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ABSTRACT

Adsorbent prepared from Annona squamosa (custard apple) fruit shell (CAS) was successfully
used to remove lead (Pb2+) and cadmium (Cd2+) from aqueous solution in a batch process.
Adsorption studies were conducted on a batch process, to study the effects of contact time, ini-
tial concentration of metal ions, adsorbent dose CAS, pH and temperature. The optimum con-
tact time and pH for the removal of Pb2+ and Cd2+ was 30min and pH 5, respectively. Kinetic
parameters of adsorptions such as pseudo-first order, pseudo-second order were determined.
The maximum loading capacity of Pb2+ and Cd2+ was found to be 90.93 and 71.0mgg�1 of the
adsorbent, respectively. The equilibrium data were analyzed by the Langmuir and Freundlich
isotherms. Langmuir model gives a better fit than the Freundlich model. The pseudo-second-
order kinetics was the best for the adsorption of Pb2+and Cd2+, by CAS (A. Squamosa) with
good correlation. Thermodynamic parameters, such as standard free energy change (DG˚),
standard enthalpy change (DH˚) and standard entropy change (DS˚), were analyzed. The
results suggest that the CAS can be used as an effective, low cost, and eco-friendly green
adsorbent for the removal of selected metal ions from aqueous solution.
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1. Introduction

Heavy metal contamination due to rapid industri-
alization has been a major global concern. It is well
known that the industrial effluents loaded with heavy
metals have severe adverse effect on human and
aquatic life. Their toxic nature on environment has
resulted in the enforcement of stringent laws for maxi-
mum allowable limits in the water bodies [1]. Lead
(Pb2+) and cadmium (Cd2+) among heavy metals are
considered as most toxic and increase in disposal of

these metals into water streams has been a continuous
issue. Increased usage of cadmium and lead with
increase in number of electroplating, pigments, metal-
lurgy, battery industries as well as mining has set up
severe environment contamination [2–4].

The potential health hazards of Pb2+ and Cd2+ con-
tamination have been extensively studied and paved
way to various treatment processes for the removal of
Pb2+ and Cd2+ from wastewater. The treatment pro-
cess included precipitation, ion exchange, filtration,
membrane filtration, electrochemical treatment, and
reverse osmosis [5]. However, these conventional tech-
niques have many disadvantages like less efficiency,*Corresponding author.
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high cost, long processing time, and high cost of dis-
posal [6]. Adsorption is a powerful and most efficient
and cost effective technique for removal of heavy met-
als from waste water. Many agricultural wastes have
been tried out as effective and low-cost adsorbents for
the removal of heavy metals from waste water. Many
of the fruit peels and seeds have also been used as
effective sorbents for the removal of heavy metals
which include banana peel [7], mango peel [8], orange
peel, citrus peel [9], jackfruit peel [10], ponkan peel
[11], pomegranate peel [12], watermelon rind [13],
gooseberry fruit [14], and pine fruit coat. Heavy met-
als such as Pb2+, Cd2+, Zn2+, Ni2+, Cr6+, and Cu2+ are
prior toxic pollutants in industrial wastewater, which
become common groundwater contaminants and they
tend to accumulate in organisms, causing numerous
diseases and disorders [15]. Thus, adequate treatment
of metals containing effluents prior to discharge into
receiving bodies of water is of great importance for
human health and environmental quality. Custard
apple shell (CAS) consists of pectin, citrulline, cellu-
lose, proteins, and carateniods. These polymers have
hydroxyl and carboxylic functional groups which can
facilitate easy binding to metal ions [16]. Processing of
fruits produces two types of waste—a solid waste of
peel/shell etc.––a liquid waste of juice and wash
waters. (e.g. mango 30–50%, banana 20%, pineapple
40–50%, and custard apple 30–50%. Therefore, there is
a serious waste disposal problem, which can lead to
problem with flies and rats around the processing
room, if not correctly dealt with. In that aspect, CAS
is abundant and nonedible waste which is mainly
composed of calcium carbonate and is found in many
coastal areas; therefore, economically recycling and
reusing this waste is desirable. In general, finding uses
(especially on a large scale) for this abundant waste
material would be profitable from both an environ-
mental and economic point of view. Herein, we report
the use of crushed CAS as an agent for the removal of
Pb2+and Cd2+ from aqueous solution through adsorp-
tion. The conversion of this waste material, as
contrasting to the use of commercially available mate-
rials, into materials that can potentially improve the
environment would be advantageous in response to
ecological constraints for the sustainable development
of industries using heavy metals. In this work, the
adsorption of Pb2+ and Cd2+ ions from aqueous solu-
tion was studies using CAS, to the best of our knowl-
edge, no studies on the CAS removing heavy metals
from aqueous solution have been reported so far. The
influence of pH, temperature, adsorbent dose, contact
time, and initial metal ion concentration on adsorption
was investigated. Experimental sorption isotherms
were fitted to the Langmuir and Freundlich isotherm

