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Abstract The effects of various experimental param-
eters on adsorption of Zn2+ metal ion from its aqueous
solution by castor seed hull and also by activated
carbon have been investigated using batch adsorption
experiments. It has been found that the amount of zinc
adsorbed per unit mass of the hull increases with the
initial metal ion concentration, contact time, solution
pH and with the amount of the adsorbent. Kinetic
experiments clearly indicate that adsorption of zinc on
both castor hull and activated carbon is a three-step
process—a rapid adsorption of the metal ion, a tran-
sition phase, and an almost flat plateau. This has also
been confirmed by the intraparticle diffusion model. It
has also been found that the zinc adsorption process
followed pseudo-second order kinetics. The kinetic
parameters including rate constants have been deter-
mined at different initial metal ion concentration, pH,
amount, and type of adsorbent, respectively. The

Langmuir and Freundlich adsorption isotherm models
have been used to interpret the equilibrium adsorption
data. The Langmuir model yields better correlation
coefficients. The monolayer adsorption capacities (qm)
of castor hull and activated carbon have been com-
pared with those for others reported in the literature.
The value of separation factor (RL) derived from the
Langmuir model gives an indication of favorable
adsorption. Finally, from comparative studies, it has
been found that castor hull is a potentially attractive
adsorbent as compared to commercial activated carbon
for the removal of zinc from aqueus effluents.
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1 Introduction

Heavy metals belong to the class of hazardous pol-
lutants due to their toxicity even at low concentrations
(Sen and Meimon 2008). Zinc is considered as an
essential element for life and act as a micronutrient
when present in trace amounts Bhattacharya et al.
(2006). The WHO recommended the maximum ac-
ceptable concentration of zinc in drinking water as
5.0 mg/L (Mohan and Singh 2002); it is toxic above
this limit. The main sources of zinc in waste water are
effluents from chemicals, pulp and paper manufactur-
ing processes, steel works with galvanizing lines, zinc,

Water Air Soil Pollut (2011) 215:609–620
DOI 10.1007/s11270-010-0503-0

M. Mohammod : S. Maitra
Chemical Engineering Department,
Universiti Teknologi PETRONAS,
31750 Tronoh, Perak, Malaysia

T. K. Sen
Department of Chemical Engineering,
Curtin University of Technology,
Perth, Western Australia, Australia

B. K. Dutta (*)
Chemical Engineering Program, The Petroleum Institute,
P.O. Box 2533, Abu Dhabi, United Arab Emirates
e-mail: bdutta@pi.ac.ae



and brass plating, viscous rayon yarn and fiber pro-
duction etc. (Mohan and Singh 2002). The fate and
transport of metal ions including Zn2+ in natural water
as well as in industrial effluents are often controlled by
their interactions with adsorbents under different
environmental conditions (Arias and Sen 2009; Sen
and Khilar 2006). Various treatment processes such as
precipitation, ion exchange, filtration, oxidation, reduc-
tion, dialysis/electrodialysis, solvent extraction, mem-
brane technology and adsorption on activated carbon
are the conventional methods for the removal of heavy
metal ions from aqueous solutions. But most of these
techniques may not be effective or may be extremely
expensive when a large volume of waste at relatively
low concentrations of the metal is to be treated (Acharya
et al. 2009; Zhu et al. 2007; Gurses et al. 2006; Sen et
al. 2002). In addition, process limitations including
inadequate metal removal, requirements for expensive
equipment and monitoring systems, high reagent, and
energy requirements exist in practice (Demiral et al.
2008). Among these processes, the adsorption on a
suitable cheap material can be an effective technique
for the removal of heavy metal ions from waste waters
(Arias and Sen 2009; Sen and Meimon 2008; Acharya
et al. 2009; Gurses et al. 2006). Basically, adsorption
has proven advantages over alternative methods
because of simple design with a sludge-free environ-
ment and involves low investment in terms of both
initial cost and land requirement. Activated carbon has
undoubtedly been the most popular and widely used
effective adsorbent for the removal of heavy metal ions
from concentrated as well as dilute metal-bearing
effluents (Sen and Meimon 2008; Zhu et al. 2007).
Despite its extensive use in the water and wastewater
treatment industries, activated carbon remains an
expensive material. Further, regeneration of activated
carbon is not easy; it requires the use of a complexing
agent such as EDTA for efficient removal of adsorbed
metal ions from the spent adsorbent (Babel and
Kurniawan 2003). Research efforts for the identifica-
tion of alternative adsorbents to replace the costly
activated carbon have been intensified in recent years
as a result.

