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a b s t r a c t

The potential of physic seed hull (PSH), Jantropha curcas L. as an adsorbent for the removal of Cd2+ and Zn2+

metal ions from aqueous solution has been investigated. It has been found that the amount of adsorption
for both Cd2+ and Zn2+ increased with the increase in initial metal ions concentration, contact time,
temperature, adsorbent dosage and the solution pH (in acidic range), but decreased with the increase
in the particle size of the adsorbent. The adsorption process for both metal ions on PSH consists of
eywords:
dsorption
hysic seed hull
admium (II)
inc (II)

three stages—a rapid initial adsorption followed by a period of slower uptake of metal ions and virtually
no uptake at the final stage. The kinetics of metal ions adsorption on PSH followed a pseudo-second-
order model. The adsorption equilibrium data were fitted in the three adsorption isotherms—Freundlich,
Langmuir and Dubinin–Radushkevich isotherms. The data best fit in the Langmuir isotherm indication
monolayer chemisorption of the metal ions. The adsorption capacity of PSH for both Zn2+ and Cd2+ was

ith o
PSH
eavy metal found to be comparable w
leached out of the loaded

. Introduction

Heavy metal ions such as cadmium, zinc, copper, lead, nickel,
tc. are considered as hazardous to the environment due to their
oxicity and non-biodegradability even at low concentrations [1,2].
mong these heavy metals, cadmium is potentially hazardous
ecause of its high toxicity and mobility in soil. The permissible

imit of cadmium metal ions in wastewater is 2 mg/L [3]. Although
inc is considered as an essential element for life and acts as
micronutrient when present in trace amounts [4], but as rec-

mmended by WHO, beyond the permissible limit of 5.0 mg/L in
rinking water, Zn2+ is also considered to be toxic [5,6].

Cadmium (Cd2+) is released into natural water from different
ndustries like electroplating, cadmium–nickel batteries, phos-
hate fertilizers, pesticides, mining, pigments, metals and alloys
nd also sewage sludges [2,6,7]. On the other hand, the main source
f Zn2+ in wastewater is effluents from metals, chemicals, pulp and
aper manufacturing processes, steel works with galvanizing lines,
inc and brass metal works, viscous rayon yarn and fibre produc-
ion, etc. [4].
Various treatment processes such as chemical oxidation, reduc-
ion, precipitation, solidification, electrolytic recovery, solvent
xtraction, membrane separation, ion exchange and adsorption on
ctivated carbon and other adsorbents are some of the wastewater

∗ Corresponding author. Tel.: +60 14 9021395.
E-mail address: drsaikat maitra@petronas.com.my (S. Maitra).
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ther available adsorbents. About 36–47% of the adsorbed metal could be
using 0.1 M HCl as the eluting medium.

© 2010 Elsevier B.V. All rights reserved.

treatment processes for metal ions removal from water bodies [2,8].
However, applications of such methods are sometimes restricted
because of technical or economical constraints.

Among these mentioned processes, adsorption is a very effective
separation technique and now it is considered as an economi-
cal and efficient method for the removal of metal ions present
at low concentrations from wastewater [9]. Among the different
adsorbents, activated carbon is the most widely used one in a vari-
ety of applications [10]. However, considering the cost economics,
recent researches have been engaged for the development of alter-
native low-cost adsorbents using various agricultural, industrial,
natural/biological waste materials. Another reason for this inter-
est is the importance of adsorption on solid surfaces in many
industrial applications in order to improve the efficiency and the
economy of the treatment process. Therefore, it is essential to
understand adsorption characteristics, i.e., mechanisms and kinet-
ics of adsorption, because the studies of adsorption kinetics are
ultimately a prerequisite for designing suitable adsorption column
[11].

In this work, the adsorption potential of an agro waste PSH has
been investigated for the removal of Zn2+ and Cd2+ from their aque-
ous solution. This study focuses on the influence of solution pH,
temperature, particle size, solution–solid ratio and initial metal

ions concentration on the metal ions adsorption characteristics
of PSH using batch kinetic and equilibrium adsorption experi-
ments. The kinetic adsorption results have been analyzed using
both pseudo-first-order and pseudo-second-order kinetics model
as well as with intra-particle diffusion model. The isotherm equi-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:drsaikat_maitra@petronas.com.my
dx.doi.org/10.1016/j.jhazmat.2010.03.014
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Table 1
Characteristic of the physic seed hull.

Parameter Value

Sulphur (%) 0.095
Magnesium (%) 0.363
Potassium (%) 1.020
Calcium (%) 1.220
Nitrogen (%) 1.625
Hydrogen (%) 5.785
Carbon (%) 36.623
Oxygen (%) 49.501
Ash (%) 3.768
pH 7.590
pHpzc 2.400
Moisture (%) 8.973
Size distribution (mm) 0.15–1.18
Specific surface area (Multipoint BET-N2) (m2/g) 614.01
External Surface Area (t-method) (m2/g) 89.11
Internal surface area (t-method) (m2/g) 524.9
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Table 2
Compositions of universal buffer mixture.

0.2 M Na2HPO4/mL 0.1 M Citric Acid/mL pH

stretching from primary/secondary amines or amides. The bands
appearing at 1647.58 cm−1 were related to the formation of oxygen
bearing functional groups like highly conjugated C O stretching
in carboxylic groups, and carboxylate moieties, respectively [18].
The peaks at 1049–1647 cm−1 indicated the presence of C–H and
Average pore diameter (Å) 30.760
Total pore volume (cm3/g) 0.4722

ibrium results were also fitted with Langmuir, Freundlich and
ubinin–Radushkevich isotherm models respectively [12–21].

