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Abstract—A detailed surface characterizations and adsorption mechanism of Cd** on chemical activated carbon (CAC)
prepared from Garnicia mangostana shell were investigated. The activation is accomplished in self-generating atmo-
sphere using phosphoric acid as activating agent. The characterizations performed are elemental analysis, functional
group identification, N, adsorption isotherm and surface charges. Adsorption mechanism of metal ion was tested using
Cd** as model ion. CAC achieved BET surface area of 1,498 m*/g with a mixture of micro and mesopores. The point
of zero charge is observed to be at pH 2.8 and the optimum pH for Cd*" adsorption on CAC is 12. The adsorption iso-
therm followed the Freundlich model, and the adsorption kinetics was explained by pseudo-second order kinetic model.
From thermodynamic studies, the adsorption was found to be physical adsorption. X-ray photoelectron spectroscopy
(XPS) confirmed the adsorption of Cd** onto CAC as +2 oxidation state.
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INTRODUCTION

Due to the drastic increase in electronics based and electroplat-
ing manufacturing industries, more and more heavy metal com-
pounds are mined, used and released into the aquatic water bodies.
At present, numerous treatment methods such as flocculation, coag-
ulation, ion exchange, chemical precipitation, filtration, and adsorp-
tion are practiced for heavy metals removal [1,2]. Adsorption using
activated carbon (AC) is one of the most popular treatment tech-
niques due to its easy handling and sustainability. However, the in-
creasing cost of commercial AC is hindering the development of
this technology [3]. Hence, in recent years many researchers have
focused on finding suitable and economical adsorbents especially
from plant biomass and biomaterial waste [1,4-6]. Agricultural wastes
that are widely available and economical are the most suitable pre-
cursor for production of such AC in large quantity.

Garnicia mangostana, commonly known as mangosteen, is a
fruit known for its remedial properties that is used as alternative
medicine [5]. Recently, there has been an increased interest in this
fruit in the food and beverage industries, causing the massive gen-
eration of mangosteen shells commercially. To address this issue,
few researchers have reported the use of mangosteen shell as pre-
cursor for AC using K,CO, as activating agent with promising re-
sults [5,7]. High fixed carbon and low ash content of this shell makes
it a suitable raw material for AC as found by Chen et al. [5]. How-
ever, the research on activating mangosteen shells using phospho-
ric acid is scant.

In the adsorption process, a detailed understanding of metal bind-
ing mechanisms with active sites facilitates the determination of
the rate-limiting step. Such information is important for the rational
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design and optimization of the adsorbents and adsorption conditions.
However, study pertaining to the role of surface chemistry and the
adsorption mechanism is limited. Thus the focus of the present work
is to analyze the surface characteristics of mangosteen shell, before
and after treatment, and their role in solid-liquid adsorptions, using
Cd** as amodel compound.

MATERIAL AND METHODS

1. Preparation of Sample

Mangosteen shell (MS), an agricultural waste, is used as the pre-
cursor for the production of AC in this study. Initially, the MS was
cleaned and air-dried to remove dirt and other impurities. For the
production of char sample, the MS was crushed into small pieces
(=1 cm) and was directly burned without acid impregnation at 773 K
for 1 h in a muffle furnace. The chemically activated carbon (CAC)
was activated using the methods reported in our previous work [8].
The activation was done using single stage phosphoric acid (H,PO,)
activation in self-generated atmosphere. Briefly, the MS were ground
and sieved to obtain powder in the size of <1 mm (18 mesh size)
before being impregnated with 85% H,PO, (1 : 1 weight ratio). The
sturry was then burned at 673 K under self-generated atmosphere
in a muffle furnace. The product was washed in 1% NaHCO; to
achieve neutral pH. All samples were ground and sieved into <1 mm
before subsequent testing and analysis. The average particle size of
MS, char and CAC used was 1.21 mm, 0.65 mm and 0.51 mm, re-
spectively, as evaluated by Zetasizer Nano particle size analyzer
(Malvern Instrument Ltd., UK) (Fig. S1(a)-(c)). The yield of the
char and CAC was 21% and 47%, correspondingly.
2. Preparation of Synthetic Cd** Solution

A stock solution of cadmium ion (Cd*) (1,000 mg/L) was pre-
pared by dissolving appropriate quantity of cadmium nitrate salt,
CdN,.0,4H,0 (Sigma-Aldrich) in deionized water. The stock solu-
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tion was then suitably diluted to required concentrations in the fol-
lowing investigations.
3. Characterization of Samples

The CHN analysis of all samples was verified by using an elemen-
tal analyzer (Perkin Elmer 2400) and functional groups were iden-
tified by Fourier transform infrared spectrometer (FT-IR) (Thermo
Scientific Nicolet iS10 FTIR) in the range of 500-4,000 cm™'. The
surface morphology was observed using field emission scanning
electron microscope (FESEM) (Hitachi SU8000 SP), and X-Ray
diffraction (XRD) patterns were recorded by the Siemens D5000
powder X-Ray diffractometer for crystallinity check.

