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Abstract

This research studied the adsorption of cadmium from aqueous solutions by the use of pomelo peel
(PP), a natural, locally available, and inexpensive biomass, as an adsorbent. The characteristics of PP
were analyzed by the Brunauer-Emmett-Teller method, Fourier transform infrared spectroscopy, and
scanning electron microscope (SEM) image. Results showed that the specific surface area of the PP was
0 m?g. The PP contained carboxylic and hydroxyl groups which were responsible for interaction with
cadmium and the SEM image showed the external surfaces of PP were mesoporous or macroporous.
The affecting factors, including initial solution pH (pHy), initial cadmium concentration, contact time, and
temperature, were investigated. It was found that the optimum condition was obtained under the
condition: pH, of 5.0, 200 mg/L of initial concentration, 30°C, and 60 min with the adsorption capacity of
263.60 mg/g. The adsorption isotherm obeyed Langmuir equation. The kinetic data of the adsorption
process conformed to the pseudo-second order kinetic model. The negative of standard Gibbs free
energy change and enthalpy change revealed that the adsorption process was spontaneous and

exothermic. The regeneration of cadmium-loaded PP can be done by leaching with distilled water and 0.1
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M HCI. The results of this study indicated that the PP is an attractive candidate for the removal of

cadmium from aqueous solutions.

Keywords: Cadmium; Pomelo peel; Adsorption; Regeneration

Introduction

Contamination of the environment by heavy
metals occurs from many sources, including
industrial, agricultural, and domestic. Cadmium is
a heavy metal often detected in effluent from
industries involved in

mining, electro-plating,

smelting, alloying, dyes, and batteries. The

combination of cadmium and free radicals of
hydroxyl, anion of superoxide, nitric oxide, and
peroxide is carcinogen in humans’ lungs,
pancreas, prostate glands, and livers. Also, high
amounts of cadmium accumulation in the kidneys
causes serious damage to these organs and
bones [1]. Thus there is a necessity to limit

cadmium in wastewater.

Many wastewater treatments exist to
remove cadmium from effluent, such as ion
exchange, solvent extraction, chemical

precipitation, membrane filtration, electrochemical
methods, and adsorption [2, 3]. Although these
methods are highly efficient, they have limitations,
such as high chemical and energy consumption,
high operating costs, and secondary pollutants [4,
5]. Therefore, environmental engineers and
occupational health and safety staff investigated
efficient and less

more costly wastewater

treatment methods. Biomaterials which can

adsorb heavy metal ions are bacteria, fungi,
algae, industrial waste, agricultural residues, and
polysaccharides [6, 7]. Fruit peel is an abundant
waste found in domestic situations and fruit juice
industries. This material has a high amount of
which

pectin is composed of a functional

carboxylic group.
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Pomelo is a fruit which is widely grown and
used in Thailand. Pomelo peel (PP) is composed
of soluble and insoluble monomers and polymers
(8l

sucrose, and xylose, and the insoluble parts are

The soluble parts are glucose, fructose,

pectin, cellulose, and hemicelluloses. These
insoluble parts constitute between 50 and 70% of
the whole material. These polymers have
important functional groups such as carboxylic
and hydroxyl groups which can interact with
cations of heavy metals in aqueous solutions [9].

In this research, plentiful and cheap
amounts of PP were used as a biosorbent to
remove cadmium from aqueous solutions. The
biosorbent was analyzed to determine the specific
surface area, surface functional groups, and
morphology. Factors such as the initial solution
pH, initial cadmium concentration, contact time,
and temperature were investigated. Equilibrium
results were correlated with Langmuir and
Freundlich equations. Kinetic data were fitted by
pseudo-first and pseudo-second order kinetic
models. Finally, reutilization of cadmium loaded
on PP was studied by solvent elution such as

distillated water and 0.1 M HCI.

Materials and Methods
1. Preparation of the biosorbent
The natural PP used in this work was
obtained from a market in Warin Chamrap, Ubon
Ratchathani Province, Thailand as solid waste.
The yellow-green peel (flavedo) was removed
from the PP with a knife. The residue of white
spongy peel (albedo) was then washed with
times to remove all

distiled water several



impurities. The washed material was cut into
small pieces and naturally dried in the sun for 6
days. It was then ground into a powder by a
blender and finally screened to obtain a particle
size under 140 pm, and stored in a desiccator for
further use. No other chemical or physical
treatments were applied prior to the adsorption

experiments.