. Experiments and methods

.1. Materials used

The PSH was collected from Bota, Perak, Malaysia. The hull
as thoroughly washed with water to remove adhering dirt and

oluble components. The washed hull was then oven-dried at
5 ± 10 ◦C until the weight became constant. The washed and
ried materials were crushed and sieved into different size frac-
ions. The hull was sieved using laboratory sieve to obtain sample
ith the range of 0.15–1.18 mm. The hull was characterized by

ourier transform infra-red (FTIR) Spectroscopy, (Spectrum 2000
xplorer; Perkin Elmer Cetus Instruments, Norwalk, CT) to ana-
yze the organic functional groups present in the adsorbent. The
urface morphologies and elemental composition of PSH before
nd after adsorption of cadmium and zinc were examined with a
eld emission Scanning Electron Microscope, SEM-EDX (Leo Supra
0 VP, Germany) with gold-coated samples. Elemental composi-
ion in terms of C-H-N-S was also measured using CHNS Analyser
CHNS 932, LECO, USA). The surface composition of the sorbent
as determined by an energy dispersive X-ray fluorescence (XRF
ruker S4 Pioneer, USA) analysis. The specific surface area and pore
ize of PSH was measured using BET method by N2 adsorption
sotherm at 77 K using a Quantachrome Autosorb Automated Gas
orption Instrument, UK. Brunauer–Emmett–Teller (BET) method
nd Barrett–Joyner–Halenda (BJH) method were used to calculate
he surface area and the pore size distribution of PSH. Total volume
f pores was calculated at a relative pressure (P/P0) of 0.99. The
eta potential of PSH was measured using Malvern Zetasizer Nano
S potentiometer (Malvern Instruments, UK) to assess the surface
harge of PSH.

Chemical composition of PSH is given in Table 1. The particle size
as measured using Malvern Particle Size Analyser (Model Master

eizer 2000, UK). Standard stock solution of Zn2+ and Cd2+ was sep-
rately prepared by dissolving the required amounts of the metal
itrates in de-ionized water. This stock solution was then diluted to
esired concentration levels. The concentrations of Zn2+ and Cd2+
ere measured using double beam flame Atomic Absorption/Flame
mission Spectrophotometer (AAS) Unit (Model Shimadzu AA-660,
apan).
20.55 79.45 3
38.55 61.45 4
51.50 48.50 5
63.15 36.85 6

2.2. Adsorption experiment

Studies on the adsorption of metal ions measurements were car-
ried out by batch experiments. For this purpose, 0.4 g of PSH and
100 mL of the metal ions solution were put on a shaker at 160 rpm
at a constant temperature of 24 ± 2 ◦C and a particular solution pH
of 6 for a given time. The suspensions were then filtered through
a 0.45 �m syringe filter. The filtrate was analyzed using Atomic
Absorption Spectrophotometer. The experiments were carried out
by varying the initial metal ion concentration (2–50 ppm), parti-
cle size (0.15–1.18 mm), contact time (2–240 min), initial solution
pH (pH 3–6), amount of adsorbent (0.2–0.6 g) and the temperature
(24–60 ◦C). The pH was adjusted using Universal buffer mixture
(0.2 M NH2HPO4/mL and 0.1 M Citric acid/mL; Table 2) to avoid the
changes on pH due to the present of functional groups at the sur-
face of PSH [22]. The temperature was controlled using water bath
laboratory shaker at the range of 24 ± 2 to 60 ± 2 ◦C. The metal ions
concentration retained in the adsorbent phase was calculated using
Eq. (1) and the percentage removal of metal ions from solution was
calculated using the Eq. (2) (as given in Appendix A).

3. Results and discussions

3.1. Characteristic of the adsorbent

The physico-chemical properties of PSH are presented in Table 1.
It is apparent from the table that PSH has a higher internal sur-
face area compared to the external surface area with the average
pore diameter of 30.75 Å and total pore volume of 0.4722 cm3/g as
derived from the BET adsorption data. The FTIR spectrum of the
PSH is shown in Fig. 1. This spectrum is similar to that of some type
of biomass or lignocellulosic materials such as pistachio-nut shell
and rockrose [23,24]. Lignin has oxygen functionalities such as phe-
nol, –SO3H and –COOH groups which provide sites for metal cation
exchange [25]. The broad peak at 3409.43 cm−1 can be related to
overlapping of O–H stretching of H-bonded –OH groups with N–H
Fig. 1. FT-IR spectrum of PSH.
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the metal ions appears very clear from a comparison of Fig. 5 with
Figs. 6 and 7. The porous structure that appears in Fig. 5 gets blurred
in Figs. 6 and 7 because of adsorption.
Fig. 2. Nitrogen adsorption–desorption curves of PSH.

O groups, respectively. The C O and S O functional groups gen-
rally exhibit very high coordination with heavy metals. Hence,
he good sorption properties of the PSH towards Cd2+ and Zn+2

an be attributed to the presence of these functional groups. The
dsorbent also exhibited typical stretching vibration of N–H bands
resent in amides and amines and stretching vibration of C C at
647.58, 2924.85 and 2367.46 cm−1. The bands between 2924.85
nd 1325.01 cm−1 indicated the presence of aliphatic species such
s –CH3 and –CH2–. Due to the presence of amino groups (stretch-
ng at 3409.43 cm−1), the surface of PSH exhibited a basic nature

hich was apparent from the increase in pH of the solution soaked
ith PSH [26]. The amino and amide groups provide additional sites

or anchoring metal ions through weak complex formation.
The nitrogen adsorption–desorption curves of PSH is illustrated

