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Heavy metal Cd*" ions are dangerous pollutants in water and
ecological systems if they exceed the quality standard threshold.
Cassava peel has a reasonably high carbon element content,
59.31% (w/w), so it can be used as an activated carbon to break
down Cd?" metal ions in water. This research aims to determine
the kinetic model and adsorption isotherms of Cd?* ions using
Cassava Peel Activated Carbon (CPAC), which was chemically
activated with H3POa, determine the optimum pH and temperature
conditions for Cd*" ions adsorption and select the adsorption
capacity of Cd** ions using CPAC activated by H3PO4. CPAC is
made through a carbonization process at a temperature of 500 °C
for 1 hour. Next, it was impregnated with H3POa at a concentration
of 30 % with a ratio of 1:5 (w/w) for 24 hours and physically
activated at 600 °C for 1 hour. Based on research, kinetic model
and adsorption isotherms of Cd?' ions using CPAC started by
H3PO4 following Pseudo-Second-Order (PSO) kinetic model and
Freundlich isotherm, the optimum pH and temperature conditions
for Cd*" ion adsorption were obtained at pH five and temperature
25 °C. Thermodynamic parameters, such as Gibbs energy (AG®),
enthalpy (AH°), and entropy (AS°), have been evaluated and
indicate physical, spontaneous, and exothermic adsorption
processes. The adsorption capacity of Cd** ions using CPAC
activated by H3POs is 5.2219 mg/g.
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1.INTRODUCTION

The presence of heavy metals in the environment is a significant concern due to their toxicity to
many forms of life. Heavy metals will not degrade into harmless end products, unlike organic
pollutants, which are mainly susceptible to biological degradation [1]. Cd** ions are a transition metal
exhibiting "teratogenic, carcinogenic, and mutagenic" biological toxicity [2]. If the Cd*" ions enter
the body from the food chain, they can cause damage to the lungs, liver, kidneys, bones, reproductive
organs, immune and cardiovascular systems, and various other diseases [3]. One example of
cadmium pollution occurred in the upper reaches of the Jinzu River in Japan, which came from
mining waste. This cadmium pollution causes a disease known as "ltai-itai disease". It was reported
that 132 residents died as an impact of this pollution [4]. Several methods to reduce pollution from
heavy metals in aqueous solutions are chemical precipitation, conventional coagulation, osmosis, ion
exchange, ultrafiltration, and adsorption [5]. Compared to other methods, the adsorption method has
advantages, including relatively high efficiency and effectiveness, relatively simple management,
and does not cause negative impacts on the environment [6]. In previous research, Suprabawati et al.
(2018) [7], used cassava peel as active carbon, which was chemically activated with KOH 0.4 M and
had an adsorption efficiency of Pb*" metal ions of 98%. Research by Darmawati et al. (2019) [8]
studied the effect of differences in the mass of activated carbon from cassava peel, which was
activated using 2% NaOH for the adsorption of Mn?" metal ions, resulting in data that the addition
of 4 grams of activated carbon had the highest adsorption percentage until 92.33%.

Activated carbon is an adsorbent that can be used for adsorption, primarily metal ions. Using
natural materials to make activated carbon is recommended because it is relatively safe for the
environment, and the costs are cheap. An alternative activated carbon from raw materials that can be
used to overcome water pollution caused by cadmium metal ions (Cd*") is activated carbon from
cassava peel. Research by Schwantes et al. (2016) [9] used cassava peel as active carbon, which was
chemically activated with NaOH for the adsorption of Cd*" metal ions, resulting in an adsorption
capacity of 19.54 mg/g. In addition, a research compared the effect of activators H3POa, ZnCl,, NaCl,
Na,CO3, and KOH, as well as the effect of particle size on the quality of cassava peel-activated
carbon [10]. The H3PO4activator (2.44%) and 100 mesh particle size produce the best quality cassava
peel activated carbon with a water content of 3.5%, ash content of 7.5%, and the iodine number was
2537.71 mg/g. According to analysis, this cassava peel-activated carbon meets the active carbon
quality standards according to SNI No.06-3730-1995.

