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Abstract
Purpose The close association of Fe-oxyhydroxides and clay minerals might influence the sorption properties of these compo-
nents. We aimed to study the effect of removing the pedogenic Fe-oxyhydroxides on the sorption of Cd, Cu, Pb, and Zn by the
clay mineral particles in soils with contrasting pH.
Methods Competitive batch sorption experiments before and after Fe-oxyhydroxide extraction in soils were carried out together
with the direct analysis of the metal sorption on individual particles of ferrihydrite, smectite, and illite/smectite by TEM.
Results Ferrihydrite was a more effective metal sorbent than clay minerals, although its removal resulted in decreased sorption
only for Cd, Cu, and Zn. Ferrhydrite coating blocked metals’ access for certain sorption sites on clay surfaces, which were only
accessible for Pb as the most efficient competitor after removing the coating. This observation was the most remarkable for the
smectite particles in the alkaline soil. Mineral surfaces sorbed higher Cu than Pb concentrations and higher Zn than Cd concen-
trations despite the former metals’ lower bulk sorption. Thus, organic surfaces and precipitation contributed to Pb and Cd’s
retention to a greater extent than for Cu and Zn. The structural Fe of smectite also promoted the metal sorption in both soils.
Conclusion Removal of iron-oxyhydroxide coatings from the soil affects metal sorption selectively. Direct study of metal
sorption on individual soil particles enables us to gain a more in-depth insight into soil minerals’ role in this process.

Keywords Ferrihydrite coating, . Smectite, . Metal sorption, . DCB extraction, . TEM

1 Introduction

The risk of metals pose due to their toxic potential depends
substantially on their sorption equilibria and dynamics in soils.
A heterogeneous soil system consists of both organic and inor-
ganic constituents with different affinities for metals. Soil organ-
ic matter, clay minerals, and Fe-oxyhydroxides are primarily
involved in metals' sorption (Shaheen et al. 2013). The

heterogeneous nature of these components and their particle
interactions are well-known phenomena in soils (Zachara et al.
1992). Metal sorption on a given soil component is not only
influenced by the co-existence of other phases (Violante and
Pigna 2002), but they may change the surface properties for
each other, and they can form ternary complexes (Rafaey et al.
2017) or particle associations (Sipos et al. 2018). Hydrous Fe
oxides are often present as partial coatings on phyllosilicates in
soils rather than discrete, well-crystallized minerals (Wu et al.
2017; Gomez-Gonzalez et al. 2018).

Moreover, clay minerals have a significant role in the for-
mation and stability of Fe-bearing solid phases during redox
cycles in soils (Van Groeningen et al. 2020). Several studies
showed the importance of these surface coatings in controlling
metal distribution in soils and sediments (Zachara et al. 1995;
Uygur and Rimmer 2000). According to Xu and Axe (2005),
as the nano-sized oxyhydroxide coatings increase the surface
area, introduce small pores, and change the host particle’s
surface charge distribution, so the coated system may exhibit
a larger affinity for metals. Saha et al. (2002) found that the
close association of oxyhydroxides and clay minerals might
significantly enhance these components' adsorption
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capacities. These properties allow the Fe oxyhydroxides to
exert chemical activity far out of proportion to their
concentration.

The direct study of metals sorption by soil components dem-
onstrated that the association of iron and clay minerals plays a
unique role in retaining metals (Sipos et al. 2009). In some in-
stances, these associations’ contributions may be even greater
than the summation of the effects of the individual components
themselves (Cerqueira et al. 2015). Sipos et al. (2018) found that
Fe concentrations of the individual soil mineral particles often
positively correlate with the sorbed metal concentrations. This
correlation was related to the increasing contribution of Fe-
oxyhydroxides within the particle associations in alkaline soils
and the increasing Fe concentration of clay mineral particles in
acidic ones (Sipos et al. 2019). Laboratory experiments studying
the sorption characteristics of clay minerals coated by Fe-
oxyhydroxides also revealed the importance of such coatings in
metal retention. Borgnino et al. (2009) observed that the coating
of montmorillonite by ferrihydrite increased the specific surface
area and, as a result of this, the clay mineral phase's sorption
capacity. Additionally, Wu et al. (2009) found that Fe-
montmorillonite adsorbed higher amounts of Cd than Ca-mont-
morillonite, which was related to the larger interlayer spacing of
the former. Contrarily, a coating may also decrease the soil min-
erals’ metal sorption capacity by blocking the specific binding
sites of the coated particles, as was found by Refaey et al. (2014)
after coating Fe-oxyhydroxides and clay minerals with organic
matter. The above results were obtained onmodel colloid assem-
blages prepared in the laboratory, and still, there are no data
through direct observations of these phases within soils.

Due to the intimate particle associations of minerals in the
soil, it is experimentally challenging to separate the clay min-
erals' role as metal sorbents in soils quantitatively. To date,
several techniques and their combination have been used to
quantify the contribution of different sorbent phases to metal
sorption in soils (Malandrino et al. 2006; Covelo et al. 2008;
Kopittke et al. 2017; Zhao et al. 2018). They had often led to
contradictory results when comparing the sorption properties
of soils before and after the extraction of Fe-oxyhydroxides.
Some studies (Elliot et al. 1988;Wu et al. 1999; Li et al. 2015)
found the increase of metal sorption after Fe-oxyhydroxide
removal, which could be related to the increased electrostatic
attraction between cationic elements and the surface of clay
particles after the removal of the coating. Others (Cavallaro
and Mcbride 1984; Silveira et al. 2002) found a considerable
reduction in the sorption of metals after Fe-oxyhydroxide ex-
traction, which indicated the primary role of the removed
phases in metal sorption. The lack of a consistent response
to Fe-oxyhydroxide removal reflects the variation of soil min-
eralogy, the form in which these phases occur (coatings vs.
discrete mineral entities), the nature, location, and distribution
of metal adsorption sites, and differences in metal sorption
characteristics (Wu et al. 1999; Agbenin and Olojo 2004).