models. The pseudo-first order and pseudo-second
order were used to study the sorption kinetics and
acid desorption tests were also performed.

2. Materials and methods

2.1. Preparation of adsorbent

A. squamosa fruits were collected from in and
around Vellore (12˚56´23´´N, 79˚14´23´´E) Vellore dis-
trict, Tamil Nadu, India. The taxonomic identification
was made by Dr. Chelladurai, Professor in botany,
Voorhees College. CAS was washed several times
under tap water and then double distilled water. After
thorough washing to remove all the surface impuri-
ties, CAS was cut into small pieces and dried under
sun light for seven days to remove all moisture con-
tent present. Later, the dried CAS pieces were washed
with 80˚C hot water to remove any soluble matter
present and dried in oven at 95˚C for 48 h. The oven-
dried CAS was powdered and sieved through 100
mesh and was stored in desiccators and used for all
sorption experiments [17].

2.2. Preparation of synthetic stock solutions

The stock solutions of Pb2+ and Cd2+ were pre-
pared by dissolving appropriate nitrate salts in double
distilled water. Adjustments of pH were carried out
using 0.1M HCl and 0.1M NaOH solutions. All
reagents used were of analytical grade. Each experi-
ment was repeated twice and average values have
been reported.

2.3. Batch mode adsorption studies

Sorption experiments were conducted at 303 k in a
roto spin unit at 50 rpm using 50-mL tarsons tubes.
Effect of parameters like adsorbent dosage, contact
time, pH and initial metal concentration was studied.
Sorption capacity of CAS was determined by contact-
ing 30mg with 20mL of known concentration of metal
ion solution (50–200 ppm). The solid phase was sepa-
rated using 0.45-lm filter paper and the residual metal
concentration present in the supernatant was deter-
mined by Atomic absorption spectrophotometer
(AAS) (Varian, AA240). The effect of pH on the effi-
ciency of adsorption of these heavy metals was veri-
fied between pH 2 and 9. The contact time was varied
between 5 and 120min to study the effect of time on
sorption and adsorbent dosage was varied from 10 to
100mg to get the ratio of adsorbates to adsorbent. The
amount of metal adsorbed to CAS was determined
using Eq. (1) and percentage removal of heavy metal
was evaluated using Eq. (2).
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qe ¼
C0 � C1

m

� �
V ð1Þ

% Removal ¼ C0 � C1

C0

�100 ð2Þ

where qe is the metal uptake (mg/g) by CAS, C0 and
C1 are initial and final metal concentrations (mg/L), V
is the solution volume (L), and m is mass of the
adsorbent (g).

