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Abstract: Batch kinetic experiments were carried out to quantify and describe the sorption/desorption
of Cu and Pb in ten soils that exhibited a wide range of properties. Sorption isotherms were quantified
using the Langmuir equation, whereas modeling of sorption/desorption kinetics was described using
multireaction model (MRM). Results revealed the nonlinear sorption behavior of Cu and Pb in all
soils. The ten soils exhibited higher affinity to Pb (6.4 to 36.5 mmol kg−1) in comparison to Cu (3.6 to
22.4 mmol kg−1). Simulation of Cu and Pb kinetic data indicated that the rate of sorption reaction
was two orders of magnitude higher than the rate of release. Considering one irreversible site in
addition to one-reversible kinetic site improved the estimation of rates of reaction for both Cu and
Pb in acidic and alkaline soils. All soils exhibited sorption/desorption hysteresis where Pb-releases
ranged between <0.2% and 14.4% of the total sorbed. The respective Cu releases ranged from <0.85%
and 23.4%. The multireaction model, which was successful in describing Cu and Pb for all ten soils,
provided insight into the processes of sorption/desorption of Cu and Pb in all soils.
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1. Introduction

Sorption/desorption reactions in soils control the availability of copper (Cu) and lead (Pb) to plants
and their mobility into the ground and surface waters. Entering of Cu into agricultural soils includes
applications of micronutrient-Cu fertilizers, soils amendments such as biosolids, and Cu-pesticides.
However, Cu is a trace element essential to plant growth. Excessive Cu supply causes potential toxicity
and yield depression [1]. Lead is well known as a major soil contaminant and potentially toxic element
that adversely affect human and animal health [2]. Tóth et al. [3] recounted the threshold values for
Cu and Pb in agricultural soils as 100 and 60 mg kg−1, respectively, according to their ecological or
health risks. Due to varying soil characteristics, wide-ranging soil guideline values have been reported
especially for Pb [1,4–6]. The reactivities of Cu and Pb depend on various soil characteristics such as
pH, cation exchange capacity (CEC), and soil contents of clay minerals, carbonates, oxides, and organic
matter (OM). In addition to soil properties, environmental soil conditions, as well as physiochemical
characteristics of the trace elements control the fate and behavior in soils [7,8]. Accurate prediction of
Cu and Pb sorption/desorption in soils requires evaluation of numerous experimental data that are
derived from various soils.

Soil heterogeneity results in the occurrence of multiple available sites to interact with Pb and Cu.
Such diverseness initiates a complex system of sorption/desorption reactions on soil matrix surfaces.
For instance, Martínez-Villegas and Martínez [9] showed that iron oxides exhibited the highest affinity
to sorb Cu than both OM and montmorillonite as a subsequent to the equilibration time of one month;
whereas a redistribution was followed afterward an additional 8-months of equilibration, then OM
exhibited the highest affinity to retain Cu. Moreover, Cerqueira et al. [10] emphasized the positive
correlation of increasing acidic soils affinities to sorb Cu and Pb with increasing clay fractions of
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vermiculite and chlorite, as well as the elevated level of Fe and Mn oxides. The binding strength of
specific soil constituent to sorb Cu or Pb varies among different soils based on soil pH. Specifically,
Peng et al. [11] applied a comprehensive modeling study using a chemical speciation model and
revealed that soil OM was governing Cu sorption across a wide range of pH with a weak competition
from Fe (hydr)oxide. Nevertheless, results of the speciation model revealed that Pb sorption depended
on pH where clay minerals and OM controlled Pb sorption at low pH, but Fe (hydr)oxide was more
significant at high pH.

Studies on the sorption/desorption of trace element in soils provide insight into their fate
and potential mobility in the soil–water environment. Slow sorption reactions often result in high
mobility of chemicals in soils, whereas slow desorption or release results in their immobility. Due to
soil heterogeneity, several attempts to describe sorption/desorption kinetics coupled with chemical
speciation equilibrium models were achieved. For example, Shi et al. [12] implied soil OM as the
dominant adsorbent by considering two groups of sites to describe Cu and Pb sorption/desorption
kinetics. They found that sites of bi- and tri-dentate group control desorption process on the long-term,
whereas the monodentate sites did not. Peng et al. [13] considered OM, ferrihydrite, and goethite as
binding phases. They reported that Pb exhibited fast kinetic sorption in acidic soils in less than 10 h and
that sorption was mainly controlled by soil OM and pH. Moreover, Undabeytia et al. [14] elucidated
the role of the heterogeneity of retention sites for Cu on montmorillonite clay. These geochemical
speciation models require a large number of parameters and a wide range of reaction databases [15].
It is impractical to comprise speciation of all soil constituents and their specific sites heterogeneity to
quantify the kinetics of trace elements reactions in soils. In the current study, we considered a kinetic
multi-reaction/site model with minimum fitting parameters to describe Cu and Pb sorption/desorption in
ten different soils. The implemented multireaction model (MRM) was widely applied for simulating the
kinetic behavior of different chemicals in soil [16–19]. The MRM examines various sorption/desorption
processes, including reversible and irreversible reactions to describe trace elements kinetics in soils.