Thus, much of the current knowledge on the role of Fe-
oxyhydroxides, clay minerals, and their assemblages in metal
sorption by soils is still based on the extrapolation of sorption
data derived from bulk soils or single soil components. That is
why the importance of these components as sorbents in the
soil is described still not well. This study has combined sev-
eral approaches to investigate metals’ sorption in soil mineral
particles, like Fe-oxyhydroxides and clay minerals. We used
batch sorption experiments on bulk soils, direct analysis of
metals sorption on individual soil mineral particles, and selec-
tive extraction of Fe-oxyhydroxides from the soil together to
study mineral surfaces’ role in sorption of Cd, Cu Pb, and Zn.
We aimed to investigate the effect of removing the ferrihydrite
on the sorption of metals by smectite and illite/smectite parti-
cles in mineral soils with contrasting pH. The role of soil
organic matter (SOM) in this process will not be evaluated
in detail. However, it can be closely associated with the poorly
crystalline soil mineral phases, affecting their metal sorption
properties. For example, according to Mikutta et al. (2006),
mineral dissolution released, on average, 73% of the stable
organic carbon in forest soils. However, this portion of SOM
can be extracted only by strong soil acidification, resulting in
changes in the soil mineralogy (Swift 1996). That is why we
used mineral soils with similarly low organic matter content in
this study to minimize the differences in metal sorption due to
organic coatings on the studied mineral surfaces.

2 Materials and methods

2.1 Soils and sample preparation

We studied two soil samples showing similar physicochemi-
cal and clay mineralogical characteristics except for their pH.
The sample with acidic pH was collected from a Luvisol Bt

horizon (sample LB), whereas the one with alkaline pH from a
Pheaozem Ck horizon (sample PC). Their other properties,
like total organic carbon content (TOC), BET-surface area
(BET), cation exchange capacity (CEC), iron, and clay con-
tent, showed very similar values (Table 1). Additionally, their
clay mineralogy can be characterized by the dominant pres-
ence of smectite and illite-smectite mixed layer species, as
shown by the X-ray diffractometric analyses (Figure S1).

For the samples’ physicochemical characterization and the
metal sorption experiments, the samples were air-dried, sieved
through a 2-mm sieve, and finally crushed gently in an agate
mortar. The clay fraction of the samples were separated by
sedimentation in aqueous suspension. After Harris and
White (2008), several diagnostic treatments were carried out
on the clay fractions to identify the clay mineral species by
XRD.

Iron-oxyhydroxides were extracted from the soils using the
modified dithionite-citrate-bicarbonate (DCB) procedure by
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Jackson et al. (1986). The extraction temperature was lowered
from the suggested 75–80 to 50°C, as we observed partial
dissolution of both clay mineral and calcite particles by trans-
mission electron microscopy (TEM) after the extraction at the
former temperature (Figure S2). Several other studies reported
such dissolution (Rennert 2019), and it is related to the fact
that citrate may form complexes with Ca2+ and Al3+. It is even
used to extract both carbonates and silicates from soils (Shang
and Zelazny 2008). We have not observed the particle corro-
sion in the studied samples using the DCB procedure at 50°C.
Additionally, we have found no significant difference be-
tween the extracted iron at the two temperatures in both sam-
ples. After the extractions, soil samples were washed three
times with distilled water, and after that, they were equilibrat-
ed with 0.01M Ca(NO3)2 solution at pH 5.5 for 1 h to remove
the residuals of chemicals.

Competitive batch sorption experiments were carried out
on the soil samples before and after the iron-oxyhydroxide
extractions in duplicates. The initial Cd, Cu, Pb, and Zn
(added in the form of nitrate) concentrations were set to 0.1–
10 mmol/L in a 0.01 M Ca(NO3)2 background electrolyte
solution with an initial pH of 5.5. Soil samples of 1 g were
equilibrated with 30 mL of solutions by shaking for 24 h at
room temperature. Metal concentrations and pH of the solu-
tions were analyzed after centrifugation of the suspension at
4000 rpm for 20 min and filtering the supernatant.

TEM analyses were carried out on the initial samples be-
fore and after iron oxide extractions and also on samples equil-
ibrated with the solutions containing the highest initial metal
concentrations. For these analyses, the washed, Ca-saturated,
and air-dried samples were slightly grounded under ethanol to
have a suspension. A drop of the resulting suspension was
deposited onto a pure carbon-coated gold TEM grid (Ted
Pella).

2.2 Analytical methods

Soil pH was analyzed in 0.1 M CaCl2 solution with a soil to
solution ratio of 1:2.5. The TOC content was studied with a
TOC analyzer (Tekmar-Dohrmann Apollo 9000N), the BET-
surface area using gas sorption with N2 gas (Quantochrome
Autosorb-1- MPV), and the particle size distribution with the
laser diffraction method (Fritsch Analysette Microtech A22).
The cation exchange capacity of the soils was studied after the

ISO 23470:007 (2007) method with [Co(NH3)6]Cl3 solution,
and atomic absorption spectrometry (AAS) was used to ana-
lyze the Co concentrations in the solutions (Perkin Elmer
AAnalyst 300). The carbonate content was determined with
the Scheibler calcimeter method. Clay mineralogical analysis
was carried out by powder X-ray diffraction (RigakuMiniflex
600). The concentration of Fe extracted by the DCB procedure
was analyzed by the AAS method.

Metal concentrations in the equilibrium solutions of the
sorption experiments were studied by AAS. The Langmuir
and Freundlich equations were used to describe the metals’
adsorption from the solution to the solids (Tran et al. 2017).
The equations are given in the supplementary material.
Langmuir maximum saturated monolayer capacity (Qm –
mmol/kg), Langmuir separation factor (RL – dimensionless),
as well as Freundlich constant (KF – mmol/kg) were used to
evaluate the sorption characteristics of the studied samples.
Isotherm model parameters were obtained using non-linear
regression analysis. The coefficient of determination (R2)
was used to assess isotherms’ applicability to the experimental
data.

