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Abstract: Capacitive deionisation (CDI) electrodes with identical composition were prepared using
three deposition methods: (1) slurry infiltration by calendering (SIC), (2) ink infiltration dropwise
(IID), and (3) ink deposition by spray coating (IDSC). The SIC method clearly showed favourable
establishment of an electrode with superior desalination capacity. Desalination results showed that
electrodes produced from slurries mixed longer than 30 min displayed a significant reduction in the
maximum salt adsorption capacity, due to the agglomeration of carbon black. The electrodes were
then thermally treated at 130, 250, and 350 °C. Polyvinylidene difluoride (PVDF) decomposition
was observed when the electrodes were treated at temperatures higher than 180 °C. The electrodes
treated at 350 °C showed contact angles of 6 = 0°. The optimised electrodes showed a salt adsorption
capacity value of 24.8 mg/g (130 °C). All CDI electrodes were analysed using specific surface area by
N, adsorption, contact angle measurements, conductivity by the four-point probe method and salt
adsorption/desorption experiments. Selected reagents and CDI electrodes were characterised using
thermogravimetric analysis coupled with mass spectrometry (TGA-MS) and differential scanning
calorimetry (DSC), as well as scanning electron microscopy energy dispersive X-ray spectroscopy
(SEM-EDS). Electrode structure and the development of the critical balance between ion- and electron-
conductive pathways were found to be a function of the electrode slurry mixing procedure, slurry
deposition technique and thermal treatment of the electrodes.

Keywords: capacitive deionisation; thermal treatment; wet mixing; contact angle; maximum salt
adsorption capacity

1. Introduction

The scarcity of fresh drinking water is a growing concern. Desalination and wastewa-
ter recycling are becoming increasingly more important as the shortage of drinking water
will continue to increase. Currently, electro-dialysis (ED), multi-stage flash (MSF) desali-
nation, reverse osmosis (RO) membrane desalination, and multi-effect distillation (MED)
desalination are thus far the dominating technologies that deliver drinkable water to mil-
lions of people around the globe. Alternative, less energy intensive technologies exist
but have not progressed to industrial applications due to perceived high upfront capital
installation cost. Capacitive deionisation (CDI), including membrane CDI (MCD]), is one
of these technologies.

The term capacitive deionisation is derived from the words capacitive and deionisation.
Deionisation refers to the removal of charged molecules or atoms in the form of ions
(cations and anions) and capacitive refers to the capacitor used to facilitate the removal
of ions. A capacitor is a device constructed of one or multiple pairs of electrodes that
are oppositely charged. An electric potential is applied over the electrodes, resulting
in positively and negatively charged poles. Salts dissolved in water exist as positively
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and negatively charged ions. Cations are attracted by electrostatic force to the negatively
charged electrode while the anions are attracted to the positively charged electrode. Hence,
the ions are separated from the water solution. Cycles of regeneration and purification
are alternated to produce two streams of brine and desalinated water. Limitations of
capacitive deionisation (CDI) manifest during polarity reversal/electrode regeneration.
When the adsorbed ions are desorbed, the cations and anions are attracted to the opposite
electrode. Therefore, the regeneration of the electrodes are compromised, limiting the
electrode sorption capacity for the subsequent desalination run [1,2]. This limitation is
resolved by a modified technique known as membrane capacitive deionisation (MCDI).
An MCDI cell is created by placing ion exchange membranes between the cathode and
anode. Regeneration/charge efficiency is improved by the selective transport of cations
and anions by the ion-exchange membrane when the polarity is reversed [3]. Packing
activated carbon or ion exchange resin in the flow channel increases bulk conductivity [4,5].
CDI has been coupled to other water treatment processes to enhance pollutant removal,
such as reverse osmosis and reverse electrodialysis [6,7].

Reverse osmosis is utilised in more than 70% of the world desalination market, with
energy consumption as low as 2 kW/m?, a salt rejection of >99%, and lastly an approxi-
mate feed recovery of 90% when desalinating water with a concentration of 30 g/L [8,9].
Despite the recent advances in CDI research, some authors do not recognise the potential
and dismiss CDI as a competitor to reverse osmosis [10]. Capacitive deionisation seems
less effective with limited feed salinity <1 g/L and salt rejection <95%, while challenges
such as electrode decay and scaling/fouling have been mentioned [11]. However, since
the technology is still in its infancy, there is plenty of room for improvements and cost
reductions, allowing MCDI to compete specifically in areas where high energy efficiency is
essential. This research highlights one area of these much-needed improvements: the elec-
trode producing procedures. An effective CDI electrode possesses the following important
characteristics associated with its performance:

e A large total surface area with appropriate pore size distribution and porosity. Such
large surface areas are created using materials with large specific surface area. Several
commercially available activated carbons meet the requirements and are currently
used as a cost-effective substance in commercial CDI systems [12,13].

e  Appropriately developed multi-dimensional electron conductive links between this
large specific surface area material and an external power source. Carbon black is
typically mixed with the active material and the mixture is deposited onto a current
collector. These current collectors are eventually connected to an external power
source [14,15].

e  Electrode stability. As long as CDI electrode structure provide continuous, low resis-
tive pathways for both ions (from the entire surface area of the activated carbon to the
feed water source) and electrons (from the entire surface area of the activated carbon to
the external power source), the electrode is of value. The quantity and type of binders
play an important role in maintaining the structural integrity of the electrode [16,17].

Several researchers over the years have prepared electrodes for CDI research and tested
these electrodes for their salt adsorption performance [18,19]. Generally, the electrodes are
prepared by mixing the active materials (activated carbon), electrically conductive material
(carbon black), and binder, polytetrafluoroethylene (PTFE), in optimised ratios, typically
80, 10, and 10%, respectively. Subsequently, such a mixture is deposited onto a current
collector using a variety of tools and techniques. The “doctors’ blade” technique seems
most common.

