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Abstract: The objective of this study was to compare three different soil minerals (montmorillonite,
kaolonite and calcite) for their ability to remove heavy metals  (HM).  These  minerals  were  applied

in  chloride  form  dissolved in aqueous solutions of these metals at two concentrations i.e. 2000 and
6000 ppm. The effect of contact time, initial metal concentration and type of natural soil minerals on the

adsorption process at 20±2C° was studied using kinetic approach. Data gathered from Electrical Stirred
Flow Unit (ESFU) used for kinetic study indicated that almost steady state adsorption conditions were

reached after 2-4 h of unit working for the adsorption of Pb (II), Cd (II) and Zn (II). At 2000 ppm metal
concentration and 2h reaction time, for example, the maximum Pb metal removed from the solution was

found in calcite by about 74.2%, followed by montmorillonite and kaolonite by about 66% and 58%
respectively. With an increase in the concentrations of these metals, the same trend of HM retention was

detected. Six kinetic models were tested to select the best fitted once. Results indicated that power
function or modified Freundlich MFE, Elovich and parabolic diffusion equations were the best models.

The constants rate represented capacity and intensity factors of the best fitted equations showed that the
increasing trend of adsorption capacity have the order: calcite> montmorillonite> kaolonite in their

tendency to retain HM. Moreover, results of distribution coefficient Kd represent the HM tendency to
retain to specific soil minerals, showed that in all cases the higher values of this parameter take the order

Pb > Cd >Zn regardless the type of clay mineral or solution concentration of the studied HM. Different
mechanisms of HM reaction with the selected soil minerals were discussed. 
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INTRODUCTION

Adsorption of metal ions from aqueous solution on

oxides, clay minerals and clays has been a subject of
interest in chemistry as well as in other research areas.

It is considered that the adsorption of heavy metal ions
and complexes on clay minerals occurs as a result of

ion exchange, surface complexation, hydrophobic
interaction and electrostatic interaction . Clay[12 ,10]

minerals play an important role in accumulation,
adsorption/desorption, as well as exchange processes of

metal ions. Cu(II), Cd(II) and Pb(II) adsorption
isotherms on red mud and fly ash were established in

previous studies . One can deduce that heavy metal[5]

ion adsorption by kaolinites and smectites results from

pH-dependent inner-sphere surface coordination with
the edge hydroxyl groups  and outer-sphere ion[7]

exchange with the permanent negative surface sites .[11]

The magnitude of surface charge and its origin

(tetrahedral or octahedral) should determine the
selectivity of the silicate surfaces for different metal

ions . In addition, the organic components of clays[20 ,8]

and  soils having carboxyl, phenol or amine groups

may take part in heavy metal ion retention by
complexation. Jülide and Resat , found that the surface[9]

sites responsible for the adsorption were assumed to be

1the permanent charges, /S OH silanol groups and

acarboxyl groups having pK  values close to that of the

2silanol groups and /S OH aluminol groups and phenol

agroups with pK  values close to that of the aluminol
groups, because the studied clays (partly composed of

clay soil) contained organic carbon. Cd  ions were2+

assumed to bind to the surface in the form of outer-

2sphere X  Cd  and inner-sphere /SOCd  monodentate2! 2+ +

complexes and the clay mineral in the presence of

humic acid probably behaved more like a chelating ion-
exchanger for heavy metal ions than as a simple

inorganic ion exchanger. One can deduce that heavy
metal ion adsorption by kaolinites and smectites results

from pH-dependent inner-sphere surface coordination
with the edge hydroxyl groups  and outer-sphere ion[14]

exchange with the permanent negative surface sites .[11]

The magnitude of surface charge and its origin

(tetrahedral or octahedral) should determine the
selectivity of the silicate surfaces for different metal

ions . In addition, the organic components of clays[8]

and soils having carboxyl, phenol or amine groups may

take part in heavy metal ion retention by complexation.
Since most metal ions are adsorbed by smectites by

ion-exchange, the surface of these minerals may easily
be saturated with alkali and alkaline earth cations. For

3the  CaCO  Papadopoulos and Rowell  found that the[13]
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3precipitation of CdCO  on calcite predominates at

higher Cd additions, whereas the low Cd additions

suggests than ideal surface solid solution is formed

3 3between CdCO  and CaCO , as well as the equilibrium.

It is well known that the alluvial clay soils are

dominated with montmorillonite, kaolinite and illite

minerals. While most of the newly reclaimed soils,

particularly the northern calcite mineral in various

forms.