The degree of acidity or pH is one of the factors that influences the adsorption process using
activated carbon. The pH value effects the metal ion adsorption mechanism [11]. Research by
Hasrianti (2015) [12] carried out the adsorption of Cd** ions using cassava peel adsorbent at various
pH conditions, obtaining an optimum pH of 6.1 with the highest adsorption of Cd*"ions at 68.58%.
Another parameter that can influence the adsorption process is temperature. Based on adsorption
theory, the adsorption process decreases with increasing temperature, and the first adsorbed
molecules on the surface tend to be desorbed from the surface at high temperatures [13]. Research
by Kumar et al. (2010) [14] compared the effect of temperature on the adsorption of Cd** metal ions
using rice husk adsorbent; the results showed that adsorption decreased with increasing adsorption
temperature. Based on previous studies, the research about adsorption kinetics, isotherms, or
thermodynamics of adsorption of Cd* metal ions with cassava peel activated carbon activated by
H;PO4 with variations in temperature and pH has never been done. This research aims to determine
kinetic model and adsorption isotherms of Cd** ions using cassava peel activated carbon, which was
chemically activated with H;POs, determine the optimum pH and temperature conditions for Cd*"
ion adsorption and select the adsorption capacity of Cd*" ions using CPAC activated by H3PO..

2. EXPERIMENTAL METHODS

2.1. Tools and Materials

The equipment used includes an analytical balance with an accuracy of 0.1 mg (Ohaus PA214),
a balance with an accuracy of 0.01 g (Ohaus TAJ601), pH meter (Hanna HI 9812), furnace (vulcan
A-550), grinder (Philips), UV-Vis Spectrophotometer (PG Instruments T60), sieve (60 mesh),
volumetric flask, filter paper, beaker. The instruments used for sample characterization were an
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Infrared Spectrophotometer (FT-IR, Shimadzu Prestige 21, Gadjah Mada University) and Brunauer
Emmett Teller (BET, Quantachrome NOVA Instruments, Semarang State University).

The raw material in this research is cassava peel obtained from one of the food processing
industries in Salatiga. The chemicals used are H3PO4 (85%), NaOH, buffer pH of 7, C76Hs204s,
Cd(CH3CO0),-2H,0, NH4C1, NH4OH (25%), CH;COOH (100%), CH3COONa, each of which has
a pro-analysis grade that were purchased from Merck, Germany. Then, the distilled water was
obtained from the Chemistry Laboratory of Satya Wacana Christian University, Salatiga.

2.2.Research Procedures

2.2.1. Sample Preparation

The white cassava peel is separated from the dirt attached, washed with water, and cut into small
pieces (~ 4x4 cm). After that, the cassava peel was dried in the sun for two days. The cassava peel
was dried again in a dry cabinet at 60 °C for 24 hours. The dried cassava skin is ground using a
grinder and sifted (30 mesh) [15, 16].
2.2.2. Carbonization and Sample Activation

Cassava peel was carbonized using a furnace at a temperature of 500 °C for 1 hour. The resulting
carbon was impregnated using H;PO4 at a concentration of 30% with a ratio of 1:5 (w/w) for 24
hours. The results of the impregnation process are filtered and placed in an oven at 110 °C for 24
hours. The activated carbon obtained was then physically started using a furnace at a temperature of
600 °C for 1 hour; after that, the activated carbon was neutralized with 1 M NaOH and rinsed with
distilled water until pH 7. The final activated carbon was dried in an oven at 110 °C for 24 hours,
then sieved with a sieve (60 mesh) and stored [16].
2.2.3. Adsorption Kinetics

A weight of 10 mg of cassava peel activated carbon (CPAC) was added to 25 mL of a standard
Cd*'5 mg/L solution and stirred with a magnetic stirrer at room temperature for 10, 20, 30, 40, 50,
60, and 70 minutes [14]. Data plotting in kinetic model includes:

Pseudo-Second Order Kinetics:
t_ ! t + < ! > (1
de Qe kq?