n Fig. 2. The adsorbed volume increased with an increase in P/P0,
ndicating a wider pore size distribution in the adsorbent PSH. This
orous adsorbent can be classified as type II isotherm associated
ith stronger fluid–solid interactions [27]. Fig. 3 shows the pore

ize distributions of PSH. It appears that PSH contains both micro-
ores and mesopores. From the nature of porosity the adsorption
rocess can be considered as a mesopore dominated capillary con-
ensation phenomena. The strong interaction between adsorbate
olecules and pore walls further controls the filling of micropores

uring adsorption process [27].
Fig. 4 shows the variation of zeta potential of PSH as a function
f pH. Zeta potential is the manifestation of surface charge density
f the adsorbent. Surface charge density has a significant effect on
d2+ and Zn2+ metal ions adsorption on PSH. The pH at the point
f zero charge (pHpzc of PSH is 2.4). The pHpzc value is the point at

Fig. 3. Pore size distribution of PSH.
Fig. 4. The zeta potential curves as a function of pH for PSH.

which surface functional groups do not contribute to the pH of the
solution. Above this pH value, the surface charge becomes nega-
tive and the adsorbent will take up the cations with higher affinity
[28].

Scanning electron micrographs along with EDX spectra of PSH
as shown in Figs. 5–7 reveal the surface texture and porosity of
the sample. The availability of pores and internal surface, which
is a requisite for an effective adsorbent, is clearly displayed in the
SEM picture of the fresh adsorbent (Fig. 5). The coverage of the
surface and the pores by the adsorbed metal ions is displayed in
Figs. 6 and 7. The figures further show that after interaction with
Cd2+ and Zn2+ metal ions solution, the peaks corresponding to these
ions appeared in the EDX spectra (inset of Figs. 6 and 7) confirming
the attachments of these metal ions on PSH surface during adsorp-
tion. Some loss in the intensity of Ca2+ and Mg2+ ions after the
adsorption can be related to the translocation between alkaline
earth metal ion from the adsorbent surface and the transition metal
ions (Cd2+ and Zn2+) from the solution during the adsorption pro-
cess. The change in the morphology of the adsorbent loaded with
Fig. 5. SEM-EDX image of PSH (300 �m, ×1000mag).
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Fig. 6. SEM-EDX image of Zn-loaded PSH (300 �m, ×1000mag).

.2. Adsorption kinetics

Mechanism of adsorption, particularly the potential rate-
ontrolling step and the transient behaviour of the metal ions
dsorption process were analyzed using the Lagergren pseudo-
rst-order model (Eq. (3)), pseudo-second-order model (Eqs.
4)–(6)) and intra-particle diffusion model (Eq. (7)). In Eq. (3), repre-
enting the Lagergren pseudo-first-order model, qt and qe represent
he amount of metal ion adsorbed (mg/g) at any time t and at
quilibrium time, respectively, and K1 represents the first-order
dsorption rate constant (min). Plot of log(qe − qt) versus t gives
straight line for pseudo-first-order adsorption kinetics, which

llows computation of the rate constant K1.
The adsorption data were then analyzed using the pseudo-

econd-order mechanism (Eqs. (4)–(6)), where K2 is the pseudo-
econd-order rate constant (g mg−1 min−1). By integrating and
pplying boundary conditions to Eq. (4), t = 0 to t = t and q = 0 to

= qt, Eq. (5) was obtained; dq/dt represent the variation in adsor-
ate uptake with time. The significances of qt and qe are similar
o that stated before. From a plot of t/qt versus t the value of the
onstants K2 (g mg−1 min−1) and qe (mg/g) were calculated. The

Fig. 7. SEM-EDX image of Cd-loaded PSH (300 �m, ×1000mag).
Fig. 8. Effect of contact time on the adsorption of Zn2+ at different particle sizes of
PSH (size: 0.15, 0.3, 0.6 and 1.18 mm, C0: 30 ppm, PSH dosage: 0.4 g/100 mL, pH: 6,
temp.: 24 ◦C).

constant K2 was used to calculate the initial sorption rate, h (the
rate of uptake of adsorbent at vanishingly small time, i.e., t → 0) as
given by Eq. (6).

All kinetic parameters including the correlation coefficients (R2)
have been calculated and presented in Tables 3 and 4. From the
correlation coefficient value, it was evident that the adsorption
of Zn2+ and Cd2+on PSH followed the pseudo-second-order kinet-
ics. The significance of pseudo-second-order model for the metal
ions uptake was that the adsorption followed basically a multi-
step chemisorption process [2,5]. Moreover, from Tables 3 and 4 it
is apparent that the initial sorption rate (h) and the adsorption (qe)
increased with higher initial metal ions concentration, solution pH
and temperature respectively, but decreased with the increase in
particle size. Similar type model parameters were obtained by var-
ious researchers for a few other absorption systems reported in the
literature [5,29]. Generally, adsorption is a mass transfer process
where the accumulation of material at the interface of two phases
takes place [30]. Therefore increased surface area in smaller parti-
cles promoted higher degree of adsorption. The time evolution of

uptake as a function of the particle size of PSH for adsorption of
Zn2+ and Cd2+ ion has been shown in Figs. 8 and 9. From the figures
it is apparent that higher the particle size, the lower is the per-
centage adsorption of metal ions. Similar trends with dose and size
for other adsorbents was also reported by other workers [30–32].

Fig. 9. Effect of contact time on the adsorption of Cd2+ at different particle size of
PSH (size: 0.15, 0.3, 0.6 and 1.18 mm, C0: 30 ppm, PSH dosage: 0.4 g/100 mL, pH: 6,
temp.: 24 ◦C).
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Table 3
Kinetic parameters for the adsorption of zinc metal ions on physic seed hull.