2. Preparation of metal ion solutions

A stock solution of 1 g/L cadmium ions was
prepared by dissolving an appropriate amount of
CdCl,.5/2H,0 which has a molecular weight of
112.41 g/mol in distilled water. The concentrations
used were obtained by dilution of the stock
solution. The pH was adjusted to a given value by
adding of HCI (1 M) and NaOH (1 M) and was
measured using a Benchtop pH meter (700
EUTECH, Thermo Scientific). All chemicals used
in the study were of analytical grade. Metal ion
concentrations were determined using an Atomic
Absorption Spectrophotometer (AA-650, Perkin
Elmer). The calibration curve was constructed to

convert the metal concentration and absorbance.

3. Biosorption experiments

All batch sorption studies were carried out
by adding a fixed amount of sorbent (0.1g) into
250 mL Erlenmeyer flasks containing 100 mL of
metal solutions. A series of adsorption
experiments was performed in different operating
conditions related to the initial solution pH, initial
metal  concentration, contact time, and
temperature. The effect of the initial solution pH
was carried out by varying the pH, of 50 mg/L
cadmium solution from 2.0 to 6.0. Agitation was
provided for 24 hr, sufficient to reach equilibrium
with a constant agitation speed of 200 rpm and

30°C. The samples were measured and then
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filtered by micro-filter and then finally the metal
concentrations in the filtrate were analyzed. The
metal concentrations were measured at time t=0
and at equilibrium. The effects of initial metal
concentrations were investigated in the same
fashion as that in the first experiment, but the
initial concentrations were varied in a range of 50

5.0). The

to 600 mg/L of metal solution (pH,
effects of contact time were investigated in the
same manner as the first experiment but the pH,
was fixed at 5.0. The samples were measured
every 10 min during the first hour, then every 30
min during the second hour, and then finally every
1 hr until the final concentration reached a
constant. Finally, the effects of temperature were
by the

temperatures from 30 to 60°C with the initial

investigated varying operating

metal concentration of 50 mg/L (pHy = 5.0).

4. Desorption experiments

The  solution  with  initial  cadmium
concentration of 100 mg/L was adsorbed in the
same manner as the effects of initial
concentration experiment. A certain amount of
cadmium-loaded PP was harvested from the
suspension by filtrating with micro-filter and dried
at 60°C until the weight was constant. The
cadmium-loaded bisorbent was desorbed by
adding a fixed amount of sorbent (0.1g) into 100
mL of distilled water or 0.1M HCI solution. The
flasks were shaken at 200 rpm for 24 hr at 30°C.
The samples were measured and then filtrated by
micro-filter. The metal concentration in the filtrate

was determined.

5. Characterization of biosorbent
The specific surface area was determined
from N, adsorption-desorption isotherm at 77K by

using an Automatic Surface Analyzer (ASI-C-8,



Quantahrome Instrument). The specific total
surface area was calculated using the Brunauer-
Emmett-Teller (BET) equation. The surface
functional groups of PP were detected by Fourier
infrared (FTIR-2000,

transform spectroscope

Perkin-Elmer) to identify functional groups
responsible for metal binding. The morphology of
the PP was also analyzed by scanning electron
microscope (SEM) image. The biosorbed quantity
and the removed cadmium percentage (%Cd*"
Removal) were calculated using the following
equations:

:V(CO _Ct)

o m

% Cd 2 Removal = % %100%
0 (2

)
where q; (mg/g) is the quantity of metal ions
biosorbed per unit mass of biosorbent, C, (mg/L)
is the initial metal ions concentration, C; (mg/L) is
the metal ions concentration after biosorption, m
(g9) is the mass of biosorbent, and V (L) is the

volume of aqueous solution.

