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Abstract

Four types of soils were prepared with humified matter, bentonite, kaolin and inert matter, in order to control
the organic matter (OM) content in the evaluation of retention of lead (II) by adsorption in disturbed soils
with the possibility of being contaminated. The results indicated that retention capacity of Pb*? increases as
organic matter increases, however, this retention is not proportional to the organic matter increment. An
increase of 10 units in the concentration of the background solution results in a decrease in the retention
capacity of 50%. The outcomes also indicated that lead (II) adsorption is successfully explained by the
Langmuir model and the adsorption kinetics fitted well to the Ho pseudo second order model. The
thermodynamic values of the Gibbs free energy indicated that it was a spontaneous process and the energy
of the process suggests a retention mechanism by ion exchange. A soil with high content of organic matter
does not guarantee high retention of lead, even more so when the adsorption mechanism is given by ion

exchange.
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1. Introduction

A considerable number of products widely used in agriculture, such as fertilizers, pesticides, raw materials,
growth factors, among others, are found to be contaminated with heavy metals e.g. lead, mercury, cadmium,
etc. The continuous use of these products in farming activity has increased the likelihood of environmental
pollution with heavy metals by retention, leaching, run-off, migration to underground waters and, finally their
distribution to food chain (Wang et al., 2016; Kaurin et al., 2018), affecting the economy and human health
(Sharma & Dubey, 2005; Fahr et al., 2013; Kushwaha et al., 2018). Therefore, the accumulation and behavior
of heavy metals in soils is an issue of a scientific interest.

The retention of heavy metals in soils is determined by their adsorption and desorption capacity at the surface
of the particles that make up the soil. These two processes have already been studied with several metals in
soils from different parts of the world (Fonseca et al., 2009; Prado et al., 2010; Pokrovsky et al., 2012; Park
etal.,2018). The soils differ by the concentration of their components, especially OM, clay minerals, metallic
oxides, among others (Momcilovi¢ 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 heavy metals
from soils (Zhang et al., 2017; Chakarborty et al., 2020).

The magnitude of the metal adsorption/desorption in soils depends on the properties such as texture, cation
exchange capacity, moisture, and pH. These properties also regulate the mobility (distribution and mass
transfer) of heavy 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 speciation, solubility, and bioavailability of heavy metals (Oste et al.,
2002; Li et al., 2003; Tan et al., 2008), such is 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 >7, the adsorption process is
affected by the concentration of the humic and fulvic acids. These acids provide negatively charged functional
groups such as carboxylic, phenolic, and hydroxyl groups, which allow binding to metal ions by electrostatic

interactions (Gustafsson et al., 2003; Shi et al., 2016).



The capacity of a soil to retain heavy metals can be determined if the adsorption mechanism is established
(Chakarborty et al., 2020). In an adsorption process there are three fundamental steps: first, mass transfer
from the solution to the surface of the adsorbent, second, diffusion of the adsorbate to the sorption sites, and
third, the adsorption itself which is obtained by adsorbate-adsorbent equilibrium (Largitte & Pasquier, 2016).
Some models consider that the limiting step is sorption, while others consider diffusion as the limiting step.
The model that best fits the experimental data allows to deduce the adsorption mechanism, 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 (Li et al., 2003; Zhang et al., 2005; Fu et al.,
2015). However, there is not enough information in the literature about the effect of different OM
concentrations in the same soil for lead adsorption and mobility, mainly due to the difficulty in controlling
its composition.

In this study, four types of soils were prepared (perturbed soils) with different amounts of OM, bentonite,

kaolin and inert matter, in order to determine its effect on lead retention in soils.

2. Materials and Methods

2.1  Preparation of perturbed soils and characterization

All experiments were carried out with perturbed soils samples where the concentration of OM were mainly
controlled. The soils were prepared in the laboratory by mixing humus (purchased in an agrochemical store),
bentonite, kaolin, and inert matter (polyvinyl chloride, PVC) to obtain samples with different OM content.
All raw materials were commercial grade and purchased from regular stores. Before mixing, the components
were dried, finely ground, and sieved to 170 mesh (W.S Tyler, Incorporated, USA). The soils were
characterized by analysis of oxidizable organic carbon, cation exchange capacity, water retention capacity,
pH, carbonates, sulfates, phosphates, and humic and fulvic acids. These parameters were analyzed by

following standardized methods of the Colombian Technical Standard, NTC-5167 (ICONTEC, 2011).

