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KEYWORDS Abstract The adsorption of lead onto agricultural soil in the presence of organic compounds such
Adsorption; as, humic acid, gallic acid or phenol was studied. The study included the factors affecting the
Lead; adsorption process such as contact time, pH, adsorbent dose, metal concentration and organic
Humic acid; ligands concentration. The experimental isotherm data were found to fit both Langmuir and
Gallic acid; Freundlich isotherms. The results show that the pseudo second-order equation provides the best
Phenol; correlation for the adsorption process. The results indicate that both humic acid and phenol
Soil increase the adsorption of lead while gallic acid slightly decreases the adsorption.

© 2015 The Authors. Published by Elsevier B.V. on behalf of King Saud University. Thisis an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soil and water resources were approved to be contaminated
with heavy metals, as a result of increasing industrialization
and mining activities (Al-Farraj and Al-Wabel, 2006).
Increasing level of heavy metals including Pb>" in the
environment represents a serious threat to human health,
living resources, soil quality and ecologic systems (Nigam
and Srivastava, 2003). In this respect, information regarding
the mechanisms of lead adsorption/desorption in soil minerals
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is important as these reactions control the strength of metal—
soil surface interactions (Wu et al., 2003; Al-Sewailem, 2007).

Heterogeneous soil systems that composed of both organic
and inorganic constituents show different affinities toward
heavy metals. In addition, heavy metals themselves exhibit
varying affinities for soil surfaces. Variability in heavy metal
affinity for soil sorption sites has been attributed to a given
metal’s hydrolysis constant (pKH), electronegativity, Lewis
acidity, charge density and solubility (K,,) of precipitates
including hydroxide and carbonate (Pardo, 2000; Sparks,
2003).

The availability of lead and other metals in soil depends on
the way the metal partitions between solid phases and the soil
solution. The solid—solution partitioning of heavy metals in
soils depends on various soil properties including pH, texture
and contents of clay, organic matter, and iron and manganese
oxides (Rieuwerts et al., 1998a,b). The previous studies have
indicated that pH is an important factor in Pb adsorption onto
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soil constituents. Increasing solution pH leads to a rapid
increase in net negative surface charge and thus increases soil’s
affinity for metal ions. (Wu et al., 2003).

The presence of soil organic matter, basically humic sub-
stances, is important for speciation and mobility of pollutants
in the environment; because of its high functionality (carboxyl,
hydroxyl, and amino groups), thereby they modify the reten-
tion, adsorption, migration, and bioavailability of metal ions
in the natural environment.

In cases of contaminated soils, heavy metals and organic
pollutants such often coexist. Phenolic compounds are priority
pollutants due to their toxic and harmful effect even at low
concentrations, they result from olive oil mill effluents, plant
exudation, petroleum, petrochemical and coal conversion
industries (Hudson, 2006).

Compared with the extensive separate studies on the sorp-
tion of heavy metals and organic chemicals onto clays, there
is little information on the effect of heavy metals on the sorp-
tion of organic chemicals and vice versa (Liang-guo et al.,
2007). Organic acids may increase or decrease the adsorption
of heavy metal ions by soils, depending on the mechanisms
of interaction among the organic acid, soil, and metal ions.
Of these compounds, low molecular weight organic acids
(LMWOA) are of particular importance due to their metal
chelating and complexing properties for mobilization of heavy
metals. Schwab et al., 2005, studied the adsorption of lead on
soil in the presence of salicylate and citrate and they found that
adsorption of lead to soil was slightly enhanced with increasing
salicylate concentration but decreased in the presence of
citrate. However, up until now, little information has been
available regarding the effect of LMWOA on the adsorption
of heavy metals by variable soils.

In this respect, the objective of this investigation was to
study the effect of organic ligands namely, humic acid,
phenol, and gallic acid on the sorption of lead onto agricul-
tural soil.