Hysteresis of trace elements sorption/desorption is a challenging phenomenon used to accurately
predict kinetic chemicals behavior in soils. Such a non-singularity of sorption/desorption isotherms
occurred due to the difference between forward and backward rate of reactions that varied for soil
organic and inorganic phases under certain circumstances of pH and/or oxidation/reduction. Hysteresis
can be observed for metals (e.g., Cu and Zn), metalloids (e.g., As), and even for ion exchange of some
cations [20]. A literature review revealed that sorption reactions of Cu and Pb are relatively rapid
compared with desorption rate under natural conditions [21–23].

However, numerous studies investigated the sorption/desorption of Cu and Pb in soils. Most of
these studies were focused on reactivity of specific soil constituent such as ferrihydrite [24], goethite [25],
and clay minerals [26,27]. Further studies investigated the effect of different levels/contents of soil
constituent on sorption/desorption processes such as OM [28], both of OM and redox gradient [29], Fe
hydroxides and clay minerals [30]. Each soil constituent exhibits a specific rate and binding strength
affinity to retain a chemical from the aquatic phase, which could vary by changing the ambient soil
circumstances. Eventually, total sorption of a chemical in the soil is a sum of all fractions that are
retained into different soil constituents. A literature review revealed that few studies examined the
sorption/desorption of Cu and Pb for soils having distinctly different properties. The aim of this study
was to quantify and model the sorption/desorption of Cu and Pb on ten soils that exhibited a wide
range of properties. We considered the dissimilarities of major soil characteristics such as pH, soil
particle size distribution, total carbon (TC), and CEC. Our specific objectives were: (i) evaluating Cu
and Pb sorption capacity after 1- and 7-days of equilibration; (ii) quantifying major differences between
Cu and Pb sorption/desorption among the different soils; and (iii) using model simulations to describe
retention kinetics of Cu and Pb for all ten soils.
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2. Materials and Methods

2.1. Sorption/Desorption Experiments

Quantifying Cu and Pb sorption/desorption was carried out using batch kinetic experiments for ten
different soils. Soil texture among chemical properties such as pH, total carbon (TC), cation exchange
capacity (CEC), and CaCO3 content are given in Table 1. Soil taxonomy, particles size distribution and
methodology of soil analyses were presented in a previous study [31]. For sorption/desorption studies,
reagent grade of Cu(NO3)2 and Pb(NO3)2 were applied for preparing a series of 0.239, 0.538, 0.966,
and 1.473 mmol L−1 of Cu and 0.287, 0.657, 1.483, 1.823 mmol L−1 of Pb. All solutions were prepared
using 5 mmol L−1 KNO3 as a background solution. In duplicated Teflon centrifuge tubes, 3 g of each
soil was mixed with 30 mL Cu or Pb solution. The tubes were shaken on a reciprocal shaker for one
day that was followed by seven days at 150 rpm. Subsequently, tubes were centrifuged for 10 min
at 1300× g. For each sorption time (1-day and 7-days), a 5 mL aliquot was sampled to quantify the
residual Cu or Pb concentrations in the aquatic phase. After the second sorption step, the remaining
solution in each tube was replaced with 30 mL of the background solution, 5 mmol L−1 KNO3, to
initiate five desorption kinetic steps. For each step, after shaking the tubes for 2–4 days equilibration
time, a 5 mL aliquot was sampled then the remaining solution was replaced with 30 mL of 5 mmol L−1

KNO3. Inductively coupled plasma–atomic emission spectrometry (ICP–AES; Spectro Citros CCD)
was used for measuring Cu and Pb concentration in the collected aliquot samples.

Table 1. Soil texture and selected chemical soil properties.