2.2 Chemicals

Lead stock solution was prepared from lead (II) nitrate (Pb(NOs3),) analytical grade salt (Sigma-Aldrich,
USA). Working solutions, used in all the experiments, were prepared by dilutions of the Pb*? stock solution

plus 0,01 M NaNOs as a background solution at 298 K + 1K and adjusted at pH 7 by adding small volumes



of 0.01M HNO;3 solution (Sigma-Aldrich, USA). All the solutions were diluted with de-ionized water (type

0.

2.3 Batch sorption experiments

Batch sorption experiments were carried out following the procedure reported by Liu (Liu & Gonzalez,
2000). In a stoppered 50 mL polyethylene test tube, 0,5 g + 0,0001 g of perturbed soil and 25,00 mL of lead
(IT) working solution (from 0 mg/L up to 3000 mg/L) were added. This mixture was mechanically stirred for
24 hours at room temperature (298 K). Afterward, the solutions were centrifuged at 3000 rpm for 30 minutes,
filtered in a black band Whatman filter paper (No 42) and collected into a volumetric flask. The non-adsorbed

lead was determined in the filtrates by atomic absorption spectroscopy (Perkin Elmer A Analyst 100).

2.4 Sorption Kinetics 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 minutes). Once
the samples were centrifuged and filtered, the non-adsorbed lead in solution was determined by atomic

absorption spectroscopy.

2.5 Effect of the organic matter content

The effect of OM on lead retention was studied in perturbed soils with 0% (0-OM), 1% (1-OM), 5% (5-OM)
and 10% (10-OM), prepared as described above. The procedure for the sorption and kinetic experiments was
described previously. All the experiments were performed by triplicate.

The simultaneous effect of two factors (OM concentration 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 the Response Surface Methodology (RSM). The behavior of the

response variable due to the effect of the factors was studied by the second order polynomial model (Eq. 1):
k k k- k
Y = Bo + X Bixi + Xieq Bux? + XIS XYoo Bijxixg + € (Eq. 1)

Where Y is the response of the model, x; x; ... x are the factors affecting the response Y, X2 xzj, X2, are the

quadratic effects xix;, xaxx and xjx; are the interaction effects, fy is the intercept term, f; is the linear effect



coefficient, f; is the squared effect coefficient, f; is the interaction effect coefficient and ¢ is the random error

(Gutiérrez & Vara, 2004).

2.6 Adsorption isotherms and Kkinetic models

In order to calculate the equilibrium Pb*? concentration and the adsorption kinetics in the soils, 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 (g.) at equilibrium time was calculated by Eq. 2.
c;i—C
ge = [=5|v (Eq.2)

where C; and C, are the initial and equilibrium concentrations of Pb*? (mg/L), M is the mass of soil (g) and V

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

2.7 Adsorption equilibrium

The interaction between adsorbate (Pb*?) and adsorbent (soil) in equilibrium can be described by the

adsorption isotherm. This provides information on the capacity of the soil to retain Pb*2. In addition, it helps
to understand the adsorption mechanism. Three models were studied for this system: Langmuir, Freundlich

and Dubinin—Radushkevich (D-R), whose linearized equations (Eq. 3 - Eq.5) are shown in table 1

(Momcilovic et al., 2011; Al-Gouti & Da’ana, 2020; Karim et al., 2020).

Table 1. Isotherm mathematical models for adsorption process

Isotherm model Linearized equation
L . C, 1 C, (Eq.3)
angmuir — = q.
¢ de qmaxKL Amax

1
Freundlich logq. = log K + — log C, (Eq.- 4)

F
D-R Ing, = Inqpr — Kpr€® (Eq. 5)

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 models (Qiu, 2009). In this
study, two adsorption models (Largergren’s first order and Ho’s pseudo-second order) and two diffusional

models (intraparticle diffusion and liquid film diffusion) were applied. The linearized equations of the kinetic



models (Eq. 6 - Eq. 9) are presented in table 2 (Ho & McKay, 1999; Qiu et al., 2009; Gupta et al., 2011; Das

etal.,2014).