Therefore, this research work was concentrated on

the adsorption characteristics of some heavy metals,

which have tremendous hazard as pollutants in the

environment, on montmorillonite, kaolinite and calcite.

MATERIAL AND METHODS

-Clay Mineral: In order to interrelate the charge

characteristics of micaceous layer silicates and their

heavy metal adsorption, a variety of minerals, with

different layer charges, of both tetrahedral and

octahedral origin, were chosen. Three clay minerals

standard of Ward's natural science Establishment i.e.

montorrillonite (No. 22a yellow. Amory. MISSISSIPPI),

Kaolonite (No.3 Biroh pit Maccon, Georgia) and calcite

(Schiapparelli) were used in this experiment. The total

clay mineral content was estimated to be 63.5% with

the remainder is mica, feldspar and carbonate, etc.

4 4-Solutions: Heavy-metals acetate of (PbSO , CdSO

4and ZnSO  were used to obtain three aqua solutions of

single component solutions i.e. Pb, Cd and Zn at fixed

concentrations of 2000 and 6000 mg LG .1

-Kinetic Study: Adsorption experiments were carried

out using Electrical stirred Flow unit (ESFU) method

for all clay minerals.The supernatants obtained after

centrifugation were analyzed by Atomic Absorption

Spectrophotometer  (AAS  200A Buck Scientific

Model).  The  amount  adsorbed   was  calculated

from the concentration difference.The system was

vigorously shaken and the solution samples were

received after different periods ranged between 1 to

120 min. and analyzed for their concentrations of

heavy metals concentrations using atomic absorption

Cottenie, et al. . [6]

-Kinetic M odels:

These kinetic models included:

Zero-Order in the form: 

tq  = at +b

pseudo 1st order equation in the form: 

e t ads.Log (q  – q ) = log b – (a /2.303)t

Second order equation

Fractional power or modified Freundlich equation

(MFE) in the form:

q = bka

the linear transformation is: log q = log b + a (log t)

Elovich equation in the form:

q = b+ (1/a) ln t

Diffusion equation in the form:

t 41/t (Q /Q ) = 4/b (a/r )  1/t  – a/r1/2 2 1/2 1/2 2

where: qe: sorption capacity at equilibrium,qt: sorption

capacity at time t

t: time (min), Qt: quantity of diffusing substance

Q4: is the corresponding quantity after infinite time, r:

radius of the cylinder

a, b, k2, β, α: constants 

The  conventionality  of  HM  adsorption study

was  based  on  higher coefficient of determination

(R ) and lower standard error (SE) values, (Sparks,2

1989 and 1998). 

5. Distribution Coefficient:

The partition (or distribution) coefficient, Kd, were

used to measure sorption of contaminants to clay

minerals.

i iA = C  = A

The mass action expression is the partition

coefficient (Kd, ml/g):

d i iK  = A /C

Where: A = concentration of free or unoccupied

surface adsorption site on a solid phase (mol/ml), Ai =

concentration of adsorbate on the solid at equilibrium

(mol/g or µg/g).,Ci = total dissolved adsorbate

concentration remaining in solution at equilibrium

(mol/ml or µg/ml) and A % Ci

RESULTS AND DISCUSSIONS

Time Dependence of HM Sorption: Figures (1and2)

depicted the time curves of Pb, Cd and Zn adsorption

on montmorillonite, kaolonite and calcite over a time

of  240mini (4 hrs). Results indicated rapid sorption of
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Fig. 1: Equilibrium time for the adsorption of Pb (II),

Cd (II) and Zn (II) on the three types of soil

minerals at 2000 ppm HM concentration.

all metals on these clay minerals. The rate of all HM

adsorption divided into three reaction periods; the 1 st

period is characterized by rapid reaction started from

the beginning of ESFU working and reached to about

30 min. The 2  period shows decline in HMnd

adsorption on different clay minerals and this period

was about 90min. The 3  one, however, stayed the restrd

of the reaction period (about 60 min) and characterized

by almost stability or light increase in rate of

adsorption (slow step) regardless the type of HM.

In the 1  period, almost no remark differencesst

were observed between Pb, Cd or Zn in their rapid

adsorption on different clay minerals. However in the

2  and 3  periods, high rate of adsorption wasn d rd

observed in Pb followed by Cd and for less extent Zn

(fig 2). 

Although the increase of HM concentration in

solutions (6000 ppm) gave the same trend in their

arrangement  of  adsorption  on  the  applied  minerals

Fig. 2: Equilibrium time for the adsorption of Pb(II),

Cd(II) and Zn(II) on the three types of soil

minerals at 6000 ppm HM concentration.

especially in 1:1 type (kaolonite), the interfering

between different periods were less extent compared

with the 1  concentration applied (2000 ppm). In otherst

words, at 6000 ppm, high Pb concentration was

adsorbed on the different minerals (about 89% of total),

followed by Cd (about 85% of total) and the amount

adsorbed of Zn gave the minimum value compared

with Pb and Cd. 

