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ARTICLE INFO ABSTRACT

Keywords: Safe water is a vital component of human life that requires purification to reduce the concentration of ionic
Water hyacinths pollutants using appropriate water treatment techniques, such as capacitive deionization (CDI) water treatment
Defluoridation

technology. The porous activated carbon electrode materials have prepared via the carbonization of water hy-
acinth plants followed by chemical activation using KOH at different temperatures (400-700°C with an incre-
ment of 100°C) labeled as CWH-400, WHAC-500, WHAC-600 and WHAC-700 all being activated for 1 h where
CWH represents carbonized water hyacinths and WHAC represents water hyacinths activated carbon. The
activation temperature has a significant effect on the specific surface area of the porous carbon prepared, as it
increases from 464.67 m?/g for CWH-400 to 1020.01 m?/g for WHAC-700. The defluoridation experiments were
done using water samples with initial fluoride concentrations of 4.21, 4.61 and 3.51 mg/L for water samples
from Arusha (A), Manyara (B) and Shinyanga (C) respectively when the 2 V was supplied to the cell with 10 mL/
min flow rate at 3 hours charging time. The defluoridation results were 1.28, 1.37, and 1.15 mg/L for water
samples A, B, and C, respectively. The WHAC-700 electrode was found to possess a capacitance of 501.89 F/g,
exhibiting removal efficiencies of 69.60%, 70.28%, and 67.24% for water samples from Arusha (A), Manyara (B),
and Shinyanga (C), respectively, at a potential of 2 V with a charging time of 3 hours. Therefore, the water
hyacinth plants are suitable precursors for preparing porous activated carbon electrodes to be used in a CDI cell
for the defluoridation of any water sample.

Activated carbon
Capacitive deionization (CDI)

which the most affected areas are on the foothills of Mount Meru and
Kilimanjaro (Kitalika et al., 2018; Mihayo et al., 2022).

1. Introduction

Water is a vital component in the lives of humans and other living
organisms. Human beings depend mainly on water to run several ac-
tivities, such as domestic uses, agricultural, and industrial activities
(Chowdhury, 2019; Lacson, 2021). It is estimated that 783 million
people in the world lack safe drinking water due to pollution arising
from fluoride (F") contamination, as well as mineral pollutants such as
heavy metals (Lacson, 2021; Singh et al., 2017). Kumar et al. (2017)
reported that fluoride contamination occurs naturally due to the varia-
tion in the chemical composition of the soil and rock structure in a
particular area. Fluoride levels in sub-Saharan Africa have been reported
to be high in Eastern Africa, especially along the Rift Valley. Tanzania
was reported to have the highest levels of fluoride, followed by Kenya,
Ethiopia, and Eritrea. In Tanzania, the fluoride distribution episode in-
cludes the Manyara region (46 mg/L), Arusha region (32 mg/L), Kili-
manjaro (29 mg/L), Singida (21.3 mg/L), and Shinyanga (17 mg/L), in
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A fluoride concentration below 1.5 mg/L plays a vital role in the
health of human beings, particularly in bone formation (Saldana-robles
etal., 2023; WHO, 2003). The presence of high concentration of fluoride
in drinking water can result into fluorosis effects in humans including
dental, skeletal, and incapacitating (crippling) fluorosis (Biglari, 2016;
Kim, 2011). The fluoride concentration ranging from 1.5 — 4.0 mg/L
causes dental fluorosis, from 4.0 — 10 mg/L causes skeletal fluorosis and
>10 mg/L causes crippling fluorosis (Ali et al., 2019; Lacson, 2021;
Meenakshi, 2006; Mohapatra, 2009; WHO, 2011). Kabir (2020) re-
ported that approximately 80 million people in East African Rift Valley
countries are experiencing different fluorosis symptoms because they
consume water contaminated with a high fluoride concentration above
the WHO’s permissible limit of 1.5 mg/L (WHO, 2019).

Several defluoridation methods have been developed to reduce the
concentration to the recommended limits of 1.5 mg/L by the World
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Health Organization (WHO) and 4 mg/L by the Tanzania Bureau of
Standards (TBS). These include adsorption (Ku and Chiou, 2002; Zhou
et al.,, 2019), ion-exchange (Waghmare and Arfin, 2015), reverse
osmosis (RO) (Dubey et al., 2018; Fritzmann et al., 2007), membrane
technology (Ayoob et al., 2008), electrodialysis (Mohapatra, 2009),
coagulation (Emamjomeh et al., 2011) and capacitive deionization
(CDI), which is facilitated by electric potentials that enhance the
migration of ions to the surface of electrodes (Bharath et al., 2021;
Rambabu et al., 2020).

In comparison to other conventional techniques, CDI is a cost-
effective, fast, and environmentally benign method for water treat-
ment. It does not produce secondary pollutants to the environment. Its
performance depends on the influence of factors such as flow rate,
applied voltage, cell configuration, feed composition, and electrode
materials, which determine how charges are stored on the polarized
surface. The performance of the CDI depends on the kind of electrode
materials used (Qina et al., 2019).

Different materials have been used in developing electrodes for CDI
electrosorption, like activated carbon (AC) (Yeh et al., 2015), carbon
nanotubes (CNT) (Cho et al., 2019), carbon aerogels (Liu et al., 2019),
carbon nanofibers (Lal and Sundara, 2022) and graphene (Zhang et al.,
2020). In this case, AC becomes a very promising electrode material for
CDI since it has a good internal structure, well-developed surface area, is
environment-friendly, and is commercially available more than CNT,
carbon aerogels, nanofibers, and graphene (Choi et al., 2024).

