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ΔG0
5-OM =  − 11.50, ΔG0

1-OM =  − 14.23, and 
ΔG0

0-OM =  − 17.06) indicated that it was a spontane-
ous process, and the energy of the process suggests 
a retention mechanism by ion exchange. A soil with 
high content of OM does not guarantee high retention 
of lead, even more so when the adsorption mecha-
nism is given by ion exchange.

Keywords  Lead retention · Artificial soils · 
Adsorption models · Kinetic models · Organic matter

1  Introduction

A considerable number of products widely used 
in agriculture, such as fertilizers, pesticides, raw 
materials, and growth factors, among others, are 
regularly contaminated with metal ions that present 
toxic effects, e.g., lead, mercury, cadmium (Abdul-
lah et al., 2020; Abdullahi et al., 2021; Magri et al., 
2021; Morozova et  al., 2020; Munishi et  al., 2021; 
Nizamutdinov et  al., 2021; Tesser et  al., 2021; Zof-
foli et  al., 2013). The continuous use of these prod-
ucts in farming activities has increased the likelihood 
of environmental pollution with metals by retention, 
leaching, runoff, migration to underground waters, 
and, finally, their distribution to the food chain (Kau-
rin et al., 2018; Wang et al., 2016), affecting the econ-
omy and human health (Fahr et al., 2013; Kushwaha 
et al., 2018; Sharma & Dubey, 2005). Therefore, the 

Abstract  Four artificial soils (AS) were prepared 
based on a mixture of humus, bentonite, kaolinite, 
and polyvinyl chloride (PVC), as inert matter, in the 
following proportion: 0%, 12.44%, 37.50%, 78.55% 
of humus, 10.5% of bentonite, 10.5% of kaolinite, 
and 78.92%, 66.26%, and 41.46% of PVC. The AS 
were prepared with variable content of organic mat-
ter (OM) in order to evaluate the retention of lead (II) 
due solely to the content of OM. The results indicated 
that retention capacity of Pb+2 increases (19.74 mg/g, 
20.89  mg/g, 61.61  mg/g, and 79.48  mg/g) as OM 
increases (0%, 1%, 5%, and 10%); however, this 
retention is not proportional to the OM increment. 
An increase of background solution concentration 
of 0.01 M to 0.1 M resulted in a 50% decrease in the 
lead retention capacity. The fitting of lead adsorption 
was performed by the regression coefficient (R2). All 
R2 of the Langmuir model fit successfully to all types 
of AS (0.973 for 10-OM, 0.9845 for 5-OM, 0.999 
for 1-OM, 0.994 for 0-OM). The adsorption kinet-
ics also fits well to the pseudo-second-order model 
(R2

10-OM = 0.989, R2
5-OM = 0.999, R2

1-OM = 0.999, 
and R2

0-OM = 0.999). The thermodynamic val-
ues of the Gibbs free energy (ΔG0

10-OM =  − 10.62, 
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accumulation and behavior of metals in soils is an 
issue of scientific interest.

The retention of metals in soils is determined by 
their adsorption and desorption capacity at the sur-
face of the particles that make up the soil. These two 
processes have already been studied with several met-
als in soils from different parts of the world (Fonseca 
et al., 2009; Park et al., 2018; Pokrovsky et al., 2012; 
Prado et al., 2010). The soils differ by the concentra-
tion of their components, especially OM, clay miner-
als, and metallic oxides, among others (Momčilović 
et  al., 2011; Pontoni et  al., 2016; Qu et  al., 2018). 
Moreover, some studies suggest that the adsorption 
process is the best method to understand the retention 
of metals in soils (Zhang et  al., 2017; Chakraborty 
et al., 2020).

The magnitude of the metal adsorption/desorp-
tion in soils depends on the properties such as tex-
ture, cation exchange capacity, moisture, and pH. 
These properties also regulate the mobility (distribu-
tion and mass transfer) of metals to the environment 
(Uchimiya et al., 2011; Zeng et al., 2011). However, 
there are two parameters that have the most influence 
on the adsorption process: pH and OM (measured as 
organic carbon). pH in soils determine the specia-
tion, solubility, and bioavailability of metals (Li et al., 
2003; Oste et  al., 2002; Tan et  al., 2008), such as 
the case of soils contaminated with Pb, Cd, and Zn, 
where soil acidic conditions (pH < 7) do not facilitate 
the adsorption of metals, favoring their desorption 
(Oste et al., 2002; Zhang et al., 2005).

On the other hand, OM has been considered the 
primary cause of metal retention in soils (including 
lead), due to the great number of functional groups of 
the organic compounds that may interact with metals 
generating retention and immobilization (Zeng et al., 
2011). In soils at pH > 6 but below at pH < 7, the 
adsorption process is affected by negatively charged 
functional groups (carboxylic, phenolic, and hydroxyl 
groups) from different organic and inorganic com-
pounds present in the AS, especially humic and fulvic 
acids. Above pH > 7, the precipitation of lead must be 
taken into account (Gustafsson et al., 2003; Escudero-
García et al., 2013; Shi et al., 2016; Gankhurel et al., 
2020).