Soil Series Soil Texture ¶ pH TC (%) CEC (coml kg−1) Carbonates (%)

Arapahoe Sandy Loam 5.02 10.22 30.10 0.0
Candor-surface Loamy Sand 4.39 2.24 5.30 0.0

Candor-subsurface Sand 4.05 0.56 1.70 0.0
Crowley Silt Loam 5.22 1.16 16.50 0.0
Sharkey Silty Clay 5.49 2.76 39.70 0.0

Nada Sandy Loam 6.61 0.76 6.30 0.0
Olney Sandy Loam 8.12 1.14 10.10 3.32

Houston Silty Clay 7.78 4.26 47.70 26.0
Lincoln Sandy Loam 7.54 1.27 3.00 3.60
Morey Loam 7.74 1.05 27.80 0.0

¶ Soil texture according to USDA soil classification.

2.2. Modeling and Data Analyses

Sorption isotherm, relation between the sorbed amount (S) after 1-day or 7-days vs. the respective
solution concentration at equilibrium Ce of Cu or Pb, was quantified using Langmuir equation
( S

Smax
= kLCe

1+kLCe
, where Smax is the sorption capacity (mmol kg−1), and kL (L mmol−1) is the Langmuir

coefficient). Fitting was performed using nonlinear least square optimization method by coding
Langmuir equation via SigmaPlot 11.2 software package (Systat Software, San Jose, CA, USA).

To describe sorption/desorption kinetic data, a multireaction model (MRM) was utilized to
simulate the kinetics of the sorbed Cu or Pb for each soil. The MRM is a module of Chem-Transport
software package [32]. A single reversible nonlinear kinetic site (S1) was tested according to:

∂S1

∂t
= k1

(
θ
ρ

)
Cn
− k2 S1 (1)

where, ρ and θ are the soil bulk density (g cm−3) and the water content (cm3 cm−3), respectively.
The parameter n is a dimensionless reaction order estimated using 1-day sorption data set fitted by
Freundlich equation (S = kf Cn, where kf is Freundlich parameter, L kg−1) (see [31]). The variable “t”
represents the reaction time (h). The parameters k1, and k2 are the forward and backward rates of
reactions. For evaluating the role of irreversible reaction/site, two scenarios were tested. First, we
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considered a consecutive irreversible reaction on (Ss) site in addition to the reversible site S1. Here, the
simulation was realized according to:

∂S1

∂t
= k1

(
θ
ρ

)
Cn
− (k2 + k3)S1 (2)

∂Ss

∂t
= k3S1 (3)

where, k3 represent the consecutive-irreversible rate of reaction. For the second scenario, a concurrent
irreversible site (Sirr) in addition to the reversible site, S1, were considered according to Equation (1)
and the following equation:

∂Sirr
∂t

= kirr

(
θ
ρ

)
C (4)

where, kirr represent the concurrent-irreversible rate of reaction.

3. Results and Discussion

3.1. Sorption Isotherm

Sorption isotherm for any chemical signifies the relationship between the sorbed amount on soil
and the associated concentration in solution after specific equilibration time. Figure 1 represents Cu
and Pb sorption isotherms for acidic soils after 1-day and 7-days. All isotherms indicated strong
nonlinear behavior with higher soil affinity for Pb in comparison to Cu. Furthermore, the sorbed
amount tended to reach a plateau, i.e., a maximum sorption level. On the other hand, isotherms for
alkaline soils (Olney, Houston, Lincoln, and Morey) indicated that Cu and Pb did not reach a maximum
sorption capacity (Figure 2). Such behavior was confirmed by the results of Langmuir simulations
presented in Table 2. Specifically, Cu-maximum sorption capacities in the acidic soils extended from 3.6
mmol kg−1 (Candor-subsurface) to 22.4 mmol kg−1 (Arapahoe). The high Cu sorption capacity in these
soils associated mainly with the high level of CEC that deduces the role of soil OM and clay contents.
Soil OM exhibits high affinity to sorb Cu by forming strong inner-sphere surface complexes [22,33].
Based on chemical speciation modeling, Peng et al. [13] elucidate that bidentate sites were mostly
governing Cu sorption on soil OM, whereas tridentate sites may be dominant at low Cu concentration.

Figure 1. Cont.
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Figure 1. Sorption isotherms of Cu and Pb for acidic soils. The dashed and solid curves are Langmuir
simulation for 1- and 7-days, respectively.

Langmuir simulations of sorption isotherms shown in Figure 1 verify the distinct sorption
behavior on each acidic soil. For instance, soils with low sorption capacity such as Candor-surface
and Candor-subsurface soils exhibited a gradual increase of the sorbed Cu, whereas soil with high
sorption capacity such as Arapahoe exposed a sharp rise by increasing the applied Cu concentration.
Alkaline soils exhibited a higher affinity for Cu than the acidic soils as indicated by the low Cu
concentration in solution of <5 µmol L−1 at equilibrium for Olney and Houston soils (Figure 2).
Langmuir fitting did not converge data for Cu sorption isotherm for all alkaline soils after 7-days
and that for Olney and Houston after 1-day (Table 2). The non-convergence is due to the absence
of the sorption plateau of those sorption isotherms despite the applied high initial Cu concentration
(1.473 mmol L−1). Elbana and Selim [19] confirmed the higher Cu-affinity of alkaline soils than acidic
soils by miscible displacement studies where alkaline soils sequestrated 40–73% and 99% for long and
short applied-pulses, respectively.

