
Iran. J. Environ. Health. Sci. Eng., 2007, Vol. 4, No. 3, pp. 139-146

*Corresponding author-Email: rpt_ced@yahoo.co.in
Tel: +91 532 2271309,    Fax: +91 532 2445244

139

SORPTION AND DESORPTION STUDIES OF METALLIC ZINC ON AN 
ALLUVIAL SOIL 

 
*1R. P. Tiwari, 1P. Bala Ramudu, 1R. K. Srivastava, 2M. K. Gupta 

 
*1Department of Civil Engineering, Motilal Nehru National Institute of Technology, Allahabad  

(Uttar Pradesh) 211004, India 
 

2Department of Civil Engineering, Kamla Nehru Institute of Technology, Sultanpur  
(Uttar Pradesh) 228118, India 

 
Received 15 May 2007; revised 29 May 2007; accepted 26 June 2007 

 

ABSTRACT 
The sorption of metallic zinc from the pH-adjusted aqueous solution at varying initial concentrations onto 
a clay soil through batch equilibrium experiments has been studied. The pH of the initial concentrations
ranging between 50 mg/L to 250 mg/L has been varied from 3 to 7. The sorption data fitted very well with 
both Langmuir and Freundlich isotherm models and Freundlich model gave higher correlation
coefficients. The maximum sorption of metallic zinc occurred at pH=6. The pseudo-second order kinetics 
model was most agreeable with the experimental sorption data, whereas the pseudo-first order model was 
found to be insufficient. A nonionic surfactant was tested for its desorption potential and was found to be
fairly effective at 2% concentration with removal of more than 60% sorbed Zinc. 
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INTRODUCTION
Background concentrations of heavy metals in
soils, which depend on the local geology, may be
supplemented to different degrees by anthropogenic
inputs. Many industrial processes and operations
generate stack emissions, solid wastes and sludges
that contain heavy metals, which enter atmosphere
and also find their way into aquatic and terrestrial
ecosystems. Being non-biodegradable, heavy
metals are environmentally persistent and may
have long-term effects on the crop, animals, human
health, soil properties, and quality of the whole
environment. Sorption of metals from aqueous
solution onto solid particles is an important process
that influences their accumulation and transport
in the environment. In the past, interaction of
heavy metals with soil inorganic particles has been
extensively studied employing macroscopic, kinetic
or equilibrium approaches, and many attempts
have been made to model adsorption of metals on
mineral surfaces. These studies have revealed that
various factors such as presence or absence of
other ions, pH, temperature, and residence time

can affect the sorption/desorption of heavy metals
from soils, soil clay fractions, and other soil
components (Eick et al., 1999; Martinez et al.,
1999; Atanassova and Okazaki, 1997; Atanassova,
1995; Backes et al., 1995; Harter, 1992).The
effective remediation of contaminated soils needs
a basic and thorough understanding of the
mechanism(s) of heavy metal interaction with soil
media particles, and factors that affect their
retention and/or release from these particles.
Zinc is one of the most abundantly occurring
elements in the earth’s crust and an essential
micronutrient for all living things. Zn usually occurs
in +2 oxidation state and forms complexes with
inorganic and organic ligands, which affect its
adsorption reactions with soil surface. Zn is readily
adsorbed by clay minerals, carbonates, or hydrous
oxides. A large fraction of the total Zn in polluted
soils and sediments becomes associated with Fe
and Mn oxides (Hickey and Kittrick, 1984; Kuo
et al. , 1983). Precipitation is not a major
mechanism of retention of Zn in soils as Zn
compounds are highly soluble and therefore very
mobile in aquatic systems. Zn adsorption on soils
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mobile in aquatic systems. Zn adsorption on soils
increases with pH, as is the case with all other
cationic metals. Zn has many commercial and
industrial uses. The primary industrial use of Zn is
as a corrosion resistant coating for Fe and steel.
It is used in dry cell batteries, mixed with other
metals to form alloys and in the manufacture of
paints, ceramics, rubber, wood preservatives, dyes
and fertilisers, dietary foods, drugs and other
medicinal preparations. Exposure of Zn in large
amounts is extremely toxic to living organisms. In
humans, it can cause a range of serious ailments
including anemia, damage to pancreas, lungs,
metal fume fever, decreased immune functions,
growth retardation, birth defects and cancer on
sustained exposure.
Surfactant washing is an ex-situ process in which
the contaminated soil is first excavated, placed as
heaps on plastic liners and treated with washing
solutions such as a surfactant; batch washing and/
or continuous flow washing techniques are also
employed. In-situ flushing, on the other hand,
involves the delivery of washing solution to the
contaminated medium by irrigation and/or injection
wells; the contaminant-laden wash solution is
simultaneously pumped up for treatment by
recovery wells. Surface-active agents, or
surfactants, are the chemical compounds that have
the potential to alter the properties of fluid
interfaces. Surfactants work as a remediation tool
by lowering the contaminant-water interfacial
tension and thereby causing a degree of
contaminant mobility, and enhanced contaminant
solubility in water. The surfactant when added in
sufficient quantity to an aqueous solution forms
micelles. The threshold concentration at which
micelles begin to form is known as critical micelle
concentration (CMC). The phenomenon known
as micellar solubilisation (Abriola et al., 1995) is
responsible for increasing the solubility of
hydrophobic compounds up to 100-1000 times.
The objective of the present work was to study
the sorption of Zn by a clay soil under varying pH
conditions at different initial concentrations through
batch equilibrium process. Various analytical
techniques, including Langmuir and Freundlich
sorption isotherms were used to evaluate the
sorption data. The pseudo-first and second-order