Results and Discussion
1. Characteristics of biosorbent

N, adsorption-desorption isotherm at 77K is

The

1l

in

the

depicted in Fig. 1. isotherm was

accordance with isotherm  of

type
International Union of Pure and Applied Chemistry
(IUPAC) describing adsorption of nonporous or
macroporous adsorbent with weak adsorbate-
adsorbent interactions which may provide
multilayer adsorption [10]. The specific surface
area of PP adsorbent obtained by multipoint BET
analysis was approximately 0 m?g. Furthermore,
the external surface area and micro pro surface

area were also 0 m%g. According to IUPAC,
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pores are classified as micropores (less than 2
nm diameter), mesopores (2-50 nm diameter),
and macropores (more than 50 nm diameter). The
average pore diameter determined by Barrett-
Joyner-Halenda (BJH) method was found to be
3.96 nm, indicating that mesopores are the main
part of the adsorbent.
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—&— Desorption

Volume adsorbed {cm?/g)

80
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20

0

0.2 0.4 06 0.8 1

Relative pressure (P/Pg)
Fig. 1 N, Adsorption and desorption isotherm of
PP at 77 K
The chemical structure of the biosorbent is

of vital importance in understanding the

adsorption process. The FT-IR technique is an

important tool to identify the characteristic

functional groups which are instrumental in

adsorption of metal ions. The FT-IR spectrum of
the PP adsorbent is shown in Fig. 2. From this
spectrum, it was observed that the PP contained
a large number of functional groups which
PP,

absorption peaks around 3,500-3,300 cm™, the O-

constituted this biosorbent material. In
H stretching vibrations due to inter- and intra-

molecular hydrogen bonding of polymeric
compounds such as alcohol and phenols, and
carboxylic acids, as in pectin, cellulose, and lignin,
thus showing the presence of free hydroxyl
groups on the adsorbent surface [11]. The peaks
at 2,919 cm” were attributed to the symmetric
and asymmetric C-H stretching vibration of

aliphatic acids. The peak at 1,737 cm™ was due



to the stretching vibration of bond due to non-
ionic carboxyl groups  (-COOH, -COOCHj3), and
may be assigned to carboxylic acids or their
esters [12]. The peaks around 1,616 and 1,418
cm” were due to asymmetric and symmetric
stretching vibrations of CO in ionic carboxylic
groups (-COQ") respectively [13]. Aliphatic acid
group vibration at 1,261 cm™ may be attributed to
deformation vibration of C=0O and stretching
formation of —OH of carboxylic acids, and
phenols. The strong band at 1,068 cm™ can be
allocated to the C-O of alcohols and carboxylic
acids [14]. The peaks found between 1,130-1,000
cm™ were due to the vibration of C-O-C, C-O-P,
and O-H of polysaccharides [15]. The IR-spectra
result showed that carboxylic and hydroxyl groups
were responsible for the binding of cadmium.

The SEM analysis of PP revealed important
information about the surface morphology. As
seen in Fig. 3, the biosorbent has some cavities

in its structure capable of up-taking metal ions.

%T

2360.50

2918.68
3 3338.90

00

1736.98

According to the results interpreted from N,
adsorption—desorption isotherm, the complex and
porous surface texture was expected due to the
existence of mesopores and macropores on the

PP surface.

2. Effects of initial solution pH

pH plays an important role in the bio-sorption
process of the metal ions which affects the
solubility of the metal ions, concentration of
counter ions on the functional groups of the
adsorbent, and the degree of ionization of the
adsorbate during the reaction. These have been
studied by many researchers [16-18]. Biosorption
was low at strong acidic medium and percent
Cd?" removal of PP increased with an increase in
the initial solution pH, until a certain value was
reached. As shown in Fig. 4, the minimum

percent removal was at pH 2.0 (0.72%), increased

up to 4.0 (42.83%), and remained nearly.
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1068.49
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1600 1400 1200 1000 800 600 400.0
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Fig.2 FT-IR spectroscopy of PP



Fig. 3 SEM micrographs for PP
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Fig.4 Effects of initial solution pH on the percent cadmium removal of PP (C, = 50 mg/L, temperature