Table 2. Linearized equations of the adsorption kinetic models

Isotherm model Linearized equation
Lagergren pseudo-first-order model In(q. — q¢) =Inq, — kqt (Eq. 6)
Ho pseudo-second-order model L = ! + (l) t
0 K202 \ae Ea.7)
Intra-particle diffusion model q: = kit'?2 + C (Eq. 8)
Liquid film diffusion model In(1—F) = —kst (Eq. 9)

2.9 Statistical Analysis

All the experimental data were performed in triplicate. All results are expressed as mean of the triplicates.
Multilevel factorial experimental design was performed to determine the effects of the two factors (OM
content and initial lead concentration) over adsorption capacity. The RSM and the ANOV A were ran using
STATGRAPHICS 18 centurion software (Statgraphics Technologies, Inc., Virginia). Excel® was also used

as calculation and graphical software when necessary.

3. Results and Discussion

3.1 Perturbed Soils characterization

The physical-chemical properties of the studied soils are important to help to elucidate the adsorption and
retention results of Pb*2, as well as to predict the behavior of the process. The soils 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) content is variable, but, because the adsorption of Pb*? is negligible, it is
considered to have no effect on the retention of lead. The OM concentration (humified material) is variable,
and it is assumed to be the only component responsible for the changes in the physicochemical properties of
the soils and, hence, for the retention of the metal. Table 3 summarizes the results of the characterization of

the soils.



Table 3. Physicochemical properties of perturbed soils with different OM content

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

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, 1565 194 508 034 168 199 0.8
% (WIw)
Water retention capacity, %
(viw) 79.39  0.0037 59.59 0.0056 49.68 0.0019  39.66 0.0042
Cation-exchange capacity,

51 2.71 38 3.97 26 3.17 12 2.24

meq/i100 &
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 -

(a) Concentration lower than detection limit (DL)

The variation in the OM concentration influence the physical-chemical properties of soils 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 soils with a high OM concentration can mobilize more
cations on the surface of the soil particles and, not necessarily, retain them. In short, a high cation exchange
capacity generates greater metal mobility (Vega et al., 2009). Since the 0-OM soil has no added OM, the
value obtained from the reported oxidizable organic carbon is due to the reduction of chromium VI, based on
the Walkley-Black method (ICONTEC, 2011). This outcome is corroborated by the values of humic and
fulvic acids, which are directly involved in the adsorption and retention of lead. The original concentration
of Pb in the soils was found to be less than the detection limit of the analytical method (< 0,41 mg/L).
Furthermore, the concentration of sulfates, carbonates and phosphates (not shown) was not detectable, which

avoids losses due to interaction and precipitation with Pb*? in the retention experiments (Nejad et al., 2018).

3.2 Study of the retention of Pb*? based on the adsorption isotherms

The retention of Pb*? in the perturbed soils was determined by adsorption isotherms (C, vs g.). The data
corresponding to each soil were adjusted to the mathematical 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 1) show that 1-OM soil presents a slightly higher
lead retention (taken as guqy) than 0-OM (soil with only bentonite and kaolin) at low concentrations of Pb*?
(10 to 400 mg/L), while at high concentrations (400 to 3000 mg/L) the retention becomes very similar. In
soils with higher OM content (5-OM and 10-OM) a stronger effect on lead retention was observed. However,
the gma/OM ratio decreases as MO increases as follows, 7,948 for 10-OM, 12,2 for 5-OM and 20,89 for 1-
OM. This means that, although a soil with a high concentration of OM has a high capacity to retain lead (II),
this increase is not proportional to the increase in OM.

The results of fitting the data to the mathematical adsorption models are shown in table 4.

Table 4. Parameters extracted from adsorption of Pb*? on soil with different OM
composition using isotherm models in pH 7.0, I=0.01 M NaNOs at 298.15 K

Isotherm 10-OM 5-OM 1-OM 0-OM
Langmuir
Qmix (Mg/g) 79.48 61.61 20.89 19.74
Ky (L/g,10%) 13.70 9.65 3.20 1.02
AG° (kJ/mol) -10.62 -11.50 -14.23 -17.06
R? 0.973 0.984 0.999 0.994
Freundlich
Kr (L/g) 7.22 4.67 4.57 2.87
1/ng 3.058 2.882 4.201 3.460
R? 0.807 0.880 0.861 0.949
D-R
gor (Mg/g) 114.27 87.32 33.68 33.46
Kpr (mol%J2, 102) 0.31 0.33 0.23 0.28
E (kJ/mol) 12.70 12.30 14.74 13.36
R? 0.821 0.886 0.908 0.962

The corresponding graphs to the linearization of Langmuir isotherms is shown in Fig 2.