The capacity of soil to retain metals can be deter-
mined if the adsorption mechanism is established 
(Chakraborty et al., 2020). In an adsorption process, 
there are three fundamental steps: first, mass transfer 

from the solution to the surface of the adsorbent; sec-
ond, diffusion of the adsorbate to the sorption sites; 
and third, the adsorption itself which is obtained by 
adsorbate-adsorbent equilibrium (Largitte & Pas-
quier, 2016). Some models consider that the limiting 
step is sorption, while others consider diffusion as 
the limiting step. The model that best fits the experi-
mental data allows describing the adsorption profile, 
which could be by chemisorption or physisorption 
(Limousin et al., 2007).

The prediction, modeling, and thermodynamics 
of lead retention in different types of soils have been 
extensively investigated using kinetic and adsorption 
models (Fu et al., 2015; Li et al., 2003; Zhang et al., 
2005). However, there is not enough information in 
the literature on the effect of different concentrations 
of OM in the same soil for the adsorption and mobil-
ity of lead, mainly due to the difficulty of obtaining 
soils that differ only in OM content.

In this study, four AS were prepared with differ-
ent amounts of OM, bentonite, kaolinite, and PVC as 
inert matter, in order to determine its effect on lead 
retention in soils.

2 � Materials and Methods

2.1 � Preparation of AS and Characterization

All experiments were carried out with AS samples 
where the concentrations of OM were controlled. The 
AS were prepared in the laboratory by mixing humus 
(purchased in an agrochemical store), bentonite, kao-
lin, (purchased in a chemical store), and inert matter 
(polyvinyl chloride, PVC) to obtain samples with dif-
ferent OM contents as follows: 0% OM, 1% OM, 5% 
OM, and 10% OM (called 0-OM, 1-OM, 5-OM, and 
10-OM, respectively), as it can be seen in Fig. 1. All 
raw materials were commercial grade and purchased 
from regular stores. Before mixing, the components 
were dried, finely ground, and sieved to 88 µm (W.S 
Tyler, Incorporated, USA) in order to assess the lead 
adsorption at a larger sorption surface. Afterward, 
they were stored 3  months before being used in the 
experiments. The AS were characterized by the 
analysis of oxidizable organic carbon (redox titration 
after the oxidation of the OM with potassium dichro-
mate solution 1 N), cation exchange capacity (acidi-
metric titration after mixing the soil with an excess 
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of ammonium acetate 1  N at pH 7), water retention 
capacity (gravimetric method based on the amount 
of water held by the dried sample soil), pH (1:1 
soil–water ratio), carbonates (reaction of the carbon-
ates with an excess of HCl 1 N followed by back titra-
tion of the remaining acid with NaOH 1 N), sulfates 
(gravimetric method based on the mass of the barium 
sulfate resulting of the reaction of the sulfates and 
barium chloride), phosphates (spectrophotometric 
method at 400  nm of the complex of the phosphate 
and molybdovanadate reagent), and humic (determi-
nation of oxidizable organic carbon from the acid-
insoluble fraction of the alkaline soil extract), fulvic 
acids (determination of oxidizable organic carbon of 
the soluble fraction of the alkaline soil extract), and 
lead (digestion of the sample in HCl:HNO3 (3:1) and 
analyzed by atomic absorption spectroscopy). These 
parameters were analyzed by following normalized 
methods of the Colombian Technical Standard, NTC-
5167 (ICONTEC, 2011).

2.2 � Chemicals

The lead stock solution was prepared from lead (II) 
nitrate (Pb(NO3)2) analytical grade salt (Sigma-
Aldrich, USA). Working solutions, used in all the 
experiments, were prepared by dilutions of the Pb+2 
stock solution plus 0.01  M NaNO3 as a background 
solution at 298  K ± 1  K and adjusted at pH 7 by 

adding small volumes of 0.01  M HNO3 solution 
(Sigma-Aldrich, USA). All the solutions were diluted 
with deionized water (type I).

2.3 � Batch Sorption Experiments

Batch sorption experiments were carried out follow-
ing the procedure reported by Liu (Liu & Gonza-
lez, 2000). In a stoppered 50-mL polyethylene test 
tube, 0.5  g ± 0.0001  g of AS and 25.00  mL of lead 
(II) working solution (from 0 up to 3000 mg/L) were 
added. This mixture was mechanically stirred for 24 h 
at room temperature (298 K). Afterward, the solutions 
were centrifuged at 3000 rpm for 30 min, filtered in a 
black band Whatman filter paper (No. 42), and col-
lected into a volumetric flask. The non-adsorbed lead 
was determined in the filtrates by atomic absorption 
spectroscopy (PerkinElmer AAnalyst 100).

2.4 � Sorption Kinetic Experiments

The kinetic experiments were conducted by batch 
sorption experiments using a 500-mg/L lead (II) 
working solution and kept in stirring at different times 
(3, 5, 10, 15, 20, 30, 60, 90, 180, 270, and 360 min). 
Once the samples were centrifuged and filtered, the 
non-adsorbed lead in solution was determined by 
atomic absorption spectroscopy.

