
Rare earth elements (REY) sorption on
soils of contrasting mineralogy and texture

Item Type Article

Authors Dinali, Guilherme Soares; Root, Robert A; Amistadi, Mary Kay;
Chorover, Jon; Lopes, Guilherme; Guilherme, Luiz Roberto
Guimarães

Citation Dinali, G. S., Root, R. A., Amistadi, M. K., Chorover, J., Lopes, G.,
& Guilherme, L. R. G. (2019). Rare earth elements (REY) sorption
on soils of contrasting mineralogy and texture. Environment
international, 128, 279-291.

DOI 10.1016/j.envint.2019.04.022

Publisher PERGAMON-ELSEVIER SCIENCE LTD

Journal ENVIRONMENT INTERNATIONAL

Rights © 2019 The Authors. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/BY-NC-ND/4.0/).

Download date 24/05/2023 20:24:23

Item License https://creativecommons.org/licenses/by-nc-nd/4.0/

Version Final published version

Link to Item http://hdl.handle.net/10150/632943

http://dx.doi.org/10.1016/j.envint.2019.04.022
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10150/632943


Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Rare earth elements (REY) sorption on soils of contrasting mineralogy and
texture
Guilherme Soares Dinalia, Robert A. Rootb, Mary Kay Amistadic, Jon Choroverb,c,
Guilherme Lopesa, Luiz Roberto Guimarães Guilhermea,⁎

a Soil Science Department, Federal University of Lavras, Lavras, MG, Brazil
b Department of Soil, Water and Environmental Science, University of Arizona, 1177 E 4th St, Shantz 429, Tucson, AZ 85721, USA
c Arizona Laboratory for Emerging Contaminants, University of Arizona, 1040 E 4th St, Gould-Simpson 828, Tucson, AZ 85721, USA

A R T I C L E I N F O

Handling Editor: Adrian Covaci

Keywords:
Rare earth elements
Sorption
Soil
Partition coefficient
Agroecosystems
Fertilizers

A B S T R A C T

Rare earth elements (REY) are the lanthanide elements (Z = 57–71), which have an ever-growing occurrence in
present-day industries, agriculture, and modern life. Consequently, environmental concentrations are expected
to increase accordingly as a result of intensified utilization. Soils are an important sink for REY, yet little research
has been conducted concerning activity, inputs, and lability in soil systems. This study evaluated the REY
(lanthanides + yttrium) sorption and partition coefficients (Kd) in two broadly representative natural soils (A
horizon), with contrasting mineralogy and organic character, formed under distinct environmental conditions:
an Oxisol from Brazil and a Mollisol from the USA. Batch reactions of soils suspended in a background electrolyte
solution of 5 μmoles kg−1 of Ca(NO3)2 at 1:100 solid to solution were reacted with 80 μmoles kg−1 REY added
individually and in multi-REY competitive systems to evaluated adsorption after 3 h and 72 h over a wide pH
range (from ca. 2 to 8). Results showed sorption was similar for all REY within each soil type when examined at
the natural measured soil pH; Mollisol pH 6.85, Oxisol pH 4.35. However, REY sorption (by Kd) was nearly two-
fold greater in the Mollisol compared to the Oxisol for the single REY experiments. Multi-REY competitive
sorption reactions showed a decrease in Kd for both soils at 3 and 72 h, and to a greater extent for the Mollisol,
indicating soil type had a strong effect on the sorption affinity of each REY. It was also observed that REY
sorption increased from low to high pH (pH 2–8) in the Oxisol, and increased with pH from 2 up to the point zero
charge (PZC) in the Mollisol, then stabilized. The varying REY Kd values from these two distinct and abundant
soils, with and without REY competition, and over a range of pH are explained in terms of soil mineralogy (i.e.,
2:1 clays in the Mollisol; oxides in the Oxisol) and organic matter content. Our findings show that soil char-
acteristic controls sorption, precipitation, and cation exchange capacity, which are the key mechanisms for
predicting REY fate and transport in the environment.

1. Introduction

Rare earth elements (REY) are a group of 16 group 3 elements with
similar physicochemical characteristics (e.g. oxophillic), the 15 lan-
thanides (from lanthanum to lutetium, Z = 57–71) and yttrium (Y,
Z = 39) (IUPAC, 2005). Scandium (Sc, Z = 21) can also be considered
with REY. According to their elemental densities, they are generally
classified as light (LREY – La-Eu) and heavy (HREY - Gd-Lu + Y)
(Dołęgowska and Migaszewski, 2013). It is also common to refer to Sm,
Eu, and Gd as medium-MREY (Henderson, 1984), due to the lack of an
absolute periodic classification for each element within the general
LREY or HREY groupings.

Concentrations of REY in the Critical Zone have been increasing,
principally due to their increased uses in modern-day tech industries,
agriculture, and everyday life (El-Ramady, 2010). Anthropogenic ac-
tivities, including phosphate fertilizer application and improper e-waste
disposal have been implicated as substantive causes of REY addition
into the environment and soils (Zhang and Shan, 2001; Aubert et al.,
2002; Hu et al., 2006; Laveuf and Cornu, 2009a; Smidt et al., 2011;
Ramos et al., 2016). The impetus for investigating REY contents, inputs,
and behavior in the environment and agroecosystems derives from their
increased presence in modern-life.

Whereas REY are neither considered essential for life, nor toxic for
the environment (Tyler, 2004), there remains a lack of ecotoxicological
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studies. Even with the increasing use of REY in modern society, many
questions concerning the biological and ecological roles of REY remain
unanswered (Ramos et al., 2016). Studies have shown rare-earth
pneumoconiosis, chronic toxicity, and negative influences on liver
function (Sabbioni et al., 1982; Zhang et al., 2000; Zhu et al., 2005; He
et al., 2008; Censi et al., 2011; Li et al., 2013; Ramos et al., 2016),
prompting an increase in awareness and study of REY cycling in en-
vironmental systems. As such, soils, which provide the growth medium
and elemental constituents for our foods, when contaminated by REY,
becomes a potential route for exposures in human populations.

