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a b s t r a c t

The aim of this research was to investigate the utilization of lime juice in enhancing the performance of
commercially produced activated carbon from coconut shells for decreasing the sulfate ion content in
seawater. Seawater, which serves as the raw material for sea salt production, contains relatively high
levels of sulfate ions as impurities. The removal of sulfate ions from seawater is essential in minimizing
impurities during the crystallization process of sea salt. The study employed two types of activated car-
bon: activated carbon without further treatment (ACB) and acid-washed activated carbon (ACA). The
objective was to explore the mechanism of sulfate ion adsorption when lime juice was introduced to
the seawater. Various concentrations of lime juice were used in the adsorption experiment, based on
the optimum dosages and time determined in the preliminary study. The results indicated that ACB
exhibited a higher sulfate ion adsorption capacity (320 mg SO4

2� g�1) compared to ACA (298 mg SO4
2�

g�1). The addition of lime juice led to a decrease in solution pH and an increase in sulfate ion adsorption.
This suggests that lime juice enhanced the capacity of basic sites present in the activated carbon. The pro-
posed model for sulfate ion adsorption posits that the ions are attracted to the functional groups and sub-
sequently to the basic sites in the carbon basal planes, mediated by hydronium ions.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Indonesia, being surrounded by seas and oceans, possesses a
significant advantage in sea salt production due to the abundant
availability of seawater. However, the quality of sea salt is a con-
cern, and impurities play a crucial role in determining its quality.
Impurities such as CaSO4 (0.5%–1%), MgCl2 (0.3%–1%), and MgSO4

(0.2%–0.6%) are commonly found in sea salt (Sedivy, 2009). These
impurities originate from various ions present in seawater, includ-
ing chloride, sodium, sulfate, magnesium, calcium, and potassium
(Byrne, 2020). The presence of impurities in sea salt often leads

to higher purification costs compared to the actual cost of the salt
itself (Sedivy, 2009). These impurities can be found on both the
surface and within the salt crystals (Masuzawa, 1980). The most
challenging aspect lies in the refining process of the salt, as the
impurities tend to be embedded within the crystal structure.

Additionally, the presence of impurities in salt contributes to
moisture absorption and can diminish its saltiness, potentially
leading to increased salt consumption, which can have adverse
health effects (Heydarieh et al., 2020). Calcium sulfate, in its insol-
uble form, precipitates in food, causing undesirable visual effects.
Moreover, the presence of calcium sulfate increases the risk of
stomach cancer (Wong, 2016). Both calcium sulfate and magne-
sium sulfate are impurities found in sea salt, originating from the
high sulfate content present in seawater (Byrne, 2020). It is plausi-
ble that by reducing the sulfate content in seawater before its
evaporation and crystallization into salt, the occurrence of sulfate
salt impurities in sea salt can be minimized.

Numerous investigations have been conducted on the removal
of sulfate from aqueous solutions using activated carbon, as
evidenced by studies conducted by Hosseini et al. (2017), Hong
et al. (2017), and Rahmati et al. (2019). Activated carbon is
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commonly employed due to its cost-effectiveness and environ-
mentally friendly nature as a method for sulfate removal. Several
factors have been identified to influence the adsorption of sulfate
onto activated carbon, including the type of activated carbon
(Hong et al., 2017), pore volume (Hong et al., 2014), pH, activated
carbon dosage, and contact time (Zhu et al., 2019), initial sulfate
ion concentration (Runtti et al., 2016), and the surface characteris-
tics of the carbon material (Rahmati et al., 2019). Acidic conditions
have been found to enhance sulfate adsorption onto activated car-
bon, as supported by the research conducted by Runtti et al. (2016)
and Rahmati et al. (2019).

Lowering the pH can be achieved by incorporating natural
organic ingredients, such as limes or lemons, which are readily
accessible in the environment. Limes, specifically, are recognized
for their remarkable acidity among various citrus fruits (Berry,
2003). They are extensively cultivated in tropical regions like
Indonesia and are available year-round, as they are not limited to
a specific season. In addition to containing essential minerals like
copper and iron, limes possess a low pH level (Waghaye et al.,
2019). The acidity of lime juice can be attributed to the presence
of citric acid, a weak organic acid that can significantly impact
the pH of a solution. The concentration of citric acid in limes is
approximately 0.30 mol/L (Penniston et al., 2008).