The comparison between clay minerals and calcite

data showed that calcite gave higher adsorption

capacity compared with montmorillonite or kaolonite.

Numerically, at 2000 ppm solution concentration of

HM and 240 min contact time about 98.0% of total Zn

was adsorbed on montmorillonite, this value decreased

to 80.5 % in the case of using kaolonite. By applying

calcite, however, about 98% of total Zn was adsorbed.

The same trend was observed in Pb and Cd. 
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Table 1: Rate constants, coefficient of determ ination R  and2

standard error SE of used models describe Zn adsorption

on the studied minerals

M ontmorillonite Kaolonite Calcite

-------------------- ----------------- -----------------

Equation Constant 2000 6000 2000 6000 2000 6000

Zero-order a 3.08 14.53 2.66 3.62 2.39 16.13

b 766 1300 629 863 943 1746

R 0.71 0.91 0.75 0.74 0.70 0.832

SE 2.9 6.14 2.41 3.09 2.35 6.98

1  order a 11.5 12.9 10.50 10.20 11.10 10.80st

b 2.78 3.56 2.76 2.80 2.70 3.65

R 0.97 0.90 0.93 0.91 0.89 0.962

SE 0.19 0.59 0.27 0.31 0.37 0.20

2  order a 5.30 0.15 0.20 0.19 0.12 0.56nd

b 5.24 0.001 0.002 0.002 0.003 0.0008

R 0.94 0.92 0.82 0.93 0.98 0.892

SE 0.009 0.003 0.007 0.004 0.001 0.01

M FE a 0.38 0.40 0.42 0.59 0.30 0.35

b 2.12 2.91 1.65 2.13 2.89 3.65

R 0.95 0.94 0.92 0.94 0.97 0.962

SE 0.07 0.09 0.07 0.05 0.03 0.06

Elovich β 192 631 170 415 237 727

α 374 312 294 439 622 566

R 0.95 0.87 0.97 0.97 0.98 0.922

SE 0.93 0.73 0.81 0.11 0.66 0.72

Diffusion q 760 252 690 720 680 284

b 684 605 546 631 954 949

R 0.68 0.95 0.88 0.88 0.87 0.922

SE 2.62 4.74 2.11 2.15 2.15 4.78

Table 2: Rate constants, coefficient of determ ination R  and2

standard error SE of used models describe Cd adsorption

on the studied minerals.

M ontmorillonite Kaolonite Calcite

------------------- ---------------- -----------------

Equation Constant 2000 6000 2000 6000 2000 6000

Zero-order a 8.84 24.9 8.36 22.95 10.81 25.23

b 669 2769 634 2583 797 2825

R 0.83 0.81 0.82 0.80 0.81 0.812

SE 3.05 9.33 2.9 8.64 3.95 9.59

1  order a 0.95 8.40 8.83 8.68 6.74 10.10st

b 2.95 3.25 2.96 3.24 2.88 3.24

R 0.95 0.92 0.93 0.92 0.88 0.892

SE 0.25 0.34 0.20 0.35 0.31 0.49

2  order a 0.31 0.15 0.20 0.19 0.12 0.56nd

b 0.004 0.001 0.002 0.002 0.003 0.008

R 0.79 0.92 0.82 0.93 0.98 0.892

SE 0.01 0.003 0.007 0.004 0.001 0.01

M FE a 0.25 0.30 0.32 0.41 0.21 0.24

b 2.90 3.15 2.11 2.71 3.88 4.23

R 0.94 0.97 0.95 0.98 0.91 0.952

SE 0.01 0.05 0.11 0.04 0.10 0.05

Elovich β 258 796 201 652 301 842

α 261 1556 250 1458 280 1582

R 0.98 0.99 0.96 0.99 0.99 0.982

SE 0.92 2.23 0.93 1.93 1.06 1.18

Diffusion q 120 345 113 319 150 352

b 389 1943 371 1819 442 1981

R 0.92 0.92 0.91 0.83 0.91 0.962

SE 2.12 0.63 2.02 0.58 2.66 0.64

Kinetic Parameters of Pb, Cd and Zn Adsorption on

the Applied Minerals: The kinetic parameters that

describe Pb, Cd and Zn on the minerals according to

zero, 1  and 2  order, diffusion, Elovich and modifiedst nd

Freundlich, R  and SE are presented in tables (1-3).2

Table 3: Rate constants, coefficient of determ ination R  and2

Standard error SE of used models describe Pb adsorption

on the studied minerals.