System parameters Pseudo-first-order Pseudo-second-order

K1 (L min−1) qe (mg/g) R2 K2 (g mg−1 min−1) qe (mg/g) H (mg g−1 min−1) R2

Initial concentration
2 ppm (mg/L) 0.0191 0.4776 0.9676 0.2374 0.4684 0.0521 0.9990
5 ppm (mg/L) 0.0223 2.0174 0.8456 0.0737 1.1820 0.1030 0.9984
10 ppm (mg/L) 0.0205 3.4530 0.8587 0.0388 2.3474 0.2136 0.9985
20 ppm (mg/L) 0.0269 18.1970 0.8528 0.0085 4.6533 0.1838 0.9909
30 ppm (mg/L) 0.0235 15.5597 0.8435 0.1665 6.0060 0.2683 0.9930
50 ppm (mg/L) 0.0223 19.7879 0.7801 0.1266 7.8989 0.3787 0.9941

Initial Solution pH
3 0.0401 2.3410 0.8468 0.0376 1.8278 0.1255 0.9937
4 0.0435 3.4214 0.8979 0.0256 2.1231 0.1155 0.9905
5 0.0412 2.9957 0.9341 0.0300 2.1659 0.1408 0.9945
6 0.0389 3.3963 0.9144 0.0270 2.4195 0.1580 0.9914

Particle Size
150 �m 0.0456 5.8776 0.8901 0.0522 6.4516 2.1716 0.9997
300 �m 0.0438 6.3052 0.8445 0.0443 6.2150 1.7117 0.9995
600 �m 0.0447 12.4681 0.8052 0.0118 5.9453 0.4171 0.9904
1.18 mm 0.0419 8.2186 0.7695 0.0138 4.2230 0.2453 0.9899

Temperature
◦

I
(
i

3

a
fi
t
i
w
m
1

T
K

24 C 0.0428 12.2293 0.7613
35 ◦C 0.0557 16.4097 0.8423
45 ◦C 0.0601 13.5301 0.8810
60 ◦C 0.0488 8.8389 0.9297

ncreasing temperature has a distinct positive effect on adsorption
Tables 3 and 4) indicating that the process is endothermic [33], an
ssue that will be quantitatively dealt with later (Section 3.8).

.3. Effect of amount of PSH on metal ions adsorption

The detailed results of the kinetic experiments with varying
dsorbent concentrations are presented in Figs. 10 and 11. From the
gures it is clear that the amount of metal ions adsorbed varied with

he PSH concentration. The degree of adsorption increased with an
ncrease in the amount of adsorbent in solution and equilibrium

as attained within 250 min for the present systems. The experi-
ents were conducted with three different amounts of PSH, 50 mg,

00 mg and 150 mg respectively. The higher degree of adsorption

able 4
inetic parameters for the adsorption of cadmium metal ions on physic seed hull.

System parameters Pseudo-first-order

K1 (L min−1) qe (mg/g) R2

Initial concentration
2 ppm (mg/L) 0.0207 0.4459 0.9374
5 ppm (mg/L) 0.0302 2.9758 0.9239
10 ppm (mg/L) 0.0104 1.3521 0.9525
20 ppm (mg/L) 0.0228 8.3138 0.9077
30 ppm (mg/L) 0.0253 13.3444 0.8669
50 ppm (mg/L) 0.0223 15.4206 0.8521

Initial Solution pH
3 0.0408 0.9224 0.9000
4 0.0419 3.4143 0.8589
5 0.0431 2.8701 0.9040
6 0.0463 3.9428 0.9008

Particle Size
150 �m 0.0256 3.1857 0.9803
300 �m 0.0477 10.1883 0.9034
600 �m 0.0451 12.1563 0.8222
1.18 mm 0.0368 5.1310 0.8887

Temperature
24 ◦C 0.0431 11.8468 0.9374
35 ◦C 0.0444 12.1451 0.8930
45 ◦C 0.0438 11.2279 0.9038
60 ◦C 0.0431 13.4958 0.7387
0.0119 5.9207 0.4186 0.9909
0.0089 6.8540 0.4160 0.9821
0.0163 6.9686 0.7916 0.9965
0.0223 7.3314 1.1989 0.9985

can be related to the increase in adsorption sites with the increase
in the adsorbent masses [5,12].

3.4. Effect of initial solution pH on metal ion adsorption

The pH of solutions has been identified as one of the most
important parameters governing adsorption on different adsor-
bents [2,5,7,8,34,35]. Metal species (M (II) = Cd2+ or Zn2+) remain
present in de-ionized water in the forms of M2+, M(OH)+ and

M(OH)2(S) [35]. Up to a pH ∼ 5.0, the solubility of the M(OH)2(S) is
appreciable and therefore, the M2+ is the main adsorbate species
in the solution [35]. With the increase of the pH value, the sol-
ubility of M(OH)2(S) decreases and at pH ∼ 10.0, the solubility of
M(OH)2(s) is very small. At this pH, the main species in the solution

Pseudo-second-order

K2 (g mg−1 min−1) qe (mg/g) H (mg g−1 min−1) R2

0.2459 0.4317 0.0458 0.9985
0.0578 1.1071 0.0708 0.9950
0.0251 2.2346 0.1256 0.9957
0.0101 4.1841 0.1763 0.9902
0.2070 4.8309 0.2438 0.9942
0.1587 6.3012 0.2836 0.9935

0.0913 1.1788 0.1269 0.9963
0.0246 2.0210 0.1006 0.9885
0.0332 2.0496 0.1393 0.9943
0.0272 2.2665 0.1399 0.9900

0.0330 5.2083 0.8963 0.9977
0.0131 5.0226 0.3293 0.9876
0.0079 5.0075 0.1975 0.9724
0.0123 3.2927 0.1334 0.9791

0.0080 4.9776 0.1980 0.9736
0.0072 5.7604 0.2399 0.9701
0.0108 5.7604 0.3585 0.9879
0.0103 6.2972 0.4089 0.9894
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Fig. 10. Effect of various PSH dosages on Zn2+ metal ions removal (size: 0.6 mm, C0:
10 ppm, PSH dosage: 0.2, 0.4 and 0.6 g/100 mL, pH: 6, temp.: 24 ◦C).