2. Material and methods

The uncontaminated soil used in this study was collected,
crushed with a mortar and pestle to break up any clumps
and passed through a 2 mm sieve before use. The soil texture
was analyzed by the hydrometer method (Sheldrick, 1986),
and found to consist of 15% sand, 55% silt, and 30% clay.
Soil pH of 8.5 was measured by using pH meter of the kind
(Hanna instruments) at a soil to solution ration of 1:2.5 in
bidistilled water The organic matter content (0.1%) was
determined by loss on ignition method (Heiri et al., 2001).
The chemical composition is determined by energy dispersive
X-ray (EDX), and illustrated in Table 1:

2.1. Solutions preparation

All chemicals, such as phenol, gallic acid, Pb(NO;),, NaOH,
and HNOj; were of analytical reagent grade except humic acid
(sigma) was used after purification. For the Pb(II) adsorption
experiments, 1000 mg/L of Pb(II) was prepared by dissolving
Pb(NO3), in distilled water, 100 mg/L phenol, gallic acid,
and humic acid were prepared as stock solutions. Suitable con-
centrations of Pb(II), phenol, gallic acid and humic acid were
prepared by dilution from the stock solution.

Table 1 The chemical composition is determined by energy
dispersive X-ray (EDX), and illustrated in properties of
investigated soil.

Soil properties Value
pH 8.50 £+ 0.12 (1:2.5)
Organic matter content (%, by mass) 0.1
Soil texture Sand: 15%
Silt : 55%
Clay 30%
Minerals Montmorillonite,
kaolinte and calcite
ALLO; 15.23%
Si0, 63.12%
K,0 5.18%
CaO 10.04%
Fe,0; 27.48%
MnO 0.62%
MgO 0.87%

2.2. Batch adsorption procedure

Adsorption experiments were carried out at the desired pH
value, contact time, Pb(II) concentration and soil mass level
using the necessary adsorbents in a 250 mL conical flask con-
taining 50 mL of Pb(II) solution. Initial solutions with differ-
ent concentrations of Pb(II) were prepared by the proper
dilution from stock 1000 mg/L standard Pb(II). The soil
suspension was shaken for 1 h with a water bath thermostatic
shaker. After being centrifuged, Pb(II) concentration was
analyzed by atomic absorption spectroscopy (AAS). All
experiments were carried out in duplicate. The adsorption %
of Pb(II) was calculated as the following:

Adsorption % = [(C; — Cy)/(C})] x 100 (1)

where C; and Cy are the initial and final metal ion concentra-
tion, respectively.

2.3. Kinetic studies

2.3.1. Time

The kinetic experiments were conducted in batch mode on soil.
A 0.1 g each of soil was weighed into 60-ml plastic bottles.
Fifty milligrams per liter of Pb>" were prepared from the stock
solution. Twenty milliliters of 50 mg/L of Pb**was added to
the different bottles. Based on results of pH studies, the pH
of adsorbate solution was adjusted to 4.5. Samples were agi-
tated at room temperature (25 + 2 °C) and were removed
from the shaker at different time intervals.

2.3.2. Effect of pH

A 0.1 g each of soil was weighed into 60-ml plastic bottles.
Fifty milligrams per liter of metal ion solution was prepared
from its stock solution. The pH of 20 ml of 200 mg/L metal
ion to be investigated was adjusted to several pH values in
the range of 2.0-6.0 using 0.01 M NaOH or 0.1 M HNOj; acid
and was subsequently added to the different bottles containing
the soil. The solutions were then agitated at room temperature
(25 £ 2°C) for 1h. Thereafter, they were centrifuged for
15 min at 3000 rpm and then analyzed.
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2.3.3. Adsorbent dose

The effect of adsorbent dose, a range of 0.025-0.2 g of soil, was
used for adsorbent dose studies. Fifty milligrams per liter of
Pb>" was used for the study.

2.3.4. Initial metal ion concentration (sorption isotherm
modeling )

The theoretical sorption capacity of soil can be calculated with
a sorption isotherm. The Langmuir and Freundlich models
were used for this study. A range of concentration from 10
to 400 mg/L at pH 4.5 for Pb>" was used. All Pb®>* samples
were agitated for 30 min. NaOH (0.01 M) and HCI (0.1 M)
were used to adjust the pH of adsorbate solutions. The
solution was centrifuged and analyzed.

2.3.5. Effect of organic ligands on adsorption isotherms of
Pb(II)

Appropriate quantities of Pb(II) solution and organic ligand
solution were added into 50-ml flasks to obtain mixed
solutions containing 5 mg/L of humic acid, 50 mg/L of gallic
acid or 300 mg/L of phenol and various concentrations of
PbdI) (10, 25, 50, 100, 150, 200, 300 and 400 mg/L) for
adsorption isotherm experiments. The mixed solutions of
50 mg/L Pb(II) and various concentrations of humic acid,
gallic acid or phenol (2, 4, 5, 10, 15, 20, 30, 40, 50 mg/L) were
prepared for experiments on the effect of organic acid
concentration.