The potential use of various agricultural products
and byproducts for the removal of heavy metals from
solution is well-documented (Bhattacharya et al.
2006; Mohan and Singh 2002). Naturally occurring
materials such as chitosan, zeolites, and clays and
industrial solid wastes such as fly ash, red mud, etc.,

are categorized as low cost adsorbents (Babel and
Kurniawan 2003; Bhattacharyya and Sen Gupta
2008). A variety of agricultural byproducts such as
almond shell, olive and peach stones, and waste tea
leaves have been explored as effective low cost
adsorbents for removal of Zn2+, Cd2+, and Cu2+

(Kandah 2004). Adsorption of heavy metals at solid-
liquid interfaces has been extensively studied in the
last 10 years or more. In general, adsorption of inor-
ganic and organics at solid/liquid interface depends
on many factors such as contact time, initial metal ion
concentration, solution pH, ionic strength, amount of
adsorbent, and temperature (Sen and Meimon 2008;
Acharya et al. 2009; Zhu et al. 2007; Gurses et al.
2006; Naiya et al. 2008).

The primary objective of this research was to ex-
plore the potential of castor seed hull (CSH) as a low
cost adsorbent for Zn2+ removal from its aqueous
solution and to investigate adsorption characteristic of
Zn2+ on castor hull as well as activated carbon. Castor
seed hull (an agricultural product) is the residue ob-
tained in the process of oil extraction from the seed of
the castor plant (Ricinus communis). Since castor seed
contains roughly 50% oil and 50% residual meal/hull,
a large tonnage of meal/hull is generated in many
countries worldwide. In this work, laboratory batch
kinetic and equilibrium adsorption studies were con-
ducted to determine the adsorption capacity of castor
seed hull, kinetic rate constants, and equilibrium adsorp-
tion isotherm parameters under different experimental
conditions. The effects of initial solution pH, amount of
adsorbent, contact time, and initial concentration of Zn2+

on adsorption by CSH are presented. Finally, the results
have been compared with Zn2+ adsorption on activated
carbon under identical experimental conditions.

2 Materials and Methods

2.1 The Adsorbents

The castor seed hull used as adsorbent in this study
was obtained from a local market in Indonesia. It was
repeatedly washed with water to remove adhering dirt
and soluble components and color and then oven
dried overnight at 50-60°C to a constant weight. The
washed and dried material was crushed. It was char-
acterized by Fourier-transformed infrared spectrometry
(FTIR, Perkin Elmer), scanning electron microscopy
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(Oxford Instruments, model. LEO 1430VP) and other
measurements. The particle size (0.15-1.18 mm) was
determined by Malvern particle size analyzer and
Brennaur-Emmet-Taylor (BET) surface area (8.9 m2/g)
was measured by a standard BET apparatus (Quan-
tachrome Autosorb) by ususal nitrogen adsorption
method. Commercial activated carbon (Merck) was
used as such after drying at a temperature of 60°C in a
temperature-controlled oven.

2.2 Chemicals Used

All chemicals including activated carbon were of
analytical grade and purchased from Merck. Stock
standard solution of Zn2+ has been prepared by dis-
solving the appropriate amount of its nitrate in
deionized water. This stock solution was then diluting
to specified concentrations.