30°C, stirring rate 200 rpm for 24 hr and m = 0.1 g)

constant over the initial pH range of 5.0 to
6.0. A pH value of 5.0 was chosen as being the
optimum for further experiments to avoid the
precipitation of Cd(OH)** as Cd*" precipitates
above pH 6.0 in the form of Cd(OH), and
biosorption cannot take place [18]. The carboxylic
group is active binding sites which cause the
interaction with cadmium. The carboxylic groups
present in the adsorbent have the pKa values
from 3.0 to 5.0. Therefore, at higher pH,

deprotonation occurs as shown in equation (3)

[19].
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|O (o]
deprotonation
T NI
/ O—H / \oe
Carboxylic acid Carboxylate ion

Carboxylate ions released and resulted in
more interaction between the negatively-charged
carboxylate anions and positively-charged
cadmium species [20]. Preliminary FT-IR indicated
inter- and intra-molecular hydrogen bonding of
alcohols, carboxylic acids, and phenols showing
the presence of “free” hydroxyl groups on the
adsorbent surface [21]. Hydrogen bonding for the
adsorption process was due to the —-COOH

groups and —OH groups as shown in equations



(4) and (5) [19, 20]. R is the matrix of the

biosorbent.

2(ROH) + Cd(OH),—(-ROH),_Cd(OH), (4)

(RCOOH) + Cd(OH),—(-RCOOH), Cd(OH),(5)

At pH 2.0, a very low percent metal removal
was observed because functional groups such as
free carboxylic and hydroxyl groups were not
dissociated. Lower adsorption of cadmium at
acidic pH was probably due to the competition
between H" and metal cations of cadmium for the
exchangeable sites on the biosorbent, thereby
partially releasing the cations which resulted in
very low cadmium uptake. As surface charge
density decreased with an increase in the solution
pH, the
the

the electrostatic repulsion between

positively-charged metal (cadmium) and
surface of the PP was lowered, which may result
in an increase in the rate of adsorption. A similar
result was reported for the adsorption of cadmium
as those in the literature [21, 22]. At a higher
solution pH, the PP may become negatively-
charged, which enhanced the positively-charged
metal cations through electrostatic forces of

attraction.

3. Effects of initial metal concentration and
contact time

The metal uptake increased with increases
in the cadmium initial concentration in solution to
the highest adsorption capacity of 263.60 mg/g at
the initial concentration of 600 mg/L as shown in
Fig. 5. This can be attributed to the plentiful
binding sites on the adsorbents. The further
increase of higher adsorption capacity (Cy>600
mg/L) was expected if higher initial cadmium

concentrations were assigned.
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Fig. 5 Effects of initial concentration on the

adsorption of cadmium onto PP (C, =
50-600 mg/L, pH, = 5.0, temperature
30°C, stirring rate 200 rpm for 24 hr and
m = 0.1g)

Contact time is a fundamental parameter in

all transfer phenomena of biosorption. To
establish the equilibrium time for maximum uptake
of cadmium, the biosorption of cadmium on the
biosorbent was studied as a function of contact
time. The adsorption capacity of cadmium onto
PP increased with increases in contact time as
depicted in Fig. 6. It was observed that the
sorption rate was rapid during the first 5 min, and
then the rate was slower during the 5 to 60 min
range, and a plateau was reached after 60 min. It
can be stated that the rapid rate in the initial
stage was due to more available active sites on
the outer and inner surfaces of the adsorbent,
and the slower rate in the later stage was due to
less availability on the outer surfaces and slower
diffusion of metal ions into the interior of the
adsorbent. The plateau adsorption capacity at the
final stage indicated that the adsorbent reached
saturation with the metal ions at 60 min which
was the sorption equilibrium time. The rapid
kinetics has significant practical importance, as it
facilitates smaller reactor volumes, ensuring high

efficiency and economy [23]. The experiments



were performed in a high agitation speed system

in which all the binding sites were readily
available for metal sorption, and hence the effect
of external diffusion cannot be considered as a
limiting step. Equilibrium attained in a relatively
short contact time indicated that the adsorption of
cadmium was a controlled chemical reaction
rather than a diffusion-controlled process. There
was no significant change in the uptake of
cadmium by the biosorbents after about 60 min.
This was due to saturation of the adsorbent by
the cadmium [24].