Lu et al. described three methods for CDI electrode preparation, namely, evaporation
casting, roller coating, and spray coating [20]. For all methods, a carbon mixture consisting
of activated carbon, carbon black, ethanol, and PTFE solutions was prepared. During the
evaporating casting method, the carbon mixture was added drop-wise onto carbon fiber
paper placed on a heated plate to facilitate solvent evaporation. During the roller coating
method, the carbon mixture was pressed into the carbon fiber paper with a spoon. For the
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spray coating method, a spray gun was filled with carbon mixture and sprayed onto the
carbon fiber paper.

The available literature addresses neither mixing procedures of the activated carbon,
carbon black, solvent, and binder for CDI electrodes, nor thermal studies of these electrodes.
In Li-ion battery research, electrode slurry mixing procedures appear to be important and
have been studied in detail [21-23]. The Li-ion positive electrode may have a different ac-
tive material than CDI electrodes but they share the same binder, polyvinylidene difluoride
(PVDF), to enhance the mechanical integrity and the same carbon black to enhance the
electron conductivity. Both CDI and Li-ion electrodes consist of porous structures to be
filled with electrolyte/feed solution to facilitate conduction of ions/electrons. The authors
used the slurry mixing procedures developed for the Li-ion electrode process and studied
its impact on the performance of CDI electrodes. The authors of this paper believe that the
electrode structure and the development of the critical balance between ion and electron
conductive pathways are both a function of the mixing procedure and the deposition
technique. In addition, the optimal treatment process was established. A series of CDI elec-
trodes were prepared with an identical composition of 80% activated carbon, 10% carbon
black, and 10% PVDF on a common carbon fiber current collector (JNT45). Three different
techniques were used in the production process to transfer the active material onto or into
the current collector: (1) slurry infiltration by calendering (SIC); (2) ink infiltration drop-
wise (IID); (3) ink deposition by spray coating (IDSC). All CDI electrodes were analysed
using specific surface area by N; adsorption, conductivity by the four-point probe method,
wettability by determination of the contact angle and, lastly, the maximum salt adsorption
capacity (mSAC). Selected reagents and CDI electrodes were additionally characterised
using thermal analysis TGA-MS and DSC, as well as SEM EDS. After the most effective
electrode production technique was identified, the effect of the slurry mixing time on
electrode performance was investigated too.

2. Materials and Methods
2.1. Chemicals

Activated carbon, YP8OF, 2000-2500 m?2/ g, was purchased from Kuraray, Osaka, Japan.
Polyvinylidene difluoride (PVDF) and N,N-dimethylacetamide (99.9%), was bought from
Sigma Aldrich, Modderfontein, South Africa. Sodium chloride was obtained from KIMIX,
Cape Town, South Africa. Carbon substrate (JNT45) was purchased from JNTG Co. LTD,
Hwaseong, Korea. Nitrogen (99.999%) was bought from Afrox, Cape Town, South Africa.
Carbon black (Super-p CB) was purchased from Alfa Aesar, Kandel, Germany. Ultra-pure
water was used to prepare the feed solution for all desalination experiments and was
supplied in-house by Milli-Q Integral water, resistivity (18.2 M(2-cm) and TOC (<5 ppb).

2.2. Electrode Preparation

The electrode preparation process starts by preparing a mixture of all the necessary
ingredients, which is called a slurry or an ink, before it is deposited onto the substrate. In
this paper, slurry refers to the composition prepared for the infiltration by calendering
methods, while the word “ink” refers to the composition used for the infiltration drop-wise
and spray coating method. The slurry preparation procedure is discussed below, followed
by a description of the three different slurry/ink deposition techniques. All electrodes were
prepared in pairs with JNT45 (JNTG Co. LTD, Hwaseong, Korea) as the current collector.

2.3. Slurry Preparation

Slurries were prepared by adding the dry ingredients, activated carbon (YP8OF, 0.72 g)
and carbon black (Super-p CB, 0.091 g), into a syringe (20 mL)). To this mixture, a zirconia
ball (10 mm) was added and placed into an in-house prepared holder. The zirconia ball aids
the thorough dry mixing of the activated carbon (YP80F) and carbon black (Super-p CB).
The holder with the syringe was placed inside a devil shaker (Red Devil Equipment Co,
Plymouth, MN, USA) and was mixed for 60 min to complete the dry mixing process. After
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dry mixing, a previously prepared binder solution was added (3 mL). This binder solution
was prepared by adding PVDF (1.81 g) to N,N-dimethylacetamide (DMAC) (Sigma Aldrich,
Modderfontein, South Africa, 23.50 g) heated to and kept at 110 °C while vigorously stirring
until all the PVDF powder was dissolved. After addition of the binder solution, the syringe
was placed back in the devil shaker and mixed for 30, 60, or 120 min to complete the wet
mixing step.

2.4. Slurry/”Ink” Deposition

The following three modified methods were utilised to produce the electrodes in this
study. All electrodes were prepared at 25 °C, unless otherwise stated.

2.4.1. Slurry Infiltration by Calendering

A slurry was squirted onto the substrate from the syringe. Using a metal blade, the
slurry was spread to cover the entire surface of the substrate. Subsequently, the substrate
with the slurry was passed through a rolling press (MSK-HRP-MR100A, MTI Corporation,
Richmond, CA, USA) six times to ensure appropriate distribution of the slurry throughout
the electrode. Three electrode pairs were produced applying this method but using a slurry,
wet mixed for 30, 60, and 120 min, respectively.

2.4.2. Ink Infiltration Dropwise (Wet Mixing Time 60 min)

For this method, the ink was added drop-wise to the substrate placed in a glass petri
dish. Two electrode pairs were produced applying this method, keeping the surface of the
petri dish at 25 and 130 °C, respectively.

