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ABSTRACT
Sorption isotherms have been widely used to assess the heavy metals retention characteristics of soil
particles. Adsorption behaviour of cadmium (Cd) in soils is an important process which exerts a major
influence on its uptake by plant roots. Desorption behaviour of the retained metals, however, usually
differ from that of adsorption, leading to a lack of coincidence in the experimentally obtained adsorption
and desorption isotherms. Three soils differing in physico-chemical properties (pH 5.7 to 8.2) and
varied taxonomy (Typic Ustochrepts, Typic Rhodustalfs and Entic Chromusterts), were subjected to
Cd treatment at various concentrations (0, 2, 4, 8, 15, 30, 45, 75 mg Cd/L). The Cd adsorbed by each
soil was calculated as the difference between the amount of Cd present in the solution initially and that
remaining after equilibration. Immediately after adsorption, desorption took place using successive
dilution method with five consecutive desorption steps. Both, Cd adsorption and desorption data were
described by Freundlich equation. The adsorption and desorption reactions, however, did not provide
the same isotherms, indicating that hysteresis occurred in Cd adsorption-desorption process. Results
indicated that the adsorption capacity of the soils for Cd increased with an increase in the pH or
alkalinity of the soils. The rate of adsorption was, however, found to decrease with increased pH. But
no specific trend was observed in case of desorption. All the three soils used in this study followed
Freundlich adsorption isotherms. The adsorption data, in general, indicated that Cd was in a fixed form
at higher pH levels. The Cd adsorption was in the order of Entic Chromusterts > Typic Ustochrepts >
Typic Rhodustalfs.
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INTRODUCTION

Heavy metal pollution of soil is one of the major environ-
mental issues worldwide (Kabata-Pendias 1995, Nriagu &
Pacyna 1988, Yanai et al. 2005). These metals being suffi-
cient in distribution and abundance are biologically toxic
substances (Lester 1987). Among heavy metals, cadmium
(Cd) is considered to be an important soil pollutant because
it is potentially biotoxic in nature that is readily absorbed
by plants and has the potential to enter the human food
chain. Excessive accumulation of Cd in man causes
bronchitis (Lewis et al. 1969), hypertension (Schroeder 1965),
cardiovascular (Page & Bingham 1973) and “ouch-ouch”
(Tsuchiya 1969) diseases. It may accumulate in agricultural
soils through the application of soil additives, such as phos-
phatic fertilizers and sewage sludges which contain  7.3-
170 mg/kg (Lisk 1972) and <1- 3410 mg/kg (Alloway 1990)
cadmium, respectively. The phytoavailability and, hence,
potential toxicity of Cd in soils is controlled by adsorption

and desorption properties of the soil (Swift & McLaren 1991).
If adsorption isotherms do not follow their corresponding
desorption isotherms, this phenomenon i.e., non-unique re-
lationship of solution concentration and sorbed amount of
a chemical when equilibrium is reached from forward or
reverse directions, is called adsorption-desorption hyster-
esis. Sorption characteristics of various soil particles and
minerals have been frequently studied through sorption iso-
therm experiments. A sorption isotherm represents the quan-
tity of an ion sorbed by a solid as a function of the equilib-
rium concentration of that ion in solution, at a constant
temperature. Desorption of the sorbed ions from the solid
phase controls the availability and leachability of those
ions in soils. Thus, estimation of sorptive capacity of soils
provides valuable information relating to the vulnerability
of a soil after the incorporation of a given load of heavy
metal (Jain & Ram 1997). Hodgson (1970) also found that
cadmium content in plants depends primarily on soil ad-
sorption capacity which, in turn, is governed by the physico-
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chemical characteristics of the soils concerned. Therefore,
the present investigation was undertaken to study cadmium
adsorption by three taxonomically different soil orders.