Results of sorption experiments for 1-day and 7-days revealed a strong Cu sorption kinetic
behavior on all soils. Specifically, results in Figures 1 and 2 illustrate the increases of Cu sorption with
increasing equilibration time. Based on standard error values of Langmuir parameters for all acidic
soils, no significant increase in maximum sorption capacity, Smax, was observed except for Candor
surface and subsurface soils. However, the affinity or binding strength parameter, KL increased by
increasing equilibration time (Table 2). Alkaline soils exhibited stronger kinetic behavior than the acidic
soils where Cu concentrations in solution sharply decreased to <2 µmol L−1 after 7-days equilibration
time (Figure 2). Cu-sorption isotherms of the alkaline soils exhibited a strong deviation from the
Langmuir model by increasing equilibration time (Figure 2). Such a deviation is indicative of the
heterogeneity of sorption sites as well as the sorption on alkaline soils did not endorse a monolayer
reaction, which are underlying assumptions for Langmuir isotherm.

Figure 2. Cont.
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Figure 2. Experimental 1- and 7-days-sorption isotherms of Cu and Pb for alkaline soils.

Table 2. Estimated Langmuir Cu and Pb sorption parameters ± standard errors and coefficients of
determination (R2) for different soils after 1- and 7-days.

Soil Sorption
Time

Cu Pb

Smax kL R2 Smax kL R2
(mmol kg−1) (L mmol−1) (mmol kg−1) (L mmol−1)

Arapahoe 1d 21.1 ± 1.1 161.3 ± 18.7 0.993 31.1 ± 5.2 290.9 ± 93.3 0.958
7d 22.4 ± 1.5 211.9 ± 30.0 0.990 36.5 ± 10.0 281.2 ± 129.7 0.933

Candor-surface
1d 6.0 ± 0.4 5.0 ± 1.1 0.965 13.08 ± 1.2 3.8 ± 0.9 0.970
7d 8.0 ± 0.5 7.9 ± 1.8 0.965 13.8 ± 0.9 5.6 ± 1.1 0.981

Candor-subsurface
1d 3.6 ± 1.3 1.9 ± 1.7 0.710 6.4 ± 1.9 1.7 ± 1.2 0.803
7d 4.8 ± 0.5 8.3 ± 3.6 0.882 7.4 ± 1.2 2.6 ± 1.2 0.895

Crowley 1d 12.8 ± 1.1 18.2 ± 5.3 0.954 16.9 ± 0.8 96.3 ± 20.9 0.976
7d 12.2 ± 1.0 37.4 ± 11.8 0.944 16.8 ± 0.9 135.8 ± 36.4 0.964

Sharkey 1d 17.3 ± 1.0 68.0 ± 11.0 0.986 18.6 ± 1.0 1098.1 ± 283.5 0.968
7d 16.8 ± 1.0 128.9 ± 23.8 0.980 18.2 ± 0.6 2288.1 ± 370.8 0.986

Nada
1d 10.1 ± 0.6 28.2 ± 7.8 0.956 16.5 ± 0.9 141.1 ± 38.2 0.963
7d 10.3 ± 0.4 131.1 ± 25.0 0.974 14.4 ± 0.9 362.8 ± 133.3 0.934

Olney 1d NC ¶ 17.9 ± 0.6 2391.6 ± 399.9 0.985
7d NC

Houston
1d NC 36.0 ± 10.0 282.5 ± 133.4 0.930
7d NC

Lincoln
1d 12.8 ± 0.7 238.6 ± 51.9 0.963 14.1 ± 0.9 5.5 ± 1.1 0.982
7d NC

Morey 1d 16.8 ± 0.8 270.7 ± 37.3 0.985 7.7 ± 1.2 2.6 ± 1.1 0.904
7d NC

¶: Langmuir fitting did not converge.