The primary aim of this study was to investigate the potential of
lime juice in enhancing the adsorption capacity of commercially
available activated carbon derived from coconut shells for decreas-
ing sulfate ion levels in seawater. The activated carbon used in this
research was in its original form without any additional modifica-
tions. Coconut shells are abundantly available and cost-effective
raw materials in tropical countries like Indonesia, offering a viable
source for the production of activated carbon with diverse applica-
tions. Moreover, a conceptual model illustrating the adsorption
mechanism of sulfate ions on activated carbon in the presence of
lime juice was proposed. This study serves as a foundational inves-
tigation, providing insights for future advancements in mitigating
impurities in sea salt production through the reduction of impuri-
ties in seawater.

2. Material and method

2.1. Material preparation

Seawater samples were collected from a coastal area in Malang,
East Java, Indonesia, specifically from the southern beach. The col-
lected seawater was carefully stored in glass containers and kept in
a dark and cool environment. Granular activated carbon, obtained
from Java Carbon located in Mojokerto, East Java, Indonesia, was
utilized without any additional treatments. The activated carbon
particles had a size range of 0.60 to 2.36 mm. The production of
activated carbon involved the steam activation method. Two vari-
ants of activated carbon, namely activated carbon (ACB) and acid-
washed activated carbon (ACA), were sourced from the company
for the experimental investigation. Lime juice was extracted from
locally available green limes. Green limes were preferred due to
their higher acidity levels, as the acidity tends to decrease with
the aging process of limes (Rangel et al., 2011).

2.2. Material characterization

The seawater samples were subjected to comprehensive analy-
sis to determine the concentrations of various ions. Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was
employed to measure the levels of magnesium, potassium, sodium,
boron, and calcium ions. Nitrate, sulfate, and phosphate ions were
quantified using a spectrophotometer, while chloride ions were

determined using argentometry. The surface functional groups
present on the activated carbons were characterized using Fourier
Transform Infrared (FT-IR) spectroscopy in the spectral range of
450–4000 cm�1. The surface textures of the activated carbons
and the presence of specific elements of interest were evaluated
using Scanning Electron Microscopy Energy Dispersive X-ray Anal-
ysis (SEM EDAX). The specific surface areas of the activated carbons
were estimated using the multipoint Brunauer-Emmett-Teller
(BET) equation, and the pore diameters were determined using
the Barrett-Joyner-Halenda (BJH) method. To assess the pH of the
activated carbon, 0.1 g of activated carbon was boiled in 100 ml
of distilled water for 5 min. The resulting solution was diluted with
distilled water to a final volume of 200 ml, cooled to room temper-
ature, and then measured using a pH meter.

2.3. Adsorption experiments

2.3.1. Adsorption experiment for dosage and time
A preliminary experiment was conducted to determine the

optimum activated carbon dosage and adsorption time. The dosage
of activated carbons was 30, 40, 50, and 60 mg. Adsorption times
varying from 5 min, 1 h, 5 h, and 24 h were used to determine
the optimum adsorption time as the equilibrium adsorption time.
First, the seawater was filtered using filter paper Whatman No 1
to avoid any interference by the deposit, and 25 ml of the water
was put into a 30 ml glass vial. The activated carbons were then
added to the seawater and shaken using a rotary shaker at
300 rpm at room temperature (25 – 26 �C) for a particular time.
After being shaken and allowed to stand for half an hour, the solu-
tions were filtered using a 0.45 lm nylon filter. Seawater without
any treatment was also filtered using a 0.45 lm nylon filter as a
control. The sulfate concentration was measured based on the
National Standardization of Indonesia method (SNI
6989.20_2009) using a UV–Vis spectrophotometer (Shimadzu,
Japan), and the amount of sulfate ion removal was calculated.

Based on the preliminary experiment, the optimum activated
carbons’ dosages were 40 mg for ACA and 50 mg for ACB, and
the equilibrium adsorption time was 1 h. Therefore, these dosages
and time were selected to study the effect of added lime juice con-
centration on sulfate ion adsorption on activated carbons.