Surface charges were examined by point of zero charge (pH,..)
at 298 K. The pH,,, was determined as described by Foo and Hameed
[7]. The pH of 0.01 M NaCl (100 mL) was varied in the range of
pH 2 to 12. Sample, amounting to 0.3 g, was added into the solution
and shaken for 48 h. The final pH of the NaCl solution was meas-
ured and the point of zero charge was identified at the point where
initial pH is equivalent to the final pH.

The N, adsorption-desorption isotherms for all three samples were
measured using Quantachrome’s AUTOSORB-6B surface area and
pore size analyzer at 77 K. Prior to analysis, the samples were out-
gassed at 423 K for 5 h to remove the existing moisture. The iso-
therms data obtained were used to classify the textural parameters
of the samples, including surface area, pore volume and pore size
using appropriate models.

X-ray photoelectron (XPS) analysis was done with KRATOS
Axis Ultra DLD for char and CAC samples to validate the results
of elemental and functional group analysis.

4. Batch Adsorption Experiments

Adsorption experiments were performed in batch mode for CAC.
The batch experiments were carried out at fixed dosage (0.05 g/
100 mL). The mixture was shaken in an incubator shaker (Daihan
LabTech) at 200 rpm. Other environmental conditions of the exper-
iments were not adjusted unless stated. The isotherm and kinetic
studies were performed by varying the initial concentration of Cd**
from 10 to 50 mg/L for different time interval up to 6 h at pH 5.6.
The effect of pH on adsorption capabilities was observed by alter-
ing the pH in the range of 2 to 12 using 20 mg/L of Cd*" as initial
concentration at 303 K. The pH was adjusted using 0.1 M H,SO,
or NaOH solution and measured using Mettler Toledo FE20. For
thermodynamic study, the temperature was adjusted in the range
303, 310 and 320 K. The thermodynamic parameters were calcu-
lated using the van’t Hoff equation. The residue concentration of
Cd** was measured by ICP-OES (Perkin Elmer, Optima 3000).

RESULTS AND DISCUSSION

1. Elemental Analysis, Morphology and Crystallinity
The CHN analysis of the samples is tabulated in Table 1. The

Table 1. CHN element analysis of MS, char and CAC

Element (wWt%) MS Char CAC
C 39.28 53.18 35.23
(0] 54.83 42.37 59.82
H 5.11 3.57 4.48
N 0.78 0.88 0.47
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Fig. 1. XPS wide spectrum for CAC after Cd** adsorption.

Fig. 2. FESEM micrographs of (a) MS, (b) char and (c) CAC.
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analysis gives a stoichiometric analysis of the samples using com-
bustion technique. The analysis for MS is consistent with that found
in previous research [5]. The content of carbon (C) for char increased
but decreased for CAC. Phosphorus element was detected in CAC
from wide spectrum XPS analysis (Fig. 1) due to the impregnation
of phosphoric acid during preparation stage. The FESEM images
of MS, char and CAC are shown in Fig. 2(a)-(c). It can be observed
that prior to treatment, the precursor had fibrous surface with no
discernible pores on it. For char sample, large aperture can be seen
on the surface, while more regular pores are observed on the surface
of CAC. Comparison between these three micrographs demonstrates
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the role of HyPO, in assisting a more controlled pore formation during
activation. The pore size and distribution is further discussed in the
later part of this section under surface area characterization.

The XRD pattern in Fig. S2 indicates the presence of amorphous
carbon in all three samples. Graphitization occurred after treatment
as char and CAC register a minor peak at ~43° indicative of (1 0 0)
plane graphite.

2. Functional Group Analysis

FT-IR and XPS analysis are used to identify functional groups
in the samples. FT-IR spectra for MS, char and CAC are shown in
Fig. 3. The FT-IR spectrum of MS plotted similar peaks as reported
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Fig. 3. FT-IR spectrum for MS, char and CAC.

