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The mining and electroplating industries have resulted in the contamination of the environment with heavy metal. This has
resulted in a serious threat to the ecological environment and human health due to the presence of copper pollution. To
address this issue, extensive efforts have been made to develop effective methods for removing contaminants, particularly heavy
metal, and Samanea saman (SS) was selected as precursor production of activated carbon. Therefore, this study is aimed at
investigating Samanea saman-activated carbon (SSAC) to remove copper from an aqueous solution. SS was chemically
activated by potassium carbonate and carbonized at 600°C for 5 hours, while SSAC was characterized by scanning electron
microscopy-energy dispersive X-ray (SEM-EDS), Fourier-transform infrared (FTIR), and proximate tests. Copper adsorption
on SSAC was evaluated by the Langmuir, Freundlich, Langmuir, Freundlich, Redlich-Peterson, Harkin-Jura, and Jovanovic
models. Pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion models were used to identify adsorption
process mechanism. SEM-EDS results presented that the pore of SSAC was heterogeneous, irregular in shape, and mesopore.
In addition, FTIR analysis identified the main functional groups present in SSAC as C-H, C-O-C, and C-O. The proximate test
conducted on SSAC determined the water content, volatile matter, ash content, and fixed carbon to be 0.61%, 22.26%, 9.77%,
and 67.97%, respectively. The results showed that SSAC exhibited exceptional performance with copper removal efficiency of
99.49% under an adsorbent mass of 0.25 g, a reaction time of 30 minutes, and a concentration of 10mg/L. Isotherm adsorption
of SSAC followed the Redlich-Peterson model with an adsorption capacity (Qm) of 0.663mg/g, correlation value (R2) of
0.9992, and pseudo-second-order pattern R2 = 0:9997. Therefore, SSAC can be proposed as a potential and economical
biomaterial to treat heavy metal in wastewater.

1. Introduction

The surge in industrial growth over the past years can be
attributed to a substantial increase in waste generation. Spe-
cifically, wastewater generated by various industries contains
a range of metal. The mining, electroplating, and textile
sectors are among the industries responsible for metal pro-
duction, particularly copper (Cu). The recent increase in
electronic products driven by the demand for advanced
technology has led to a significant rise in the inclusion of
metal, such as copper in their composition. Consequently,

the scope of copper wastewater, containing Cu within indus-
trial settings, is expanding accordingly. This metal can enter
aquatic ecosystems through natural processes and human
activities. It is released into the environment through erosion
and weathering of rocks, and it can also be carried by rain-
water from the atmosphere through natural means. On the
other hand, human activities contribute to the contamina-
tion through the discharge of industrial wastewater. Even
though metal is an essential mineral required in trace
amounts for various metabolic processes in organisms, its
high concentrations have toxic effects [1]. According to the

Hindawi
Adsorption Science & Technology
Volume 2023, Article ID 1911596, 19 pages
https://doi.org/10.1155/2023/1911596

https://orcid.org/0000-0002-7408-9672
https://orcid.org/0000-0002-4912-3349
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/1911596


Agency for Toxic Substances and Disease Registry in 2019,
copper is part of poisonous metal [2]. The poisoning can
have an acute impact or accumulation in the body of an
organism. Acute effects cause symptoms such as nausea,
vomiting, abdominal pain, hemolysis, necrosis, and seizures
and can result in death. The impact of this metal is chronic
and can accumulate in the liver, causing hemolysis [3]. In
Indonesia, there are numerous sources of organic and inor-
ganic pollutants, but the metal processing and metallurgy
sectors are mainly responsible for a substantial amount of
contaminants posing serious risks to the environment and
living beings. Furthermore, Indonesia is a leading producer
of minerals, including copper (smelter and refinery). A rise
in the number of metal industry has the potential to increase
the amount of pollutants to produced. It is crucial to control
copper levels in water through treatment before releasing it
into the environment tomitigate the emerging negative effects.

Several treatment methods for reducing the concentra-
tion of copper in water have been reported, such as using
composite hydrogel [4], ligand composite material [5], a
mixture of algae waste-bentonite [6], natural zeolite [7],
and hybrid fiber SiO2-MgO [8]. Most of these techniques
can be challenging to synthesize and expensive to produce,
and the chemical compounds employed may generate waste
as a by-product. In addition, the other various methods such
as chemical precipitation, flocculation, membrane filtration,
electrochemical treatment, and photocatalysis have similar
challenges.

Alternatively, the utilization of adsorption method
employing activated carbon can be considered, owing to its
reliance on easily obtainable raw materials, straightforward
manufacturing process, and cost-effectiveness. Adsorption
exhibits numerous advantages over alternative approaches in
the context of eliminating inorganic contaminants, including
enhanced removal capacity even at lower concentrations [9].
Several studies have been conducted on producing activated
carbon from natural materials, such as rice straw [10], coconut
shells [11], betel nuts [12], and plant biomass [13]. Activated
carbon emerges as a promising candidate for various adsorp-
tion applications. Conventional adsorbent materials can be
modified to exhibit the characteristics, such as enhanced
porosity and surface area. This can be achieved through phys-
ical methods, where the material is subjected to carbonization
in the absence of oxygen [14]. Activated carbon can be pro-
duced from biomass materials sourced from cellulose, hemi-
cellulose, lignocellulose, and lignin compounds [15].