2.3 Adsorption Experiments

Adsorption rates and equilibrium were measured by
separate sets of experiments for a range of values of
the relevant system parameters. The former were
measured by batch contact of the adsorbent with the
solution for varying times (Arias and Sen 2009; Sen
and Meimon 2008). In an experiment, 25 ml of zinc
nitrate solution of appropriate concentration and the
requisite quantity of castor hull (0.05–15 gm) were
taken in a 60 ml vial and the pH was adjusted to 3-6
by using NaOH and/or HNO3. The vials were put in a
shaker running at 120 rpm for different times up to
350 min. The temperature was maintained at 24±5°C.
A small sample of the solution was filtered using
Whatman microfilter, suitably diluted then analyzed
for Zn2+ concentration using an atomic absorption
spectrophotometer with air-acetylene flame. The Zn2+

concentration retained in the adsorbent phase was
calculated according to

qt ¼ ðC0 � CtÞV
m

ð1Þ

Where qt is the mass of Zn2+ adsorbed per unit
mass of the adsorbent (mg/gm), C0 (mg/L), and Ct

(mg/L) are the concentration in the solution at time t=
0 and at time t, V is the volume of solution (L) and m
is the amount of adsorbent (g) added.

Equilibrium experiments were conducted follow-
ing the above procedure except that a solid-liquid

contact time of 350 min was allowed. From the above
batch experiments, it was found that maximum
removal of the metal ion was achieved in about
200 min and an extended time of 350 min was
allowed in equilibrium experiments to avoid any
uncertainty. Calculation of uptake of metal ion was
dome by Eq (1).

3 Results and Discussion

3.1 Effect of Initial Solution pH on Metal
Ion Adsorption

The pH of the adsorbate solutions has been reported
as the most important parameter governing adsorption
on different adsorbents (Ajmal et al. 2000). It is
known that metal species (M(II)=Zn2+) may be pres-
ent in different forms such asM2+, M(OH)+, M(OH)2(S),
etc. At pH ∼5.0, the solubility of the M(OH)2(S) is high
and therefore, the M2+ is the main species in the
solution (Snoeyink and Jenkins 1980). With an increase
in pH of the solution, the solubility of M(OH)2(S)
decreases and at pH ∼10.0, the solubility of M(OH)2(s)
becomes very small. At this pH, the main species in the
solution is M(OH)2(S). Therefore, in the alkaline range,
the metal ion precipitation plays the major role in the
process of its removal. To avoid precipitation of the
metal ion, all the experiments were carried out at a
maximum initial solution pH of 6.0. The effect of
initial solution pH on adsorption of Zn2+ by castor hull
at two different initial concentrations over a period of
240 min is shown in Fig. 1. The extent of removal was
found to increase when the solution pH was increased
from 3.0 to 6.0 in both cases. The maximum uptake of
zinc occurred at a pH of 6.0. This dependence of metal
uptake on pH may be related to the functional groups
in the constituents of castor hull and/or the solution
chemistry (Annadurai et al. 2002). The absorption
maxima of the FTIR spectra of CSH show that castor
seed hull primarily contain weak acidic and basic
functional groups and carboxyl groups (−COOH) as
the important groups for metal uptake like other
agricultural based biomaterials (Norton et al. 2004).
The minimal adsorption at low pH may be due to the
higher concentration and high mobility of the H+,
which are preferentially adsorbed rather than metal ions
(Norton et al. 2004; Ajmal et al. 2000). At a higher pH,
a lower H+ concentration, along with more of
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negatively charged ligands, gives greater zinc adsorp-
tion. At a pH higher than 3-4, the carboxylic groups are
deprotonated and negatively charged and therefore a
strong attraction with positively charged metal ions
prevails (Sen and Meimon 2008). Zinc (II) ions are
known to precipitate as the hydroxide at pH values
above 6. At low pH values such as pH 3, available H+

ion concentrations would neutralize the normally
negatively charged surfaces of castor hull prohibiting
binding of positively charged Zn(II) ions. Adsorption
of the metal ion will be low as a result. Moreover, it is
expected that the point of zero charge of castor hull,
like similar agro-wastes, would be between 3 and 4.
Above the point of zero charge, the surface of an
adsorbent becomes negatively charged. The concentra-
tion of zinc adsorbed on the solid would increase with
increasing pH because of increasing negative charge on
the surfaces of CSH. A general increase in adsorption
with increasing pH of the solution was observed be-
tween pH 3-6 by many other researchers (Jain 2001;
Weng and Huang 2004; Bhattacharya et al. 2006; Kargi
and Cikla 2007).