REY reference values in soils have been reported broadly across the
Earth's surface (Yoshida et al., 1998; Yamasaki et al., 2001; Takeda
et al., 2004; Sadeghi et al., 2013; Sá Paye et al., 2016; Ramos et al.,
2016), yet few studies have addressed REY sorption onto soils, which is
relevant for predicting mobility and availability of potential emerging
contaminants in the environment. Sorption at soil surfaces is an im-
portant physico-chemical process affecting lability and bioavailability
of different elements in the environment. It is widely known that soil
properties and the soil solution composition affect metal sorption
(Alloway, 1990). REY sorption in soils is influenced by clay type and
content, and to a greater extent, by alumino-silicates and oxides of iron
and manganese (Pang et al., 2002). Studies have addressed the mag-
nitude and mechanisms for REY sorption on specific surfaces (McBride,
1980; Fendorf and Fendorf, 1996; Coppin et al., 2002; Piasecki and
Sverjensky, 2008). However, most of the experiments were conducted
under highly specialized and specific conditions, for example, on con-
trolled and simplified surfaces, with specific organo-mineral phases,
over narrow and specific pH, and as single REY sorbates. Although
important, these studies may not represent REY adsorption in natural
soils, which are complex and heterogeneous systems with many mineral
and organic phases. Due to the complexity of soil, it was important to
perform initial REY adsorption experiments using specific and isolated
solid phases, but is now important to follow those studies using com-
plex soil samples and the suite of REYs as they are generally observed in
the natural environment.

Mollisols and Oxisols are the most common soils in USA and Brazil,
respectively (Schaefer et al., 2008; Liu et al., 2012). Mollisols account
for > 21% of the soil in the US (Soil Survey Staff, 2010), and Oxisols
cover > 38% of Brazil (Ker et al., 2012), being close to 46% in the
Cerrado region (Lopes and Guilherme, 2016). It is well known that
each forms under distinct and different environmental conditions, i.e.
mid-latitude highly productive high-organic grasslands (Mollisol) and
tropically derived highly-weathered and relatively leached oxide-rich
soils (Oxisols). Therefore, they have significant physicochemical dif-
ferences in their mineralogy, cation exchange capacity (CEC), and
organic matter (OM) content. Because of the few studies evaluating
REY sorption on natural soils, these two Orders with known differ-
ences and great territorial relevance are excellent candidates for REY
sorption studies (Clark et al., 1998; Li, 2001; Cao et al., 2001; Pang
et al., 2002; Tang and Johannesson, 2005; Tang and Johannesson,
2010b).

This study evaluated lanthanides + Y (hereafter REY) adsorption on
an Oxisol from the Brazilian Cerrado and on a Mollisol from a semi-arid
region in the United States under varied experimental conditions in-
cluding REY competition and over a range of pH.

Time-reactions of 3 and 72 h of equilibration were assessed. Batch
adsorption experiments were carried out on individual REY (single
element) and in competitive REY (all REY cocktail) systems at the soils'
natural measured pH conditions and over a pH range from < 2 to > 8.
The role of REY in the environment is a matter of continued research,
and information provided by this study will elucidate REY sorptive
behavior in two important natural soil orders, while offering useful
information for environmental management planning and plant nutri-
tion studies (Ramos et al., 2016).

2. Materials and methods

2.1. Soil samples and sampling

The A horizons of the two mineralogically different soil Orders were
collected in areas of native vegetation in the US and Brazil, i.e., both
sites had no records of anthropogenic intervention. The soils were
previously classified according to the US Soil Taxonomy (Soil Survey
Staff, 2010) as Mollisol (USA) and Oxisol (Brazil). The US Mollisol was
collected from a zero-order basin of the La Jara catchment on the East
Fork Jemez River watershed within the Valles Caldera National Pre-
serve, part of the Critical Zone Observatory (New Mexico, USA)
(Fig. 1A). Sampling of the Brazilian soil was performed in a Natural
Preservation Area of a coffee farm located in the municipality of São
Roque de Minas, in the physiographic region of the Alto São Francisco
(Minas Gerais - Brazil) (Fig. 1B). Both samples were air-dried and sieved
to 2-mm prior to further analysis. Additional details about the soil
sampling can be found in Vázquez-ortega et al. (2015) and Carducci
et al. (2015).

2.2. Soil characterization

The air-dried and sieved samples were digested by means of an al-
kaline fusion method at the Arizona Laboratory Emerging
Contaminants (ALEC). Aliquots of 0.0500 ± 0.0001 g from each
sample were fused with 1.5000 ± 0.0001 g of lithium metaborate-
tetraborate flux in platinum crucibles at 1000 °C (Katanax, SPEX
Sample Prep, Metuchen-NJ). The cooled pellet was dissolved in 50 mL
of 10% HNO3 at 120 ± 20 °C with magnetic stirring for complete so-
lubilization. Samples were diluted in 2% HNO3 for analysis. Elemental
concentrations in the digested solutions were determined by in-
ductively coupled plasma mass spectrometry (ICP-MS, Agilent, 7700×,
Santa Clara, CA). Certified reference materials (ORE Research and
Exploration® 100, 100a, and 100b, Pty Vic, Australia) and blank sam-
ples were digested for quality control. The oxides abundances were
assumed from ICP-MS results (by molar ratio). The mean REY con-
centrations of the standard reference materials obtained by ICP-MS and
their respective mean recoveries are presented (Table 1). For the Oxisol,
particle size analysis was performed by employing slow agitation of the
soil suspension containing 1 M NaOH for 16 h according to Vettori
(1969). The percentage of size-class fractions in a Mollisol sample was
determined using ASTM C 1070–01 test (ASTM, 2000).

High temperature oxidation followed by infrared detection of CO2

was used to determine total organic carbon (TOC, Shimadzu TOC-VCSH
analyzer with solid-state module SSM-5000A, Columbia, MD). Cation
exchange capacity (CEC = ∑ Ca2+, Mg2+, K+, Na+, H+, Al3+) at the
natural measured pH, at pH 7.0, and ∆pH were calculated according to
the method described in Vettori (1969). The point of zero charge (PZC)
was estimated by PZC = 2 pH KCl – pH H2O (pH KCL = 1:25, v/v,
solution 1 mol·L−1 KCl/soil; pH H2O = 1:25, v/v water/soil) according
to Keng and Uehara (1973).

The mineral phases in both soils were evaluated by X-ray diffraction
(XRD) using synchrotron light source (Stanford Synchrotron Radiation
Lightsource, Stanford, CA). Powdered samples were dispersed on low
background adhesive tape with XRD collected at beamline 11–3 in
transmission at 0.976 Å, diffractograms were calibrated with a LaB6

standard and converted to Cu K-α wavelength using non-linear curve fit
and the Bragg equation. Mineral identification was performed using the
Philip's X'pert HighScore Plus program (version 2.2a).