Although the equilibrium stage was achieved
within 60 min, the stirring time for equilibrium
experiments was assigned as 24 hr to ensure
complete metal adsorption which was well

documented [2, 6, 8 and 12].
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Fig. 6 Effects of contact time on the adsorption of

cadmium onto PP (Cy = 50 mg/L, pH, =
5.0, temperature 30°C, stirring rate 200
rom and m = 0.1g)

4. Effects of temperature

The increase of temperature in the system
caused a decrease of the adsorption capacity as
shown in Fig. 7. This indicated that the reaction
was an exothermic process. This result was in
accordance the literature [25, 26]. Thermodynamic

parameters can be determined from the variation
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of the thermodynamic equilibrium constant K, with
temperature.
For adsorption reactions, K, is defined as

follows:

7sCs
7.C

K, = ®)

e

where C; is the surface concentration of cadmium
(mmol/g), C, is the cadmium concentration in
solution at equilibrium (mmol/ml), and Y, and Y,
are activity coefficients of the adsorbed cadmium
and cadmium in solution respectively. The
expression of K, can be simplified by assuming
that the concentration in the solution approaches
zero resulting in C,—0 and C,—0 and the
activity coefficients approach unity at these very

low concentrations [27]. Eq.6 can be written as:

@)

Cg—0 Ce

The adsorption standard free energy change

(AG®) can be calculated from:

AG° =—RT InK, (8)

where R is the universal gas constant (8.314
J/imol.K) and T is temperature in Kelvin. The
average standard enthalpy change (AHO) and the
standard entropy change (S) are determined from

the Van’t Hoff equation [27].

AH°

AH®  AS®
RT

InK, =— R

)

The values K, of cadmium adsorption on PP
evaluated were 826.82, 770.12, 658.19 and
492.24 for 30, 40, 50, and 60°C respectively. All
of cadmium

thermodynamic parameters

adsorption on PP and enthalpy change of -14.24



kJ/mol of PP obtained in this study indicated that
the adsorption system was exothermic. The
negative value of AG® confirmed the feasibility of
the spontaneous nature of adsorption. This also
confirmed the possibility of physical adsorption.
The positive value of entropy change (AS?)
corresponded to an increase in the degree of
freedom of the adsorbed species. A small change
in the entropy showed that the PP did not

significantly change.
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Fig. 7 Effects of temperature on the adsorption of
cadmium onto PP (C, = 50 mg/L, pH, = 5.0,
temperature 30-60°C, stirring rate 200 rpm
for 24 hr and m = 0.1g)

5. Adsorption isotherms

The study of adsorption isotherms is
fundamental, and plays an important role in the
determination of the maximal capacity of
adsorbent. The equilibrium data usually were
correlated by well-established isotherm models
such as Langmuir and Freudlich isotherms. For
the adsorption on a totally homogeneous surface,
generally the Langmuir equation applies because
here interactions between adsorbed molecules
are negligible. The Langmuir equation is most
often used to describe equilibrium sorption
isotherm [27] which is valid for monolayer sorption
with a finite number of identical sites. The linear

form of Langmuir isotherm is given below:
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C

Qe

C

e e

am

1
KLqm

(10)

where q,, (mg/g) is the maximum sorption of

monolayer, C, (mg/L) is a final equilibrium

concentration of cadmium, q. (mg/g) is the
cadmium adsorbed per unit weight of the PP at
final equilibrium concentration, and K, (ml/g) is
the Langmuir constant related to the affinity of
binding sites.

The essential characteristics of the
Langmuir isotherm can be expressed by means of
“R,” which is a dimensionless constant referred to
as a separation factor of equilibrium parameter.

The R, is defined by:

1
RL=———
1+ K. .C, (11)
This parameter suggests the type of isotherm is

irreversible (R,=0), favorable (0<R,<7), linear
(R,=1), or unfavorable (R,>7). As can be seen
from Table 1, the R, values are between 0 and
1.0, indicating that the adsorption of cadmium
onto PP is favorable.

The widely used empirical Freundlich
equation based on sorption on a heterogeneous

surface is given by:

1
log(q, ) = log(K.) + ~log(C, ) (12)

U gy and n are the physical

where K. (mg
constants of the Freundlich isotherm. The K. and
n are the indicators of adsorption capacity and
adsorption intensity respectively [28].