The effect of solution pH on Zn2+ adsorption on
activated carbon under identical experimental con-
ditions follows a similar pattern. The amount of metal
ion adsorbed increases with initial metal ion concen-
tration as well with increase in the solution pH. But
the amount of metal ion adsorbed by activated carbon
adsorbent at a particular pH is significantly less than
that in CSH. The properties of the surface of activated
carbon strongly depend on pH (Demiral et al. 2008)

and in an acidic medium, the surface is charged posi-
tively and electrostatic repulsion forces predominate
(Sen and Meimon 2008). The point of zero charge for
activated carbon is 3.4 Leyva-Ramos et al. 1997 and
at a pH greater than 3.4, a more negatively charged
surface results in higher adsorption of the metal. On
the other hand, at a pH lower than 3.4, the carbon
surface is positively charged and lesser adsorption
takes place due to the repulsive forces between the
carbon surface and Zn2+ [Sen and Meimon 2008; Sen
et al. 2002; Leyva-Ramos et al. 1997].

3.2 Effect of the Amount of Adsorbent

The results of the kinetic experiments with different
amounts of the adsorbent (50, 100, and 150 mg in 25-ml
solution) are presented in Fig. 2. The amount of metal
ion adsorbed increased with increased amount of the
adsorbent added to the solution as well as with an
increase in solution pH. The effect can be explained by
an increase in surface area cum active adsorption sites
with the increase in adsorbent mass. Similar observa-
tions were reported in the literature (Naiya et al. 2008;
Oliveira et al. 2008).

3.3 Kinetics of Adsorption

3.3.1 Effect of Contact Time

Figure 3 presents the time evolution of metal ion
adsorption for different initial solution concentrations
of 5, 10, 20, and 30 mg/L. The amount of adsorption

Fig. 2 Effect of the amount of adsorbent on Zn2+ removal with
different amounts of CSH and solution pH. Initial metal ion
concentration=30 mg/L; contact time=240 min

Fig. 1 Effect of initial solution pH on Zn2+ adsorption by CSH
at two different initial metal ion concentrations. Contact time=
240 min; amount of adsorbent=0.1 g
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is found to increase with increasing contact time at all
initial metal ion concentrations and equilibrium is
attained within about 240 min. It was further observed
that the amount of metal ion uptake, qt (mg/g)
increases with increasing initial adsorbate concentra-
tion. This kinetic experiment clearly indicates that the
adsorption phenomenon follows a three-step process
similar to that reported by Jain (2001): a rapid
adsorption at smaller time (up to about 30 min), a
transition phase and an almost flat plateau section at
final stage (above 100 min). The first step is attributed
to the fast utilization of the most readily available
adsorbing sites on the adsorbent surface (bulk dif-
fusion). The next step (up to about 100 min), exhibits
additional removal which is attributed to the diffusion
of the adsorbate from the surface film into the macro-
pores of the adsorbent (pore diffusion or intraparticle
diffusion) stimulating further movement of the metal
ions onto the adsorbent surface. The last is essentially
an equilibrium step. For a solid-liquid adsorption
process, the solute transfer is usually characterized by
either external mass transfer (boundary layer diffu-
sion) or intraparticle diffusion or both (Vadivelan and
Kumar 2005; Arias and Sen 2009). The overall rate of
sorption will be controlled by the slowest step, which
would be either film or pore diffusion. However, the
controlling step might also be distributed between
intraparticle and external transport mechanism
(Vadivelan and Kumar 2005; Arias and Sen 2009).
Therefore, the sorption of zinc onto castor hull
particles may be controlled by film diffusion at small
time and intraparticle diffusion at a later stage. The

most commonly used technique for identifying the
mechanism involved in the sorption process is by
fitting the experimental data in an intraparticle
diffusion plot which is described in the later part of
this paper.