2.3.2. Adsorption experiment with lime juice
The dosages of 40 and 50 mg were used for both types of acti-

vated carbon to thoroughly examine the effect of adding lime juice
to increase the capacity of activated carbon in the adsorption of
sulfate ions. In addition, a dosage of 60 mg was included in the
experiment to see the effect of increasing the dosage of activated
carbon on sulfate adsorption when lime juice was added to the
seawater.

Lime juice from local green limes was extracted using a micro-
pipette of as much as 20 ll. The juice was added with distilled
water to a volume of 10 ml and mixed manually. Seawater without
being filtered with the volume of 50 ml was put into a 100 ml glass
container. The lime juice solution was mixed with the seawater
and shaken with a rotary shaker to make a homogenous solution.
The various lime juice of 0, 20, 30, 40, 50, 60, 75, and 100 ll was
used for this experiment. The solution was then filtered using a
paper filter Whatman No. 1. The pH of the solution was then taken
using Ohaus Starter 300 pH meter. For each lime juice concentra-
tion, the solution was taken 25 ml each for the two-type activated
carbon and put into a 30 ml glass vial. The seawater mix with lime
juice was added to the activated carbon and shaken in a rotary sha-
ker at 300 rpm and room temperature for 1 h. After being shaken
and allowed to stand for half an hour, the solutions were filtered
using a 0.45 lm nylon filter. The sulfate concentration was deter-
mined using UV–Vis spectrophotometer (Shimadzu, Japan). The
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amount of sulfate ion adsorbed per unit weight of activated carbon,
Qe (mg SO4

2� g�1), was calculated using Eq. (1).

Q e ¼ C0 � Ce

m
� V ð1Þ

Co = initial sulfate concentration (mg/L).
Ce = sulfate concentration at equilibrium time (mg/L).
m = mass of activated carbon (g).
V = volume of solution (L).

2.4. Statistical analysis

For the preliminary study, triplication was used, and the aver-
age amount of sulfate ion removal was calculated. The adsorption
experiment with lime juice also used triplication, and the average
sulfate ion adsorbed per unit weight of activated carbon was calcu-
lated. The triplication used different lime fruits.

3. Result and discussion

3.1. Composition of the seawater

The seawater used in the experiment was stored under appro-
priate conditions and was not subjected to any additional treat-
ments. Table 1 presents the composition of primary ions found in
the seawater. The presence of these ions posed a challenge for sul-
fate ion adsorption onto activated carbon, as the various ions pre-
sent in seawater can compete for adsorption sites. To assess the
adsorption potential of sulfate ions, the concept of hydration ratio,
as proposed by Li et al. (2016), was utilized. Table 2 provides the
hydration ratios of commonly encountered ions in seawater, based
on the work of Nightingale (1959). From the data, it can be
observed that sulfate ions have a lower hydration ratio compared
to other ions in seawater, with the exception of nitrate ions. Con-
sequently, there is a potential for the adsorption of sulfate ions
from seawater onto activated carbon, as sulfate ions exhibit higher
electrostatic selectivity than most other ions.

3.2. Adsorption of sulfate ion in the seawater

Fig. 1 depicts the adsorption results obtained from the experi-
ment. When lime juice was not added, both activated carbon types
exhibited relatively low adsorption amounts of sulfate ions at a
dosage of 40 mg. Increasing the activated carbon dosage to
50 mg resulted in an increase in sulfate adsorption for ACB, while
a decrease was observed for ACA. However, when the dosage was
further increased to 60 mg, no significant change in sulfate ion
adsorption was observed for either activated carbon type. The
presence of various ions in seawater, as indicated in Table 1, cre-
ated a competitive environment for sulfate ion adsorption on acti-
vated carbon. The high concentrations of ions such as sodium,
chloride, and magnesium in seawater (Table 1) contributed to
the competition for adsorption sites, thereby limiting the adsorp-
tion of sulfate ions. Additionally, the relatively high pH of the sea-
water (Table 1) may have also influenced the adsorption process. It
is known that at higher pH levels, activated carbon tends to exhibit
better adsorption of cations rather than anions (di Natale et al.,

2008). These factors likely contributed to the relatively low adsorp-
tion amounts observed in the absence of lime juice.

