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Abstract: Soil- Co is generally concentrated in the horizons rich in organic material and clays within the
soil profile. Also, the calcium carbonate content in soil plays a significant role in Co retention. The
current work explores the possible mechanisms that might take place for Co retention in soil using pure
materials i.e. kaolinite and montmorillonite clay minerals, CaCO3 and humic acid. The retention data of
Co was explored using different mathematical models i.e. the first degree equation, one site saturation
model, the combined model (first degree equation + one site saturation) and the two site saturation model.
The one site saturation model was the best fitting model to describe Co retention in the studied materials.
Fitting the sorption data to the Langmuir and Freuindlich isotherms was used to find out the possible
mechanisms that might control Co sorption by the examined materials and the Langmuir isotherm was
found to be the most suitable isotherm to describe Co retention by the studied materials. All the capacity
constant parameter (a) values calculated from Langmuir isotherm were higher in the studied material
suspensions at pH 7 than their values obtained at pH 6. Also, the values of the affinity constant parameter
(b) of these adsorbents were higher at pH 7 than at pH 6.
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INTRODUCTION

Cobalt (Co) is a transition metal in Group VIII of
the periodic classification of the elements. The normal
total Co level in the surface soils ranges from 1 to 49
mg kg-1 with an average of 8.5 mg kg-1 for world
wide soils[8]. The only significant sources of cobalt in
soils are the parent materials and the applications of
cobalt salts and Co-treated phosphate fertilizers to
soil[3]. Athough, Co is considered an essential
component for several enzymes and co-enzymes and
can stimulate plant growth when found at low
concentrations in soil, yet the relatively higher
concentrations are toxic for plants[12]. Humans may be
exposed to small amounts of cobalt by breathing air,
drinking water, eating food containing it or even skin
contact with soils. However, the exposure to high doses
of Co can represent a serious problem for the health of
man kind and animals[18]. Alloway[3] mentioned that
soil- Co is generally concentrated in the horizons rich
in organic material and clays within the soil profile.
Hillary et al.[7] suggested that cobalt surface adsorption
occurres within seconds, whereas precipitation takes
longer time.  Abollino et al.[2] proposed three different
mechanisms responsible for metal ions retention on
clay minerals: ion exchange at the sites of the

permanent negative charges, exchange in the interlayer
regions and surface complex through Si-O and Al-O
groups. U.S. EPA[19] revealed that the adsorption of
divalent cobalt on soil colloids is high between pH 6
and 7. Thompson et al.[17] added that cobalt adsorbed
on kaolinite takes the form of hydroxy-bridged
polymers or multimers and precipitated as a
hydrotalcite-like solid that contained aluminum ions
derived from kaolinite and aluminum hydroxide
dissolution. 

The retention of Co in soil is also related to the
organic matter content found in soil. In this concern,
Masset et al.[10] found that humic acid enhanced cobalt
sorption onto goethite. According to Spocito[15], metal-
organic complexes occur either by cation exchange
reactions (weaker complexes) or by inner-sphere
complexes.

Calcium carbonate content in soil also has a Co
significant effect on the solubility and availability of
Co in soil. Moore et al.[11] cited that the solid phase
carbonates have adsorptive surfaces that influence the
retention of cations. 

Also, Krupka and Serne[9] found that cobalt
exhibits cation adsorption behavior and such behaviour
is zero to minimal at acidic conditions, and increases
with increasing pH. 
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The current work represents a trial towards
exploring the possible mechanisms that might be
involved in Co retention in soil using pure systems i.e.
kaolinite and montmorillonite clay minerals, CaCO3 and
humic acid. Such an investigation may enable us to
distinguish the different effects of soil separates in
controlling retention and availability of cobalt in soil.

MATERIALS AND METHODS

1. Materials: The kaolinite clay mineral used in this
study was supplied by Sinai for Manganese Co. Its
cation exchange capacity (CEC) and surface area
values are 8 cmolc kg-1 and 38 m2 g-1, respectively. The
montmorillonite clay mineral was supplied by Sigma-
Aldrich Chemical Company Inc. Its cation
exchangeable capacity (CEC) and surface area values
are 47.53 cmolc kg-1 and 270 m2 g-1, respectively. The
laboratory reagent grade calcium carbonate was
supplied by El-Gomhoria Company, Egypt. Humic acid
was supplied by Sigma-Aldrich Chemical Company
Inc.