Figure 4 shows the time evolution of adsorption on
activated carbon for different initial metal ion con-
centrations of 5, 10, 20, and 50 mg/L. The amount of
adsorption increases with increasing contact time and
equilibrium is attained within about 240 min which is
the same as with Zn-castor hull system. It also con-
sists of three steps. But the adsorption capacity (metal
ion uptake in miligram per gram of adsorbent) of
castor hull is substantially larger than that of activated
carbon (compare Figs. 3 and 4).

In order to investigate the mechanism of adsorp-
tion, particularly to identify the rate-controlling step,
the transient pattern of adsorption of Zn2+ was analyzed
using the pseudo-first order, pseudo-second order, and
intraparticle diffusion models are discussed below.

Lagergren pseudo-first order model The integral
form of the model is expressed as (Sen and Meimon
2008; Naiya et al. 2008)

log ðqe � qtÞ ¼ log qe � K1

2:303
t ð2Þ

Where qt and qe represent the amount of metal ion
adsorbed (mg/g) at any time t and at equilibrium,
respectively; K1 represents the first-order adsorption
rate constant (min−1).

A plot of log (qe – qt) against t should give a straight
line (Fig. 5) if the pseudo first-order adsorption
kinetics is applicable and should allow computation

Fig. 3 Effect of contact time on Zn2+ adsorption on CSH for
different initial metal ion concentrations. Initial solution pH=5.8

Fig. 4 Effect of contact time on Zn2+ adsorption on active
carbon for different initial metal ion concentrations. Initial
solution pH=5.8; temperature=24°C
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of the rate constant K1. The accuracy of fitting repre-
sented by the linear regression coefficient (R2) is also
shown in the figure. The corresponding K1 values
are 0.04513, 0.04352, 0.02395, 0.02303, and
0.04513 min−1, respectively. Similar K1 values such
as 0.069 for Zn(II) on clarified sludge, 0.0255 on
rice husk ash (Bhattacharya et al. 2006) and 0.07 on
alumina (Arias and Sen 2009).

3.3.2 Pseudo-Second-Order Model

The adsorption data were also analyzed in terms of
the pseudo-second order model given below (Sen and
Meimon 2008; Wu et al. 2002).

dq

dt
¼ K2 ðqe � qtÞ2 ð3Þ

Where K2 is the pseudo-second order rate constant
(g/mg min). Integrating and applying the initial
conditions t=0, and q=0 we get

t

qt
¼ 1

K2 q2e
þ 1

qe
t ð4Þ

A plot between t/qt versus t should give a straight
line and yield the values of the rate constants K2 and
the equilibrium amount of adsorption, qe.

The constant K2 may be used to calculate the initial
sorption rate h (i.e., the rate at t→0) as follows

h ¼ K2 q
2
e ð5Þ

Thus the rate constant (K2), the initial adsorption
rate (h), and the predicted qe can be calculated from
the plots of t/q versus time t using Eq. (5). Figures 6,
7, 8 represent the plots for different initial metal ion
concentrations, solution pH, and amounts of adsorb-
ents respectively. High values of the R2 suggest that
the adsorption process follows the pseudo-second
order kinetic model. The equilibrium adsorption
capacity (qe) and second order constant (K2) are
determined from the slope and intercept the plots
(Figs. 6, 7, 8). The estimated correlation coefficients
(R2), the pseudo-second order rate constant (K2),
equilibrium sorption capacity (qe), and the initial
adsorption rate (h) are presented in Table 1.

The higher values of the correlation coefficients
suggest that adsorption of zinc on castor hull follows
the pseudo second-order kinetics rather than the
pseudo-first order model. It also corroborates the
assumption behind the pseudo-second order model
that the metal ion uptake process is due to chem-
isorptions (Sen and Meimon 2008; Acharya et al.
2009) and more than one steps are involved in the
adsorption process. It further appears in Table 1 that
the initial sorption rate (h) and the adsorption capacity
(qe) increase with increasing initial metal ion concen-
tration, initial solution pH as well as the adsorbent

Fig. 5 Lagergren plots (pseudo-first order kinetic model) for
zinc adsorption on CSH at different initial metal ion concen-
trations. gram; initial solution pH=5.8

Fig. 6 Fitting of the pseudo-second order kinetic model for
zinc adsorption on CSH at different initial metal ion concen-
trations. Initial solution pH=5.8
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dosing. Similar type of model parameters are reported
by other researchers for different systems (Kargi and
Cikla 2007; Ong et al. 2005).

