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Abstract—Adsorption and desorption reactions at the solid phase—solution interface, play a significant role
in controlling metal concentrations in soil solution and metal translocation to plants. Five predominant
benchmarks soils of Pakistan were characterized for their lead (Pb), cadmium (Cd), and nickel (Ni) adsorp-
tion parameters by constructing equilibrium adsorption isotherms. The adsorption parameters (maximum
adsorption capacity and affinity coefficient) were calculated by fitting measured adsorption data to Lang-
muir, Freundlich, and Redlich—Peterson adsorption models. Thermodynamic properties (Gibbs free
energy—AG°, enthalpy—AH°®, and entropy—AS®) were measured by equilibrating soils with Pb, Cd, and Ni
solution at 25 + 2 and 45 * 2°C. The results revealed that the Langmuir and Redlich—Peterson adsorption
models described metal adsorption data equally good. Langmuir’s predicted Pb, Cd, and Ni adsorption
demonstrated better correlation with measured adsorption than Freundlich’s model. According to the maxi-
mum Pb, Cd, and Ni adsorption calculated by Langmuir and Redlich—Peterson models and Freundlich sor-
bate affinity to sorbent, the studied soils were formed the following sequence: Kotli > Miranpur > Gujran-
wala > Shahdara > Rasulpur. The magnitude of metal adsorption (b and ¢y,,,) and affinity (Ky) was highly
correlated with the clay, soil organic matter, and iron and aluminum contents and cation exchange capacity.
The measured metal adsorption in different soils followed the order: Pb > Cd > Ni. The magnitude of maxi-
mum Pb sorption (calculated by Langmuir and Redlich—Peterson models) was approximately two and four
times higher than that for Cd and Ni, respectively. Similarly, the Freundlich’s sorbate affinity was also higher
for Pb than for Cd and Ni. Thermodynamic parameters revealed that the Pb, Cd, and Ni adsorption reactions
were spontaneous and exothermic in nature, and the process was dominated by physical adsorption.
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INTRODUCTION

Heavy metals are continuously increasing in terres-
trial environment mainly due to anthropogenic activi-
ties such as disposal of municipal/industrial dis-
charges to arable land and water bodies without any
pretreatment—a common practice in developing
countries. Long-term application of untreated munic-
ipal/industrial discharges to arable land elevate the
metal concentrations in surface and subsurface hori-
zons [29]. Majority of Pakistani soils have been devel-
oped from alluvial deposits [42] and are low in organic
carbon and cation exchange capacity; therefore, have
low metal retention capacity. When the metal ions
retaining capacity of a soil is overloaded/diminished
due to repeated application of untreated discharges,
soils start releasing metal ions into soil solution which
can either be leached to shallow groundwater or taken
up by plants.

The fate and mobility of heavy metals in soil rhizo-
sphere is mainly governed by sorption processes, i.e.,

adsorption, surface precipitation, and fixation [36].
The adsorption is an intermolecular interaction
between metal in the soil solution and the soil solid
phase. It is directly related to metal concentrations in
the soil solid phase and soil solution. Metal adsorption
by soils generally involves nonspecific and specific
interactions and depends on the amounts of carbon-
ates, phosphorus, sulfur, iron, and manganese com-
pounds in soil. Soil properties, i.e., pH, amount and
type of clay minerals, and soil organic carbon content
also play important role in metal adsorption. In non-
specific sorption, relatively weak electrostatic forces of
negatively charged soil particles attract metal cations,
while in specific sorption reaction heavy metal cations
exchange with surface ligands and also make partial
covalent bonding with lattice ions. These reactions are
highly pH dependent and increase with increasing pH.
Typically, bioavailability of heavy metals decreases as
pH shifts from acidic to neutral and alkaline condi-
tions [17]. Predominantly, soils of Pakistan are alka-
line calcareous (pH < 7) and hence high metal adsorp-
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tion can be expected [46] because at high pH, OH-
groups present at the clay mineral surface edges, are
negatively charged [10]. Soil organic matter is another
factor affecting heavy metals adsorption; however,
soils having low organic matter (<1%), as Pakistani
soils [5], so its role cannot be over emphasized. Addi-
tionally, clay content and cation exchange capacity
(CEC) have direct relation with soils metal adsorption
capacity; the larger the clay content/CEC value, the
more the chances of metal retention.