Samanea saman (SS) is a shade plant often found on the
road and belongs to the Fabaceae family scattered in the tro-
pics [16]. Previous results indicated that carbon content is
relatively high, making it a viable option as activated carbon
material. Several studies analyzed the elemental composition
of the seed fruit before treatment, showing significant carbon
of 56.41%, with nitrogen, hydrogen, and oxygen at 1.42%,
8.10%, and 33.11%, respectively. Another study explored
the production from Cassia fistula (golden shower), which
belongs to the same family as SS, namely, Fabaceae. Conse-
quently, it can be inferred that SS possesses substantial
potential as a raw material for the production of activated
carbon [17]. However, there was no inquiry into the poten-

tial and characterization of activated carbon used to remove
copper in an aqueous solution. This study observed adsorp-
tion effectivity of copper using biomass plants rarely devel-
oped from the Fabaceae family. SS was one of the new
alternative potentials used in heavy metal [13]. Samanea
saman-activated carbon (SSAC) was synthesized and dem-
onstrated for adsorption in copper aqueous. SSAC synthesis
was carried out using a high-temperature furnace with a
K2CO3 activator. K2CO3 was selected because it was more
environmentally friendly than acid or base activators.
Activated carbon characterization tests included surface pore
conditions, active groups, iodine number, and proximate
analysis. The batch study explored adsorption process under
various conditions, such as initial concentration, pH, adsor-
bent mass, and time. The study adsorption isotherm model
was the Langmuir and Freundlich isotherm representing a
model of adsorption with a monolayer [18]. Adsorption
isotherm served as a valuable tool for understanding the
dynamics of adsorption process and evaluating the efficacy of
the adsorbent in interacting with adsorbate [19], and Langmuir
and Freundlich isotherms were often used [20]. Adsorption
kinetics studies were carried out to determine the equilibrium
of adsorption process using pseudo-first-order and pseudo-
second-order models [21]. Based on the description, SSAC
has been investigated for the removal of copper. The effect of
operational parameters such as copper concentration, pH,
mass adsorbent, time, and adsorption isotherm was also exam-
ined to describe adsorption mechanism of copper using SSAC.
The limitation scope of this study was desorption study of
tested pollutants, as well as the binary and ternary adsorption
processes.

2. Material and Methods

2.1. Materials. Sodium hydroxide (NaOH), hydrochloric
acid (HCI), and potassium carbonate (K2CO3) were pur-
chased from Loba Chemie grade proanalysis. The solutions
were prepared from the ultrapure water system. The pH
meter from the ADWA AD1200 was used to measure the
pH of solutions. Copper stock solution of 1000mg/L in
ultrapure water was prepared using copper standard solu-
tion (Cu(NO3)2 and was purchased from Merck.

2.2. Activated Carbon Preparation. The preparation of acti-
vated carbon follows numerous steps. The Samanea saman
plant was discovered, and its fruit was collected on a Gresik
City sideroad. The fruit peel characterization is black color
and reasonably straight. Fruit peels were washed several
times and dried in the shade away from impurities. Further-
more, the fruit peel was dried in an oven at 80°C within 24
hours. Fruit peel was grounded and sieved to obtain a parti-
cle size of 0.25mm [13, 22]. S. saman peels were activated
through a chemical process with K2CO3 at a mass ratio of
3 : 1. S. saman peels were pyrolyzed at 600°C for 5 hours.
After pyrolysis, activated carbon was rinsed with HCl 0.1N
and washed with demineralized water until pH neutral.
The activated carbon stock was stored in a closed dry dark
bottle at room temperature standard with a humidity of
45%-65% [22].

2 Adsorption Science & Technology



2.3. Batch Adsorption Experiments. In this study, the adsorp-
tion process used a batch system. The experiment occurred
in duplicate with various variables such as pH (4, 7, and 9),
concentration (10mg/L, 20mg/L, 30mg/L, and 40mg/L),
and activated carbon mass (0.01 g, 0.25 g, 0.5 g, 0.75g, and
1.0 g). The samples were stirred for 90 minutes at a speed of
180 rpm. The filtrate was analyzed to determine copper con-
centrations contained in the aqueous solution that had been
adsorbed. The concentration value test will be carried out
using a spectrophotometric tool using the APHA method,
Method 3111 B: 2017. Equilibrium copper concentrations
were determined using an atomic absorption spectrophotom-
eter, the Perkin Elmer AAnalyst 300 with an air-acetylene
flame. The adsorption efficiency (%) of copper was calculated
by the equation.

A %ð Þ = Co − Ce
Co

× 100%: ð1Þ

The symbols used in the equations for adsorption removal
percentage are initial and final concentrations (inmg/L) repre-
sented by Co and Ce, respectively.

2.4. Activated Carbon Characterizations. This study deter-
mined the physicochemical characteristics of SSAC. Proxi-
mate analysis was carried out according to the ASTM
D7582-10. The results are presented in terms of water con-
tent, volatile content, fixed carbon, and ash contents. In this
study, the adsorption capacity of activated carbon was ana-
lyzed using the iodine number. Iodine adsorption used the
sodium thiosulfate volumetric method.

The iodine number can reasonably approximate active
carbons’ surface area and microporosity [23].

The surface morphology of the adsorbent investigated was
analyzed using scanning electron microscopy (Hitachi Flex-
SEM 1000). It also provides information about the structure,
i.e., the porous adsorbent. The surface functional groups
of SSAC were analyzed using Fourier-transform infrared
(FT-IR) spectroscopy (Perkin Elmer Spectrum Two).

2.5. Statistical Analysis. All experiments were carried out in
duplicate. The adsorption equilibrium model could be deter-
mined based on the linear coefficient of determination (R2)
value and supported by the statistical test of nonlinear Chi-
square (χ2). The value of R2 is obtained on the graph of
the adsorption isotherm equation, and the adsorption order
rate equation then determines the highest near 1.

χ2 =〠
qe,exp − qe,cal
� �2

qe,cal
, ð2Þ

where qe,exp (mg/g) is the adsorption capacity at equilib-
rium and qe,cal (mg/g) the adsorption capacity determined
from the adsorption model.

