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AbstractActivated carbon or activated charcoal is one of the best materials that can be used as a constituent of CDI electrodes, not onlybecause of its various advantageous properties but also because it can be sourced abundantly from plant waste. This research aims todetermine the effect of the thickness of the candlenut shell activated charcoal electrode and the particle size of the activated carbonused on the capacitive deionization (CDI) performance in seawater desalination. Candlenut shell-based activated charcoal is obtainedin three stages, namely preparation, carbonization, and activation. The carbonization stage was done by using a pyrolysis reactor at atemperature of 400°C for 8 hours. The activation was done with the activator of H3PO4 67%. The variation of thickness was 6 mm,8 mm, 10 mm, and 15 mmwhile the variation of particle size was 60mesh, 80mesh, 100mesh, and 200mesh. The results showedthat the higher capacitance was obtained with the thinner electrodes, where the best value was the thinnest electrode, 6 mm, whichproduced the highest capacitance, 122.96 nF. For the desalination of seawater, it is shown that the finest particle/smallest particle sizewill result in the best desalination performance, where 200mesh particle size will result in the decrease of salinity from 34% to 4%.That is 88.23% decrease in salinity. Therefore, the using of candlenut shell-based activated carbon as the electrode in CDI is provento be able to obtain good performance in seawater desalination.
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1. INTRODUCTION

Water is an essential requirement utilized across various facets
of human existence. Clean water is indispensable for routine
activities, such as drinking, culinary preparations, personal
hygiene, laundering, and sanitation. Unfortunately, water in-
sufficiency constitutes a prevalent issue encountered in certain
geographical areas. This predicament persists even in prox-
imity to certain water sources due to clean water shortages.
Scarcity is a serious global challenge in our era. Research con-
ducted by He et al. indicates a projected increase in the urban
population facing water scarcity issues from 933 million people
in 2016 to 1.693 – 2.373 billion by the year 2050. An increase
from one-third of the global urban population in 2016 to al-
most half of the global urban population by the year 2050 (He
et al., 2021). Despite 70% of the Earth’s surface being covered
by water, only 2.7% of it constitutes fresh water. Even just 0.3%
of fresh water is consumable by humans. Most of the earth’s
water bodies that cover the surface are seawater, which is unfit
for human consumption due to its high salinity, approximately

3% (Gong et al., 2019; Zapata-Sierra et al., 2021).
Seawater desalination is considered a promising solution to

the water scarcity crisis in the world. It is done by removing salt
as well as other mineral components from seawater. There are
many types of desalination process, but among all of these pro-
cesses, the desalination technologies used in industrial scale are
Reverse Osmosis (RO), Multi Effect Distillation (MED), and
Multi Stage Flash Distillation (MSFD) (Naseer et al., 2022).
Despite its significant advantages in converting seawater into
clean water, desalination technology is still perceived as finan-
cially burdensome (Lin et al., 2021; Mohammadi et al., 2020).
To obtain low-cost desalination technology, many researches
have been conducted since 2000. Among all of the desalination
technologies being developed, capacitive deionization is one of
the eminent topic (Naseer et al., 2022).

Capacitive deionization (CDI) has garnered significant in-
terest in the last decade due to its straightforward ion removal
from water, along with its environmental-friendliness, afford-
ability, minimal energy usage, and easy electrode regeneration
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(Xing et al., 2020). The fundamental concept behind a CDI
process is as follows. When a voltage difference (typically up
to 1.2 V) is applied to the CDI cell, which consists of porous
electrodes with a high surface area, anions and cations are at-
tracted and held on the electrodes with opposite charges. The
desalinated solution is then expelled from the cell as a product
while maintaining a continuous feed flow. In the subsequent
step, the electrodes are discharged, releasing the salt from the
interfacial double layer region and pores of the electrodes into
the bulk liquid phase to create a concentrated solution, which
is treated as waste (Kalfa et al., 2020).