The results showed the Langmuir isotherm
was best fitted to the experimental data for
cadmium that of

indicating the monolayer

cadmium molecules covered along the PP



surface. Table 1 shows that the monolayer
capacity of absorbed cadmium onto PP was

434.78 mg/g.

Table 1 Isotherm constants and correlation

coefficients for the adsorption of

cadmium on PP

Isotherm model Parameters Value
Langmuir dm (Mg/g) 434.78
K. (/mg) 4.57x10°
R? 0.9945
RL 0.27
Freundlich Ke (I/9) 3.87
n 1.34
R? 0.9796

6. Adsorption kinetics

To find the mechanism controlling the

adsorption process, pseudo-first-order, pseudo-
second order, and intraparticle diffusion models
were used to check the experimental data. The q;
(mg/g) is the amount of cadmium adsorbed at
time t.

The pseudo-first order kinetic model is
normally applicable for only the initial 30 min of
adsorption process. If the diffusion rate of
adsorbate across the boundary layer is at a rate
of limiting step, the kinetic data are well fitted to
the pseudo-first order model [29]. It is generally

expressed as follows:

In(qe _qt)zln qe _klt (13)

where k; (min™') is the rate constant of first-order
adsorption.

The pseudo-second order kinetic model was
proposed by Ho in 1995 [30]. If the chemical
sorption is the rate of the

limiting  step,

experimental data follow the pseudo-second order
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expression according to Eq. (14). It is expressed
as:

t 1

9

1

e

(14)

k,9¢

where k, (min™) is the rate constant of second-
order adsorption.

If the diffusion of cadmium ions into the
pores and capillaries of the adsorbent is the rate
of limiting step, the adsorption data can be

presented by the following Eq. (15):

g =k, 12 +C (15)
where Kk, represents intraparticle diffusion rate
constant (mg/(g.min"?)) and C is a constant
(mg/g) which gives information on the thickness of
the boundary layer.

The calculated values of g, (Table 2) from
the pseudo-first-order  kinetics model and
intraparticle diffusion model were dramatically
lower than the experimental value (Qep). The
linear plot of t/q; against t according to Eq. (14)
The constant k, and the

was observed.

corresponding  linear  regression  correlation
coefficient values, R?, are given in Table 2. As the
values of R? were limited to unity (0.9986), the
adsorption data conform to the pseudo-second
order model. This indicated that the rate of limiting
step was the formation of chemical bonding
between the cadmium ions and the dissociated

functional groups on the surface of the PP.



Table 2 Pseudo-first order, pseudo-second, and intra-particle diffusion kinetic parameters for cadmium

adsorption on PP

Kinetic model Parameters Value
Je,exp(MY/Q) 35.02
Pseudo-first order ky (min™") 2.67 x1072
Te.cal (MY/9) 9.12
R? 0.8687
Pseudo-second order ks (9/(mg*min)) 1.62 x1072
Je.cal (MY/9) 35.09
R? 0.9999
Intraparticle diffusion k, (mg/(g.min"?)) 0.74
C (mg/g) 22.85
R? 0.3729

7. Desorption study

After desorption, the desorption efficiencies
were 44.18% and 68.06% by using distilled water
and 01 M H,SO, as leashing solvent
respectively. A complete desorption of cadmium
ions could not be obtained, which may be due to
cadmium ions becoming trapped in the intrapores
and, therefore, difficult to release [31]. An
interaction between cadmium and PP surface is
weak as a physisorbed molecule usually can be
easily desorbed. As the distilled water and acid
solution can desorb the cadmium, it could be said
that the attachment of the cadmium onto the
adsorbent involved both physical and chemical

processes.

Conclusion

PP can be used as a biosorbent for the
adsorption of cadmium from aqueous solutions
since the cell wall of PP is composed of pectin
which contains free carboxylate and hydroxyl
functional groups. These functional groups could
be active sites for binding with cadmium by

means of covalent bonding and/or electrostatic

interaction. The results showed that the highest
adsorption capacity of 263.60 mg/g was observed
at pH of 5.0 and 60 min. Equilibrium data follow
the equation of Langmuir and the kinetic data
conform to pseudo-second order kinetic models.
The cadmium uptake decreased with increases in
solution temperature indicating an exothermic
reaction. The regeneration of cadmium loaded PP
can be done by using distilled water and 0.1 M
H,SO,. Results of this study suggested that the
PP is a reliable and dependable adsorbent with a
promising potential for the removal of cadmium

normally found in industrial effluents.