Metal adsorption affinity of soil colloids is
increased with the increase in valence of metal ions
(M* < M?*" < M3") and also depends upon the
hydrated radius of metal ions [7]. The results of seven
Brazilian soils [33] showed that in a competitive situa-
tion Cr, Pb, and Cu were adsorbed most strongly,
whereas Cd, Ni, and Zn were the least adsorbed cation
in the competitive situation. They observed that the
sequences of metals adsorption of the same valence
did not exactly follow the order of electronegativity.
Results of another metal adsorption study [13]
reported that the metal adsorption affinity of calcare-
ous soils (using the ratio between the amount of metal
adsorbed and the amount of metal in solution, as an
indicator of metal sorption affinity) was in the order of
Pb > Cu > Zn > Ni=Cd. Lead, Crand Cd also depicted
similar metal adsorption trend (Pb > Cr > Cd) when
equilibrated with lignocellulose materials in a compet-
itive adsorption system [30].

The capacity of soils to retain and release metals is
an important factor to predict environmental impact
of the applied untreated municipal/industrial dis-
charges to arable land [25]. In calcareous alkaline
soils, metals are adsorbed either by clay minerals or
carbonates [10]. In these soils, metal adsorption pro-
cesses are mainly controlled by hydrous oxide and alu-
minosilicate (characterized by a permanent structural
charge) minerals, organic matter and density of func-
tional groups [10]. The surfaces of these soils display a
variety of hydroxyl groups having different reactivities.
For example, the terminal —OH group, on deproton-
ation, become negatively charged in alkaline condi-
tion and hence bonds more strongly to metals cations
than that of acidic condition [22].

Isotherm studies of metals adsorption by soils, sed-
iment and clay minerals provide an effective way to
determine the relationships of metals in solution and
on solid phase. Further, sorption isotherms provide
useful information about the soil metal retention
capacity and the strength by which the metals are held
on to the soil phase. Metal adsorption intensity and
affinity can be predicted using different models, i.e.,
Langmuir, Freundlich, and Redlich—Peterson equa-
tions [26, 28]. The Langmuir and Freundlich are two
parameters equations; while Redlich—Peterson (R—P)
isotherm equation is a three parameters equation
including 3 being an adjustable parameter (1 <3 <0) [6].
Although, enough information on adsorption of plant
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nutrients, i.e., phosphorus, potassium, and zinc are
available for Pakistani soils, however, information on
heavy metals is lacking. Hence, in present study, Pb,
Cd and Ni sorption behavior of different calcareous
soils was investigated and sorption parameters, calcu-
lated using different empirical equations, were cor-
related with major soil properties.

MATERIALS AND METHODS
Soils

Surface (0—15 cm) soil samples of five benchmark
soil series were collected from the reference locations
described by the Soil Survey of Pakistan [42]; Gujran-
wala series (fine-loamy, mixed, hyperthermic Ustic
Haplustalf) was collected from 32.1878 N and
74.1485 E, Miranpur (fine, mixed, hyperthermic
Ustertic Camborthid) from 31.883 N and 73.783 E,
Kotli (fine, mixed, hyperthermic, Entic Chromustert)
from 32.2169 N and 74.2452 E, Rasulpur (coarse-
loamy, mixed, hyperthermic Ustochreptic Cambor-
thid) from 31.7671 N and 73.7519 E and Shahdara
(coarse-silty, mixed, hyperthermic Typic Torriful-
vent) from 31.689 N and 74.379 E. All the sites fall
under arid and semi-arid tropical continental climate.
The samples were air dried, crushed, and passed
through a 2-mm sieve. Subsequently, portions of
2-mm sieved soil samples were further ground to
0.5 mm. The samples were analyzed for basic physico-
chemical characteristics. Particle size distribution was
analyzed by hydrometer method [8], and US classifi-
cation was used for textural class. The equivalent cal-
cium carbonate content was measured by neutralizing
carbonates with HCI and back titration of excess acid
with NaOH [38]. Organic carbon was determined
using the Walkley—Black method [3], pH with the
standard glass electrode [9], electrical conductivity
with glass electrode [16], and cation exchange capacity
by ammonium acetate method [31]. Aluminum and
Fe contents were extracted using AB-DTPA extractant
[35] and then analyzed by flame atomic absorption spec-
trometry (Perkin Elmer AAnalyst 700). The soils were
alluvial, non-saline [EC, (1: 1), 0.45—0.54 dS m~'], low
in organic matter (0.45—0.72%), alkaline—calcareous
(pH 7.2-8.2; CaCO; 1.25-6.51%), and CEC ranged

from 3.56 to 29.2 cmol kg~! (Table 2).