TEM analyses were carried out using an FEI-Themis 200
G3 microscope for the soil particles’ mineralogical character-
ization. The analyses were carried out at 200 keV with a CS
corrected objective lens (FEG, point resolution is around
0.09 nm in HREM mode) equipped with an FEI Super-X
EDS detection system. The high-resolution TEM images were
analyzed using Velox (FEI) software. The chemical analysis
of the individual soil mineral particles was carried out using a
Philips CM20 microscope equipped with a Noran energy dis-
persive spectrometer (EDS). The instrument was operated at
200 kV with a LaB6 filament. For chemical analyses, a 5-nm
beam parameter and counting times of 100 s were used. The
chemical composition was calculated based on 100 nm sam-
ple thickness and 2.5 g/cm3 density for the silicate particles. In
contrast, for large Fe-oxyhydroxide aggregates, the density
and thickness were set up to 4.5 g/cm3 and 500 nm, respec-
tively. Joint evaluation of the diffraction pattern and chemical
composition of the particles were used for their identification.
Metal sorption capacity of the individual soil mineral particles
was studied by the direct analysis of metals’ concentration on
the given particle by point analyses using EDS. Between 14
and 42 particles was studied by point chemical analysis within
the studied particle type groups.

Table 1 Major physicochemical properties of the studied samples. LB Luvisol B horizon, PC Phaeozem C horizon

pH TOC BET CEC Fe FeDCB Clay CaCO3

(CaCl2) (g/kg) (m2/kg) (mmol/kg) (g/kg) (g/kg) (%) (%)

Sample LB 4.28 ± 0.01 0.54 ± 0.07 33 ± 1.1 14.0 ± 0.46 40.3 ± 2.0 19.7 ± 1.0 19.2 ± 1.7 -

Sample PC 7.93 ± 0.01 0.34 ± 0.09 29 ± 0.5 12.4 ± 0.22 44.5 ± 1.4 37.2 ± 3.0 18.1 ± 2.1 22.8 ± 0.5
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2.3 Statistical analyses

Pearson correlation coefficients between the chemical compo-
sition of the studied particles and their sorbed metal concen-
trations were calculated. Additionally, cluster analysis was
carried out on the sorption data to compare the metals’ sorp-
tion behavior among the studied soil samples and particle
types. The following calculations were carried out to show if
the sorbed metal concentrations on the different particle types
are significantly different. The skewness and kurtosis values
between −1 and 1 were verified to provide the assumption of
normality when the D'Agostino-Pearson test was significant.
Homogeneity of variances was tested through Levene's test
and proved for almost all cases. For data sets with normal
distribution, the t-test was used when two groups were com-
pared, and one-way analysis of variance test was used when
more than two groups were compared. In the latter case, the
Tukey test was used as a post-hoc analysis. For data sets
without normal distribution, the Mann-Whitney test and
Kruskall-Wallis test were used to compare two and more
groups, respectively. In the latter case, the Mann-Whitney test
was used as a post hoc analysis. The significance level of each
test was set to α = 0.05. The statistical analyses were carried
out using the StatistiXL add-in of the MS Excel 2016
software.

3 Results

3.1 Physico-chemical and mineralogical
characteristics of the studied soils

The studied samples were collected from mineral horizons, so
their organic carbon content is equally low (Table 1). Both of
them can be characterized by medium surface area, cation
exchange capacity, and clay content. Although their total iron
content is also similar, the dithionite-extractable iron content
is almost twice as much in the sample PC as in the sample LB.
The two samples show high contrast in their pH: the sample
LB is strongly acidic, whereas the sample PC is moderately
alkaline. The higher pH of the sample PC can be related to its
large calcite content. The presence of smectite, illite, and their
mixed layer species characterize the samples’ clay mineralo-
gy, as shown by XRD analyses. Smectite dominates in the
sample PC, whereas rather illite/smectite in the sample LB.
Iron-oxyhydroxide minerals could not be detected in the sam-
ples by XRD analyses suggesting the presence of such phases
of low crystallinity. No mineralogical change could be ob-
served in the samples after the DCB extraction.

The TEM analyses also showed that smectite, illite, and
illite-smectite mixed-layer phases are the characteristic clay
minerals in the soils. The high-resolution TEM (HRTEM)
and its Fourier transform indicated a more ordered structure

for the clay particles in the sample LB, suggesting the preva-
lence of illite/smectite mixed-layer components there (Fig. 1).
In the sample PC, however, the diffuse rings on the Fourier
transform indicated a rather turbostratic structure of the clay
particles showing the dominance of smectites (Fig. 2). On the
bright field images, high-contrast particles were commonly
observed in both samples. HRTEM images revealed that these
particles are randomly oriented, and they have a poorly or-
dered structure characterized by a dominant ca. 2.5–2.6 Å
lattice spacing. The size of these particles was typically below
20 nm. According to the EDS analysis, they were mostly iron
oxyhydroxides with stoichiometry approximating a 1:2
cation-to-oxygen ratio and with phosphorus as a typical minor
component. These poorly ordered iron-rich nanoparticles
could be best described as ferrihydrite. The ferrihydrite parti-
cles mostly formed coatings as heterogeneously distributed
flakes on the surface of larger claymineral lamellae. They also
appeared as very large (up to 500 nm) aggregates occasional-
ly. Both the iron oxyhydroxide and the clay mineral particles
were loosely associated with calcite particles in the sample
PC. After the DCB extraction, bright field images indicated
clay mineral surfaces free of high contrast nanoparticles in
both samples. Thus, the DCB extraction effectively removed
the iron-oxyhydroxide particles, although some survived in
the sample PC. Simultaneously, the clay particles’ integrity
was preserved, i.e., no corrosion was observed after the ex-
traction. Clayminerals often proved high iron content, primar-
ily in the sample PC. Iron was located in the smectite crystal
structure, which was also supported by the fact that phospho-
rus could not be detected together with Fe.