3. Results and Discussion

3.1. SSAC Proximate and Iod Number Analysis. The proxi-
mate analysis of S. saman-activated carbon (SSAC) and
commercial-activated carbon (CAC) is presented in Table 1.

Moisture content refers to the quantity of water present
in a material. The analysis of water content in SSAC-
activated carbon and CAC yielded a value of 0.61% and
1.73%, respectively. It is worth noting that high water con-
tent can have an impact on the hygroscopic characteristics
of activated carbon. In contrast, a lower moisture content
indicates a reduced amount of residual water covering car-
bon pores [24].

Ash content refers to the residual minerals that evapo-
rate during the carbonization process. The analysis showed
that SSAC and CAC had an ash content of 9.77% and
9.94%, respectively. Ash content plays a significant role in
determining the quality of activated carbon, and a high
amount can lead to the closure of pores, resulting in a
reduced carbon surface area [25].

The analysis purpose of volatile substance levels is to
determine the content of compounds that can evaporate at
heating to 950°C. At heating above 900°C, elements such as
nitrogen and sulfur can evaporate due to their volatile
nature. The analysis showed that SSAC-activated carbon
and CAC had volatile substance levels of 22.26% and
27.56%, respectively. Elevated levels of these substances indi-
cated the presence of noncarbon compounds attached to
carbon surface, particularly hydrogen (H) and oxygen (O)
elements. These elements were bound firmly to the carbon
surface in the form of CO2, CO, CH4, and H2 [26].

Fixed carbon is the amount of pure carbon contained in
a sample used to determine the value of material. Mean-
while, bound carbon is calculated based on the value of
volatile substances and ash content. The calculation results
reported SSAC-activated carbon and CAC of 67.97% and
62.50%, respectively [24].

The iodine number is the defined amount of iodine
absorbed by 1 gram of adsorbent. It can be used to estimate
the area of exposure and porosity of activated carbon. From
analytical results, the iodine number from each SSAC and
CAC-activated carbon were 996.8mg/g and 760.4mg/g,
respectively. The iodine number of SSAC was higher than
commercial CAC; hence, it had a better porosity [23, 27].

3.2. Morphological and Functional Analysis. Morphological
characterization was performed using SEM-EDS. SEM can
analyze the surface of a material structure and provide
microstructure information of a material, including mor-
phology, texture, and crystallography. The instruments are
also supported by EDS analysis (Figure 1) to obtain the
microphysical condition of material structure and related
information from the element in a material [28].

The surface morphology result is shown in Figure 1.
SEM results presented that the surface morphology of SSAC
was heterogeneous and irregular with sponge-like pores. The
structure of a porous surface, such as a sponge, was expected
to increase the outer surface of the adsorbent to increase
adsorption capacity. These pore structures were obtained
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due to the evaporation of activator K2CO3 during the pyrol-
ysis process.

The surface condition of SSAC before adsorption
(Figure 1(a)) was discernible, with numerous unfilled pores
visible. However, in SSAC after adsorption (Figure 1(b)),
there was a noticeable increase in the number of particles
adsorbed onto the surface and within the pores. Addition-
ally, the spectrum analysis presented the presence of a cop-
per metal signal on the SSAC sample after adsorption.

FTIR analysis was used to determine active functional
groups in a material. This functional group played a vital
role in the adsorption of activated carbon cystitis. The
functional group also affected the adsorption activity of the
adsorbent. The samples carried out by FTIR analysis were
SS material before activation and adsorption, as well as after
adsorption. FTIR analysis results are shown in Figure 2.

FTIR analysis on SS powder denoted a vibrational (O-H)
hydroxyl bond at wave absorption of 3277.60 cm-1. The
aromatic C=C bond stretch was established at a wave
absorption of 1404.94 cm-1 and strengthened by C-H bond
stretch vibration at 2921.81 cm-1 [29]. The infrared spectrum
of SS powder also denoted the presence of a stretch carbox-
ylic bond (C=O) at wave absorption of 1614.36 cm-1, and the
C=O group was a characteristic of a flavonoid compound
[30]. The C-O group and C-O-SO3 bond were at a wave
absorption of 1032.76 cm-1 and 865.05 cm-1, respectively.
The bond of CH2 aliphatic alkane was demonstrated at a
wave absorption of 776.52 cm-1 [21]. From the analysis
results, the infrared spectrum of SS contained active
functional groups O-H, C=C, C-H, C=O, C-O, C-O-SO3,
and CH2.

The functional group shown on SSAC was a C-H bond
at a wave absorption of 2973.22 cm-1. The infrared spectrum
at wave absorption of 1054.87 cm-1 has a sharp peak, typical
for C-O-C bonds on cellulose or polysaccharides [21]. Fur-
thermore, the C-O cluster was also identified at a wave
uptake of 1033.26 cm-1. From the infrared spectrum analysis,
SSAC had active functional groups C-H, C-O-C, and C-O.

Samples of FTIR analysis for SSAC after adsorption pre-
sented C-H bonds at an adsorption wave of 2973cm-1. The
sharp spectrum at wave number 1054.87 cm-1 showed the
vibration of the C-O-C bond. At wave number 1033.26 cm-1,
a sharp peak indicated the vibration of the C-O bond. There-
fore, the functional groups obtained from the IR spectrum
analysis on SSAC after adsorption were C-H, C-O-C, and
C-O. The spectrum comparison of the three samples can
be listed in Table 2.

From Table 2, it was found that the functional group
changed between SS powder and SSAC. This happened

because several functional groups, such as O-H, C=O, and
C-OH, evaporated into CO2, CO, and H2O during carboni-
zation process. The mechanism of carbonization reaction
can be illustrated in Figure 3.