Metal Sorption Isotherms

Multi-point Pb, Cd, and Ni adsorption isotherms
were constructed, separately, by equilibrating 3 grams
of soil (in triplicate) with 30 mL 0.01 M Ca(NO,),
solution having different graded concentrations (0—
100 mg L") of Cd, and Ni (0—100 mg L!) as
Cd(NO;), and Ni(NO,), respectively. While, the con-
centration of Pb [as Pb(NO;),] equilibrium solution
was kept relatively high (based on previous studies)
ranging from 0 to 300 mg L~!. The suspensions were
EURASIAN SOIL SCIENCE  Vol. 52
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Table 1. Description of soils used in metals adsorption studies

Soil series

Description

Kotli
Pindorian
Gujranwala

Shahdara
deposited

Rasulpur

Deep, fine, moderately well drained, mildly alkaline calcareous, developed in alluvium mixed deposited
Deep, fine, moderately well drained, moderately alkaline calcareous, developed in alluvium mixed deposited
Deep, fine-silty, well drained, massive, calcareous and developed in alluvium mixed deposited

Deep, Coarse Silty, moderately well drained, moderately alkaline calcareous, developed in alluvium mixed

Deep, Coarse loamy, well drained, moderately alkaline calcareous, developed in alluvium mixed deposited

Table 2. Physico-chemical properties of benchmark soil series of Pakistan

pH CEC, Organic C| CaCO; Fe Al Sand Silt Clay
Soil series 1 Textural class
(1:1) | cmol, kg %
Kotli 7.30 29.20 1.09 1.00 1.2 0.2 3.0 47.7 49.3 |Silty Clay
Miranpur 8.50 22.40 1.42 1.00 0.9 0.2 7.7 46.3 46.0 |Silty Clay
Gujranwala 8.20 12.80 0.75 2.00 0.7 0.1 27.0 54.8 18.2 | Silt Loam
Shahdara 8.30 8.30 0.54 1.50 0.7 0.1 8.6 76.1 15.3 | Silt Loam
Rasulpur 8.60 3.60 0.42 1.00 0.5 TR* 65.4 27.5 7.1 |Sandy Loam

agitated at 175 rpm and 25 * 2°C for 24 h [9]. Simi-
larly, in other sets of experiments, the soils and metals
solution suspensions were equilibrated at 45°C. The
suspensions were centrifuged at 5000 rpm for 5 min-
utes (J2-21, Beckman) and supernatant was filtered
through Whatman No. 42 filter paper. The concentra-
tions of Pb, Cd, and Ni in the filtrates were deter-
mined using graphite atomic adsorption spectrometer
(Perkin Elmer AAnalyst 800). Detection limits of the
graphite atomic adsorption spectrometer for Pb, Cd,
and Ni are 0.45, 0.028, and 0.10 mg L~! respectively.
The difference between the amount of metal concen-
tration in equilibrium solution before and after equili-
bration was taken as the absorbed amount and calcu-
lated using amass balance equation:

%V, (1)
w

where, x is the amount of Pb, Cd, and Ni adsorbed
(mgkg™"), C;and C, are the initial and final metal con-
centrations (mg L~!) of equilibrium solution, respec-
tively, w is the weight of soil used (g) and V'is the vol-
ume (L) of equilibrium metal solution. Sorption data
were fitted to the linear forms of the Langmuir and
Freundlich and non-linear form of Redlich—Peterson
models for calculation of the metal’s adsorption
parameters.

Statistical Analysis

Statistical analysis of variance was accomplished
using computer software Statistica 8.1 (Analytical
Software, USA) and significant of difference between
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means were computed by performing Duncan’s multi-
ple range test at 5% probability level [37]. Microsoft
Excel (2016) derived Pearson correlation coefficient (r)
values were used for comparison of some parameters.

RESULTS AND DISCUSSION

Surface soil of five benchmark series, i.e., Gujran-
wala (silt loam), Miranpur (silty clay), Kotli (silty
clay), Rasulpur (sandy loam) and Shahdara (silt loam)
were used in these metal adsorption studies (Table 1).
The soils are developed on alluvium deposit in the late
Pleistocene in Indus river valley (between Chenab and
Ravi rivers). All the soils fall in hyperthermic tempera-
ture regime and arid and semi-arid tropical continen-
tal climate. The soils are the most dominant soils in
the rice-wheat cropping sequence. Soil organic matter
contents were less than 1.0% in the Gujranwala, Shah-
dara and Rasulpur soil series and were higher than
1.0% in the Kotli and Miranpur soil series (Table 2).
The soils were alkaline calcareous in nature. The cat-
ion exchange capacity (CEC) varies greatly; the Kotli
soil series had highest CEC (29.2 cmol kg~!) and
Rasulpur series had lowest (3.6 cmol kg=!). The CEC
decreased in the order of Kotli > Miranpur > Gujran-
wala > Shahdara > Rasulpur and was analogue to clay
contents.