Table 2. Deconvolution results of XPS spectra of CAC and char

Sample Region Peak Position (eV) FWHM (eV) Mass concentration (%) Assignment
CAC Cls A 282.5 1.5 10.21 C-0
B 283.5 1.5 23.03 Carbide
C 284.7 1.5 53.66 Graphite
D 286.7 1.5 6.87 C=0
E 288.7 1.5 6.23 COOH/-C-(0)-0O-
Ols A 529.6 1.1 12.42 Metal oxide
B 530.6 0.9 17.62 =0
C 531.4 1.3 47.05 Cdo
D 532.5 1.1 14.99 -O-/Cd(OH),
E 533.2 1.1 7.92 -OH/COOH/-C-(0)-0O-
Cd3d A 404.4 1.4 15.27 CdoO
B 405.6 1.6 45.01 Cd/Cd(OH),
Char Cls A 284.5 1.5 72.91 Graphite
B 285.5 1.7 27.09 COOH/C-(0)-C
Ols A 530.5 1.1 12.72 =0 for carbonyl/carboxyl group
B 531.6 1.2 18.79
C 532.6 1.1 33.36 -O-
D 533.5 1.1 18.98 alcohol/carboxylic acid/ester
E 5344 1.4 16.15 carboxyl groups/ester/ether

Source: NIST X-ray photoelectron spectroscopy database, http://srdata.nist.gov/xps/
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by previous studies [5,9]. Broad bands at 3,400-3,250 cm™" indi-
cate the presence of -OH functional groups, and the doublet peaks
at 2,916 cm™' and 2,850 cm™ account for the stretching vibration
C-H groups [9,10]. The presence of carbonyl and carboxyl late ions
(C=0/COO-) can be explained from the presence of a strong peak
at 1,602 cm™' and a weaker peak at 1,442 cm™' [9-11]. The bands
at 1,275 and 1,046 cm™ are due to O-C stretching of the ether group
and the alcoholic groups, which may also indicate the presence of
lignin structure (C-O-C and -OCH,) [9,11]. The reduction and disap-
pearance of many peaks in char and CAC sample compared to MS
spectrum indicate the conversion of certain functional groups into
volatile matter as a result of high temperature and chemical reac-
tion [5]. Some of the functional groups that are still present, albeit
in reduced intensity in CAC, are -OH (3,400-3,250 cm™'), C=0/
COO- (1,590-1,620 cm™") and O-C (1,060 cm™") groups. The spec-
trum for CAC also showed an additional peak at 1,234 cm™, indi-
cating the presence of phosphonate, P=O functional group. This
group is attached to the CAC during the H;PO, activation. For char
sample, the presence of -OH (3,380 cm™) and carbonyl/carboxyl
(C=0/COO0-) (1,580-1,390 cm™) groups is detected but O-C group
is no longer detected from the spectrum.

A summary of the spectra deconvolution of XPS is tabulated in
Table 2. The deconvolution of high resolution C 1s spectrum of CAC
shows the presence of oxide (peak A), carbide (peak B) and gra-
phitic carbon (peak C) [12]. Carbon in carbonyl groups and car-
boxyl and/or ester groups are identified on peaks D and E, respectively
[12]. However, peaks D and E contribute less than 15% of the total
carbon content. This is in agreement with the significantly reduced
intensity of peaks representative of carboxylate ions and lignin groups
in FT-IR. The analysis of O 1s spectra for CAC implies the pres-
ence of carbonyl, carboxyl, ester and alcohol groups (=O and -O-).
Only two carbon species are identified in char, with graphite (peak
A) as major carbon component and carbon (peak B) in carboxylic
acid and/or ether groups as minority. The deconvolution of O 1s
spectrum for char sample points towards the presence of carboxy-
lic acid and its derivatives, which is parallel to FT-IR findings.

Oxide and hydroxide of Cd are also detected on the O 1s (531.4
and 532.5 eV) and Cd 3d (404.4 and 405.6 eV, respectively) spec-
tra for CAC as listed in Table 2. This establishes that the oxidation
state of Cd ions involved in adsorption is +2. The XPS spectrum
for Cd 3d is shown in Fig, S3.