Fig. 11. Effect of various PSH dosages on Cd2+ metal ions removal (size: 0.6 mm, C0:
10 ppm, PSH dosage: 0.2, 0.4 and 0.6 g/100 mL, pH: 6, temp.: 24 ◦C).
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ig. 12. Effect of contact time on the adsorption of Cd2+ onto PSH at different pH
size: 0.6 mm, C0: 10 ppm, PSH dosage: 0.4 g/100 mL, pH: 3, 4, 5 and 6, temp.: 24 ◦C).

s M(OH)2(S) [36]. To avoid precipitation of the metal ions, all the
xperiments were carried out under slightly acidic condition (pH
.0). The time evolution of the amount of adsorption (qt) of Cd2+

nd Zn2+ ions by PSH for different initial solution pH is shown in

igs. 12 and 13. The removal of metal ions was found to increase
hen the solution pH was increased from pH 3.0 to 6.0 for both sys-

ems. The maximum uptakes of both metal ions were obtained at
bout pH of 6.0 within this time period and solution pH range. This
Fig. 13. Effect of contact time on the adsorption of Zn2+ onto PSH at different pH
(size: 0.6 mm, C0: 10 ppm, PSH dosage: 0.4 g/100 mL, pH: 3, 4, 5 and 6, temp.: 24 ◦C).

dependence of metal uptake on pH can be related to the functional
groups of the PSH and/or the solution chemistry [8]. PSH primar-
ily contains weak acidic and basic functional groups and carboxyl
groups (–COOH) as indicated by the IR absorption spectra. For agro-
based adsorbents these groups play important roles for the uptake
of metal ions from solution. The minimal adsorption at lower pH
may be due to the higher concentration and high mobility of the
H+ ions, which are preferentially adsorbed at the adsorbent sur-
face than other metal ions present in solution [8]. At higher pH,
the lower number of H+ ions in solution along with more negative
charge ligands on the adsorbent surface resulted in higher metal
ions adsorption. At a pH greater than 3, carboxylic groups were de-
protonated acquiring negative charge thereby developing strong
attraction with positively charged metal ions.

3.5. Effect of initial concentration on metal ion adsorption

The amount of the adsorption, i.e., mg adsorbate/g of adsorbent
increased with increasing contact time at each initial metal ions
concentrations and equilibrium was attained within 200 min for
both systems. Furthermore, it was observed that the amount of
metal ions uptake, qt (mg/g) increased with the increasing in initial
metal ions concentration. Kinetic experiments clearly indicate that
adsorption of Zn2+ and Cd2+ metal ions on PSH followed three-step
process, a rapid initial adsorption followed by a period of slower
uptake of metal ions and finally no significant uptake [31]. The first
step is attributed to the instantaneous utilization of the most read-
ily available active sites on the adsorbent surface (bulk diffusion).
Second step, exhibiting additional adsorption, is attributed to the
diffusion of the adsorbate from the surface film into the macro-
pores of the adsorbent (pore diffusion or intra-particle diffusion)
stimulating further movement of metal ions from the liquid phase
onto the adsorbent, PSH surface. The last stage is essentially an
equilibrium stage. The following quantitative changes in the three
stages are identified from the figures: the metal ion concentration
in the residual solution at equilibrium (Ce) for Cd2+ for different
initial concentrations dropped to 43–58% at the first stage; at the
second stage it reduced to 19–40% and at the third stage it dropped
down to 14–36%. For Zn2+ with different initial concentrations, the
ionic concentrations at equilibrium dropped to 24–47% at the first
stage, 11–27% at the second stage and 8–23% at the third stage
of adsorption. This also shows the higher affinity of the adsorbent
towards zinc.
3.6. Intra-particle diffusion model

The intra-particle diffusion model was applied to the experi-
mental data to ascertain the mechanism of the rate-limiting step.
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Table 5
Isotherm parameters for the adsorption of Cd2+ and Zn2+ metal ions on PSH.

Metal ions Freundlich Langmuir Dubinin–Radushkevich

(L/g)
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kf (mg/g) 1/n (L/g) R2 qm (mg/g) kL

Cd2+ 0.8157 0.5730 0.9043 11.8906 0.
Zn2+ 0.5250 0.5644 0.9190 12.2850 0.

or diffusion controlled adsorption processes, the uptake varies
lmost linearly with t1/2 as shown in Eq. (7) [16], where qt is the
mount adsorbed at time t, Kid (mg/g min0.5) is the rate constant
f intra-particle diffusion and C is the intercept (mg/L). The intra-
article diffusion rate constants were determined from the slope
f the linear plot of qt versus t1/2 and values of C were deter-
ined from the intercept. The parameter C gives an idea about

he thickness (or resistance) of the boundary layer of adsorption
37]. The rate of intra-particle diffusion increased from 0.1074 to
.2276 mg/g min0.5 for Cd2+ and 0.0464 to 0.1934 mg/g min0.5 for
n2+ with the increasing concentration of both metal ions from 10
o 30 ppm. From the R2 values (0.9534–0.9993), it is evident that the
dsorption followed the intra-particle diffusion model after 36 min
f adsorption. The values of C increased from 0.6198 to 1.3022 mg/L
or Cd2+ and 1.5355 to 2.4136 mg/L for Zn2+ with the increase in
he initial concentration of Cd2+ and Zn2+ (10–30 ppm), showing an
verall increase in the thickness and the effect of boundary layer.