MATERIALS AND METHODS

Soil sampling and analyses: Bulk composite surface (0-15
cm) soil samples viz., fine loamy, mixed hyperthermic, Typic
Ustochrepts (Alluvial soil), fine loamy, mixed hyperther-
mic, Typic Rhodustalfs (Red soil) and fine loamy, mixed
hyperthermic, Entic Chromusterts (Karail soil) were collected
from Agricultural Research Farm, Banaras Hindu Univer-
sity, Varanasi (25°18’ N latitude and 83°03’E longitude),
Rajiv Gandhi South Campus, Barkachha, Mirzapur (25°10’
N latitude and 83°37’ E longitude) and  Shahanshahpur,
Varanasi (25°08’ N latitude and 83°52’ E), respectively.
The samples were processed, passed through a 2 mm sieve
and analysed for pH, EC, organic carbon, clay and CaCO

3

using standard analytical methods (Sparks 1996). Cation
exchange capacity (CEC) was determined by using 1N so-
dium acetate solution as proposed by Hesse (1971). Con-
centration of available Cd in soil samples was determined
using DTPA extraction method (Lindsay & Norvell 1978).

Adsorption Studies (Adhikari & Singh 2003): For determi-
nation of equilibration time, 2 g soil was taken in a series of
centrifuge tubes and 20 mL 0.01 M CaSO

4
.2H

2
O solution

containing graded levels of heavy metal i.e., 0, 2, 4, 8, 15,
30, 45 and 75 mg Cd/L as CdSO

4
.8H

2
O was added and

shaken on a horizontal shaker for different time intervals (2,
4, 6, 8, 10, 12 h). The equilibration time was found to be 8 h
which was used in adsorption studies.

Aqueous solutions of different concentrations of Cd viz.,
0, 2, 4, 8, 15, 30, 45 and 75 mg/L were prepared in
CaSO

4
.2H

2
O solution. Two gram soil was taken in triplicate

in centrifuge tubes and 20 mL aqueous Cd solution was
added. A blank with 20 mL 0.01 M CaSO

4
.2H

2
O was run

side by side. The contents were shaken on horizontal shaker
for 8 h and centrifuged for 20 min at 10,000 r.p.m. to obtain
a clear supernatant. It was filtered through Whatman No. 42
filter paper. The filtrates were analysed for Cd using
UNICAM 969 atomic absorption spectrophotometer at 228.8
nm wavelength. The Cd adsorbed by each soil type was cal-
culated as the difference between the amount of Cd present
in the solution initially and that remaining after equilibra-
tion, as described by Garcia-Miragaya & Page (1978). The
adsorption data were fitted in Freundlich adsorption iso-
therm model, x/m = K C

e
1/n

 
[log (x/m) = log K + 1/n log C

e
],

where, x/m is amount of Cd adsorbed per unit mass of soil
(mg/kg), C

e
 is equilibrium  concentration and, K and n are

adsorption capacity or degree of affinity (mgCd/kg soil) and
rate of adsorption, respectively.

Desorption studies (Sharma et al. 2005): Desorption stud-
ies were carried out in triplicate. After the supernatant was
filtered, 20 mL 0.01 M CaSO

4
.2H

2
O was added to the cen-

trifuge tube. The retained solution in soil pellet was less than
0.3 mL and was not taken into account in calculation. The
contents were thoroughly mixed and care was taken that no
soil remained sticking to the tube. These tubes were shaken
for 8 h and centrifuged to obtain a clear supernatant. The
supernatant was analysed for cadmium. The process was re-
peated five times.

RESULTS AND DISCUSSION

Soil properties: The soil properties (Table 1) revealed a
wide variability in pH 7.8, 5.1, 8.2; organic carbon 5.2, 3.4,
6.8 g/kg; CaCO

3
 6.5, 5.5, 8.0 %; CEC 13.7, 10.1, 26.8 cmol/

kg; clay 21.87, 23.99, 40.85 %, respectively for alluvial,
red and karail soil.

Adsorption-desorption isotherms of cadmium in alluvial
soil: Curve of cadmium adsorption-desorption for alluvial
soils as affected by different levels of cadmium are shown in
Fig. 1. In general, the adsorption of cadmium followed a
regular increase with increasing concentration of Cd up to
2.5 mg/L in the equilibrium soil solution. Beyond 2.5 mg
Cd/L concentration in the equilibrium solution, the adsorbed
amount of cadmium registered a relatively higher increase.
This kind of adsorption pattern was suggestive of ‘S’ type
adsorption isotherm (Giles et al. 1960) implying side-by-
side association between adsorbed molecules or coopera-
tive adsorption. It represents the case of physical adsorp-
tion on porous material and explains the formation of multi-
molecular layer in the beginning. This isotherm indicates
that there is tendency for saturation state to be reached in
the multimolecular region. Desorption curve also followed
a similar pattern to that of adsorption, however, the gap be-
tween adsorption and desorption isotherms was increased
with increasing Cd levels. At higher concentrations of Cd
the hysteresis loss is more, so less availability of Cd2+ in soil
solution or less available to plants. This may be due to
multilayer adsorption of Cd at soil surface. But at lower con-
centrations Cd will be easily desorbed and available in soil
solution. The Freundlich adsorption-desorption isotherms
are plotted in Fig. 2 and 3. The values of Freundlich
adsorption- desorption parameters K (adsorption capacity)
and K’ (desorption capacity), and n (rate of adsorption) and
n’ (rate of desorption) are given in Table 2 as 0.239 and
0.204, and 1.14 and 1.15, respectively.