Metal Adsorption Batch Experiment

The Cd, Ni, and Pb adsorption isotherms con-
structed using different soils are shown in Figs. 1a, 1b
and lc. Traditionally, with increase in the Cd, Ni, and
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Fig. 1. Adsorption isotherms of (a) Pb, (b) Cd, and (c) Ni
for different benchmark soil series at 25 + 1°C.

Pb concentrations in the equilibrium solution, the
metal adsorption by different soils was also increased.
There was a rapid increase in the metal adsorption of
all the metals by all the soils at lower concentrations
and then followed by a gradual increase as proceeded
to higher metal concentration of equilibrium solution.
The rapid increase in adsorption at initial stage of the
batch experiment could be due to the easy accessibility
to the negatively charged surface of the solid phase by
the positively charged metal ions present in the equi-
librium solution. The initial high adsorption rate may
be controlled chemically and/or by hydrogen (H)
bonding between divalent metal ions and the surface
hydroxyls of the adsorbents [19]. While the subsequent
gradual adsorption phase increase could be due to
electrostatic hindrance caused by already occupied
surface sites [34] and ions diffusion into the clay min-
eral [20]. Although, same metal adsorption trend was
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followed by all the soils for all metals, the magnitudes
of the metal adsorption isotherms were different for
each soil. The magnitude of the metal adsorption iso-
therms of different soils were in the order of Kotli >
Miranpur > Gujranwala > Shahdara > Rasulpur. This
analogy can be related to their CEC and clay content
as metal adsorption depends significantly upon the
specific surface area of the soils (Table 2) [32, 44].
Further, soil particle-size distribution play an import-
ant role in metal adsorption and increases with
decreasing particle size because of its attribution to the
high surface area and binding sites [40]. They reported
that soils having high clay fraction and higher CEC
and clay content adsorbed much more Cd and Pb than
those having low CEC and clay content. Similarly, this
high metal adsorption by soils with high CEC and clay
fraction also observed in another study [47].

Langmuir and Freundlich
and Redlich-Peterson Adsorption Isotherms

Soil Pb, Cd, and Ni adsorption data were fitted in
two classical linear models, i.e. Langmuir and Freun-
dlich and in one non-linear model, i.e., Redlich—
Peterson for description and prediction of the heavy
metals adsorption behavior by the different soils.

Langmuir Isotherm
A conventional form of the Langmuir equation is:

KC,b

= e (2)

m 1+ KC,
where C, is the Cd, Ni, or Pb concentration of equilib-
rium solution, x/m is the amount of metal adsorbed by
soil (mg/kg), Kis the binding energy, and b is the max-
imum adsorption capacity of soils (mg/kg).

Rearranged form of equation 2 in linear form is:

C _ 1, 1o 3)
x/ m kb b
A plot of C/x/m versus C, yields a straight line.
Maximum adsorption (b) is reciprocal of slope and
1/K, is the intercept.

The Langmuir adsorption parameters for Pb, Cd,
and Ni of all five soils are presented in Table 1, and lin-
earized isotherms are shown in Fig. 2. The Langmuir
model described the adsorption data satisfactorily
irrespective of soils and metals as indicated by Pearson
regression coefficient (7). However, goodness of fit-
ness of the Langmuir model to the observed data was
equally good as the Redlich-Peterson and was slightly
better than the Freundlich model. The 72 values of the
Langmuir and Redlich-Peterson models were between
0.98 and 0.99; for the Freundlich model, it was
between 0.89 and 0.98. The high goodness of fit of
both the formerly mentioned models conformed the
earlier observations that the Langmuir and Redlich-
EURASIAN SOIL SCIENCE  Vol. 52
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Peterson models describe metal adsorption data pre-
cisely than the Freundlich model [6, 47]. The maxi-
mum adsorption (b) predicted by the Langmuir model
was the highest in the case of Pb (1971. 5 mg kg~'—
mean for all five soils) followed by Cd (928.4 mg kg~')
and was the lowest in the case of Ni (525.9 mg kg™!).
The sequences did not follow the order of electroneg-
ativity of metal ions (Pb—1.87, Cd—1.69, and Ni—
1.91) and support the sequence of other authors [24]
reported earlier. However, the maximum adsorption
was directly proportional to the ionic radii of the met-
als, i.e. Pb (119), Cd (97), and Ni (72 pm) and was
inversely proportional to the hydrated ionic radii, i.e.,
Pb (401), Cd (426), and Ni (404 pm). The higher Pb
adsorption was exhibited by all the soils than the Cd
and Ni, which could be credited to the smaller
hydrated ionic radius size of the Pb and hydration
energy, i.e., Pb—1481, Cd—1807, and Ni—2106 kJ
mol~! [15, 24, 45]. During the sorption process, metal
ions having higher charge bounded strongly to soil
particles than smaller charges. However, metal ions
having the same charges, unhydrated and hydration
ionic radii, and hydration energy play an important
role in the metal adsorption. Metal ions having larger
radii emit weaker electric field and resultantly less
hydrated than those having smaller radii (as they emit
stronger electrical fields). This mechanism showed
that ions having larger radii are preferably adsorbed by
soil particles [45].