Fig. 1   Composition (in 
%) of the raw materials in 
the process of elaborating 
the four different artificial 
soils. The PVC (polyvinyl 
chloride) was taken as inert 
matter. As PVC does not 
adsorb Pb+2 and the adsorp-
tion of bentonite and kaolin 
is constant, the difference 
in adsorption is due only 
to OM 78.92
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2.5 � Effect of the Organic Matter Content

The effect of OM on lead retention was studied 
in the four AS prepared previously. The proce-
dure for the sorption and kinetic experiments 
was described previously. In order to determine 
the effect of the ionic strength of the medium, the 
experiment was repeated with AS 10-OM adding 
an aliquot of 0.01  M NaNO3 solution (as back-
ground solution) to one sample and 0.1 M NaNO3 
to another; afterward, the sorption calculations 
were performed. All experiments were performed 
in triplicate.

The simultaneous effect of two factors (OM con-
centration and initial lead (II) concentration) on 
lead adsorption capacity (response variable) was 
evaluated using a multilevel factorial experimental 
design (central composite design) and analyzed by a 
two-way ANOVA and a response surface methodol-
ogy (RSM). The behavior of the response variable 
due to the effect of the factors was studied by the 
second-order polynomial model (Eq. 1):

where Y is the response of the model, xi, xj, … xk are 
the factors affecting the response Y, x2

i, x2
j, x2

k, are 
the quadratic effects xi xj, xi xk, and xj xk are the inter-
action effects, β0 is the intercept term, βi is the linear 
effect coefficient, βii is the squared effect coefficient, 
βij is the interaction effect coefficient, and ɛ is the ran-
dom error (Gutiérrez & De la Vara, 2004).

2.6 � Adsorption Isotherms and Kinetic Models

In order to calculate the equilibrium Pb+2 concen-
tration and the adsorption kinetics in the AS, the 
volume was considered constant during the process, 
that is, the volatilization losses were negligible. The 
amount of Pb+2 adsorbed (mg/g) or the retention 
capacity (qe) at equilibrium time was calculated by 
Eq. 2.

where Ci and Ce are the initial and equilibrium 
concentrations of Pb+2 (mg/L), M is the mass of AS 

(1)
Y = �0 +

∑k

i=1
�ixi +

∑k

i=1
�iix

2
i
+
∑k−1

i=1

∑k

j=2
�ijxixj + �

(2)qe =

[

Ci − Ce

M

]

V

(g), and V is the volume of solution (L) (Pokrovsky 
et al., 2012).

2.7 � Adsorption Equilibrium

The interaction between adsorbate (Pb+2) and 
adsorbent (AS) in equilibrium can be described by 
the adsorption isotherm. This provides information 
on the capacity of the AS to retain Pb+2. In addi-
tion, it helps to understand the adsorption mecha-
nism. Three models were studied for this system: 
Langmuir, Freundlich, and Dubinin–Radushkevich 
(D–R), whose linearized equations (Eq.  3–5) are 
shown in Table  1 (Momčilović et  al., 2011; Al-
Ghouti & Da’ana, 2020; Karim, 2020).

2.8 � Kinetic Theory Models

Mathematical models that describe adsorption 
kinetics can be classified into two categories, 
depending on the limiting step of the adsorption 
process: adsorption models and diffusional mod-
els (Qiu et al., 2009). In this study, two adsorption 
models (Largergren’s first order and Ho’s pseudo-
second order) and two diffusional models (intra-
particle diffusion and liquid-film diffusion) were 
applied. The linearized equations of the kinetic 
models (Eq.  6–9) are presented in Table  2 (Das 
et al., 2014; Gupta et al., 2011; Ho & McKay, 1999; 
Qiu et al., 2009).

Table 1   Isotherm mathematical models for adsorption process

Ce = equilibrium concentration of Pb+2 in solution (mg*L−1), 
qe = equilibrium concentration of Pb+2 on the adsorbent 
(mg*g−1), qmax = maximum adsorption capacity on the adsor-
bent (mg*g−1), KL = Langmuir constant related to energy of 
adsorption (dm−3*mg−1), KF = Freundlich constant related to 
sorption capacity (dm3*g−1), nF = dimensionless parameter 
of Freundlich isotherm, qDR = theoretical saturation capacity 
(mol*g−1), KDR = D–R constant related to the mean free energy 
of adsorption per mole of the adsorbate (mol2 (kJ2) −1), and 
ɛ = Polanyi potential, equal to RTln(1 + 1∕Ce)

Isotherm model Linearized equation

Langmuir Ce

qe
=

1

qmaxKL

+
Ce

qmax

(Eq. 3)

Freundlich logqe = logKF +
1

nF
logCe

(Eq. 4)

D–R lnqe = lnqDR − KDR
.
�
2 (Eq. 5)
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2.9 � Quality Control

All data were acquired in triplicate and reported as the 
mean values. Precision was determined based on the 
relative standard deviation (RSD), and the Horwitz 
equation was used for acceptable repeatability. When 
the RSD was higher than Horwitz’s RSD, the analysis 
was repeated. The accuracy was calculated based on 
the recovery percentage (% R) giving a 99.5% of recov-
ery of lead (p-value < 0.05). The instrumental limit of 
detection (LOD) was calculated as the signal of the 
blank (B) plus 3 times the standard deviation (B + 3 s) 
which the value for the lead was 0.1 mg/L. The LOD of 
the method was determined with soil with no lead con-
tent and calculated as described above giving 0.41 mg/
kg. The linearity was evaluated through the correlation 
coefficient (r) giving 0.999 (p-value < 0.05).