Results of maximum sorption capacities for Pb on the alkaline soils after 1-day ranged from
7.7 mmol kg−1 (Morey) to 36.0 mmol kg−1 (Houston), whereas most applied Pb was sorbed after
7-days. Elbana et al. [8] reported that Pb exhibited the highest nonlinear sorption on several Egyptian
calcareous soils compared with Cu, Zn, Cd, and Ni. Our results of Pb-maximum sorption capacities
in the acidic soils extended from 6.4 mmol kg−1 (Candor-subsurface) to 36.5 mmol kg−1 (Arapahoe).
Elbana et al. [23] reported similar high sorption capacities maxima for a nonlinear Pb retention in range
of 19.37 to 24.77 mmol kg−1 for two acidic soils. As indicated in Figure 1, the lowest Pb retention for
Candor-subsurface soil was doubled for Candor-surface. Such intensification in the sorbed amount
for the surface layer can be ascribed to the fact of its four times TC content higher than that of the
subsurface layer (Table 1). This TC in acidic soils can be considered as organic carbon where no
carbonates were detected. Strawn and Sparks [28] stated that removing OM from an acidic soil reduced
total sorbed Pb by 40% compared to the untreated soil with 2.1% OM. Sorption isotherms of Arapahoe
and Sharkey soils exhibited accelerated sorbed amounts that did not reach a specific level or maximum
sorption by increasing applied concentration. Nada and Crowley soils exhibited a steep sorption
isotherm that was terminated with well-defined Pb sorption maxima (Figure 1).

Based on values of stander errors, acidic soils exhibited insignificant numerical variation in
Pb-maximum sorption capacities between 1-day and 7-days equilibration times (Table 2). However,
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Langmuir affinity parameter, KL increased with equilibration time for Crowley, Sharkey, and Nada soils
(Table 2). The Pb-Sorption isotherms of alkaline soils exhibited a sharp deviation from the Langmuir
model as contact time increased (Figure 2). Such divergence of soil affinity behavior indicates a
time-dependent effect on Pb-sorption particularly for Lincoln and Morey soils. Low Pb concentrations
in the solution at equilibrium associated with Olney and Houston soils revealed the higher affinity to
retain Pb than Lincoln and Morey soils. In general, results of Pb sorption isotherms revealed that each
soil exhibited higher affinity to sorb Pb than Cu. The only exception is that for Morey soil where Pb
sorption was lower for Cu after 1-day reaction (Table 2). However, the sorbed amount on Morey soil of
Pb (15.76 ± 0.03 mmol kg−1) was slightly higher than the sorbed Cu (14.62 ± 0.07 mmol kg−1) for the
highest applied initial concentration after 7-days of equilibration time. Slow sorption kinetics of Pb
on Morey soil in contrast with Houston, Olney, and Lincoln soils, can be attributed to the absence of
CaCO3 (Table 1). In fact, precipitation of PbCO3 in calcareous soils is anticipated because of the reaction
of Pb with the dissolved carbonate as confirmed by X-ray diffraction, scanning electron microscopic,
and thermogravimetric studies [34].

3.2. Sorption/Desorption Kinetics

Kinetics of the sorbed Cu and Pb versus time during sorption/desorption reactions are shown in
Figure 3. Different scenarios were evaluated using MRM in an effort to describe the kinetic behavior
of both elements. All experimental data for sorption and desorption were treated as one-data set for
MRM simulations to arrive at best estimated of kinetic rate-parameters [32]. First, the one-reversible
kinetic site was assumed to simulate Cu or Pb chemical behavior. Results for Cu revealed that the
forward rate of reaction (k1, sorption) is, at least, higher by two orders of magnitude than the rate of
backward reaction (k2, desorption) (Table 3). For instance, the highest ratios (k1/k2 of >3500) were
associated with the alkaline Houston and Olney soils, whereas a value of only 12 was associated with
acidic Condor-surface and subsurface soils. The respective ratios for the alkaline Lincoln and Morey
soils were 177 and 183, respectively. The large ratio indicated the limited reversibility of Cu sorption.
For acidic soils, Arapahoe soil exhibited the maximum ratio, k1/k2, of 160 despite that Sharkey soil
was characterized by the highest forward rate of reaction (Table 3). In agreement with our results,
Bearup et al. [35] reported Cu desorption rates from acid and neutral soils that varied between 1.4 ×
10−3 and 5.6 × 10−3 min−1.

Figure 3. Cont.
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Figure 3. Sorbed Cu and Pb vs. time during sorption/desorption on different studied soils. Solid
curves represent multireaction model simulations and the vertical dashed line shows beginning of
desorption process.