models were tested to investigate the sorption
kinetics. The potential of an anionic surfactant
(sodiumlauryl sulphate (SDS) to desorb Zn from
the contaminated matrix was also investigated.

MATERIALS AND METHODS
The soil sample for the experimental work was
collected from non-vegetation depth through an
open excavation. Standard stock solutions of Zn
metal (analytical reagent-grade) in deionised water
were prepared from which 50 mg/L, 100 mg/L,
150 mg/L, 200 mg/L and 250 mg/L concentrations
were used for sorption experiments. The sorption
experiments were performed in a rotary shaker
at 15-20 rpm using 300 mL stop-corked bottles
containing 250 mL of a Zn solution and 10 g/L of
soil for different time intervals ranging from 15
minutes to 16 hours. The initial pH of the sorbate
(Zn solution) was adjusted for each set of
experiment by adding 0.1M HCL or 0.1M NaOH.
The partly desorbed sorbate corresponding to each
time interval was centrifuged for at least 5 minutes
at 500 rpm and then vacuum-filtered to separate
out the soil particles. The filtrate was used to
determine the residual Zn using atomic absorption
spectrophotometer (Perkin Elmer 3100).
For desorption experiments, the contaminated soil
samples corresponding to sorbate concentration
of 100 mg/L and pH=6 were used. The surfactant
concentrations of 1%, 2%, and 3% were
employed, using the same procedure as for the
sorption experiments. The amount of metal sorbed
and desorbed by the soil was calculated from the
initial metal concentration of the solution and metal
content of the supernatant after the specified
period of shaking using the following equation:

Where Q, is the metal uptake or sorption/desorption
(mg/g) for the specified period, Co and Ce are the
initial and equilibrium metal concentrations in the
solution (mg/L), respectively. V and M,
respectively are the volume of solution (250 mL)
and mass of sorbent (10 g/L).
The soil mineralogical composition was determined
from X-ray diffraction (XRD) patterns measured

M
V)CC(Q eo ∗−= (1)
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in a Rigaku DMAX 2000/JADE 6.0 X-ray
diffractometer. The surface morphology of the soil
samples were investigated by scanning electron
microscopy (SEM) using a JOEL Microscope.

RESULTS
Fig. 1 and Fig. 2 represent the SEM and XRD of
virgin soil. The soil properties are presented in
Table 1. Tables 2 and 3 respectively present the
summaries of batch adsorption test results to
establish Langmuir and Freundlich adsorption
isotherms. Langmuir and Freundlich constants at
different sorbate pH are given in Table 4, whereas
in Table 5 kinetic parameters for different initial
sorbate concentrations are presented. Table 6
shows desorption data corresponding to
contaminated soil samples at initial sorbate
concentration of 100 mg/L and at pH=6.