3. Surface Area Characterization

Adsorption-desorption isotherm provides both qualitative and
quantitative insight to adsorption mechanism and pore characteris-
tics of an adsorbent [5,13]. N, adsorption and desorption isotherm
data can be used for various models to determine the surface char-
acteristics of the adsorbents. There are different types of isotherms
classified by the TUPAC system and each isotherm represents a dif-
ferent nature of adsorption process [14]. Types of isotherm give an
understanding on the pore size and shape of the material. Type I
indicates monolayer adsorption on microporous solids, while Type
[T results by multilayer adsorption. Type II isotherm demonstrates
both monolayer and multilayer adsorption. Type IV and V iso-
therms are a derivation of Type II and III isotherms, respectively,
with the occurrence of hysteresis,signifying capillary condensation
[14]. For MS, the isotherm shown in Fig. 4(a) fits the Type III iso-
therm of the TUPAC classification, which has extremely weak adsor-
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Fig. 4. N, adsorption-desorption isotherm (a) MS, (b) char and
(c) CAC.

bate-adsorbent interaction [14]. This type of isotherm is not appli-
cable in the BET model. The t-plot resulted in nil micropores for
the MS (Fig. S4). From BJH and DFT models, pore volume detected
in the range of mesopores is also negligible. This result is consistent
with the dense and non-porous surface of MS shown in FESEM
micrograph in the previous section. For char, the isotherm (Fig. 4(b))
is also a Type 111 isotherm similar to the isotherm obtained for MS
[14]. The volume of gas adsorbed is very low (0-5 cm®/g), reveal-
ing that the pores formed are shallow. The obtained hysteresis denotes
the presence of capillary condensation, which in general is not suit-
able for adsorption. The isotherm for CAC depicts a mixture of Type
I and Type II isotherm, consisting of a mixture of micro and meso-
pores (Fig. 4(c)). The isotherm obtained was similar to the AC pre-
pared by K,CO; activation using microwave with the same precursor
[7]. The obtained pore size distribution by HK and BJH method
confirms the presence of micro (0.6-2.0 nm) and meso (2.2 nm)
pores, as shown in Figs. S5 and S6. In addition, it is further verified
with DFT model and the pore size is found to be in the range be-
tween 0.4 and 4.7 nm (Fig. S7). The surface area and pore volume
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Table 3. Comparison of porosity characteristics of various AC by Garcinia mangostana using different activation methods

Activation method

Sper (m?g) S, (m*/g) V. (em’/g) V,; (em’/g) D (nm) Ref.

Two-stage activation in self-generated atmosphere using 1123

K,CO; as activating agent

Two-stage activation in inert atmosphere using K,CO, 1099

as activating agent in microwave assisted activation

One-stage activation in self-generated atmosphere using 1498

H;PO, as activating agent

908 0.56 0.45 1.98 5
626 0.61 0.33 223 7
1683 0.94 0.60 2.51  Present study

Szer BET surface area; S,,.: micropore area; V,: total pore volume; V,

of the CAC are found to be 1,498 m*/g and 0.939 cm’/g, respec-
tively. The high surface area signifies the presence of abundant active
sites. The surface characteristic of CAC is compared with AC of
similar raw material and presented in Table 3. The prepared CAC
recorded the highest surface area and total pore volume than that
of the others. From Table 3, it is evident that the present prepara-
tion method is superior to other reported methods.
4. Isotherm Studies

The optimization of design for adsorption system importance
can be established through isotherm models [15]. The adsorption
capacity and equilibrium characteristics of CAC for the adsorption of
Cd** are measured by using the Langmuir, Freundlich and Temkin
isotherm models in this study. The linearized equations for these
isotherm models are as follows, respectively:

C. S S e )
9. Qb Q¢

Inq,=InKy+ rl11nc" #)]
qe:R?T anT+I%T InC, 3)

where C, (mg/L) is the equilibrium concentration, q, (mg/g) amount
adsorbed per amount of adsorbent, b (L/mg) amount of adsorbate
required to form a monolayer and Q, (mg/g) are Langmuir equilib-
rium constant [16]. The constant K- (mg/g) is an indication of the
multilayer adsorption capacity and 1/n is related to adsorption inten-
sity for the Freundlich isotherm model [17]. The value of 1/n rang-
ing from 0 to 1 indicates the degree of surface heterogeneity. The
surface is said to be more heterogeneous as the value approaches 0
[17]. Temkin isotherm parameter, K; (L/mg) represents Temkin equi-
librium binding constant, while b (J/mol), R (8.314 J/mol K) and T
(K) are Temkin constants related to equilibrium binding constant,
gas constant and absolute temperature, respectively.