The highest adsorption amount when lime juice was added
occurred in the dosage of 50 mg. Adding lime juice increased the
adsorption amount of sulfate ions for both ACA and ACB. In ACA,
the highest adsorption amount was at the lime concentration of
30 ll, while in ACB, the highest sulfate adsorption amount was
at a lime concentration of 50 ll. In ACB, increasing the dosage of
activated carbon and the concentration of lime juice increased
the adsorption amount of sulfate ions. The adsorption amount of
ACB was higher than ACA for most of the lime juice concentrations.
The highest adsorption capacity of sulfate ions in ACB was 320 mg
SO4

2� g�1, and in ACA, 298 mg SO4
2� g�1.

The experiment showed that ACB performed better than ACA in
all the dosages of activated carbon used. Further analysis of the
characteristics of the activated carbons needs to be done to under-
stand the phenomenon and how the adsorption mechanism occurs
in activated carbons.

3.3. Physical characteristics of the activated carbons

The physical properties of activated carbons, the specific surface
area, and pore size, determine the adsorption capacity of the acti-
vated carbon (Sun et al., 2018). The morphology of activated car-
bon is influenced by the method of activating the carbon
material (Guan et al., 2018). The carbon used in this experiment
was activated by the steam method. The method formed pores
and introduced oxygen-containing functional groups (Shen et al.,
2008). ACA has activated carbon with acid-washed treatment.
The treatment reduced the ash content, lowered the pH, and
improved the hydrophilic surface of the activated carbon
(Koehlert, 2017). The pH of ACA is lower than ACB (Table 3). There-
fore, it can be predicted that ACB had higher basicity than ACA. The
ash content of ACB is higher than ACA (Table 3). It can be seen from
Fig. 2 that ACA looked cleaner than ACB as the inorganic impurities
were lessened. Although there is an indication that ash content
affects carbon basicity, it is not clear what effect ash content has
on adsorption capacity (Gaya et al., 2015; Miyazato et al., 2020).

Based on Table 3, the average pore size of both types of AC was
micropores because the size was less than 2 nm (Ilomuanya et al.,
2017). Micropores are effectively used for the adsorption of small
molecules, usually between 0.4 nm and 0.9 nm (Álvarez-Merino
et al., 2005). The sulfate ion radius is 0.29 nm (Table 2), much smal-
ler than the average pore size of the activated carbons.

Table 3 and Fig. 2 showed that the average pore size of ACA was
smaller than ACB. However, ACA had a higher surface area and
pore volume than ACB. The difference in physical characteristics
of both activated carbons was apparently not significant. ACA
had slightly better physical characteristics than ACB but based on
the experiment, ACB showed better sulfate ion adsorption than
ACA. Even without adding lime juice, ACB performed better than
ACA in sulfate ions removal. Therefore, physical characteristics
did not seem to influence the adsorption capacity significantly.

3.4. Basic functionalities of the activated carbons

The adsorption of ions from an aqueous solution, such as sea-
water, relies on the electrostatic interaction between the adsorbate
(ions) and the adsorbent (activated carbon). This interaction is

Table 1
The composition of primary ions in the seawater.a

Ionic constituent Na+ Ca2+ K+ Mg2+ B3+ Cl� NO3
� PO4

3� SO4
2�

Concentration (mg/L) 8803 370.04 837.2 1183 7.36 19100 0.06 1.75 2555

a pH 8.12.
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influenced by the surface functionality of the carbon material.
Specifically, in the case of anion adsorption, such as sulfate ions,
the presence of basic carbon surface sites plays a crucial role. These
basic sites on activated carbon are associated with the resonating
p-electrons of aromatic carbon rings, which have an affinity for
protons (Montes-Morán et al., 2004). Basic surface functionalities
of activated carbon include oxygen-containing groups with basic
characters, such as chromene structures, diketone or quinone
groups, and pyrone-like groups (Shafeeyan et al., 2010; Barroso-

Bogeat et al., 2014). Additionally, nitrogen-containing functional
groups can also enhance the basicity of activated carbon (Arrigo
et al., 2010).

FT-IR spectroscopy was employed to identify the specific basic
functional groups present in the activated carbons. The analysis
focused primarily on the functional groups relevant to sulfate ion
adsorption.