The simulation results shown in Figure 3 signify the necessity of considering additional
irreversible reaction. Therefore, two other scenarios were evaluated: (i) one-reversible kinetic site and
one-concurrent irreversible site (S1 and Sirr); and (ii) one-reversible kinetic site and one-consecutive
irreversible site (S1 and Ss). Based on the statistical parameters, fitting of Cu-kinetic data using
these two conditions improved the simulations (Table 3). Only for Candor soils, considering the
additional irreversible site did not improve the estimation of the kinetic parameters. The simulations
of Cu-kinetics shown in Figure 3 were carried out by assuming the additional consecutive irreversible
reaction that provided the best fitting of the experimental data. Such behavior of redistributing among
sorption sites can be elucidated as an influence of dissolved Cu-organic complexes [9,12].

Estimated Pb kinetic parameters are presented in Table 4. The MRM simulation of Pb using
one-reversible kinetic site revealed limited reversibility of Pb on our soils. Houston soil did not indicate
the release of Pb sorbed after 7-days, whereas Olney soil exhibited limited desorption (small k2 value).
The k1/k2 ratios for Lincoln and Morey soils were 1647 and 383, respectively. For acidic soils, the k1/k2

ratio ranged between 620 for Arapahoe soil and <1 for Candor-subsurface soil. A wide-ranging for
k1/k2 ratios of 321 to 5369 have been reported for Pb reactivity in aquifer gravel material [36].

The results of Pb kinetics indicated the significant role of irreversible reaction in both alkaline and
acidic soils. Therefore, two additional scenarios, comparable with Cu simulations, were considered
for fitting Pb-kinetic experimental data. Assuming multi-reaction/sites for Pb sorption is highly
acknowledged in the scientific literature. For instance, Elbana and Selim [37] found that calcareous
soils exhibit strong affinity to retain Pb (>99.5 of the applied Pb) mainly on oxidizable, carbonates,
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and oxides soil constituents. According to the statistical parameters shown in Table 4, considering
one-reversible kinetic site and the one-concurrent irreversible site provide the best-fit simulations for
alkaline soils (Figure 3). Here, solute concentration in the solution phase was assumed to control
directly irreversible- and kinetically reversible-sorbed Pb on alkaline soils. The best fit of Pb kinetic
data on acidic soils was realized by accounting for one-reversible kinetic site and one-consecutive
irreversible site scenario (S1 and Ss) (Figure 3). Such results for acidic soils can be speculated as
to the occurrence of Pb outer-sphere reaction on the soil surface that followed by an inner-sphere
complexation. Strawn and Sparks [28] emphasized the existence of two reactions for Pb in soil, where
a fast reaction was in control for 78% of the total sorbed Pb followed by a rate-limited reaction. Based
on spectroscopic studies, Pb tends to form an inner-sphere bidentate complex on soil minerals at high
pH condition, whereas the formation of inner-sphere monodentate ternary is expected at low pH [38].

Table 3. Multireaction kinetic model (MRM) parameter estimates for Cu sorption/desorption of reaction
rates (k1, k2, k3, and kirr) ± their standard errors, with coefficient of determination (R2) and root mean
square error (RMSE) values.

Soil k1 (h−1) k2 (h−1) k3 (h−1) kirr (h−1) R2 RMSE

One reversible kinetic site

Arapahoe 0.74 ± 0.01 0.0046 ± 0.0002 – – 0.849 0.09
Candor-surface 0.32 ± 0.03 0.0265 ± 0.0026 – – 0.981 3.10
Candor-subsurface 0.02 ± 0.00 0.0019 ± 0.0008 – – 0.981 4.12
Crowley 0.91 ± 0.04 0.0296 ± 0.002 – – 0.919 1.58
Sharkey 0.96 ± 0.01 0.0127 ± 0.0004 – – 0.930 0.24
Nada 1.24 ± 0.05 0.0356 ± 0.002 – – 0.966 1.71
Olney 0.19 ± 0.01 0.0001 ± 0 – – 0.591 0.04
Houston 0.31 ± 0.01 0.0001 ± 0 – – 0.434 0.01
Lincoln 1.46 ± 0.05 0.0083 ± 0.0022 – – 0.784 0.69
Morey 1.08 ± 0.01 0.0059 ± 0.0003 – – 0.934 0.08