Samples of 0.1 g of soil were weighed into centrifuge bottles
in two replicates. Then, 20 ml of the mixed solution was added
into each of the bottles. The suspensions were shaken in a
constant-temperature water bath at 25°C (£2°C) for 2h.
The solution was separated from the solid phase by centrifuga-
tion at 3000 rpm (3380g) for 15 min. Lead in solution was
determined using AAS. The adsorption of Pb(Il) was calcu-
lated from the difference between the total amount added
and the amount remaining in solution.

3. Results and discussion

3.1. Adsorption kinetics

Fig. 1 shows the effect of contact time on the adsorption of
Pb(II) on soil which is studied within the range (5-120 min)
at pH 4.5. It is clear that the rate of sorption increases sharply,
then gradually to reach about 90% after 30 min, and do not
change after that up to 120 min the results indicate that the
sorption of Pb>" is time dependent. It is obvious that two dif-
ferent slopes are present in the plot. The rapid sorption fol-
lowed by slow sorption of Pb>" by soil suggests two
sorption processes; ion exchange and adsorption in the begin-
ning, followed by a slow penetration of lead into the crystal
lattice of minerals forming soil. Diffusion controlled processes
are generally linear in 1/7* plots. The plot of concentration of
Pb>" adsorbed against 1/7* is presented in Fig.2 and shows a
linear relation, in the region of low times (before equilibra-
tion). Since soil constituents are principally SiO,, Fe,O; and
Al,O5 (Tablel); there exist many various adsorption/exchange
sites. Therefore, the mechanisms of Pb>" sorption may include
physical and chemical adsorption and/or ion exchange (Khan
et al., 1996).
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Figure 2 Variation of adsorbed Pb(II) with 1/7>.

In order to clarify the adsorption kinetics of Pb(II) ions
onto soil, Lagergren’s pseudo-first-order and pseudo second-
order kinetic models were applied to the experimental data.
The linearized form of the pseudo-first-order rate equation
by Lagergren is given as:

ki

2303 @
where ¢, and ¢, (mg/g) are the amounts of the metal ions
adsorbed at equilibrium (mg/g) and at a time ¢ (min), respec-
tively, and k, is the rate constant of the equation (min~').
The adsorption rate constants (k;) can be determined experi-
mentally by plotting of log (¢. — ¢,) versus ¢, Fig. 3.

The plots of log (¢. — ¢,) versus ¢ for the Lagergren-first-
order model do not fit a pseudo-first-order kinetic model and
the R? value for this model is low (0.83). Experimental data
were also applied to the pseudo-second order kinetic model
which is given in the following form:

()= (ea) () ®

log(g, — ¢,) = logg, —
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Figure 3  Pseudo-first-order adsorption kinetics of Pb(II) on soil.
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3.2. Effect of pH

The effect of solution pH on the absorption of Pb(II) by the
soil was investigated in the range (2.2-6.5), at 25 °C and initial
lead ions concentration of 50 mg/L. The results are presented
in Fig. 5.

Increasing the pH value of the solution from 2.7 to 4.9 leads
to an acceleration in the adsorption rate especially in the ear-
lier stages. The influence of pH on the adsorption process of
lead ions on soil can be explained through the influence of
H™ ions on the complex ion formation process (Omar and
Al-Itawi, 2007). The formation of complexes during the
adsorption process is occurred by the interaction between the
lead ions and the soil negative charged sites (SiO™) as well as
the lattice hydroxyl groups (Si-OH) according to Egs. (4)
and (5):

2S8i0” +Pb*" — (Si—0), - Pb
2Si — OH + Pb*" — (Si— 0), — Pb+ 2 H**

)
()

Decreasing the pH value results in increasing the amount of
H" ions in solution. H" ions can compete with Pb>" ions and
bind to the SiO~ site of soil according to Eq. (4). As a result,
the number of free SiO™ sites available for Pb*>" ions to form
stable complexes will decrease; therefore the adsorption rate
will consequently decrease. Moreover, increasing the amount
of H" ions due to the decrease in pH will lead to shifting of
the equilibrium described by Eq. (5) to the lift side leading
to a decrease of the adsorption rate of lead ions.