The infrared spectral profiles of ACA and ACB in the range of
450 cm�1 to 4000 cm�1 were compared in Fig. 3. While there were
no significant differences overall, ACA exhibited a greater number
of peaks corresponding to basic functional groups compared to
ACB. These functional groups included chromene, 2-pyrone, aro-
matic ring, and ketone. Chromene structures with o-disubstituted
benzene rings and monosubstituted benzene were observed at
753 cm�1 in ACA and 750 cm�1 in ACB. Both ACA and ACB exhib-
ited a strong band at 1561 cm�1 and 1543 cm�1, respectively, cor-
responding to the aromatic ring. Additionally, a small peak of
ketone was observed at 1719 cm�1 for ACA and 1723 cm�1 for
ACB. The vibration signal of 2-pyrone appeared only in ACA, with
bands at 1264 cm�1, 1650 cm�1, and 1657 cm�1. The functional
groups of 2H-chromene exhibited multiple peaks at 2887 cm�1,
2973 cm�1 for ACA, and 2819 cm�1, 2882 cm�1, and 2965 cm�1

for ACB. The FT-IR spectra also revealed an interaction between

Table 2
Hydration ratio of ions commonly found in seawater.a

Ion F� Cl� Br� NO3
� SO4

2� Na+ K+ Mg2+ Ca2+

Ion radius, nm 0.136 0.181 0.195 0.264 0.290 0.095 0.133 0.065 0.099
Hydrated radius, nm 0.352 0.332 0.330 0.335 0.379 0.358 0.331 0.428 0.412
Hydration ratio 2.59 1.83 1.69 1.27 1.31 3.77 2.49 6.58 4.16

a Based on the work of Nightingale (1959) and Li et al. (2016).

Fig. 1. Sulfate ion adsorption capacity with lime juice added for activated carbon dosage of 40, 50, and 60 mg.

Table 3
Physical and chemical characteristics of the activated carbons.

Activated Carbon ACA ACB

BET Surface area (m2g�1) 817.811 734.490
BJH Average Pore Size (nm) 1.05702 1.06696
BJH Total Pore Volume (cc/g) 0.432223 0.391835
Ash (%)a 0.92 1.85
C (at%) 93.60 95.24
O (at%) 4.81 3.22
N (at%) NDb ND
pH 6.49 7.34

a ASTM D2866 method.
b ND: not detected.
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inorganic compounds and O–H groups, evident as a shoulder peak
at 3460 cm�1 for ACA and 2366 cm�1 for ACB. Furthermore, a single
peak at 3714 cm�1 was observed in both ACA and ACB samples.

According to the elemental characteristics shown in Table 3, the
content of O in ACA is higher than in ACB and the FT-IR analysis
shows that ACA has more basic functional groups than ACB. How-
ever, the experiment showed that ACB adsorbed sulfate ions better
than ACA.

3.5. Lime juice role in sulfate ion adsorption on activated carbon

Although the surface characteristics of the acid-washed acti-
vated carbon (ACA) indicated its superiority in terms of pore vol-
ume and functional groups, the adsorption capacity of the
activated carbon without further treatment (ACB) was higher than
that of ACA. This observation could be explained by applying the
Hard and Soft Acids and Bases (HSAB) concept to activated carbon,
as proposed by Alfarra et al. (2004).

The dominant ions found in seawater, as shown in Table 1, con-
sist of both hard acids and hard bases, and their interactions with
the functional groups present on the surface of activated carbon
can be explained using the HSAB concept. When seawater is mixed
with activated carbon, the functional groups on the carbon surface
undergo ionization. The basic functional groups, located at the
edges or ends of the carbon basal planes, exhibit high reactivity
and initially interact with sulfate ions (Boehm, 2002). However,
under normal pH conditions, the adsorption of sulfate ions was
minimal in both ACA and ACB. This is likely due to the competition
between sulfate ions and coexisting anions, such as chloride, phos-
phate, and nitrate, for adsorption on the functional groups of acti-
vated carbon (Yakout et al., 2017; John et al., 2018). Increasing the
dosage of activated carbon introduces more functional groups into
the solution, but despite having more basic functional groups, ACA
exhibited lower sulfate adsorption compared to ACB.