Functional groups on SSAC before and after impregna-
tion showed almost the same IR spectrum pattern. However,
the peak transmission intensity of SSAC after impregnation
was smaller than SSAC after conducting further analysis.
This decrease or change was due to the presence of analyte
adsorption activity by activated groups on the surface of
activated carbon [21]. The presence of this activity caused
the free active group to decrease, decreasing the transmis-
sion value. The adsorption mechanism of Cu2+ ions on the
active groups of activated carbon is illustrated in Figure 4.

3.3. Effect of Concentration. An aqueous concentration is one
of the most critical factors during adsorption. The effect of
initial concentration on copper adsorption was studied for
90 minutes at each initial concentration (10-40mg/L). The
copper solution was placed in contact with a mass of acti-
vated carbon 0.5 g and stirred at 180 rpm. According to
Figure 5, SSAC depicted the optimum adsorption concentra-
tion at 10mg/L with an average removal of 98.32%. Adsorption
ability was decreased with an average removal of 73.94%,
53.4%, and 46.93% in the concentration of 20mg/L, 30mg/L,
and 40mg/L, respectively. In line with SSAC, CAC indicated
the optimum adsorption concentration at 10mg/L with an
average removal of 61.91%. Adsorption ability was decreased
with an average removal of 39.30%, 28.27%, and 27.3% in the
concentrations of 20mg/L, 30mg/L, and 40mg/L, respectively.

The large structure of internal pores consisting of
macropores, mesopores, and micropores influences an
adsorbent’s adsorption authority. Furthermore, the pore vol-
ume and size distribution on the surface of activated carbon
were related to adsorption capacity [13]. Figure 5 indicated
that SSAC had a higher adsorption ability than CAC in all
concentrations. The results of testing also supported that
the iodine number of SSAC was more remarkable than CAC.

The adsorption capacity of activated carbon demon-
strated a decrease corresponding to the rising copper con-
centration. This decline was attributed to the saturation of
the surface, and when the adsorbent reached the saturation
point, the concentration remained unchanged or decreased
[31]. Activated carbon adsorption process dissolved on a
heterogeneous monolayer surface [32]. In the monolayer
adsorption process, adsorption probability on the surface
layer decreased when activated carbon surface was saturated
or completely covered. In this condition, the absorption
capacity of the adsorbent had reached its maximum limit,
and the removal process decreased as the analyte concentra-
tion increased.

3.4. Effect of pH. One of the crucial factors affecting the
interaction of substances is pH. The effect of pH is carried
out in various pH conditions (4, 7, and 9) at a stirrer speed
of 180 rpm for 90 minutes. The analytical results of the per-
cent removal of copper are presented in Figure 6. It can be
seen from the figure that the percentage removal slightly
increases with the increase in pH. Copper adsorption using

Table 1: Proximate analysis of S. saman-activated carbon and
commercial-activated carbon.

No. Proximate analysis (wt%) SSAC CAC

1 Moisture 0.61 1.73

2 Ash 9.77 9.94

3 Volatile 22.26 27.56

4 Fixed carbon 67.97 62.50
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Element Weight % Ar Atomic %
C K 66.23 12 72.35
N K 10.98 14 10.28
O K 19.90 16 16.3
Mg K 0.29 24 0.16
P K 0.31 31 0.13
Cl K 0.49 35.5 0.18
K K 1.13 39 0.38
CaK 0.67 40 0.22

17.1 K
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(a)

Element Weight % Ar Atomic %
C K 63.18 12 70.01
N K 11.98 14 11.39
O K 19.76 16 16.44
Na K 0.47 23 0.27
Mg K 0.43 24 0.24
Al K 0.53 27 0.26
Si K 0.36 28 0.17
P K 0.75 31 0.32
Cl K 0.29 35.5 0.11
K K 1.29 39 0.44
CaK 0.72 40 0.24
Cu K 0.24 63.5 0.05

76.5 K

68.0 K
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(b)

Figure 1: SEM-EDS result of SSAC activation (a) before adsorption and (b) after adsorption.
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Figure 2: Continued.

6 Adsorption Science & Technology



SSAC is higher than CAC. The percentage of copper
removal with SSAC at pH4, 7, and 9 tends to increase at
98.75%, 98.75%, and 99.81%, respectively. The percentage
of copper removal in CAC has increased along with an
increase of pH in 84.44%, 85.85%, and 90.87%, respectively.

The pH has dual effects on metal sorption, influencing the
solubility and speciation of metal ions in solution, as well as the
overall charge of the sorbent. The acidity level can alter the res-
onance of bonds (single or double) in the active groups present
on the surface of activated carbon. Consequently, variations in
pH can impact the reaction kinetics and the equilibrium point
during adsorption process. In an acidic environment, the active
groups on the adsorbent surface are subjected to protonation in
response to the presence of H+ ions [33]. In an acidic atmo-
sphere, the process of adsorption of metal can occur because
this metal dissolves as cations to be well adsorbed. However,
when the charge and the protonation adsorbent surface are
positively charged, there will be a repulsive reaction competi-
tion between the H+ ion and positively charged metal ions [34].

In alkaline conditions, OH- ions deprotonate the active
group on the adsorbent surface and form negative ions. Pos-
itively charged metal ions are attracted to the adsorbent sur-
face to increase the adsorption process. However, metal in
an alkaline atmosphere experience a decrease in water and
precipitate as a hydroxide. A decreased copper metal con-
centration in an alkaline atmosphere can occur due to
adsorber or precipitating in Cu(OH)2[33]. The Distribution
of Cu(II) species as a function of pH is illustrated in Figure 7.

Under neutral conditions, H+ and OH- ions are at an
equilibrium point. Therefore, the competition of H+ ions
and deposition of metal due to reacting with OH- are rela-
tively small. Positively charged metal ions can interact on
the surface of adsorbents containing carbon atoms binding
to oxygen. Furthermore, oxygen elements with two pairs of
free electrons are more likely to be negatively charged to
interact with positively charged elements.