3.3. Effect of soil weight

Adsorption % of Pb(II) on soil is studied at different weights
[0.025, 0.04, 0.05, 0.1, 0.15, 0.2g] and at initial lead

100

Figure 4 Pseudo-second-order adsorption kinetics of Pb(II) on
soil.

where k, (g/mg min) is the rate constant of the second order
equation, ¢, (mg/g) is the amount of adsorption at time ¢
(min) and ¢, is the amount of adsorption at equilibrium
(mg/g).

This model is more likely to predict the kinetic behavior of
adsorption with chemical sorption being the rate controlling
step. The plot of t/q, versus ¢ (Fig.4) yields very good straight
line for adsorption of Pb(II) onto soil. Table 2 lists the com-
puted results obtained from the second-order equation. The
rate constant (k,), correlation coefficients for the second-
order kinetic equation was found greater than 0.999. The cal-
culated ¢, values are also agree very well with the experimental
data. These indicate that the adsorption system studied
belongs to the second order kinetic model.

80
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20

Figure 5

4 5
Final pH

Effect of pH on Pb(II) removal by soil at initial Pb(II)

concentration of 50 mg/L, soil dose = 5 g/L.

Table 2 The kinetic behavior for the adsorption of lead onto soil.

Pseudo-first-order

Pseudo-second-order

g, exp. (mg/g)

qe (mg/g) K (min~") R qe (mg/g)

K; (g/mg min)

h (mg/g min) R

0.3394 8.8x 1072 0.8317 8.75

12.6

0.9999 8.86
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concentration (50 mg/1), temperature (25 °C) and contact time
(30 min). As indicated in Fig. 6, it is clear that the adsorption
% increases with soil weight, and a maximum is observed at
0.2 g. As pointed out by Shukla et al., 2003, higher adsorbent
amount creates particle aggregation, resulting in a decrease in
the total surface area and an increase in diffusional path length
both of which contribute to decrease in amount adsorbed per
unit mass.

3.4. Effect of Pb°" concentration

The adsorption isotherms of Pb(II) onto soil are studied using
initial concentration of Pb(II) ions from 10 to 400 mg/L and
adsorbent mass of 0.1 g at 25°C. As Fig. 7 shows, the %
adsorption of Pb(II) is about 98% at metal ion concentration
of 10 mg/l, away from this value it decreases. When a cation is
accepted by an exchange site, a cation exchange site is
removed, lowering the effective cation exchange capacity,
therefore, the % adsorption decreases. This decrease means
that the Pb>" included in the system, after achievement
saturation (Helal, 2000).

The relation between concentration of Pb>* adsorbed and
that in solution at equilibrium is indicate in Fig.8. This
Langmuir-type (L-type) isotherm suggests a monolayer
adsorption. The mathematical description of (L-type) adsorp-
tion isotherm is conveniently carried out by application of the
Freundlich and Langmuir equations.

3.5. Adsorption isotherm

The equilibrium adsorption isotherms are one of the promising
data to understand the mechanism of the adsorption. The
adsorption equilibrium is usually described by an isotherm
equation whose parameters express the surface properties
and affinity of the adsorbent. Adsorption isotherms can be
generated based on theoretical models where Langmuir and
Freundlich models are the most commonly used ones. The
Langmuir model assumes that uptake of metal ions occurs
on a homogenous surface by monolayer adsorption without
any interaction between adsorbed ions. The Langmuir
equation may be written as:

100
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Figure 6  Effect of soil weight on adsorption % of Pb(II).
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Figure 7  Sorption of lead ion onto soil as a function of initial
concentration.
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Figure 8 Variation of the amount of lead adsorbed with that in
solution at equilibrium.

C, 1 1
—=——4+—0, 6
qF qmaxb Qmax ( )

where ¢, is the adsorption capacity for lead (II) ions on the
adsorbent at equilibrium (mg g~!), C, is the equilibrium lead
(IT) ions concentration in the solution (mgl™!), gmax is the
monolayer adsorption capacity of the adsorbent (g g™'), and
b is the Langmuir adsorption constant (dm’*mol™') and is
related to the free energy of adsorption. The plots of C,/g, ver-
sus C, for the adsorption of lead (II) ions onto soil, Fig.9, give
a straight line of slope, 1/¢max, and the intercept, 1/¢mnax b.

