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ABSTRACT

Almond green hull, an agriculture solid waste, was chemically treated and used for the adsorption of Co
(II) from aqueous solutions. The efficiency of this new adsorbent was studied using batch adsorption tech-
nique under different experimental conditions such as sorbent amount, initial metal-ion concentration,
contact time, adsorbent particle size, and chemical treatment. Optimum dose of sorbent for maximum
metal-ion adsorption were 0.25g for 51.5mgl-! and 0.4¢g for 110mgl-! solutions, respectively. High
removal efficiencies of Co (II) were occurred in the first 1 min of sorbent contact time. The adsorption
of Co (II) on almond green hull was also observed to follow the pseudo second-order kinetics. Adsorp-
tion isotherms were expressed by Langmuir and Freundlich adsorption models. The Langmuir adsorption
model fits the experimental data reasonably well compared to the Freundlich model. The maximum
adsorption capacity of this new sorbent was found to be 45.5mgg~'. The present study revealed that
such a low cost material could be used as an efficient sorbent for the removal of cobalt from wastewater
streams.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals of different industrial wastewaters are frequently
remained in the aquatic streams. The presence of these heavy met-
alsin the environment is of importance concern due to their toxicity
and health effects on the human and living creatures. Therefore,
elimination of toxic heavy metals is attended by many researches.
There are various methods for the removal of heavy metals such as
chemical precipitation [1], reverse osmosis [2], ion exchange [3],
coagulation [4], and adsorption [5-11]. Cobalt, one of the com-
mon toxic metals affecting the environment, is present in the
waste water of nuclear power plants and many other industries
such as mining, metallurgical, electroplating, paints, pigments and
electronic [12]. High levels of cobalt may affect several health trou-
bles such as paralysis, diarrhea, low blood pressure, lung irritation
and bone defects [13]. The standard level of cobalt in drinking
water is 2 pgl-1, but values up to 107 wgl~! have been reported
[14].

One of the adsorbent which is widely used for the removal
of cobalt and other heavy metals is activated carbon [15,16].
The application of this adsorbent is limited on the commercial
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considerations, due to the relative high cost associated with its
preparation. Other sorbents used for the removal of cobalt ions
are: Al-pillared clay [12], industrial wastes [17], sepiolite [18], funji
[19], pre-treated arca shell biomass [20], brown seaweed [21] lig-
nocellulosics [22], marine green alga [23], coir pith [24], zeolite
[25], ion exchange resin [26], magnetic chitosan nanoparticle [27],
ETS10, and ETAS10 [28]. Among them, low cost sorbents were
especially investigated and their technical feasibility for heavy
metal removals from the contaminated streams has been reviewed
[29].

In the present study, an agriculture waste material, i.e. almond
green hull was examined as a new sorbent for the removal of
Co (II) ion from aqueous solutions. Almond trees are abundance
in the world and almond hull is an agriculture crop residue that
cannot be used by animals and it is usually burnt. The annual pro-
duction of almond (with hard shell) is about 108,000 ton in Iran.
Almond green hull is estimated to be about 0.25-0.6 wt% of whole
almond fruits depending upon their various types. Therefore, about
36,000-160,000 ton of this waste material, being generated in the
agriculture sections of the country, can be used for waste water
treatments annually. To the best of our knowledge, this material was
not used before for this kind of application. Utilization of almond
green hull not only provide a low cost and easily available sorbent
for the removal of heavy metals such as Co (II), but also it would
help the environmental pollution.


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ahmadpour@um.ac.ir
dx.doi.org/10.1016/j.jhazmat.2008.11.103

926 A. Ahmadpour et al. / Journal of Hazardous Materials 166 (2009) 925-930

Nomenclature

b Langmuir constant related to the energy or net
enthalpy of adsorption (Eqgs. (6) and (7))

Ce equilibrium concentration (Egs. (1), (6-8))

Co initial metal ion concentration (Egs. (1) and (7))

k1 ads rate constant of first-order adsorption ( Egs. (2) and
(3))

k3 ads rate constant of the second-order adsorption( Eqs.
(4) and (5))