The degree of acidity significantly affects functional
(active) groups such as C=OOH, -CHO, and -OH. The

99,3
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99,0

98,8

98,6

98,4

98,2

98,0

%
T

97,8

97,6

97,4

97,2
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Cm–1
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97,1

(c)

Figure 2: FTIR spectra of (a) Samanea saman powder, (b) SSAC before adsorption, and (c) SSAC after adsorption.

Table 2: Chemical bonding in Samanea saman material.

Bond
Peak wave absorption (cm-1)

SS powder SSAC SSAC impregnated
λ (cm-1) A∗ λ (cm-1) A∗ λ (cm-1) A∗

O-H 3277.60 0.0807 — — — —

C-H 2921.81 0.0597 2973.22 0.0343 2973.0 0.032

C=O 1614.36 0.0648 — — — —

C=C 1404.94 0.0273 — — — —

C-O-C — — 1054.85 0.0608 1054.87 0.0255

C-O 1032.76 0.1529 1033.24 0.0620 1033.26 0.0240

C-O-SO3 865.05 0.0853 — — — —

C-H2 776.52 0.0945 — — — —
∗Adsorption (A = 1 − T%).
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mechanism of ion change on the side of the active group under
acidic, basic, and neutral conditions can be illustrated in
Figure 8. In addition to the active functional groups on the
adsorbent surface, pH affects the solubility of metal in water.
Cu(OH)2 precipitates begin to form when the pH rises above
7. Therefore, in the adsorption process under alkaline condi-
tions, it is difficult to determine whether metal concentration
is reduced due to adsorption or the deposition process.
Following the results, the optimum working conditions for
the Cu adsorption process are at range of pH2–6 [35].

3.5. Determination pH Point Zero Charge. The pH at the
point of zero charge (pHZPC) represents a state where the
surface of a material is electrically neutral. The pHpzc is
determined by the point of intersection between the initial
and final pH curves [36]. The pHZPC value of SSAC and
CAC- activated carbon is shown in Figure 9.

Figure 9 shows that the pHZPC for SSAC and CAC are
7.56 and 7.35, values greater than the optimum pH. This
ZPC value indicates that SSAC and CAC adsorbents tend
to have a positive charge. Adsorbents possessing a positive

C = O

COH

OH

K2CO3

Heat 600° C + CO + CO2+ H2O + Tar

Biomass Gas + TarActivated carbon

O O

Figure 3: Illustration of the activated carbon synthesis mechanism (author’s original image illustration).

Activated carbon Activated carbon + [Cu2+]

Cu2+

O O [Cu2+]

Figure 4: Illustration of Cu2+ ion adsorption mechanism (author’s original image illustration).
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Figure 5: Effect of initial concentration on the adsorption of copper onto SSAC and CAC (adsorbentmass = 0:5 g; pH = 4, agitation
speed = 180 rpm; time = 90minutes).
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charge guarantee their adeptness in adsorbing the adsorbate
below the pH of optimal adsorption [37].

3.6. Effect of Adsorbent Mass. The effect of adsorbent mass
on copper adsorption ability is shown in Figure 10. The
copper adsorption using SSAC is higher than CAC. The
adsorption ability of SSAC has increased in an amount of
0.05 g, 0.10 g, and 0.25 g with a removal percentage of
90.45%, 97.46%, and 99.49%, respectively. Meanwhile, the
removal is relatively stable at the mass of 0.5 g, namely
99.45%, and has decreased slightly at 0.75 g and 1 g with
99.23% and 99.25%, respectively. The adsorption ability of
CAC increased at levels of 0.05 g, 0.10 g, and 0.25 g with a
removal of 74.44%, 80.84%, and 85.49%, respectively. At
levels of 0.5 g, 0.75 g, and 1 g, the removal decreased by
85.13%, 84.13%, and 84.99%, respectively.

The effect of mass on the removal of copper shows a ten-
dency to decrease the level of adsorption as the number of
mass administered increases. An excessive quantity of adsor-
bent mass results in the overlapping of certain active areas
within the adsorbent. This overlapping effect hinders the
effective dispersion and maximal adsorption of metal ions
by a particular active area of the adsorbent [13, 38]. Adding
higher mass to the adsorbent can cause aggregations that
reduce the area of the active site of the adsorbent, resulting
in a decrease in adsorption capacity [13, 39].

3.7. The Effect of Time. The suitability of adsorption equili-
bration is affected by contact time. The effect of contact time
on the adsorption efficiency of copper onto SSAC and CAC
increased from 0.5 to 30min, as presented in Figure 11. Cop-
per adsorption was insignificant after 15 minutes, and the
process reaches the equilibrium at 15min for both SSAC
and CAC. As shown in Figure 11, the adsorption of SSAC
reaches equilibrium faster than CAC.

The adsorption ability of each activated carbon is signif-
icantly improved at the beginning time. Therefore, there are
many pores and activated areas on carbon surface that have
yet to be filled by adsorbates. In a longer contact time, the
capacity runs more constantly due to the increase in adsor-
bate saturation of the active area of the adsorbent [40]. From
the time of optimization treatment, the adsorption process
occurs in the fast and slow stages. The fast or initial stage
is where adsorption process increases significantly, while
the slow stage is when the adsorbent and adsorbate are at
equilibrium. At this stage, the adsorption power of the
adsorbent against the adsorbate has reached the saturation
point [40].