Acknowledgements

This study was financially supported by
the Environmental Engineering Program in the
Department of Chemical Engineering, Faculty of
Engineering, Ubon Ratchathani University (UBU).
The authors express their gratitude to the staff of
the Office of International Relations at UBU for

assistance with English.

148



References

[1] Waalkes, M.P. 2000. “Cadmium carinogenesis
in review”. J. Inorg. Biochem. 79: 241-
244.

[2] Rao, K.S. Mohapatra M., An S., Venkateswarlu
P. 2010. “Review on cadmium removal
from aqueous solutions”. Int. J. Envi. Sci.
Technol. 2(7): 81-103.

[3] Pehlivan, E. and Altun, T. 2007. “lon-exchange
of Pb%, Cu®*, Zn?*, Cd*,and Ni?* ions
from aqueous solutions”. Chem.Eng.J.
148: 68-79.

[4] Umpuch, C. and Sakaew, S. 2013. “Removal
of methyl orange from aqueous solutions
by adsorption using chitosan intercalated
montmorillonite”. Songklanakarin J. Sci.
Technol. 35(4): 451-459.

[5] Ye, H., Zhu, Q., and Du, D. 2010. “Adsorptive
removal of Cd(ll) from aqueous solution
using natural and modified rice husk”.
Bioresource Technol. 101: 5175-5179.

[6] Khan, S., Farooqi, A., Ihsan Danish, M. and
Zeb, A. 2013. “Biosorption of copper (ll)

solutions citrus

from aqueous using

sinensis peel and wood sawdust:
utilization in purification of drinking and
waste water”. Int. J. Res. Agri. Sci. 16(2):
297-306.

[7] Umpuch, U. 2015. “Removal of Yellow20 Dye
from Aqueous solution using organo-rice

and

straw: kinetic

equilibrium studies”. Eng. J. 19(2): 59-69.

characteristic,

[8] Tasaso, P. 2014. “Adsorption of copper using
pomelo peel and depectinated pomelo
peel”. J. Clean Energ. Technol. 2(2):

154-157.

149

[9] Umpuch, C. 2015. “Batch adsorption of organic
dyes by organo-bagasse: carbon content,
pH influence, kinetics and isotherms”. Int.

J. Eng. transactions A: Basics, 28(4):

507-515.

[10] Umpuch, C. and Sakaew S. 2013. ”
Adsorption characteristics of reactive
black 5 onto chitosan-intercalated

montmorillonite  clay”’, Desalin. Water
Treat. 53: 2962-2969.

[11] Khan, S., Farooqi, A., lhasn Danish, M. and
Zeb, A. 2013. “Biosorption of copper(ll)
from solution citrus

aqueous using

sincensis peel and wood sawdust:
utilization in purification of drinking and
wastewater”. Int. J. Res. Rev. Appli. Sci.
16(2): 297-306.

[11] Ye, H., Zhu, Q. and Du, D. 2010. “Adsorption
removal of Cd(ll) from aqueous solution
using natural and modified rice husk”.
Bioresource Technol. 101: 5175-5179.

[12] Sirilamduan, C., Umpuch, C. and Kaewsarn,
P. 2011. “Removal of copper from

aqueous solutions by adsorption using

modify Zalacca edulis

Songklanakarin J. Sci. Technol. 33(6):

peel modify”,
725-732.

[13] Umpuch, C. and Jutarat, B. 2013. “Adsorption
of organic dyes from aqueous solution by
surfactant modified corn straw”. Int. J.
Chem. Eng. Appl. 4(3): 41-59.

[14] Pagnanelli, F., Minelli, S., Veglio, F. and
Toro, L. 2013. “Heavy metal removal by
olive pomace: biosorbent characterisation

and equilibrium modeling”. Chem. Eng.

Sci. 58: 4709-4717.



