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AbstractAlthough the amount of petroleum residues produced from oil refinery processes has increased, there has
been limited research for the residues. In this work, we developed petroleum residue-activated carbon (PAC) by chemi-
cal modification with citric acid as a novel adsorbent The optimal concentration of citric acid for PAC was chosen as
the 6 M (named PAC-CA6) and the adsorption behavior of Co(II) was investigated. The experimental data were ana-
lyzed using various isotherm and kinetic models. The maximum adsorption capacity of 12.50 mg/g was determined
using the Langmuir model. The pseudo-second-order model was found to be the most suitable for describing the
adsorption kinetics. PAC-CA6 was characterized by using various instrumental analyses including FE-SEM, FTIR, and
XPS. The Boehm titration method indicated the presence of multiple oxygen groups in PAC-CA6. Conclusively, the
mechanism of Co(II) adsorption onto PAC-CA6 involved electrostatic interactions between Co(II) ions and carboxylic
groups present on the surface of PAC-CA6. From the result, the PAC-CA6 could be sufficiently used as a potential
adsorbent for the removal of cobalt from aqueous solutions.
Keywords: Petroleum Residue, Carboxylation, Co(II), Adsorption

INTRODUCTION

Cobalt (Co) exists as 59Co in its stable form and as 56Co, 57Co,
58Co, and 60Co in its radioactive isotopes [1,2]. This versatile metal
is used in various industries, with 60Co being an important com-
ponent in nuclear weapons and facilities [3,4]. However, high con-
centrations of Co generated from these facilities are released into
both land and water systems as radioactive wastes, causing detri-
mental effects on the ecosystem and environment owing to its chem-
ical toxicity and gamma-ray emission [5-7]. Additionally, Co-pro-
cessing industries, such as fossil fuel production, phosphate fertil-
izer manufacturing, mining, Co ore smelting, and Co alloy process-
ing, release Co into the environment [8-16]. All Co isotopes exhibit
similar chemical behavior and environmental effects [17]. Long-
term exposure to Co can lead to lung disease, heart problems, thy-
roid dysfunction, and gastrointestinal issues such as nausea, vomiting,
and diarrhea [18,19]. Therefore, development of novel technolo-
gies for removing Co from the environment is pertinent.

Co can be removed from the environment using various tech-
niques, including precipitation, ion exchange, advanced oxidation
processes, membrane filtration, and adsorption [20-26]. Adsorption
is an effective and reliable physicochemical method, as it is cost-effi-
cient, involves a simple process that is easy to operate and does not
generate any by-products. Therefore, many researchers have inves-
tigated inexpensive raw materials for the development of adsorbents.

During fractional distillation and refining of crude oil, petroleum

residues are excessively produced along with petroleum. With the
development of the petroleum industry, the amount of petroleum
residues generated during oil refining has been increasing globally.
These residues contain thousands of polyaromatic hydrocarbons
(PAHs) [27]. Petroleum pitch, a residue obtained from the pyroly-
sis of organic matter or the distillation of tar, is composed of complex
mixtures of several types of aromatic hydrocarbons and heterocy-
clic compounds [28-31]. Petroleum pitch derived from petroleum
residues can be utilized as a carbon precursor owing to its high
PAH content. The resulting carbon compound is environmentally
friendly, chemically stable, and easily reformable with oxygen and
metals. Therefore, petroleum pitch can be used to enhance the ad-
sorption capacity of adsorbents [32-36]. Zhang et al. conducted a
study on the petroleum pitch used for the removal of methylene
blue and direct black dyes, and Wang et al. developed a petroleum
pitch-based aromatic framework with phosphonate ligands for the
removal of radioactive uranium [37,38]. However, research on the
development of adsorbents using petroleum pitch derived from
petroleum residues is limited. Furthermore, the ability of petroleum
pitch to adsorb Co ions has not been investigated.

In this study, a carboxylic-functionalized petroleum residue-
activated carbon (PAC) was developed as a novel approach for the
removal of Co ions. Moreover, the effects of various factors on the
removal of Co ions from the environment were investigated. 