2.3. REY adsorption - batch test

To examine REY adsorption, experiments were performed at the
natural soil pH (determined in 5 mmol kg−1 Ca(NO3)2, soil:solution of
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1:100, n = 5) and at values ranging from pH < 2 to > 8. Specific
parameters for each experiment are described. The first set of experi-
ments sought to evaluate REY adsorption in both soils at natural pH,
simulating undisturbed conditions. The second set of experiment eval-
uated REY adsorption across a range of pH (< 2 to > 8) to verify
possible influence on REY-adsorption due to aqueous REY speciation
and pH dependent surface charge. In both experiments, 0.3 g soil was
suspended and equilibrated in a 30 g background solution of

5 mmol L−1 Ca(NO3)2 (pH = 5.5, ionic strength 15 mmol kg−1) for 72 h
(time 0 h). After equilibration, specific volumes of REY were added to
80 μmoles kg−1, which was the initial concentration for the sorption
reactions. The REY were added individually as nitrate salts and in a
multi-REY mixed cocktail (all REY at the same conc. mixed in the same
tube). The suspensions were agitated for 3 h and 72 h time-steps, then
centrifuged for 10 min at 14,000 rpm and filtered (0.45 μm, Acrodisk,
GHP). Blank controls were performed to examine possible

Table 1
REY certified and determined concentrations, and recoveries found for certified reference materials of the OREAS Research exploration® 100, 100a, and 100b.

REY Certified value (mg kg−1) Obtained value (mg kg−1) Mean recovery (%)

100⁎ 100a⁎ 100b⁎ 100⁎ 100a⁎ 100b⁎ 100⁎ 100a⁎ 100b⁎

La 260 816 789 230 842 739 89 103 94
Ce 463 1396 1331 412 1437 1262 89 103 95
Pr 47.1 134 127 42.1 135.9 118.4 89 101 93
Nd 152 403 378 123 368 323 81 92 86
Sm 23.6 48.8 48 21.7 52.1 45.5 92 107 95
Eu 3.7 8.1 7.8 3.3 8.5 7.4 90 105 95
Gd 20.3 42 40 18.8 35.3 31.2 93 84 78
Tb 3.8 5.9 5.4 2.9 4.1 3.6 75 69 67
Dy 23.2 33.3 32.1 21.1 34.0 30.3 91 102 94
Ho 4.8 6.5 6.3 4.6 6.9 6.2 95 106 98
Er 14.9 19.5 18.7 14.1 20.4 18.4 94 104 98
Tm 2.3 2.9 2.7 2.1 3.0 2.7 93 103 101
Yb 14.9 17.5 17.6 14.0 19.2 17.3 94 110 98
Lu 2.3 2.7 2.6 2.1 2.7 2.5 92 103 97
Y 95.5 135 133 121 178 160 127 132 120

⁎ Certified reference materials OREAS Research exploration® 100, 100a, and 100b, respectively.

Fig. 1. A – Valles Caldera National Preserver, New Mexico – USA. B – São Roque de Minas, Minas Gerais – Brazil.
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contamination and native REY-desorption from the soils. These control
blanks were REY-FREYblank (rare earth elements free, soil + back-
ground solution only) and Soil-FREYblank (no soil, rare earth ele-
ments + background solution only). REY certified standards were used
to prepare all REY solutions with 5 mmol kg−1 Ca(NO3)2. The REY
contents in the equilibrium concentration were determined by ICP-MS.
Details on the Kd batch tests followed USEPA (1999) methods. Cali-
bration standards for each REY were prepared matching the matrix
composition with samples diluted for ICP-MS analysis in order to ac-
count for matrix interferences. The detection limits in ng kg−1 were for
Y(0.08), La(0.08), Ce(0.05), Pr(0.05), Nd(0.15), Sm(0.3), Eu(0.06), Gd
(0.09), Tb(0.04), Dy(0.06), Ho(0.05), Er(0.1), Tm(0.03), Yb(0.05), and
Lu(0.06).

2.3.1. REY adsorption in natural pH
The natural pH for both soils was determined; 6.75 ± 0.07 and

4.4 ± 0.08 for the Mollisol and for the Oxisol, respectively (in
5 mmol L−1 Ca(NO3)2, soil:solution of 1:100, n = 5). The batch test
experimental parameters previously described were used for REY ad-
sorption. The experimental matrix included 16 individual REY, 1
cocktail REY, 1 REY-FREYblank, 1 Soil FREYblank, and 2 time-steps all in
triplicate (n = 114). Suspensions were agitated for two durations, 3 and
72 h, with the 72 h experiment having alternating cycles of 12 h of
shaking and 12 h of resting. Shortly after the addition of REY and after
shaking, the pH was measured in each tube. After 3 h and 72 h, the
equilibrium concentration was measured (following the batch test
parameters above) by ICP-MS.

2.3.2. REY adsorption in different pH values
Two solutions with 15 mmol kg−1 HNO3 and 5 mmol kg−1 Ca(OH)2

(for consistent ionic strength = 15 mmol kg−1) were prepared for pH
adjustments. The pH was adjusted to a wide range of pH values, ranging
from pH < 2; 2 < pH < 2.5; 2.5 < pH < 3; 3 < pH < 3.5;
3.5 < pH < 4; 4 < pH < 4.5; 4.5 < pH < 5; 5 < pH < 5.5;
5.5 < pH < 6; 6 < pH < 6.5; 6.5 < pH < 7; 7 < pH < 7.5;
7.5 < pH < 8; to pH > 8. Experimental parameters of the batch test
were used as described in Section 2.3. Adsorption reaction time of all
REYs (individual and as cocktail) was 3 h. Then, the solution was col-
lected for ICP-MS analyses.

2.4. Adsorption and parameters for species models – Kd and Q

2.4.1. Model parameters
For all experiments, the REY concentrations were calculated on a

mass basis. Eq. (1) shows REY adsorbed per unit weight of adsorbent:

=Q ((Ci (Ce CeREY FREY blank)) Vsol.
Msoil (1)

where, Q is the REY adsorbed (μmoles kg−1); Ci and Ce are the initial
and the equilibrium REY concentrations in the solution (μmoles kg−1),
respectively; CeREY-FREYblank is the equilibrium REY concentration
obtained from the soil (desorption in μmoles kg−1); V is the volume of
the solution (mL); and M is the mass of the adsorbent soil (g). The
values of the distribution coefficient (Kd) in kg kg−1 were calculated as
shown in Eq. (2):

=K Q
Ced (2)

where, Kd is the distribution coefficient (kg kg−1); Q is the amount of
REY adsorbed by the soil mass (μmoles kg−1); and Ce is the equilibrium
REY concentrations in solution (μmoles kg−1).