In accordance with the desalination process of CDI, the
electrode material plays a crucial role in determining CDI’s
performance. An ideal CDI electrode material should satisfy
the following criteria: 1) possessing a significant specific sur-
face area to enhance ion adsorption sites; 2) exhibiting high
conductivity and ion mobility; 3) demonstrating outstanding
hydrophilicity to guarantee the complete utilization of the elec-
trode’s pore structure; 4) maintaining a high level of electro-
chemical stability under varying pH and voltage conditions to
ensure consistent operation and system reliability; 5) being
easily molded to meet design specifications (Zhao et al., 2020;
Alkhadra et al., 2022; Qin et al., 2019).

There are various materials that have been used in CDI
electrodes that meet above conditions, such as carbon-based
materials (activated carbon, mesporous carbon, carbon nan-
otubes, graphene, etc.), pseudocapacitors, or the hybrid of the
previous two materials (Luciano et al., 2020; Tan et al., 2020;
Sufiani et al., 2020; Torkamanzadeh et al., 2020; Chen et al.,
2020; Tian et al., 2020; Zhang et al., 2022; Bharath et al.,
2020; Chen et al., 2021). However, carbon is a commonly
chosen material for CDI electrodes due to its affordability and
superior stability (Cheng et al., 2019). Several carbon-based
materials, such as activated carbon, carbon nanotubes (CNTs),
and graphene have been employed by researchers as electrode
materials. Among these options, activated carbon is favored
over graphene and CNTs due to its lower density. The higher
density of carbon creates vacant spaces within the electrode,
which may potentially be filled by the electrolyte, resulting in in-
creased device weight without any corresponding improvement
in capacitance (Kumar et al., 2021; Forouzandeh et al., 2020).
Aside of that, the cost-effectiveness and expansive surface area
adds the advantage that makes activated carbon emerges as the
prominent choice for electrode among various carbonaceous
materials (Dubey et al., 2020).

Activated carbon used in CDI electrodes can be fabricated
from biowaste, thereby adding its positive value, such as date
palm leaflets, lotus leaf, coconut shell, sorghum, etc. (Kyaw
et al., 2021; Liu et al., 2020; Adorna Jr et al., 2020; Kim
et al., 2021). Among all of the biowaste, the best materials for
activated carbon is the one with high lignin content. Lignin
contains a higher concentration of carbon atoms compared to
the other constituents, making it the most favorable precursor
for producing activated carbon (Yang et al., 2020). The lignin
content of various common biowastes used as activated carbon

precursors is as follows: 40.9% in coconut husk, 22.5% in rice
husk, 17% in corn cob, 60.1% in candlenut shell, and 42%
in coconut shell (Lebedeva et al., 2022; Rosado et al., 2021;
Thangavelu et al., 2018; Klein et al., 2010; Wang and Sarkar,
2018).

Considering the information provided above, opting for
materials derived from plants with shells or hard components
is the most favorable choice for manufacturing activated car-
bon, primarily owing to their high lignin content. Thus, those
materials are ideal for use in CDI electrodes. In our previous
work, we have used sugar palm bunches as a material to ob-
tain activated charcoal with good adsorption capacity and high
absorption efficiency (Adrianto et al., 2019; Adrianto et al.,
2021). One of the key parameters for commercial realization
of CDI is the salt adsorption capacity of the electrodes. While
activated carbons are characterized by a high internal surface
area and porosity, so it is suitable for CDI electrode. The re-
search on brackish water desalination using CDI which utilizes
activated carbon electrodes has been extensively conducted
(Samejo et al., 2023; Kyaw et al., 2021; Huynh et al., 2022).
Thus, this research focuses on the fabrication of CDI using
activated carbon to obtain information regarding the most op-
timal materials and parameters. In this study, activated carbon
electrodes used in CDI are produced from candlenut shells
with H3PO4 as the activating agent. Parameters observed to
achieve optimal carbon performance include material com-
position, carbonization temperature and duration, type and
concentration of activating agent, as well as activation tempera-
ture and temperature, which will be further elaborated in the
experimental section.