MATERIALS AND METHODS

1. Preparation of PAC through Modification of Organic Acid
There are several kinds of petroleum residue oil such as pyroly-

sis fuel oil (PFO), fluidized catalytic cracking-decant oil (FCC-DO),
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and vacuum residue (VR). Of these, PFO was used for this study.
The PAC was obtained from carbonization of pitch produced in
the crude oil refining process and then manufactured through a
carbon dioxide gasification like char preparation [39-43]. The PAC
was sieved to obtain a particle size of less than 100m. For the sur-
face carboxylation of PAC, two modifying agents, formic acid (FA,
99.0%, Samchun Chemical, Korea) and citric acid (99.5%, Sam-
chun Chemical, Korea), were used. To 100 mL of 2 M modifying
agent, 2 g of PAC was added and reacted at 60 oC for 24 h. The
resulting product was washed with distilled water several times
and dried at 60 oC for 4 h. The modified PACs were named PAC-
FA2 and PAC-CA2. After the performance of these materials for
Co(II) adsorption was evaluated, the concentration of citric acid
was varied (2, 4, 6, 8, and 10 M) to further modify PAC (PAC-CAn,
where n is the concentration of the modified citric acid) and eval-
uate its adsorption capability.
2. Batch Adsorption Experiments

A stock solution of 100 mg/L Co(II) was prepared by dissolv-
ing 0.224 g of CoCl2·6H2O (99.0%, Sigma Aldrich, USA) in 1 L of
ultrapure water. The desired concentration of Co(II) solution for
subsequent experiments was prepared by diluting the Co(II) stock
solution. For all batch experiments, 0.2 g of the adsorbent was trans-
ferred to 100 mL of the solution adjusted to pH 6 and agitated at
25 oC for 24 h using a floor-standing shaking incubator. The pH of
the solution was titrated using HCl or NaOH (0.1 M) as required.

Initially, the Co(II) adsorption performance of the adsorbents
impregnated with organic acids was evaluated by comparing PAC-
FA2, PAC-CA2, and PAC. Based on this result, PAC was impreg-
nated with selected organic acids at several concentrations (2, 4, 6,
8, and 10 M), and the Co(II) adsorption capacity of the resulting
PAC was determined.

Subsequently, the Co(II) adsorption capacity of PAC-CA6, which
was selected as the optimum modification based on previous experi-
ments, in an aqueous system was investigated. The effect of pH on
Co(II) adsorption capacity of PAC-CA6 under different solution
pH conditions (2.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 10.0) was investi-
gated. The adsorption kinetics were evaluated by determining the
effect of adsorption contact time (5, 10, 15, and 20 min) at each
temperature (25, 37, and 49 oC). To a flask containing 100 mL of
Co(II) solution, 0.2 g of the adsorbent was transferred, and the
supernatant was collected using a syringe at predetermined time
intervals for 2 h. The adsorption isotherm was determined based
on the initial concentration of the Co(II) solution (5, 10, 50, 75,
and 100 mg/L).

After the adsorption reaction, the solution was filtered using a
membrane syringe filter with a pore size of 0.45m, and the initial
and equilibrium concentrations of the Co(II) solution were ana-
lyzed using atomic absorption spectroscopy (AAS, AA-7000, Shi-
madzu, Japan). Each experiment was conducted thrice to ensure
reproducibility, and the average value was used for data analysis.

The amount of Co(II) adsorbed on the adsorbent at equilibrium
and removal efficiency were calculated using the following equa-
tion [44]:

(1)

(2)

where qe is the amount of Co(II) adsorbed per unit weight of
adsorbent (mg/g), C0 (mg/L) is the initial Co(II) concentration, Ce

(mg/L) is the Co(II) concentration at equilibrium, V is the volume
of the Co(II) solution (L), and m is the adsorbent mass used in
the adsorption experiment (g).
3. Characterization of Modified PACs

The physicochemical characterization of the modified PACs
was performed using the following method. The point of zero charges
(pHpzc) was confirmed to determine the adsorbent surface charge
[45]. The dissolved CO2 in the distilled water was removed using
99.9% N2 gas purged for 30 min, and free CO2 distilled water was
used for analysis. The treated distilled water was adjusted to pH
2.0 to 10.0 by adding sodium hydroxide (NaOH, bead, 98.0%, Sam-
chun Chemical, Korea) or hydrochloric acid solution (HCl, 37.0%,
Samchun Chemical, Korea), and the pH value was referred to as
pHInitial. 150 mg of the material was added to each 50 mL of pH-
adjusted distilled water and stirred at 25 oC for 24 h using a floor-
standing shaking incubator (JSSI-300C, JSR, Korea). Thereafter,
the suspension was filtered using a 5m pore filter paper (No. 2,
Advantec, Japan), and the pH of the filtrate solution was measured
(pHFinal). The pH change value (pH=pHInitialpHFianl) relative to
the initial pH was plotted. The pH at which pH=0 was denoted
as pHpzc.