3.8. Adsorption Isotherms. The analysis of adsorption iso-
therms is fundamental to describing activated carbon perfor-
mance in the solute process of some adsorbent masses. The
purpose is to explain how adsorbent interacts with adsorbate
and describe the magnitude of adsorption capacity. The
study is modeled on Langmuir, Freundlich, Redlich-Peter-
son, Harkin-Jura, and Jovanovic Iiotherm [41]. Langmuir
isotherms define the maximum capacity an adsorbent can
occur due to a single layer of adsorbate above the adsorbent
surface. The calculation of this isotherm is conducted
according to the equation below [42].

Ce
Qe

=
1

Qm
:Ce +

1
KL:Qm

, ð3Þ

where Ce is copper concentration at equilibrium (mg/L), Qe
is adsorption capacity of copper at equilibrium (mg/g), KL is
the equilibrium constant of Langmuir adsorption isotherm,
and Qm is the saturated adsorption capacity (mg/g).

The isotherm graph has 1/Qe on the y-axis and 1/Ce on
the x-axis; hence, the linear line equation (y = bx + a) deter-
mines Qm and KL values; Qm value is 1/a, while KL is the
1/b. Qm value. From the equation, Langmuir can explain
the type of its isotherm by calculating the separation factor
(RL), with the following equation [39].

RL =
1

1 + KLCo
: ð4Þ

There is an optimum copper concentration where KL is
the Langmuir constant and Co. The adsorption can occur lin-
early or irreversibly when RL = 1 or RL = 0. The adsorption is
either unfavorable or favorable when RL > 1 or 0 < RL < 1,
respectively [41].

Freundlich’s decree describes the bond between adsorbate
and adsorbent obtained from testing or laboratory study. To
obtain the values of the provisions Kf and 1/n, it is necessary
to create a linear line for the following equation [42].

Log Qeð Þ = LogKf +
1
n
LogCe: ð5Þ

The Freundlich isotherm model can also explain
whether adsorption is favorable, unprofitable, or irreversible
using n. Generally, when 2 < n < 10, 1 < n < 2, and n < 1,
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Figure 6: Effect of pH on percentage removal of copper by SSAC
and CAC (initial concentration 10mg/L; adsorbent mass 0.5 g;
agitation speed 180 rpm; time 90 minutes).
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the sorption characteristics are good, moderately difficult,
and poor [21, 43].

The Redlich-Peterson isotherm is a mix of Langmuir and
Freundlich. The numerator is from the Langmuir isotherm
and has the benefit of approaching the Henry region at infi-
nite dilution [44, 45]. This model is an empirical isotherm
incorporating three parameters and combining elements
from both the Langmuir and Freundlich equations. There-
fore, the mechanism of adsorption is a mix and does not fol-
low ideal monolayer adsorption [44, 45]. The linear equation
of the Redlich-Peterson isotherm model:

Ln
Ce
Qe

= βLnCe − LnA: ð6Þ

The value of the Redlich-Peterson constant (β) is
obtained by making a linear curve LnCe/Qe as the Y-axis
and LnCe as the X-axis. The slope value of the linear equa-
tion is the Redlich-Peterson constant (β) [37].

The Harkin-Jura isotherm describes the process taking
place on the surface of an adsorbent as multilayer adsorp-
tion. This phenomenon occurs due to the presence of a het-

erogeneous pore distribution within the adsorbent [44, 46].
Figure 12(b) illustrates the multilayer adsorption process.
The linear equation of the Harkin-Jura isotherm model can
be expressed as follows:

1
Qe2

= −
1
A
Log Ce + B

A
: ð7Þ

A and B are the Harkin-Jura constants, which possess
specific values depending on the adsorbent and adsorbate
systems under consideration. The calculation of the constant
value is obtained from the value of the graph slope 1/Qe2
versus Log Ce.

The Jovanovic model has the same assumptions as the
Langmuir which proposes monolayer adsorption on a
homogeneous solid surface. However, the model also con-
siders the possibility of mechanical contact between adsorbed
and desorbed molecules. The linear equation of the Jovanovic
isotherm model can be expressed as follows:

LnQe = −K fCe + LnQmax: ð8Þ
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The Kf value is a Jovanovic isotherm constant, obtained
from the slope value of the linear regression curve LnQe ver-
sus Ce.

The best adsorption isotherm model is determined by
analyzing the coefficient of determination (R2) because this
analysis can measure the distribution of adsorbate, analyze

the adsorption system, and verify the consistency of the
model. The grouping results of Cu2+ ion adsorption iso-
therm modeling using SSAC and CAC are shown in
Figure 13, and the calculated data are presented in Table 3.

Based on the five models performed, the best coefficient
of determination (R2) for Cu2+ ion adsorption is 0.9992
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Figure 10: Effect of adsorbent mass on the adsorption of copper onto SSAC and CAC (initial concentration 10mg/L; pH = 7, agitation
speed = 180 rpm; time = 90 minutes).
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SSAC and 0.9815 CAC. SSAC and CAC-activated carbon have
the best model fit on the Redlich-Peterson adsorption isotherm.
Furthermore, the Redlich-Peterson is a composite adsorption
isotherm model that combines Langmuir, Freundlich, and
Henry. This model offers a broader range of applicability in
representing adsorption equilibrium across various concentra-
tions. The adsorption mechanism observed using the Redlich-
Peterson model is a mixture, deviating from the ideal mono-
layer adsorption mechanism [44].

In the Redlich-Peterson equation, there are parameters A
and B as a constant and indexes of heterogeneity, with a
value range of 0-1. In addition, when the value of β = 1 or
close to 1, β > 1 or far exceeds 1, and β = 0, the isotherm is
simplified to the Langmuir, Freundlich, and Henry isotherm
[44]. Based on the calculation data presented in Table 3, the
Redlich-Peterson (A) constant values for SSAC and CAC are
determined as 2.0534 L/g and 5.7495 L/g, while the values of
β are 0.8761 and 0.7533, which are close to 1. This indicates
that the isotherm model can be simplified to the Langmuir
Isotherm, implying a non-ideal monolayer adsorption process.
The simplified model can be applied to homogeneous and
heterogeneous systems due to its versatility. Figure 12(a)
illustrates the monolayer adsorption process. According to the
model, the adsorption capacity (Qm) can be determined based

on the Langmuir isotherm. The calculated values for Qm are
0.663mg/g and 0.409mg/g for SSAC and CAC, respectively.