The Langmuir isotherm assumes complete monolayer adsorp-
tion occurring on homogeneous adsorption sites and used to evalu-
ate maximum adsorption capacity. Conformation of the Langmuir
isotherm indicates the adsorption sites are equivalent in terms of
energy and homogeneous surface. A separation factor, R, can be
further derived from the Langmuir equation, given by the follow-
ing equation:

1

S RC) @

where C, is the initial concentration. When the value of R, is between
October, 2013

mic*

: micropore volume; D: average pore diameter

Table 4. Isotherm parameters for Cd** adsorption on CAC

Isotherms Parameters Values
Langmuir Q, (mg/g) 35.97
b (L/mg) 0.032
R? 0.652
Freundlich K (mg/g) (L/mg)"" 1.208
n 11.145
R’ 0.992
Temkin K; (L/mg) 0.931
B 3.601
R’ 0.931

0 and 1, it indicates favorable adsorption, while the adsorption pro-
cess is unfavorable if R,>1. While R,=0 indicates irreversible adsorp-
tion, R,=1 represents linear adsorption [16]. The Freundlich isotherm
is applied to multilayer adsorption onto heterogeneous surface with
irregular distribution of adsorption energy and affinity. The Temkin
isotherm assumes the heat of adsorption decreases linearly with sur-
face coverage of adsorbent due to sorbate/sorbent interactions.

The adsorption equilibrium data for Cd** on CAC was fitted into
the three models and evaluated using a correlation coefficient, R%.
A summary of the parameters is listed in Table 4. The adsorption
of Cd™ on CAC is best represented by the Freundlich isotherm with
highest R* value of 0.992. This indicates that the surface of CAC is
not uniform and adsorption sites were heterogeneous. The adsorp-
tion process is favorable as the R, value (0.755)is less than 1.

5. Kinetic Studies

The rate of adsorption process can be determined by using kinetic
models. Two kinetic models, pseudo-first order and pseudo-second
order kinetics, were used in this study. The equations of both models
are listed below:

In(@.—)=In(q)~(k)t ©)
2 (o)) ®

where g, and q, (mg/g) are the amount of adsorbate adsorbed per
unit weight of adsorbent at equilibrium and at any time t, respec-
tively, k; (1/h) is the rate constant for pseudo-first order model, while
k, (g/fmg h) is the rate constant for pseudo-second order kinetic model.
A normalized standard deviation, Aq, was used to quantify the fitness
of these models to the experimental data by using the following equa-
tion:
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Table 5. Parameter for kinetic models for Cd** adsorption on CAC

Initial concentrations (mg/L)
10 20 30 40 50

Q. (Mg/g) 1706 3352 4919 7.122 8446
Pseudo-first-order

K, (min™) 0.016 0.011 0.030 0016 0.029
Qe (Mg/Q) 0.802 0462 7626 2277 9.638
R? 0417 0528 0.528 0.600 0.762
Aq (%) 1828 33.04 2608 3546 32.55
Pseudo-second-order

K, (g/mg-min) 0.0232 0.0193 0.0063 0.0070 0.0044
Qe (M/Q) 1593 3.022 5316 6.671 8.850
R? 0904 0942 0939 0975 0.981
Aq (%) 278 400 329 257 193

z [(qexp - qc'alc)/qexp]z
n-1

Aq(%)=100x J )
where q,,, and q,,,, refer to experimental data and calculated values
and n is the number of data points. Smaller values of Aq signify a
better fit.

The detailed parameters of these models are tabulated in Table 5.
The low values of Aq obtained for pseudo-second order kinetics
indicate that the experimental q values did not deviate much from
the calculated values. The correlation coefficients, R?, for the pseudo-
second order kinetic model ranged from 0.92 to 0.98 compared to
pseudo-first order, which ranged between 0.42 and 0.76. Based on
the two analyses, the adsorption kinetics of Cd** onto CAC is better
described by pseudo-second order kinetic model.