3.2 Metal sorption on the bulk soils before and after
the Fe-oxyhydroxide removal

The results of the sorption experiments on the bulk soils are
summarized in Table 2. The sorption curves of the metals in
the sample LB belonged to the Langmuir-type (class “L”),
whereas those in the sample PC belong to the high-affinity
type (class “H”) (Figure S3). Sorption curves suggested satu-
ration only in some cases (Cd in the sample LBDCB and the
sample PC, Pb in the sample LB, and Zn in the sample PC and
the sample PCDCB). Furthermore, Pb exhibited an H-C com-
bined curve in the sample PC before and after the DCB ex-
traction. This curve showed almost linearly increasing sorbed
metal amounts with the increasing adsorbate concentration at
higher initial concentrations. Fitting the measured metal sorp-
tion data to the Langmuir and Freundlich equations revealed a
slightly better fit by the Langmuir equation for Cd and by the
Freundlich equation for all other metals as indicated by the
regression coefficients. Although there were small discrepan-
cies in this observation, they did not show any systematic
behavior among metals or samples. The regression coeffi-
cients of both equations were still very high in each case.
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Both the Freundlich exponent and the Langmuir separation
factor were lower than 1.0 in each case.

The sorption capacities of the bulk samples were compared
using three parameters: sorbed metal concentrations by the
samples equilibrated with the initial solution of 10 mmol/L
metal concentrations (M10), Langmuir maximum saturated

monolayer sorption (Qm), and the Freundlich constant related
to sorption capacity (KF). Although M10 is not characteristic
for the whole range of the sorption curve, this value was mea-
sured directly. Additionally, samples equilibrated with the
highest initial metal concentration solutions were used for
the TEM-EDS analyses. Both calculated parameters showed

Fig. 1 Characteristics of soil nanoparticles before and after the DCB
extraction in the sample LB. a Bright-field images of ferrihydrite-clay
mineral associations before the extraction showing ferrihydrite particles
(indicated by arrows) distributed around and on the surface of large illite/
smectite lamellae. b The high-resolution TEM image and its Fourier
transform show randomly oriented ferrihydrite nanoparticles (Fhy) with
a poorly oriented structure, dominated by 2.5 Å lattice spacing. c Bright-

field images of the illite/smectite (Ilt/Sm) surface after the DCB extraction
show the lack of ferrihydrite particles with high contrast. d The high-
resolution TEM and its Fourier transform indicate a more ordered clay
structure of illite/smectite mixed-layer species with considerable Fe
content (as shown by EDS analysis). The illite/smectite particles may
contain significant Fe concentrations even after the DCB extraction
showing structural Fe in the smectite component (see EDS spectrum).
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a strong positive correlation with the measured one (r > 0.92).
The values of M10 and Qm exhibited very similar values for
sorption curves showing saturation, whereas Qm values were
2–4-times higher than M10 values for the H-C type curves of
Pb. The highest sorption was found for Pb, followed by Cu,
although this latter metal showed slightly lower Qm values

than Cd in the sample LB. Among the metals with low sorp-
tion, Cd exhibited slightly higher sorption than Zn. However,
a somewhat larger amount of Zn than that of Cdwas sorbed on
the sample LBDCB. The sample PC sorbed higher metal
amounts than the sample LB in each case. The DCB extraction
increased the sorption of Pb, whereas it decreased that of Cd,

Fig. 2 Characteristics of soil nanoparticles before and after the DCB
extraction in the sample PC. a Bright-field images of ferrihydrite-clay
mineral associations before the extraction showing ferrihydrite particles
(indicated by arrows) distributed around and on the surface of large
smectite lamellae. b The high-resolution TEM image and its Fourier
transform show randomly oriented nanoparticles of ferrihydrite (Fhy)

with a poorly ordered structure, dominated by 2.5 Å lattice spacing. c
Bright-field images of the smectite (Sm) surface after the DCB extraction
show the lack of ferrihydrite particles with high contrast. d The high-
resolution TEM and its Fourier transform indicate a typical turbostratic
structure of smectite with high Fe content (as shown by EDS analysis)
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Cu, and Zn in both samples. Differences in the sorbed con-
centrations found before and after the extraction were lower
for Cd and Zn than for Pb and Cu.

3.3 Metal sorption on the soil mineral particles before
and after the Fe-oxyhydroxide removal

The TEM-EDS analyses were primarily focused on the min-
eralogy and chemical composition of the clay mineral parti-
cles, Fe-oxyhydroxide particles, and their associations. In the
sample PC, calcite particles were also analyzed. Figure 3 pre-
sents a summary of the analyzed metal concentrations on the
studied particle types.

Metal concentrations found on the particles decreased in
the following order: Cu > Pb > Zn > Cd. This sorption se-
quence was observed on each particle type of both samples
before and after the DCB extraction (Table 3). However, dif-
ferences among the sorbed metal concentrations were not sig-
nificant for certain particle types. In the sample LB, the sorp-
tion of Cu and Pb was significantly higher than that of Zn and
Cd, except on smectites, where only the sorption of Cu was
significantly higher than that of Zn and Cd. Additionally, the

Cu sorption was significantly higher than that of Pb on the
illite-smectite particles before and after the DCB extraction. In
the sample PC, Cu and Pb sorption were significantly higher
than Zn and Cd sorption on each particle type. Copper sorp-
tion was also significantly higher than Pb sorption on the illite/
smectite and smectite particles before and after the DCB ex-
traction and on the clay-ferrihydrite associations before the
extraction.

The sorbed metal concentrations by the soil particles were
generally higher in the sample PC than in the sample LB.
However, this difference was not significant for Cd and Zn on
the illite/smectite and smectite particles and Zn in the clay-
ferrihydrite associations. Generally, no significant change inmet-
al concentrations was found after the DCB extraction. However,
the concentration of Pb increased significantly on illite/smectite
and smectite, as well as on calcite and smectite particles after the
extraction in the sample LB and PC, respectively. Additionally,
in the sample PC, Cd sorption decreased on calcite and clay-
ferrihydrite particles, and Zn sorption decreased on calcite and
illite/smectite particles after the extraction.