K¢ Freundlich constants related to adsorption capacity
(Eq. (8))

m weight of sorbent (Eq. (1))

n Freundlich constants related to adsorption intensity
(Eq. (8))

Qe amount adsorbed (Egs. (1-6) and (8))

qr amount adsorbed at time t (Egs. (2-5))

qm Langmuir constant related to the maximum adsorp-
tion capacity (Eq. (6))

t adsorption time (Egs. (2-5))

v volume of the solution (Eq. (1))

2. Materials and methods
2.1. Materials

Cobalt chloride of analytical grade was obtained from Merck.
Stock solutions were prepared by dissolving cobalt chloride in de-
ionized water. The green hull of almond was first washed with the
distilled water to remove soluble impurities. Then, it was dried in
an oven for 20 h at 180°C. Dried sample was powdered, sieved (in
two ranges of <44 to <250 wm), and then treated with the solution
of hydrogen peroxide (2%) and ammonia (2%) for 30 min. Chemical
treatment was used to extract soluble organic compounds of the
shell and enhance chelating efficiency [30].

2.2. Boehm’s titration

Chemical and thermal treatment processing would affect
adsorption capability of sorbent for the removal of metal ions
as they result in some functional groups on the solid surface.
These surface functional groups are quantitatively measured by the
Boehm'’s titration. In this method 0.5 g sorbent is placed in a series of
flasks, each containing 50 ml of 0.05 N sodium bicarbonate, sodium
carbonate, sodium hydroxide and hydrochloric acid, respectively.
Flasks are sealed and shaken for 24 h, after which, the solutions are
filtered. Then 10 ml of each solution is pipetted to a flask and titrated
with 0.05N sodium hydroxide and/or hydrochloric acid, depend-
ing on the original solution used. The amount of acidic groups on
the sorbent is calculated under the assumption that NaOH neutral-
izes carboxylic, lactonic, and phenolic groups; Na,CO3 neutralizes
carboxylic and lactonic groups; and NaHCO3 only neutralizes car-
boxylic group. The number of surface basic sites is calculated from
the amount of HCl reacted with the sorbent. The reaction between
reagents and acidic oxygenated-functional groups on the surface is
based on the difference in acid/base strength. The strength of acidic
and basic groups is as follow: carboxyl > lactone > phenol [31].

2.3. Batch adsorption

Batch adsorption technique was used out for the study of
Co (II) adsorption from solutions. The effect of contact time
(0-7 min), temperature (15, 25 and 35 °C), concentration (18, 50
and 110 mg1-1), particle size (mesh no. 325 and 60), and adsorbent
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Fig. 1. Pore volume distribution of walnut green hull adsorbent.

dose (3, 5 and 8gl-1) were studied. In typical experiment, 0.25¢g
sorbent with mesh no. 325 (particle size <44 micron) was contacted
with 50 ml of the 50 mg1-! Co (II) solution in a reactor and mixed
with stirrer (720 rpm) in a predetermined time. The reactor was a
jar cell with a double cylindrical jacket in which the temperature
was controlled by the circulating water through the jacket. Stirring
speed of 720 rpm was selected to maintain the sorbent particles
in suspension. The sorbent and solution were separated by filtra-
tion after each run. The Co (II) ion concentrations in the solutions
were determined by atomic absorption spectrophotometer (Varian,
spectra-110-220/880 Australia Pty. Ltd.) equipped with a Zeeman
atomizer.

The uptake of metal ions in solution was calculated by the dif-
ference in their initial and final concentrations. Each experiment
was repeated twice and average values are given as the results. The
obtained data were employed to calculate the equilibrium metal
uptake capacity according to the Eq. (1).

_ UG -Ce)
N m

e (1)
where ge (mgg!) is the equilibrium amount of metal in the
adsorbed phase, Cy and C, are the initial and equilibrium concen-
trations of metal ion (mgl-1) in the aqueous solution, v is volume
of the solution (1), and m is the sorbent dose (g) in the mixture.

3. Results and discussion
3.1. Sorbent characteristics

The structural characteristics of the treated walnut green hull
with particle size of <44 pm were measured as: BET surface area of
186 m2 g1, pore volume of 0.0562 cm3 g1, average pore diameter
of 19.2 A, and density of 1.2 gcm~3. Pore volume distribution of the
sorbent is shown in Fig. 1.