2.4.3. Ink Deposition by Spray Coating (Wet Mixing Time 60 min)

For the spray coating experiments, a SONO-TEK ExactaCoat Benchtop Coating System
(Sono-Tek, Milton, NY, USA) was used. Additional solvent (15 mL) was mixed with
the slurry to reach the desired flow properties associated with this method and will be
called “ink”. The ink was sprayed onto the substrate using the following parameters:
0.86 psi, path speed 50 mm /s, area spectrum of 4 mm, and a spray head height of 48 mm.
The temperature was at 150 °C to evaporate the solvent (DMAC). The ink was magnetically
stirred for 60 min. Before spray-coating commenced, the ink was sonicated for 60 min.
All the electrodes were dried at 130 °C overnight and cut to size (79 x 39 mm).

2.5. Electrode Characterisation
2.5.1. Scanning Electron Microscopy Energy Dispersive X-ray Spectroscopy (SEM EDS)

All samples were sputter coated with a carbon layer, using an EMITECH K950X Turbo
Evaporator (Kent, United Kingdom), to enhance the conductivity of the electrodes and thus
augment ultimate image visibility. Electrode characterisation was performed using a Zeiss
Auriga field emission gun scanning electron microscope (FEG-SEM, Carl Zeiss Microscopy
GmbH, Oberkochen, Germany) operated at an accelerating voltage of 5 kV using an in-lens
high resolution detector.

2.5.2. Thermogravimetric Analysis Coupled with Mass Spectrometry (TGA-MS)

TGA experiments, were performed on a TGA/SDTA851e (Mettler Toledo, Ziirich,
Switzerland) coupled to a ThermoStarTM (Pfeifer, Hessen, Germany) vacuum mass spec-
trometer to identify m/z values of the liberated gasses. Instruments were initialised and
purged with nitrogen gas 24 hours in advance of experimentation. Successive blank
curves (no sample) were run on empty 60 pL aluminium oxide crucible until reproducible
curves were obtained. Samples sizes for all tested compounds were 2-8 mg and were
weighed on a five decimal Mettler X5205 dual range electrobalance (Mettler Toledo, Ziirich,
Switzerland). Samples were heated at a rate of 10 °C per minute in the temperature range
30°C<T<700°C. A constant flow of nitrogen was maintained over all experiments,
unless stated otherwise.
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2.5.3. Differential Scanning Calorimetry (DSC)

DSC measurements, were performed on a METTLER DSC822e (Mettler Toledo, Ziirich,
Switzerland) differential scanning calorimeter with FRS5 detector and robotic auto-sampler.
The maximum temperature range for the instrument is —50 °C < T < 500 °C. Samples sizes
for all tested compounds were 2-8 mg and were weighed on a five decimal Mettler X5205
dual range elecrobalance (Mettler Toledo, Ziirich, Switzerland), then sealed in standard
40 pL aluminium crucibles. The aluminium cap was perforated with a needle creating a
hole of ~1 mm in diameter to allow any gasses liberated during potential decomposition
to escape without deformation of the crucible. All experiments were performed under
nitrogen. The scan rate in all cases was 10 °C per minute for both heating and cooling
(unless specifically stated otherwise). Isothermal segments of one minute prior to and at
the final temperature between dynamic heating and cooling segments were included to
allow for instrumental overshot and setting. Curve analyses were performed using STARe
SW 9.0% software (9.0, Mettler Toledo, Ziirich, Switzerland, 2019).

2.5.4. Specific Surface Area Nitrogen Adsorption

The surface area of the electrodes was determined using a Micromeritics 3 Flex Surface
Characterization Version 5.00 (Micromeritics, Norcross, GA, USA). All specific surface area
(SSA) of the prepared electrodes were calculated from nitrogen adsorption isotherms at
77 K. All samples were weighed (0.05 g) and placed in separate Brunauer, Emmett and
Teller (BET, Micromeritics, Norcross, GA, U.S.A) test tubes for analysis. These samples
were degassed overnight at 130 °C using nitrogen gas and weighed again after degassing.
See Table S1 for BET data.

2.5.5. Electrode Conductivity

An in-house-produced four-point probe setup was used to determine the electrical
conductivity of the electrode samples, presented in Figure S1. A power supply (EA-PSI
8032-10T, RS components SA, Midrand, South Africa) was used to provide a current
through the most outer electrode pair while a digital multimeter DT9205A was used to
measure the electric potential between the inner electrode pair. The applied current was
increased in set intervals from 0.1 to 0.3 A with increments of 0.05A to yield 5 measurements
per sample. The distance between the inner electrodes was 25 mm. The electrode thickness
was measured using a micrometre screw gauge (electronic digital caliper, RS components
SA, Midrand, South Africa). The current, the potential, the distance between the inner
electrodes and the sample thickness were used to calculate the electrode conductivity.

2.5.6. Contact Angle Measurements

All contact angle measurements were obtained with instruments designed and built
in-house, as presented in Figure S2. For the contact angle testing, an electrode sample was
placed on the base of the contact angle setup. A micropipette with a tip positioned at 10 mm
above the electrode was used to dispense 50 puL of 1 g/L NaCl solution (KIMIX, Cape
Town, South Africa) onto the electrode. A HUAWEI P20 cellular phone was attached to the
setup, assuring the correct position of the camera. Lighting conditions were optimized to
ensure a clear contrast between the droplet outline and the background. Using the “lite
camera function”, an image was captured within 5 s after the droplet contacted the surface
of the electrode. This process was repeated five times using the same electrode but different
positions to obtain a more representative measurement. The same procedure was repeated
for the back side of the electrode. Image] software was utilised to analyse the images and
to measure the contact angle.