Analytical reagent grade chemical of CoCl2.6H2O
salt was used for preparing cobalt stock solution at a
concentration of 500 mg metal L-1. The pH value of
the stock solution was adjusted at either 6.0 ,or 7.0 (±
0.05) just before each sorption experiment using 0.01
M NaOH or 0.01 M HCl.  

2. The Experimental Work: Two sets of suspensions
of pH 6, or 7 for the studied materials were prepared
by dispersing appropriate weights of the studied
materials in distilled water to achieve final
concentrations of 50, 20 and 5 g L-1 for kaolinite,
montmorillonite and humic acid, respectively. The
system was stirred continuously using a PTFE –coated
magnetic stirrer. Five mL aliquots of the
aforementioned suspensions were transferred into a set
of centrifuge reaction vessels (50 mL volume each),
then appropriate amounts of Co stock solution,
previously adjusted at pH 6.0 or 7.0 were added to the
reaction vessels and the final volumes were kept at 25
mL by distilled water to achieve a series of final metal
concentrations of 0, 5, 10, 20, 30, 40, 50, 60, 70, 80,
90 and 100 µg mL-1. In case of calcium carbonate, a
set of 50 mL centrifuge reaction vessels was used;
containing 0.1 g of calcium carbonate and appropriate
volumes of the Co stock solutions of pH 6 or 7 were
added to the centrifuge reaction vessels with distilled
water to adjust the volume to 25 mL having the final
Co concentrations of 0, 5, 10, 20, 30, 40, 50, 60, 70,
80, 90 and 100 µg mL-1.  

All vessels were tightly closed, shaken for one
hour, and allowed to equilibrate for 24 h then
centrifuged for 30 min. at 3000 rpm and the

supernatants were used for determination of Co in the
equilibrium solution. Finally, the amounts of adsorbed
Co ion on the adsorbent materials were calculated as
the difference between the initially added ion
concentrations and their concentrations in the
equilibrium solutions. 

3. Data Analysis: Co retention data were modeled
using the curve fitting models present in SigmaPlot
v.10.  The first degree equation model (y = a+bx) is
thought to represent cobalt (Co) precipitation as a
function of its concentration, whereas, the hyperbolic

one site saturation (Ligand binding) model (         )ax
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is thought to represent sorption mechanisms of Co in
the studied adsorbents. Two site saturation (Ligand 

binding) model (                    ) assumes that there
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are 2 types of sorptive sites that might take part in Co
retention. The combined (first degree equation + one 

site saturation) model (                    ) assumes that
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there are two parallel mechanisms that took place for
Co retention in soil. 

To investigate the possible mechanism of Co
sorption, Tan[16] suggested the use of Freudlich
isotherm to represent the sorption by heterogenous
surfaces and recommended Langmuir isotherm to
represent the sorption by homogenous surfaces.

The general Langmuir sorption model is expressed
by:

        (1)
1

e

e

abC
Qe

bC




where Qe is the amount of Co sorbed by studied
materials (μgg!1 ) at the equilibrium, the parameter (a)
refers to the maximum metal sorption (μg g!1), Ce is
the concentration of Co in the suspention (μg mL!1)
at the equilibrium and b is the Langmuir adsorption
equilibrium constant (L μg!1). This model implies that
saturation of the adsorptive surface is possible, so Q
eventually can reach a maximum value (Qmax). 

The general form of the Freundlich model is:

        (2)

1

n
eQe kC

where Qe and Ce are the same as in Eq. (1), and
k and n relate to the capacity and intensity of
adsorption, respectively. The Freundlich model does not
imply a saturation of the adsorptive surface.
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RESULTS AND DISCUSSION

Exploring the Mechanism of Co Retention by the
Studied Materials: The results shown in Table 1
reveal that the retention data of Co by kaolinite,
montmorillonite, CaCO3 or humic acids don’t follow
the first degree equation because of their relatively low
(r2) values. The negative sign of the parameter (c)
value obtained from fitting the data using the combined
model (First degree equation + one site saturation)
make us also exclude this mechanism from describing
Co fixation in soil. Concerning the two site saturation
model, the values of the calculated parameter (b) are
relatively the same as the values of the parameter (d).
This indicates that there was almost one site saturation
and therefore we also reject this model. 