The favorableness and nature of the adsorption iso-
therms curve can be narrated using dimensionless
parameter, separation factor (R;) [27] as expressed:

1
1+ KC,’

4

RL:

where Ci is the initial concentration of metal ions in
solution. The values of R; depict the nature of the
adsorption reaction; whether the reaction was irrevers-
ible (R; = 0), favorable (0 < R; < 1), linear (R, = 1), and
unfavorable (R; > 1). The calculated R; values were
between 0.12—0.95, 0.10—0.48, and 0.04—0.31 for Pb,
Cd, and Ni, respectively indicating that the adsorption
reaction was favorable [18].
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Fig. 2. Linearized Langmuir adsorption isotherms of (a)
Pb, (b) Cd, and (c) Ni for different benchmark soil series
at 25 + 1°C.

A good agreement between the measured and the
predicted Langmuir metal adsorption (R < 0.99), at
each equilibrium metal concentration, was observed
for all the three metals, i.e., Pb, Ni, and Cd (soils data

Table 3. Langmuir parameters for Pb, Cd, and Ni adsorption on to different soils

' Lead Cadmium Nickel
Soils b* Jor RL*** rz b* ok RL*** rz b* JoeE RL*** I'2
Kotli 2.936 [ 2.776 | 0.14—0.92 | 0.998* | 1.434 | 4.918 | 0.10—0.48 [ 0.999* | 0.715.9 | 4.086 | 0.09—0.31 | 0.994*
Miranpur 2.549 | 2.241 | 0.12—0.94 | 0.998* | 1.329 | 3.730 | 0.13—0.35 [ 0.998* | 0.682.8 | 2.842 | 0.06—0.27 | 0.995*
Gujranwala | 1.993 | 1.261 | 0.13—0.95 | 0.985* | 1.049 | 1.935 | 0.18—0.29 | 0.982* | 0.483.3 | 1.739 | 0.04—0.28 | 0.987*
Shahdra 1.340 | 0.705 | 0.16—0.85 | 0.999* [ 0.950 | 1.771 | 0.12—0.34 | 0.989* | 0.417.8 | 1.296 | 0.05—0.35 | 0.977*
Rasulpur 1.039 [ 0.292 | 0.16—84 |0.982* | 0.819 | 1.582 | 0.17—0.29 [ 0.987* | 0.329.5 | 1.136 | 0.04—0.29 | 0.995*

* Maximum adsorption (g kg™'); ** affinity coefficient (L mg~'); *** dimensionless separation factor.
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was pooled for each metal). The high correlation coef-
ficient value suggested that Langmuir model is valid
for the estimation of metal adsorption for all the soils
used in this study. The Langmuir adsorption predic-
tion of Ni and Cd, over all the equilibrium concentra-
tion range, followed the 1 : 1 line (Fig. 4). However, in
case of Pb, the Langmuir predicted adsorption values
were slightly diverged from the experimentally mea-
sured values at high equilibrium concentrations. This
observation is contradictory to authors [44] reported
that the conventional Langmuir equation model pre-
dicts 56—64% less Pb adsorption than that of measured.

Freundlich Isotherm

The adsorption data was also fitted to the Freun-
dlich model. This is an empirical model and depict the
relationship between amounts of heavy metal ions
adsorbed per unit mass of absorbent (¢g,, mg/kg) and
equilibrium concentration (C,, mg/L) as under:

1
qd. = K f Cen H (5)
where the K, (measure of sorbate affinity to sorbent)
and the //n (measure of heterogeneity of binding sites
of sorbent) are empirical adsorption constants.