2.6. Salt Adsorption Capacity

A description of the setup and procedures used to establish the specific salt adsorption
capacity of the electrodes follows.
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2.6.1. Cell Assembly Procedure

Assembly of the in-house-designed MCDI cell, Figure 1, entailed placement of a gold-
plated electrical contact disk (ECD) (Goldfinger Electroplating, Cape Town, South Africa)
inside the high-density polyethylene (HDPE, Maizey plastics, South Africa, machined in-
house) bottom and top plate. A graphite current collector (Mersen South Africa, machined
in-house) was placed on the gold-plated ECD, followed by fixing of the silicone gasket
(Cape Town Rubber, South Africa, machined in-house) on the HDPE bottom plate of
the cell. Subsequently, the electrode was placed on top of the graphite with its active
side facing upwards. Next, a cation exchange membrane (Fumasep E-620-PE, Fumatech,
Bietigheim-Bissingen, Germany) was fixed onto the cell. The PVC/PET spacer (Fumatech,
Bietigheim-Bissingen, Germany) was placed on the cation exchange membrane ensuring
that the influent and effluent holes were not blocked. The anion exchange membrane
(Fumasep FAA-3-PE-30 Fumatech, Bietigheim-Bissingen, Germany) was positioned next,
followed by the electrode with the active side facing down towards the spacer. The graphite
current collector was then placed on the electrode and the silicone gasket was positioned
cautiously, without blocking the influent and effluent holes. The HDPE top plate was
positioned onto the stack of components, ensuring that the flow paths are not obstructed.
The top and bottom plates were then fastened using stainless steel bolts, washers, and nuts.
A torque wrench (Wiha Werkzeuge GmbH, Schonach im Schwarzwald, Germany) was
used to apply 0.2 Nm of torque to the gold coated ECD. The influent and effluent feed
tubes were connected and the conductivity meter (Portavo 904 X Knick SE 204 4-electrode
sensor measuring range: 0.05-500 mS/cm, Mecosa Pty Ltd., Randburg, South Africa) was
inserted into the conductivity and temperature port of the cell. Lastly, the terminals of the
power source were connected through the ECDs using Hirschmann crocodile clips (RS
Components SA, Midrand, South Africa).

Fasteners

Conductivity and
Temperature Measurina
W< Effluent port

HDPE Top Plate

Gold coated stainless steel
4———————— electrical contact point

~=me- < Graphite current collector
~- g < Carbon Electrode

s‘— Upper Silicone Gasket
~ <+————  Anion exchange membrane
~ <————— PVCIPET Spacer
s “4——— Cation exchange membrane

— Lower Silicone Gasket

Influent port————>» . iy

sl 4—————————  Carbon Electrode
T« Graphite current collector

4——————————— Gold coated stainless steel
electrical contact point

<4—— HDPE Bottom Plate

<4———  Steel Stand

Figure 1. A detailed overview of the in-house built membrane capacitive deionisation cell (MCDI).
Reproduced with permission from Nkuna, S.; Development of capacitive deionisation electrodes:
optimisation of fabrication methods and composition; published by University of the Western
Cape, 2018.

2.6.2. Experimental Desalination Setup

All desalination experiments conducted were done in single-pass mode using a flow-
by cell configuration. Refer to Table S2 for experiments performed and standard deviation.
To transfer the feed saline water with a concentration of 1000 ppm NaCl from the 3-litre



Processes 2021, 9, 1

7 of 17

feed reservoir to the MCDI cell, a Watson-Marlow Sci-Q 300 Series peristaltic pump was
used. The feed water was introduced into the cell through a silicone tube (4.8 mm).
Utilising the Nova 1.9 software package, the Autolab PGSTAT320N was programmed to
supply a constant voltage with alternating polarity (1.2 and —1.2 V) to the MCDI cell for
90 min, while the resulting current was recorded. Simultaneously, the conductivity and
temperature of the discharged water were measured utilising a Knick SE 204 4-electrode
sensor and utilising Paraly SW112 software to collect the data. The water exiting the cell
during desalination and regeneration mode was collected in a separate reservoir.

2.6.3. Determination of mSAC

The maximum salt adsorption capacity (mSAC) is a measure of the maximum amount
of salt adsorbed on an electrode in mg per gram (mg/g) of electrode used in the cell. The
mSAC was calculated by integrating the reduction of salt concentration, multiplied by the
flow rate as a function of time, multiplied by the molecular weight of NaCl and divided by
the mass of both electrodes (See Equation (1)).

mSAC (’”g> _ Mwx f(;z‘e— Co)pdt

M

where:

Muw is the molecular weight of NaCl (58.443 g/mol)

C; and C, are the influent and effluent concentrations (mM), respectively
@ is the flowrate (mL/min)

t is the time during which charging occurred (min)

m, is the mass of the active material in the electrode pair (g)

2.6.4. Pre-Conditioning and Test Procedure

Prepared electrodes were pre-treated by wetting (overnight in saline solution) before
any adsorption-desorption measurements were executed. A feed solution of NaCl (1 g /L)
was prepared at the start of each desalination test. Nitrogen gas was used to flush the feed
solution for 15 min. The MCDI cell was assembled utilising the cell assembly procedure, as
described in 2.6.1. A constant voltage of 1.2 V was utilised for the adsorption—desorption
measurements using the Metrohm Autolab BV, the Netherlands. The flow rate was set
to 13 mL/min, which corresponds to 9 rpm on the Watson-Marlow Sci-Q 300 peristaltic
pump. All tests conducted were done in a single-pass method. To accurately evaluate each
electrode pair, seven adsorption—desorption cycles were conducted to pre-condition the
MCDI electrodes. Each pre-conditioning cycle ran for 360 s, with 180 s adsorption (1.2 V
between anode and cathode) and 180 s desorption (—1.2 V between anode and cathode).
The test to determine maximum salt adsorption capacity consisted of a 900 s desorption
and a 900 s adsorption period to permit the electrodes to be fully regenerated at the start of
the salt adsorption cycle, as illustrated in Figure S3. The conductivity and current data for
the substrate JNT45, electrodes E4, E6 and E7 can be found in Tables S3-56.