Fig. 1: Scanning electron microscope image of virgin Soil

The experimental results of sorption of Zn at
various initial concentrations and for pH=6.0 are
shown in Fig. 3.
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Fig. 2: X-ray Diffractogram of a virgin soil
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Table 1: Composition and properties of soil used  
(As per IS 2720) 

 

Property Value 
Particle Size Distribution  
Sand (%) 3.3 
Silt (%) 70.0 
Clay (%) 26.7 
Atterberg Limits  
Liquid Limit (%) 60.5 
Plastic Limit (%) 27.4 
Shrinkage Limit (%) 11.8 
Plasticity Index (%) 33.1 
Specific gravity 2.64 
Maximum Dry Unit Weight (kN/m3) 14.7 
Optimum Moisture Content (%) 20.5 
Hydraulic Conductivity (m/sec) 4.46 x 10-8 
Specific Surface Area (m2/g) 0.18  
Cat ion exchange capacity (USEPA) 
(meq/100 g) 17.38 

pH 7.80 
Organic Content (%) 2.25 
Soil classification CH 
Compression Index (Cc) 0.325 
Coefficient of Consolidation, Cv (m2/s) 1.443 x 10-8 
Unconfined Compressive Strength (kPa) 137.0 

Table 2: Langmuir parameters at different  
pH conditions 

 

Initial sorbate concentration (mg/L)  
 System  
    pH 

 
 50  100  150  200  250  

*Ce
  14.32 36.21 58.00 86.91 128.45

**Qe  3.57 6.38 9.20 11.31 12.16      3 
Ce/Qe 4.00 5.67 6.30 7.68 10.56 
*Ce  8.52 25.30 42.90 68.38 89.15 
**Qe  4.15 7.47 10.71 13.16 16.08      4 
Ce/Qe 2.05 3.39 4.00 5.20 5.54 
*Ce  4.93 17.73 29.47 46.53 64.66 
**Qe  4.51 8.23 12.05 15.35 18.53      5 
Ce/Qe 1.09 2.15 2.44 3.03 3.49 
Ce  4.74 17.06 28.37 44.78 62.24 
Qe  4.53 8.29 12.16 15.52 18.78      6 
Ce/Qe 1.05 2.06 2.33 2.88 3.31 
*Ce  4.97 17.91 29.79 47.05 65.34 
**Qe  4.50 8.21 12.02 15.30 18.47      7 
Ce/Qe 1.10 2.18 2.45 3.07 3.54 

 * mg/L     ** mg/g  

Parameters

Table 3: Freundlich parameters at different pH conditions 
 

Initial sorbate concentration System pH Parameters 50 (mg/L) 100 (mg/L) 150 (mg/L) 200 (mg/L) 250 (mg/L) 
ln Ce 2.66 3.59 4.06 .46 4.85 3.0 ln Qe 1.27 1.85 2.22 2.42 2.50 
ln Ce 2.14 3.23 3.76 4.22 4.49 4.0 ln Qe 1.42 2.01 2.37 2.58 2.78 
ln Ce 1.59 2.87 3.38 3.84 4.17 5.0 ln Qe 1.51 2.11 2.49 2.73 2.92 
ln Ce 1.56 2.84 3.34 3.80 4.13 6.0 ln Qe 1.51 2.11 2.50 2.74 2.93 
ln Ce 1.60 2.88 3.39 3.85 4.18 7.0 ln Qe 1.50 2.10 2.49 2.73 2.92 

 
 

Table 4: Langmuir and Freundlich constants at 
different sorbate-pH 

 

Langmuir parameters Freundlich parameters 
pH 

Xm (mg/g) K R2 n Kf R2 

3.0 
4.0 
5.0 
6.0 
7.0 

18.24 
23.49 
26.55 
27.20 
26.40 

0.01665 
0.02085 
0.03113 
0.03142 
0.03111 

0.98422 
0.95414 
0.93726 
0.94012 
0.93848 

1.70 
1.74 
1.81 
1.79 
1.79 

0.77 
1.20 
1.82 
1.83 
1.78 

0.97897 
0.99770 
0.99397 
0.99289 
0.99333 

 
 