Results obtained from the Boehm’s method are presented in
Table 1. It is seen that the amount of acidic and basic groups are
as follows: basic > phenolic > lactonic > carboxylic.

Table 1
Surface acidity and basicity of used almond green hull by Boehm’s method.

Lactonic groups
(mmolg1)

Phenolic groups
(mmolg)

Surface basicity
(mmolg~1)

1.165 0.39 0.45 1.26

Carboxylic groups
(mmolg)
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Fig. 2. Effect of contact time on adsorption of Co (II) at different temperatures
(stirring speed=720rpm; sorbent amount=0.25g; Co Concn.=51.5mgl~!, mesh
no.=325).

3.2. Effect of temperature and contact time

Fig. 2 shows the effect of operating time on the adsorption of
Co (II) at different temperatures for a fixed sorbent dose of 0.25g
and particles with mesh no. 325. The initial concentration was
51.5mgl-! for all cases. The experimental data indicate that Co
(I1) ion adsorption increased by increasing time. This is due to the
higher contact between the sorbent surface and cobalt ion. It is
interesting that the amount of Co (II) adsorbed onto the adsor-
bent are increased rapidly during the initial contact time of 1 min
at 25°Cand achieved to 97.22% of removal efficiency. Subsequently,
the adsorption is improved gradually and reached nearly to equi-
librium after 3 min. The short time needed for adsorption to reach
equilibrium could be attributed to the high adsorption efficiency
of almond green hull and readily available adsorbing sites (surface
functional groups) on the adsorbent surface.

The results also indicate that there is not a significant difference
among the amounts of Co (II) adsorbed at different temperatures.
This is another reason for the great potential between Co (II) and
almond green hull and independency of the sorption process to the
temperature.
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Fig. 3. Effect of initial concentration on adsorption of Co (II) (stirring speed =720
rpm; sorbent amount=0.25g; T=25°C, mesh no.=325).
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Fig. 4. Effect of initial concentration on adsorption of Co (II) with different doses of
adsorbent (stirring speed =720 rpm; T=25 °C, mesh no.=325).

3.3. Effect of initial concentration and sorbent amount

The effect of initial concentration at different levels ranging
from 17.8-110 mg1-! and constant dose and size of sorbent (0.25¢g
and mesh no. 325) can be seen in Fig. 3. It is found that the
removal efficiency of Co (II) was increased with enhancing sor-
bent/sorbate ratio, especially at short time of 1 min, but the absolute
amount of Co (II) adsorbed per unit weight of almond green hull
was decreased. Sorption efficiency and adsorbed amount per unit
weight of Co (II) removal at 17.8, 51.5, and 110 mg1~! concentrations
and 1min time are: 98.5% (3.50mgg~1), 97.22% (10.01mgg~!),
and 75.5% (16.60 mgg~1), respectively. The equilibrium times are
found to be the same for all different concentrations studied.
Similar results are also reported by researchers for a variety of
adsorbate-adsorbent systems [12,32]. The results show that Co (II)
ions removal is concentration dependent. At higher initial concen-
trations, the ratio of available adsorption sites to cobalt molecules
is less and binding sites can saturate more rapidly.

The effect of initial concentration on the removal of Co (II) for
different doses of sorbent is shown in Fig. 4. The sorbent dose was
0.25 and 0.4 g for both initial concentrations of 51.5 and 110 mg1-1.
The unadsorbed ions are decreased by increasing sorbent dose for a
fixed initial concentration due to the greater surface area available
for adsorption. It is found that there is an optimum dose of sorbent
for any initial concentration which gives maximum removal.

3.4. Effect of mesh size

Effect of mesh size for the removal of Co (II) at 5 min contact
time and 0.25 g sorbent is shown in Table 2. The results indicate that
the ion removal enhanced with decreasing the adsorbent particle
size. By assuming spherical shape for particles, it can be shown that
the surface area per volume is higher for smaller particles. Improv-
ing surface area would increase binding sites and contact surfaces,
which results in higher mass transfer and more rapid sorption.