3. Results and Discussion
3.1. Scanning Electron Microscopy Energy Dispersive X-ray Spectroscopy (SEM EDS)

SEM coupled with EDS was used to probe the surface morphology of the reagents and
prepared electrodes. Figure 2 shows the SEM images of the reagents: (A) activated carbon
(AC), consists of irregular shaped microscale structures; (B) carbonblack (CB) will provide
an electric pathway between particles; (C) PVDE, the binder, has a spherical microstructure;
lastly, (D) JNT45, the carbon fiber substrate, consists of intertwined carbon microfibers.
These carbon microfibers form a porous electrically conductive network that will host the
active materials to form an effective CDI electrode.
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Figure 2. Scanning electron microscopy (SEM) images of (A) Activated Carbon (AC) (B) Carbon
Black (CB) (C) Polyvinylidene Difluoride (PVDF) and (D) JNT45 (substrate).

The activated carbon and carbon black were dry mixed for 60 min. Figure 3A depicts
a SEM image where the carbon black is spread evenly on the activated carbon. This dry
mixing process has an impact on the micro-structure of the electrode and in particular
the distribution of carbon black on the activated carbon [24]. It is important to note that
the carbon black appears to be completely de-agglomerated into its primary spherical
particles of roughly 100 nm and dispersed and attached to the surface of the active material.
This dispersion of CB on the active material will provide a sufficient electric pathway
between the AC particles. After dry mixing, a solution of PVDF and DMAC was added,
and this suspension was wet mixed for 30 min. This wet mix was dried at 130 °C for 12 h
and SEM images, presented in Figure 3B, were obtained of the dried powder. Notable
differences are observed between the dry and wet mix SEM images. It appears that
the dispersion of carbon black achieved during dry mixing is to a great extend undone
during wet mixing. Figure 3B reveals that the primary particles regrouped into larger CB
aggregates. This re-agglomeration of the carbon black resulted in undesirable large lumps
of activated carbon, rendering the electrode inefficient for CDI application, due to lack of a
conducting and binding network.
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sl Dai
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Figure 3. (A) Activated Carbon (AC) + Carbon Black (CB) 60 min dry mix, (B) Activated Car-
bon (AC) + Carbon Black (CB) + Polyvinylidene Difluoride (PVDF) 30 min wet mix with N,N-
dimethylacetamide (DMAC) as solvent and dried at 130 °C for 12 h, (C) Electrode E2b not-calendered,
thermally treated at 130 °C for 16 h and (D) Electrode E4 calendered, thermally treated at 130 °C for
16 h.

The activated carbon, depicted in Figure 3B, is covered with spherical and non-
spherical structures. Differentiation between PVDF and carbon black with the aid of SEM
images is impossible. For this reason, EDS analysis was performed on this sample, as
presented in Figure 4. Carbon, oxygen, and fluoride are detected by the EDS analysis. As a
reference, EDS was performed on the pure PVDF powder, presented in Figure S4. From the
figures, a significant difference in the fluoride concentration is observed. The carbon/binder
mixture has a lower fluoride concentration because the activated carbon and carbon black
“dilutes” the PVDF concentration, which results in a smaller peak. The physical appearance
of the CB and PVDF changes because of the wet mixing procedure that results in the
adhesion of non-spherical structures to the activated carbon fiber and the presence of thin
films of PVDF around the CB and activated carbon.

The slurries and “ink” were deposited into-onto the substrate using three methods:
(1) slurry infiltration by calendering (SIC), (2) ink infiltration dropwise (IID), and (3) ink
deposition by spray coating (IDSC). Figure 3C shows the SEM image of electrode E2b that
was prepared by IID, with wet mixing time of 60 min and thermal treatment at 130 °C for
16 h. This image shows the adhesion of active material to the substrate. As expected, the
concentration of fluoride decreases when the slurry is deposited into-onto the substrate,
as illustrated in Figure S5, since the active material is distributed into and over the entire
electrode. Lastly, Figure 3D depicts electrode E4 that was prepared by slurry infiltration by
calendering (SIC), with a wet-mixing time of 30 min and heat treatment at 130 °C.
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Figure 4. Energy dispersive x-ray spectroscopy (EDS) of Activated Carbon (AC) + Carbon Black (CB)
+ Polyvinylidene Difluoride (PVDEF) 30 min wet mixture with N,N-dimethylacetamide (DMAC) as
solvent and dried at 130 °C for 12 h.

Figure 5A,B shows the difference between calendered and non-calendered electrodes
E4 and E2b, respectively. The non-calendered electrode has large cavities between the
substrate and active material, while the calendered electrode is denser with fewer cavities
between the active material and substrate. Figure S6 illustrates the zoomed-out electrodes,
showing the difference between calendered and non-calendered electrodes.

Date :16 Oct 2019
Time :104031

Figure 5. Scanning electron microscopy (SEM) images of (A) electrode E4 was calendered and
thermally treated at 130 °C for 16 h, and (B) electrode E2b, non-calendered and thermally treated at
130 °C for 16 h, shows the difference between calendered and non-calendered electrodes.