AC can be derived from available biomass materials through acti-
vation and carbonization processes (Porada et al., 2013). The AC pro-
duced from biomass plants (natural sources) has been pronounced as a
suitable material for CDI electrodes because they are cost-effective,
efficient, and have excellent properties for electrosorption, sustainabil-
ity, and renewability (Chen et al., 2011). For example, Elisadiki et al.
(2019a) used jackfruit peels to prepare the activated carbon-based
electrodes for water desalination. Zhang et al. (2018) reported the
preparation of porous carbon with a 3D honeycomb-like electrode using
corn-cob through hydrothermal carbonization and KOH activating
agent, and applied it for the removal of heavy metals from water.
Additionally, biomass-based activated carbon has been extensively
studied as an electrode material for CDI for water defluoridation pur-
poses. Biomass-based materials studied with promising results for
application in CDI include Douglas-fir (Staphanie et al., 2021), Waste
cattail (Dong et al., 2021), tea waste (Gaikwad and Balomajumder,
2017), jackfruit peels (Elisadiki et al., 2020), to mention a few.

In this study, water hyacinths have been selected because they form
porous AC with desirable properties for maximum adsorption of charged
ions, as they are rich in lignocellulosic materials (Morales et al., 2021;
Liang et al., 2018). Water hyacinth plants are locally available in nearly
all ponds, rivers, and lakes, posing a threat to aquatic life and contrib-
uting to water pollution. They form very dense and impenetrable
floating cloud-like mats on the surface of water, causing considerable
problems in water ecosystems. Using water hyacinths in the production
of activated carbon-based electrodes promotes strategies for controlling
water pollution by reducing greenhouse gas emissions, providing an
alternative to electrodes made from fossil materials. Therefore, it is
advantageous to use these water hyacinths to make CDI electrodes to
keep the aquatic environment safe (Liang et al., 2018; Sharma and
Aggarwal, 2020).

2. Materials and methods
2.1. Materials

Water hyacinth plants collected from Lake Victoria were used to
synthesize activated carbon (AC) and to fabricate electrodes for water
defluoridation. Chemicals including concentrated hydrochloric acid
used for washing the activated carbon electrode and removing any
inorganic materials, activating agent KOH, the source of fluoride ions
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NaF salt, polytetrafluoroethylene (PTFE) used as binder, carbon black
used as additives in water hyacinth AC so as to increase electro-
conductivity of the electrodes and ethanol were used in fabrication of
electrodes, sodium hydroxide (NaOH) used in regulating the pH of water
during determination of initial concentration of fluoride in raw water.
Sodium chloride, glacial acetic acid, and cyclohexanediaminetetraacetic
acid (CDTA) were used to prepare the total ionic strength buffer (TISAB)
solution, and ethylenediaminetetraacetic acid (EDTA) was used in the
determination of water hardness. All chemicals used were purchased
from Sigma-Aldrich and were of analytical grade, used without further
purification.

2.2. Preparation of water hyacinth-activated carbon (WHAC)

The water hyacinth samples were washed using raw water to remove
impurities attached to the water hyacinth plants. Distilled water was
used to clean the water hyacinth, removing sand and some inorganic
particles that might have attached to it. Next, the samples were cut into
small pieces, dried in sunlight for two weeks, and then placed in an oven
at 100 °C for 12 h for complete drying. The dried water hyacinths were
ground into powder and labeled WH. Lastly, the WH samples were
temporarily stored in the desiccators for further use (Barbosa and
Pacheco, 2021).

The 10 g of WH in the ceramic boat crucible was carbonized at 400
°C at a rate of 20 °C per minute for 1 h in a horizontal tube furnace (OTF-
1200X from MTI Corporation) under inert conditions of nitrogen gas (35
kPa). The char was assigned the name Carbonized Water Hyacinth
(CWH-400). This carbonization temperature was necessary to remove
volatile matter from the WH plants and conserve the carbon yield during
activation at higher temperatures. Additionally, at this temperature,
there is sufficient thermal energy to initiate the formation of a porous
structure, which is essential for electrosorption applications (Kaiwen
et al., 2017). Five grams of CWH-400 was mixed with 5 M potassium
hydroxide and stirred at 80 °C/min for 2 h using an orbital shaker, then
dried in an oven at 100 °C for 6 h. The activation was performed using
KOH because it plays a significant role in enhancing the porosity and
electrochemical conductivity of the material, including the specific
surface area and specific capacitance, which are crucial for achieving
good electrosorption effectiveness. The dried mixture was activated at a
temperature of 500 °C, increasing at 20 °C per minute, for 1 h in the tube
furnace under inert conditions. The sample was cooled naturally without
being removed from the furnace. All inorganic materials were removed
by washing the sample with hydrochloric acid, thereby opening the
pores. Then, deionized water was used to remove chlorine from the
sample. This process was repeated until the effluents reached a pH of 7,
followed by drying the sample in an oven at 100 °C for 12 h. The same
procedure was used for the temperatures of 600 and 700 °C. These
activation temperatures were used to determine the optimum temper-
ature at which the AC with desired properties is formed. The activated
carbons were labeled according to their activation temperature as
CWH-400, WHAC-500, WHAC-600, and WHAC-700. The WHAC above
700 °C was not formed during the activation stage using KOH as the
activating agent. This may be caused by excessive burn-off, which re-
sults in the complete oxidation of the carbon, leading to low yield or no
AC left, as it might turn to ash. Also, high temperatures can cause the
carbon structure to collapse. The porous structure of the AC formed
during carbonization and activation can collapse due to high tempera-
ture, leading to the reduction of its porosity and, hence, its effectiveness
as activated carbon (Elisadiki, et al., 2019a).

2.3. Characterization of WHAC

2.3.1. Porosity

Automated gas sorption was used to measure nitrogen adsorption
and desorption at a temperature of liquid nitrogen (77 K). The specific
surface area of the WHAC was ascertained using the Brunauer-Emmett-
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Teller (BET) method. The Barrett-Joyner-Halenda (BJH) method was
used to analyze the pore size distribution (Sufiani et al., 2023).

2.3.2. Morphology

A scanning electron microscope (SEM) was used to visualize the
morphology of water hyacinth-activated carbon at different tempera-
tures (400, 500, 600, and 700 °C) by looking at the particle size, area,
and volume (Alfredy, et al., 2022).