2.4.2. Parameters assumed in modeling REY adsorption on soils
Predicted thermodynamic aqueous and solid phase REY speciation

was evaluated using Geochemist's Workbench (Bethke, 2007) with the
Lawrence Livermore National Laboratory thermodynamic database

(thermo.com.v8.r6+; Delany and Lundeen, 1990). To model the in-
teractions of REY with soil surfaces over relevant pH ranges, the geo-
chemical speciation of each REY was calculated in a background elec-
trolyte solution of 5 mM Ca(NO3)2, f(CO2) = 10–3.5, and f(O2) = 10–0.7.

3. Theory

Rare earth elements (REY) are key for nowadays industries and
might be also important for the future of modern agriculture. They have
been added - intentionally and unintentionally - to soils in great
amounts in recent years, yet their impact in worldwide soil environ-
ments is still unknown. Therefore, assessing the fate of REY as well as
their reaction and mobility in representative soils of relevant global
agroecosystems is essential for a better understanding of REY bioa-
vailabilities in the environment, as this might affect plants and animals,
humans included. Our findings will be relevant and useful to predict
REY accumulation in soils resulting from anthropogenic activities,
which is valuable in agriculturally important regions, where the use of
phosphate fertilizers and phosphogypsum has been recently identified
as a potential non-point source of REY to agricultural soils.

4. Results

4.1. Soil characterization

The REY concentrations in all standard reference materials used in
this study are shown (Table 1). Recoveries for all REY were considered
satisfactory ( ± 20% of certified values), indicating QA/QC protocols
assured data accuracy for REY analyses. Data concerning chemical and
physical analyses (e.g. pH, CEC, texture, etc.) of both soils are shown
and highlight that soil characteristics are quite different between the
evaluated soils (Table 2). It is noteworthy that the OM content found for
the Mollisol is approximately 10 times greater than the Oxisol, which
influences the surface charge in each soil. Both soils have a pre-
dominantly negative surface charge, ∆pH values were negative, the
Mollisol being more negative (−1.65) compared to the Oxisol (−0.1),
which is related to its mineralogy and OM content. The soil properties
also influence CEC (natural pH and at pH 7.0) and PZC. The Mollisol
showed lower PZC and higher CEC - especially ECEC - than the Oxisol,
which is anticipated from the kaolinite and oxidic mineralogy.

Potassium oxide and sodium oxide in the Mollisol were 2.66 and
2.10%, respectively. This fact is related to the presence of less-weath-
ered minerals, which may also increase the net negative charge of the
soil. This was confirmed by XRD analyses shown in Fig. 2B, where the
Mollisol shows the following minerals: albite [NaAlSi3O8], anorthite
[(Ca,Na)(Al,Si)4O8], augite [Ca(Mg, Fe, Al)(Si,Al)2O6], kaolinite
[Al2Si2O5(OH)4], illite [(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2,(H2O)],
orthoclase [KAlSi3O8], and quartz [SiO2]. By contrast, iron and alu-
minum oxides as well 1:1 clay (kaolinite) were the main mineralogical
phases identified for the Oxisol, indicative of its high level of weath-
ering-leaching compared with the Mollisol (Fig. 2). Total REY contents
found for both soils are also shown, LREY contents in the Mollisol were
higher than those found in the Oxisol, except for cerium and the HREY
contents were higher in the Oxisol than those of the Mollisol (Table 2).
Among all REY, cerium had the highest concentrations in both soils.

4.2. REY adsorption

4.2.1. REY adsorption in natural pH
Fig. 3 shows the REY (under single and cocktail REY treatments)

adsorption results for both soils (A and B – Oxisol, C and D – Mollisol)
for the two studied time-reactions (3 and 72 h). Note that both soils
adsorbed higher amounts of all REY following the single element ad-
dition compared with the competitive system (cocktail); the REY ad-
sorption in both soils was 2–3× greater for the single REY experiment
compared to the cocktail system. The REY adsorption on the Oxisol
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increased with increasing reaction time from 3 to 72 h, while the
Mollisol exhibited the opposite trend where adsorption decreased with
increasing reaction time. The pH was measured in each tube at both
time steps and in general the pH of the soil suspension decreased over
time for the Mollisol (~one pH unit) but remained steady (only ~0.1
ΔpH units) for the Oxisol (Table 3).

The decrease in the REY sorption for the Mollisol with increased
reaction time prompted the investigation of aluminum in solution, with
release or exchange of Al from soils and surface site competition as a
possible explanations for decreased sorption in select samples over the
REY-series for both time points. Analysis of solubilized Al was com-
pleted on the following treatments: La, Ce, Gd, Lu and REY-FREYBlank.
Exchangeable Al was also determined for comparative purposes ac-
cording to Sparks (1996). The results for Al content and exchangeable
Al for the chosen treatments are shown (Fig. 4). Tukey's tests were
performed at 0.05 level of significance in order to compare Al con-
centration and exchangeable Al among REY-treatments. Aluminum
values found for any REY-treatment after 3 or 72 h of reaction were
significantly higher than the exchangeable Al and the REY-FREYblank,
except for the Lu REY-treatment, which showed no difference from
exchangeable Al, for 3 h of shaking. This may account for the higher
adsorption after 3 h as compared with that observed after 72 h and also
partially explained the decrease in pH of the solution over time ob-
served only for the Mollisol (Table 3). As shown in Fig. 2B, the Mollisol
had Al-bearing phases as its main mineral constituents, e.g. kaolinite,
anorthite, augite, albite, illite, and orthoclase. It is possible that the REY
applied to the weatherable Mollisol may have exchanged with Al pre-
sent over time (3 v 72 h), as indicated by no Al detected in REY-
FREYblanck and the exchangeable Al being lower than the Al released in
the REY treatments following the adsorption of the REY. Al-hydroxide
interlayer vermiculite mineral found for Oxisol can also release Al from
the octahedral interlayers and decrease the solution pH by forming
gibbsite. However, this process was not observed in this experiment.

In general, REY adsorption in the Mollisol was higher than in the
Oxisol, and the LREY were adsorbed to a greater extent on both soils.
For the Mollisol, Eu had the greatest adsorption values, while Y was
lowest.

Table 2
Chemical and physical characteristics of the evaluated soils.