3.2. Maximum Salt Adsorption Capacity (mSAC)

The membrane capacitive deionisation (MCDI) performance of each electrode pair
was evaluated as described in the experimental Section 2.6.2. The conductivity and electric
current resulting from the change in potential during the pre-treatment and the mSAC
cycles are shown in Figure 6. The dashed line (orange) indicates the conductivity of the
feed solution, constant at 1766 uS/cm, and the solid lines (conductivity: blue and current:
green) indicate the conductivity and current of the produced water. The salt adsorption
and salt desorption half cycles are clearly visible and show the typical conductivity changes
expected during an MCDI experiment. The mSAC value was determined by integration of
the adsorption peak surface area during the 900 s adsorption half cycle.
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Figure 6. Conductivity of solution entering and exiting the membrane capacitive deionisation (MCDI)
cell (dashed line: orange and solid line: blue, respectively) and the current generated (solid line:
green) as a function of the applied electrode potential over time for electrode E1. The maximum salt
adsorption capacity (mSAC) is a measure of the maximum amount of salt adsorbed on an electrode
in mg per gram (mg/g) of electrode used in the cell.

Results for the electrodes produced via slurry infiltration by calendering (SIC), ink
infiltration dropwise (IID), and ink deposition by spray coating (IDSC) are listed in Table
1. The results clearly indicate that electrode E1, produced using the SIC method, showed
(1) a relatively high electrical conductivity, (2) the lowest thickness, and (3) the highest
desalination capacity of the three deposition methods. All electrodes were heat treated at
130 °C.

Table 1. Electrodes produced using slurry infiltration by calendering (SIC), ink infiltration dropwise
(IID) and ink deposition by spray coating (IDSC).

Wet Deposition Electrical Electrode S Beli;rﬁc
Electrode  Mixing P Conduc- . P mSAC
. . Method . . Thickness Surface
Pair Time tivity
Area
(min) O S/em mm m?/gac (mgnac1/gac)
JNT45 N/A N/A 56 0.34 7 0.42
YP80 N/A N/A N/A N/A 2316 N/A
El 60 SIC (25) 41 0.37 1589 17.0
E2a 60 IID (25) 41 0.48 1706 15.5
E2b 60 11D (130) 33 0.44 1795 14.1
E3 60 IDSC (150) 32 0.68 1310 12.2

The mSAC value of the JNT45 substrate, listed in Table 1, has a maximum salt ad-
sorption capacity of 0.42 mg/g. This proves that the substrate has minimal contribution
to the desalination performance of the electrode. Electrode E1, which was produced by
the slurry infiltration by calendering method, outperformed E2a, E2b, and E3 in terms of
mSAC value, despite possessing a lower specific surface area. Literature reports a direct
relationship between the surface area of an electrode and its corresponding salt adsorption
capacity, indicating that an electrode with a high BET surface area is predicted to have a
higher salt adsorption capacity [25,26]. Some reports describe electrodes with a low BET
surface area (~500 m?/g) exhibiting superior salt adsorption capacity (12.27 mg/g), in
comparison to an electrode with a BET surface of ~1600 m? /g with a corresponding mSAC
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value of 7.0 mg/g [27]. E3, produced via the spray coating method, exhibited the lowest
mSAC, with a value of 12.2 mg/g. Lu et al. produced a spray-coated electrode with an
mSAC value of 5.6 mg/g [20]. Of the three electrodes they produced, electrodes produced
by spray-coating resulted in the lowest desalination performance, a finding that accords
with the results of this paper, as summarised in Table 1.

During the spray coating method, ink is sprayed onto the substrate as a fine mist. Due
to the high substrate temperature of 150 °C, the solvent evaporates almost instantaneously,
leaving the solid residue of activated carbon, carbon black, and binder immobilised on
the surface of the substrate. Since these solids are not filling the pores in the substrate,
the thickness increases and shows a lower conductivity, a lower surface area, and the lowest
mSAC value.

Table 1 also shows the specific surface area of the electrode normalised to the weight
of the active material, since 99% of the surface area of the electrode is provided by the
activated carbon. According to the specific surface area measurements, electrodes E2a and
E2b, both produced by applying the IID method, showed the highest specific surface area
normalised to its AC content. Despite the higher values for the specific surface area, these
electrodes did not show the highest desalination capacity, meaning that the surface area
accessible for N, may not necessarily contribute to the desalination capacity. This may
occur if a portion of the activated carbon is not electrically linked to the current collectors.
The compacting action of the calendering process assisted with formation of a denser
electrode. Calendering of electrodes forces the active particles closer together resulting in
improved electrical conductivity. While improved conductivity may assist in obtaining
improved salt absorption rates, it may not necessarily improve mSAC values.

3.3. Influence of Wet Mixing Time on Electrode Performance

The slurry infiltration by calendering (SIC) method was applied to produce two
additional electrodes, E4 and E5. Apart from a change in the slurry wet-mixing time, the
electrodes were identical to E1. The electrodes were evaluated and the results are listed in
Table 2. A comparison of electrode E1, E4, and E5 reveals a distinct reduction of mSAC as a
function of the increase in wet mixing time. While the electrical conductivity and thickness
of the electrodes E1, E4, and E5 are very similar, the electrode with the highest mSAC (E4:
24.8 mgnac1/gac) also shows the highest normalised specific surface area, which is close
to the specific surface area of the virgin activated carbon YP8OF material.

Table 2. Electrodes were produced using slurry infiltration by calendering (SIC) and were thermally
treated at 130 °C. Wet mixing times were applied as follows: E1—30 min, E4—60 min, and E5—120 min.

Wet ops AC Electrical BET.
. . Deposition Electrode Specific
Electrode Mixing Load- Conduc- . mSAC
. . Method . . . Thickness Surface
Pair Time ing tivity
Area
(min) QO mg/cm? S/cm mm m?/gac  (mgnaci/gac)
E4 30 SIC (25) 6.9 44 0.38 1993 24.8
El 60 SIC (25) 6.9 41 0.37 1589 17.0
E5 120 SIC (25) 6.9 44 0.35 1508 14.0

Based on the SEM images presented in Figure 3, the authors suggest that the carbon
black particles re-agglomerate upon increasing wet mixing time. When the solvent evapo-
rates, lumps of carbon black are left on the surface of the activated carbon, which results in
less effective coverage of the activated carbon surface area and a subsequent a reduction of
the mSAC value.