The q; value is the amount of adsorbate adsorbed in unit time, and k is the equilibrium rate. The
plot used is t vs t/q:[17].
Elovich Kinetics:

1 1
gt = Eln(aB) + Elnt 2)

The q; value is the amount of adsorbate adsorbed at time t, o is the desorption constant, and 3 is
the initial adsorption rate. The plot used is In t vs q; [18].
Intra-Particle Model Kinetics:
qe = Kpvt +C )
K, is the diffusion rate constant (mg/g.min"?), q.is the adsorption capacity at time t, and C is the
intercept which shows the thickness of the boundary layer. The plot used is vt vs q; [19].
Bangham Kinetics:
Inq¢ = 9Int +1Ink 4)
The q; value is amount of adsorbate at time t, and k is the Bangham constant. The plot used is In
tvsIn q;[20].
2.2.4. Adsorption Isotherm
The adsorption isotherm study was carried out on 25 mL of standard Cd*" solution
concentrations of 6, 7, 8, 9, 10, 11, 12, and 13 mg/L added with 10 mg of CPAC and stirred with a
magnetic stirrer at room temperature. Plotting data in adsorption isotherm model, among others:
Langmuir Isotherm:
Ce 1 Ce

— = + —
Qe quL dm

)
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The C. value is the adsorbate concentration (mg/g), and K is the Langmuir constant related to
the adsorption capacity (mg/g). The plot used is C.vs Ce/qe [21].
Redlich-Peterson Isotherm:
C
lnq—e = BInC, —InA (6)
e
The q. value is the equilibrium adsorbate loading on the adsorbent (mg/g), C- is the equilibrium

liquid phase concentration of the adsorbent (mg/L), A is Redlich-Peterson constant (L/g), and {3 is
exponent. The plot used is In C. vs In Cc/qc[21, 22].
Temkin Isotherm:

qe: %ln Kr+ %ln Ce (7)
The Ky value is the Temkin isotherm constant (L/g), and b is the Temkin constant related to heat
absorption (J/mol). The plot used is In C. vs qc [23, 24].
Elovich Isotherm:
ln% =InKgqy — — (®)
Ce m
The Elovich isotherm is constant, and maximum adsorption capacity is obtained from the slope

and intercept of the In q./Ce vs qc [23, 24].
2.2.5. Determination of Optimum pH

The Cd** standard solution (25 mL) with optimum concentration was prepared at pH of 5, 7, and
9. After that, 10 mg of CPAC was added to each and stirred with a magnetic stirrer at room
temperature for the optimum time [14].
2.2.6. Determination of Optimum Temperature

25 mL of Cd** standard solution with optimum concentration was prepared at temperature of
25, 35, and 45 °C. Each solution added with 10 mg of CPAC and stirred with a magnetic stirred at
the optimum pH for the optimum time [14].
2.2.7. Determination of Cd** Concentration

A standard Cd** solution was prepared with a concentration of 0.5, 1.0, 2.0, 4.0, 5.0, 10, 15, and
20 mg/L of stock solution in a 25 mL volumetric flask. A ratio of tannic acid: Cd** was made with a
concentration of 4:1 and volume 2:1 with conditions of pH 10. Leave it for 20 minutes and measure
the complex solution using a UV-Vis Spectrophotometer at the optimum wavelength. Next, a
relationship curve was created between standard concentration (x-axis) and absorbance (y-axis). The
slope, intercept, and correlation coefficient (r) were calculated [25, 26].

3.RESULT AND DISCUSSIONS

3.1. Characterization of Cassava Peel Activated Carbon (CPAC) using FTIR

The functional groups analysis was performed on standard activated carbon and CPAC using
Fourier Transform Infrared (FTIR). Functional groups on the surface of common activated carbon
and CPAC can determine the properties of the activated carbon surface [27]. The results of the FTIR
analysis are presented in Figure 1. FTIR analysis results show that the absorption pattern and
wavenumber of CPAC functional groups (Figure 1b) are close to standard activated carbon (Figure
la). CPAC has several absorption peaks detected, namely 3448.72 cm™', which indicates the presence
of O-H bond absorption. A rise appears at wave number 2924.09 cm™', indicating the C-H stretching
group. There is a peak wave number of 671.23 cm™', which is an out-of-plane C-H group. Also, an
absorption band appears at wavenumber 2337.72 ¢cm™, indicating the C=C functional group. The
C=C active group is observed at a wavenumber of 1620.21 cm™. The C=C bonds formed mean the
purer C element produced by activated carbon [16, 28]. The peak wave number of 1188.15 cm
indicates the stretching vibration of P=O from the aromatic group P-O-C [16, 29]. In general,
activated carbon only has oxygen-based functional groups on the carbon surface. However, through
the activation process of phosphoric acid, P-O-C bonds can be connected to the carbon surface. This
absorption peak can be characteristic of activated carbon containing phosphate due to the influence
of chemical activation using phosphoric acid [16, 30].