M ontmorillonite Kaolonite Calcite

-------------------- ----------------- -----------------

Equation Constant 2000 6000 2000 6000 2000 6000

Zero-order a 4.55 12.91 4.87 14.18 3.62 11.77

b 798 3028 684 2772 1311 3519

R 0.97 0.67 0.85 0.64 0.69 0.662

SE 3.63 13.77 2.88 16.4 3.64 12.84

1  order a 11.40 10.70 14.50 20.10 17.11 12.50st

b 3.05 3.39 3.16 3.53 2.98 3.40

R 0.98 0.91 0.96 0.98 0.98 0.932

SE 0.07 0.33 0.14 0.16 0.11 0.18

2  order a 0.28 0.11 0.39 0.50 0.98 0.81nd

b 0.001 0.002 0.005 0.006 0.013 0.001

R 0.94 0.97 0.89 0.91 0.91 0.962

SE 0.003 0.009 0.009 0.01 0.02 0.001

M FE a 0.20 0.25 0.26 0.33 0.15 0.18

b 3.91 4.25 2.95 3.20 4.34 5.78

R 0.98 0.94 0.97 0.83 0.89 0.922

SE 0.05 0.09 0.04 0.36 0.06 0.09

Elovich β 274 845 233 755 342 955

α 300 1268 255 707 829 1876

R 0.98 0.96 0.97 0.92 0.95 0.932

SE 0.85 5.11 1.32 0.59 1.07 0.45

Diffusion q 259 12.91 253 14.18 234 11.76

b 301 3028 225 2772 829 2519

R 0.97 0.67 0.94 0.63 0.96 0.662

SE 0.85 1.37 1.32 1.64 1.07 1.28

Table 4: Distribution coefficient Kd (m g gG ) for different HM1

applied at 2000 and 600ppm adsorbed on the studied

minerals. 

M ontmorillonite Kaolonite Calcite

--------------------- --------------------- ---------------------

2000 6000 2000 6000 2000 6000

HM ppm ppm ppm ppm ppm ppm

Zn 1.94 3.38 1.38 2.39 2.87 4.79

Cd 4.26 5.11 3.44 4.31 7.33 21.22

Pb 5.71 7.57 4.13 6.23 15.67 49.21

The obtained indicate that although almost all

kinetic models tested showed significance at 0.01 level,

MFE and 1  order showed higher conformity accordingst

to higher R  values compared with other models. In2

some cases, however, Elovich and diffusion equations

showed higher R  and could be used in comparing2

between different clay minerals in their capacity to

adsorb different HM. 

Moreover,  the conformity of adsorption kinetic

data to different models may indicate that various

mechanisms controlled the adsorption isotherm of HM

on the applied minerals. However, it is generally

believed that there is no single equation that describe

equally well the kinetic data for all soil samples .[1 , 2]

Through the kinetic reaction period of 240 min, calcite

in general showed higher capacity factor compared with

montmorillonite and kaolinite. 

In  table (1) at different concentrations, the

capacity factor {b} of zinc in MFE was 1.65, 2.12 and

2.89 mg kgG  minG  in kaolonite, montmorillonite and1 1

calcite  respectively. The same trend was also observed
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at high concentration (6000ppm), whereas the calcite

gave  higher  value of adsorbed capacity factor

followed  by  montmorillonite and kaolonite

respectively (3.65, 2.13 and 2.91 mg kgG  minG  ). On1 1

montmorillonite, the metals were predominantly

adsorbed on the permanent charge sites in an easily

replaceable state. However, a substantial involvement

of the edge OH- groups of Mt in specific adsorption of

the metals was also evident, especially at higher pH .[1 5 ]

The lead and cadmium have the same trend. On the

other hand the capacity factor of the studied HM has

a reverse trend with intensity factor {a} in all cases.

For example at 2000ppm the slope of MFE {a} for Zn

was 0.30, 0.38 and 0.42 mg kgG  minG  in calcite,1 1

montmorillonite and kaolinite respectively. The same

trend was at 6000ppm concentration, whereas the

highest values were 0.59 in kaolonite followed by 0.40

in montmorillonite and 0.35 in calcite.