The model implies that the energy of adsorption
decreases logarithmically as a fraction of surface
increases. The linear form of the above equation (5) is
as under:

logq, = log(k,)110g(C,). 6)

n
The K; (intercept) and the 1/n (slope) were calcu-
lated by plotting logg, versus logC,. The Freundlich
adsorption isotherm is an empirical model and does not
include adsorption maximum as Langmuir equation.
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Fig. 4. Measured vs Langmuir predicted (a) Pb, (b) Cd, and (c) Ni adsorption at each equilibrium solution concentration (polled

data of all soils).
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The Freundlich isotherm constants, K, (measure of
sorbate affinity to sorbent) and then (measure of het-
erogeneity of binding sites of sorbent) and the respec-
tive 72 values are presented in Table 4 and linearized
isotherms in Fig. 2. The 2 values (0.89—0.98) repre-
sent a fairly good linearity and goodness of fitness. The
magnitude of the # value is considered an indicator of
adsorption isotherms’ favorability. Depending upon
the n value, equilibrium behavior can be categorized as
good (2—10), moderate (1—2) and poor (<1) [4]. The
calculated » values showed that all the soils were good
adsorbent of Pb (2.040 < n > 2.141), Cd (4.174 < n >
3.106), and Ni (2.277 < n > 2.098) (Table 4). The Fre-
undlich sorbate affinity (K)) values were constantly less
than those of Langmuir maximum adsorption capac-
ity () and Redlich—Peterson parameter (g,,,,) values.
The differences were maximum in case of Pb (for all
soils) and were minimum in case of Ni. This difference
was similar to results reported by other authors [52].
The order of Freundlich K, values for all the soils was
similar to that of Langmuir b values.

Unlike Langmuir, the correlation coefficient val-
ues were less (0.97 < R > 0.95) when the estimated Pb,
Ni and Cd adsorption capacity values were compared
with the corresponding experimental data at all equi-

librium concentrations, irrespective of soils (average
of the five soils). The Freundlich model slightly over-
estimated Pb adsorption at both initial and extreme
ends of the equilibrium solution concentrations and
underestimated it in between (Fig. 5). Nevertheless,
this model is equally good for the estimation of Ni and
Cd adsorption at different concentrations of equilib-
rium solution.

Redlich— Peterson Isotherm

The Redlich—Peterson (known as a three-parame-
ter isotherm) is also commonly used to describe the
metal ions adsorption parameters and is based on a
kinetic principle [6]. It is assumed that the adsorbing
sites increase exponentially with increase in adsorp-
tion and suggests a multilayer adsorption. Empirical
expression of the equation is:

quI’ICE

, (7)
1 +bgpCP

4. =

where ¢, is the metal adsorption (mg kg™') at corre-
sponding equilibrium concentration — C, (mg L),
G mon (L/2) and byp (L/mg) are R—P isotherm parame-
ters and exponent 3 lies between 0 and 1.

Table 4. Freundlich parameters for Pb, Cd, and Ni adsorption on to different soils

Lead Cadmium Nickel
Soils
Ky g/kg | n,L/mg s Ky g/kg | n,L/kg e Ky g/kg | n,L/kg =
Kotli 1.807 2.029 0.89 1.279 2.140 0.94 0.587 2.077 0.95
Miranpur 1.426 2.040 0.92 0.935 2.235 0.93 0.476 1.988 0.94
Gujranwala 0.887 2.134 0.98 0.555 2.092 0.96 0.265 2.215 0.97
Shahdra 0.456 2.141 0.96 0.473 2.157 0.97 0.206 2.169 0.96
Rasulpur 0.234 1.685 0.98 0.400 1.958 0.94 0.173 2.184 0.95
EURASIAN SOIL SCIENCE  Vol.52 No.9 2019
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Table 5. The Redlich—Peterson parameters for Cd, Cr, and Pb adsorption on to different soils
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Lead Cadmium Nickel
Treatments | 4 brp, e 2 Gmon> | Drp> Olgp 2 dmon> | Drp, Olgp 2
L/g | L/mg L/g | L/mg L/g | L/mg
Kotli 2.735 | 7.628 | 0.954 | 0.99 1.408 | 5.798 | 0.944 | 0,99 | 0.658 | 4.839 | 0.869 | 0.99
Miranpur 2.735 | 6.361 | 1.096 | 0.99 1.203 | 4.849 | 0.901 0.99 0.610 | 3.508 | 0.884 | 0.99
Gujranwala | 1.194 | 5.740 | 0.708 | 0.99 | 0.792 | 3.311 | 0.800 | 0.99 | 0.323 | 1.900 | 0.721 0.99
Shahdra 1.240 | 4.144 | 0960 | 0.99 | 0.696 3.16 0.793 | 0.99 0.238 | 1.802 | 0.648 | 0.99
Rasulpur 0.793 | 2.811 | 0.703 | 0.99 | 0.700 | 1.752 | 0.889 | 0.99 | 0.227 | 1.647 | 0.792 | 0.99

Two linear forms [6, 47, 43], i.e., logarithmic and
exponential linear forms of the R—P equation are:

In (bRquon & - lj =In BRP + Bll’l Ce (8)
and
C_ 1, (—”RP jcf. ©)
qe qul’l qun

In this study, exponential linear form of the R—P
equation was employed (using SciDAVis—a Windows-
based computer code) for calculation of the Pb, Cd
and Ni adsorption parameter on to different soil series.