Copyright © 2024 by Authors, published by Indonesian Journal of Chemical Analysis (IJCA), ISSN 2622-7401, e ISSN
2622-7126. This is an open-access articles distributed under the CC BY-SA 4.0 Lisence.



https://creativecommons.org/licenses/by-sa/4.0/

Nugroho et. al., Ind. J. Chem. Anal., Vol. 07, No 01, 2024, pp. 12-22 16

O-H C-H C=C c=Cc C-0/P=0 C-H

/\p @

(b)
Y

Transmittance (%)

H e
PSR

i I L L L I )
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 1. FTIR spectra: (a) standard activated carbon; (b) CPAC.
3.2. CPAC Surface Area and Pore Distribution (BET) Analysis

Brunauer Emmett Teller (BET) was used to determine the surface area and pore distribution of
CPAC. The results of CPAC analysis using BET are presented in Figure 2.

70

10 Relative Pressure (P/Po)

Figure 2. N adsorption-desorption isotherms on CPAC

The results of BET analysis show that the surface area and pore size of CPAC were 126.182
m?/g and 1.552 nm. Figure 2 shows a type 1 isothermal curve according to the IUPAC classification,
which indicates that activated carbon has a microporous structure [31]. At P/Po = 0, the adsorbed gas
is quite large, so the curve rises sharply to reach 25 cc/g. That result shows that CPAC has a
reasonably high surface area. These results align with research [32], which states that chemically
activated cassava peel activated carbon produced through a carbonization process at a temperature
of 450-650 °C has a microporous structure and a BET surface area of 1154 m?/g.

3.3. Adsorption Kinetics

The kinetic data obtained were analyzed using four kinetic models: Pseudo-Second Order
(PSO), Elovich, Intra-Particle (IP) Model, and Bangham. The results of plotting data on the
adsorption kinetics of Cd*" ions using CPAC are presented in Table 1 and Figure 3.

TABLE I. Kinetic parameters of Cd** ion adsorption using CPAC

Model Parameter Equation R?
Elovich Bl%g‘gf) a (‘gi/gé‘f‘i“) y=09613x + 1.8612  0.4704
K 9
Bangham 0.6863 0.5567 y=0.5567x —0.3764 0.6927
K, C
IP Model 0.3808 57714 y =0.3808x +2.7714 0.3094
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Figure 3. Plotting of Cd*" ion adsorption kinetics data using CPAC.

The model of Cd** adsorption kinetics using CPAC tends to follow Pseudo Second Order (PSO)
kinetics with an R* value of 0.9775. This model assumes that the adsorption process occurs by
chemisorption, which forms a monolayer [33]. In Table 1, the q. parameter value is 5.2219 mg/g,
which shows the CPAC adsorption capacity and rate constant is -0.9379 (mg/g.min). The negative k
value is because CPAC has reached the saturation point in adsorbing metal ions [34]. The kinetic
model in this research is in line with research [14], which carried out adsorption kinetics of Cd**
metal ions using rice husks following a Pseudo Second Order. A study from Hasrianti (2015) [12]
states that the adsorption kinetics of Cd*" metal ions using cassava peel biosorbent without
carbonization and chemical activation have a maximum adsorption capacity of 0.90 mg/g. This
research showed that CPAC activated using H3POj could increase the adsorption capacity to 5.2219
mg/g.

3.4. Adsorption Isotherm

The isotherm data obtained was analyzed using 4 adsorption isotherm models, including
Langmuir, Temkin, Elovich, and Redlich-Peterson. The results of plotting Cd** ion adsorption
isotherm data using CPAC are presented in Table 2 and Figure 4.

TABLE II. Cd*" ion adsorption isotherm parameters using CPAC

Model Parameter Equation R?
. K} (mg/g) qm (mg/g) B
Langmuir 97182 3 6643 y=0.2729x + 0.0281 0.3334
Temki B Kp @moly . csix+22622 04154
emian -323.2276 0.0523 Y= o006 IX T 2L '
. qm (mg/g) | K (L/mg) _ B
Elovich 1493 4069 y=0.1942x — 1.7581  0.9223
Redlich-P A B =1.8761x-3.4132  0.6083
edlich-Peterson 303623 1.8761 y=1. X —3. .