Figure 9 shows the pseudo-second order kinetic
model fitting of Zn2+ adsorption by activated carbon
for the initial metal ion concentrations of 5, 10, 20,
30, and 50 mg/L. The corresponding adsorption rate
constants (K2, g/mg.min) are 0.0328, 0.150, 0.0452,
0.0147, and 0.0160, respectively; the equilibrium ad-
sorption capacities (qe, mg/g) are 0.293, 0.369, 0.786,
1.202, and 1.243 which are substantially smaller than
the values for castor seed hull within this metal ion
concentration range. The initial sorption rates (h) for

Zn-activated carbon system are also lower than those
for the Zn-castor hull system. Figure 10 shows the
pseudo-second order kinetic model fitting of Zn2+

adsorption on activated carbon for different initial
solution pH of 3, 4 and 6. The kinetic parameters (K2,
g/mg min) over this pH range are of 0.904, 0.0770, and
0.060, respectively, and the adsorption capacities (qe,
mg/g) are 0.409, 0.417, and 0.641, respectively.

3.3.3 Intraparticle Diffusion Model

For most adsorption processes, according to Weber
and Morris (1963), the uptake of the metal ion varies
almost proportionately with t1/2 rather than with the
contact time

qt ¼ Kid t
1
2 ð6Þ

Kid is the intra-particle diffusion rate constant (mg g−1

min−1/2). If the plot of qt versus t1/2 represent multi-
linearity, it indicates two or more steps involved in the
sorption process (Vadivelan and Kumar 2005; Arias
and Sen 2009). Values of intercept give information
regarding the thickness of boundary layer, i.e., the
larger intercept the greater is the boundary layer effect.
This parameter can be determined from the slope of the
linear plot of qt versus t1/2 as shown in Fig. 11. The
values of the rate constant of intraparticle diffusion are

Fig. 8 Fitting of the pseudo-second order kinetic model for
zinc adsorption on CSH at different initial solution pH. Initial
metal ion concentration=10 ppm

Fig. 7 Fitting of the pseudo-second order kinetic model for
zinc adsorption on CSH at different initial solution pH. Initial
metal ion concentration=10 ppm

Table 1 Kinetic parameters for the adsorption of Zn metal ions
on castor seed hull

System
parameters

K2

(g/mg min)
qe
(mg/g)

h
(mg/g min)

R2

Initial Zn2+ concentration (mg/L)

5 0.0393 1.194 0.056 0.987

10 0.0260 2.217 0.128 0.991

20 0.0063 4.466 0.127 0.977

30 0.0047 5.882 0.162 0.978

50 0.0038 7.463 0.210 0.976

Initial solution pH

3.0 0.0034 2.194 0.016 0.871

4.0 0.0180 2.162 0.084 0.976

5.0 0.0205 2.301 0.108 0.984

6.0 0.023 2.420 0.135 0.988

Amount of adsorbent (g)

0.05 0.0129 2.060 0.055 0.933

0.1 0.0179 2.162 0.0837 0.976

0.15 0.0332 2.294 0.175 0.994
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0.075, 0.139, 0.256, and 0.334 mg/g min1/2 for initial
metal ion concentrations of 5, 10, 20, 30, and 50 mg/L,
respectively. The correlation coefficients of the intra-
particle diffusion model for the different initial metal
ion concentrations (see Fig. 11) are quite reasonable,
but they are smaller than those for pseudo-second
order kinetic model fitting. Moreover, it is evident
from Fig. 11 that adsorption of zinc on castor seed hull
follows the three-step process discussed before.

3.4 Adsorption Equilibrium Isotherm

It is essential to have knowledge of the adsorption
isotherm in order to design the adsorption equipment.
The adsorption equilibrium data for castor seed hull
as well as for activated carbon were fitted in the
Langmuir and the Freundlich isotherms over the metal
ion concentration range of 5-50 mg/L. The parame-
ters of the isotherms were evaluated from the plots
of the linearized forms of the respective equations
(Eq 7 and 8).