2.3.3. Elemental analysis

The elemental analysis was performed using a coupled scanning
electron microscope (SEM) equipped with an energy-dispersive X-ray
spectrometer (EDX), referred to as SEM-EDX. The elemental analysis of
the prepared AC and the CWH aimed to determine the chemical
composition of the samples under analysis. This will help to know
whether the activation was effective or not, which was then followed by
washing the samples with distilled water.

2.3.4. Moisture content

5 g of raw carbon of WH was weighed on the electronic balance
labeled m; and placed in an oven and dried at 120 °C for 2 h, and the
mass was recorded every 10 min until there was no change in weight
observed (Mihayo et al., 2022). The final weight was labeled m, and the
moisture content was obtained using Eq. (1).

m; — mp

x 100 (@]

% Moisture content =
m

Where m; and m; are the initial and final mass of the WH respectively.

2.3.5. Activated carbon yield

This indicates the quality of carbonaceous material in terms of how
much AC can be produced from the specified amount of raw materials.
The total AC yield was determined after processing the raw material by
mass. Six grams of the dried WH powder (W1) were weighed on an
analytical balance before carbonization, and then carbonized to obtain
the char. After carbonization at 400 °C, the activation process followed
(Barbosa and Pacheco, 2021; Mihayo et al., 2022). At each activation
temperature, the weight was recorded as Wy, and the total mass of AC
yield was determined using Eq. (2):

Final weight (W5)

S e U)o q
Initial weight (W;) x 100

% Activated carbon yield = 2

2.3.6. XRD analysis

The diffraction patterns of WHAC were examined using a Bruker AXS
D2 phaser A26-X1-A2B0D2C XRD machine at a wavelength of 1.54060
A in the Bragg angle (20) range from 5° to 80° The Bragg’s equation was
used to calculate the interlayer spacing using Eq. (3). The Debye-
Scherrer equation was used to calculate the microcrystallinity using
Eq. (4).

nA = 2dsind 3

Leq = KA/, ,Cost (@)

From Egs. (3) and (4); n represents the order of reflection, A is the X-
ray wavelength, equal to 1.54060 A; 6 represents the position of the
diffraction peaks at the plane indices of 002 and 100. L. and L, represent
the stack height and width, respectively, and K represents the shape
factor, which is equal to 0.89 and 1.84 for L. and L,, respectively. f,
represents the full width at half maximum of the symmetrically shaped
diffraction peaks (Alfredy, et al., 2023; Elisadiki, et al., 2019a).

2.3.7. Functional group analysis

Fourier Transform Infrared Spectroscopy (FTIR) analysis was done to
identify the transmittance spectrum of the samples and the functional
groups presented on the surface of the WH sample before carbonization,
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in CWH, and in activated carbon at the wave number measurement
ranging from 500 to 4000 cm’! (Mihayo et al., 2022).

2.4. Fabrication of CDI electrodes

The water hyacinth-activated carbon (WHAC) was used to fabricate
the electrodes, which were formed by mixing activated carbon (AC),
conducting carbon, and PTFE in an 8:1:1 ratio, respectively. 15 mL of
ethanol (99.9 %) was added to the mixture and stirred using a magnetic
orbital shaker at 100 rpm for 30 min, until a paste formed. The paste was
squeezed to form an electrode with dimensions of 4 cm x 4 cm and a
thickness of 1 mm, and then dried at 80 °C for 12 h using a vacuum oven.
The electrodes were ready to be assembled in the CDI cell for the elec-
trosorption experiments (Alfredy et al., 2022; Rambabu et al., 2020).
The fabrication process of electrodes from WH is shown in Fig. 1.

2.5. Electrochemical properties of the electrodes fabricated using cyclic
voltammetry

The electrochemical properties of WH electrodes were investigated
using an electrochemical workstation with a three-electrode system,
where a reference, counter, and working electrode were employed. The
reference electrode used was a saturated Ag/AgCl (KCl). Platinum wire
was used as the counter electrode. The working electrode, with a 1 cm x
1 cm dimension, was prepared by mixing AC, carbon black, and PTFE
binder in an 8:1:1 ratio and then folded onto a nickel foam, which served
as the current collector. Cyclic voltammetry was used to investigate the
electrochemical behavior of the electrodes in a 6 M KOH solution using
an electrochemical workstation. The cyclic voltametric analysis was
carried out using a potential window range of 0-1 V at different scan
rates, and then the voltammogram was drawn (Rambabu et al., 2020).

The area under the cyclic voltammograms is the capacitance of the
electrode. Specific capacitance (Csp) was determined using Eq. (5):

[1dv

2 xmx AV xS O

Coyp =
Where [IdV is the area under the cyclic voltammograms, S is the scan rate
(mV/s), m is the mass (g) of the electrode, and AV is the voltage (V)
(Dong et al., 2021).

2.6. Defluoridation experiments

Before the electrosorption experiments, the collected water samples
were analyzed for their physicochemical parameters, including pH,
electrical conductivity (EC) in uS/cm, and total dissolved solids (TDS),
which were measured using a multi-parameter analyzer. The com-
plexometric method was used to determine the total hardness of water in
terms of Ca-CaCOg using EDTA with Eriochrome black T as an indicator,
along with ammonium buffer. Fluoride ions were measured by mixing
the total ionic strength buffer (TISAB) in the mixing ratio of 1:1. TISAB
was prepared by mixing 58 g sodium chloride (NaCl), 57.0 mL glacial

Magnetic Stirring | -
Heating at 100°C " |

WHAC+carbon black
+ PTFE + ethanol

Electrodes

Fig. 1. The fabrication of WHAC-based electrodes.
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acetic acid, and 4 g of CDTA in 500 mL of distilled water. A 20 mL water
sample and 20 mL of TISAB were mixed and stirred for 5 min using a
magnetic stirrer. A fluoride ion-selective electrode (ISE) was then placed
in the solution mixture to measure the concentration of fluoride ions in
the water. Before the measurement, the solution’s pH was adjusted to
neutral by using a 6 M NaOH solution (Elisadiki et al., 2019c).