The addition of lime juice to seawater leads to a decrease in pH,
as demonstrated by the average pH values presented in Table 4.
The primary source of acidity in limes is the citric acid content,
as mentioned by Rangel et al. (2011). Fig. 4 illustrates the ioniza-
tion process of citric acid and the formation of active sites on acti-
vated carbon for basic functionalities in an aqueous solution. The
reduction in pH results in the protonation of functional groups,

Fig. 2. Micrograph obtained by SEM (A) ACA, (B) ACB.

Fig. 3. FTIR Spectrum of AC between 450 and 4000 cm�1.
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enabling a greater binding of sulfate ions to these groups. The
experimental findings indicate that the adsorption amount of sul-
fate ions increases with the addition of lime juice, suggesting that
sulfate adsorption primarily occurs in the functional groups.

However, despite having a higher number of basic functional
groups, ACA exhibited lower performance compared to ACB, as
observed in Fig. 1. This phenomenon can be explained by the
involvement of basic sites in the carbon basal plane. The basic nat-
ure of activated carbon predominantly arises from the delocalized
electrons forming bonds within the basal planes. These resonating
p-electrons of aromatic carbon rings can interact with positively
charged entities, known as cation-p interactions (Ma and
Dougherty, 1997; Dougherty, 2012).

Sulfate ions, categorized as hard bases, are not directly attracted
to the carbon basal planes. The ionization of basic functional
groups and the addition of lime juice result in an increased concen-
tration of hydronium ions in the solution. Through cation-p inter-

actions, the H3O+ cations and the carbon surfaces’ basal planes
establish close-contact structures, where the aromatic rings effec-
tively act as hydrogen bond acceptors (Montes-Morán et al., 1998).
ACA, with a higher oxygen content, possesses fewer basal plane
sites compared to ACB. Leon et al. (1992) observed that carbons
with a small amount of oxygen exhibited an increase in carbon
basal planes, which enhance the attraction of hydronium ions.
The superior performance of ACB in decreasing sulfate ions can
be attributed to its higher carbon basal plane, enabling the bonding
of a greater number of hydronium ions to attract sulfate ions. Fig. 5
illustrates the proposed model of sulfate ion adsorption on acti-
vated carbon with added lime juice.

3.6. The strength and limitation of the study

The experimental findings indicated that the activated carbon
without additional treatment (ACB) outperformed the acid-

Table 4
The average pH of seawater solution for each lime juice added.

Lime juice (ll) 0 20 30 40 50 60 75 100

pH (average) 8.12 7.75 7.65 7.52 7.44 7.27 7.04 6.16

Fig. 4. The ionization of citric acid and the formation of active sites in activated carbon for basic functionalities (chromene, 2-pyrone and ketone) in aqueous solution.

Fig. 5. The proposed model of sulfate ion adsorption on activated carbon with added lime juice.
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washed activated carbon (ACA) in terms of sulfate ion adsorption.
Moreover, ACA incurs a higher cost due to the additional acid-
washing process. However, it should be noted that the higher
adsorption rate in ACB was achieved with increased concentrations
of lime juice. Therefore, it is necessary to consider the techno-
economic aspects when optimizing the combination of activated
carbon type, dosage, and lime juice concentration, as this aspect
was not addressed in the current study. Despite this limitation,
considering the affordability of activated carbon and limes, this
approach may serve as a viable alternative for purifying sea salt.

4. Conclusion

The investigation revealed that the addition of lime juice
enhanced the adsorption capacity of sulfate ions from seawater
using activated carbon derived from coconut shells. Among the
two activated carbons utilized in the study, the untreated activated
carbon (ACB) exhibited a higher sulfate ion removal capacity
(320 mg SO4

2� g�1) compared to the acid-washed activated carbon
(ACA) (298 mg SO4

2� g�1). Lime juice played a crucial role in aug-
menting the concentration of hydronium ions in the solution.
The adsorption of sulfate ions occurred initially at the basic func-
tional groups and subsequently on the carbon basal planes through
the presence of hydronium ions. ACB possessed a greater number
of basic sites on the carbon basal planes than ACA, which resulted
in superior performance in attracting hydronium ions for binding
sulfate ions present in seawater.
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