Adsorption-desorption isotherms of cadmium in red soil:
The data on red soils on adsorption-desorption are plotted
in Fig. 4. It is evident that the adsorption curve followed ‘L’
type adsorption pattern. Whereas ‘S’ type of desorption curve
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is seen. It explains multi molecular layer in capillary space
and represents the case of physical adsorption on porous
materials, accompanied by capillary condensation. This
isotherm indicates that there is tendency for saturation state
to be reached in the multimolecular region. The amount of
cadmium adsorbed (K) is noted 0.174, while the intensity of
adsorption (n) is 1.102. The amount of cadmium desorbed
(K’) is 0.066 and the intensity of desorption (n’) is 1.04 as
given in Table 2 and  plotted in Figs. 5 and 6, respectively.

Adsorption-desorption isotherms of cadmium in karail
soil: The data on adsorption-desorption of cadmium in karail
soil are plotted in Fig. 7. Curve revealed that both the ad-
sorption and desorption pattern followed ‘S’ type curve. At
low concentrations, the amount adsorbed is directly pro-
portional to concentration. The extent of adsorption increases
with concentration and ultimately reaches a limiting value.
This explains the adsorption to be monolayer. One possible
explanation for slow desorption is that chemisorption reac-
tions usually require a much higher activation energy in
desorption direction than sorption, to break the energetically
very favourable bonds of the sorbate with the surface
(McBride 2000, Appel & Ma 2002). The amount of cad-
mium adsorbed (K) is found to be 0.331 and intensity (n) as
1.2, whereas the amount of cadmium desorbed (K’) is 0.079
and intensity of desorption (n’) is 1.12 as given in Table 2
and Figs. 8 and 9. In general, the adsorption capacity of

soils for Cd increased with an increase in pH or alkalinity of
the soils. The observed high adsorption of Cd by karail
soils may be attributed to the increase in negative soil
charge, less competition between Cd and H+ for ion sorption
sites, as well as the formation of moderate amounts of the
Cd(OH)+ species in solution (Garcia-Miragaya & Page 1978).
The larger gap in hysteresis shows that there is more
attenuation of the Cd2+ on surface. Hence Cd2+ is less
available in soil solution and thus less available to plants.

The adsorption capacity of the three soils was in order of
karail soil (0.331) > alluvial soil (0.239) > red soil (0.174). It
was noted that karail soil has 47% more capacity to adsorb
Cd in comparison to red soil. Rate of adsorption is also
recorded highest in karail soil (1.2) and is 8% more than red
soil (1.1). In case of red (acidic) soils, the amount of Cd
adsorbed was lower than that of karail (alkaline) soils, since
the amount left on the adsorbent (soil) after desorption is
higher in clay rich (karail followed by alluvial) soils as com-
pared to red soil. The specificity of the adsorbate (Cd2+) is
higher in the former type of soils and hence the availability
on those soils would be lower. This finding was in accord-
ance with the work of Garcia-Miragaya & Page (1978) who
reported that with an increasing concentration of H+ and Al3+

in solution, the competition between these ions and Cd for
non sorption sites on the soil sorbent surfaces, together with
the concomitant decrease of negative charge of the same

Table 1: Physico-chemical characteristics of initial soil samples.