2.9.1 � Statistical Analysis

The effect of the initial lead concentration and the OM 
content on the adsorption of the metal in the AS was 
determined by a completely randomized experimen-
tal design in factorial arrangement 32. The statistical 
analysis of these results (two-way ANOVA and RSM) 
was performed using Statgraphics Centurion 18 soft-
ware (Statgraphics Technologies, Inc., Virginia). The 
normality of the data was checked prior to the use of 
ANOVA and RSM. Excel® was also used for calcula-
tion and graphical software when necessary.

3 � Results and Discussion

3.1 � AS Characterization

The physical–chemical properties of the studied AS 
are important to help elucidate the adsorption and 
retention results of Pb+2, as well as to predict the 
behavior of the process. The AS were designed to 
maintain kaolin and bentonite concentrations fixed 
(ca 11.5% w/w), so their effect on lead retention is 
considered constant. The inert matter (PVC) con-
tent is variable, but, because the adsorption of Pb+2 
is negligible (0.001  mg*g−1, RSD = 0.13%), there is 
no significant effect on lead retention. The OM (from 
the compost) content is variable, and it is assumed to 
be the only component responsible for the changes in 
the physicochemical properties of the AS and, hence, 
for the retention of the metal. Table 3 summarizes the 
results of the characterization of the AS.

The variation in the OM concentration influences 
the physical–chemical properties of AS by changing 
the chemical composition; thus, the water retention 
capacity and humic and fulvic acids increase linearly 
with the increase in the concentration of total organic 
carbon, while cation exchange capacity increases 
quadratically. This drives to the assumption that AS 
with high OM concentrations have a greater capac-
ity for sorption and desorption of cations on the sur-
face of the particles, from which it follows that the 
mobility or retention of metallic ions depends on the 
cation exchange capacity (Vega et  al., 2009). Since 

Table 2   Linearized equations of the adsorption kinetic models

qt = amount of lead adsorbed at time t (mg*g−1), t = time (min), k1 = first order rate constant, kf = liquid film diffusion adsorption rate 
constant, and F = fractional attainment of the equilibrium

Isotherm model Linearized equation

Lagergren pseudo-first-order model ln(qe − qt) = lnqe − k1t (Eq. 6)

Ho pseudo-second-order model t

qt
=

1

K2q
2
e

+
(

1

qe

)

t (Eq. 7)

Intraparticle diffusion model qt = kit
1∕2 + C (Eq. 8)

Liquid-film diffusion model ln(1 − F) = −kf t (Eq. 9)
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the 0-OM AS has no added OM, the value obtained 
from the reported oxidizable organic carbon is due 
to the reduction of chromium VI, based on the Walk-
ley–Black method (ICONTEC, 2011) and was taken 
as a blank. This outcome is corroborated by the val-
ues of humic and fulvic acids, which are directly 
involved in the adsorption and retention of lead (Liu 
& Gonzalez, 2000; Shi et  al., 2016). The original 
concentration of Pb in the AS was found to be less 
than the detection limit of the analytical method 
(< 0.41  mg/kg). Furthermore, the concentration of 
sulfates, carbonates, and phosphates was not detect-
able (LOD of the methods: 13.7  mg/kg, 50  mg/kg, 

and 0.8 mg/kg, respectively), which avoids losses due 
to interaction and precipitation with Pb+2 in the reten-
tion experiments (Nejad et al., 2018).

3.2 � Study of the Retention of Pb+2 Based 
on the Adsorption Isotherms

The retention of Pb+2 in the AS was determined by 
adsorption isotherms (Ce vs. qe). The data corre-
sponding to each AS were adjusted to the mathemat-
ical models of the isotherms (Langmuir, Freundlich, 
and D–R). A detailed analysis of the parameters, 
obtained from the linearization of the adsorption 
equations (see Table  4) determines which model 
is the most suitable to describe the lead adsorption 
process (Chotpantarat et  al., 2011). The plots of 
the isotherms (Fig. 2) show that 1-OM AS presents 

Table 3   Physicochemical properties of AS with different OM contents

(a) Concentration lower than the detection limit, DL (< 0.41 mg/kg)

Properties 10-OM 5-OM 1-OM 0-OM

Value % RSD Value % RSD Value % RSD Value % RSD

Total lead as Pb, mg/kg(a)  < 0.41  < 0.41  < 0.41  < 0.41
Oxidizable organic carbon, % (w/w) 10.47 1.94 4.90 0.34 1.50 1.99 0.18 0
Water retention capacity, % (v/w) 79.39 0.0037 59.59 0.0056 49.68 0.0019 39.66 0.0042
Cation exchange capacity, meq/100 g 51 2.71 38 3.97 26 3.17 12 2.24
Humic acids, % (w/w) 2.02 0.94 1.09 0.60 0.26 0.10 0 -
Fulvic acids, % (w/w) 5.97 0.62 2.89 0.74 0.61 0.98 0 -
pH, pH units 6.41 - 6.61 - 6.92 - 7.09 -