The Freundlich isotherm is an empirical equation employed
to describe heterogeneous systems. The linearized form of the
Freundlich isotherm equation is:

log ¢, = log K;+ (1/n) log C, (7)

where K, (L g~ ") and n (dimensionless) are Freundlich adsorp-
tion isotherm constants, indicating the adsorption capacity
and the degree of nonlinearity between solution concentration
and adsorption, respectively.
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Figure 9 Linearized Langmiur isotherm model for Pb(II)
adsorption by the soil.
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Figure 10 Linearized Freundlich isotherm model for Pb(II)
adsorption by the soil.

Table 3 The calculated Freundlich and Langmuir constants.

Langmuir isotherm Freundlich isotherm

Q° (mgfg) b (L/mg) R n K (mglg) R
20.157 0.0432 0982  3.54  4.003 0.990

Fig. 10 shows the plot of log ¢, against log C,, a straight
line was obtained and the constants n and K, can be deter-
mined from the slope and intercept, respectively.

Table 3 lists the values of the calculated Freundlich and
Langmuir constants K and n.

In general, the data obtained from the studies of adsorption
fitted both models very well. However, Freundlich isotherm
gave a better fitting than Langmuir isotherm did when the
R? values are compared in Table 3. In summary, isotherm-
fitting yields good results with both Langmuir and
Freundlich equations and this indicate that the adsorption sites

were non-uniform and nonspecific in nature. It was in confor-
mity with the existence of different types of possible adsorp-
tion sites on soil surface. The adsorption coefficients agreed
well with the conditions supporting favorable adsorption.

3.6. Effect of organic ligands on the adsorption of Pb(II) by soil

Fig. 11 shows that the presence of either humic acid or phenol
increases the % adsorption of Pb>" by the soil, while it slightly
decreased in case of gallic acid. The increase in case of humic
acid is higher than that of phenol. As elucidated by Lai and
Chen, 2001, there are three possible mechanisms for humic
acid in the metal adsorption system. First, humic acid can inhi-
bit metal adsorption forming non-adsorbable complexes with
the metal. Second, humic acid competes with the metal itself
for available surface sites. Third, metal adsorption can be
enhanced by the presence of humic acid, due to the formation
of metal-ligand complexes on adsorbent surface. Due to its
high content of oxygen containing functional groups, HA is
a good complexing agent for many metal ions and its binding
with metal ions can improve the adsorption of heavy metal
ions. This study shows that Pb(II) form a complex with humic
acid, and thus cause the higher adsorption of metal ions on
soil. There are two possible structures for the adsorption of
metal ions and organic complex compounds on mineral sur-
faces. One is the SSM-HA and the other is the SSHA-M,
where S represents the adsorption site on the solid surface
and M is the metal ion (Liu and Gonzalez, 1999).

In case of phenol the adsorption of Pb(Il) ions was
increased by soil, phenol has an anionic character at high
pH value (pK, 10) (Mabel et al., 2001) This means that phenol,
under the experimental conditions exists as a molecule, but it
can be adsorbed by the mineral through the formation of
cation—n bond of benzene ring with Pb>". As Pb>" can func-
tion as a strong Lewis acid by accepting electrons, it is thus
thermodynamically favorable to form a strong cation—z bond
with 7 donors of phenol (Jensen, 1987). By comparison, this
study is in contrast to other study which shows that phenol
hinders the adsorption of lead on natural zeolite. This is attrib-
uted to the formation of organometallic complexes that cannot
penetrate the zeolite exchange channels (Mabel et al., 2001).