Soil properties Alluvial soil Red soil Karail soil

Taxonomic Class Fine loamy, mixed Fine loamy, Fine loamy, mixed
hyperthermic, Typic mixed hyperthermic, hyperthermic,

Ustochrepts Typic Rhodustalfs Entic Chromusterts

pH (1:2.5) 7.8 5.7 8.2
EC (dSm-1) 0.113 0.135 0.165
OC (g/kg) 5.2 3.4 6.8
CaCO3 (%) 6.5 5.5 8.0
CEC [cmol (P+) kg-1] 13.7 10.1 26.8
Sand (%) 28.53 16.59 1.53
Silt (%) 49.60 59.42 57.62
Clay (%) 21.87 23.99 40.85
DTPA-extractable Cd (mg/kg) 0.054 0.080 0.005

Table 2: Adsorption and desorption coefficients of alluvial, red and karail soil.

Soil                                      Adsorption                                                                                                  Desorption

logK K 1/n n logK’ K 1/n’ n’

Alluvial -0.62 0.239 0.87 1.14 -0.69 0.204 0.87 1.15
Red -0.76 0.174 0.91 1.10 -1.18 0.066 0.96 1.04
Karail -0.48 0.331 0.83 1.2 -1.1 0.079 0.89 1.12

Adsorption capacity; Intensity of adsorption; Desorption capacity; Intensity of desorption
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surfaces may be the contributory factor for this phenomenon.

As reported by McBride et al. (1981), in calcareous or
alkaline soils, CdCO

3
 precipitation or chemisorption on car-

bonates may also be responsible for the present findings of
high adsorption of Cd by alkaline soils. Furthermore, these
findings are also in agreement with Soon (1981), who re-
ported that with increasing soil pH, the surface charge and
potential become more negative, thereby increasing the

adsorption of metal cations such as Cd2+. The alkaline soils
i.e. alluvial and karail selected for this study mainly belong
to the soil group ‘Inceptisols’ and ‘Vertisols’, respectively
where 2:1 type of clays like montimorillonite are predomi-
nant. This might have favoured the high adsorption of Cd
as reported earlier by Frost & Griffin (1977). The high pH,
high CEC and high CaCO

3
 content of alkaline soils may

have favoured the conditions for high adsorption of Cd.

Fig. 1: Adsorption-desorption curve in alluvial soil.

Fig. 2: Adsorption isotherm in alluvial soil.

Fig. 3: Desorption isotherm in alluvial soil.

Fig. 4: Adsorption-desorption curve in red soil.

Fig. 5: Adsorption isotherm in red soil.

Fig. 6: Desorption isotherm in red soil.
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As compared to the Vertisols and Inceptisols, Alfisols
exhibited lower adsorption of Cd. According to John (1972),
as reported by Cavallaro & McBride (1978), the presence of
Al3+ in acid soils and its competition for exchange sites might
have resulted in reduced Cd adsorption in these soils. In ad-
dition, low pH of acidic soils has the effect of increasing the
fractions of functional groups in soil organic matter that is

associated with protons or Al3+, thereby reducing the abil-
ity of Cd2+ to be adsorbed (Cavallaro & McBride 1978).
Cowan et al. (1992) and Zachara et al. (1992) have sug-
gested that Fe oxides decrease Cd sorption by blocking
access of Cd to exchange sites. The presence of high amounts
of Al3+ and Fe3+, may therefore, be responsible for the low
adsorption capacity of Cd in these soils.

Desorption capacity was recorded highest in alluvial
soil (0.204) followed by karail (0.079) and red soil (0.066).
Rate of desorption is also seen highest in alluvial soil (1.15)
and lowest in red soil (1.04). As the clay content bearing
negative charge in soil matrix is least in alluvial soils thereby
Cd desorption will be more providing more Cd2+ in soil
solution and making them more available to plants in com-
parison to karail soil which are rich in clay content. Similar
findings for different tropical soils ranging in pH for 4.8-8.2
have been reported by Rattan & Sehgal (1989).

CONCLUSIONS

In general, the Freundlich adsorption isotherm was found to
fit better for Cd adsorption in all the three soils selected for
this study. Karail soil favoured high adsorption of Cd possi-
bly due to precipitation as CdCO

3
 and high clay content,

which may lead to less availability of Cd for plant uptake,
whereas, red soil adsorbed less Cd and more Cd was present
as Cd2+ in solution, which may result in high availability of
Cd for plant uptake. This clearly indicates that irrespective
of origin of soils, Cd adsorption is mainly dependent on pH,
CEC, clay and CaCO

3
 content of soils.
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