From the results obtained, it is evident that the OM concentration in a soil affects the retention or leaching of
Pb*2, depending on the concentration of the metal. At low concentrations of Pb*? (below 200 ppm) it is
observed that the adsorption or retention capacity presents a clear difference according to the OM content,
however, at high concentrations of Pb*? (above 1000 ppm) this difference is a little less. In a soil with good
OM content, humic and fulvic acids (main components), have a considerable number of functional groups (-

COQOH, -OH, -NHo,, etc.),) that produce a negative 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 a soil with a high OM content, the aggregation of
particles reduces the active surface and, hence, the negative layer available for metal adsorption become 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*? in solution,
avoiding retention in the solid fraction of the soil. In the organic carbon solubilization, two chemical

equilibriums can occur, represented by Eq. 10 and Eq. 11.

- Y (x-2)7 (x-2)"
PbZE, + x(S)7% = Ph(S)¥™? K - = Po®)yx — [Pb(S)x " ] Ea.10
(@) xS ($)x () Pp(s)&™? Vever - [PD2*]  yis)- - [(S) X (Eq.10)
- Y (x=2)" (x-2)7
2+ - (x-2) o Pb(CO); -[PB(CO)Y 1
Pb(aq) + x(OC)(aq) ~ Pb(Co)x (aq) KPb(CO)gcx_z) - ]/Pb2+ . [Pb2+] K ]/(CO)_ - [(CO)_]x (Eq 11)

Where K and K are the thermodynamic equilibrium constants , y,, is the activity

Pb($)FD" Pb(co)F™D"

coefficient of the specie y and, [Y] is the concentration of the specie Y ( Y =
Pb?*or (S)~or Pb(S)¥® or (€CO)~ or Pb(C0)Y "), being (S)™ the interaction site in the soil and,
(0C)™ the soluble organic carbon. If the soluble metal-carbon equilibrium constant is higher than the metal-
> K

interaction site equilibrium constant (K ), there is a high probability that the metal

Pb(cO){? Po($)$2"
interacts with the soluble carbon and subsequently leaches with no interaction with the adsorption or retention
sites in the soil. Organic carbon leaching 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 a
considerable retention of the metal in the soil. A soil having 1% OM, there is little probability of finding
organic carbon in solution and therefore, Pb*? ions will not react with organic compounds in solution, but
they will do with the adsorption sites in the soil, increasing the probability of being retained (Cao et al.,
1999).

From Fig 2 it is easy to deduce that, qualitatively, all experimental data is fitted properly to the Langmuir
isotherm, which is corroborated by the highest values of the regression coefficient (0.973 to 0.999) for all
perturbed soils. This model assumes the formation of a monolayer on the surface of soil particles, which g
is the concentration necessary to saturate the soil particles 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: Free energy, AG’, (AG° = —RT InK}), gives negative values (table 4) which it can be attributed that a

10



spontaneous and thermodynamically favorable process (Mishra et al., 2012). The adsorption intensity, Ry,

(R, = ﬁ), also confirms a favorable Langmuir adsorption, since the R; values are less than 0.1 (0.02 to
L%o0

0.70) (Nanta et al., 2018). 1/nr values, obtained from the slope of linearized Freundlich equation, greater than
1, indicates that the adsorption in multilayers is unfavorable (Al-Gouthi & Da’ana, 2020). In this case, the
1/nr values were above 1 (2,88 and 4,20), which confirms that monolayer adsorption (described by the
Langmuir model) is favorable. The gua values, obtained from the slope of linearized Langmuir model,
increase as the OM increases (19,74 to 79,48 mgg). The adsorption strength can be inferred from the K,
coefficient and calculated from the intercept of the linearized Freundlich equation (Karim et al., 2020). The
outcomes show that the K; value of the 1-OM soil has an appreciable difference with respect to the 0-OM
soil caused by the increase in OM, however, in soils with 5-OM and 10-OM this difference is not as high as
expected.

Lead retention in the 10-OM soil at two different concentrations (0.01 M and 0.1 M) of NaNO3 (background
solution) was carried out. The outcomes show that the increasing 10-fold of background solution (from 0.01
M to 0.1 M) leads to a lower Pb*? retention of ca 50 % (Fig 3). This fact indicates that lead retention in soils
is strongly affected by ionic strength.