The one site saturation model is the best fitting
model to describe Co fixation in soil and this clarifies
that sorption is considered the suitable mechanism that
controls Co solubility in the suspension solutions. 

Yu et al.[21] found that the sorption of cobalt is
strongly dependent on pH values and the surface
complexation is considered the main mechanism of
cobalt sorption to montmorillonite. 

2. Sorption Isotherms and Co Retention in Soil:
Plotting data of Co retention according to Langmuir
and Freuindlich isotherms was considered to find out
the possible mechanisms that control Co sorption by
the studied materials. The calculated parameters of the
fitting isotherms and the calculated coefficients of
determination (r2) were presented in Table 2

Based on the highest values of the coefficients of
determination (r2), the Langmuir isotherm is considered
the most fitting isotherm to describe Co sorption by the
examined materials.

Tan[16] mentioned that Langmuir equation is
considered a monolayer adsorption on the surface of
the adsorbents, which is generally the case for
chemisorption from solution until the adsorbent surfaces
become saturated. Concerning the parameters of the
Langmuir equation, Spocito[15] defined the capacity
parameter (a) as the value of (Qe) that is approached
asymptotically as (Ce) becomes arbitrarily large and
that the affinity parameter (b) determines the magnitude
of the initial slope of the isotherm. According to the
data shown in Table 2, we could arrange the adsorbent
materials according to their capacities for Co retention
at pH 6 or 7 as follows: montmorillonite >CaCO3 >
humic acid (HA) > kaolinite. The calculated capacity
constant parameter (a) values for montmorillonite
mineral were about ten times higher than the calculated
values for kaolinite mineral under the studied pH
values i.e. 6 and 7. These results may be because of
the high CEC values of the montmorillonite mineral
compared with the CEC of the kaolinite mineral.

Tan[16] reported that the bonds holding the layer of
the montmorillonites together are relatively weak,
developing intermicellar spaces that will expand with
increasing moisture content.

Also, the sorption data reveals that humic acid had
higher affinity parameter (b) values compared with the
other materials at the two studied pH values and the
adsorbent materials could be rearranged according to
their affinity for Co as follows: humic acid>
montmorillonite > kaolinite > CaCO3. Spocito[15]

explained that the large values of the affinity parameter
(b) means that the adsorption is rapid and the
desorption is slow. 

Yavuz et al.[20] found that the sorption of Co on
kaolinite conformed to Langmuir isotherm and the
maximum sorption value for Co ion by kaolinite is 919
μg g-1 at 25 C, while that of binding energy is 0.108
mL μg-1 .These values are not faraway from the
corresponding ones obtained herein. Schulthess and
Huang[13] indicated that metal adsorption by kaolinite is
influenced by both Si and Al sites. 

Referring to the effect of the pH on Co sorption
by the studied materials, the data presented in Table 2
and Figs. 2 and 3 show that the capacity constant
parameter (a) increased in the studied materials with
the increase in the pH from 6 to 7. The calculated
capacity constant parameter (a) for Co retention by
kaolinite, montmorillonite, humic acid and CaCO3
obtained at pH 6 were 1000, 10370, 5220 and 6710 μg
g-1, respectively. These values increased when the pH
of the suspension increased by one unit to reach 1370,
12500, 5830 and 10600 μg g-1, respectively. These
results agree with those of Abd ElFattah and Wada[1]

who found that the sorption capacity and affinity for
heavy metals increase with rising pH level. The
increase in the cobalt retention due to the increase in
the pH value may be attributed to the adsorption of
hydroloyzed Co2+ and CoOH+[6].

Likewise, the values of the affinity constant
parameter (b) of kaolinite, humic acid and CaCO3

increased with the increase in the pH value. 
However, the relatively slight increase in the

affinity constant of montmorillonite due to rising the
pH from 6 to 7 may be because the dominant charge
in the montmorillonite clay mineral is due to the
isomorphus substitution which is not a pH dependent
charge, whereas, the hydroxyl groups of the the
alominol sites in kaolinite clay minerals and the
functional groups of the humic acid are both pH
dependent charges, also the solubility of CaCO3 is
highly affected by the pH changes.

Bohn et al.[5] confirmed that the cation
exchangeable capacity of montmorillonite is slightly pH
dependent, while the cation exchange capacity of
kaolinite is pH dependent and has been attributed to
the dissociation of OH groups at the clay edges.
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Fig. 1: Retention of Co by kaolinite, montmorillonite, CaCO3 and humic acid (HA) at pH 6 (") and pH 7 (C).