In both samples, sorbed metal concentrations showed no
significant differences among the studied particle types

Table 2 Summary of the sorption curve evaluation. Curve types were
classified after Giles and Smith (1974). M10 = sorbed metal concentration
in the samples equilibrated with the solution containing 10 mmol/L initial
metal concentrations; Qm Langmuir maximum saturated monolayer

capacity; b Langmuir constant related to the affinity between adsorbent
and adsorbate; RL Langmuir separation factor; KF Freundlich constant
related to sorption capacity; n Freundlich exponent. Relating equations
are given in the supplementary material

Langmuir Freundlich

Sample Curve type M10 Qm b R2 RL range KF n R2

(mmol/kg) (mmol/kg) (L/mmol) (mmol/kg)

Cadmium

LB L1 12.69 16.98 0.29 0.99 0.97-0.27 3.84 0.55 0.99

LBDCB L2 4.23 4.33 2.37 0.98 0.82-0.04 2.53 0.27 0.92

PC H2 21.54 22.23 142.16 0.99 0.07-0.001 20.29 0.16 0.78

PCDCB H1 11.40 9.26 84.56 0.71 0.11-0.001 7.77 0.14 0.89

Copper

LB L1 13.77 15.25 0.84 0.99 0.93-0.11 6.26 0.39 0.98

LBDCB L1 12.75 12.54 5.21 0.99 0.66-0.02 8.50 0.24 0.87

PC H1 88.31 85.59 9.23 0.93 0.53-0.01 61.87 0.21 0.99

PCDCB H1 53.18 48.47 8.85 0.91 0.55-0.01 33.96 0.21 0.98

Lead

LB L2 32.03 33.57 2.33 0.99 0.82-0.04 19.04 0.31 0.94

LBDCB L1 41.81 41.92 2.36 0.98 0.82-0.04 23.36 0.29 0.97

PC HC 273.79 523.04 3.26 0.97 0.76-0.03 486.85 0.56 0.99

PCDCB HC 313.35 1351.17 0.27 0.99 0.97-0.24 286.97 0.83 1.00

Zinc

LB L1 7.87 8.42 0.92 0.99 0.92-0.10 3.47 0.40 0.94

LBDCB L1 6.01 6.71 0.79 0.87 0.93-0.12 2.98 0.30 0.97

PC H2 13.42 13.60 7.47 0.81 0.04-0.0004 10.09 0.14 0.96

PCDCB H2 7.75 8.07 2.63 0.75 0.06-0.0006 5.46 0.12 0.95
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(Table 4). In the sample LB, the lowest metal sorption was
found for illite/smectite particles, except for Zn, where ferri-
hydrite particles sorbed the lowest concentrations. Smectite
particles sorbed higher metal concentrations than the highest
Cd and Zn sorption for clay-ferrihydrite associations. In the
sample PC, the highest metal concentrations were sorbed by
the ferrihydrite particles for each metal. Clay-ferrihydrite as-
sociations sorbed slightly lower metal concentrations than the
ferrihydrite particles. Illite/smectite particles sorbed slightly
higher metal concentrations than smectite particles before
the DCB extraction, and its opposite was found after the ex-
traction. Calcite particles generally sorbed the lowest metal
concentrations.

Correlation coefficients between the major chemical com-
ponents and the sorbed metal concentrations of the studied
particles were calculated. In the sample LB (Table 5), strong
positive correlations (r > 0.50) were found between Fe and Cd
in the illite/smectite particles; between Al and Zn, between Fe
and Cu, Pb, Zn, between Ca and Pb, and between K and Pb in
the smectite particles. Strong negative correlations (r < −0.50)
were found between Fe and Pb in the ferrihydrite particles. In
the sample PC (Table 6), a strong positive correlation was
found between Si and Cd, Cu, Pb, between Al and Cd, Cu,
and between Fe and Cd, Cu, Pb in the calcite particles; be-
tween Fe and Pb, between Mg and Cu, Pb, and between Ca
and Pb in the illite/smectite particles; between Al and Cu, and
betweenK and Cu in the smectite particles; finally between Fe
and Cu in the clay-ferrihydrite particles. Strong negative cor-
relations (r < −0.50) were found between Mg and Zn, and

between Ca and Cd, Cu, Pb in the calcite particles; between
Na and Pb, and between K and Zn in the smectite particles;
finally between Si and Cd, Cu, Pb, and Zn in the clay-
ferrihydrite associations.

4 Discussion

4.1 Ferrihydrite removal

Our mineralogical analyses revealed that both soils contained
the mineral particles and their associations being in focus.
Although the prevalence of the illite/smectite and smectite
particles differs in the studied soils, both samples provided
these particle types together with those of ferrihydrite in large
numbers enough for comparison. The ferrihydrite removal
was efficient in both samples, although the alkaline soil still
contained a low number after the extraction. Several studies
showed that the use of DCB does not guarantee the complete
extraction of Fe-oxyhydroxides (Rennert 2019), which could
be related to its protection by soil organic matter (Eusterhues
et al. 2014) or by amorphous silicates (Filimonova et al.
2016). In our case, the high frequency of turbostratic smectites
and the presence of amorphous silica particles may have re-
sulted in such prevention in the alkaline soil, despite the opti-
mal soil pH for dithionite reduction (Pansu and Gautheyrou
2006). On the other hand, the structural Fe of smectite parti-
cles were not extracted using the DCB extraction, which was
required to study its role in metal sorption.