One reversible kinetic site and one concurrent irreversible site

Arapahoe 0.48 ± 0.03 0.007 ± 0.001 – 0.0683 ± 0.0101 0.899 0.07
Candor-surface 32.87 ± 1.92 5.813 ± 0.211 – 0.0032 ± 0.0002 0.983 2.42
Candor-subsurface 11.55 ± 1.33 10.545 ± 0.567 – 0.0024 ± 0.0002 0.987 3.00
Crowley 1.14 ± 0.12 0.052 ± 0.008 – 0.0058 ± 0.0008 0.961 1.09
Sharkey 0.88 ± 0.02 0.016 ± 0.001 – 0.0192 ± 0.0031 0.960 0.19
Nada 1.28 ± 0.07 0.041 ± 0.005 – 0.0015 ± 0.0011 0.966 1.69
Olney 4.73 ± 5.65 0.018 ± 0.012 – 1.5818 ± 0.2615 0.772 0.04
Houston 11.68 ± 0.16 0.009 ± 0.001 – 2.3836 ± 0.2477 0.627 0.01
Lincoln 0.63 ± 0.14 0.009 ± 0.005 – 0.0591 ± 0.0104 0.820 0.63
Morey 0.48 ± 0.03 0.008 ± 0.001 – 0.0877 ± 0.0061 0.963 0.06

One reversible kinetic site and one consecutive irreversible site

Arapahoe 0.8 ± 0.02 0.0065 ± 0.0005 0.0008 ± 0.0002 – 0.914 0.07
Candor-surface 0.38 ± 0.03 0.043 ± 0.005 0.0023 ± 0.0004 – 0.991 1.69
Candor-subsurface 0.23 ± 0.37 0.1893 ± 0.3496 0.0123 ± 0.0033 – 0.993 2.08
Crowley 1.12 ± 0.08 0.0449 ± 0.0046 0.0009 ± 0.0002 – 0.962 1.09
Sharkey 1.05 ± 0.02 0.0163 ± 0.0008 0.0006 ± 0.0001 – 0.967 0.17
Nada 1.5 ± 0.11 0.0528 ± 0.0059 0.001 ± 0.0002 – 0.977 1.26
Olney 0.3 ± 0.08 0.0006 ± 0.0003 0.0074 ± 0.0009 – 0.813 0.03
Houston 0.35 ± 0.03 0.0001 ± 0.0000 0.0016 ± 0.0005 – 0.642 0.01
Lincoln 2.65 ± 0.09 0.0551 ± 0.0022 0.0126 ± 0.0008 – 0.820 0.64
Morey 1.09 ± 0.02 0.0061 ± 0.0008 0.0001 ± 0.0003 – 0.934 0.08
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Table 4. Multireaction kinetic model (MRM) parameter estimates for Pb sorption/desorption of reaction
rates (k1, k2, k3, and kirr) ± their standard errors, with coefficient of determination (R2) and root mean
square error (RMSE) values.

Soil k1 (h−1) k2 (h−1) k3 (h−1) kirr (h−1) R2 RMSE

One reversible kinetic site

Arapahoe 1.01 ± 0.01 0.0016 ± 0.0001 – – 0.873 0.09
Candor-surface 0.33 ± 0.04 0.0243 ± 0.0042 – – 0.922 21.40
Candor-subsurface 0.02 ± 0.004 0.0262 ± 0.0073 – – 0.969 25.07
Crowley 5.24 ± 0.16 0.0313 ± 0.0014 – – 0.910 3.42
Sharkey 5.31 ± 0.03 0.014 ± 0.0002 – – 0.933 0.21
Nada 17.91 ± 7.14 0.0979 ± 0.0388 – – 0.928 4.93
Olney 7.17 ± 0.01 00.000 ± 0.000 – – 0.923 0.21
Houston – – – – – –
Lincoln 3.68 ± 0.06 0.0022 ± 0.0005 – – 0.974 6.66
Morey 3.21 ± 0.17 0.0084 ± 0.0009 – – 0.977 11.66

One reversible kinetic site and one concurrent irreversible site

Arapahoe 0.73 ± 0.12 0.002 ± 0.0002 – 0.0609 ± 0.0262 0.877 0.09
Candor-surface 31.05 ± 5.35 4.8184 ± 0.9139 – 0.0057 ± 0.0005 0.960 12.57
Candor-subsurface 5.34 ± 0.30 15.0795 ± 0.6076 – 0.0022 ± 0.0003 0.977 15.95
Crowley 5.36 ± 0.26 0.0371 ± 0.0042 – 0.0059 ± 0.0029 0.920 3.29
Sharkey 4.88 ± 0.03 0.0145 ± 0.0002 – 0.0114 ± 0.0002 0.928 0.22
Nada 37.03 ± 0.87 0.207 ± 0.0055 – 0.001 ± 0 0.923 5.10
Olney 1.08 ± 0.004 0.0089 ± 0.000 – 0.1491 ± 0.0003 0.995 0.03
Houston – – – – – –
Lincoln 1.65 ± 0.22 0.0094 ± 0.0036 – 0.0253 ± 0.0025 0.984 5.07
Morey 1.1 ± 0.2 0.005 ± 0.0029 – 0.012 ± 0.0014 0.989 7.65