The R—P isotherm became to Langmuir isotherm
in case of B = 1 and in case of B = 0, it is inclined to
Freundlich isotherm. The calculated B values, closed
to one, revealed that the isotherms were most likely
Langmuir (Table 5). The high 72 values showed that
the description of Redlich—Peterson model for the Pb,
Cd, and Ni adsorption data (for different soil series)
was equally good as Langmuir model. Several studies
[6, 47, 43] have shown that the Redlich—Peterson
models gave a relatively better representation than
those of the Langmuir and the Freundlich models as it
contains three parameters and [ being an adjustable
parameter. The obtained values of adsorption capacity
(9.0n) Of different soils series for Pd, Cd, and Ni were
agreed well with those predicted by Langmuir () [47].
While, g,,,, values were consistently higher than those
of Freundlich’s K, values [14].

Soil Properties and Adsorption of Heavy Metals

Correlation coefficients (R) between soils proper-
ties and the Pb, Cd and Ni adsorption are given in
Table 6. The order of the metal adsorption by the dif-
ferent soil series was: Kotli > Miranpur > Gujranwala >
Shahdara > Rasulpur. The Pb, Cd and Ni maximum
adsorption capacity of different soils obtained from
Langmuir, Redlich—Peterson and Freundlich models
showed significant positive correlation with soil CEC
(R=0.97—-0.98), organic carbon (R = 0.81—0.93), Fe
(R = 0.93—0.97), Al (0.90—0.98) and clay contents
(0.93—0.98) (Table 6). The metal adsorption capacity

was significantly affected by soil CEC and clay con-
tents as maximum metal sorption was exhibited by
Kotli soil and minimum by Rasulpur soil. The CEC
has direct relation with the soils metal adsorption
capacity [31, 41]. They reported that clayey soils dis-
played the highest metal adsorption, while sandy soils
showed lowest adsorption. The greater the CEC val-
ues, the more exchange sites on soil minerals will be
available for the metal retention [39, 21]. The Kotli
soil adsorbed 15, 47, 119 and 182% more Pb than those
of Miranpur, Gujranwala, Shahdara and Rasulpur,
respectively. The adsorption of Cd (9—38%) and Ni
(5—117%) by Kaotli soils was also higher than that by
other soils. Although, all the soil series have mix min-
eralogy, the Kotli soil series has highest fraction of
montmorillonite and vermiculite minerals and the
Rasulpur soil series has minimum [42]. These miner-
als are 2:1 type hydrous aluminosilicate with the octa-
hedral sheet sandwiched between two tetrahedral
sheets. Cation substitution in tetrahedral and in octa-
hedral sites provides permanent negative surface
charges [48]. The soils, dominated with these miner-
als, have a high cation exchange capacity and hence
high metal adsorption capacities [38]. Similarly, sig-
nificant positive correlation of Pb, Ni, and Cd adsorp-
tion with organic matter showed by all soils and same
has been observed by other workers [44].

METAL ADSORPTION
THERMODYNAMIC PARAMETERS

The Pb, Cd and Ni metal adsorption related thermo-
dynamic parameters, i.e., AG°—change in standard free
energy (kJ mol™!), AH°—change in standard enthalpy
(kJ mol™") and AS° change in standard entropy
(kJ mol~! K—") were measured at 25 and 45°C [12]:

K, =k, (1og“).M, (10)
where K, is the adsorption equilibrium constant and was

computed by multiplying the Langmuir constant K;
(L mg~") with molar mass of the adsorbate [1, 50, 51]

AG® = —RT InK,. (11)
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Table 6. Correlation coefficients (R) among soils properties and metals adsorption
Organic C Fe Al Clay
Adsorption Parameters CEC, cmol, kg™! %
(4]

Langmuir
Pb
Max. Adsorption (b) 0.986 0.884 0.931 0.894 0.954
Affinity Coefficient (k) 0.998 0.889 0.955 0.941 0.98
Cd
Max. Adsorption (b) 0.977 0.806 0.973 0.973 0.930
Affinity Coefficient (k) 0.924 0.781 0.945 0.931 0.946
Ni
Max. Adsorption (b) 0.986 0.933 0.932 0.978 0.991
Affinity Coefficient (k) 0.924 0.781 0.945 0.932 0.946

Freundlich
Pb
Sorbate Affinity to sorbent (X)) 0.996 0.877 0.952 0.918 0.969
n 0.392 0.353 0.418 0.603 0.338
Cd
Sorbate Affinity to Sorbent (K) 0.863 0.802 0.861 0.953 0.926
n 0.654 0.780 0.62 0.876 0.7225
Ni
Sorbate Affinity to Sorbent (K)) 0.996 0.877 0.952 0.918 0.969
n —0.738 —0.902 —0.65 —-0.791 —0.864

Redlich—Peterson

Pb
Max. Adsorption (¢,0n) 0.954 0.937 0.905 0.999 0.995
Cd
Max. Adsorption (¢,,0,) 0.974 0.923 0.941 0.962 0.974
Ni
Max. Adsorption (¢on) 0.973 0.923 0.911 0.981 0.991

Where, R is the universal gas constant and T is the
temperature (Kelvin). The change in AH° and AS° at
constant temperature were calculated by the following
van’t Hoff equation.