The removal of ferrihydrite resulted in changes in the shape
of the sorption curves of certain metals. According to Zhou
et al. (2020), this may reflect the difference between the sur-
face sorption sites' types and affinities before and after the
extraction. The ferrihydrite removal also increased the Pb
sorption and decreased that of other metals in the bulk soils.
Higher Pb concentrations were also observed on the clay

�Fig. 3 Sorbed metal concentrations on the studied particle types and the
bulk soils. Between 14 and 42 particles was studied by point chemical
analysis (TEM-EDS) within the studied particle type groups. DCB refers
to the results after the DCB extraction. *Note that no sufficient number of
clay-ferrihydrite and/or ferrihydrite particles remained after the DCB
extraction for data evaluation, and sample LB did not contain calcite

Table 3 Sequences of sorbed
metal concentrations on the bulk
soils and particle types. The
difference is not significant when
the greater-than sign is put within
parentheses. The sequences for
the bulk soils are based on theQ10

values. Note that no sufficient
number of clay-ferrihydrite and/or
ferrihydrite particles remained
after the DCB extraction for data
evaluation

Sample LB Sample LBDCB

Bulk soil Pb >Cu (>) Cd > Zn Pb > Cu > Zn > Cd

Illite/smectite Cu > Pb > Zn (>) Cd Cu > Pb > Zn > Cd

Smectite Cu (>) Pb (>) Zn (>) Cd, but Cu > Zn, Cd Cu (>) Pb > Zn (>) Cd

Clay-ferrihydrite Cu (>) Pb > Zn (>) Cd -

Ferrihydrite Cu (>) Pb > Zn = Cd -

Sample PC Sample PCDCB

Bulk soil Pb > Cu > Cd > Zn Pb > Cu > Cd > Zn

Calcite Cu (>) Pb > Cd (>) Zn Cu (>) Pb > Cd (>) Zn

Illite/smectite Cu > Pb > Zn (>) Cd Cu > Pb > Zn (>) Cd

Smectite Cu > Pb > Zn (>) Cd Cu > Pb > Zn (>) Cd

Clay-ferrihydrite Cu > Pb > Zn (>) Cd Cu (>) Pb > Zn (>) Cd

Ferrihydrite Cu (>) Pb > Cd (>) Zn -
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mineral particles after the extraction, but no significant change
was found for the other metals in this case. Removal of coat-
ings through Fe-oxyhydroxide extraction may reduce cation
accessibility to ferrihydrite surface and expose additional met-
al sorption sites, like interlayer space of clay minerals (Wu
et al. 1999). As ferrihydrite possesses a positive surface charge
in acidic soils, it can neutralize the negative surface charge of
clay minerals as coatings (Li et al. 2015). Thus, its removal
reduces the repulsion between the metal cations and the coated
surfaces, which is expected to increase the metal cations' sorp-
tion (Elliot et al. 1988). However, at alkaline soil conditions,
the negatively charged ferrihydrite surface also attracts metal
cations (Silveira et al. 2002). Our results suggest that the fer-
rihydrite coatings present on the surface of clay particles
blocked the sorption of Pb in both soils. That is why Pb sorp-
tion increased both on smectite and illite/smectite particles
after the extraction. Model calculations also showed that Pb
exhibits a higher affinity than Cu, Cd, and Zn for the different
surface sites of illite (Gu and Evans 2007) and montmorillon-
ite (Gu et al. 2010) at a wide pH range. Contrary to Pb, sorp-
tion of Cd, Cu, and Zn did not change on the clay particles
after removing coatings, but their lower sorption in the bulk

soils suggests the primary role of ferrihydrite in their sorption.
According to Cavallaro and McBride (1984), metals’ sorption
is reduced only at pH values below the onset of hydrolysis of
metals after the Fe-oxyhydroxide removal. This pH-value is
6.1–7.2 for Pb, 6.9–8.1 for Cu, 7.8–8.6 for Zn, and 9.4–10.1
for Cd (Takeno 2005). Thus, hydrolysis of Zn and Cd is not
probable in our case, and it is just partly likely for Cu in the
alkaline soil, as equilibrium pH values are far below the soil
pH because of adsorption. For Pb, however, hydrolysis may
occur in the alkaline soil supporting its preferred sorption even
after ferrihydrite removal.

4.2 Sorption sequences

The higher metal sorption in the alkaline than in the acidic soil
was found in the bulk soil and mineral particles. However, the
shape of the sorption curves and the calculated sorption iso-
therm parameters all suggested high affinity (Giles and Smith
1974) and favorable sorption (Worch 2012), respectively, in
each case. The pH controls the surface charge properties of
soil components, the solubility, and hydrolysis of metals di-
rectly leading to preferred sorption for cationic elements at

Table 4 Sequences of the
sorption capacities of the studied
particle types in the samples
before and after the DCB
extraction. The difference is not
significant when the greater-than
sign was put within parentheses.
C calcite, IS illite/smectite, S
smectite, CF clay-ferrihydrite
association, F ferrihydrite. Note
that no sufficient number of clay-
ferrihydrite and/or ferrihydrite
particles remained after the DCB
extraction for data evaluation, and
sample LB did not contain calcite

Sample LB Sample LBDCB

Cd CF (>) S (>) F (>) IS S (>) IS

Cu F (>) S (>) CF (>) IS S (>) IS

Pb F (>) CF (>) S (>) IS, but F > IS S > IS

Zn CF = IS (>) S (>) F S (>) IS

Sample PC Sample PCDCB

Cd F (>) CF (>) IS (>) S > C, but F > S IS (>) CF = S (>) C

Cu F (>) CF (>) IS (>) S (>) C, but F > S, C; CF > C S (>) CF (>) IS > C

Pb F > CF > IS (>) C (>) S CF (>) S (>) IS > C

Zn F (>) IS (>) CF (>) C (>) S S (>) CF (>) IS (>) C, but S > C

Table 5 Correlation matrix of Pearson correlation coefficients for the
concentrations of major chemical components and sorbed metals of the
studied particle types in the sample LB. Correlation coefficients showing
high correlation (−0 50 > r > 0.50) are highlighted with italics. Between

14 and 32 particles was studied by point chemical analysis (TEM-EDS)
within the studied particle type groups. *Although the correlation
coefficient suggested a strong relationship, it was influenced by a few
outlier data