Table 4   Parameters extracted from adsorption of Pb+2 on AS 
with different OM compositions using isotherm models in pH 
7.0, I = 0.01 M NaNO3 at 298.15 K

* In all cases, the p-value for R2 was less than 0.05

Isotherm 10-OM 5-OM 1-OM 0-OM

Langmuir
qmáx (mg/g) 79.48 61.61 20.89 19.74
KL (L/g, 10−3) 13.70 9.65 3.20 1.02
ΔGo (kJ/mol)  − 10.62  − 11.50  − 14.23  − 17.06
*R2 0.973 0.984 0.999 0.994
Freundlich
KF (L/g) 7.22 4.67 4.57 2.87
1/nF 3.058 2.882 4.201 3.460
*R2 0.807 0.880 0.861 0.949
D–R
qDR (mg/g) 114.27 87.32 33.68 33.46
KDR (mol2/J2, 10−2) 0.31 0.33 0.23 0.28
E (kJ/mol) 12.70 12.30 14.74 13.36
*R2 0.821 0.886 0.908 0.962
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Fig. 2   Adsorption isotherms of Pb (II) in materials with sev-
eral OM content: ○ 0%, ■ 1%, ● 5%, Δ 10% at 298 ± 1 K, pH 
7, I = 0.01 M NaNO3
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slightly higher lead retention (taken as qmax) than 
0-OM (AS with only bentonite and kaolin) at low 
concentrations of Pb+2 (10 to 400  mg/L), while at 
high concentrations (400 to 3000  mg/L), the reten-
tion becomes very similar. In AS with higher OM 
content (5-OM and 10-OM) a stronger effect on lead 
retention was observed. However, the qmax/OM ratio 
decreases as OM increases as follows: 7.948 for 
10-OM, 12.2 for 5-OM, and 20.89 for 1-OM. This 
means that, although a AS with a high concentration 
of OM has a high capacity to retain the lead (II), this 
increase is not proportional to the increase in OM.

The results of fitting the data to the mathemati-
cal adsorption models are shown in Table 4, and the 
corresponding graphs to the linearization of Lang-
muir isotherms are shown in Fig. 3.

The simultaneous effect of the factors (OM con-
tent and initial Pb+2 concentration), taking qe as the 
response variable, showed (two-way ANOVA) the 
existence of statistical differences of both factors 
(both had a p-value < 0.05), as well as the existence 
of interaction between the two (p-value < 0.05). In the 
RSM plot (shown in Fig.  4), it can be seen that the 
two studied factors in relation to the response variable 
present curvatures, that is, quadratic effects. A quad-
ratic effect suggests that the simultaneous response to 
the two factors is not linear (Gutiérrez & De la Vara, 
2004). In this sense, it corroborates the fact that for 
high OM concentrations, the adsorption is not as high 
as expected. The results of the analysis of variance of 
the factors showed statistical significance (p < 0.05). 
The quadratic model fitting of the RSM was evaluated 
by the determination coefficient (R2). The closer R2 is 
to 1, the stronger the model and the better the model 
predicts the response variable (Amini et  al., 2008). 
The value of R2 obtained was 0.9470 with a stand-
ard deviation of 5.2, indicating that there is statisti-
cal evidence that only 5.30% of the variables are not 
explained by the mathematical expression (Eq. 12).

where Y corresponds to the lead adsorption capac-
ity (qe), x1 is the initial lead concentration, and x2 is 
the OM concentration. The comparison between the 
experimental and the model data was made by means 
of a regression analysis (Fig. 5). Note that the quad-
ratic effect of the OM is higher (− 0.2380) than that 

Y = − 4.50 + 0.0370x
1
+ 3.30x

2
− 1.0 ∗ 10

−5
x
2

1

+ 0.02016x
1
x
2
− 0.2380x

2

2
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Fig. 3   Linearization of Langmuir isotherm for lead adsorp-
tion on soils with Δ 0%, ● 1%, □ 5%, ○ 10% at 298 K, pH 7, 
I = 0.01 M NaNO3

Fig. 4   Response surface 
of the effect of organic 
matter and initial Pb (II) 
concentrations on the 
adsorption capacity at pH 
7.0, I = 0.01 M NaNO3 and 
298.15 K
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of Pb+2 initial concentration (− 0.00001) which signi-
fies the strong effect of OM on the adsorption of the 
metal in the soils. The regression (R2) and correla-
tion (r) coefficients obtained were 0.9469 and 0.9731, 
respectively, meaning that the data fit appropriately to 
a linear model and show a good correlation between 
the experimental and the modeled data. The plot 
shows that in the middle zone (30 to 60 mg/g), there 
is a smaller deviation, which suggests a better predic-
tion of qe.