Table 2
Effect of adsorbent particle size cm the removal of cobalt ion (initial concentra-
tion=>51.5mgl-', t=5min, amount of sorbent=0.25g, T=25°C).

Mesh no. (size)

60 (250 pm)

100 (149 wm) 170 (88 wm) 325 (44 wm)
Concentration (mgl-') 4.10 1.33 0.64 0.38
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Fig. 5. Effect of chemical treatment on adsorption of Co (II) with different adsorbent
particle sizes (stirring speed =720 rpm; T=25°C, sorbent dose =0.25g).

3.5. Effect of chemical treatment

As mentioned before, the chemical treatment was carried out
for extracting soluble organic compounds and enhancing chelating
efficiency. Effect of chemical treatment is shown in Fig. 5. As seen in
this figure, removal efficiency is higher for the treated sorbent with
mesh no. 60 (<250 wm), but it is remain the same for treated and
untreated sorbents with mesh no. 325 (<44 wm). It is suggested that
for smaller particles increasing the surface area are predominant as
a consequence of high affinity of these particles toward cobalt ions.

3.6. Kinetic study

In the order to investigate the mechanism of adsorption,
kinetic models are generally used to test the experimental data.
Pseudo-first-order and pseudo-second-order equations can be used
assuming that the measured concentrations are equals to the sur-
face concentrations.

The pseudo-first-order rate Lagergren model is [33,34]:

% = k],ads(CIe —qt) (2)
where g (mgg~1)is the amount of adsorbed metal ion on the adsor-
bentattime tand kq ,4s (min~!)is the rate constant of the first-order
adsorption. The integrated form of Eq. (2) is:

k],adst

2.303 3
e, the equilibrium sorption uptake, is extrapolated from the exper-
imental data at time t=o0. A straight line of log (ge — q;¢) versus t
suggests the applicability of this kinetic model. Then, ge and k; 45
can be determined from the intercept and slope of the plot, respec-
tively.

The pseudo-second-order kinetic model is expressed as:

log(ge — qt) =log qe —

dq
dt
where kj 545 (g mg~! min~!)is the rate constant of the second-order
adsorption.

t 1 t
a N k2,adsqg - a

= ky,ads(qe — q¢)° (4)

(5)

The equation constants can be determined by plotting t/q;
against t.

It is found that the ge values obtained by first-order kinetic
model differ from those measured experimentally, suggesting

Table 3
Comparison among adsorption rate constants, g. estimated and coefficients of cor-
relation (D) associated to the pseudo-second-order kinetic model.

T(°C) kyaas (gmg~' min) Experimental, Calculated, ge D(%) R?

qe (mgg™') (mgg1)
15 3.52 10.20 10.25 049  0.9999
25 3.65 10.22 10.26 039  0.9999
35 3.79 10.24 10.27 029  0.9999
0.055
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Fig. 6. Langmuir isotherm for adsorption of cobalt ion (stirring speed =720 rpm;
T=25°C).

the adsorption is not a first-order reaction. The values of differ-
ent parameters determined from the pseudo-second-order kinetic
model along with their corresponding correlation coefficients are
presented in Table 3. The correlation coefficients of the second-
order model are nearly equal to 1 and the theoretical values of
ge agree very well with the experimental values. This finding sug-
gests that the adsorption of cobalt follows the second-order kinetic
model.

3.7. Adsorption isotherms

The Langmuir and Freundlich equations are commonly used for
describing adsorption equilibrium of water and wastewater treat-
ment applications.

The linear form of Langmuir isotherm is given by the following
equation:

1 1 . 1
de  qm bgmCe

(6)

where ge is the amount adsorbed at equilibrium (mgg=!), Ce the
equilibrium concentration (mgl-1), and g, and b (Img~!) are the
Langmuir constants related to maximum adsorption capacity and
energy of adsorption, respectively. When 1/ge was plotted against
1/Ce, straight lines with slope 1/bgy, was obtained (Fig. 6), which
show that the adsorption of cobalt followed the Langmuir isotherm.
The Langmuir constants, b and g, were calculated and their values
are given in Table 4.

Table 4
Freundlich and Langmuir adsorption constants associated to adsorption isotherms
of cobalt on almond green hull.