Electrosorption experiments were conducted to determine the
amount of fluoride electrosorbed onto the electrodes. The 10 cm x 10 cm
CDI cell was connected to a power supply, a peristaltic pump that
facilitated the water flow, a feed tank, a pH meter, and a conductivity
meter to make a complete experimental setup. The 4 cm x 4 cm elec-
trodes in the titanium sheet current collectors were placed in the CDI
cell. A 1 mm plastic mesh was used to separate the two electrodes,
allowing for unidirectional water flow and inhibiting short circuits
within the cell system. The gaskets were placed between to seal the cell
and prevent side flow of solution, and the whole system’s components
were covered using Plexiglas and strengthened with screws (Elisadiki
et al., 2019b).

The CDI cell voltage was supplied by a potentiostat (CS350) during
electrosorption experiments. This cell voltage helped identify the
optimal voltage and charging time for electrosorption to be more effi-
cient. In electrosorption experiments, 50 mL of a water solution with
varying concentrations (from 3 mg/L to 15 mg/L) was passed into the
CDI cell using a peristaltic pump and circulated into the feed tank at a
flow rate of 10 mL/min.

Then, the removal efficiency of fluoride by the CDI cell can be
calculated using Eq. (6).

-G
% Fluoride removal = = x 100 (6)
Where Cy is the initial fluoride concentration before treatment using the
CDI cell, and Cs is the final fluoride concentration after treatment (Dong

et al., 2021).

2.7. Reusability of the WHAC electrodes

The regeneration experiments were conducted using water hyacinth-
activated carbon (WHAC) electrodes, which show excellent performance
in all water samples. The electrode used was regenerated by reversing
the cell terminals. After regeneration, it is again used for removing
fluoride. This process is repeated for five cycles. After every cycle, the
fluoride concentration was measured and recorded (Alfredy et al.,
2023).

3. Results and discussion
3.1. Physical and chemical characterization of WHAC

3.1.1. Porosity

Nitrogen adsorption-desorption isotherm plots of the resulting acti-
vated carbons are shown in Fig. 2. The results indicate that the volume
adsorbed increases from CWH-400 to WHAC-700, signifying an
improvement in the specific surface area and pore volume of the acti-
vated carbon. It was observed that sample WHAC-700 exhibited a high
N, adsorption capacity, with a specific surface area of 1020.01 m?/g, as
presented in Table 1. The N adsorption plot shows a linear increase in
its gradient as the activation temperature increases from 400 °C to 700
°C, indicating that the activated carbon develops porous properties due
to the formation of new pores during activation with increasing acti-
vation temperature. The carbonized sample exhibited low nitrogen
adsorption, indicating that the water hyacinth material underwent
incomplete carbonization, a finding consistent with that reported by
Elisadiki et al. (2019a). It has been observed that as the activation
temperature increased to 700 °C, the volumes adsorbed also increased,
indicating that the AC has developed more new pores. At lower relative
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Fig. 2. Nitrogen adsorption/desorption isotherms of WHAC.

Table 1
Porosity of WHAC with increasing activation temperature.

Sample Pore size Specific surface area Total pore volume
(nm) (m?/g) (em®/g)
CWH-400 7.61 464.67 0.13
WHAC- 7.72 650.75 0.16
500
WHAC- 7.90 967.22 0.20
600
WHAC- 8.06 1020.01 0.25
700

pressure, there was no abrupt uptake of Nyvol, signifying that the AC
synthesized has only a small amount of micropores. In comparison, at
higher relative pressures, there was a greater uptake of Nyvol, indicating
the presence of a minimal number of mesopores in WHAC, consistent
with the findings reported by Zornitta et al. (2017) and Elisadiki et al.
(2019a).

The pore size distribution of the AC sample was determined from Ny
desorption data with the BJH technique, as indicated in Table 1. It has
been observed that the AC synthesized has a pore size in the range of
7.61 to 8.06 nm, indicating that the AC sample contains mesopores. The
mesopores contribute to the surface area and provide a large channel for
ion transport to micropores; as a result, the electrosorption capacity of
the AC is improved, as reported in the research by Noked et al. (2009).

The specific surface area of the AC synthesized was assessed using
BET analysis, and the results are presented in Table 1. It has been
observed that the activation temperature affects the specific surface
area. As the activation temperature increased, the specific surface area
also increased. In this research, it has been observed that sample WHAC-
700 has a specific surface area of 1020.02 m?/g, showing the presence of
a more porous nature for adsorption that ultimately favors the electro-
chemical behavior of the AC (Mohanta and Mohanty, 2018; Mohanty
et al., 2005; Prahas et al., 2008).

The total pore volume depends on both pore size and specific surface
area. The total pore volume increases with an increase in pore size and
specific surface area. The same is observed in this study. As the activa-
tion temperature increased from 400 to 700 °C, the total pore volume
increased from 0.13 to 0.25 cm®/g (Table 2). This indicates more ca-
pacity for the electrosorption process.

Table 2
Percentage of AC yield from WH plants.

Sample Initial weight (W;) (g) Final weight (W>) (g) AC yield ( %)
CWH-400 6.00 - -

WHAC-500 6.00 4.81 80.14
WHAC-600 6.00 3.21 53.51
WHAC-700 6.00 2.90 48.40
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3.1.2. Morphology