.7. Adsorption equilibrium isotherm

Adsorption equilibrium data or isotherms are essential for
esigning an adsorption system. The measured adsorption equi-

ibrium data have been fitted with Langmuir, Freundlich and
ubinin–Radushkevich isotherm equations within the metal ions
oncentration range of 2–50 ppm. The Freundlich adsorption
sotherm, which assumes that adsorption takes place on hetero-
eneous surfaces, can be expressed [14,15] by Eq. (8), where qe

s the amount of metal ions adsorbed at equilibrium time, Ce is
quilibrium concentration of metal ions in solution. Kf and n are
sotherm parameters which indicate the capacity and the intensity
f the adsorption respectively [14,15] and can be calculated from
he intercept and slope of the plot between ln qe and ln Ce.
According to Langmuir model, adsorption occurs uniformly on
he active sites of the adsorbent and once an adsorbate occupies
site, no further adsorption can take place at this site. Therefore,

angmuir isotherm equation was tested with the same metal ions
oncentrations. The linearized form of Langmuir isotherm can be

able 6
angmuir isotherm parameters for the adsorption of Cd2+ and Zn2+ metal ions on PSH at v

Parameters Cd2+

qm (mg/g) kL (L/g) R2

Initial Solution pH
3 2.1805 0.4027 0.98
4 6.3052 0.1388 0.99
5 7.8247 0.1367 0.99
6 11.9048 0.1215 0.99

Particle Size
0.15 mm 13.0548 0.1378 0.99
0.30 mm 12.7714 0.1213 0.99
0.60 mm 11.9190 0.1213 0.99
1.18 mm 3.9246 0.2907 0.99

Temperature
24 ◦C 11.9048 0.1215 0.99
35 ◦C 12.1507 0.1393 0.99
45 ◦C 15.7233 0.1229 0.99
60 ◦C 24.6305 0.0963 0.99

Constant parameters: C0: 5, 10, 20, 30 and 50 ppm, Particle size: 0.6 mm, PSH dosage: 0.4
R2 Xm (mol/g) ˇ (mol2/kJ2) E (kJ/mol) R2

0.9919 0.0246 0.0013 19.6116 0.9089
0.9958 0.0124 0.0011 21.3201 0.8510

written as Eq. (9). The Langmuir constants, qm (maximum adsorp-
tion capacity, mg/g) and KL (parameter for Langmuir isotherm
related to the affinity of the binding sites and energy of adsorption,
L/mg) are calculated from the plot of 1/qe versus 1/Ce.

The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor RL

that is given by Eq. (10). From this equation, C0 is the initial concen-
tration of adsorbate (mg/L), and KL (L/mg) is the Langmuir constant.
The value of RL determines if the adsorption process is favorable or
not [38]. The RL values for the adsorption of Cd2+ onto PSH are in
the range of 0.1412–0.8043, while for Zn2+ onto PSH, the values are
in the range of 0.07498–0.6696. The RL values obtained are found
to decrease with the increment of initial metal ions concentration.
This indicated that the adsorption of Cd2+ and Zn2+ on PSH surface
is a favorable process and at high initial metal ions concentration,
the adsorption is almost irreversible.

The Dubinin–Radushkevich isotherm can be used to describe
adsorption on both homogenous and heterogeneous surfaces
[19–21]. The linear form of Dubinin–Radushkevich equation are
given by Eqs. (11) and (12). In these equations, Xm is the
Dubinin–Radushkevich monolayer capacity (mg/g), ˇ is a constant
related to sorption energy, and ε is the Polanyi potential which
is related to the equilibrium concentration. The constant ˇ gives
the mean free energy (E) of adsorption per molecule of the adsor-
bate when it is transferred to the surface of the solid from infinity
in the solution and can be computed from Eq. (13). The magni-
tude of E is useful for estimating the mechanism of the adsorption
process—whether it is chemical ion exchange or physical adsorp-
tion. For adsorption of both Cd2+ and Zn2+ the values of E were
more than 16 kJ/mol (Table 5) indicating that the adsorption pro-
cess were dominated by particle diffusion [39]. Among the three
adsorption isotherms tested, the Langmuir isotherm appears to fit

the experimental data best as indicated by the high values of the
correlation coefficients.

Table 5 presents the fitted Langmuir, Freundlich and
Dubinin–Radushkevich isotherm parameters for both Cd–PSH
and Zn–PSH systems. Though the uptake of a metal ion depends

arious conditions.

Zn2+

qm (mg/g) kL (L/g) R2

24 5.9737 0.1778 0.9808
31 9.2166 0.1465 0.9953
70 9.3809 0.1566 0.9944
19 15.1286 0.1876 0.9914

69 16.1031 0.2526 0.9987
39 15.5280 0.2246 0.9962
19 15.1286 0.1876 0.9914
69 4.9579 0.4957 0.9957

19 15.1057 0.1880 0.9914
51 15.2905 0.2650 0.9975
33 16.3399 0.3068 0.9942
18 27.4725 0.2031 0.9899

g/100 mL, pH: 6, temp.: 24 ◦C.
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The adsorption capacities of PSH towards Cd2+ and Zn2+ have
been compared with other adsorbents reported in the literature
(Tables 8 and 9). For Zn2+ on PSH, comparison has been made with

Table 7
Calculated thermodynamic parameters for adsorption.