Langmuir constants Freundlich constants

qm (mgg™") b(Img-1) R?
455 017 0.98 145 416 088

Ki (mgg) n R?
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Table 5
Ry values far adsorption of cobalt onto almond green hull at 25°C.
Co (II) initial concentration (mgl-1) 24.5 51.6 106.5 134
Ru 0.19 0.102 0.052 0.042
17
16 | [ ]
]
15 4
&
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131 g
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Fig. 7. Freundlich isotherm for adsorption of cobalt ion (stirring speed =720 rpm;
T=25°C).

Ry value indicates the type of isotherm. Values between 0 and 1
for this parameter indicate favorable adsorption [24].

1

R= 1756

(7)
The results are presented in Table 5. R_ values for cobalt ion
were found to be between 0 and 1 for all concentrations at 25°C,
indicating favorable adsorption.
The adsorption data was also analysed by Freundlich model. The
logarithmic form of Freundlich model is given by following equa-
tion:

log qe =log K¢ + % log Ce (8)

where ¢e is the amount adsorbed at equilibrium (mgg-1), Ce is the
equilibrium concentration of adsorbate (mgl-1) and K; and n are
Freundlich constants related to adsorption capacity and adsorp-
tion intensity, respectively. The plots of log ge against log Ce for the
adsorption data of cobalt is given in Fig. 7. The Freundlich parame-
ters are also given in Table 4.

Table 6
Comparison of maximum adsorption capacity of almond green hull with different
adsorbents for Co (II).

Adsorbent qm (mgg) References
Kaolinite 0.919 [35]

ETS10 0.93 [28]
ETAS10 0.94 [28]

Area shell biomass 11.53 [20]

Coir pith 12.82 [24]
Synthetic HAP 20.19 [36]
Montrnorinilite-K 20.45 [37]
Magnetic chitosan nanoparticle 274 [27]
Sterified coir pith 34.13 [38]
Al-PILC 33.61 [12]
Almond green hull 45.5 (Current article)
CeraliteIRC-50 58.8 [22]
Chitosan 76.34 [37]

SAC 153.85 [15]
PGBS-COOH 166.7 [15]

The sorption isotherms were determined at fixed temperature
(25°C) for a concentration range of 24.5-134mg1-1. In all different
solutions a fixed dose of adsorbent (0.05 g) was used. The good cor-
relation coefficients showed that Langmuir model is more suitable
than Freundlich for adsorption equilibrium of cobalt.

Values of the adsorption capacity of other adsorbents from the
literature are given in Table 6 for comparison. It is clear from this
table that the adsorption capacity of almond green hull for Co (II)
is comparable with the other adsorbents.

4. Conclusion

The current study highlighted the ability of almond green hull
to adsorb Co (II) from aqueous solutions. In the batch mode of
studies, adsorptions are found to depend on the initial metal-ion
concentration and the adsorbent particle size. The adsorption pro-
cess followed pseudo-second-order kinetics and obeyed Langmuir
adsorption isotherm. The adsorptive capacity of almond green hull
for cobalt ion is comparable to the other high quality sorbents.
Low cost and rapid adsorptive ability of this sorbent would offer
a promising technique for industrial wastewaters cleanup.

Acknowledgement

Authors gratefully acknowledge Khorasan Razavi Regional
Water Organization, Iran, for providing financial support of the
project.

References

[1] S.Mauchauffée, E. Meux, Use of sodium decanoate for selective precipitation of
metals contained in industrial wastewater, Chemosphere 69 (2007) 763-768.

[2] M. Mohsen-Nia, P. Montazeri, H. Modarress, Removal of Cu?* and Ni?* from
wastewater with a chelating agent and reverse osmosis processes, Desalination
217 (2007) 276-281.

[3] V.K. Verma, S. Tewari, J.P.N. Rai, lon exchange during heavy metal bio-sorption
from aqueous solution by dried biomass of macrophytes, Bioresour. Technol.
99 (2008) 1932-1938.

[4] A.G. El Samrani, B.S. Lartiges, F. Villiéras, Chemical coagulation of combined
sewer overflow: heavy metal removal and treatment optimization, Water Res.
42 (2008) 951-960.