3.4. Influence of Thermal Treatment on Electrode Performance

After the remarkable improvement of the mSAC value for electrode E4, an attempt
was made to further improve the performance of this electrode by optimising the thermal
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treatment procedure. Table 3 shows the results of four electrodes that were produced
using the SIC method, whereby the slurry was wet mixed for 30 min. The electrodes were
exposed to different temperatures prior to their routine analysis. Electrode JNT45 is an
unmodified piece of substrate that was cut to size.

Table 3. Electrodes produced applying slurry infiltration by calendering (SIC), wet mixed for 30 min
and thermally treated at various temperatures.

Wet Deposition Thermal S Be}i;rﬁc
Electrode Mixing P Contact Angle (°) Treat- P mSAC
. . Method Surface
Pair Time ment
Area
(min) (o) Front Back °C m?/gac  (mgnaci/gac)
JNT45 N/A Untreated 116 116 25 7 042
E4 30 SIC (25) 47 68 130 1993 24.8
E6 30 SIC (25) 23 48 250 1804 20.9
E7 30 SIC (25) 0 0 350 1797 20.1
E8 30 SIC (25) 50 50 25 * 16.0

* The pre-treatment procedure for the N, adsorption analysis required the samples to be degassed at
130 °C.

Comparison of the mSAC results of E4, E6, E7, and E8 shows that the optimal temper-
ature to treat an electrode produced with the SIC method is 130 °C. Electrode E8, which
was dried at 25 °C overnight, showed an mSAC value of 16.0 mgn,c1/gac- A significant
portion of the extended surface area is likely occupied by DMAC in electrode E8. Both the
normalised specific surface area and the mSAC value are reduced for E6 and E7 when the
electrode is heated to 250 and 350 °C, respectively, compared to E4. Thermal treatment
of the electrodes above the melting point of PVDF (177 °C) could be the reason for the
decline in the normalised specific surface area and the mSAC values. Heating PVDF above
the melting temperature induces partial decomposition as evident from the EDS and DSC
analysis, presented in Figures 57 and S9.

To accurately determine the optimal temperature for the thermal treatment of the
electrodes that could improve the mSAC values, selected reagents were chosen and probed
with thermogravimetric analysis coupled with mass spectrometry (TGA-MS). A pre-dried
30 min wet mix powder was subjected to thermal analysis using TGA-MS. Results are
provided in Table 4 for MS and Figure 7 for TGA. Step 1 corresponds to the evaporation of
DMAC (boiling point 165 °C) with a weight loss of 2.97% and a detected m/z ratio of 87
(molar mass of DMAC, 87.12 g/mol). The onset of the DMAC weight loss is approximately
129-131 °C. Slow solvent evaporation from the pores of the electrodes, below its boiling
point, is preferred to minimise damage. This is proven by probing the electrodes using
TGA-MS and DSC. Step 2 corresponds to the decomposition of PVDF (liberation of gaseous
hydrogen fluoride, HF) with a weight loss of 7.62%, and a detected m/z ratio of 20 (molar
mass of HF, 20.01 g/mol). The liberated gases clearly correspond to the evaporation of
DMAC and liberated HF. Further evidence that step 2 corresponds to liberated HF is a
comparison to the TGA of pure PVDEF, which is shown in Figure S8, and the TGA of the
30 min wet mixture shown in Figure 7. In both figures, the HF mass loss is initiated at
approximately 400 °C.

Table 4. Mass Spectrometry (MS) data of the 30-min wet mixture with N,N-dimethylacetamide
(DMAC) as solvent and dried at 130 °C for 12 h.

Liberated Product mlz TGA Step

DMAC 87 1
HF 20 2




Processes 2021, 9, 1

14 of 17

102
100 Step 1, 2.9725% weight loss
DMAC evaporation
98
X
=~ 96
2
E % Step 2, 7.6235% weight loss
D 9 PVDF pyrolysis
s
90
88
86 'S 'S 'S 'S 'S 'S A J
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 7. Thermogravimetric Analysis (TGA) of the 30 min wet mixture with N,N-dimethylacetamide
(DMAC) as solvent and dried at 130 °C for 12 h.

The highest mSAC value achieved by electrodes reported in literature, as summarised
in Table 5, was 14,4 mg/g, while the values reported in this paper exceeds 20 mgnac1/gac,
with a maximum of 24.8 mgn,c1/gac. Slurry infiltration by calendering seems to be the
best option for synthesising CDI electrodes, using activated carbon, carbon black, PVDEF,
and DMAC comprised slurries on the carbon substrate, JNT45 [18,20,28].

Table 5. A comparison of the maximum salt adsorption capacity (mSAC) values obtained in literature.

Electrode/Reference mSAC (mg/g)

E4 24.8
E6 20.9
E7 20.1
28 14.2

12.8
20 144

8.5
18 12.8

10.5

3.5. Contact Angle

The contact angle (0) is a measure of the hydrophilicity or wettability of an electrode:
If 8 = 0° to 5°, it is considered perfect wetting. A contact angle of = 6°-90° is considered
highly wettable, whereas if 6 = 91°-150°, wettability is considered to be low. If 6 = 151° or
larger is observed, it is considered perfectly non-wettable [29]. The contact angles were
established as described in the experimental Section 2.5.6 and the results are listed in
Table 3. A hydrophilic electrode will allow salty feed water solution to enter the electrode,
providing the desired access of ions to the extended surface area of the electrode [30,31].
Electrode JNT45 (unmodified substrate) shows the highest contact angle at 116° and is
classified as low wettable. With such low wettability, access of ions in solution may be
blocked by trapped gas bubbles. The front side of the electrodes is the side where the
slurry is applied. It is evident from Table 3 that the application of slurry improves the
hydrophilicity. It is also clear that an increase of the treatment temperature reduced the
contact angle, even to the extent where the contact angle became 6 = 0° on the front and
back side when electrode E7 was exposed to a temperature of 350 °C.

