDI stacks with 3D-printed (non-conductive and conductive) and CNC-milled (graphite) flow electrode channels when using flow 
electrodes with (a) 5 wt%, (b) 10 wt% and (c) 15 wt% of YP50F during desalination of aqueous solution with 1.5 g/L of NaCl.

Fig. 4. (a) Desalination efficiency (%) and (b) energy consumption (W.h/mol of NaCl) of FCDI stacks with different 3D-printed (non-conductive and conductive) and 
CNC-milled (graphite) flow electrode channels when using flow electrodes with 5, 10 and 15 wt% of YP50F during desalination of aqueous solution with 1.5 g/L 
of NaCl.
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conductive gaskets, followed by the FCDI cell with non-conductive 
gaskets and finally the one with the graphite plates. When the concen-
tration of carbon particles in a slurry decreases, the viscosity of the fluid 
decreases (Supporting information Fig. S8) which facilitates the internal 
mixing of flow electrodes. The viscosity of flow electrodes decreases if 
the local shear rate increases [29], which can be achieved by the 
introduction of corrugations on the surface of the channel. Corrugations 
in the flow channels promote the localized mixing and interaction be-
tween the flow electrodes and channel walls by generating micro-scale 
vortices that improve charge transfer efficiency. This effect, especially 
in laminar flow, disrupts boundary layers, facilitating ion exchange and 
improving flow-electrode performance [50]. In the case of 3D-printed 
materials, their surface is not perfectly smooth due to the method of 
their manufacturing, which is the deposition of thin melted lines of 
materials, layer-by-layer, which can be seen and felt with the naked eye. 
When analysing the roughness of the employed materials (Fig. 6), 
indeed the highest one was measured for the conductive gasket, fol-
lowed closely by non-conductive gaskets, and almost without any 
rugosity in the case of graphite plates. Thus, when using flow electrodes 
with lower carbon content (5 and 10 wt%), which are already more 
prone for mixing, the roughness of the 3D-printed gaskets further pro-
motes their mixing compared with graphite plates, which explains the 
higher desalination efficiency.

3.3. X-ray tomography of flow electrode gaskets

To visualize the incorporation of carbon particles and the surface 
roughness of the 3D-printed gaskets, X-ray tomography of specific sec-
tions of the 3D-printed gaskets was performed.

In Fig. 7 it is possible to visualize that the gaskets are made of cy-
lindrical sections, deposited layer-by-layer during 3D printing, which 
leads to the roughness of the gasket surfaces, thus the gaskets' surface is 
not smooth. It is also possible to observe the existence of empty spaces 
between those 3D-printed layers, and their occupation by carbon par-
ticles after being used. The Supporting information contains detailed 
videos that illustrate these observations. Additionally, image analysis of 
the obtained virtual reconstructions allowed to estimate parameters 
such as material porosity or the size of the carbon particles. The selected 
pristine segments of the non-conductive and conductive gaskets have a 
porosity of 8 and 6.5 %, respectively. The intended infill chosen during 
3D printing was 90 %, thus the values are close to expected. After use, 
0.7 % of the empty spaces in the tested conductive segment were filled 
by activated carbon particles with an average particle size of 9.6 μm. In 
the case of the tested non-conductive gasket, the values were 0.6 % and 
10.8 μm. The average size of YP50F carbon particles measured by the 
particle size analyzer (Laser Scattering Particle Size Distribution 
Analyzer LA-960, HORIBA, Japan) is 9.33 μm (Fig. S9 in Supporting 
information shows the YP50F particle size distribution), which is in 
accordance with the particle size detected by tomography. Furthermore, 
since more voids were filled with smaller carbon particles in the 
conductive gaskets, it explains the higher decrease in resistivity values 
for conductive gaskets (27 %) compared to the non-conductive ones (17 
%).

3.4. Capacitance of flow electrodes

The desalination performance was also validated by assessing the 
capacitance of the flow electrodes at the end of the FCDI experiments 
with 3D-printed gaskets and CNC-milled graphite current collectors 
(Fig. 8).

As seen in Fig. 8, flow electrodes have no capacitance in the high 
frequency region but there are significant differences in their values at 
the low frequency range (below 10 mHz). At high frequencies, ions came 
closer to the pores of activated carbon particles in the flow electrode, 
while at low frequencies ions propagate deep inside the pores. Hence, 
the capacitive behaviour of the flow electrode can only be observed at 
low frequencies [46,51,52]. For 5 and 10 wt% flow electrodes, the 
highest capacitance was observed when using 3D-printed conductive 
gaskets, then non-conductive ones and the least for CNC-milled graphite 
plates. The observed high capacitance when using 3D-printed conduc-
tive gaskets as flow electrode channels could be explained by their high 
surface roughness which enhances the mixing of flow electrodes, thus 
leading to more effective charge percolation between carbon particles.

In contrast, for 15 wt% flow electrodes, the highest desalination ef-
ficiency and capacitance were obtained when CNC-milled graphite flow 

Fig. 5. The resistivity of 3D-printed (a) conductive, (b) non-conductive and (c) CNC-milled graphite flow electrode channels gaskets before and after use in the 
FCDI experiment.

Fig. 6. Surface roughness of 3D-printed non-conductive, conductive gaskets 
and CNC-milled graphite plate.
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electrode channels were used. This could be explained by higher vis-
cosity and concentration of carbon particles in the flow electrode. The 
viscosity of the flow electrode increases with an increase in the weight 
percentage of carbon. At a 15 wt% of carbon loading in the flow elec-
trode, the viscosity is about 10 and 3 times higher compared to 5 wt% 
and 10 wt% of carbon loading, respectively, which hinders mixing of the 
flow electrode and results in a poor charge transfer even in the 3D- 
printed rough flow electrode channels. Thus, for flow electrodes with 
15 wt% of carbon loading, the dominant parameter is the resistance of 
flow electrode channels, as the resistance of pristine graphite plates is 

minimal compared to 3D-printed conductive and non-conductive gas-
kets (Fig. 5).

4. Conclusions

This study addresses the need to develop an alternative to CNC- 
milled graphite current collectors, which are difficult to manufacture 
and offer limited flow channel design options. The findings presented in 
this study indicate that the use of 3D printing technology can replace 
traditional CNC-milled graphite plates. Either non-conductive or 

Fig. 7. X-ray tomography of (a) 3D-printed non-conductive (PET-G) and (b) 3D-printed conductive (PLA + carbon) gaskets.
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conductive 3D printed gaskets have promising potential, but the 
conductive ones offer more advantages, besides their rough surface that 
facilitates internal mixing and charge percolation, because they exhibit a 
lower electrical resistance when compared with non-conductive gaskets. 
Although further studies are still needed to explore the best flow elec-
trode channel design for efficient mixing and salt removal in the FCDI 
process, 3D printing opens a very promising perspective to proceed with 
necessary modifications in the design of flow channels, enhancing the 
local shear rate. This is especially crucial for shear-thinning fluids, such 
as activated carbon slurries, where the local shear rate substantially 
impacts the viscosity and, as a result, the overall efficiency of the mixing 
process.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.desal.2024.118362.
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