The D-R adsorption model has been used to describe the adsorption mechanism based on the concept of
adsorption free energy, where a homogeneous surface or constant sorption potential is not assumed (Lasheen
et al., 2012), and to differentiate between physical, chemical, or ion exchange adsorption of metal ions (Al-
Gouthi & Da’ana, 2020; Wang et al., 2016). The monolayer adsorption capacity (gpr) obtained by D-R
isotherm increases from 33.46 mg/g for 0-OM to 114.27 mg/g for 10-OM (table 4), this behavior is in
accordance with the adsorption capacity calculated by Langmuir isotherm. The free adsorption energy, E, (

E= %) is the energy necessary to adsorb 1 mol of Pb*? from the bulk solution onto the soils particles (Sen

& Bhattacharyya, 2011). According to literature, it is considered that the process corresponds to a physical
adsorption when E is between 1 kJ/mol and 8 kJ/mol, ion exchange with E is between 8 kJ/mol 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 soils (table 4), which ranged between 12,30 — 14,74
kJ/mol, indicating that the ion exchange is the mechanism that explains the adsorption process in the
perturbed soils 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 a soil

with OM (Gustfasson et al., 2003).

11



The simultaneous effect of the OM content and initial lead concentration on adsorption capacity by a response
surface plot was determined, as shown in Fig 4. In the plot, it can be seen that the two studied factors in
relation to the response variable present curvatures, that is, quadratic effects. A quadratic effect suggests that
the simultaneous response to the two factors is not linear (Gutiérrez & 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 SRM was evaluated by the determination coefficient (R?). The closer R? is to 1, the
stronger the model, and better the model predicts the response variable (Amini et al., 2008). The value of R’
obtained was 0,9470 with a standard deviation of 5,2, indicating that there is statistical evidence that only

5.30% of the variables are not explained by the mathematical expression (Eq. 12).

Y = —4,50 + 0.0370x, + 3.30x, — 1.0 * 105x2 + 0,02016x,x, — 0,2380x2 (Eq. 12)

Where Y corresponds to the lead adsorption capacity (g.), x; is the initial lead concentration and x; 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 quadratic effect of the OM is higher (-0.2380) than that of Pb*?
initial concentration (-0.00001) which signifies the strong effect of OM on the adsorption of the metal in the
soils.

The regression (R?) and correlation (r) coefficients obtained were 0,9469 and 0,9731 respectively, meaning
that the data fit appropriately to a linear model and show 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 prediction of g..

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). Thus, a soil that takes
shorter time to reach the equilibrium can retain the metal more easily, while in those systems that take longer,
leaching can occur. This rate transfer of Pb*> from the aqueous 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). Fig 6 shows the behavior of lead adsorption in equilibrium (g.) as a function of

12



time, ¢, (from 3 to 360 minutes) of the soils with different OM concentration. In the four studied soils, the
amount of adsorbed lead increases with time until reaching the equilibrium state. The time needed to get the
equilibrium was 10 minutes for the 0-OM soil, 15 minutes for 1-OM, 20 minutes for 5-OM and 60 minutes
for the 10-OM soil. Although the amount of OM in the 1-OM soil is very low, it is enough to show the
difference in time at the equilibrium point with 0-OM soil; however, the adsorption capacity is very similar
at the end of the plots. In 1-OM and 5-OM soils there is not much difference in time that it takes to reach
equilibrium (5 minutes); nevertheless, the difference in the g, value is greater. These observations agree with
the &, value (rate constant) of the pseudo-second order model. Despite the fact that the soil with 10-OM has
twice the OM content, the adsorption capacity at equilibrium is not that much. The fast lead adsorption on
the different soils 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*? and binding sites is due to chemical interactions rather than physical adsorption
(Tan et al., 2008). The aggregation of the particles in the soil with higher OM content generates electrostatic
and steric repulsions between the Pb*? 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 M to 0.1M, in which the repulsion and
competition between the Pb*? and Na* cations for the adsorption sites causes a decrease in the capacity of
retention of ca 50%.

Four kinetics 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 (R?) of the Pb*? adsorption obtained by the four models for the tested soils.