2.4. Instrumentation

Flame AAS (AAS, Varian, AA-240) equipped with
air/acetylene burner was used to determine the con-
centration of lead and cadmium. The detector response
was taken at 283.3 nm for Pb2+ and 326.1 nm for Cd2+,
respectively. Fourier transform infrared spectroscopy
(FTIR) (Thermo Nicolet, AVATAR 330) data were uti-
lized to know the presence of functional groups in
CAS. FTIR spectra of CAS and metal loaded CAS was
recorded in mid IR region in the range of 4,000–
400 cm�1 by KBr pellet method. Scanning Electron
Microscope (Phillips XL 30, Netherlands) pictures were
taken to know the surface morphology of CAS before
and after sorption of Pb2+ and Cd2+. Elemental analy-
sis was done by electron dispersive X-ray analysis
associated with scanning electron microscopy (SEM).

2.5. Data analysis

The applicability of Freundlich and Langmuir iso-
therms to the equilibrium sorption was studied using
standard straight line equations and kinetic studies
were done to understand the mechanism of adsorption.

2.6. Desorption studies

To investigate the possibilities of repeated use of
the adsorbent, desorption and regeneration experi-
ments were also conducted. Metal loaded CAS sorbent
(0.1 g) was shaken with 20mL of 0.1M HCl as the
desorbing agent in 50-mL tarson tubes at 50 rpm for
30min at ambient temperature. The centrifuged super-
natant was analyzed for metal ion concentration and
metal ion desorbed CAS was used as a regenerated
sorbent in three repeated cycles to determine the reus-
ability potential of adsorbent.

3. Results and discussion

3.1. Effect of pH

The effect of pH on metal adsorption is considered
as a very important parameter in adsorption process.

The functional groups responsible for binding of met-
als ions in the adsorbent and the competition of metal
ion that gets adsorbed to active sites of adsorbent are
affected by pH. The pH optimization was done by
varying the pH in the range of 2–9 for both the metal
ions at 30mg of adsorbent dosage, 30min of spin time
and 50mgL�1 of initial metal ion concentration. It
was found that adsorption increased by increasing
pH, and at pH 5, the adsorption was maximum at
92.3% for Pb2+ and 87% for Cd2+ and practically con-
stant till pH 7 represented in Fig. 1. The adsorption
uptakes at equilibrium were lower under conditions
that were highly acidic and became higher as the pH
increased; the maximum adsorption efficiency was
achieved at pH 5. This behavior can be described on
the basis of zero point charge (pHpzc) of the CAS,
which was determined to be at pH 4.41. The H+ ions
effectively competed with the Pb2+ and Cd2+, which
caused the uptake to be lower at the pHpzc and at
pH less than the pHzpc. However, at pH higher than
the pHzpc, the surface of the CAS became negatively
charged and electrostatically adsorbed the positively
charged metal ions. Similar type of observation has
been reported for banana peel and mango peel [7,8].
The percentage removal of the adsorbent increased
with increase in pH. The low level of metal ion uptake
by the sorbent at lower pH values could be attributed
to the increased concentration of hydrogen (H+) ions
which compete along with Pb2+ and Cd2+ ions for
binding sites on the adsorbent mass. As low pH, the
overall surface charge on the CAS becomes positive,
which will inhibit the approach of positively charged
metal cations. At pH values above the isoelectric
point, there is a net negative charge on the surface
and the ionic point of ligand such as carboxyl, hydro-
xyl and amino groups are free so as to promote
interaction with the metal cations. The metal uptake
capacity of the adsorbent depends on its nature,
its own pH, and the pHPZC of CAS is 4.41 [17].
This would lead to electrostatic attractions between

Fig. 1. Effect of pH on adsorption of Pb2+ and Cd2+ by
CAS.
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positively charged cations such as Pb2+ and Cd2+ and
negatively charged binding sites.

3.2. Effect of adsorbent dosage

Adsorbent dosage is one of the important parame-
ter studied while conducting batch adsorption studies.
The effect of adsorbent dosage on removal of Pb2+

and Cd2 was studied by varying dosage from 10 to
60mgg�1 as shown in Fig. 2.

It was found that adsorption increased with
increase in mass of adsorbent. Maximum removal effi-
ciency of 93.08% for Pb2+ (from initial concentration of
50mgL�1) and 71.0% for Cd2+ (from initial concentra-
tion of 50mgL�1) was observed when 30mg of CAS
was used.