Temperature
(◦C)

Ka �G (kJ/mol) �H (kJ/mol) �S (J/mol)

2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+
ig. 14. Variation of maximum adsorption capacity with dimensionless particle size
nd pH.

pon the initial solute concentration, the Langmuir adsorption
apacity given by qm is independent of solution concentration.
he results clearly indicate the affinity and preferential sorption
ehaviour of PSH towards Zn2+ as compared to Cd2+. This is an

nteresting observation that may be explained in the light of
higher ionic potential of Zn2+ (5.33) compared to Cd2+ (4.2)

40]. Although both the cations have the same charge, Zn2+ has
smaller ionic radius (0.072 nm) than Cd2+ (0.096 nm) [40], and

onsequently a higher ionic potential. In spite of having the
ame hydration number of 6 in an aqueous solution, the larger
onic potential and charge density of zinc are responsible for the
nhanced electrostatic attraction and binding at the active sites of
he adsorbent surface. It will be interesting at this point to calculate
he surface coverage on the basis of ionic size and the Langmuir

aximum adsorption capacity (qm). The sizes of the hydrated
ations, that exist in an aqueous solution, are larger—0.43 nm for
n2+ and 0.419 for Cd2+ [41], and the corresponding theoretical
urface coverage values are 65.7 m2/g for zinc and 35.3 m2/g for
admium. Since adsorption of the cations occurs at the active
ites alone and does not cover the whole surface uniformly, this
heoretical coverage appears reasonable in respect of the BET
urface area of the adsorbent. Also the monolayer adsorption
apacities for Cd2+ and Zn2+ metal ions are comparable with other
gricultural-based adsorbents [12,32,36,41–49].

.8. Effect of solution pH, particle size and temperature on the
dsorption capacity of PSH from Langmuir isotherm

Langmuir adsorption capacity for both metal ions was deter-
ined for different particle size of the adsorbents, temperature and

H (Table 6). From the table it can be seen that with the change in
H from 3 to 6 the adsorption of Cd2+ increased from 2.1805 to
1.9048 mg/g and the adsorption of Zn2+ on PSH surface increased
rom 5.9737 to 15.128 mg/g at 24 ◦C with 0.6 mm particle size of
SH. The adsorption of both Cd2+ and Zn2+ decreased with the
ncrease in the particle size of PSH. The Langmuir adsorption capac-

ty (qm) is plotted against particle size ratio or relative particle size
n Fig. 14, which shows a sharp fall on qm with increasing size of
he adsorbent particles. This is expected on the basis of decreasing
ccessibility of the adsorption sites as the particle size goes up. The
ariation of qm with pH is also shown in Fig. 14. The pattern of vari-
Fig. 15. Equilibrium constant plots.

ation is about the same for both Cd2+ and Zn2+. This can again be
explained by the occurrence of an increasing number of negatively
charged sites with increasing pH or decreasing acidity.

The Langmuir adsorption capacity also increases with tempera-
ture (Table 6). However, in order to have a quantitative estimate of
the temperature effect and the relevant thermodynamic param-
eters we have calculated the adsorption equilibrium constant
(Ka) at four different temperatures keeping the other parameters
unchanged. The equilibrium constant is calculated from Eq (13).

The equilibrium constant is related to the free energy and
entropy changes as well as the heat of adsorption by Eq. (15). It is
reasonable to assume that the thermodynamic quantities to remain
constant over the range of temperature under consideration. Then
a plot of ln Ka against 1/T should yield a straight line that allows cal-
culation of �H and �S from the slope and the intercept of such a
plot. Fig. 15 shows the plot of the adsorption equilibrium constants
for both Cd2+ and Zn2+. The experimental values of Ka and the cal-
culated values of the thermodynamic quantities are presented in
Table 7. The adsorption process for both the cations is endother-
mic as indicated by the positive values of the heat of adsorption.
The free energy change is negative as is expected for a spontaneous
process but the entropy change is positive. The positive entropy
change is indicative of the orderly arrangement of the species upon
adsorption on the surface. The heat of adsorption values and the
applicability of the Langmuir model indicate chemisorptions of the
metal ions at the active sites.

3.9. Comparison of adsorption capacity (qm) for Cd2+ and Zn2+

with other adsorbents
Cd Zn Cd Zn Cd Zn Cd Zn

24 0.396 0.803 −8.8 −5.72 20.7 36.8 62 118
35 0.618 1.64
45 0.665 2.25
60 1.043 4.44
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Table 8
Comparison of adsorption capacities of various adsorbents for removal of Cd2+.

No: Adsorbents Metal ions Monolayer
adsorption
capacity (mg/g)

References

1. Chitosan Cd 5.93 [12]
2. Peanut hull Cd 5.96 [42]
3. Corncorbs Cd 8.89 [51]
4. Bagasse fly ash Cd 6.19 [35]
5. Cornstarch Cd 8.88 [51]
6. Coffee husks Cd 6.85 [43]
7. Olive stone carbon Cd 5.91 [45]
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8. Maize bran Cd 7.43 [37]
9. Olive Pomace Cd 7.01 [52]

10. Physic seed hull Cd 11.89 Present work

ice husk ash [32], bagasse fly ash [35], peanut hull [42], coffee husk
43], cocoa shell [44], chitin [46], Turkish fly ashes [49] and coir
50]. For Cd2+ using PSH the comparison has been made with chitin
12], rice husk ash [32], bagasse fly ash [35], peanut hull [42], coffee
usk [43], olive cake [45], juniper bark, juniper wood [47], hazelnut
hell and almond shell [48]. The experimental values reported in
he form of monolayer adsorption capacity were comparable to the
alues obtained by other workers under similar conditions.