Boehm titration is a method for quantifying the specific oxygen-
containing surface functional groups of carbon materials [46,47].
25  of a 0.05 M solution of Boehm’s reactants as NaOH (98.0%),
Na2CO3 (99.0%), NaHCO3 (99.0%), and HCl (36.0%) (Samchun
Chemical, Korea) was equilibrated with 0.1g of the material at 25 oC
for 24 h. At the same time, a blank sample containing no material
was also prepared. Then, the material was filtered from the solu-
tion, and the amount of neutralization of the separated solution was
determined using a 0.1M NaOH and HCl solution. The basic princi-
ple of titration is that strong acids and strong bases react with all
bases and acids, respectively, whereas weak acids donate protons
only to the conjugate bases of acids with higher pKa values. In this
way, the basic sites were counted the amount HCl reacting with
surface functional groups of the adsorbent. The various free acidic
groups were as follows: (i) NaOH (pKa: 15.7) neutralized the car-
boxyl, lactone, and phenolic groups; (ii) Na2CO3 (pKa: 10.3) neu-
tralized the carboxyl and lactone groups; and (iii) NaHCO3 (pKa:
6.4) neutralized the carboxyl groups. Then, the excess base or acid
was measured by back titration using 0.10 M NaOH and HCl
solutions to determine the number of each functional group.

The porous structure and surface morphology of the materials
were observed using JSM a 7100F model of field emission-scanning
electron microscope (FE-SEM, JEOL, Japan). X-ray spectroscopy
(EDS) chemical elemental mapping images were obtained using
energy-dispersive EDS interconnected with a FE-SEM. Specific sur-
face area was determined using the Brunauer, Emmett, and Teller
(BET) method with the ASAP 2420 analyzer (Micromeritics, USA).
The Fourier-transform infrared (FTIR) spectra of the materials were
analyzed from the IR Tracer-100 model of FTIR spectrometer
(Shimadzu, Japan). IR transmittance data were acquired for wave-qe mg/g    C0    Ce 

V
m
----

Removal %   

C0   Ce 

C0
-------------------- 100
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numbers of 500-4,000 cm1. The surface complexes of the sample
were analyzed using X-ray photoelectron spectroscopy (XPS) using
an instrument (K-alpha+, Thermo Scientific, United States) equipped
with a monochromatized Al K radiation source.
4. Theoretical Models

Adsorption equilibrium is important for predicting pollutant
adsorption behavior on the adsorbent surface during adsorption
processes. The equilibrium data obtained from the Co(II) batch
adsorption experiments on PAC and PAC-CA6 were analyzed using
the Freundlich, Langmuir, and Temkin adsorption isotherm models.

The Freundlich isotherm describes the multilayer formation of
an adsorbate on an adsorbent [48]. The linearized form is expressed
as follows:

(3)

where kF (mg/g) is the Freundlich constant and n is the adsorp-
tion strength. A linear plot of logqe vs. logCe was used to calculate
the Freundlich constant.

The Langmuir adsorption isotherm model describes monolayer
complexation of the adsorbate on the adsorbent [49]. The linear
equation can be determined as follows:

(4)

where Ce is the concentration of Co(II) at the equilibrium solution
(mg/L), and qe is the Co(II) adsorption capacity (mg/g). qmax (mg/
g) is the maximum Co(II) adsorption capacity of the adsorbent
and kL (L/mg) is the Langmuir constant related to the adsorption
energy. A linear plot of Ce versus Ce/qe was used to calculate the
Langmuir constants. Based on the Langmuir equation, the separa-
tion factor (RL) and the surface coverage () are derived as fol-
lows. The separation factor indicates the preference for adsorption
[50].

(5)

where C0 is the various initial concentrations of the Co(II) in the
adsorption isotherm experiments. The RL value indicates whether
the isotherm is favorable (0<RL<1) or unfavorable (RL>1). Surface
coverage () can help to understand the nature of the adsorption
process [51]. The equation used is as follows:

(6)

where kL is the Langmuir constant and C0 is the initial Co(II) con-
centration.

The Temkin isotherm model is based on the indirect interac-
tion of the adsorbate with the adsorbate [52].