AG® = AH® — TAS®. (12)

The thermodynamic parameters of Pb, Cd and Ni
adsorption are presented in Table 7. The negative values
of AG° showed that the Pb, Cd, and Ni adsorption reac-
tions were spontaneous and exothermic in nature for all
soils [2]; increase in AG®° with increase in temperature
made reactions more spontaneous and hence favored
the metal ions adsorption [49]. The > —15.4 kJ mol™!
experimental values of AG® for the Pb, Cd and Ni
revealed that the reactions between adsorbing sites and
metal ions were static and physical adsorption mecha-
nism dominated sorption process [23]. The high metal

EURASIAN SOIL SCIENCE  Vol. 52

No.9 2019

ions adsorption also confirmed that more negative val-
ues of AG° at high temperature favored the metal
adsorption [44]. Similarly, high Pb and Cd adsorption at
more negative AG® energy because of high temperature
is also reported by other authors [44]. Further, the
obtained negative AH® value also confirms that the Pb,
Cd, and Ni adsorption reactions were exothermic in
nature. The magnitude AH® can be used to explain the
type of metal adsorption, i.e., physical or chemical. The
values between 0 and —20 kJ mol~! generally describe
the dominance of physical adsorption and values
between —80 and —400 kJ mol~! relate to chemical dom-
inated adsorption [11]. Therefore, the obtained values of
AHP for Pb were between —11.57 and —10.9 kJ mol~!, Cd
between °11.13 and —6.25kJ mol~' and Ni between
—17.38 and —10.80 kJ mol~! may be attributed to a
physical adsorption process in all soils. The negative
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Table 7. Thermodynamic parameters for biosorption of Pb, Cd, and Ni

Pb Cd Ni
Soils T,K AG° AH° AS°, AG° AH° AS° AG° AH° AS°,
(kJ/mole kJ/mole K kJ/mole kJ/mole K kJ/mole kJ/mole K

Kotli 298 —154 |[—10.35 | —0.0170 | —15.31 | —9.3029 | —0.0201 | —13.28 | —14.28 0.0034
308 —15.7 —15.71 —13.22

Miranpur 298 —149 |—6.711 | —0.0274 | —14.64 | —9.3184 | —0.0178 | —12.40 | —10.80 | —0.0054
308 —15.4 —14.99 —12.51

Gujranwala 298 —13.5 —5.85 | —0.0256 | —13.05 |—11.1256 | —0.0064 | —11.21 | —12.36 0.0038
308 —14.0 —13.17 —11.14

Shahdra 298 —12.1 | —11.57 | —0.0017 | —12.83 |—10.5957 | —0.0075 | —10.50 | —17.38 0.0231
308 —13.1 —12.98 —10.04

Rasulpur 298 -9.9 |-10.19 | 0.0008 —12.56 | —6.2462 | —0.0212 | —10.18 | —12.31 0.0071
308 —10.9 —12.98 —10.04

value of AS® also in supported that the adsorption pro-
cess was enthalpy driven.

CONCLUSIONS

Results of the Pb, Cd, and Ni adsorption isotherms
showed that the investigated alkaline calcareous soils
had fairly high adsorption capacity and was analogue
to some physical and chemical properties, i.e., clay
content, organic carbon, CEC and iron & aluminum
contents. The metal adsorption reaction followed
Langmuir and Redlich—Peterson adsorption isotherms
as experimental data fitted better than the Freundlich
adsorption isotherm. The Langmuir predicted metal
adsorption and experimental measured adsorption
values (at each equilibrium metal concentration) were
very closely distributed around 1 : 1 line. While,
slightly deviation was noticed in case of the Freun-
dlich’s sorbate affinity. The Langmuir separation fac-
tor (R;) and Freundlich affinity coefficient (n) values
indicated that metal adsorption reactions were favor-
able and soils were good adsorbents. The thermody-
namic results illustrate that the metals adsorption
reactions were spontaneous and exothermic in nature
and predominantly controlled by physical adsorption.
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