Illite/smectite Smectite Clay-ferrihydrite Ferrihydrite

Cd Cu Pb Zn Cd Cu Pb Zn Cd Cu Pb Zn Cd Cu Pb Zn

Si -0.50* 0.45 -0.04 0.11 -0.31 -0.35 -0.43 -0.51* -0.27 -0.10 -0.34 -0.02 -0.20 0.27 -0.33 0.13

Al -0.26 -0.10 0.15 0.30 0.21 0.17 0.22 0.61 0.07 -0.30 -0.27 -0.02 0.00 0.08 0.03 -0.24

Fe 0.50 -0.29 0.03 0.05 0.53* 0.58 0.68 0.62 0.34 0.32 0.35 0.00 -0.02 0.13 -0.56 0.34

Mg 0.22 -0.32 -0.21 0.02 0.33 0.46 0.49 0.49 -0.03 -0.31 -0.02 0.02 0.18 -0.38 -0.48 0.17

Ca 0.18 -0.28 -0.51* 0.18 0.20 0.40 0.75 0.11 0.19 0.00 -0.07 0.11 0.58* -0.40 -0.14 0.62*

Na 0.06 -0.41 0.30 -0.19 0.02 0.03 0.32 -0.40 -0.24 -0.14 0.03 0.08 -0.12 0.14 0.01 0.11

K 0.37 0.35 0.11 -0.20 0.28 0.46 0.54 0.41 -0.14 -0.41 -0.17 0.03 -0.03 0.02 0.07 -0.42
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alkaline conditions (Young 2013). Saturation was not
achieved in each case, suggesting further available surface
sites and/or precipitation for the metals. Based on the shape
of the sorption curves, precipitation could be supposed for
Pb in the alkaline soil. The higher metal sorption could be
related to the higher pH of the alkaline soil unambiguously,
and the high calcite content of this sample favors the precip-
itation of certain metals. Our earlier data supported the for-
mation of (hydro)cerussite during the sorption experiments
in the studied alkaline soil (Sipos et al. 2018; Sipos et al.
2019). Significant differences among the sorbed metal con-
centrations on the two soils' mineral particles were only
found for Cu and Pb. Contrarily, the lack of such differences
suggests that the effect of competition was higher than that
of soil pH on the sorption of Cd and Zn by the mineral
particles. It is well-known that more strongly sorbing ele-
ments (like Pb and Cu) are less affected by competition than
moremobile elements (like Cd and Zn) (Basta and Tabatabai
1992; Usman 2008). Significant differences among the soil
mineral particles’ sorbed metal concentrations were rather
characteristic of the alkaline soil. The lower the pH, the
higher the effect of competition on the sorption of metals,
and it is more expressed for those characterized by lower
sorption, as shown by Mesquita et al. (2002).

The sorption sequences showed differences between the
bulk soils and mineral particles. The higher sorption of Pb
and Cu than that of Cd and Zn is a well-known phenomenon
in soils and their components. This behavior is generally
related to metal properties like ionic radius, hydrated radius,
electronegativity, hydrolysis constant, and Misono softness
value. The dominance of the exact sorption process (e.g., ion
exchange, surface complexation, or precipitation) within a
given soil will specify which of the above parameters can be
more related to the preferential sorption of given metal(s)
(Shaheen et al. 2013). Several studies (e.g., Seo et al. 2008;
Usman 2008) found similar sorption sequences to those
found in this study. They related the high sorption of metals
to their low first hydrolysis constant and their high softness
values. However, our direct analysis of the particles showed
that mineral surfaces’ role is higher in the sorption of Cu than
for Pb. It is higher in Cd sorption than in Zn sorption, despite
their lower bulk sorption, respectively. The sorption se-
quence observed on the soil mineral particles follows the
decreasing electronegativity of metals, which can be related
to the metals’ decreasing ability to dissociate H from the
surface functional groups of soil particles and form covalent
bonding (Gomes et al. 2001). However, sorption on organic
matter and precipitation must have also affected the metals’
behavior as competing processes, which is primarily appar-
ent for Pb. As mentioned above, precipitation is predomi-
nantly characteristic of Pb in the alkaline soil. Precipitation
can be related to the calcite’s presence in this sample, which
often results in the formation of alkalinity-derived insolubleTa
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species (Orucoglu et al. 2018). Based on our solubility calcu-
lations in Sipos et al. (2018), Pb precipitation in the form of
(hydroxy)carbonate preceded other metals. For Cu (and to a
smaller extent for Cd), however, sorption by soil organic mat-
ter may have also contributed to its higher sorption in the
alkaline sample. Several studies found that soil organic matter
can affect Cu retention only when its amount is higher than a
threshold (Yang et al. 2014; Antoniadis and Golia 2015). In
our case, the low TOC content of the samples supported a low
amount of organic surface sites for the high load of metals, so
their contribution to the metal sorption could be primarily
expected for the one with the highest affinity towards the
organic surfaces. Consequently, sorption by organic com-
pounds could be more characteristic of Pb in the acidic soil.

4.3 Sorption on mineral particles

The highest sorbed Cu and Pb concentrations were found on
ferrihydrite particles, followed by the clay-ferrihydrite associ-
ations. Moreover, the lower the silicates’ ratio, the higher the
sorbed metal concentration in the clay-ferrihydrite associa-
tions in the alkaline soil. These all show ferrihydrite’s primary
role in Cu and Pb sorption, although the ferrihydrite’s surface
charge properties are expected to be different in the two soils.
Although ferrihydrite has a negative surface charge only at
alkaline conditions, it can be an effective sorbent for metals,
even in acidic soils. This characteristic is because of its low
crystallinity resulting in not evenly distributed charge proper-
ties (Sahraoui et al. 2015). Interestingly, the sorbed Pb con-
centrations decreased with the increasing Fe content of the
ferrihydrite particles in the acidic soil, and its reverse was
found for Cu in the alkaline soil. Although ferrihydrite ex-
hibits highly varying chemical and mineralogical characteris-
tics in soils (Vodyanitskii and Shoba 2016), its Fe content may
be closely related to its crystallinity (Das et al. 2011). Our
TEM analyses, however, showed similar characteristics for
ferrihydrite in both samples concerning their crystallinity.
Consequently, variation in the particles’ Fe content can be
more due to the trace amounts of other phases (primarily sil-
icates). The surface charge properties of ferrihydrite prefer the
cationic metal sorption at alkaline conditions over the acidic
one, as supported by these data.