2. EXPERIMENTAL SECTION

2.1 Materials
Capacitive deionization (CDI) is a method used to remove dis-
solved salts from brackish water or seawater by adsorbing sepa-
rated ions onto the electrode surfaces. CDI is now a potential
method for water desalination (Huang et al., 2017; Gamaethi-
ralalage et al., 2021). In this research, the CDI is made of
candlenut shells-based activated carbon as the electrode. Car-
bon electrodes are more in demand because of the combination
of favorable chemical and physical properties, such as high sur-
face area, corrosion resistance, stability to temperature, and
high porosity so that it is easy to adsorb ions (Cheng et al.,
2019; Dubey et al., 2020).

The raw materials used in this study are candlenut shells
gathered from a local farm in South Konawe. The phosporic
acid (H3PO4) used was produced by Sigma-Adrich and was
purchased from CV. Intraco Makassar, polyvinyl alcohol (PVA)
was provided by CV. Aloin Labora, alcohol 70% was provided
by PT. Likuid Pharmalab Indonesia, while distilled water, Whit-
man 42 filter paper, and other supporting materials were pro-
vided from the local chemical shop.
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Table 1. The Mixture Materials of Electrode for Various Thick-
ness

Thickness Activated PVA Alcohol
(mm) Carbon (g) (g) (mL)

15 13.5 1.5 22.5
10 9 1 15
8 7.2 0.8 12
6 5.4 0.6 9

2.2 Method
The candlenut shell samples were washed thoroughly with
distilled water and then dried under the sunlight. After drying,
it was put on a pyrolysis reactor to be carbonized at 400°C for
8 hours. The carbonized candlenut shells are crushed and then
sieved with a size of 60, 80, 100, and 200 mesh. After that,
each of the sieved carbon sample was activated chemically by
H3PO4 67% as activation agent with the ratio of 18:25. After
that the samples were heated in the furnace at 700°C for 1
hour.

The electrode was prepared from candlenut shell activated
carbon. It was made by mixing the activated carbon and PVA
with the mass ratio of 9:1 and then dissolved in alcohol. In
various thicknesses, there were 4 samples of electrodes as shown
in Table 1.

After mixing, the mixture was stirred with a magnetic stirrer
at 400 rpm and 70°C heat for 13 minutes. After stirring, the
mixture was poured into an aluminum mold with the area of 3
cm × 3 cm with various thicknesses as shown in Table 1. The
samples were heated in the oven for 2 hours at 100°C, after
that the samples were pressed with a hydraulic jack for 3 tons.
The samples were then released from the mold and cooled.
The arrangement of the electrode is shown in Figure 1.

Figure 1. The Arrangement of CDI Electrode: (1) Activated
Carbon; (2) Collector (Aluminum); (3) Copper Wire

Sample characterization conducted was the examination of
its capacitance. The circuit used was an RC circuit (McLucas
and Broomfield, 2010) as shown in Figure 2.

The sample produced is then used as a capacitor in the RC
circuit as shown in Figure 2. The capacitor was then connected

Figure 2. The RC Circuit used for Capacitance Determination

with an R = 10 kΩ resistor as a series circuit. The capacitance
was calculated with Equation 1,

C =

√︂(
Vin
Vout

)2
− 1

2𝜋 f R
(1)

Where C is electrode capacitance, f is the frequency of the
signal generator used, and R is the resistance of the resistor.

Desalination was done by letting the seawater flow through
the spacer. Seawater salinity was measured with a hand re-
fractometer, while the decrease of salinity was calculated with
Equation 2.

ΔS (%) = S0 − Si
S0

× 100% (2)

where ΔS is the decrease of salinity, S0 is initial salinity, and Si
is the final salinity of seawater.

3. RESULTS AND DISCUSSION

The first result examined is the effect of the thickness of the
activated charcoal electrode from candlenut shells on its capac-
itance. By varying the electrode thickness by 6 mm, 8 mm, 10
mm, and 15 mm, capacitance values were obtained, and each
of them is presented in Figure 3.
Figure 3 shows the capacitance value for electrodes with 6 mm,
8 mm, 10 mm, and 15 mm thickness. It demonstrates that
the increase in thickness will decrease the electrode’s capac-
itance. The maximum value obtained is 122.96 nF for a 6
mm electrode. This shows that a thin electrode can reduce
the resistance of the candlenut shell-based activated charcoal,
thereby providing easier access for ions to penetrate the pores
of the electrode. The thinner the electrode, the easier for ions
to diffuse so that the resulting capacitance value will be higher.
This result is in agreement with the research conducted by
Xi et al. (2023) . Thicker electrodes decrease the capacitance.
Li et al. (2020) stated that thicker electrodes will have longer
relaxation time. This will cause a longer time for the ions to
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Figure 3. The Effect of Electrode Thickness on its Capacitance