(7)

where bT is the Temkin constant related to the adsorption heat (J/
mol), and kT (L/mg) is the Temkin binding constant. R is the ideal
gas constant (8.314 J/mol·K), and T is temperature (K).

Adsorption kinetic studies are important for adsorption processes

because they describe the absorption rate of the adsorbate and con-
trol the residence time of the entire adsorption process. Therefore,
in this study, Co(II) removal kinetics was investigated to under-
stand the behavior of the adsorbent. Three kinetic models were
used to describe the adsorption process: pseudo-first-order (PFO),
pseudo-second-order (PSO), and Elovich.

PFO was calculated as if it were a first-order reaction, although
it was originally a second-order reaction when the concentration
of one of the two reactants was relatively high [53]. The PFO model
is expressed as follows:

(8)

where qt and qe (mg/g) are the adsorption capacities at time and
equilibrium time, respectively. k1 (1/min) is the kinetic rate con-
stant of PFO. The value of k1 can be obtained from plotting ln(qeqt)
against t for the experimental results.

PSO assumes that the adsorption reaction depends on the adsor-
bate and the concentration of the adsorbent, which is usually the
case in the rate-limiting step [54]. The PSO model is expressed as
follows:

(9)

where k2 (g/mg∙min) is the kinetic rate constant of the PSO. The
value of k2 was determined by plotting t/qt against t and obtaining
the slope of the resulting line.

The Elovich model helps predict the mass, surface diffusion,
and activation energies of a system [55]. It is utilized to better under-
stand the chemisorption properties of adsorption, and it assumes
that the adsorption rate of the solute decreases drastically as the
amount of solute adsorbed increases [56]. The Elovich model is
expressed as follows:

(10)

where,  is the initial adsorption rate (mg/(g·min)), and  is the
desorption constant (g/mg). The value of  and  were calculated
from the linear plot of the slope and intercept the adsorption data
using qt vs ln t.

RESULTS AND DISCUSSION

1. Evaluation of Adsorption Capacity
This experiment aimed to determine the optimal modified organic

acid concentration for removing Co(II) from water using PAC
modified with formic acid and citric acids. Fig. 1(a) shows that
PAC-CA2 modified with citric acid had a higher Co(II) adsorp-
tion capacity (8.16 mg/g) than that of PAC-FA2 modified with for-
mic acid (6.79 mg/g). The Co(II) adsorption efficiency of PAC-
CA2 was 2.23 times higher than that of raw PAC. The higher Co(II)
adsorption capacity of PAC-CA2 can be explained by the pres-
ence of many carboxylic groups in citric acid.

As shown in Fig. 1(b), the Co(II) adsorption capacity of the
PACs modified with various concentrations of citric acid was eval-
uated. As the concentration of the citric acid solution increased to
6 M, the adsorption capacity of Co(II) also increased. However,
PAC-CA8 and PAC-CA10 showed a gradual decrease in Co(II)
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adsorption behavior. It was concluded that the sites capable of
adsorbing Co(II) were buried by citric acid when the concentra-
tion of the modified citric acid solution was higher than 6 M. From
these results, PAC-CA6 modified with 6 M citric acid was selected
as the optimal modification condition.

The effects of the initial pH of the Co(II) solution on the pH
before and after the transfer of PAC-CA6 (Fig. 2(a)) and the ad-
sorption capacity of Co(II) (Fig. 2(b)) were also investigated. When
the pH exceeded 8, the precipitation of Co(II) began. Therefore,
the experimental pHInitial conditions were controlled between 2
and 7. As the pHInitial of the solution increased, the range of change
in pH increased, and as pHInitial increased, pHFinal tended to equili-
brate to approximately 4. This appeared to decrease the pH of the
solution by the surface charge pHpzc of PAC-CA6. More specifi-
cally, the proton of the carboxylic group present on the surface of
PAC-CA6 dissociated into the solution to acidify the liquid phase
of the solution. The results show that the optimal adsorption effi-
ciency was achieved between pH 5 and 7, and as the initial pH of
the solution increased, the amount of Co(II) adsorbed increased.
The pHFinal of this section was like each other at 4, and it is expected
that the speciation of citric acid of PAC-CA6 is similar, and because
of this, the adsorption amount of Co(II) is judged to be similar.