The calculation of the Chi-Square and error function is
performed to evaluate the suitability of the model with actual
conditions. Calculation of the χ2 value in the Redlich-
Peterson isotherm model for activated carbon SSAC and
CAC obtained 0.0038 and 0.0094, where χ2

count < χ2
table.

Therefore, there is no significant difference between the
model and experimental results. The MSE and RMSE calcu-
lations show a very small value, and the model created has
an insignificant error value.

3.9. Adsorption Kinetics. The kinetic process is the rate of
change in the concentration of interacting materials. In a
chemical reaction, the reaction rate demonstrates the veloc-
ity at which a reactant transforms into a product within a
specified timeframe. However, in physical processes, such
as adsorption, the interactions only involve the migration
of a molecule or element from a less stable to a more stable
region under the influence of van der Waals and electrostatic
forces. van der Waals forces can explain the physical interac-
tion between molecules or elements. In this study, the
correlation of experimental data is analyzed with pseudo-
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Figure 11: Effect of time on the adsorption of copper onto SSAC and CAC (initial concentration 10mg/L; pH = 7, agitation speed = 180
rpm; adsorbentmass = 0:25 g).
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first-order, pseudo-second-order, Elovich, and Intraparticle
diffusion adsorption kinetics models.

The pseudo-first-order equation is expressed as follows:

dQt

dt
= k Qe −Qtð Þ: ð9Þ

Integrating the equation concerning the given boundary
conditions (t = 0, Qt = 0 and t = t, Qe =Qt) yields the follow-
ing formula [21]

ln Qe −Qtð Þ = −k:t + ln Qe: ð10Þ

Which can be rearranged in a nonlinearized form [47]

Qt =Qe: 1 − e−k:t
� �

: ð11Þ

From equation (6) (linear equation), the values of Qe and
Qt are adsorption capacity at equilibrium and time t (mg/g),
K1 apparent pseudo-first-order rate constant (minutes -1)
adsorption process, and t is adsorption contact time
(minutes). The values of Qe and K1 are obtained by plotting
ln ðQe −QtÞ versus t, with k1 = slope and ln Qe = intercept.

The pseudo-second-order equation can be expressed as
follows [21]:

dQt

dt
= k: Qe −Qtð Þ2: ð12Þ

Integrating the equation concerning the given boundary
conditions (t = 0, Qt = 0 and t = t, Qe =Qt) yields the follow-
ing formula [21]:

Qt =
k2:Q

2
e :t

1 + k2:Qe:t
: ð13Þ

Then the equation above can be used as a basis for mak-
ing a linear regression curve

t
Qt

=
1
Qe

:t +
1

k2:Q
2
e

: ð14Þ

The regression curve is plotted t/qt and t as y-axis and
x-axis. From the regression curve, the value 1/Qe is obtained
as 1/k2:q2e to calculate K2 value.

The Elovich rate equation is based on the adsorption
capacity of an adsorbent and is used to depict the chemi-
sorption kinetics of gases on heterogeneous solids. However,
due to its limiting property of not capturing the slow kinetics
of adsorption processes, the Elovich model is quite restricted
in usage [21]. The Elovich model can be expressed as
follows:

dQt

dt
= αe e −βeQtð Þ, ð15Þ

where α is adsorption rate, β is the desorption constant, t is
time, and Kt is a constant rate. After integrating the equation
with the given conditions, t = 0, Qt = 0 and t = t, Qt =Qt , the
resulting equation is as follows:

Qt =
1
βe

Ln αeβeð Þ + 1
βe

Lnt: ð16Þ

Therefore, a linear plot of Qt against Ln t can be made,
with a slope of 1/βe and an intercept of ð1/βeÞLn ðαeβeÞ.

The intraparticle diffusion model is used to understand
the mechanism of diffusion involved in adsorption process
[21]. Initially, the adsorbate molecules can migrate into the
adsorbent surface from the bulk solution. These molecules
further diffuse into the interior part of the adsorbent pore.

Table 3: Isoterm Langmuir and Freundlich in SSAC and CAC.

Isoterm Parameters SSAC CAC

Langmuir

Qm (mg/g) 0.663 0.409

KL (L/mg) 8.659 0.389

R2 0.931 0.8509

RL 0.003 0.0604

χ2 0.1169 0.029

MSE 0.0145 0.0584

RMSE 0.1204 0.2417

Freundlich

Kf (mg/g) (L/mg)1/n 0.487 0.1739

n 8.0775 4.0535

R2 0.9743 0.8959

χ2 0.0016 0.0005

MSE 0.0003 0.0008

RMSE 0.0165 0.0283

Redlich Peterson

A 2.0534 5.7495

β 0.8761 0.7533

R2 0.9992 0.9815

χ2 0.00378 0.00935

MSE 0.0015 0.0043

RMSE 0.0382 0.0654

Harkin Jura

A 0.4562 0.0856

B 2.1469 1.9793

R2 0.9844 0.9525

χ2 0.0699 1.0511

MSE 0.0343 0.5070

RMSE 0.1857 0.7121

Jovanovic

Qmax (mg/g) 0.4404 0.2322

Kf (mg/g) 0.0269 0.0207

R2 0.7419 0.9249

χ2 0.0196 0.0041

MSE 0.0098 0.0021

RMSE 0.0989 0.0453

χ2
ð1;0:05Þ = 3:841.
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Adsorption takes place at the pore end of the adsorbent,
while intraparticle diffusion occurs within the interior pores
of the adsorbent [48]. The intraparticle diffusion model is
given as follows:

Qt = Ktt
1/2 + C: ð17Þ

From equation (17), C is obtained as the intercept, and
the intraparticle diffusion rate constant Kt (mg g.min−0.5) is
the slope from the linear plot of uptake (Qt) versus the
square root of time (t1/2). The results of the regression curve
equation are presented in Figure 14.