The morphology of WHAC samples activated at different tempera-
tures is shown by SEM images in Figs. 3 and 4. It is observed that WHAC
at 400 °C developed the non-porous carbons agglomerated together on
the surface. Additionally, the carbons produced were found to have
block-like structures due to incomplete carbonization resulting from a
low activation temperature (Fig. 3(a)), a phenomenon also reported by
Huang et al. (2014) and Barbosa et al. (2021). The low carbonization
temperature leads to the formation of carbons with limited pores, due to
pore blockage, resulting in a low specific surface area and pore volume
in the sample materials (Huang et al., 2014). The introduction of an
activating agent into the material sample, accompanied by an increase
in temperature, resulted in the development of more pores and surface
roughness, highlighting the importance of activation temperature on the
sample’s electrosorption performance. It is observed that the increase in
temperature has led to the sample acquiring a rough surface, as shown in
Figs. 3(b) to 3(d), particularly at activation temperatures from 500 to
700 °C. The rough surface of the sample is crucial for the electrosorption
of ions on the electrode surface, as reported by Matsubara et al. (2010).
At low resolution, Figs. 4a-d, it has been observed that the WHAC par-
ticles are not closer to each other due to the agglomeration of carbon on
their surface. It has been observed that at high resolution, the pores
appear to be closer in the AC sample, especially at temperatures of 600
and 700 °C. This is due to the intercalation of potassium into the carbon
layers during the activation process as shown in Eq. (8) (Hui and Zaini,
2015; Otowa et al.,, 1993; Wang and Kaskel, 2012). Egs. (7)-(13)
describe the different reactions that have taken place in the activation
process using KOH as an activating agent. Eq. (8) shows the dehydration
of KOH into KO that was followed by water gas reactions as shown by
Egs. (9)-(11). The carbonates formed in Eq. (7) decomposed into CO5
and K30, which disappeared at activation temperatures higher than or
equal to 700 °C activation temperature, as shown in Eq. (13). The
reduction of KO by carbon gave metallic K, which intercalated in the
carbon sample and caused the widening of the carbon layer. The metallic
K was removed from the carbon matrix by washing with concentrated
hydrochloric acid, followed by distilled water, which resulted in the
expansion of the carbon lattices that could not return to their original
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form; hence, more pores were formed. The results have indicated that
the temperature and mixing ratios of KOH and carbon (KOH/C) are
crucial factors in evaluating the textural and surface behavior of AC
produced from WH plants, consistent with the findings of Wu et al.
(2016) and Elisadiki et al. (2019c). Hence, the WHAC produced has
demonstrated good capacitance and electrosorption ability due to its
large specific surface area, pore size, and pore volume, which are key
criteria in selecting CDI electrode materials.

6KOH + 2C — 2 K + 3H; + 2K»CO3 %)
2KOH — K20 + H,0 (8)
C + Hy0 - CO + Hy 9
CO + H,0 — CO3 + Ha (10)
CO3 + Ko0 — K3CO3 an
K2CO3 — K20 + COy (12)
C+K0— 2K+ CO 13)

3.1.3. Elemental composition of the AC

The results showed that the carbonized sample (CWH-400) has many
elements such as carbon (C- 28.25 %), oxygen (O- 39.95 %), magnesium
(Mg- 2.53 %), aluminium (Al- 1.50 %), silicon (Si- 4.07 %), phosphorus
(P- 3.70 %), potassium (K- 4.00 %) and calcium (Ca- 15.98) in which
oxygen is more predominant in this sample similar to that reported by
Boulika et al. (2022) and Erabee et al. (2017). As the carbonization
temperature was increased the number of elements decreased meaning
that some elements in the sample were not resistant to high temperature
and some inorganic metals were removed during washing with
concentrated hydrochloric acid as shown in Fig. 5. Potassium element
disappeared in sample WHAC-700 during washing that is why no peak
was found on the spectrum. Carbon was found to be abundantly present
in the sample activated at a temperature of 700 °C, indicating that the
sample prepared was amorphous AC, which was used in forming CDI
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Fig. 3. SEM images (a) CWH-400, (b) WHAC-500, (c) WHAC- 600, and (d) WHAC-700 high resolution.
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Fig. 4. SEM images (e) CWH-400 (f) WHAC-500 (g) WHAC- 600 (h) WHAC-700 low resolution.

electrodes with high specific capacitance, as supported by cyclic vol-
tammetry in Fig. 9, similar to what Mopoung et al. (2015) reported.

3.1.4. The moisture content

WH plants grow in water and survive in water since they are hy-
drophytes. Therefore, the water (moisture) content of the resulting
carbon was measured to determine if the amount of moisture would
have an effect during electrosorption processes. The moisture content of
WH samples was calculated using Eq. (1). When the WHAC was sub-
jected to moisture content analysis at different activation temperatures,
the results showed a decrease as the activation temperature increased, as
shown in Fig. 6. The AC with lower moisture content has higher
adsorption performance than that with higher moisture content because
of having high specific surface area and high a specific capacitance.
Gumus and Okpeku (2015) reported that the moisture content of
biomass-based AC required for good adsorption ranges between 3 % and
6 %. Results of WHAC in all activation temperatures are within the
literature values, as reported by Gumus and Okpeku (2015) and showed
to be near normal based on the American Society of Testing and Mate-
rials (ASTM) (Rangari and Chavan, 2017) and also resembles what
Mihayo et al. (2022) reported.

3.1.5. AC yield

The AC yield from WH plants was determined at each activation
temperature, and the results are indicated in Table 2. The results indi-
cate a decrease in carbon yield as the activation temperature increases.
This is because as the activation temperature increases, there is a carbon
burn-off promotion and tar volatilization at higher temperatures,
resulting in low yield (Sun et al., 2024). The percentage AC yield was
calculated using Eq. (2). The AC yield decreases from 80.14 % at an
activation temperature of 500 °C to 48.40 % at an activation tempera-
ture of 700 °C, leading to amorphous carbon with high capacitance and
specific surface area (Erabee et al., 2017). These results make the WH
plants a suitable activated precursor for use in various scientific
processes.
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3.1.6. XRD analysis