Isothermal adsorption was performed using a wide range of

Co(II) concentration (5-100 mg/L) to investigate the effect of the
initial concentration on the adsorption of PAC-CA6 (Fig. 3(a)). The
isothermal adsorption results were applied to Freundlich, Lang-
muir, and Temkin adsorption isotherms, which are widely used to
derive adsorption mechanisms and parameters, and the resulting
isothermal adsorption parameters are shown in Table 1. Compar-
ing the correlation coefficients r2 of the three models, Langmuir>
Temkin>Freundlich was found to be suitable in the order. The

Fig. 1. Co(II) adsorption capacity using different organic acid (a), Co(II) adsorption capacity using modified PAC by different concentra-
tions of citric acid (b).

Fig. 2. pHintial and pHFinal after transferring PAC-CA6 to Co(II) solution at each pH (a), Effect of pH on the adsorption of Co(II) using PAC-
CA6 (b) (Initial Co(II): 25 mg/L, PAC-CA6 dose: 2.0 g/L, reaction time: 24 h, reaction temperature: 25 oC, stirring speed: 150 rpm).

Table 1. Adsorption isotherms parameters for Co(II) adsorption
using PAC-CA6
Models Parameters PAC-CA6

Freundlich
kF (mg/g) 01.626
n 02.731
r2 00.866

Langmuir
kL (L/mg) 00.309
qmax (mg/g) 12.500
r2 00.999

Temkin
kT (L/mg) 04.572
bT (kJ/mol) 01.119
r2 00.950
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maximum adsorption capacity (qmax) of Co(II) for PAC-CA6 was
calculated as the 12.50 mg/g using Langmuir isotherm. These val-
ues were compared with those of other materials tested for Co(II)
adsorption capacity (Table 2) [57-62]. Although not based on a
comprehensive investigation, it was shown that PAC-CA6 has a
greater Co(II) adsorption capacity than many previously studied
materials. According to the Temkin isotherm, the thermal energy
kT released during adsorption was 1.119 kJ/mol. The suitability of
the adsorption process of PAC-CA6 was calculated as the separa-
tion factor, RL, at various initial concentrations based on the Lang-
muir isotherm and is presented in Fig. 3(b). The RL values ranging
from 0 to 1 indicate that PAC-CA6 is favorable for Co(II) adsorp-
tion [63]. The adsorption characteristics of Co(II) on PAC-CA6
can be understood in more detail as the surface coverage, , and 
for the initial concentration of Co(II) are shown in Fig. 3(c). At
first,  increased rapidly as the initial concentration increased, but
as the concentration of Co(II) exceeded 40 mg/L, the  value ap-
proached 1 and the increase decreased. This implies that the sur-
face of PAC-CA6 is densely covered with a Co(II) monolayer [51].
The Langmuir model fitted the adsorption isotherm data, indicat-
ing that the adsorption of Co(II) by PAC-CA6 follows a mono-
layer adsorption mechanism. The separation coefficient and surface
coverage obtained from the Langmuir isotherm parameters suggest
that PAC-CA6 has high affinity and capacity for Co(II) adsorption.

Fig. 3. Effect of initial concentration of Co(II) on adsorption capac-
ity (PAC-CA6 dose: 2.0 g/L, pH 6, reaction time: 24 h, reac-
tion temperature: 25 oC, stirring speed: 150 rpm).

Fig. 4. Effect of the reaction time for the removal of Co(II) using
PAC-CA6 on each temperature (Initial Co(II): 25 mg/L, PAC-
CA6 dose: 2.0 g/L, pH 6, reaction temperature: 25, 37, 49 oC,
stirring speed: 150 rpm).

Table 2. Comparison of adsorption capacities for Co(II) by various adsorbents
Adsorbents qmax (mg/g) Condition Reference

Saccharomyces cerevisiae cells 0.68 pH 8, 25 oC [57]
Palygorskite 8.88 pH 7.8, 35 oC [58]
spent coffee 5.37 pH 5.8, 20 oC [59]
Anaerobic granular sludges 8.92 pH 7, 30 oC [60]
Kaolinite 1.470 40 oC [61]
Chitosan-g-maleic acid 2.78 26 oC [62]
PAC-CA6 12.50 pH 6, 20 oC This work
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The Co(II) adsorption of PAC-CA6 as a function of tempera-
ture and time is shown in Fig. 4, and the adsorption kinetic parame-
ters are summarized in Table 3. The mechanisms of the adsorption
kinetics of the PFO, PSO, and Elovich models were evaluated using