[5] AK. Meena, K. Kadirvelu, G.K. Mishra, C. Rajagopal, P.N. Nagar, Adsorptive
removal of heavy metals from aqueous solution by treated sawdust (Acacia
arabica), . Hazard. Mater. 150 (2008) 604-611.

[6] V.K.Gupta, C.K.]Jain, L. Ali, M. Sharma, V.K. Saini, Removal of cadmium and nickel
from wastewater using bagasse fly ash — a sugar industry waste, Water Res. 37
(2003) 4038-4044.

[7] V.K.Gupta, 1. Ali, Removal of lead and chromium from wastewater using bagasse
fly ash — a sugar industry waste, J. Colliod Interface Sci. 271 (2004) 321-328.

[8] V.K. Gupta, L. Ali, Utilization of bagasse fly ash (a sugar industry waste) for the
removal of copper and zinc from wastewater, Sep. Purif. Technol. 18 (2000)
(2000) 131-140.

[9] V.K. Gupta, 1. Ali, Adsorbents for Water Treatment: Development of Low-Cost
Alternatives to Carbon Encyclopedia of Surface and Colloid Science, 2nd edition,
Taylor & Francis, New York, 2006, pp. 149-184.

[10] V.K. Gupta, D. Mohan, S. Sharma, K.T. Park, Removal of chromium (VI) from
electroplating industry wastewater using bagasse fly ash - a sugar industry
waste material, Environmentalist 19 (1999) 129-136.

[11] V.K. Gupta, D. Mohan, S. Sharma, Removal of lead from wastewater using
bagasse fly ash-a sugar industry waste material, Sep. Sci. Technol. 33 (1998)
1331-1343.

[12] V.D.M. Manohar, B.F. Noeline, T.S. Anirudhan, Adsorption performance of Al-
pillared bentonite clay for the removal of cobalt (II) from aqueous phase, Appl.
Clay Sci. 31 (2006) 194-206.

[13] V.P. Kudesia, Water Pollution, Pregatiprakashan Publications, Meerut, 1990.

[14] http://www.epa.gov/ttn/atw/hlthef/cobalt.html#refl.

[15] K.A. Krishnan, T.S. Anirudhan, Kinetic and equilibrium modelling of cobalt (II)
adsorption onto bagasse pith based sulphurised activated carbon, Chem. Eng.
J. 137 (2008) 257-264.

[16] C.P.Huang, M.W.Tsang, S.Y. Hsieh, Removal of cobalt (II) from water by activated
carbon, AIChE Symp. Ser. 81 (1985) 85-89.

[17] A.Bhatnagar, A.K. Minocha, B.-H. Jeon, J.-M. Park, Adsorptive removal of cobalt
from aqueous solutions by utilizing industrial waste and its cement fixation,
Sep. Sci. Technol. 42 (2007) 1255-1266.

[18] S. Kocaoba, T. Akyuz, Effects of conditioning of sepiolite prior to cobalt and
nickel removal, Desalination 181 (2005) 313-318.


http://www.epa.gov/ttn/atw/hlthef/cobalt.html

930 A. Ahmadpour et al. / Journal of Hazardous Materials 166 (2009) 925-930

[19] A.Pal, S. Ghosh, A.K. Paul, Biosorption of cobalt by fungi from serpentine soil of
Andaman, Bioresour. Technol. 97 (2006) 1253-1258.

[20] S. Dahiya, R.M. Tripathi, A.G. Hegde, Biosorption of heavy metals and radionu-
clide from aqueous solutions by pre-treated arca green hull biomass, J. Hazard.
Mater. 150 (2008) 376-386.

[21] M.T.K. Tsui, K.C. Cheung, N.EY. Tam, M.H. Wong, A comparative study on metal
sorption by brown seaweed, Chemosphere 65 (2006) 51-57.

[22] L.G. Shibi, T.S. Anirudhan, Adsorption of Co (II) by a carboxylate-functionalized
polyacrylamide grafted lignocellulosics, Chemosphere 58 (2005) 1117-1126.

[23] K.Vijayaraghavan, . Jegan, K. Palanivelu, M. Velan, Biosorption of copper, cobalt
and nickel by marine green alga Ulva reticulata in a packed column, Chemo-
sphere 60 (2005) 419-426.