The Cd*" adsorption isotherm model with CPAC follows Elovich model with an R* value of
0.9223. However, in the Elovich isotherm model, some parameters have negative values, so this
model cannot be used because the maximum capacity with a negative value in the Elovich isotherm
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parameters is not possible [35]. So, the second highest R?* model was chosen after the Elovich
isotherm, namely the Redlich-Peterson isotherm model with an R* value of 0.6083.

The Redlich-Peterson isotherm is a mixed isotherm of three parameters, including Henry,
Freundlich, and Langmuir, which can represent adsorption equilibrium over a wide concentration
range [21]. Parameter A in Redlich-Peterson model indicates the Redlich-Peterson constant (L/g)
and £ is a heterogeneity index between 1 and 0. The Redlich-Peterson isotherm model has a linear
dependence on concentration and an exponential function that simplifies to a linear isotherm. If the
value of § =0, it will be simplified to the Henry isotherm, § = 1 will become the Langmuir isotherm
equation, and > 1 will become the Freundlich isotherm equation [21], [36].

Based on the parameter data contained in Table 2, it is found that the value of the § parameter
in the Redlich-Peterson isotherm is 1.8761 (>1), so the Cd*" adsorption isotherm model with CPAC
is simplified to the Freundlich isotherm. Freundlich model applies to adsorption processes that occur
on heterogeneous surfaces. This model describes surface heterogeneity, active sites’ exponential
distribution, and their energies [21]. In this research, the Kr dan 1/h value obtained was 30.3599 mg.g
"and -1.414, respectively. Because the value of 1/n is less than 1, this indicates that the chemical
adsorption process is running [37]. Research by Hasrianti (2015) [12] carried out Cd** adsorption
using cassava peel biosorbent following Freundlich isotherm model. This result also aligns with
research [14], which stated that the Cd*" adsorption isotherm with rice husk adsorbent followed
Freundlich isotherm model with an R? value of 0.995.

Langmuir Temkin
5.0 20,0
45 ®
5 ° 18.0 1 [ ]
40 ° 16.0
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» 3.0 ® 140
s 12,0 4
S 2
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Figure 4. Plotting of Cd*" ion adsorption isotherm data using CPAC.

3.5.Determination of Optimum pH

The adsorption process is carried out at different pH for optimizing pH condition. The optimum
pH value was obtained through the highest amount of Cd** metal ions adsorbed using CPAC. In this

research, the adsorption process was carried out at pH conditions of 5, 7, and 9.

TABLE II1. Effect of pH on adsorption of Cd*" ions using CPAC.

pH

Adsorption of Cd** Ions

Co(mg/L) Ce (mg/L) qe (mg/g)
5 9.97 8.17 4.49
7 9.75 8.29 3.64
9 9.90 8.53 343

Table 3 shows that increasing the pH value causes a decrease in the adsorption of Cd** ions. The
optimum pH value for adsorption of Cd*" ions using CPAC was obtained at pH 5 conditions with the
amount of Cd*" ions adsorbed at 1.80 mg/L. According to the literature on Cd** speciation diagrams,
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it shows that the dominant Cd*" species at pH > 8.0 is Cd(OH),, while at pH < 8.0, it is Cd*" and
Cd(OH)". The carboxyl and hydroxyl groups on the surface of CPAC play a role in the adsorption of
Cd**ions. At pH < 8.0, the positively charged Cd** and Cd(OH)" species present in the solution can
exchange with H™ from the -COOH or hydroxyl carbon group [38]. Based on the results obtained,
CPAC was more effective in adsorbing Cd*" metal ions compared to research [39] using rice husk
biosorbent, which resulted in the adsorption of Cd** ions in multicomponent waste at pH 5 conditions
of 0.4868 mg/g. In addition, research [40] conducted adsorption of Cd*" ions under optimum pH
conditions using HNOs-activated sugarcane bagasse cellulose adsorbent, obtaining a maximum
adsorption capacity of 2.215 mg/g.