Table 5. Kinetic parameters for the adsorption of Pb*? ions into materials with different OM
composition at at 298 * 1 K, pH=7, 1=0.01 M NaNO3, Cpy*? initiay = 500 mg/L
OM composition, % (w/w)

Models Parameters

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

pseudo first k> (1/min) 0.0344 0.0067 0.0191 0.0210

order R? 0.862 0.889 0,823 0,850
ceudo qe (mg/g) 27.62 20.89 5.39 491

sec%nd order k, (g/(mg+min)) 1.1x103 6.0x107 0.0568 0.0595

R? 0.989 0.999 0.999 0.999

Intra-particle  k (mg/(g+ min'’?)) 2.248 0.887 0.155 0.222

diffusion R? 0.926 0.807 0.729 0.810

Liquid film a 0.0278 5.5x10* 0.0119 0.0105

diffusion R? 0917 0.956 0.920 0.936
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Taking the regression coefficient as an adjustment parameter to a linear model, it is observed that the highest
R? 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 display 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 components
can exhibit different sort of interaction with the cation, either attraction or repulsion (Limousin et al., 2007),
which explains why all the models present some adjustment. However, the model with the highest regression
coefficient is the Ho's pseudosecond-order model. Furthermore, it is the only one that shows a notable
variation of the rate constant (kz), in the following sequence: OM-10; 6x10-4 <OM-5; 5.9x10-3 <OM-1;
0.0625 g/(mg* min).

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 and Mckey (1999)
assume that the pseudo-second order model "is based on the assumption that the rate-limiting step may be
chemical surprise or chemisorption involving valency forces through sharing or exchange of electrons
between sorbent and sorbate", which is consistent with the E values found from the Langmuir model, from
which it is concluded that lead interacts with carboxylic and phenolics groups from OM by ion exchange
(Mohapatra et al., 2009; Ozca et al., 2009; Qiu et al., 2009). The importance of these groups in the adsorption
of heavy metals, including lead, was observed by shi et al. (2016). Note that the value of R? for 10-OM is not
as high as in the other soils, meaning a higher deviation of the adsorption process. This deviation may occur
for the decreasing of the adsorption of lead at high OM content. A conclusion that can be drawn from this
work is that a high OM concentration does not guarantee a 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 surface, this
being the limiting step in adsorption kinetics (Mom¢ilovi¢ et al.., 2011). The diffusion coefficient values
found (table 5) are high in contrast to values found in the literature of 10'° to 10 (Sen & Bhattacharyya,
2011), which suggests that there is a high flux of Pb?* ions on the surface of the soil particles. In this way, it
is possible to discard that the limiting step in the adsorption kinetics is the transference of the ion to the

surface of the adsorbent.
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5. Conclusions

The results showed that lead retention increased with increasing organic matter concentration. This difference
in lead retention can be attributed to the effect of organic matter. The increase in lead retention does not occur
in the same proportion as the increase in organic matter content. The application of the mathematical models
of adsorption allows to conclude that the Langmuir model is the one that best fit the experimental data, which
suggests an adsorption on the surface of the soil particles in monolayer.

The findings showed that the process was thermodynamically spontaneous and exothermic. The application
of the response surface model allowed to determine the quadratic effects of the two evaluated factors, that
led to corroborate that lead adsorption in soils is not proportional with OM concentration. The adsorption of
Pb*? in the perturbed soils followed the pseudo-second order kinetic model. This model allowed to deduce
that the adsorption mechanism occurs by ion exchange, which is confirmed by the decrease in the lead
retention when the background solution increases the concentration by ten-fold. Finally, it can be concluded
from the results that a soil with high organic matter content does not retain Pb*? completely and allows it to
filter into the soil polluting groundwater. This fact must be taken into account when designing soil

remediation methods by adding substances that immobilize the metal by means of stronger energy adsorption.
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Figure 1

Adsorption isotherms of Pb(ll) in materials with several OM content: 1 0 %, I 1%, I 5%, A 10% at 298 + 1 K,
pH 7,1=0.01 M NaNO3.
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Figure 2

Linearization of Langmuir isotherm for lead adsorption on soils with A 0 %, 1l 1%, ! 5%, 1 10% at 298K, pH
7,1=0.01 M NaNO3
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Figure 3



Effect of ionic strength on the adsorption capacity of Pb (Il) in 10-OM ¥ 0.01 M and 1 0,1 M of NaNO3 in
pH7at298+1K
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Figure 4

Response surface of the effect of organic matter and initial Pb () concentrations on the adsorption
capacity at pH 7.0, =0.01 M NaNO3 and 298.15 K.
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Figure 5

Comparison between adsorption capacity of experimental (qe-E) and modeled (ge-M) data
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Figure 6

Pb (Il) adsorption capacity for perturbed soils with several OM content 10 %, I 1 %, ! 5%, A 10% at 298 + 1
K, pH, I=0.01 M NaNO3, Cpb2+(initial) = 500 mg/mL