3.3. Effect of contact time

The adsorption capacity of CAS towards Pb2+ and
Cd2+ as a function of time at different initial concen-
trations was studied. Increase in agitation time
increased the uptake of metal ions and reached equi-
librium. The results are shown in Fig. 3. Initial rapid
phase may be due to the increased number of active

sites, later the process becomes relatively slower and
equilibrium condition reached within 30min. At this
point, the amount of metal ion adsorbed from the
adsorbent is in a state of dynamic equilibrium with
the amount of metal ion being adsorbed onto the
adsorbent. The steps involved in the sorption, the first
rapid and quantitatively predominant and the second
slower and quantitatively insignificant, has been
extensively reported in the literature [18–20]. The data
obtained were further used to evaluate the kinetic
parameters of the adsorption process.

3.4. Effect of initial metal ion concentration

It was found that adsorption decreased with
increase in initial metal ion concentration. Maximum
removal efficiency of 93.08% for Pb2+ (from initial con-
centration of 50 ppm) and 71.0% for Cd2+ (from initial
concentration of 50 ppm) was observed when 30mg of
CAS was used. Generally, there are several adsorption
steps involved in the transfer of a solute in adsorption
dynamics: the movement of the adsorbate molecules
from the bulk solution to the external surface of the
adsorbent (film diffusion), the movement of the adsor-
bate molecules to the interior regions of the adsorbent
(particle diffusion) and the sorption of the solute on
the interior surfaces of the pores of the adsorbent. An
increase in the uptake rate to the maximum adsorp-
tion capacities was observed at lower concentrations
of metal ions, which demonstrated that the uptake of
metal ions by CAS surface was very fast Fig. 4.

3.5. Kinetics of adsorption

The kinetics of the adsorption is determined by
the rate of adsorbed metal to that of the adsorbate
and the equilibrium for the adsorption process. The
adsorption data were analyzed using pseudo-first- andFig. 2. Effect of adsorbent dosage on adsorption of Pb2+

and Cd2+ by CAS, (pH 5.1, 50 mgL�1, 30min).

Fig. 3. Effect of contact time on adsorption of Pb2+ and
Cd2+ by CAS, (30mg, pH 5.1, 50 and 100mgL�1).

Fig. 4. Effect of initial metal ion concentration of Pb2+ and
Cd2+, (30mg, pH 5.1, 30min).
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pseudo-second-order kinetics model. The data derived
from the kinetic models are given in Table 1. The rate
constant of the adsorption was also derived using the
pseudo-first- and pesudo-second-order equation.

The pseudo-first order reaction can be given as:

q ¼ qeð1� e�k1t Þ ð3Þ

where qe and q are the amount of Pb2+ and Cd2+

adsorbed (mgg�1) at equilibrium and at time t (min-
utes), respectively, and k1 is the Lagergren equilibrium
rate constant of pseudo-first-order equation (min�1).
From the data, it was observed that it follow pseudo-
second-order rate kinetics. The equation is as repre-
sented below

q ¼ q2e k2t

1þ qek2t
ð4Þ

where k2 is the equilibrium rate constant
(gmg�1min�1) of pseudo-second-order rate equation.
The qe and k2 values were obtained from the slope
and intercept of the linear plot of t/q vs. time. The
theoretical values are given in Table 1 the R2 values
for pseudo-second-order rate equation were 0.99, and
the calculated qe values are in agreement with the
experimental values for both metals.

3.6. Adsorption equilibrium studies

In order to evaluate the maximum loading capac-
ity of CAS, the sorbent was allowed in contact with

varying concentration (50–200mgL�1) of Pb2+ and
Cd2+ metal solutions. Metal loading capacity of CAS
was observed to increase with increasing metal ion
concentration. It was found that maximum loading
capacity of CAS was 90.93 and 71.0mgg�1 for Pb2+

and Cd2+, respectively. Two well-known isotherm
Langmuir and Freundlich isotherm models were used
to examine the relationship between the concentration
of metal ion at equilibrium (Ce) and metal loading
capacity (qe). The nonlinear form of Langmuir equa-
tion after rearrangement is given as

qe ¼
qmKLCe

1þ KCe

ð5Þ

The Freundlich and Langmuir model constants for
Pb2+ and Cd2+ after adsorption onto CAS are dis-
cussed in Table 2. Hence the adsorption of Pb2+ and
Cd2+ on CAS powder followed second–order kinetic
model. The Adsorption kinetics and their modeling at
different initial concentrations are represented in
Fig. 5.