Fig. 7 indicates the X-ray diffraction patterns of the unactivated
carbon (CWH) and AC sample at 700 °C. The presence of two broad
peaks at 20 of 22.76° and 42.56°, which were given index planes of
(d002) and (d100), shows that the AC synthesized has amorphous
properties, which then gives the assurance that the AC produced from
WH plants consists of disordered (turbostratic) structures. However, in
the CWH sample, the peaks are not very visible. This could be associated
with the presence of impurities or inorganic substances in the carbon
precursor, which disappeared during the activation process, and others
when washing the sample with HCL. It can be stated that the smaller the
crystallinity, the larger the specific surface area of the AC synthesized, as
reported by Anton et al. (2016). The XRD structural parameters were
calculated from the diffraction pattern data obtained from the X-ray and
are indicated in Table 3. It has been observed that the calculated pa-
rameters have shown slight variations in the plane d002 and d100 in all
four WHAC samples, indicating that the activation temperature and the
activating agent to carbon (KOH/C) ratio did not significantly affect the
microcrystalline orientation. The results also show that the calculated
interlayer spacing in d002 varies from 3.80 to 3.90 A, which is higher
than the graphitic dimensions of 3.35 A. These results imply that the
WHAC carbon synthesized has fully disordered (turbostratic) structures,
similar to those described by Girgis et al. (2007) reported. Other pa-
rameters calculated from the XRD data were L. and L, as indicated in
Table 3. The results have shown a constant value of Lc equal to 18.97 A,
and the value of La has been observed to range from 49.98 to 50.58 A.
The constant ratio of L./L, was found to be 0.37. These microcrystalline
size and orientation parameters play a significant role in the formation
of the electric double layer and specific capacitance value of the material
as reported elsewhere by Nabais et al. (2011).

3.1.7. Functional groups analysis

Fourier Transform Infrared Spectroscopy (FTIR) analysis was done to
identify the transmittance spectrum of the samples and the functional
groups present on the surface of the WH sample before carbonization, in
carbonized WH, and AC at the wave number measurement ranging from
500-4000 cm™ as presented in Fig. 8. The results showed that the
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alcohol (R-OH) or ether (R-O-R’) functional group. This absorption is
characteristic of the ether linkage (-C-O—C-) or the hydroxyl group
(-OH) in alcohols. These functional groups often exhibit absorption in
the range of 1030-1080 cm™* due to the stretching vibration of the C—O
bond. The peak at 870.73 cm™ corresponds to the out-of-plane C—H
bending of aromatic rings, suggesting the presence of either isolated or
disubstituted aromatic groups in the WH sample. In a carbonized CWH-
400, the dimerization of the carboxylic group was evidenced by the
presence of the extension of the peak from around 2500-3600 cm™. The
peak at 1405.46 cm'! indicated the presence of C—H bending vibrations
in methyl or methylene groups. Additionally, this peak may be associ-
ated with the symmetric stretching of the carboxylate group (COO). The
peak at 1034.89 cm™ corresponds to the C—O stretching vibration in
alcohols or ethers.

The WHAC-700 showed the extension of the peak from 2500 — 3600
cm’!, which may have been caused by the dimerization of the carbox-
ylate group during the activation process. The peak at 1421.02 cm™! was
attributed to the C—C stretching vibration in aromatic rings, resulting
from the increase in aromatization due to temperature during activa-
tion, or it may be due to C—O symmetric stretching in carboxylates. The
peak at 1016.81 em’?! corresponds to C—O stretching vibrations in al-
cohols, ethers, or esters. The peak at 871.98 cm! was attributed to C—H
out-of-plane bending of aromatic rings, which occurred due to aroma-
tization resulting from the activation temperature. This indicated an
increase in the high number of carbons, which ultimately provided ev-
idence that the formed material is amorphous in nature, as supported by
the results from X-ray diffractograms in Fig. 7 and the EDX results
presented in Fig. 5.

It has been observed that the WH sample results showed that the
functional groups on the sample were dispersed in such a way that they
were not close to each other. Commonly, plant residues are composed of
almost the same functional groups, such as carboxyl, phenol, quinones,
and lactones, that can bind pollutants to some extent. The WHAC-700
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results in Fig. 8 show the effect of temperature on the activated WH
samples. As the temperature increased, the functional groups in the
sample were lost, showing that activation temperature plays a vital role
in the preparation of AC (Zhao et al., 2017). Also, it was found that the
aromatization increased as the temperature increased, which is evident
on the spectrum due to the increase in -CH bending vibrations at the
wave number ranging from 1400 cm™ to 800 cm™" similar to what was
reported elsewhere by Barbosa & Pacheco (2021).

3.2. Electrochemical characterization of fabricated electrodes

The electrochemical performance of the WHAC-based electrodes was
studied using cyclic voltammetry (CV) to investigate the electrical
double layer (EDL) formed on the electrode surface due to its reasonable
working principle of CDI (Li et al., 2010). The EDL properties of the
fabricated WHAC electrodes were tested using CV, as indicated in Fig. 9.
The shapes of voltammograms are nearly quasi-rectangular with no
reduction/oxidation peaks observed. This indicated that the fluoride
ions were removed by EDL, consistent with the findings of Bharath et al.
(2021) and Yang et al. (2020).

The specific capacitances (Csp,) are presented in Figs. 10 and 11 were
calculated using Eq. (5). The results revealed that the specific capaci-
tance decreased as the scan rate increased, as indicated in Fig. 10, which
shows that the scan rate is inversely proportional to specific capacitance,
as reported elsewhere by Quach et al. (2017). Because at low scan rates,
the ions get more time to interact with the active pores of WHAC,
making the migration of ions and finally higher capacitance at low scan
rates, compared to high scan rates (Alfredy et al., 2023; Yasin et al.,
2018). The specific capacitance was found to be 501.86 F/g at a scan
rate of 5 mV/s. The enhanced specific capacitance can be attributed to
the fact that, with an increase in activation temperature, the electrical
resistance of WHAC is reduced, making charge transfer easier. Addi-
tionally, the improved specific capacitance of WHAC-700 is attributed to
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Fig. 9. Cyclic voltammograms of (a) CWH-400 (b) WHAC-500 (c) WHAC-600 and (d) WHAC-700.
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its richer porosity and higher specific surface area, which are developed
at higher activation temperatures, as shown in Table 1 for porosity
analysis. Specifically, at WHAC-700, pore formation was high, resulting
in a high specific surface area. The results have shown that the specific
capacitance of the WHAC-based electrodes increased as the activation
temperature was increased (Fig. 11), similar to what has been reported
elsewhere by (Adinaveen et al., 2013). This finding is in agreement with
the results obtained in this research, where WHAC-700 exhibited the
largest BET surface area and the highest specific capacitance. It has been
observed that specific capacitance is directly proportional to the specific
surface area. Based on the results obtained, WHAC is not only used for
CDI but also as a good electrode material in supercapacitors.