Table 5: Kinetic parameters for the effect of initial sorbate concentration 
 

First order kinetics Second order kinetics Initial conc. (mg/L) K1 Qe R2 K2 Qe h R2 
 

50 
100 
150 
200 
250 

 
0.01711 
0.01580 
0.01359 
0.01594 
0.01571 

 
2.08 
3.14 
4.79 
6.11 
7.94 

 
0.89114 
0.77373 
0.79176 
0.81173 
0.81503 

 
0.02630 
0.01756 
0.01201 
0.00888 
0.00619 

 
4.61 
8.38 
12.14 
15.70 
19.60 

 
0.56 
1.23 
1.77 
2.19 
2.38 

 
0.99990 
0.99986 
0.99988 
0.99978 
0.99976 
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Table 6: Desorption data at initial sorbate concentration 100 mg/L and pH=6 
 

Agitation Time (min) Surfactant Concentration 15 30 60 120 240 480 600 
1% 14.78 18.41 25.72 36.59 39.22 40.29 40.31 
2% 18.25 29.67 39.18 45.44 47.74 49.65 49.89 
3% 20.56 35.42 42.08 46.16 49.13 50.69 51.37 

 

DISCUSSION
Effect of initial sorbate concentration
Increasing the initial Zn concentration from 50 mg/
L to 100 mg/L (Fig. 3) led to the amount sorbed by
83%; from 100 mg/L to 150 mg/L, the increase
was 47%; from 150 mg/L to 200 mg/L an increase
of 28% was seen; whereas from 200 mg/L to 250
mg/L, an increase of 21% was recorded. Thus
with increasing metal concentration in solution a
decreasing percent of  sorption increase was
observed. At lower concentrations, the ratio of
amount of sorbate available and that of number of
sorption sites was low; hence comparatively, a
higher percent of adsorption resulted. With
subsequently higher initial concentrations this ratio
progressively increased due to number of sorption
sites becoming fewer compared to the amount of
sorbate available, and therefore a decreasing trend
in percent sorption from a lower to a higher
concentration was seen. Obviously the fractional
sorption becomes progressively initial concentration
dependent as the initial concentration is increased.

Effect of pH
The initial pH of the solution is a very important
factor for metal sorption on soils. The pH, either
directly or indirectly, affects several mechanisms
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Fig. 3: Effect of initial solute concentration on sorption of
Zn for pH=6

of metal retention by soils. An important aspect of
the effect of pH on metal mobility is the buffering
capacity of soils for acidity. Many researchers have
acknowledged that the adsorption of metals is
directly proportional to the soil pH. The effect of
pH on the sorption of Zn on soil is given in Fig. 4.

 The results show that the metal sorption for initial
concentration of 250 mg/L increased from 27%
at initial experimental pH of 3 to approximately
54% at the pH 6, however, it slightly decreased at
higher pH of 7. Lesser metal uptake at low pH
values indicates that the excess of protons compete
for the same binding sites on the soil particle
surfaces. Studies of Harter, 1983; McBride, 1977
and 1982; Cavallaro, 1980; Davis and Leckie,
1978; Farrah and Pickering, 1976a, b; McLaren
and Crawford, 1973; James and Healey, 1972 etc.
reveal that the pH dependence of adsorption
reactions of cationic metals is attributed partly to
the preferential adsorption of hydrolysed metal
species to the free metal ion. The proportion of
hydrolised metal species increases with pH. Work
by McBride and Blasiak, 1979 showed increased
retention of Zn with increasing pH. However, the
solution retention of Zn increased at pH above 7.
This phenomenon has also been observed in other
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studies (Kuo and Baker, 1980) and has been
attributed to the solubilisation of organic
complexing ligands, which effectively compete
with the soil surfaces for the metal cation.