The authors of this paper postulate that heat treatment of the electrodes with PVDF as
binder increases the hydrophilicity. PVDF melts at 177 °C, allowing it to cover a greater
portion of the active materials. The decomposition of PVDF then proceeds by liberating
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hydrogen fluoride gas, previously discussed in Table 4 and Figure 7, and explains why
only a minute amount of fluoride is still present on the surface of electrode E7 (Figure S7)
compared to electrodes treated at 130 °C (Figure 4). In accordance with research published
by Nguyen [32], hydrocarbons with double bonds between the carbons of the newly formed
products remain. As seen in Figure 8, the electrode treated at 350 °C has perfect wettability
(6 = 0°) as the saline water droplet completely soaked into the surface of the CDI electrode,
while electrodes E4 and E6 have contact angles of 0 = 47° and 0 = 23°, respectively. Lu et al.
obtained contact angles of 6 = 0°, 8 = 60°, and 8 = 127° for electrodes synthesized by
the evaporation casting method, roller coating method and the spray coating method,
respectively. The substrate JNT45 (6 = 116°) has a lower contact angle, and thus is more
wettable, than the electrode prepared by spray coating, which proves that the spray coating
method is not suitable for the synthesis of carbon-based CDI electrodes [20].

il . e

E4 E6 E7

Figure 8. Contact angle images: Electrode E4, treated at 130 °C, with 6 = 47°, Electrode E6 treated at
250 °C, with 0 = 23° and Electrode E7, treated at 350 °C, with 6 = 0°.

3.6. Application and Future Perspective of CDI Electrodes

For CDI technology to compete with well-established water purification technologies
like reverse osmosis, the combination of capital expenses (CAPEX) and operational ex-
penses (OPEX) of the selected technology needs to be competitive. Improved production
processes, yielding optimised CDI electrodes, will both reduce CAPEX and OPEX cost,
allowing wider application of CDI as water treatment technology. Furthermore, the opti-
mised electrode production method presented in the current work can be combined with
recent advances in CDI technology, such as the addition of metal additives as demonstrated
by Byles et al. [33]. They obtained mSAC values as high as 44.4 mg/g with manganese
(Mn) as additive for a KCl solution and an mSAC value of 40.8 mg/g was obtained for a
NaCl solution with FeFe(CN)g as additive.

4. Conclusions

Electrodes were prepared using three different electrode preparation techniques.
The measured salt adsorption capacity showed that the method of electrode preparation
had a significant impact on its performance, even though the composition of the dried
electrodes was identical. Slurry infiltration by calendering (SIC), ink infiltration dropwise
(IID), and ink deposition by spray coating (IDSC) produced electrodes with mSAC values
of 17.0 mgnac1/gac, 14.1 mgnaci/gac, and 12.2 mgn,c1/gac, respectively.

After the identification of the most effective electrode production technique, the elec-
trode’s mSAC values was improved by optimising the ink processing procedure. The wet
mixing time of the ink was specifically investigated. It was found that wet mixing for
30 min resulted in an electrode with an mSAC of 24.8 mgn,c1/gac, which is significantly
higher than other reported mSAC values for pure capacitive electrodes. Prolonged wet
mixing lead to a decrease of the salt adsorption capacity, an observation that has not been
described in any prior publications.

Finally, the mSAC values for electrodes exposed to different temperatures were stud-
ied together with the correlation between mSAC and surface area, as established by N»
adsorption. Nitrogen adsorption analysis enables measurement of the loss in available
surface area during electrode production. A thermal treatment of 130 °C, deemed sufficient
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to remove the DMAC solvent, yielded an electrode in which 80% of the original surface
area of the electrode material is still accessible. Drying temperatures of 250 and 350 °C
resulted in both a loss of accessible surface area that correlated with a reduction of the
maximum salt adsorption capacity (mSAC). An increase in temperature was accompanied
by a decrease of the contact angle. The impact of the reduced contact angle on adsorption
rate will be studied in a subsequent paper.

To conclude, this paper highlights important aspects of CDI electrode production not
described before in available literature. The authors are convinced that implementation of
their findings will assist in the creation of CDI systems showing a reduction of the overall
cost of water treatment, which will reduce the cost and improve the availability of water
worldwide.
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(camera at the bottom), and (3) electrode was placed on the base of the contact angle setup, Table
S1: Data on pore size distribution, Table S2: Experiments performed and standard deviation, Figure
S3: (1) Autolab PGSTAT320N, (2) Computer recording conductivity and current, (3) MCDI cell, (4)
Peristaltic pump, (5) Conductivity meter, (6) Feed water, (7) Effluent reservoir, Figure S4: EDS of
PVDE, Figure S5: EDS of electrode E2b not calendered, thermally treated at 130 °C for 16 h, Figure Sé:
Zoomed out SEM images of A) Electrode E4 calendered and thermally treated at 130 °C for 16 h and B)
Electrode E2b non-calendered and thermally treated at 130 °C for 16 h, shows the difference between
calendered and non-calendered electrodes, Figure S7: EDS of electrode E7 thermally treated at 350 °C,
Figure S8: Pyrolysis curve for PVDF, Figure S9: DSC of PVDF, indicating partial decomposition
around 180 °C. Table S3: Conductivity and current data for JNT45 (substrate), Table S4: Conductivity
and current data for E4, Table S5: Conductivity and current data for E6, Table S6 Conductivity and
current data for E7.
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