3.3. Defluoridation experiments

3.3.1. Water characterization
The measured physicochemical parameters are shown in Table 4 for
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WHAC electrodes. This analysis revealed that all water samples con-
tained other contaminants within the recommended amounts set by the
WHO, except for fluoride, which was found to be higher than the pro-
posed 1.5 mg/L limit. So, the water composition has been found to
reduce the fluoride sorption on the active sites of the electrodes due to
the competing effect of other existing ions, similar to what was reported
by Alfredy et al. (2022) and Tang et al. (2026). It is also evident that the
decrease in defluoridation is caused by the water components (anions)
such as chlorine (CI"), sulphate (SO?{), nitrate (NO3), and hydrogen
carbonate (HCO3), since the collected water samples contain these ions
(Zhan et al., 2021).

3.3.2. Electrosorption experiments

The electrosorption mechanism of the WHAC electrode in removing
ions in water is based on adsorption of ions in a double layer formed due
to applied potential similar to the working mechanism in super-
capacitors, though the CDI aims at adsorbing the ions from water and
not energy storage (Elisadiki et al., 2019¢; Leong and Yang, 2020). When
potential energy is applied, the ions in water are attracted and adsorbed
into the double layer, where they are removed from the water by the
electrosorption process. The adsorbed ions in the double layer are
released back into the water by reversing the circuit’s terminals.

To investigate the electrosorption behavior of the WHAC electrodes,
prior experiments were conducted using a NaF solution with known
concentrations, starting with 3, 5, and 10 mg/L, to validate the effi-
ciency of the fabricated WHAC electrodes for their applicability in
different water samples with varying fluoride concentrations. The cell
voltages used during these experiments were 1.2, 1.4, and 2.0 V. The
results for 3, 5, and 10 mg/L were found to be 73.67, 74.40, and 77.90
%, respectively, with the average of 75.32 % working efficiency of the
electrodes at the applied potential of 2.0 V in a charging time of 180 min
with a flow rate of 10 mL/min as shown in Table 5.

Electrosorption experiments were also conducted to investigate the
electrosorption capacity of WHAC electrodes fabricated using water
samples collected from three different sources. The three-dimensional
plots were created using Box-Behnken to illustrate the mutual effect of
each parameter during water defluoridation, as shown in Figs. 12a, 12b,
and 12c (Mihayo et al., 2021).

Water sample A was found to have an initial electroconductivity of
461.75 pS/cm and a fluoride concentration of 4.21 mg/L. During
defluoridation experiments, it was found that the electroconductivity
decreased sharply within the first 30 min, reaching 338.18 pS/cm, and
then further decreased to 255.98 uS/cm after a charging time of 180
min. These results implied the defluoridation process to take place
efficiently using WHAC-700, in which the fluoride concentration was
reduced from 4.21 mg/L up to 1.28 mg/L, which is below the

Table 5
Electrosorption results for NaF solution at a cell voltage of 2.0 V.

Experiment Initial (C,) Final (Cy) Removal Efficiency ( %)
water samples A, B, and C, respectively. Water samples were charac- -
ized d . h £ a ide th Amount of fluoride (mol/L) 10 2.21 77.90
te.rlze to identify ot] er' water com.ponents apart from fluoride that may 5 1.28 74.40
hinder the electro-sorption of fluoride. The water samples collected from 3 0.79 73.67
their sources, as specified, contained other mineral ions that competed Average efficiency ( %) 75.32
with fluoride ions on the active sites during electrosorption on the
Table 4
Physicochemical parameters of water samples A, B, and C.
Parameter pH EC (uS/cm) TDS (ppm) F (mg/L) Ca”(mg/L) Mg2+(mg/L) NO3(mg/L) Cl'(mg/L) HCO3(mg/L) SO% (mg/L)
Water sample A
Amount 6.98 461.75 238.25 4.21 38.54 13.21 7.60 27.18 252 15.50
Water sample B
Amount 7.23 487.21 245.61 4.61 27.80 12.93 1.00 67.36 258.03 29.56
Water sample C
Amount 6.56 456.01 230.25 3.51 16.37 11.67 6.21 14.32 190.00 15.11
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Fig. 12b. WHAC electrodes efficiency in water sample B (e) CWH-400 (f) WHAC-500 (g) WHAC-600 (h) WHAC-700.

recommended amount of 1.5 mg/L (WHO, 2019) When 2.0 V was
applied, a potential was used at a flow rate of 10 mL/min and a charging
time of 180 min. It was also noted that the defluoridation was enhanced
by factors such as charging time, flow rate, and applied potential. The
results showed that at low flow rates and high applied potential, the
defluoridation was increased, as shown in Fig. 12a. This is because at
low flow rate, the water sample got much contact time to complete the
defluoridation process as compared to higher flow rate which used little
time to contact with the active sites of the electrodes. (Alfredy et al.,
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2022). At higher applied potential, the electric current created a strong
electric double layer that facilitated more fluoride ions to be electro-
sorbed on the surface of the electrodes, similar to what was reported
elsewhere by Foo and Hameed (2009) and Elisadiki et al. (2019b). The
highest electrosorption efficiency of 69.60 % was achieved using
WHAC-700 at a flow rate of 10 mL/min and an applied potential of 2.0 V
for 180 min in water sample A.