In soil with high OM content (above 15%), 
humic and fulvic acids (main components) have 
a considerable number of functional groups 
(− COOH, − OH, − NH2, etc.) that produce a nega-
tive layer on the soil particles able to interact with the 
cations, under suitable conditions of humidity and pH 
(Wu et al., 2003). Nevertheless, there are two factors 
that influence the reduction in the retention capacity. 
First, in soil with a high OM content, the aggregation 
of particles reduces the active surface and, hence, the 
negative layer available for metal adsorption becomes 
less (Khan et  al., 2018). And second, in soils with 
high OM content (above 2.1% and 0.88% of humic 
acids), the solubility of organic carbon facilitates the 
interaction between humic and fulvic acids with Pb+2 
in solution, avoiding retention in the solid fraction 
of the soil (Huang et al., 2021; Khokhotva & Waara, 
2010; Rais et al., 2006). In the organic carbon solubi-
lization, two chemical equilibriums can occur, repre-
sented by Eq. 10 and Eq. 11:

(10)

Pb2+
(aq)

+ x(S)−
(s)

⇌ Pb(S)(x−2)
−

x (s)
K
Pb(S)

(x−2)−

x

=

�

Pb(S)
(x−2)−

x
⋅[Pb(S)

(x−2)−

x
]

�

Pb2+
⋅

[

Pb2+
]

⋅�(S)− ⋅[(S)−]x

where KPb(S)(x−2)
−

x
  and KPb(OC)(x−2)

−

x
 are the thermodynamic 

equilibrium constants, �y is the activity coefficient of the 
specie y and, [Y] is the concentration of the specie Y 
(

Y = Pb
2+

or (S)− or Pb (S)(x−2)
−

x
;or (OC)− or Pb (OC)(x−2)

−

x

) , being 
(S)− the interaction site in the soil and, (OC)− the soluble 
organic carbon. If the soluble metal–carbon equilibrium 
constant is higher than the metal-interaction site 
equilibrium constant 

(

KPb(OC)(x−2)
−

x
≫ KPb(S)(x−2)

−

x

)

 , 
there is a high probability that the metal interacts with 
the soluble carbon and subsequently leaches with no 
interaction with the adsorption or retention sites in the 
soil. Despite (and unfortunately) that we didn’t perform 
the quantification of the dissolution of organic carbon, 
its solubilization is evident in soils with high OM 
content by the dark color of the solution, as were 
observed in our results. On the contrary, in soils with 
lower OM content (1%), there was considerable 
retention of the metal in the soil. In soil with 1% OM, 
there is less amount of organic carbon in solution; 
therefore, there is more likely that the Pb+2 will react 
with the insoluble organic phase, increasing the 
probability of being retained (Cao et al., 1999).

From Fig. 3, it is easy to deduce that, qualitatively, 
all experimental data is fitted properly to the Lang-
muir isotherm, which is corroborated by the highest 
values of the regression coefficient (0.973 to 0.999) 
for all AS. This model assumes the formation of a 
monolayer on the surface of soil particles, which qmáx 
is the concentration necessary to saturate the soil par-
ticles, i.e., maximum adsorption capacity (Limousin 
et  al., 2007). The adsorption parameters (Table  4) 
corroborate the adsorption in monolayers, that is, the 
data fits very well to the Langmuir model. There are 
several parameters that confirm that the Langmuir 
isotherm fits well: 1/nF values, obtained from the 
slope of linearized Freundlich equation, greater than 
1, indicate that the adsorption in multilayers is unfa-
vorable (Al-Ghouti & Da’ana, 2020). In this case, the 
1/nF values were above 1 (2.88 and 4.20), which con-
firms that monolayer adsorption (described by the 
Langmuir model) is favorable. Free energy, ∆Go, 
(

ΔGo = −RTlnKL

)

 , gives negative values (Table  4) 
which can be attributed that a spontaneous and ther-
modynamically favorable process (Mishra et  al., 
2012). The adsorption intensity, RL 

(

RL =
1

1+KLC0

)

 , 

(11)
Pb2+

(aq)
+ x(OC)−

(aq)
⇌ Pb (OC)(x−2)

−

x (aq)
KPb(CO)(x−2)

−

x

=
�
Pb(OC)

(x−2)−

x
⋅[Pb(OC)

(x−2)−

x
]

�
Pb2+

⋅[Pb2+]⋅�(OC)− ⋅[(OC)
−]x

y = 0.9556x + 1.5845

R² = 0.9469
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Fig. 5   Comparison between adsorption capacity of experi-
mental (qe-E) and modeled (qe-M) data
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also confirms a favorable Langmuir adsorption, since 
the RL values are less than 0.1 (0.02 to 0.70) (Nanta 
et al., 2018). The qmáx values, obtained from the slope 
of the linearized Langmuir model, increase as the 
OM increases (19.74 to 79.48 mg/g). The adsorption 
strength can be inferred from the KL coefficient and 
calculated from the intercept of the linearized Freun-
dlich equation (Karim, 2020). The outcomes show 
that the KL value of the 1-OM AS has an appreciable 
difference with respect to the 0-OM AS 
(p-value = 0.00047) caused by the increase in OM. 
Although there is a statistical difference between AS 
with 5-OM and 10-OM (p-value = 0.00035), this dif-
ference is not as high as expected.

