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A B S T R A C T

The clay minerals, kaolinite and halloysite are dominant hosts for rare earth elements (REEs) in the weathered
crust elution-deposited REE deposits. However, the accumulation of REEs on kaolinite and halloysite has not
been systematically compared. In this study, the adsorption of complete REE series on kaolinite and halloysite
was investigated under different pH levels and ionic strengths, which was linked to the enrichment and frac-
tionation of REEs within the clay fraction of a typical weathered crust elution-deposited REE deposit. At low
ionic strength, the adsorption of REEs on kaolinite and halloysite increased with increase in pH, with some
noticeable fluctuation observed on halloysite at high pH. All the REEs were adsorbed to a similar extent without
apparent fractionation, except for the slight enrichment of heavy REEs (HREEs) at high pH. At high ionic
strength, REE adsorption exhibited a linear increase with the increase in pH, particularly at high pH, with HREEs
being preferentially adsorbed. Compared to halloysite, kaolinite possessed a higher specific surface area (SSA)
normalized adsorption capacity towards REEs. These observed adsorption characteristics could possibly explain
the distribution of REEs in the clay fraction along the REE deposit. The decrease of ion-exchangeable REE
content with depth was significant for kaolinite, while the REE fractionation was ascribed to the selective ad-
sorption of HREEs on both kaolinite and halloysite. The enrichment and fractionation mechanism of REEs on
kaolinite and halloysite were also discussed in terms of the surface chemistry and morphology of the clay mi-
nerals and the variations of chemical properties across the REE group.

1. Introduction

Rare earth elements (REEs) are a group of chemically similar ele-
ments behaving coherently in nature. In a supergene environment,
slight variations in physical and chemical properties of REEs cause their
fractionation across the group, making them excellent tracers (Quinn
et al., 2006). REE fractionation takes place through the dissolution of
REE-bearing minerals (Bosia et al., 2016), complexation to organic and
inorganic ligands (Davranche et al., 2004; Kawabe et al., 1999), as well
as scavenging by minerals via adsorption (Piasecki and Sverjensky,
2008), surface precipitation (Dardenne et al., 2002) and redox reactions
(Bau and Koschinsky, 2009). Thus, the fractionation characteristics of
REEs not only indicate the water-rock interactions (Worrall and
Pearson, 2001), but also reveal the geochemical evolution of environ-
ments (e.g., groundwater, oceans and sediments) and the impacts of the

anthropogenic disturbances (e.g., contaminant discharge and transport)
on these entities (Clift et al., 2005; Welch et al., 2009). The surficial
geochemical behaviours of REEs also have metallogenic significance.
During the weathering process, REEs dissolved from REE-bearing mi-
nerals are adsorbed on to the secondary minerals in the ores (Xu et al.,
2017). Such an REE deposit is called a weathered crust elution-de-
posited REE deposit, commonly found in South China and supplies the
bulk of the world's HREE requirement (Bao and Zhao, 2008).

Given their abundance in supergene environment, fine-grained
nature, and large surface area, clay minerals exert a key control on the
concentration and migration of REEs (Lalonde et al., 2012). In rivers
(Su et al., 2017), groundwater (Johannesson and Hendry, 2000), and
oceans (Ohta et al., 2009), clay minerals existing as suspended parti-
culate matter (SPM) considerably constrain the transportation of REEs
(Le Meur et al., 2016). Clay minerals are also the main hosts for REEs in
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both ancient (Wang et al., 2010) and modern sedimentary environ-
ments (Dubinin and Sval'nov, 2001), and weathering crust (Bao and
Zhao, 2008). Therefore, it is desirable to investigate the reaction me-
chanism between clay minerals and REEs.

Under natural pH, clay minerals with negative layer charge are ef-
fective in the adsorption of REEs through ion exchange, electrostatic
attraction, surface complexation and migration into clay structure
(Granados-Correa et al., 2013). The adsorption capacity is largely de-
termined by surface structure, composition, and the surface charge of
clay minerals (Yusoff et al., 2013). Especially, 2:1 clay minerals, e.g.,
montmorillonite and illite with both permanent and variable pH-de-
pendent charge in interlayer and external surfaces, respectively, have
higher adsorption capacities than 1:1 kaolin-group minerals that pri-
marily adsorb species onto the external surface (Wainipee et al., 2013).
However, the points of zero charge (pHpzc) of kaolinite, illite, and
montmorillonite are< 3.7, ~2.5, and 7–9, respectively (Hirst et al.,
2017). At a pH range of 4–7 in most natural environments, kaolinite
and illite are capable of surface complexation of REEs (Kulik et al.,
2000; Sinitsyn et al., 2000), compared to montmorillonite with positive
charge at the edge sites (Coppin et al., 2002). This possibly accounts for
the predominance of kaolinite instead of montmorillonite in the en-
richment of REEs in the weathering profile (Bao and Zhao, 2008).
Moreover, in bauxites (Monsels and van Bergen, 2017) and soils (Liu
et al., 2016), clay minerals are predominantly kaolinite, contributing
significantly to the abundances of REEs. These findings substantiate the
importance of kaolinite in the enrichment of REEs in supergene sys-
tems.