The Freundlich adsorption isotherm, which assumes
that adsorption takes place on heterogeneous surfaces,
can be expressed (Sen and Meimon 2008) as

log qe ¼ logKf þ 1

n
ðlogCeÞ ð7Þ

Where, qe (mg/gm) is the amount of metal ion ad-
sorbed at equilibrium time, Ce is equilibrium concen-
tration of zinc metal ion in solution. Kf and n are
isotherm constants which indicate the capacity and the
intensity of the adsorption, respectively (Sen and
Meimon 2008; Sen et al. 2002) and can be obtained
from the intercept and the slope of the plot of ln qe and
ln Ce. The greater the value of Kf, the greater is the
adsorption capacity. The other Freundlich constant n is
a measure of the deviation from the linearity of the
adsorption and is used to identify the type of
adsorption. A value of n (very often the quantity is
reported as 1/n) less than unity indicates that adsorp-
tion is a chemically driven. Figure 12 shows the

Fig. 10 Fitting of the pseudo-second order kinetic model for
zinc adsorption by activated carbon at different initial solution
pH. Initial metal ion concentration=10 ppm

Fig. 9 Fitting of the pseudo-second order kinetic model for
zinc adsorption by activated carbon at different initial concen-
trations. Initial solution pH=5.8

Fig. 11 Intraparticle diffusion plot for different initial metal ion
concentrations. Initial solution pH=5.8
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Freundlich isotherm fitting for adsorption on CSH. The
Freundlich constants calculated from this plot are 1.62
(mg/g)/(L/g)−0.5 and 1/n=0.5. Figure 12 also shows the
Freundlich isotherm plot for zinc adsorption on
activated carbon. The Freundlich parameters [1/n=
0.54 and Kf=0.00424 mg/g/(mg/L)−0.54] for this
system are considerably smaller than those for the
Zn-CSH system.

According to the Langmuir model, adsorption
occurs uniformly on the active sites of the adsorbent
and once an adsorbate occupies a site, no further
adsorption can take place (Demiral et al. 2008). The
Langmuir isotherm was tested for both the adsorbents.
The linearized form of Langmuir can be written as
(Sen and Meimon 2008; Naiya et al. 2008)

1

qe
¼ 1

Ka qm

� �
1

Ce
þ 1

qm
ð8Þ

The Langmuir constants, qm (maximum adsorption
capacity, mg/gm) and Ka (L/mg), obtainable from the
plot of 1/qe versus 1/Ce as shown in Fig. 13 for castor
seed hull adsorbent. The maximum adsorption capac-
ity of Zn2+ (qm), and the Langmuir constant (Ka) that
relates to the binding energy for adsorption are
calculated and found to be 6.724 mg/g and 0.327,
respectively for Zn-castor hull system. Figure 13 also
shows the Langmuir plot for Zn-activated carbon
system for the same conditions. The Langmuir
constant, Ka=0.0895, and the adsorption capacity,

qm=1.433 mg/g, are significantly less than those for
the castor hull seed adsorbent. On the whole, the
Langmuir model exhibits a higher R2 compared to the
Freundlich isotherm model (compare Figs. 12 and 13)
for both the Zn-CSH and Zn-activated carbon
systems. This establishes the applicability of the
Langmuir adsorption isotherm model for the present
adsorption systems.

It will be pertinent at this point to qualitatively
assess the practical usefulness of CSH for the removal
of zinc(II). An adsorbent should desirably allow sepa-
ration of a solute and its subsequent recovery rather
than separation alone. Recovery of the adsorbed
solute and regeneration of the spent adsorbent depend
largely upon the shape of the adsorption equilibrium
curve. If the equilibrium curve is convex upward, ad-
sorption is favorable (Hall et al. 1966). In an adsorp-
tion (or regeneration) column, the breakthrough curve
for a favorable system tends to be self-sharpening as it
advances through the column. The concept was
extended to define the quantity called separation
factor (RL) that gives a measure of effectiveness of
recovery of the solute (Hall et al. 1966).