[15] Srinivasa Rao, K., Anand, S. and

Venkateswarlu, P. 2010. “Adsorption of

cadmium(ll) ions from aqueous solution

by Tectona Grandis L.F.(teak leaves
powder)”. Bioresource 5(1): 438-454.

[16] Anastopoulos, |. and Kyzas, G.Z. 2014.

“Agricultural peels for dye adsorption: A

review of recent literature”. J. Mol. Liq.

200: 381-389.
[17] Torab-Mostaedi, M., Asadollahzadeh, M.,
Hemmati, A., and Khosravi, A. 2013.

“Equlibrium, kinetic, and thermodynamic
studies for biosorption of cadmium and
nickel on grapefruit peel”. J. Taiwan Inst.
Chem. E. 44: 295-302.

[18] and

Khotimchenko, M.,

Y.

Kovalev,

2007.

v,

Khotimchenko, “Equilibrium
studies of sorption of lead(ll) ions by
different pectin compounds”. J. Hazard.
Mater. 149: 693-699.

[19] Hameed, B.H. 2009. “Removal of cationic dye
from aqueous solution using jackfruit peel
as non-conventional low-cost adsorbent”.
J. Hazard. Mater. 162: 344-350.

[20] Schiewer, S. and Igbal, M. 2010. “The role of
pectin in Cd binding by organge peel
biosorbents: A comparison of peels,

depictinated peels and pectin acid”. J.

Hazard. Mater. 177: 899-907.

[21] Bhat, A., Megeri, G.B., Thomas, C.,
Bhargava, H., Jeevitha, (o
Chandraskhekar, S. and Madhu, G.M.

2015. “Adsorption and optmization studies
of lead from aqueous solution uksing Y-
Alumina”. J. Environ. Chem. Eng. 3: 30-
39.

150

[22] Lasheen, M.R., Ammar, N.S. and Ibrahim
H.S. 2012. “Adsorption/desorption
Cd(ll), Cu(ll) and Pb(ll) using chemically

of

modified orange peel:

kinetic studies”. Solid State Sci. 14(2):

Equilibrium and

202-210.

[23] Hameed, B.H., Mahmound, D.K. and Ahmad,
A.L. 2008. “Sorption of basic dye from
aqueous solution by pomelo (Citrus
grandis) peel in a batch system”. Colloid
Surface A. 316: 78-84.

[24] Wibulswas, R. 2004. “Batch and fixed bed
sorption of methylene blue on precursor
and QACs modified montmorillonite”. Sep.
Purif. Technol. 39: 3-12.

[25] Igbal, M., Saeed, A., and Zafar, S.I. 2009.

“FTIR spectrophotometry, kinetics and
adsorption  isotherms  modelling, ion
exchange, and EDX analysis for

understanding the mechanism of Cd*
and Pb%" removal by mango peel waste”.
J. Hazard. Mater. 164: 161-177.

[26] Anwar, J., Shafique, U., Zaman, W.-U.,
Sallman, M., Dar, A. and Anwar, S. 2010.
“Removal of Pb(ll) and Cd(Il) from water
by adsorption on peels of banana”.

Bioresource Technol. 101:1752-1755.

[27] Boparai, B.K., Joseph, M. and O’Carroll. M.D.

2011. “Kinetics and thermodynamics of
cadmium ion removal by adsorption onto
nanozervalent iron particles”. J. Hazard.
Mater. 186: 458-465.
[28] Barka, N., Abdennouri, M., Makhfouk, M.E.
and Qourzal, S. 2013. “Biosorption
characteristics of cadmium and lead onto
eco-friendly dried cactus (Opuntia ficus
Chem.

indica) cladodes”. J. Environ.

Eng. 1: 144-149.



[29] Lagergren, S. and Svenska, B.K. 1898.
“About the theory of so-called adsorption
of soluble substances”. Vaternskapsakad
Handlingar. 24(4): 1-39.

[30] Ho, Y.S. and McKay, G. 1998. “Sorption of
dye from aqueous soluton by peat”.

Chem. Eng. J. 70: 115-124.

151

[31] Wan Ngah, W.S. and Hanafiah, M.A.K.M.
2008. “Removal of heavy metal ions from
wastewater by chemically modified plant

A

Bioresource Technol. 99: 3935-3948

wastes as adsorbents: review”.