Differences between the sorption behavior of Cu and Pb
were rather conspicuous on the clay particles. Copper sorption
on clay surfaces was preferred over Pb in both soils irrespec-
tive of the presence or absence of ferrihydrite coatings. As
stated above, the removal of coatings resulted in the increase
of Pb sorption on clay surfaces, which is in agreement with the
results of model calculations showing the high competing
ability of Pb. However, this metal prefers the sorption on Fe-
oxyhydroxides and organic surfaces over Cu even in mineral
soils, as shown by the calculations of Vidal et al. (2008).
Higher metal sorption was found for smectite in the acidic soil

than for illite/smectite particles, as expected. This difference
was the case only after the removal of Fe-oxyhydroxides in
the alkaline sample. These data suggest that the effect of fer-
rihydrite coatings prevailed for smectite particles, primarily in
the alkaline soil. Besides the surface charge compensation and
blocking of interlayer space, the interaction of ferrihydrite and
smectite may also result in the loss of swelling properties
through the formation of Fe-rich smectite and/or chamosite
(Mizutani et al. 1991). Blocking of access and changing of
swelling properties are probable also at alkaline conditions,
where also higher metal sorption is expected due to favorable
metal (hydrolysis properties) and surface (increase of nega-
tively charged sites) properties (Jalali and Moharrami 2007).
Thus, the lower effect of coatings in the acidic soil can be
probably related to the unfavorable metal sorption due to low-
er pH and higher competition than the alkaline soil.

Metal sorption on the clay particles could be related to the
Fe concentration of the clays in the acidic soil, and this was
only found for Pb in the alkaline soil. Additionally, Pb
sorption on clay particles increased with the increasing
concentrations of certain base cations in both soils, and this
was the case also for Cu in the alkaline soil. Saha et al. (2002)
found that each metal was preferentially bound to different
surface sites in hydroxyl-aluminum andmontmorillonite com-
plexes. Gustaffson et al. (2011) observed similar behavior of
metals on ferrihydrite. Thus, the different behavior of metals
(primarily that of Cu and Pb) in our case does not necessarily
indicate that their preferred sorption sites overlap in soils at
different pH values. According to Wu et al. (2009), Fe-
montmorillonite shows higher interlayer spacing and higher
affinity for metals than its parent Ca-variant at a wide pH-
range. Kypritidou and Argyraki (2018) suggest a combination
of sorption mechanisms during the interaction of Fe-rich
smectite and metals, which involves the synergetic effect of
ion exchange, surface complexation, and precipitation mech-
anisms. In the acidic soil, ion exchange was expected to pre-
vail for each metal, but it took place characteristically at dif-
ferent surface sites (or particle) for different metals. However,
in the alkaline soil, surface complexation’s role increased pri-
marily for Pb based on its lower hydrolysis constant.
Moreover, precipitation of Pb on the surface of clay particles
was also probable in this case. Interestingly, precipitation of
metals on the surface of calcite particles was not observed in
our case. The decrease of metal sorption indicates a lack of
precipitation on calcite particles after the ferrihydrite removal
and the increasing concentration of metals with Si, Al, and Fe
on calcite. In agreement with the results of Sdiri and Higashi
(2012), clay and Fe-oxyhydroxide coatings promote the sorp-
tion of metals on limestone. Precipitation also explains the
large difference between the bulk sorption of Pb and that of
Cd and Zn. In contrast, no difference was found between their
sorbed concentrations on the clay particles. Cadmium and Zn
sorption characteristics on the soil mineral particles could not
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be related unambiguously to differences in soil pH or the
presence of Fe-oxyhydroxides. Likewise, these metals’ sorbed
concentration can be less related to the particles' major chem-
ical components, and if such a relationship exists, they can be
hardly explained. These metals also exhibited lower sorption
than Cu and Pb in the bulk soils, and the effect of the compe-
tition is stronger than that of pH or mineral surfaces in their
case. They probably sorbed rather by ion exchange processes
on the mineral particles in both soils, which were strongly
inhibited by the competing metals. However, their ion ex-
change with base cations on the clay particles could not be
demonstrated directly by TEM-EDS analyses.

5 Conclusions

Noticeable differences among soil particles’ sorption capacity
could be observed for metals with higher sorption and soil
conditions preferring metals' sorption. The role of mineral
surfaces is higher in Cu sorption than in that of Pb, and it is
higher in Cd sorption than in that of Zn, despite their lower
bulk sorption, respectively. Their higher sorption could be
related to their higher ability to form covalent bonding. The
higher sorption of Cu than that of Pb was the most conspicu-
ous on the clay particles, although their sorption took place at
different surface sites and through various processes probably.
The effect of competition on Cd and Zn sorption was gener-
ally stronger than that of pH or mineral surfaces.

The Fe-oxyhydroxide removal discontinued the accessibil-
ity of Cd, Cu, and Zn for ferrihydrite, thereby resulting in a
decrease of their bulk sorption. Contrarily, Pb was able to sorb
on clay particles' exposed sites after removing ferrihydrite
coatings due to its favorable competing ability. The effect of
ferrihydrite coatings on metal sorption prevails at smectite
particles and primarily in the alkaline soil. Its limited impact
in the acidic soil can be probably related to the unfavorable
metal sorption due to low pH and high competition.

Our results also support the observations about the soil
system's heterogeneity and even that of its individual compo-
nents. This soil characteristic makes the evaluation of the role
of soil components in metal sorption more difficult. The com-
bination of different approaches seems to be promising; how-
ever, further systematic works are required to get a more in-
depth insight into the soil-metal interaction.
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