RL ¼ 1

1þ Ka C0
ð9Þ

Here, Ka is the Langmuir parameter and Co is the
concentration of the solute in the bulk fluid. The
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quantity (RL) is akin to the relative volatility in vapor-
liquid equilibria. It is easy to verify that for a favor-
able system, RL lies between 0 and 1; it is larger than
zero for an unfavorable system. Figure 14 shows the

plots of the calculated values of the separation factor,
RL, versus initial metal ion concentration for Zn-CSH
system and it indicates favorable adsorption (values
are between 0 and 1).

The adsorption capacity of CSH towards Zn2+ has
been compared with the results with other adsorbents
reported in the literature and is presented in Table 2. It
is found that the monolayer adsorption capacity of
castor seed hull for Zn(II) is comparable to many of
the other adsorbents used in previous studies.

4 Conclusion

The results obtained in this study clearly demonstrat-
ed that castor hull from castor oil industry can be
considered as an attractive low cost adsorbent as
compared to activated carbon for the removal of zinc
metal ions from aqueous solution. The adsorption

Sr no Adsorbents Adsorption
capacity
qm (mg/g)

pH Reference

1 Treated activated charcoal 1.23 5.2 Ucer et al. 2006

2 Carbon aerogel 1.183 Meena et al. 2005

3 Saw dust 6.93 5.6 Naiya et al. 2008

4 Granular activated carbon 9.90 Monser and
Adhoum 2002

5 Groundnut shells 7.62 5.2 Shukla and Pai 2005

6 Granular activated carbon 1.42 4.0 Choi and Kim 2002

7 Granular activated carbon 1.432 5.8 Present work

8 Peanut hulls 8.96 5.2 Zacaria et al. 2002

9 Corncobs 1.96 4.8 Zacaria et al. 2002

10 Corn starch 6.87 4.8 Zacaria et al. 2002

11 Neem bark 13.29 5.0 Bhattacharya et al. 2006

12 Coffee husks 5.56 5.4 Oliveira et al. 2008

13 Olive stone carbon 5.1 5.0 Mohan and Singh 2002

14 Peach stone Carbon 5.0 Mohan and Singh 2002

15 Solid residue of olive
mill products

5.40 Gharaibeh et al. 1998

16 Soybean hulls 4.0-20.0 5.2-6.3 Mohan and Singh 2002

17 Cottonseed hulls 1.0-15.88 Mohan and
Singh 2002

18 Dafatted rice brans 5-17 Marshall and Johns 1996

19 Cocunut shell carbon 12.76 Mohan and Singh 2002

20 Black locust 5.02 5.5 Naiya et al. 2008

21 Peanut husks 13.08 Ricordel et al. 2001

22 Castor hull 6.724 5.8 Present work

Table 2 Comparison of
adsorption capacities of
various adsorbents for
removal of Zn2+

Fig. 14 Separation factor from the Langmuir model
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characteristics of zinc are strongly affected by initial
solution pH and the initial metal ion concentration. In
batch adsorption studies, the amount of metal ion
adsorption on both castor hull and activated carbon
increases with initial metal ion concentration, the
contact time and the solution pH. The adsorption
capacity of castor hull is significantly larger than that
for activated carbon.

Kinetic experiments clearly indicate that adsorp-
tion of zinc on both castor hull and activated carbon is
a three-step process consists of a rapid adsorption of
the metal ion, a transition phase, and an almost flat
plateau section. This has also been confirmed by
intraparticle diffusion model. The adsorbent rate
could be interpreted more satisfactorily by the
pseudo-second order model rather than the pseudo-
first order model. Langmuir and Freundlich models
have been tested to describe the adsorption equilibri-
um of zinc adsorption on both castor seed hull and
activated carbon. Langmuir model shows higher coef-
ficients of determination than the other model for both
adsorbents under study. The calculated value of the RL

gives an indication of favorable adsorption. The
monolayer adsorption capacity of castor hull is larger
than that for activated carbon and it is comparable
with other reported agricultural waste adsorbents.
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