be adsorbed onto the electrode’s pores, not all pores can be
accessed by ions. The thickness of 6 mm is the optimal value,
because the thinner electrodes will be cracked in the pressing
process in this study.

Figure 4. The Effect of Activated Charcoal Particle Size on (a)
Salinity (‰) and (b) Salinity Decrease (%)

Figure 4 (a) shows how variation of activated carbon par-
ticle size affects seawater salinity value after desalination for
60, 80, 100, and 200 mesh grain sizes. The initial salinity of
seawater before desalination is 34‰. The biggest size of the
particle, 60 mesh, only decreases the salinity to 29‰ while the
smallest particle size, 200 mesh decreases the salinity to 4‰. It
means that the decrease in particle size of activated carbon used
in CDI electrodes will decrease the salinity. This happened
because smaller particles increase capacitance and higher ca-
pacitance will increase the desalination performance. It has
been shown before that the capacitance of an electrode increase
as the particle size decrease (Liu et al., 2018). Furthermore,
Wang et al. (2022) stated that the ability of an electrode, es-
pecially its capacitance play an important role in desalination

performance. Higher capacitance will result in higher salt elec-
trosorption capacity. This will cause the decrease in salinity
for desalinated seawater, as shown in Figure 4 (a). Also, Li
et al. (2020) explained that the greater the capacitance value,
the greater the capacitor’s ability to store charge, so if this is
applied to the CDI system, the greater the capacitance value
of the carbon electrode, the greater the capability of the CDI
system.

Figure 4 (b) exhibits how the decrease of salinity is affected
by the size of activated carbon particle size. As could be seen
in Equation 2, the decrease in salinity is also affected by the
difference in initial and final salinity (that is, the seawater salin-
ity before and after desalination). The higher the difference,
the higher the decrease in salinity. The biggest particle size,
60 mesh, has the smallest decrease, that is 14.70%, while the
smallest particle size, 200 mesh, has bigger decrease in salinity,
88.23%.

Figure 5. The SEM Imaging of 200 Mesh Activated Carbon
Electrode Surface (a) Before, and (b) After the Desalination
Process

Figure 5 shows the SEM imaging of the candlenut shell-
based activated carbon electrode surface used in CDI. The
sample shown is for 200 mesh particle size. It is shown that
before the desalination process, the surface has coarse grain and
many pores. After the desalination process, the electrode has
a finer surface. It happens because the pores of the electrode
already adsorb the ions from deionized salt in seawater. These
results are consistent with the findings of research conducted
by Kushwaha et al. (2020) , illustrating that salt ions adsorbed
onto the surface of a carbon electrode occupy the electrode
pores, leading to a change in the surface from initially porous
to a finer texture. Li et al. (2021) also presented similar re-
sults, suggesting that the electrode surface becomes finer after
the adsorption of salt ions. Additionally, Jiang et al. (2020)
mentioned that, in the course of the desalination process, salt
ions get adsorbed onto the electrode surface, forming an elec-
trical double layer on the inner surface of the electrode. This
adds proof of the effectiveness of finer particles as material for
electrodes in CDI for seawater desalination.

To determine the functional groups which present in the
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Table 2. Characteristic FTIR Peaks of Electrode Sample Before
and After Desalination

Functional Group
Observed Wavenumber (cm−1)
Before After (+) After (-)

O H 3466.08 3446.79 3456.44
O C O 2366.66 2360.87 2364.73

C C 1637.56 1570.06 1656.85
962.48 - -

C O 1240.23 1228.66 -
1159.22 1126.43 1070.49

M N & M O 684.73 - 667.37
570.93 - 613.36
505.35 - 572.86

CDI electrode, characterization was conducted using FTIR
(Fourier Transform Infrared). Figure 6 and Table 2 show the
result of FTIR characterization on the electrode before and
after the desalination process.