Element Unit Soil

Mollisol Oxisol

O.C. g kg−1 14 2.26
pHH2O 6.85 4.35
pHKCl 5.2 4.25
∆ pH −1.65 −0.1
PZC 3.55 4.15
CEC cmolc dm−3 11.64 10.22
ECEC 9.69 1.75
Oxides SiO2 % 51.8 ± 3 18.3 ± 0.5

Al2O3 8.1 ± 0.5 34.6 ± 0.9
Fe2O3 1.38 ± 0.1 14.1 ± 0.4
TiO2 0.48 ± 0.1 1.5 ± 0.2
K2O 2.66 ± 0.1 0.4 ± 0.1

Na2O 2.1 ± 0.2 0.5 ± 0.1
REY La mg kg−1 22.46 ± 1.5 3.27 ± 0.9

Ce 42.13 ± 2.9 106.1 ± 9.2
Pr 4.73 ± 0.3 0.89 ± 0.2
Nd 14.84 ± 1.3 3.19 ± 0.9
Sm 3.01 ± 0.2 1.15 ± 0.3
Eu 0.59 ± 0.1 0.38 ± 0.1
Gd 1.99 ± 0.1 2.52 ± 0.5
Tb 0.43 ± 0.1 0.48 ± 0.1
Dy 2.66 ± 0.1 4.60 ± 1.2
Ho 0.60 ± 0.1 1.06 ± 0.3
Er 1.75 ± 0.1 3.29 ± 0.8
Tm 0.33 ± 0.1 0.54 ± 0.1
Yb 1.94 ± 0.1 3.39 ± 0.8
Lu 0.35 ± 0.1 0.55 ± 0.1
Y 14.43 ± 0.1 27.29 ± 6

LREY/HREY 3.6 2.6
Texture Sand % 46 3

Silt 38 15
Clay 16 82

pHH2O - 1:2.5 Soil:Water - v/v; pHKCl - 1:2.5 Soil:1 M KCl - v/v; ∆pH = pHKCl -
pHH2O; n = 5; PZC = 2 pHKCl - pHH2O; Given Errors for oxides and REY were
standard error from n = 3.

Fig. 2. X-ray diffractograms for Oxisol (A) and Mollisol (B). Oxisol (A) minerals - Anatase (At) [TiO2], Al-Hydroxy interlayed Vermiculite (HIV) [(Mg;Fe3;Al)3(Si;
Al)4O10(OH)24H2O], Gibbsite (Gb) [Al(OH)3], Goethite (Gt) [Fe3OOH], Hematite (Hm) [Fe2O3], Kaolinite (Kt) [Al2Si2O5(OH)4], Muscovite (Mu) [KAl2(Si3Al)
O10(OH,F)2] and, Quartz [SiO2]. Mollisol (B) minerals - Albite [NaAlSi3O8], Anorthite [(Ca,Na)(Al,Si)4O8] Augite [Ca(Mg,Fe,Al)(Si,Al)2O6], Kt, Illite [(K,H3O)
(Al,Mg,Fe)2(Si,Al)4O10(OH)2,(H2O)], Orthoclase [KAlSi3O8] and, Qt.
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It was observed that REY adsorption trends were similar in both
soils and reaction times, and Kd values have been calculated for com-
parison of the adsorption of all REY-singles sorbed on soils after 3 h of
reaction (Fig. 5). The thermodynamically predicted REY species ex-
pected in each soil were calculated. The Kd values for the Oxisol were
orders of magnitude lower than those found for the Mollisol (Fig. 5).
However, the adsorbed REY species differed depending on the soil,

Fig. 3. Adsorption of REY on single (A, C) and multielemental (cocktail B, D) systems in the Oxisol (A, B) and the Mollisol (C, D) for both 3 h (black) and 72 h (gray),
and natural pH.

Table 3
Average for pH values found after different time reactions following REY-ad-
sorption on the Oxisol and the Mollisol.

REY Soils

Oxisol (pHinicial 4.35) Mollisol (pHinicial 6.85)

pH3 h pH72 h pH3 h pH72 h

La 4.41 ± 0.02 4.27 ± 0.04 6.85 ± 0.01 5.61 ± 0.02
Ce 4.46 ± 0.01 4.30 ± 0.01 6.73 ± 0.02 5.55 ± 0.01
Pr 4.41 ± 0.02 4.28 ± 0.03 6.71 ± 0.01 5.52 ± 0.01
Nd 4.30 ± 0.02 4.14 ± 0.04 6.80 ± 0.01 5.48 ± 0.01
Sm 4.43 ± 0.02 4.29 ± 0.01 6.72 ± 0.01 5.41 ± 0.02
Eu 4.42 ± 0.02 4.26 ± 0.02 6.72 ± 0.01 5.62 ± 0.01
Gd 4.33 ± 0.03 4.19 ± 0.04 6.75 ± 0.01 5.48 ± 0.01
Tb 4.32 ± 0.02 4.16 ± 0.03 6.76 ± 0.01 5.49 ± 0.01
Dy 4.43 ± 0.02 4.29 ± 0.01 6.76 ± 0.01 5.59 ± 0.01
Ho 4.44 ± 0.01 4.28 ± 0.03 6.66 ± 0.01 5.41 ± 0.01
Er 4.41 ± 0.02 4.27 ± 0.02 6.67 ± 0.02 5.42 ± 0.01
Tm 4.39 ± 0.02 4.16 ± 0.02 6.72 ± 0.01 5.49 ± 0.01
Yb 4.38 ± 0.01 4.21 ± 0.03 6.56 ± 0.08 5.47 ± 0.01
Lu 4.38 ± 0.05 4.22 ± 0.03 6.70 ± 0.04 5.40 ± 0.01
Y 4.39 ± 0.04 4.13 ± 0.05 6.44 ± 0.02 5.44 ± 0.01
REY Cocktaila 4.28 ± 0.02 4.21 ± 0.01 6.47 ± 0.05 5.52 ± 0.03
REY FREYb 4.45 ± 0.01 4.43 ± 0.01 6.75 ± 0.02 6.78 ± 0.02
REY Soil FREYc 5.45 ± 0.02 5.46 ± 0.02 5.44 ± 0.02 5.48 ± 0.02

pH3 h and pH72 h measured following the reaction time of 3 and 72 h, ±
standard error of the mean, (n = 3).

a REY Cocktail was the mixture of soil with all REYs.
b REY FREY was the REY-free soil + background solution only control.
c REY Soil FREY was the soil-free, rare earth elements + background solu-

tion only control.