Lead retention in the 10-OM AS at two different 
concentrations (0.01  M and 0.1  M) of NaNO3 
(background solution) was carried out. The out-
comes show that the increasing tenfold of back-
ground solution (from 0.01 to 0.1 M) leads to lower 
Pb+2 retention of ca. 50% (Fig.  6). This fact indi-
cates that lead retention in soils is strongly affected 
by ionic strength (Tan et  al., 2008; Wang et  al., 
2010). The D–R adsorption model has been used to 
describe the adsorption mechanism based on the 
concept of adsorption free energy, where a homo-
geneous surface or constant sorption potential is 
not assumed (Lasheen et al., 2012), and to differen-
tiate between physical, chemical, or ion exchange 
adsorption of metal ions (Al-Ghouti & Da’ana, 
2020; Wang et  al., 2016). The monolayer adsorp-
tion capacity (qDR) obtained by D–R isotherm 
increases from 33.46 for 0-OM to 114.27 mg/g for 
10-OM (Table  4); this behavior is in accordance 

with the adsorption capacity calculated by the 
Langmuir isotherm. The free adsorption energy, E, 
�

E =
1

√

2KDR

�

 is the energy necessary to adsorb 
1 mol of Pb+2 from the bulk solution onto the soils 
particles (Sen & Bhattacharyya, 2011). According 
to literature, it is considered that the process corre-
sponds to physical adsorption when E is between 1 
and 8 kJ/mol, ion exchange with E is between 8 and 
16  kJ/mol, and chemical adsorption when E is 
greater than 16  kJ/mol (Sari et  al., 2007; Wang 
et  al., 2016). In this investigation, very similar E 
values were obtained for all AS (Table  4), which 
ranged between 12.30 and 14.74 kJ/mol, indicating 
that the ion exchange is the mechanism that 
explains the adsorption process in the AS of this 
experiment. These results are congruent with those 
obtained by other researchers who have determined 
that the cation exchange is the mechanism used to 
explain the metal adsorption in soil with OM (Gus-
tafsson et al., 2003).

3.3 � Adsorption Kinetics

The rate at which the analyte reaches equilibrium 
helps to determine the ability of soils to retain or 
leach metals in solution. Retention or leaching 
depends mainly on the physical characteristics of the 
material and the mechanism of interaction between 
soil and cations (Sen & Bhattacharyya, 2011; Tan 
et al., 2015). Thus, a soil that takes a shorter time to 
reach the equilibrium can retain the metal more eas-
ily, while in those systems that take longer, leaching 
can occur. This rate transfer of Pb+2 from the aque-
ous to the solid phase can occur by several processes 
such as chemical interaction, diffusion, and mass 
transfer that could be determined by the adsorption 
kinetics (Liu & Liu, 2008). Figure 7 shows the behav-
ior of lead adsorption in equilibrium (qe) as a func-
tion of time, t (from 3 to 360  min) of the AS with 
different OM concentrations. In the four studied AS, 
the amount of adsorbed lead increases with time until 
reaching the equilibrium state. The time needed to 
get the equilibrium was 10  min for the 0-OM AS, 
15 min for 1-OM, 20 min for 5-OM, and 60 min for 
the 10-OM AS. Although the amount of OM in the 
1-OM AS is very low, it is enough to show the dif-
ference in time at the equilibrium point with 0-OM 
AS; however, the adsorption capacity is very similar 
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Fig. 6   Effect of ionic strength on the adsorption capacity of 
Pb (II) in 10-OM ● 0.01 M and ∎ 0.1 M of NaNO3 in pH 7 at 
298 ± 1 K
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at the end of the plots. In 1-OM and 5-OM AS, there 
is not much difference in time that it takes to reach 
equilibrium (5  min); nevertheless, the difference in 
the qe value is greater. These observations agree with 
the k2 value (rate constant) of the pseudo-second-
order model. Despite the fact that the AS with 10-OM 
has twice the OM content, the adsorption capacity at 
equilibrium is not that much. The fast lead adsorption 
on the different AS at the beginning may be due to 
the availability of the binding sites in the OM, which 
allows a quick interaction with lead until reaching 
equilibrium (Gupta et  al., 2009). This fact leads to 
deduce that the interaction between Pb+2 and binding 
sites is due to chemical interactions rather than physi-
cal adsorption (Tan et al., 2008). The aggregation of 
the particles in the soil with higher OM content gen-
erates electrostatic and steric repulsions between the 
Pb+2 ions in the adsorption process (Litniewski & 
Ciach, 2019) and could be the reason why this type 

of soil takes longer to reach equilibrium. This fact is 
evidenced when the ionic strength is increased using 
background solutions from 0.01 to 0.1  M, in which 
the repulsion and competition between the Pb+2 and 
Na+ cations for the adsorption sites cause a decrease 
in the capacity of retention of ca 50%. In other words, 
the Na + helps to displace Pb+2 of the adsorption sites 
because of the raise of the sodium adsorption ratio 
(not calculated).

Four kinetic models were applied to the results 
in order to help to derive the possible mechanism of 
the adsorption process (Sen & Bhattacharyya, 2011). 
Table 5 shows the kinetic parameters and regression 
coefficients (R2) of the Pb+2 adsorption obtained by 
the four models for the tested AS.