Langmuir and Freundlich models
The Langmuir sorption model was chosen for the
estimation of maximum sorption by the sorbent.
The Langmuir adsorption isotherm can be
expressed as (Casey, 1997):

                                                            (2)

Where, Qe is amount of metal sorbed at equilibrium
per unit weight of the sorbent (mg/g), Xm, is the
maximum sorption or metal uptake from solution
(mg/g) and K, is the Langmuir equilibrium constant
(L/mg). For fitting the experimental data the
Langmuir equation can be linearised as follows:

)KC1(
KCX

Q
e

em
e +
=

                                                                                (3)

The Freundlich model is represented by the
following equation (Casey, 1997):

m

e

me

e
X
C

KX
1

Q
C

+=

                                                            (4)

Where Kf (l/g) and n, are Freundlich constants.
For fitting the experimental data, the Freundlich
model can be linearised as follows:

                                                           (5)

The Langmuir and Freundlich parameters were
found through linearisation of experimental data,
and are presented in Table 4. The linearised plots
of Langmuir and Freundlich models are shown in
Figs 5 and 6. The results reveal that the model
parameters are largely dependent on the initial
sorbate concentration values. Langmuir sorption
model served to estimate the maximum metal
adsorption values where they could not be reached
in batch equilibrium experiments. Both the
maximum metal adsorption, Xm and the Langmuir
equilibrium constant, K increased with increasing

n/1
ef CKQ=

ef Clnn/1KlnQln +=

pH values from 3 to 6 and slightly decreased at
pH=7. The constant, K, represents the affinity
between the sorbate and the sorbent, and indicates
that the binding capacity peaks at pH value of 6.
The Freundlich equilibrium constant, Kf, which also
indicates the binding affinity between the sorbate
and the sorbent, increased constantly with pH
value up to 6.0 and was in agreement with the
Langmuir constant, K. The Freundlich constant,
n, was greater than unity for all pH values,
indicating good adsorption of Zn at increasing pH
values and initial sorbate concentrations. The
regression coefficients, R2, which were close to
unity for both the Langmuir and Freundlich models
(Freundlich model gave higher coefficients for all
pH values) together with other parameters,
confirmed that the adsorption of Zn follows
Langmuir and Freundlich adsorption models.

Kinetic models
The batch sorption data was analysed using
pseudo-first and second kinetics models.

Pseudo-first-order model
The linearised form of pseudo-first-order equation
is given by the following expression: (Ho and
McKay, 1998).

                                                            (6)

Where Qt, is the amount of metal sorbed at any
time t (mg/g) and K1, is the rate constant (1/min).
In order to obtain the rate constants, the plots of
log (Qe-Qt) against t, were made at different initial
metal concentrations and are shown in Fig. 7. The
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kinetic constants and equilibrium adsorption Qe values
from the linearised plots are given in Table 5.
The calculated Qe values from the intercept of
the plots were much less than the experimental,
Qe values, showing the insufficiency of first-order
kinetics to fit the experimental data. Moreover,
the first-order equation did not fit well for the range
of contact time used in the experimental work and
was valid only over the initial 30 minutes to an
hour of the sorption process. The correlation
coefficients R2 were also found to be rather smaller
suggesting the inadequacy of the first-order
kinetics.
The expression for linearised form of pseudo-second-
order kinetics is given as: (Ho and McKay, 1998):

Where, K2 is the equilibrium rate constant (g/mg/
min). The plots of second-order kinetics drawn
for t/Qt against t are shown in Fig. 8, whereas in
the Table 5 the rate constants and the initial and
equilibrium adsorption values are given. Good fits
were obtained for all the initial concentrations. The
equilibrium adsorption Qe values obtained from the
plots are close to the experimental values. The
correlation coefficients are very near to one, the
highest value being equal to 0.99990. All the facts
suggest that the experimental sorption data
approximate the second-order kinetic model.
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Fig. 7: Pseduo-First-Order kinetics plots at different
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Desorption experiments
The desorption experiments were conducted with
aqueous solutions of SDS, an anionic surfactant
at concentrations of 1%, 2%, and 3% on zinc-
sorbed soil corresponding to initial sorbate
concentration of 100 mg/L and pH=6.

The comparative results given in Table 6 and shown
in Fig. 9 present that the degree of desorption of
Zn from soil into the surfactant solution was 49%
for 1% concentration; 61% for 2% concentration
and 63% for 3% concentration. The 2% surfactant
concentration gave the best results as there was
only a nominal increase in desorption at the
concentration of 3%. The used surfactant solution
is therefore fairly effective in desorption of Zn
from the contaminated soil.
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Fig. 9: Removal of sorbed Zn by surfactant solution

Initial Zn concentration: 100 mg/L at pH=6