α

β

γ
γ γ

β

µ

Fig. 4. Aluminum in solution after both reaction times and exchangeable alu-
minum in the Mollisol. Exchangeable aluminum was measured according to
Sparks (1996) (n = 3). Values followed by the same Greek characters (3 h) or
Roman letters (72 h) are not significantly different by Tukey's test at 0.05 level.
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attributed to the natural pH. For the Oxisol, REY were adsorbed as
REY+++ and REYNO3

++ species, which were the main species present
in pH values around 4.5 (natural pH for the Oxisol). For the Mollisol,
REY were adsorbed principally as REY(OH)++ and REY(CO3)+. The
highest adsorption on the Mollisol was Eu, possibly due to the tetra-
valent species (REY2(OH)2

++++) at the Mollisol natural pH, which is
close to 6.85 (Fig. 5). Some of the calculated REY-partitioning to the
solid phase was not by adsorption, but rather precipitation, again at-
tributed to the natural pH for the Mollisol. It is thermodynamically
predicted that at the pH values above 7–8 and REY activity modeled,
most of the REY start to precipitate, especially the HREY.

4.2.2. REY adsorption in different pH values
Results of REY adsorption capacity as a function of pH for both soils

are presented (Fig. 6). Superimposed on this figure are the predicted
species abundances of each REY present across the pH ranges examined.
The dotted vertical line in Fig. 6 indicates the point of zero charge
(PZC) of the soils. In general, for the same soil, the REY-adsorption
trends over the pH ranges were similar. The REY adsorption on the
Mollisol was higher than in the Oxisol for all REY over the studied pH
range. The maximum adsorption of REY in the Mollisol was between
pH 3.5 to 4, after which it did not increase. On the other hand, the REY-
adsorption on the Oxisol kept increasing over the entire pH range, with
REY precipitation predicted above pH about 7 (depending on the REY)
based on geochemical thermodynamic modeling.

For Oxisol REY-adsorption experiments, three different trends over
pH values became evident. Over the pH range evaluated, the main
predicted REY species in solution were REY+++ and REYNO3

++ (ni-
trate form), until their respective predicted precipitation at about
pH > 7. Some forms of REY-carbonate were predicted, namely for
LREY. Modeling did not show Y(OH)3(s) precipitation within the studied
parameters. Moreover, it seems that species distribution did not inter-
fere in the adsorption, except for Eu, which reached a high Kd for both
soils when the tetravalent Eu2(OH)2

++++ species was predicted to
predominate in solution (higher than 50%). This substantiates findings
for REY adsorbed on the Mollisol, where it was observed that the pH
was a key variable, because Eu was the only REY that presented a bi-
dentate tetravalent species. Moreover, the HREY species modeling
showed that REY-precipitation should start below pH 7.0, which may

have interfered with the adsorption values for HREY. Once again, the
LREY had the highest adsorption for both soils followed by the HREY,
over the studied pH range.

Adsorption is shown for multi-elemental systems, i.e., REY-cocktail
treatments, on the Oxisol and the Mollisol, for all studied pH ranges
(Fig. 7A, B). Highlighted sections of Fig. 7 show the predicted inter-
action of the REY with organic and mineral solid phases across pH
ranges. The REY adsorption values were lower when all REY were used
together, when compared with the adsorption found for single REY.
This fact was due to higher ion concentrations in solution and conse-
quently less REY adsorption, i.e., due to competition for limited ad-
sorption sites. The REY-trends over the studied pH range for each in-
dividual soil was similar. All these trends are similar to those shown
above for REY-single treatment (Fig. 6).

The Mollisol competitive sorption is shown with two distinct uptake
regimes with respect to pH, where REY adsorption increased up to the
PZC 3.5–4, then leveled off (Fig. 7B). Similar results were observed for
the Oxisol to the PZC, but with lower uptake (Fig. 7A). However, for the
Oxisol, in addition to this bimodal trend to the PZC (pH ~4), the REY-
adsorption on the Oxisol had Kd slope trends with intervals between 4.0
and 6.2; 6.2–7.8; above 7.8. Adsorption was slightly higher for LREY
than for HREY, as was also observed for the experiment with the soils'
natural pH described above.

5. Discussion

5.1. Soil characterization

It is well known that the environmental factors contributing to soil
formation differ significantly between tropical and temperate regions.
Mollisols are formed under moderate climate, with pronounced sea-
sonal moisture deficit, which helps retain weatherable minerals in the
soil (Soil Survey Staff, 2010). This explains the types of minerals found
for the Mollisol in this study (Fig. 2B). Conversely, Oxisols are formed
in tropical and intertropical areas under severe weathering-leaching
conditions, resulting in the removal of weatherable minerals and ac-
cumulation of kaolinite and oxides (Kampf and Curi, 2003; Resende
et al., 2011). Oxisol mineralogy consists of 1:1 clay minerals, such as
kaolinite and oxides of Al and Fe such as hematite, goethite, and

Fig. 5. Effect of soil type on REY (single) distribution coefficient (Kd) in 3 h (reaction time). REY species were determined using Geochemist's Workbench modeling
software. The REY2(OH)2

++++ species was predicted only for Eu.
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gibbsite (Curi and Franzmeier, 1984), consistent with the results found
in this study (Fig. 2A). Soil genesis, a function of environmental con-
ditions, explains the results for oxides and OM in each soil (Table 2).

In this study, soil samples from the Oxisol and the Mollisol were
collected in areas selected for minimal anthropogenic interference for
the quantification of background REY values (Juan, 1994). In Table 2,
the total REY values are shown (background values by alkaline fusion)
for the studied soils. The REY levels corroborate the values presented by
Ramos et al. (2016) in a comprehensive review reporting worldwide
background values for REYs in soils from 33 countries, with the USA
and Brazil included. The difference for LREY and HREY total values
between the soils found in this study are likely best explained by the
differential transport of REY during weathering-leaching (Ling and Liu,
2002).

In the environment where Oxisols are formed, i.e. high temperature
and precipitation and consequently high weathering-leaching, losses of
cations are expected, with a consequent pH decrease, while the opposite
occurs for Mollisol (CEC and pH, Table 2). This fact may explain the
lower and higher levels of LREY and HREY, respectively, for the Oxisol
(except for Ce) when compared with the Mollisol. Sá Paye et al. (2016)
found high Ce concentration in several oxidic soils in Brazil, which was
corroborated in the present study. These authors attributed high Ce to
the predominance of igneous rocks as soil parent materials. Additional
details concerning the influence of weathering-leaching on the total

REY levels in similar soils, as used in this study are presented by Sá Paye
et al. (2016), as well as Vázquez-Ortega et al. (2015, 2016). As shown in
Fig. 6, at low pH, REY occurs mainly in the free ion from, while at pH
above 6 REY species tend to complex, especially HREY. The solubility
product of REY-hydroxides at 25 °C decreases from La
(Ks = 1.0 × 10−19 mol L−1) to Lu (Ks = 2.5 × 10−24 mol L−1)
(Latimer, 1938). In addition, HREY release water molecules from the
hydration sphere more easily than LREY due to ionic radius contraction
with increasing atomic number (Coppin et al., 2002), which makes
them more prone to complexation when compared with LREY (Laveuf
and Cornu, 2009; Moldoveanu and Papangelakis, 2012).