The nonlinear form of Freundlich adsorption iso-
therm is given as

qe ¼ KF ¼ C
1
nF
e ð6Þ

where Ce is the metal ion concentration at equilibrium
(mgL�1), qe is the adsorption capacity at equilibrium
(mg g�1), qm is the maximum adsorption capacity (mg
g�1), KL is the Langmuir constant (L mg�1), KF is the
Freundlich adsorbent capacity, nF is the heterogeneity
factor. The experimental equilibrium data obtained

Table 1
Pseudo-second-order kinetic for Pb2+ and Cd2+ parameters with experimental values obtained at 303 k

Metal
ions

Initial concentration
of metal ions (mgL�1)

Experimental qe
(mg g�1)

Pseudo-first-order constants Pseudo-second-order constants

qe (mgg�1) K1 (min�1) R2 qe (mgg1) K2 (gmg�1 min�1) R2

Pb2+ 50 33.3 6.047 0.031 0.917 31.25 0.025 0.999

100 54.9 10.92 0.047 0.908 55.32 0.031 0.998

Cd2+ 50 30.84 3.28 0.066 0.877 32.25 0.016 0.999

100 46.54 9.87 0.057 0.898 45.66 0.023 0.999

Table 2
Freundlich and Langmuir model constants for Pb2+ and Cd2+ adsorbed onto CAS

Metal ions Freundlich isotherm model Langmuir isotherm model

KC N R2 qmax (mgg�1) b (mg�1) R2

Pb2+ 13.48 4.44 0.996 91.74 0.259 0.998

Cd2+ 28.18 3.95 0.993 73.29 0.336 0.998

7704 C.P.J. Isaac and A. Sivakumar / Desalination and Water Treatment 51 (2013) 7700–7709



were fitted with Langmuir (Fig. 6) and Freundlich
(Fig. 7) isotherm models, respectively. It was found
that adsorption of Pb2+ and Cd2+ on CAS fits better
with Langmuir model than the Freundlich. The better

fit is further supported by respective correlation coef-
ficients. The R2 values in respect to sorption of Pb2+

was noted to be 0.978 and 0.899, respectively, for
Langmuir and Freundlich isotherms and values for
Cd2+ were 0.991 and 0.844 correspondingly. The theo-
retical complete monolayer coverage of Pb2+ and Cd2+

on CAS was calculated as 91.74 and 73.29mgg�1,
respectively, against 90.93 and 71.0mgg�1 found
experimentally. The sorption capacity of CAS for Pb2+

and Cd2+ was significantly higher than many other
sorption capacities of agricultural materials that have
been reported in the literature (Table 3).

3.7. FTIR analysis

The sorption of metals onto sorbent materials is
attributable to the active groups and bonds present on
them [18]. In order to identify the major functional
groups present in CAS preliminary quantitative analy-
sis was done with FTIR spectroscopy. FTIR spectra
Fig. 8 of CAS displayed a number of peaks pertaining
to different functional groups. The wide band
observed at 3,623 cm�1 indicates that free and inter-
molecular bonded O–H groups were present, whereas
the band at 2,924 cm�1 was assigned as the stretching
vibration of the C–H groups that were present in the
lignin structure [19]. The band observed at approxi-
mately 1,656 and 1,529 cm�1 indicated that C=C bonds
of aromatic rings were present. The band at
1,037 cm�1 was attributed to deformation of CH3

groups [20,21]. After adsorption of Pb2+, the weak
interactions between the CAS surface and Pb2+ and
Cd2+ was evidenced by a shift in the O–H and C=O

Fig. 5. Adsorption kinetics and their modeling at different
initial concentrations, (50, 100mgL�1 pH 5.1, 30mg,
30min).