6. Thermodynamic Study

Thermodynamic parameters, change in standard enthalpy (AH’),
change in standard entropy (AS”) and change in Gibbs free energy
(AG"), are calculated in this study using the van’t Hoff equation:

AS" A

nk =452 ®

AG’=-RTInK, )

where R is the universal gas constant (8.314 J/mol K), T (K) is the
absolute temperature and K, is the distribution coefficient. From
Eq. (8), AH’ and AS’ are obtained from the gradient and y-intercept
of In K, versus 1/T plot. The AG’ values are found to be 1.721, 1.504
and 1.287 kJ/mol at 303, 313 and 323 K, respectively. The lower
value of positive AG” suggests that adsorption is feasible and not
spontaneous [18]. The low positive AH” (8.3 kJ/mol) value sug-
gests the adsorption is physical [19]. The positive AS” (21.7 J/mol)
is attributed to increased randomness.
7. Surface Chemistry

Surface charge is an important factor influencing the adsorption
process and mechanism. The type of adsorbate suitable for a partic-
ular adsorbent mainly depends on this factor. pH is an important
variable influencing the adsorption mechanism, especially for heavy
metal ions as it alters the type of ionic species present and their de-
gree of ionization in the adsorbate and also the net charges on the
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Fig. 5. Percentage of Cd** adsorbed with varying pH for CAC dos-

age: 0.05 mg/100 mL; rpm: 200; temperature: 30 °C; con-
centration: 20 mg/L).

surface of the adsorbent [20-22]. The effect of pH on the surface
charge can be done experimentally and by point of zero charge (pH,...).
The net surface charge of the material will remain positive for any
pH below pH,.. and vice versa [7]. The pH,,. for CAC is 2.8. Experi-
mentally, Cd** solution was prepared over a pH range of 2-12 and
the resulting adsorption capacity is shown in Fig. 5. Hence, the CAC
is negatively charged throughout the studied pH except for pH 2.
The lower percentage removal of Cd* observed at pH 2 is attributed
to the electrostatic repulsion between the positively charged CAC
and positively charged Cd** metal ions. When the pH is increased
from 4 to 12, the electrostatic attraction between the CAC and Cd*
increases, attributed to the negative surface charge of the CAC after
pH is greater than 2.8. However, a decreased percentage removal
found at pH 6, due to the formation of Cd(OH)" during pH adjust-
ment, is attributed to the competitive adsorption between the posi-
tively charged metal cations (Cd** and Cd(OH)") with the negatively
charged CAC adsorbent. In general, when the pH is increased to
above 7, the Cd(OH)" is further hydrolyzed to Cd(OH),, which forms
a precipitate. The principal species distributions of various hydro-
lyzed Cd* ions reported by Srivastava et al. [23] are in the order of
the following reaction:

Cd*+H,0< Cd(OH) +H', pH=6 (10)

Cd(OH) +H,0< Cd(OH),+H’, pH=12 (11)

Many researchers have reported that the percentage removal remains
constant after pH 6 [23]. Few reports were found for Cd** removal
up to pH 6 due to precipitation problem [24-26]. This is because
above pH 7, the percentage removal of Cd** metal ion is due to pre-
cipitation and adsorption as reported by Srivastava et al. (2006) [23].
This would lead to inaccuracy in the prediction of percentage removal
of Cd* ions. However, to find the adsorption mechanism above pH
7, the present experiment is extended up to pH 12 by removing the
precipitated Cd(OH), from the raw solution and measuring the initial
and final concentration of the Cd™ ions present in the solution before
and after adsorption. A linear and increased percentage removal of
Cd*" is obtained, which confirms the increase in electrostatic attrac-
tion between the Cd** and the CAC surface. It also implies that the
Cd* are more competitive to the adsorption sites than the Cd(OH)".
Highest percentage removal (95%) of Cd** ions is achieved at pH 12.

Korean J. Chem. Eng.(Vol. 30, No. 10)
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Fig. 6. Adsorption mechanism of Cd** onto CAC at pH=2, pH=6
and pH=12.

Based on the results, the adsorption mechanism of Cd** ions with
the CAC adsorbent surface is proposed and presented in Fig. 6.

CONCLUSIONS

The characterization analysis of CAC proved the successful acti-
vation of Garcinia mangostana shell using phosphoric acid. CAC
shows to have a good surface area, S, of 1,498 m*/g with a mixture
of micropores and mesopores. The adsorption of Cd*™ on CAC fol-
lowed the Freundlich isotherm model, indicating that the adsorp-
tion sites are heterogeneous and the adsorption is multilayer. The
rate of adsorption obeys second-order kinetics. From thermody-
namic studies, the adsorption was found to be physisorption. The
hydroxyl, carboxyl and lignin functional groups that are present on
the surface of CAC played a vital role for metal binding in adsorp-
tion. pH of the metal solution also significantly influenced the metal
species distribution and acid-base reactions of metal binding. The
pH,.. is 2.8 while the optimum pH for the adsorption of Cd** on CAC
was found to be 12. Thus the present study significantly revealed
the importance of surface chemistry on adsorption of metal ion.
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