Organic matter (OM) was higher for the Mollisol (Table 2). Due to
climatic conditions of diagenesis in temperate regions, as those pre-
dominant in the genesis environment of Mollisols, organic compounds
tend to accumulate, which together with clay minerals, are responsible
for the negative charges present in these soils (Liu et al., 2012). How-
ever, despite the lower OM content for Oxisols, OM has an important
role in these soils. For tropical soils, it is widely known that organic
compounds are important because they interact with soil components,
with significant impact on net electrical charges, CEC, and other
parameters (Resck et al., 1999). Organic matter present in the Oxisol
may be the reason why the REY-adsorption in the Oxisol reached values
sometimes near those found for the Mollisol, as Oxisols are known to
have low charge density in their clay minerals.

Fig. 6. Effect of pH on individual adsorbed REY (Q) for the Mollisol (circles) and the Oxisol (triangles) and predicted REY species in solution. The speciation
calculations were at 80 μmoles kg−1 REY and background electrolyte of 5 mmoles kg−1 Ca(NO3)2, 1 × 103.5 mol kg−1 CO2(f) and 1 × 100.7 mol kg−1 O2(f). Dotted
vertical lines represent the estimated PZC for both soils.

Fig. 6. (continued)
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5.2. REY adsorption

5.2.1. REY adsorbed in natural pH
Similar trends across REY-adsorption were observed in both soils,

regardless of the treatment at the natural pH (Fig. 3). This indicates that
REY have the similar behavior independent of the soil character and of
the presence of others ions. Due to this, REY behavior are widely used
to study pedogenic processes (Caspari et al., 2006; Laveuf and Cornu,
2009; Cidu et al., 2013; Vázquez-Ortega et al., 2016). However, in spite
of similar trends, adsorption values for REY-single and REY-cocktail
treatments were different for the two soils. The REY-adsorptions for
REY-cocktail treatments were lower due to competition for adsorption
sites. Similar results were reported by Quinn et al. (2004) and Tang and
Johannesson (2010a, 2010b).

Soil characterization is important for understanding REY-adsorption
on the studied soils. Mineral and organic soil characteristics are im-
portant because of their influence on REY adsorption behavior (Tyler,
2004). However, results showed higher REY-adsorption on the Mollisol,
regardless of the treatment (single or cocktail) (Fig. 3). This can be
explained by to the Mollisol OM and mineralogy content and type,
which produced higher cation exchange capacity (Table 2) for REY-
adsorption (Fig. 2B). Mineral type, CEC, SSA, and OM have been widely
associated with REY-adsorption in soils (Fairhurst et al., 1995; Jones,
1997; Coppin et al., 2002; Shan et al., 2002; Pédrot et al., 2010; Tang
and Johannesson, 2010a; Cidu et al., 2013). In contrast, kaolinitic and
oxidic soils have low negative surface charge density, which gives them
relatively low capacity for metal cation sorption (McBride, 1994). This
explains the lower REY-adsorption values found for the Oxisol when
compared with the Mollisol in this study.

Kinetic experiments for REY have reported increases in REY-ad-
sorption in several soil types over time (Xiangke et al., 2000; Li, 2001;
Coppin et al., 2002; Quinn et al., 2004; Tang and Johannesson, 2005;
Davranche et al., 2005; Tang and Johannesson, 2010a), as it was ob-
served for the Oxisol in the present study. In contrast, our data suggest
that REY-adsorption and pH decreases over time for the Mollisol
(Fig. 3C and D and Table 2). These results indicate that there is surface
competition and/or OH– consumption or H+ release. The main mineral
phases for the Mollisol was 2:1 clays with Al in the structure, and sig-
nificant differences in Al contents among REY-single treatments and
Al3+ were observed for both studied reaction times. The observed re-
sults suggest that part of the Al present in solution for REY-single

treatments may come from the mineral phase, specifically muscovite.
Similar results were reported by Coppin et al. (2002), who studied REY
sorbed on clays similar to those found for the Mollisol in this study
(muscovite and kaolinite) under different treatments. These authors
attributed this fact to the dissolution of aluminum from clays. Thus, it is
possible that clays weathered overtime, releasing Al3+ to solution,
which consumed OH−, decreasing pH and also competing with REY on
the retention sites, thereby reducing REY adsorption.

Europium had the highest adsorption, especially in the Mollisol,
irrespective of the reaction time and REY treatment. This is linked to
the pH and, consequently, to Eu speciation in solution. The average for
pH in solution for the Mollisol-Eu treatment was 6.72 while for Oxisol-
Eu treatment was 4.42. According to the speciation model, the main
species of Eu in solution was Eu2(OH)2

++++ for the Mollisol and
Eu+++ for the Oxisol. Eu2(OH)2

++++ represented > 50% of the ex-
pected europium species in solution, according to the speciation model
fitted for the Mollisol-Eu treatment. Europium speciation has been
studied under several experimental conditions (Wood, 1990; Millero,
1992; Spahiu and Bruno, 1995; Kang and Hahn, 2004; Luo and Byrne,
2007); however, only recent studies report Eu2OH2

++++ in solution
(Sun et al., 2012b; Sun et al., 2012a). According to Sun et al. (2012b)
studying europium sorption on graphene oxides nanosheets, the
Eu2(OH)2

++++ species has attraction forces with anionic surface sites
that easily result in the formation of metal-ligand complexes at pH >
PZC. Further, cations of greater valence have preference at soil ad-
sorption sites (Sposito, 1989). This is a possible explanation for the
higher adsorption of Eu in relation to other REY.