Fig. 6. Langmuir adsorption isotherms of Pb2+ and Cd2+

by CAS.

Fig. 7. Freundlich adsorption isotherms of Pb2+ and Cd2+

by CAS.

Table 3
Comparison of maximum adsorption capacity of some
biosorbents

Sorbents Equilibrium
time (min)

Pb2+

(mgg�1)
Cd2+

(mgg�1)
References

Watermelon
Rind

30 – 61.0 [13]

Jackfruit
peel

180 – 52.08 [10]

Mango peel 60 99.05 68.92 [18]

Mungbean
husk

60 – 35.41 [18]

Orange peel 30 73.53 13.7 Mohamed
et al. 2011

Ponkan peel 60 112.1 – [11]

Rice husk 60 37.88 – [3]

Banana peel 20 2.18 5.71 [7]

CAS 30 90.93 71.0 This study

C.P.J. Isaac and A. Sivakumar / Desalination and Water Treatment 51 (2013) 7700–7709 7705



bands from 3,623 and 1,656 cm�1 to 3,525 and
1,707 cm�1 for Pb2+ and 3,446 and 1,629 for Cd2+,
respectively. These results provide strong evidence for
the adsorption of Pb2+ and Cd2+ onto the CAS sur-
face.

3.8. Energy dispersive X-ray analysis

Elemental analysis of CAS before and after sorption
of Pb2+ and Cd2+ was done by energy dispersive X-ray
analysis (EDX). Fig. 9a, 9b, and 9c show the EDX
pattern of CAS before and after sorption of Pb2+ and
Cd2+. The EDX pattern of CAS Fig. 9a before sorption
shows the presence of calcium (Ca) and magnesium

Fig. 8. FTIR of CAS before adsorption.

Fig. 9a. EDX of CAS before adsorption.

Fig. 9b. EDX of CAS after adsorption of Pb2+.

Fig. 9c. EDX of CAS after adsorption of Cd2+.
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(Mg) signals and the absence of Pb2+ and Cd2+ signals

[22]. After sorption diminished peak of Mg and Ca
and the presence of Pb2+ in Fig. 9b and Cd2+ Fig. 9c
was observed. These findings on EDX analysis clearly
indicate the mechanism involved is ion exchange for
the removal of metals by CAS. The surface structure of
CAS before and after Pb2+ and Cd2+ adsorption was
analyzed using field-emission scanning electron
microscopy (FE-SEM). As shown in Fig. 10a, the sur-
face of CAS was smooth before adsorption; however,
the surface was moldy, crude and appeared to bulge
after adsorption of Pb2+ in Fig. 10b and Cd2+ in
Fig. 10c, which indicates that the CAS surface has a
higher tendency to trap and adsorb the Pb2+ and Cd2+.

3.9. Effect of temperature

The adsorption of metal ions was studied at four
different temperatures in the range 293–323 k using
CAS as an adsorbent and at the metal ion concentration
of 100mg/L. The experimental result showed that the

adsorption capacity increases with increase in the

solution temperature. The enhanced sorption at higher
temperature indicates endothermic adsorption. It is
cleared from Table 4 that DG˚ values were found to be
negative which indicates that the adsorption efficiency
of Cd2+and Pb2+ onto CAS increases with increase in
temperature. The negative values of DG˚ confirm the
feasibility of the process and the spontaneous nature of
adsorption. The Gibbs free energy change of the
adsorption process is related to the equilibrium
constant by the classical Van’t Hoff equation

DG
� ¼ �RTlnKD ð7Þ

The Gibbs free energy change is also related to
the entropy change and heat of adsorption at
constant temperature according to the following
equation

DG
� ¼ DH

� � TDS
� ð8Þ

Fig. 10a. SEM image of CAS before adsorption.