3.6.Determination of Optimum Temperature

The effect of temperature shows that when the temperature is increased, there is a decrease in
adsorption capacity. Based on Table 4, the optimum temperature was obtained when adsorption was
carried out at 25 °C, and there was a decrease in the adsorption of Cd*' metal ions when the
temperature increased at 35 °C and 45 °C. This is due to the weakening of the bond energy between
the adsorbate and the adsorbent [41, 42].

TABLE 1V. Effect of temperature on adsorption of Cd** ions using CPAC

H Temperature Adsorption of Cd** Ions
P (°C) Co (mg/L) Ce (mg/L) qe (mg/g)
5 25 8.29 7.05 3.09
5 35 8.29 7.08 3.01
5 45 8.29 7.83 1.14

Adsorption can occur through an ion exchange mechanism because the ions on the active groups
on the surface of the adsorbent can exchange places with the adsorbate ions. The ion exchange
mechanism combines chemical and physical agents because it will bind the adsorbate ions through
chemical bonds. Still, these bonds are quickly rereleased so ion exchange can occur [43].
Thermodynamic parameters such as Gibbs energy (AG®), enthalpy (AH®), and entropy (AS°) during
adsorption can be evaluated via Equation 9-11 [44, 45].

Cac
=G ©)
AG®° = —RTLnK, (10)
_ A AR
Log K¢ = 2.303R  2.303RT (11)

The values of AH® and AS° are determined through the slope and intercept of the plot of log K.
versus 1/T (Figure 4). The AG® value is calculated using Equation (10). The values of changes in
Gibbs free energy (kJ/mol), enthalpy (kJ/mol), and entropy (J/mol.K) of Cd*"ion adsorption using
CPAC are presented in Table 5.

TABLE V. Thermodynamic parameters of Cd** ions adsorption using CPAC.

2+
Concfr:ltration AHP AS° AG?® (kJ/mol)
(mg/L) (kJ/mol) (J/mol.K) 25 °C 35°C 45 °C
8 428647 -156.8783 __ -3806.56 __ -4066.32 ___ -4343.65

Based on Table 5, the enthalpy change (AH®) and entropy change (AS®) values obtained in this
study were -42.8647 kJ/mol and -156.8783 J/mol.K. Negative AH® values indicate an exothermic
adsorption process [45]. According to [46], an adsorption process with a bond strength < 84 kJ/mol
indicates a physical adsorption process. Negative entropy change (AS°) values indicate a decrease in
the disorder at the solid/liquid interface during adsorption [47]. Negative AG® values of adsorption
validate a spontaneous process, while positive AG® values indicate a non-spontaneous process [45].
The resulting negative AG® value indicates a spontaneous adsorption process of Cd*" ions on the
surface of the CPAC adsorbent. This aligns with research from Ho et al. (2006) [48] on Cd*'
adsorption because AG® was negative [45].
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Figure 5. Thermodynamic study of Cd** ions adsorption using CPAC.

Table 5 shows the change in Gibbs free energy (AG®), which obtained a negative value under a
temperature of 45 °C in the adsorption of metal ions Cd** using CPAC, which shows the feasibility
and spontaneity of the adsorption process under a temperature of 45 °C. The increase in the negative
value of AG® with increasing adsorption temperature indicates that lower temperatures make the
adsorption process easier [47]. These results align with research from Kumar et al. (2015) [14], which
shows that the feasibility and spontaneity of adsorption of Cd*" metal ions using rice husk adsorbent
is below a temperature of 45 °C.

4. CONCLUSIONS

Based on the research that has been carried out, model the adsorption kinetics of Cd**ions
using cassava peel activated carbon (CPAC) started by H3;PO4 follows Pseudo Second Order (PSO)
kinetic model with an R? value of 0.9775 and the Redlich-Peterson isotherm with an R* value of
0.6083 and has a B parameter value of 1.8761 (>1) so that Cd*" adsorption isotherm model with
CPAC is simplified to the Freundlich isotherm. The optimum pH and temperature conditions for the
adsorption of Cd*" ions using CPAC activated by H;PO4 were obtained at pH 5 and a temperature of
25 °C. Thermodynamic parameters such as Gibbs energy (AG®), enthalpy (AH®), and entropy (AS°)
have been evaluated and indicate physical, spontaneous, and exothermic adsorption processes. The
adsorption capacity of Cd*" ions using CPAC activated by H;POs was 5.2219 mg/g.
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