[24] H. Parab, S. Joshi, N. Shenoy, A. Lali, U.S. Sarma, M. Sudersanan, Determination
of kinetic and equilibrium parameters of the batch adsorption of Co(II), Cr(III)
and Ni(II) onto coir pith, Process Biochem. 41 (2006) 609-615.

[25] J.S. Kim, M.A. Keane, The removal of iron and cobalt from aqueous solutions by
ion exchange with Na-Y zeolite: batch, semi-batch and continuous operation,
J. Chem. Technol. Biotechnol. 77 (2002) 633-640.

[26] S. Rengaraj, S.-H. Moon, Kinetics of adsorption of Co (II) removal from water
and wastewater by ion exchange resins, Water Res. 36 (2002) 1783-1793.

[27] Y.-C. Chang, S.-W. Chang, D.-H. Chen, Magnetic chitosan nanoparticles: Studies
on chitosan binding and adsorption of Co(Il) ions, Reactive Funct. Polym. 66
(2006) 335-341.

[28] J. Hun Choi, S.D. Kim, Y.J. Kwon, W.J. Kim, Adsorption behaviors of ETS-10 and
its variant, ETAS-10 on the removal of heavy metals, Cu?*, Co?*, Mn?* and Zn?*
from a waste water, Microporous Mesoporous Mater. 96 (2006) 157-167.

[29] S.Babel, T.A. Kurniawan, Low-cost adsorbent for heavy metal uptake from con-
taminated water: a review, ]. Hazard. Mater. B 97 (2003) 219-243.

[30] W.S.Wan Ngah, M.A.K.M. Hanafiah, Removal of heavy metal ions from wastew-
ater by chemically modified plant wastes as adsorbents: a review, Bioresour.
Technol. 99 (2008) 3935-3948.

[31] N. Wibowo, L. Setiyadhi, D. Wibowo, ]. Setiawan, S. Ismadji, Adsorption of ben-
zene and toluene from aqueous solutions onto activated carbon and its acid
and heat treated forms: influence of surface chemistry on adsorption, J. Hazard.
Mater. 146 (2007) 237-242.

[32] C.Namsivayam, K. Ranganathan, Removal of Cd(II) from wastewater by adsorp-
tion on “waste” Fe(IIl)/Cr(IIl) hydroxide, Water Res. 29 (1995) 1737-1744.

[33] S. Lagergren, Zur theorie der sogenannten adsorption geloster stoffe, Kungliga
Svenska Vetenskapsakademiens, Handlingar 24 (1898) 1-39.

[34] Y.S. Ho, Citation review of Lagergren kinetic rate equation on adsorption reac-
tions, Scientometrics 59 (2004) 171-177.

[35] O. Yavuz, Y.-C. Altunkaynak, F. Guzelc, Removal of copper, nickel, cobalt and
manganese from aqueous solution by kaolinite, Water Res. 37 (2003) 948-952.

[36] I. Smiciklas, S. Dimovic, I. Plecas, M. Mitric, Removal of Co?* from aqueous
solutions by hydroxyapatite, Water Res. 40 (2006) 2267-2274.

[37] E. Assaad, A. Azzouz, D. Nistor, A.V. Ursu, T. Sajin, D.N. Miron, F. Monette, P.
Niquette, R. Hausler, Metal removal through synergic coagulation-flocculation
using an optimized chitosan-montmorillonite system, Appl. Clay Sci. 37 (2007)
258-274.

[38] H. Parab, S. Joshi, N. Shenoy, A. Lali, U.S. Sarma, M. Sudersanan, Esterified coir
pith as an adsorbent for the removal of Co (II) from aqueous solution, Bioresour.
Technol. 99 (2008) 2083-2086.



	Rapid removal of cobalt ion from aqueous solutions by almond green hull
	Introduction
	Materials and methods
	Materials
	Boehms titration
	Batch adsorption

	Results and discussion
	Sorbent characteristics
	Effect of temperature and contact time
	Effect of initial concentration and sorbent amount
	Effect of mesh size
	Effect of chemical treatment
	Kinetic study
	Adsorption isotherms

	Conclusion
	Acknowledgement
	References