Table 3. Adsorption kinetics parameters for the Co(II) adsorption
using PAC-CA6

Models Parameters 25 oC 37 oC 49 oC

PFO
qe (mg/g) 7.219 7.628 8.036
k1 (1/min) 0.027 0.038 0.029
r2 0.985 0.971 0.989

PSO
qe (mg/g) 7.457 7.849 8.271
k2 (g/(mg·min)) 0.022 0.017 0.014
r2 0.997 0.994 0.997

Elovich
 (mg/g·min)) 3.441 6.775 7.972
 (g/mg) 1.141 1.086 1.119
r2 0.997 0.991 0.993

Fig. 5. FE-SEM images of PAC (a) and PAC-CA6 (b), FTIR spectra (c), pHpzc (d), XPS survey spectrum with C 1s and O 1s atomic weight
ratio (e), fitting curves of C 1s for PAC and PAC-CA6 (f).

experimental data obtained from the effect on adsorption during
the reaction time (120 min). PAC-CA6 and Co(II) showed fast
adsorption rates, regardless of the temperature, in the primary step
of the reaction, and the rate gradually decreased. Rapid adsorp-
tion in the initial stage occurred because there were sufficient usable
adsorption sites for PAC-CA6 and Co(II) to be properly adsorbed.
As the reaction continues, the sites where Co(II) can adsorb become
saturated, and the reaction rate decreases. By comparing the cor-
relation coefficients of the adsorption kinetics model of PAC-CA6,
PSO>Elovich>PFO was found to be suitable in the order. The
PSO model fit indicated that the adsorption rate depended on the
adsorption capacity rather than the adsorbate concentration, and
this behavior was predicted over the entire adsorption range based
on the assumption that chemisorption was the limiting step
[64,65]. The Elovich model fit indicated that chemisorption on the
surface of PAC-CA6 was energetically heterogeneous. The study
also found that as the temperature increased, the adsorption rate
constant (k2) decreased, while the adsorption rate () increased.
Additionally, this study suggests that PAC-CA6 has a highly nega-
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tively charged surface, which reduces the time required to reach
the adsorption equilibrium.
2. Characterization of Adsorbents

Fig. 5 shows FE-SEM images of PAC and PAC-CA6. As shown
in Fig. 5(a), PAC appears as a porous material with irregularly sized
pores and contains impurities such as residual oil waste on its sur-
face. In contrast, PAC-CA6 modified with citric acid showed crys-
tallization and attachment of citric acid on its surface (Fig. 5(b)).
This modification introduces functional groups that enhance the
ion exchange capacity of the adsorbent during the adsorption pro-
cess. The specific surface area of PAC decreased from 286.50 m2/g
to 34.18 m2/g because of filling or blocking the pores due to the
modification of citric acid on the surface of PAC, as shown in the
SEM. The FTIR spectra of PAC and PAC-CA6 in Fig. 5(c) con-
firm the presence of carboxylic and other functional groups result-
ing from the attachment of citric acid. Specifically, peaks related to
citric acid, such as C-O (1,178 cm1), C=O (1,711 cm1), and O-H
(3,107 cm1), were observed on the surface of PAC-CA6 but not
on PAC. These additional peaks suggest the presence of citric acid
[66]. Overall, the functional groups on the surface of PAC-CA6 play
a crucial role in increasing the Co(II) adsorption capacity during
the adsorption process. Table 4 shows the estimated oxygen func-
tional groups of PAC and PAC-CA6 obtained from the Boehm
titration measurements. The results indicate that the overall oxy-

Table 4. Boehm titration results of PAC and PAC-CA6
Adsorbents Phenolic (mmol/g) Lactonic (mmol/g) Carboxylic (mmol/g) Total acidity (mmol/g)
PAC 0.363 0.215 0.373 0.951
PAC-CA6 0.512 0.340 1.866 2.717

Fig. 6. Element mapping of Co(II) adsorbed using PAC-CA6.