Figure 6. The FTIR Spectrum of Electrode Sample Before and
After Desalination. After (-) Represents the Negative
Electrode After Desalination, After (+) Represents the Positive
Electrode After Desalination

Figure 6 shows the FTIR spectrum for the activated carbon
electrode sample before (represented by “before”) and after de-
salination (represented by “after (+)” for the positive electrode
and “after (-)” for the negative electrode). The spectrum of
“before” sample showed more peaks than the spectrum for the
“after (+)” and “after (-)” samples. In general, the three samples
have similar functional groups. In Table 2, the peak transmis-
sion wavenumbers are showed in detail. The peak numbers
3466.08 cm−1 (before), 3446.79 cm−1 (after (+)), and 3456.44
cm−1 (after (-)) refer to OH stretching bonds which indicate
the existence of the OH hydroxyl functional group. The sharp

peak at 3466.08 cm−1 that emerges in the broad OH band in
the “before” sample indicates the characteristic of activated car-
bon by H3PO4, as demonstrated by Mohtashami et al. (2018) .
The carbon dioxide (O C O) is also present in the sample at
2366.66 cm−1 (before), 2360.87 cm−1 (after (+)), and 2364.73
cm−1 (after (-)). It is shown that carbon oxidation also hap-
pened at the electrode. In the negative electrode, it could be
seen that the carbon dioxide peak is stronger than desalination.
In the positive electrode, it may not solely electrochemically
store anions but could also actively participate in the oxida-
tion process, with the carbon electrode initially incorporating
oxygen-containing groups and, potentially, eventually being
partially converted into CO2. This results in a reduction in
carbon mass and a deterioration in CDI performance (Zhang
et al., 2018). The results also showed the presence of alkene
C C stretching in all of the samples at 1637.56 cm−1 (before),
1570.06 cm−1 (after (+)), and 1656.85 cm−1 (after (-)). The
peak is not strong with broad characteristics. The distinctive
difference is demonstrated at the wavenumber range from 900
– 1300 cm−1. In this range, there are several sharp peaks in the
“before” sample at 962.48 cm−1 due to the existence of alkene
C C bending and 1159.22 cm−1 and also 1240.23 cm−1 due
to the C O stretching. In the same range, the “after (-)” sample
of the negative electrode did not exhibit a sharp peak, but a
broad one that peaked at 1070.49 cm−1 as C O stretching is
also present. In contrast with the negative electrode, the “after
(+)” sample of the positive electrode did not exhibit a sharp
or broad peak, but only an almost negligible one at 1126.43
cm−1. This indicates that the positive electrode has adsorbed
the anion from deionized brackish water. After a long time, the
accumulation of anion results in carbon oxidation that results
in CDI electrode degradation (Zhang et al., 2018). Aside from
that, the peaks at low intensity bands in the region of about 500
– 600 cm−1 are attributed to the presence of metal oxide and
metal nitride vibration (Köse and Necefoğlu, 2008). Several
peaks in the “before” sample were detected at 684.73 cm−1,
570.93 cm−1, and 505.35 cm−1. The “after (-)” exhibit a broad
peak with a maximum value of 667.37 cm−1, 613.36 cm−1,
and 572.86 cm−1. Unlike the “before” and “after (+)” sample,
the “after (-)” sample did not show any peaks at this region.

4. CONCLUSION

Based on the work done in this study, it is concluded that opti-
mum CDI should have higher capacitance. It could be obtained
with the thinner electrode, that is 6 mm which produces the
highest capacitance, 122.96 nF. For the desalination of seawa-
ter, it is shown that the smallest/finest particle size will result
in the best desalination performance, where 200 mesh parti-
cle size will result in the decrease of salinity from 34‰ to 4%.
That is 88.23% decrease of salinity. Therefore, the using of
candlenut shell-based activated carbon as the electrode in CDI
is proven to be able to obtain good performance for seawater
desalination.
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