Table 1: Fitting the Co retention data by kaolinite, montmorillonite, CaCO3 and humic acid.
Studied materials pH First degree model One site saturation + First degree model

y = a + bx xd

cx

xb

ax
y







-------------------------------------------- ---------------------------------------------------------------------------
a b r2 a b c R2

Kaolinite 6 4.83×102 8.46 0.754 2.49 ×103 39.40 -6.49 0.997
7 5.31×102 10.42 0.801 2.00×103 26.90 -1.88 0.987

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Montmorillonite 6 2.92×103 91.96 0.808 1.75×105 252.30 -395.60 0.995

7 2.84×103 115.40 0.858 6.41×105 542.60 -877.20 0.995
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Humic acid 6 6.58×103 407.00 0.947 3.46×105 235.00 -606.20 1.000

7 6.76×103 472.70 0.943 5.69×105 110.30 -424.70 0.997
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaCO3 6 8.20×102 42.39 0.949 9.44×103 82.75 -543.00 0.999

7 1.56×103 79.94 0.940 1.75×104 79.50 -10.79 0.998
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Table 1: Continue.
Studied materials pH One site saturation model Two site saturation model

ax
y

b x



ax cx

y
b x d x

 
 

------------------------------------------------- ---------------------------------------------------------------------------
a B r2 a b C d r2

Kaolinite 6 1.44×103 20.30 0.984 6.92×102 20.25 7.50×102 20.25 0.986
7 1.72×103 22.10 0.986 8.26×102 22.14 8.96×102 22.14 0.984

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Montmorillonite 6 1.50×104 37.50 0.971 7.08×103 37.51 7.93×103 37.51 0.971

7 1.94×104 49.10 0.979 9.07×103 49.11 1.03×104 49.11 0.979
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Humic acid 6 7.92×104 82.20 0.998 3.64×104 82.24 4.28×104 82.24 0.998

7 9.58×104 92.20 0.992 4.44×104 92.20 5.14×104 92.19 0.992
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaCO3 6 7.97×103 71.50 0.999 3.63×103 71.48 4.33×103 71.49 0.999

7 1.47×104 68.20 0.998 6.72×103 68.15 7.96×103 68.15 0.998

Fig. 2: Fitting data of Co sorption by kaolinite and montmorillonite at pH 6 (") and pH 7 (C) using Langmuir
isotherm.
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Fig. 3: Fitting data of Co sorption by CaCO3 and humic acid at pH 6 (") and pH 7 (C) using Langmuir isotherm.

Table 2: Sorption isotherm fitting parameters for Co retention.
Studied materials Freiundlich Isotherm Langmuir Isotherm

----------------------------------------------------- -------------------------------------------------------------
k n r2 a b r2

Kaolinite pH 6 4.40×102 4.15 0.922 1.00×103 0.35 0.991
pH 7 5.47×102 4.33 0.894 1.37×103 0.42 0.954

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Montmorillonite pH 6 4.58×103 4.43 0.874 1.04×104 0.73 0.985

pH 7 5.58×103 4.51 0.864 1.25×104 0.78 0.998
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Humic acid pH 6 7.55×103 2.26 0.972 5.22×103 0.75 0.999

pH 7 9.81×103 2.36 0.951 5.83×103 0.94 0.987
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaCO3 pH 6 4.31×102 1.82 0.986 6.71×103 0.03 0.998

pH 7 1.39×103 2.22 0.975 1.06×104 0.06 0.995

Zhou et al[22] also mentioned that humic acid
contains two types of binding sites which are
carboxylic and phenolic functional groups. 

These two types of functional groups are
considered pH dependent charges.

Conclusion: The Langmuir isotherm seemed to be the
most suitable isotherm to describe Co retention by the
examined materials. All the calculated capacity constant
parameter (a) values were higher in the studied material
suspensions at pH 7 than at pH 6. 
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Also, the calculated affinity constant parameter (b)
of Co retention by kaolinite, montmorillonite, humic
acid and CaCO3 obtained at pH 7 were higher than the
calculated values at pH 6. The aforementioned results
may be helpful in using the deposits rich in
montmorillonite and CaCO3 as additives to polluted
soils to minimize availability of Co therein. Moreover,
humic substances would be considered more effective
in this concern.
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