One reversible kinetic site and one consecutive irreversible site

Arapahoe 1.05 ± 0.01 0.0021 ± 0.0001 0.0007 ± 0.0002 – 0.926 0.07
Candor-surface 115.76 ± 2.95 2.2015 ± 0.0413 0.0026 ± 0.0001 – 0.982 8.15
Candor-subsurface 4.84 ± 0.75 14.0651 ± 0.303 0.0077 ± 0.0012 – 0.979 15.85
Crowley 6.11 ± 0.32 0.0424 ± 0.0033 0.0006 ± 0.0001 – 0.951 2.41
Sharkey 5.38 ± 0.05 0.0147 ± 0.0004 0.0001 ± 0.0001 – 0.931 0.21
Nada 21.81 ± 2.51 0.1233 ± 0.0142 0.0002 ± 0.0001 – 0.932 4.61
Olney 9.2 ± 0.01 0.0172 ± 0.0001 0.0000 ± 0.0000 – 0.852 0.17
Houston – – – – – –
Lincoln 4.58 ± 0.24 0.021 ± 0.0043 0.0041 ± 0.0007 – 0.974 6.72
Morey 3.2 ± 0.17 0.0092 ± 0.0012 0.0014 ± 0.0003 – 0.978 11.78

3.3. Cu and Pb Hysteresis

The variation of Cu and Pb sorbed amounts on soil with its associated equilibrium concentrations
in solution during sorption and desorption processes are shown in Figure 4. Nonsingularities of Cu
and Pb sorption/desorption isotherms signify the role of hysteresis reactions in our soils. Discrepancy
between sorption from the desorption isotherms is indicative of kinetic as well as possible irreversible
retention [39]. For the acidic soils, the average Cu released by the end of sorption/desorption experiments
as a relative-fraction from 7-days sorbed amount were found to be in order of Candor-surface (23.4%)
> Crowley (21.2%) > Nada (19.7%) > Sharkey (4.7%) > Candor-subsurface (4.2%) > Arapahoe (1.18%).
Such a variation between Candor soils can be attributed to lower sorption capacity after 7-days for the
subsurface soil (4.8 mmol kg−1) compared to the surface soil (8.0 mmol kg−1) (see Table 2, Figure 1).
However, the respective Cu released from the alkaline soils was less than 0.85%. As expected, all soils
exhibited lower released fractions of Pb compared with Cu (Figure 4).
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Figure 4. Hysteresis of Cu and Pb sorption/desorption on different studied soils. Curves represent
multireaction model simulations.

The average Pb released from the acidic soils were found to be in descending order as
Candor-surface (14.4%) > Candor-subsurface (11.0%) > Nada (8.8%) > Crowley (7.8%) > Sharkey
(0.77%) > Arapahoe (0.41%). The releases of Pb from alkaline soils did not exceed 0.2% of the total
sorbed after 7-days. Such strong hysteresis indicate the absence of ion-exchange reaction between
Pb cations and protons on the studied soils. In agreement with our findings, Cerqueira et al. [10]
found that soils with high to moderate pH, high effective CEC, and elevated levels of Mn/Fe oxides
exhibited the highest Cu and Pb sorption irreversibility. Moreover, with experimental circumstance of
low pH < 5, Gao et al. [21] showed substantial deviation between Pb sorption/desorption isotherms by
replacing the supernatant with free Pb solution and the hysteresis was increased upon aging.

4. Summary and Conclusions

The study of Cu and Pb sorption/desorption was conducted by batch experiments and modeling
of their kinetic behavior on ten soils. Sorption isotherms of Cu and Pb indicated nonlinear chemical
behavior and strong retention of both elements. Each soil exhibited higher affinity to sorb and to retain
Pb than Cu. The results revealed the increase of binding strength of Cu and Pb with soil by increasing
equilibration period. Sorption/desorption isotherms of Cu and Pb exhibited hysteresis phenomenon
that indicated substantial irreversibility of Cu and Pb in the studied soils. The highest fraction of the
desorbed Pb as a portion of the total sorbed was less than 15%, whereas the respective value for Cu
was 23.4%. Soil OM and CaCO3 contents control sorption/desorption for acidic and alkaline soils,
respectively. Furthermore, the multireaction model provided the best fit of kinetic parameters by
considering the irreversible reaction/site beside kinetic reversible one for both acidic and alkaline soils.
The obtained kinetic data can be applied to assess leaching and availability of Cu and Pb in soils.
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