90 1
] —mu— Control
80 —e — Humic acid
1 —2A— Phenol
70 L
E ] —v— Gallic acid
2 60
S
a 4
Z 50
° ]
40
30 1
20
—_—
0 50 100 150 200 250 300 350 400 450
Initial concentration of lead ions (mg/L)
Figure 11  Effect of organic ligands on Pb(II) adsorption by soil
at pH 4.6.
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However, adsorption of Pb*>" in the presence of gallic acid
is slightly decreased, in our pH range 4 < pH < 9 only one of
the —OH groups, i.e., GA(OH)3, could be deprotonated. As a
result only one —OH group is available for metal complexation
which may be due to the formation of complex with Pb>* ion
solution and this complex has low affinity to soil surface. The
effect of low molecular weight organic acids (LMWOA) such
as citric acid and gallic acid on phytoextraction of heavy met-
als such as Pb was studied by Eduardo et al. (2008), and they
found that LMWOA increase the heavy metal concentration in
the soil solution and cause a mobilization of Pb and Cu from
oxide fractions in soil, but gallic acid solubilized a much
smaller amount of metals than citric acid.

The general behavior and/or effects of metal-complexing
ligands on the adsorption of metal cations by soil can be
classified under the following categories (Sposito, 1984):

1. The ligand has a low affinity for the metal and for the
adsorbent.

2. The ligand has a high affinity for the metal and forms a
soluble complex with it, and this complex has a low affinity
for the adsorbent.

3. The ligand has a high affinity for the metal and forms a
soluble complex with it, and this complex has a high affinity
for the adsorbent.

4. The ligand has a high affinity for the adsorbent and the
adsorbed ligand has a low affinity for the metal.

5. The ligand has a high affinity for the adsorbent and the
adsorbed ligand has a high affinity for the metal.

6. The metal has a high affinity for the adsorbent and the
adsorbed metal has a high affinity for the ligand.

It is important to note that categories 3 and 5 result directly
an enhancement of metal adsorption due to the presence of
ligands, whereas category 4 may result indirectly an enhance-
ment of metal adsorption if the adsorbed ligand causes the sur-
face charge to become more negative. Categories 3, 5 and 6
result in an adsorbed metal-ligand complex, where adsorption
of the complex can be described as a surface-metal-ligand or a
surface-ligand—metal bridge (Sposito, 1984).

3.7. Effect of ligand concentration on the adsorption of Pb(II)

Fig. 12 shows that Pb(II) adsorption increases with increasing
concentration of phenol. In case of humic acid, the adsorption
increase up to 5 mg/L above this concentration the adsorption
decrease with increasing humic acid concentration. While in
case of gallic acid, the adsorption of pb*>* decreased slightly
with increasing concentration of gallic acid. At low concentra-
tion of phenol, the % adsorption of Pb>" is low but with
increasing the concentration of phenol the adsorption of
Pb>" by soil increase. The increase in Pb>" adsorption in
the presence of phenol discussed as indicated by Zhang,
2010: at low concentration phenol, phenol may form cation—
7 bond with the accumulated cations thus prevent Pb>" from
approaching to the cations, which is exchanged with Pb>", on
the soil surface thus result in the suppression on Pb>* sorp-
tion, while at high concentration of phenol may enhance the
Pb>" sorption via cation—m bond with Pb*>* in solution.

At high concentration of humic acid, the adsorption of
Pb>" decreased this is may be due to the formation of stable
soluble complexes with the highest HA concentration and

100
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80 A
=
2
2, 704 .
o
2
< 60
X
50 A = humic acid
—e — gallic acid
40 1 —a— phenol
Nt+—T—TT T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55
Initial ligand concentration (mg/L)
Figure 12 Effect of organic ligand concentration on the

adsorption of Pb(II) on soil at pH 4.6.

for low Pb?* initial concentrations. This resemble the behavior
of Hg(II) adsorption on kalonite (Arias et al., 2004) and is in
contrast to previous study which show that Pb(II) adsorption
increases with increasing concentration of HA and maintains a
level at last (Wang et al., 2009).

At pH 4.6, gallic acid is under gallate form (pK, = 4.1) and
may form some ligands with metal cations such as Pb>*. As
shown from Fig. 12 the adsorption of Pb>™ slightly decreased
with increasing the concentration of gallic acid, this may be
due to the formation of complex having lower affinity for soil
surface.

4. Conclusions

The results obtained indicate that the adsorption system stud-
ied belongs to the second order kinetic model.

Freundlich isotherm provides a good description of the
experimental data, K, is found to be 4.00 mg/g and n is found
3.54.

The presence of humic acid enhances the sorption of Pb>*
onto soil, phenol slightly increases the sorption while gallic
acid suppresses the sorption.
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