Fig. 10b. SEM image of CAS after adsorption of Pb2+. Fig. 10c. CAS after adsorption of Cd2+.
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4. Desorption and regeneration of CAS

Desorption and regeneration of the biosorbent is of
crucial importance in assessing its potential for com-
mercial applications [23]. In order to make the sorp-
tion process most economical, desorption and
regeneration potential of CAS was investigated for
four times using 0.1M HCl as desorbing agent. For
the study of desorption, 0.1 g of Pb2+ and Cd2+ loaded
CAS was kept in contact with 20mL of 0.1M HCl for
30min and desorbed acidic solution was subjected to
Atomic Absorption spectrometer to determine the
metal concentration. Desorption of Pb2+ and Cd2+

from the metal loaded CAS resulted in 97.6 and 98.7%
metal recovery for first cycle, respectively. The effi-
ciency remained almost unchanged during three
repeated cycles for both the metal ions and then grad-
ually reduced for the fourth and fifth cycles as shown
in Fig. 11.

5. Conclusions

The present study shows CAS powder can be used
as an inexpensive sorbent for the sorption of Pb2+ and
Cd2+ from aqueous solution. Biosorption of Pb2+ and

Cd2+ by CAS were fast, with equilibrium reached in
30min and following pseudo-second-order kinetics.
The maximum loading capacity (qe) of CAS was found
to be 90.93 and 71.0mgg�1 for Pb2+ and Cd2+ respec-
tively, and perfect fit to Langmuir isotherm model
with correlation coefficients R2 > 0.995. The thermody-
namic studies revealed that the adsorption is sponta-
neous and endothermic for Cd2+ and Pb2+ ions onto
CAS. The increase in sorptive uptake of the metal ions
with an increase in temperature may be attributed to
chemisorption. Complete desorption and regeneration
of the sorbent for three cycles and partial regeneration
in the fourth and fifth cycle showed that the material
is an excellent sorbent and process involved in uptake
of metals was ion exchange which also evidenced
from EDX patterns of sorbent before and after sorp-
tion. From these observations, it can be concluded that
CAS can be used as a nonhazardous material for
removal of heavy metals from aqueous solution.

List of symbols

Ce — equilibrium metal ion concentration, mg/L

C0 — initial metal ion concentration, mg/L

Ct — metal ion concentration in the solution (mg/L) at
time t

K1 — first-order rate constant, min�1

K2 — second-order rate constant, g/mg/min

1/n — Freundlich isotherm constant

aL — Langmuir isotherm constant, L/mg

KF — Freundlich isotherm constant, mg/g

KL — Langmuir isotherm constant, L/mg

M — mass of adsorbent, g

qe — equilibrium solid-phase concentration, mg/g

qmax — maximum adsorption capacity

qt — solid-phase concentration at any time t, mg/g

R — universal gas constant, J/molK

R2 — linear regression coefficient

RL — separation factor

T — absolute temperature, K

Fig. 11. Desorption studies of CAS for five cycles.

Table 4
Thermodynamic parameters of the adsorption of Pb2+ and Cd2+ ions by CAS

Temperature (k) Pb2+ Cd2+

KD dm3/g DG˚
(Kj/mol)

DH˚
(Kj/mol)

DS˚
(Kj/mol k)

KD dm3/g DG˚
(Kj/mol)

DH˚
(Kj/mol)

DS˚
(Kj/mol k)

293 0.0801 �9.683 25.353 122.53 0.093 �10.220 26.510 122.42

303 0.1384 �11.503 0.112 �11.134

313 0.1774 �12.287 0.2143 �12.001

323 0.2199 �13.532 0.323 �13.312

(50mg L�1, pH 5.1, 30mg, 30min).
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t — time in min

V — liquid-phase volume, L

DG˚ — free energy change of the adsorption reaction,
kJ/mol

DH˚ — enthalpy change of the adsorption reaction,
kJ/mol

DS˚ — enthalpy change of the adsorption reaction,
J/molK
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