Taking the regression coefficient as an adjust-
ment parameter to a linear model, it is observed 
that the highest R2 values are those of the pseudo-
second-order model, which are 0.999 for 0-OM, 
0.999 for 1-OM, 0.999 for 5-OM, and 0.989 for 
10-OM. Table  2 shows that all the models dis-
play regression coefficients above 70%; therefore, 
all models present a considerable degree of fitting 
to the kinetics of lead-soil interaction. Soils are 
composed of different materials, generating a high 
degree of heterogeneity, where each of the compo-
nents can exhibit different sorts of interaction with 
the cation, either attraction or repulsion (Limou-
sin et  al., 2007), which explains why all the mod-
els present some adjustment. However, the model 
with the highest regression coefficient is Ho’s 
pseudo-second-order model. Furthermore, it is the 
only one that shows a notable variation of the rate 
constant (k2), in the following sequence: OM-10 
(6 × 10−4  g/(mg*min)) < OM-5 (5.9 × 10−3  g/
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Fig. 7   Pb (II) adsorption capacity for artificial soils with sev-
eral OM content ♦ 0%, ⧠ 1%, ● 5%, Δ 10% at 298 ± 1 K, pH, 
I = 0.01 M NaNO3, Cpb2+(initial) = 500 mg/mL

Table 5   Kinetic parameters 
for the adsorption of Pb+2 
ions into materials with 
different OM composition 
at Coach 298 ± 1 K, 
pH = 7, I = 0.01 M NaNO3, 
CPb

+2
(initial) = 500 mg/L

* In all cases, the p-value for 
R2 was less than 0.05

Models Parameters OM composition, % (w/w)

10-OM 5-OM 1-OM 0-OM

Pseudo first order k2 (1/min) 0.0344 0.0067 0.0191 0.0210
*R2 0.862 0.889 0.823 0.850

Pseudo second order qe (mg/g) 27.62 20.89 5.39 4.91
k2 (g/(mg*min)) 1.1 × 10−3 6.0 × 10−3 0.0568 0.0595
*R2 0.989 0.999 0.999 0.999

Intraparticle diffusion k (mg/(g*min1/2)) 2.248 0.887 0.155 0.222
R2 0.926 0.807 0.729 0.810

Liquid-film diffusion a 0.0278 5.5 × 10−4 0.0119 0.0105
*R2 0.917 0.956 0.920 0.936
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(mg*min)) < OM-1; (0.0625  g/(mg*min)), with 
p-values: OM-10 < OM-5 (0.00002); OM-5 < OM-1 
(0.0005). From the above, it can be concluded that 
the equilibrium constant has a tendency to increase 
with the decrease in OM; in other words, the rate 
of interaction is higher at low OM concentrations. 
Ho & McKay (1999) assume that the pseudo-sec-
ond-order model “is based on the assumption that 
the rate-limiting step may be a chemical surprise 
or chemisorption involving valency forces through 
sharing or exchange of electrons between sorbent 
and sorbate,” which is consistent with the E val-
ues found from the Langmuir model, from which 
it is concluded that lead interacts with carboxylic 
and phenolic groups from OM by ion exchange 
(Mohapatra et  al., 2009; Özcan et  al., 2009; Qiu 
et al., 2009). The importance of these groups in the 
adsorption of metals, including lead, was observed 
by Shi et  al. (2016). Note that the value of R2 for 
10-OM is not as high as in the other AS, meaning 
a higher deviation of the adsorption process. This 
deviation may occur for the decrease of the adsorp-
tion of lead at high OM content. A conclusion that 
can be drawn from this work is that a high OM con-
centration does not guarantee proportional retention 
of lead that, from an environmental point of view, 
could cause leaching and runoff of the metal.

On the other hand, the thin-film diffusion model 
assumes the flow of cations on the adsorbent sur-
face, this being the limiting step in adsorption 
kinetics (Momčilović et  al., 2011). The diffusion 
coefficient values found (Table  5) are high in con-
trast to values found in the literature of 10−10 to 
10−3 (Sen & Bhattacharyya, 2011), which suggests 
that there is a high flux of Pb2+ ions on the surface 
of the soil particles. In this way, it is possible to dis-
card that the limiting step in the adsorption kinetics 
is the transference of the ion to the surface of the 
adsorbent.

4 � Conclusions

The results showed that lead retention increased 
with increasing OM concentration. This difference 
in lead retention can be attributed to the effect of 
OM. The increase in lead retention does not occur 
in the same proportion as the increase in OM. 
The application of the mathematical models of 

adsorption allows concluding that the Langmuir 
model is the one that best fits the experimental data, 
which suggests adsorption on the surface of the soil 
particles in a monolayer.

The findings showed that the process was ther-
modynamically spontaneous and exothermic. The 
application of the response surface model allowed 
determining the quadratic effects of the two evalu-
ated factors that led to corroborate that lead adsorp-
tion in soils is not proportional with OM concen-
tration. The adsorption of Pb+2 in the AS followed 
the pseudo-second-order kinetic model. This model 
allowed deducing that the adsorption mechanism 
occurs by ion exchange, which is confirmed by the 
decrease in the lead retention when a background 
solution increases the concentration by ten-fold. 
As a final consideration, in soils contaminated 
with Pb+2, high content of OM does not guarantee 
the retention of the metal by adsorption, which is 
diminished by the ionic strength of soluble salts in 
the soil, allowing the leaching into groundwater.
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