.10. Desorption studies

Desorption studies of metal ions were conducted to explore
he possibility of recycling of PSH and recovery of the metal ions.
pproximately 0.4 g of metal ions loaded PSH from the previous
dsorption experiment was stirred with 50 mL of 0.1 M HCl solu-
ion for 24 h. The filtrate was analyzed for desorbed metal ions
sing Atomic Absorption Spectrophotometer. The same adsorbents
ere washed with distilled water for several times and the con-

entration of released metal ions form washing process was again
nalyzed. The concentration of desorbed metal ions corresponded
o the amount of metal ions released form the sorbents. The total
esorption for Cd2+ metal ions was 47% and for Zn2+ metal ions was
6%. The equilibrium adsorption data at different pH (e.g., Table 6)
learly show a reduction of uptake with decreasing pH. The acid
olution (0.1 M HCl) used for desorption has a pH of 1. As such, the
mount of metal ion (53% for Cd2+ and 64% for Zn2+) retained in
he PSH after acid treatment and partial elution of the metal rep-
esent the equilibrium adsorption at pH 1. We performed further
xperiments with stronger eluting acids. The desorption increased
y about 10% but still incomplete. The percentage retention values
or Cd2+ and Zn2+ was 47% and 59.5% for 1.0 M HCl, 50.4% and 43.8%
or 0.2 M H2SO4, and 61.5% and 57.7% for 1.0 M H2SO4, in that order.

hus use of a stronger acid solution yielded marginally better elu-
ion at the cost of disintegration of the adsorbent. A complexing
gent such as ETDA, tartaric acid or ethylene diamine is likely to
e much more effective This will also be effective for recovery of

able 9
omparison of adsorption capacities of various adsorbents for removal of Zn2+.

No: Adsorbents Metal ions Monolayer
adsorption
capacity (mg/g)

References

1. Chitin Zn 5.79 [12]
2. Rice husk ash Zn 5.88 [32]
3. Peanut hull Zn 9.00 [42]
5. Bagasse fly ash Zn 7.03 [35]
6. Shea butter seed husk Zn 2.04 [54]
7. Cork biomass Zn 6.80 [55]
8. Banana peel Zn 5.80 [53]
9. Orange peel Zn 5.25 [53]

10. Physic seed hull Zn 12.29 Present work
us Materials 179 (2010) 363–372 371

the metals to compensate for the additional cost of the chemicals.
A systematic work on it is in progress.

4. Conclusions

PSH, an agro waste generated from plant-based oil industry,
can be used as a potential low-cost adsorbent for the removal of
Cd2+ and Zn2+ ions from the industrial effluents. It has been found
that the amount of adsorption of Cd2+ and Zn2+ ions both increased
with initial metal ion, temperature, amount of adsorbent, contact
time, pH and smaller particle size of the adsorbent respectively. The
rate of sorption of Cd2+ and Zn2+ was rapid for initial 2–10 min to
take up the major part of the metal ions from the solution and the
adsorption reached equilibrium after 3 h. Kinetic experiments indi-
cate that adsorption of Cd2+ and Zn2+on PSH followed a three-step
processes comprising of an initial rapid adsorption stage, an inter-
mediate slower adsorption stage and a final virtually no adsorption
stage. It has also been confirmed by intra-particle diffusion model.
The experimental results showed that Cd2+ and Zn2+adsorption
mechanism followed monolayer chemisorption, pseudo-second-
order kinetics model and Langmuir isotherm model. Particle size of
the adsorbent, solution pH and temperature had significant influ-
ence on the adsorption of both the ions by PSH. Under equilibrium
condition 47% adsorbed Cd2+ and 36% adsorbed Zn2+ were desorbed
from PSH. The monolayer adsorption capacity (qm) of PSH was com-
parable with other reported agricultural-based adsorbents.

Appendix A.

Adsorption capacity, qt (mg/g)

qt = (Ci − Ct)V
m

(1)

Percentage removal

%R = (Ci − Ct)
Ci

× 100 (2)

where Ci (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.

Lagergren pseudo-first-order [13]

log(qe − qt) = log qe − K1

2.303
t (3)

Pseudo-second-order [9,13]

dq

dt
= K2(qe − qt)

2 (4)

t

qt
= 1

K2q2
e

+ 1
qe

t (5)

h = K2q2
e (6)

Intra-particle Diffusion Model [16]

qt = Kidt0.5 + C (7)

Freundlich isotherm [14,15]

ln qe = ln Kf + 1
n

(ln Ce) (8)

Langmuir isotherm [17]

1 = (
1

)
1 + 1

(9)

qe KLqm Ce qm

Dimensionless constant separation factor RL [39];

RL = 1
1 + KLC0

(10)
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Dubinin–Radushkevich isotherm [47,48,49]

n qe = ln Xm − ˇε2 (11)

Polanyi potential of adsorption [47,48]

= RT ln
1
Ce

(12)

Mean free energy of adsorption [47,48]

= (2ˇ)−1/2 (13)

Calculation of adsorption equilibrium constant

a = (qt)250

Ce
(14)

here (qt)250 is the amount adsorbed after 250 min of contact
which is sufficient for attainment of equilibrium as stated before)
nd Ce is the metal ion concentration (i.e., the equilibrium concen-
ration of the solution) at that time.

Dependence of equilibrium constant on temperature

n Ka = −�G

RT
= −�H − T �S

RT
(15)
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