Water sample B was initially found to have a fluoride concentration
of 4.61 mg/L and an electroconductivity of 487.21 uS/cm. It was found
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Fig. 12c. WHAC electrodes efficiency in water sample C (i) CWH-400 (j) WHAC-500 (k) WHAC-600 (1) WHAC-700.

that the electroconductivity decreased sharply in the first 30 min of the
defluoridation process, with a conductivity decrease of up to 336.95 uS/
cm. The defluoridation experiment results showed that electro-
conductivity was found to decrease up to 254.75 uS/cm at a charging
time of 180 min, where the fluoride concentration was reduced to 1.37
mg/L, which is below the amount of 1.5 mg/L as suggested by WHO
(2019) at a charging time of 180 min and a flow rate of 10 mL/minute
when 2.0 V was applied. Again, the results obtained were influenced by
multiple factors, such as charging time, flow rate, and applied potential,
as shown in Fig. 12b The results indicated that defluoridation increased
at low flow rates and high applied potentials. This is because at a low
flow rate, the water sample had more time to complete the defluor-
idation process as compared to a higher flow rate, which used a short
time to contact the active sites of the electrodes. At higher applied po-
tentials, the electric current created a strong electric double layer, which
facilitated an increase in the strength of the electric double layer (EDL).
Hence, more fluoride ions were electrosorbed onto the surface of the
electrodes. The highest electrosorption efficiency of 70.28 % was ob-
tained using WHAC-700 at a flow rate of 10 mL/min and an applied
potential of 2.0 V for water sample B.

Water sample C was initially found to have a fluoride concentration
of 3.51 mg/L and an electroconductivity of 456.01 pS/cm. The
defluoridation experiment results showed that electroconductivity
decreased dramatically within the first 30 min of the experiment,
reaching a value of 339.10 uS/cm. Also, the conductivity was found to
reduce up to 257.90 uS/cm at a charging time of 180 min, where the
fluoride concentration was decreased from 3.51 mg/L up to 1.15 mg/L,
which is below the amount of 1.5 mg/L as suggested by WHO (2019) ata
charging time of 180 min and a flow rate of 10 mL/minute when 2.0 V
was applied. The factors, such as charging time, flow rate, and applied
potential, were found to affect the results, as shown in Fig. 12c. From
this Figure, it has been observed that at low flow rates and high applied
potentials, defluoridation increased. This is because at a low flow rate,
the water sample had more time to complete the defluoridation process
as compared to a higher flow rate, which used little time to contact the
active sites of the electrodes. At higher applied potentials, the electric
current created a strong electric double layer, which facilitated an
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increase in the strength of the electric double layer (EDL). Hence, more
fluoride ions were electrosorbed onto the surface of the electrodes. The
highest electrosorption efficiency of 67.24 % was obtained using
WHAC-700 at a flow rate of 10 mL/min and an applied potential of 2.0 V
for water sample C.

From the experiments in all water samples, it was observed that the
electroconductivity of all water samples decreased during the electro-
sorption experiments, as shown in Fig. 13. This signified that the WHAC
electrodes performed better in water defluoridation (Sufiani et al.,
2023).

3.4. Reusability of the WHAC electrodes

The regeneration cycles of the WHAC electrodes were performed to
evaluate their reusability for the successive cycles. This was conducted
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Fig. 13. Conductivity of water samples during defluoridation experiments.
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over five regeneration cycles for 5 h. The results were obtained in five
cycles using 3 mg/L of Fluoride (NaF) solution at 2.0 V in a charging
time of 1 h and being discharged at —2 V for 30 min when the flow rate
was maintained at 10 mL/min. The results showed that the desorption
efficiency in the first cycle was 96.11 % and dropped to 94.01 % after 5
cycles. These results indicate that there is significant reusability of the
WHAC-based electrodes similar to what Alfredy et al. (2022) reported.
So, WHAC-based electrodes can be used several times during the
defluoridation of water.

4. Conclusion

The porous AC has been successfully prepared from the locally
available water hyacinth plants using a chemical activation method at a
high activation temperature. Additionally, it has been observed that the
activation temperature is crucial to the physical characteristics and
electrochemical behavior of porous AC electrodes. Cyclic voltammetry
was employed to assess the electrochemical properties and performance
of WHAC electrodes, and their voltammograms indicated that WH plants
are suitable precursors for CDI electrodes. The specific capacitance of
WHAC electrodes was 354.09, 470.04, 483.73, and 501.89 F/g for CWH-
400, WHAC-500, WHAC-600, and WHAC-700, respectively. The WHAC
electrodes have effectively removed fluoride from water samples due to
the good electrochemical properties of the synthesized electrodes, where
69.60 %, 70.28 %, and 67.24 % of fluoride was removed from water
samples A, B, and C, respectively. The CDI cell used electrostatic force to
remove fluoride ions from the water sample and attract them to the
surface of the porous AC-based electrodes due to the electrical double
layer (EDL) formed. It has been observed that the specific capacitance of
the AC material is directly proportional to the specific surface area. The
WHAC-700 electrode has exhibited the most significant specific surface
area, pore volume, and specific capacitance. The factors that are
responsible for the CDI process include specific surface area, pore vol-
ume, pore size, and specific capacitance. Hence, WHAC electrodes are
suitable for water defluoridation using CDI technology. Due to high
specific capacitance, the WHAC can be used in high-performance
supercapacitors.

5. Limitations/recommendations of the study

The results have shown that the absence of sufficient functional
groups on the electrode surface reduces efficiency; therefore, further
research is needed to improve the working performance of water
hyacinth-activated carbon by modifying the functional groups on the
electrode surface. In addition to the nitrogen adsorption/desorption
isotherm, the pore size distribution will provide a better view of the
porosity of the AC. Therefore, it is recommended in further research to
generate the pore size distribution curve. In this research, the reusability
of the WHAC was tested for only five cycles; it is recommended that
further research be conducted to test its reusability for >50 cycles. The
presence of competing ions has been shown to affect water defluor-
idation, reducing the performance of the WHAC electrodes. Therefore,
further research is also suggested to be conducted on the study of the
influence of competing ions on defluoridation.
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