gen functional groups, including the carboxylic group, increased
after citric acid modification on the surface of PAC. This increase
was confirmed by the measurements. Fig. 5(d) shows the pH of
the solution by PAC and PAC-CA6. The pHpzc is the chemical and
electrical potentials of the adsorbent particle surface and was found
to be 6.78 and 3.08 for PAC and PAC-CA6, respectively. Notably,
the pHpzc value of the PAC decreased after modification with cit-
ric acid. This decrease is attributed to the oxygen functional group,
specifically the carboxylic group, introduced by the citric acid modifi-
cation. This characteristic was expected to enhance the ability of
PAC-CA6 to exchange anions with Co(II) during adsorption [67,
68]. XPS analysis was also performed on both PAC and PAC-CA6
to confirm the fraction of each element and to investigate the bond-
ing structure of carbon (Fig. 5(e) and (f)). The results show that
the C/O ratios of PAC and PAC-CA6 were 12.9 and 3.9, respec-
tively. PAC had a higher C/O ratio because it served as a carbon
precursor, whereas PAC-CA6 had a reduced C/O ratio owing to
the incorporation of oxygen through bonding with citric acid. Bond
structure analysis revealed that the fractions of C-C and O-C=O
bonds in PAC increased after modification with citric acid, whereas
the fractions of C-O and C=O bonds decreased. It was speculated
that the C-O and C=O bonds on the PAC surface formed substi-
tution bonds with the carboxylic group of citric acid, leading to a
decrease in their fraction and an increase in the carboxylic groups.
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The physicochemical analysis of PAC-CA6 revealed the existence
of a significant number of carboxylic groups on the surface of PAC
that can form bonds with Co(II).

An EDS elements mapping images of the PAC-CA6 surface was
observed after Co(II) adsorption (Fig. 6). After adsorption, the
structure of citric acid bonded to the surface was stable, and it was
confirmed that Co(II) was bonded to the center of the C and O
structure formed by citric acid bonding. The speciation fractions
of Co(II) (a) and Citric acid (b) each pH are presented on Fig. 7.
In the case of Co(II), as the pH increases above 7, it is gradually
converted into chemical species (CoOH+, Co(OH)2, and Co(OH)3

)
combined with OH groups and precipitates [69]. As the pH in-
creased, the pka values of citric acid were 3.13, 4.76, and 6.39, and
the protons of the carboxylic group were lost and became nega-
tively charged [70]. Because the citric acid present in PAC-CA6
exists in a bonded state to the surface of PAC, the pka value of cit-
ric acid does not follow the expectation; however, as the pH increases,
Co(II) adsorb to each other as the pH decreases. A favorable envi-
ronment will be created.
3. Adsorption Mechanism

The expected mechanism of Co(II) adsorption on PAC-CA6 is
shown in Fig. 8. Based on the characterization and adsorption experi-
ments, it was determined that the mechanism of Co(II) adsorp-

tion onto PAC-CA6 involved the formation of a carboxylic group
through substitution with an oxygen functional group on the sur-
face of the PAC. This is a functional group formed by citric acid
modification that partially follows the characteristics of citric acid.
This carboxylic group partially follows the characteristics of citric
acid, with pka values (3.13, 4.76, and 6.39), which allows it to become
negatively charged at higher pH levels, which is beneficial for combi-
nation with Co(II), as confirmed through pH effect experiments
(Fig. 2(b)). In addition, isothermal adsorption and kinetic experi-
ments revealed that rate-limiting and chemical adsorption were
achieved in the monolayer form. Therefore, it was found that Co(II)
and the carboxylic group formed in PAC-CA6 formed a strong elec-
trostatic interaction by covalent bonding with opposite charges.

CONCLUSIONS

This study investigated the physicochemical properties of car-
boxylate carbon-based PAC, as well as its efficacy in adsorbing and
removing Co(II) from water phase. Physicochemical characteriza-
tion of PAC-CA6, such as FE–SEM, FTIR, pHpzc, and XPS, con-
firmed that oxygen functional groups were formed on the surface
of the PAC. Boehm titration analysis further suggests the presence
of oxygen functional groups that facilitate Co(II) bonding on the

Fig. 7. Speciation diagram for Co(II) (a) and citrate (b) in an aqueous system.

Fig. 8. Scheme of Co(II) adsorption mechanism on the PAC-CA6.
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surface. The maximum Co(II) adsorption capacity of PAC-CA6
was found to be 12.50mg/g, and the Langmuir isotherm was deemed
the best fit compared with the Freundlich and Temkin isotherms.
The calculated RL and  were between 0 and 1.0, confirming that
the adsorption process for Co(II) was suitable for PAC-CA6. In
addition, the adsorption mechanism of Co using PAC-CA6 can be
explained by chemical adsorption based on the results of the PSO
and Elovich model. The experimental results indicated that PAC-
CA6 has great potential as an ideal adsorbent for Co(II) removal
from aqueous systems.
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