Determining the most appropriate adsorption kinetic
model predictions is conducted by analyzing the (R2) of each

model. The correlation determination (R2) shows the close
relationship between points. Determining the model is per-
formed by plotting the curve of simple linear and non-
linear equations. Adsorption kinetic model curve equation
graph is shown in Figures 14 and 15 for linear and nonlinear
curves. Subsequently, the summary of the calculation results
is presented in Table 4.

The comparison between the four kinetic models of Cu2+

ion adsorption using SSAC- and CAC-activated carbon
shows that the pseudo-second-order linear curve model
exhibits the highest determination value. Specifically, the
determination values are 0.9997 and 0.9996 for SSAC and
CAC, respectively. In conclusion, adsorption kinetics of
Cu2+ ions by activated carbon SSAC and CAC follow the
pseudo-second-order linear model. The Chi-square (χ2)

Table 4: The summary of the calculation results.

Isoterm Curve Parameters SSAC CAC

Pseudo-first-order

Linear curve

K1L 0.0633 0.0626

R2 0.5864 0.9479

χ2 1.5014 0.1193

MSE 0.2023 0.0161

RMSE 0.4497 0.1267

Nonlinear curve

K1NL 0.0588 0.0596

R2 0.8881 0.4763

χ 2 0.0007 0.0020

MSE 0.0005 0.0015

RMSE 0.0235 0.0382

Pseudo-second-order

Linear curve

K2L 6.48 2.49

R2 0.9997 0.9996

χ2 <0.0001 <0.0001
MSE 0.0087 0.1956

RMSE 0.0933 0.4423

Nonlinear curve

K2NL 6.23 2.24

R2 0.9978 0.7761

χ2 <0.0001 <0.0001
MSE 0.00001 0.0006

RMSE 0.0033 0.0249

Elovich Linear curve

α 86.272 65.25

R2 0.7415 0.9592

χ2 0.0018 0.0002

MSE 0.0013 0.0001

RMSE 0.0358 0.0106

Interparticle diffusion Linear curve

Kt 0.0233 0.0224

R2 0.7229 0.3657

χ2 0.0044 0.0011

MSE 0.0032 0.0007

RMSE 0.0562 0.0278

χ2
ð1;0:05Þ = 3:841.
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statistical test also reinforces this result, which gives the
smallest result. In the Chi-square test, the smaller value
χ2

count indicates that the model compatibility with the exper-
iment is improved. The calculation of error factor values,
specifically MSE and RMSE, supports the observation that
the utilized model exhibits minimal errors. These values
indicate that the error of model is negligible and does not
possess any significant deviation from the expected results.

The pseudo-second-order model is developed from metal
adsorption experiments on solid materials. This is based on
the assumption that divalent metal ions are adsorbed physical
or chemical stage through sharing or exchanging electrons of
metal ion compounds and the adsorbent. Therefore, adsorp-
tion capacity is proportional to the number of active sites on
the surface of the adsorbent [49].

SSAC adsorption process speed is greater than CAC as
seen from the value of the reaction rate constant in the linear
graph equation, where KL2 SSAC is greater than KL2 CAC. The
adsorption rate of the analyte is affected by the speed of the
initial diffusion process of the particles on the surface of the
adsorbent. The wider adsorbent surface allows the diffusion
process to run faster and evenly. The graphical calculation of
initial diffusion values for SSAC and CAC-activated carbon
yields a value of 4.125mg/g.minute and 1.168mg/g.minute,
respectively. Meanwhile, initial diffusion values are calculated
from 1/k2:q2e or 1/intercept linear graph [50].

A study on removing copper in solution has been carried
out with various raw materials, activators, and other optimi-
zations. In comparison to previous studies, activated carbon
derived from SSAC demonstrates a notable improvement in
the percentage of copper removal. The findings indicate that
the optimum conditions encompass a shorter contact time,
an optimal pH, and an increased efficiency in terms of the
mass of adsorbent used. A comparison of the allowance
percentage with previous studies is shown in Table 5. Using an
environmentally friendly K2CO3 activator and carbonization-
activation process can be an alternative for making activated
carbon more energy efficient.

4. Conclusion

In conclusion, activated carbon derived from biomaterial
through thermal and chemical activation processes was suc-
cessfully investigated. Potassium carbonate (K2CO3) with a
mass ratio (1 : 1) was used in the chemical activation of

SSAC, and carbonization was carried out at 600°C for 5 h.
Scanning electron microscopy and Fourier transform infra-
red spectroscopy results show a porous structure with differ-
ent functions on the surface of SSAC. The authenticity of the
study denoted that exploiting SS as a prominent but disre-
garded greening plant had been successfully performed. This
was because adsorption performance of SSAC was better
than CAC and adsorption isotherm was fitted with the
Redlich-Peterson model. Furthermore, the kinetic modeling
of copper adsorption on SSAC followed the pseudo-second-
order. SS should be considered and proposed as a green
alternative to commercial adsorbents for heavy metal waste-
water. This study also highlighted the potential value of
natural resource byproducts, such as SS, for the production
of activated carbon. Other parameters, including tempera-
ture and reactor type, as well as the binary and ternary
adsorption of tested pollutants, were examined for further
investigation.
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