Regarding Cd element in table (2) it is noticed that

the rate of adsorption constant of MFE was

significantly decreased to 0.21 mg kgG  minG  in calcite1 1

compared to 0.25 and 0.32 mg kgG  minG  in1 1

montmorillonite and kaolonite respectively, Ziper et

al.  suggested that Cd adsorption on montmorillonite[21]

occurs on edge, planer and interlayer sites; however,

they  stated  that specific adsorption by edge and

planar sites is much greater than by interlayer sites also

Saha et al.  found that the presence of hydroxy-[16]

aluminum and hydroxy-alumino-silicate polymers on

montmorillonite greatly increased the adsorption of

lead, cadmium and zinc metals.A reverse trend,

however was in capacity factor {b} where the values

were increased from 2.11 and 2.90 in kaolonite and

montmorillonite to 3.88 mg kgG  minG  in calcite. 1 1

Table (3) shows that the rate of Pb adsorption has

almost the same trend at 2000ppm, where {a} value of

the calcite was the lowest value ( 0.15 mg kgG  minG )1 1

compared to montmorillonite (0.20 mg kgG  minG ) and1 1

kaolonite (0.26 mg kgG  min ), Siantar and Fripiat ,1 1 [1 7 ]

assumed that the higher adsorption specificity for Pb

could be partly due to the differences in ionic

potentials and hydration energies between Pb and Ca.

At higher concentration (6000ppm) the same trend was:

kaoloinite > montmorillonite > calcite. The capacity

factor {b} indicate that in all cases calcite tended to

h a v e  h ig h e r  c a p a c i ty fa c to r  c o m p a re d  to

montmorillonite which was followed by calcite and the

lower value was observed in kaolonite. Also the rate

constant {β} of adsorption showed that the initial rate

of HM adsorbed mg kg  minG  in Elovich equation1 1

refer that calcite has a higher tendency to adsorb HM.

Distribution coefficient (maximum buffering

capacity) of HM adsorbed on different clay minerals:

According to Antanassova,  table (4) the distribution[4]

coefficient Kd reflects the overall affinity between Pb,

Cd, Zn and surface of minerals used.

Generally, results indicated that calcite showed

higher Kd values in all studied HM in both

concentration applied compared with other used clay

minerals. For example, at 2000ppm the Kd values for

Pb increased from1.38 to 1.94 and 2.87 mg g  in1

Kaolonite, montmorillonite and calcite. Also the same

trend was observed in both Cd and Zn, data showed

significant increase in Kd value of calcite reached to

7.33 mg gG  for Cd and 2.87 mg gG  for Zn. By1 1

increasing the solution concentration of HM to 6000

ppm, all Kd values significantly increased with keeping

the respective trend calcite > montmorillonite >

kaolonite. 

It can be concluded that all soil minerals tended to

adsorb Pb followed by Zn and Cd at low and high

concentration, according to the type of sorption and

bonding mechanism. The high radius number take a

reverse order of the above arrangement i.e. Pb

(1.81*10 m) > Cd (1.71*10 m) > Zn (1.53*10 m).-10 -10 -10

Since the greater atomic radius related with the higher

adsorption capacity, this may explain the higher

adsorption capacity of Pb over Cd and Zn. Moreover

the electro-negativity of these metals take the order of

atomic radius i.e. Pb (2.33 Pauling) > Cd (1.69

Pauling) > Zn (1.65 Pauling), this may another reason

to higher adsorption capacity of Pb over the others. In

addition, the adsorption of cations on the studied clay

minerals were fitted to MFE and 1  order models,st

consequently the following observations could be

obtained: (1) The cations were adsorbed on sites whose

binding energies are uniform and therefore formed a

layer on the surface of the adsorbents.(2) There is no

interaction between the adsorbed molecules . This may[3]

indicates that more Zn  ions have been adsorbed on2+

specific sites than the nonspecific sites, whereas a

higher proportion of Cd  and Pb  ions have been2+ 2+

adsorbed on nonspecific sites.

Conclusion: The obtained results of this research work

can be concluded in the following points. 

C The models of modified Freundlich equation and

Elovich are found to be the most suitable to

characterize the adsorption of heavy metals on the

studied minerals i.e. montmorillonite, kaolinite and

calcite.

C Calcite tend to absorb Pb more than other heavy

metals at both concentrations 2000ppm and

600ppm.

C According to the applied models the capacity

factor has a reverse trend to the intensity factor in

the heavy metals under consideration.

C The adsorption of heavy metals depends mainly on

the radius number and electro-negativity of each

element.
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C The type of mineral has a great role on the

adsorption of heavy metals: i.e. calcite <

montmorillonite< kaolinite.

C These results explain the low effect of pollution of

heavy metals on the calcareous soils, compared to

the alluvial clay soils.
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