5.2.2. REY adsorbed in different pH values
Data reported in Figs. 6 and 7 show the influence of mineral phases

and speciation from each soil on REY adsorption. The patterns of REY
adsorption over the evaluated pH range in both soils are related to the
developed electrical charge at each pH. Likewise, pH also controlled
REY adsorption for both soils, with a more pronounced effect in the
Oxisol. Several studies have reported the pH dependence for REY ad-
sorption (Fendorf and Fendorf, 1996; Jones, 1997; Aja, 1998; Cao et al.,
2001; Tang and Johannesson, 2005; Bao and Zhao, 2008; Tang and
Johannesson, 2010a). REY adsorption is further controlled by the
nature of the clay minerals present, as well as by the solution pH and
the background electrolyte composition (ionic strength) (Laufer et al.,
1984; Aja, 1998; Coppin et al., 2002). For example, the mineralogy of

Fig. 7. Effect of pH on REY (cocktail) adsorbed on the Oxisol (A) and the Mollisol (B). The highlighted ranges in pH represent possible primary sources and/or
interferences for soil charges and/or REY precipitation.
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the studied Mollisol, i.e. 2:1 clays, have high specific surface area, with
a permanent negative surface charge due to the presence of the layered
structures of aluminum octahedra and silicon tetrahedra sheets
(Sposito, 1989), where isomorphic substitution of one cation (Si4+) by
another (Al3+) with lower valence within these structures generates
charge imbalances. This type of charge is independent of soil pH
(Sposito, 1984), which explains the REY-adsorption pattern in the
Mollisol above the pH of the estimated PZC, where REY adsorption
values did not vary and pH dependent surface charge did not develop.

Adsorption increased with increasing pH up to the PZC for the
Mollisol. This is due to soil having a positive charge below its PZC,
which would repel metal cations. Clay PZC varies, e.g. kaolinite, which
has a PZC between 3 and 4 (Kosmulski, 2009). Another consideration
would be the Fe and Al oxides present in this soil, where even at low
concentrations (Table 2) these high reactive surface area oxides can
increase the PZC and thus contribute to the observed adsorption be-
havior. These factors may explain the pH-dependent steep increase in
REY-adsorption behavior on the Mollisol up to the PZC shown in Figs. 6
and 7B. It is also noticeable that the higher OM (Table 2) for Mollisol,
which also may have some positively charged functional groups below
this soil's PZC, is prone to character alteration and thus change the
associated charge and soil PZC. Despite the high content of 2:1 clays in
Mollisol, the OM may have a major role on REY adsorption below the
PZC because it has been associated with increased metal adsorption
even in temperate soils (Gerritse and Driel, 1984). Thus, it is possible
that some organic compounds, which have overall PZC < 4, together
with silicate clays 1:1 were responsible for the increases in REY-ad-
sorption with increasing pH up to the PZC estimated for this Mollisol.
The reported PZC here was estimated (not determined by traditional
methods); however, it is in agreement with the REY-adsorption plateau
at a pH near the estimated PCZ. The REY adsorption for the Mollisol is a
function of pH below the PZC of the soil, even with the predominance of
2:1 clays.

The Oxisol REY-adsorption increased over the entire studied pH
range. This trend is associated with its mineral-organic phase char-
acterization (Fig. 2A and Table 2). It is well known that kaolinitic and
oxidic soils are comprised of minerals having surface charges that de-
pend on soil pH, known as variable or pH-dependent charges (McBride,
1994). Thus, the soil pH determines the predominance of negative or
positive charges, and also the point at which the net surface charge is
zero. In addition, the role of OM is widely known to generate charge for
Oxisols because the mineral phase in these soils is depleted in 2:1 clay
minerals with structural negative surface charges. Several authors have
reported REY-adsorption increases associated with higher OM and
smaller clay contents (Shan et al., 2002; Pourret et al., 2007;
Michaelides et al., 2010). Overall, it is difficult to measure the PZC of
different OM components due to the complexity and diversity of or-
ganic compounds in the soil. Thus, it is possible that OM has con-
tributed for REY-adsorption over all pH range, because various OM
compounds could reach the PZC at different pH values (Kosmulski,
2009).

The REY adsorption trends for the Oxisol (Fig. 7A) may be separated
according to the main mineral-organic influence at each highlighted pH
range. The first increase (trend) in REY-adsorption (at pH < 4), which
indicates increases in negative surface charges, was probably due to
silicate 1:1 clays and OM, which are the only soil components that
could have PZC < 4.0. It also indicated that the PZC estimated for
Oxisol in this study was appropriate for the first adsorption edge ob-
served. Nevertheless, OM and silicate 1:1 clays (e.g., kaolinite) have
been pointed to as the main sources of negative charges in Brazilian
Oxisols, especially below the PZC (Raij, 1973; Ker, 1997). When ne-
gatively-charged soil constituents increase, the negative surface charge
in the soil is raised and the PZC is reduced (Gillman and Uehara, 1980).
Above the PZC, the next two REY-adsorption trends for the Oxisol (pH 4
to7.8, Fig. 7A) may be associated with OM but are likely more influ-
enced by oxide surfaces. Studies have reported the influence of oxides

on REY adsorption, especially above pH 5.0 (Fendorf and Fendorf,
1996; Davranche et al., 2005). Piasecki and Sverjensky (2008) did a
comprehensive study of REY sorption on different oxides under various
conditions and observed differences in REY-adsorption between iron
and aluminum oxides where hematite (Fe oxide) reached 100% REY
sorption below pH 6.0, and alumina (Al oxide) REY 100% sorption was
above pH 6.5. Based on these findings, it was proposed that the REY
adsorption in the second trend (pH range 4 to 6.2 – Fig. 7A) was due to
the influence of hematite and/or goethite, while the third trend (pH 6.2
to 7.8, Fig. 7A) was due to negative charge from gibbsite. At the highest
pH (pH > 7.8, Fig. 7A), the REY-adsorption values may have been a
mixture of precipitation and REY-adsorption onto Al-oxides, because
some REY were predicted to precipitate at circumneutral pH, especially
for HREY (Fig. 6).

6. Conclusion

The present study investigated the sorptive behavior of rare earth
elements in soils of contrasting mineralogy and great representative-
ness, Mollisol (US) and Oxisol (Brazil). Our results have shown that clay
mineralogy, which reflects the extent of weathering-leaching and the
soil formation process, plays a major role in REY sorption, with the
Mollisol being able to sorb almost twice as much REY as the Oxisol.
However, REY sorptive behavior, like their behavior in other processes
in the environment, follow similar behavior trends for each soil, irre-
spective of the reaction time, especially in a competitive system were all
REY coexist. Also, Eu was the most sorbed element and hence had the
highest partitioning coefficient (Kd). REY sorption is influenced by soil
pH especially for Oxisols, which are dominated by kaolinite and metal
oxides as the main inorganic phases, minerals with pH-dependent
charge. These findings will be relevant and useful to predict REY ac-
cumulation in soils resulting from anthropogenic activities, which is
valuable in agriculturally important regions, where the use of phos-
phate fertilizers and phosphogypsum has been recently identified as a
potential non-point source of REY to agricultural soils.
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