Besides kaolinite, kaolin-group minerals also include dickite, na-
crite, and halloysite. Although they are the product of aqueous
weathering or hydrothermal alteration of micas and feldspars at low pH
conditions, only kaolinite and halloysite are found and often coexist in
modern soils and sediments (Cygan and Tazaki, 2014). In weathered
granites and bauxites, both kaolinite and halloysite predominantly
contribute to REE adsorption (Liu et al., 2013). Kaolinite consists of
AlO2(OH)4 octahedral sheet and SiO4 tetrahedral sheet with a plate-like
morphology. The adjacent sheets are connected by oxygen to form a
layer, while the layers are linked by hydrogen bonding. Under favorable
geological conditions, driven by the mismatch in oxygen-sharing tet-
rahedral and octahedral sheets in the layer, the mineral layers wrap to
form a tubular halloysite, resulting in an external and internal surface
formed on siloxane (Si-O-Si) and gibbsite-like aluminol (Al-OH) groups,
respectively (Yuan et al., 2015). For kaolin-group minerals, the ad-
sorption of REEs primarily takes place at negatively charge sites de-
termined by the exposed SieO and AleO sites (Cygan and Tazaki,
2014). When compared to kaolinite with plate morphology, the tubular
shape of halloysite endows it with a larger surface area, abundant pore
structure, and a higher number of surface hydroxyl groups (Yuan et al.,
2008). This indicates the difference in adsorption capacity of kaolinite
and halloysite towards REEs, and accordingly distinct effects on the
enrichment and fractionation of REEs. However, few studies have
comprehensively tackled this topic.

Herein, the adsorption characteristics of complete REE series on
kaolinite and halloysite were compared as a function of pH and ionic
strength, which was correlated with the partition and fractionation
patterns of REEs on the mineral surface. The obtained results were also
discussed in terms of the chemical properties of REEs and clay mineral
surface, and associated with the partitioning characters of ion-ex-
changeable REEs between kaolinite and halloysite within a weathering
profile. This study sheds new light on the important role of kaolin-
group minerals in the enrichment and fractionation of REEs in super-
gene environment.

2. Experimental

2.1. Starting clays

The well-crystallised and fine-grained Kaolinite sample (Kln) was
obtained from the Maoming Kaolin Clay Company in Guangdong
Province, China. Halloysite sample (Hal), collected from Linfen, Shanxi
Province, China, was purified by sedimentation and dried at 120 °C.
Both the samples were sieved to 200 mesh size and dried at 80 °C for
24 h, followed by the analyses of X-ray diffraction (XRD) with for-
mamide intercalation (Churchman et al., 1984) for mineral phases, X-
ray fluorescence (XRF) for chemical composition, hexamminecobalt
(III) chloride method for cation exchange capacity (CEC), and acid-base
titration for zeta potentials (Text S1, Tables S1–S2, Figs. S1–S3).

2.2. Batch adsorption experiment

The REE stock solution was obtained after diluting the inductively
coupled plasma mass spectrometry (ICP-MS) standard solution
(AccuStandard). Batch experiment for REE adsorption on Kln and Hal
samples was performed at 25 °C under atmospheric condition. The
background electrolyte solution was prepared by dissolving NaNO3

(0.01 or 0.5 mol L−1) with Milli-Q water. The clay suspension was
prepared by mixing 300mg of Kln or Hal with 600mL of background
electrolyte solution, stirred for 1 h, and then divided into separated
solution with a volume of 19mL. The pH was adjusted from 3.0 to 7.5
in 0.5 pH unit increment, using HNO3 (0.1 mol L−1) and NaOH
(0.1mol L−1) solution. Then the suspensions were stirred for 2 h,
monitored by Mettler-Toledo FiveEasy Plus™ pH meter. Subsequently,
1 mL of REE stock solution containing 2mg L−1 of each lanthanide and
Y was introduced into the separated clay suspension, resulting in the
initial concentration (C0) of 100 μg L−1 for each REE and a solid mass
(M) of 475mg L−1. The resulted suspension (V=20mL) was con-
stantly stirred at 200 rpm for 24 h, the predetermined time for
achieving adsorption equilibrium. The pH of the suspension was de-
termined before and after the adsorption experiment, and the variation
was observed to be< 0.2 units. After adsorption, the clay particles were
separated from the solution by centrifugation at 11000 rpm for 30min.
The supernatant produced was diluted with 2% HNO3 and analyzed for
REE concentrations (Ct) on the ICP-MS with a precision better than 5%.
The adsorption coefficient (Kd, mL g−1) was calculated according to Eq.
(1):

= −K C C V M( / 1) /d 0 t (1)

The release of REEs from Kln or Hal was evaluated by allowing the
clay mineral to react with the background electrolyte for 3 days without
addition of any REEs (Table S3). The amount of REE released from Kln
was higher than that from Hal, which, however, was negligible in
comparison with the amount of REEs added during the adsorption ex-
periment. The REE retention by the walls of the containers was also
checked in the experiments using REE solution (100 μg L−1 for each
REE) for 24 h equilibration. The decrease in aqueous concentration for
each REE was< 2 μg L−1. This suggests that the adsorption of REEs by
containers could be ignored. The dissolution of Kln and Hal during REE
adsorption was also monitored at pH 3, 3.5 and 4, by analyzing the
concentrations of leaching Al and Si in the supernatant with ICP-AES.
At low pH, the dissolution of Al and Si from Kln and Hal was very low
(Fig. S4). According to previous studies (Carroll and Walther, 1990;
Wieland and Stumm, 1992), the dissolution of kaolinite decreased from
acid to neutral pH. Thus, the dissolution of Kln and Hal in the pH range
of 3–7.5 was negligible. The reacted clay minerals were also char-
acterized by XRD, without obvious variation of mineral phase (Fig. S5).
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2.3. Ion-exchangeable REE content in clays from the weathered crust
elution-deposited REE deposit

Field samples were collected by core drilling the weathering profile
of a typical granite-type weathered crust elution-deposited REE deposit.
The core drill (N24°59′5″; E115°50′23.6″) is located in the Huangshe
rare earth mining area of Renju town, Meizhou city, Guangdong
Province, China. Huangshe plutons are one of the Late Yanshanian
granitoids in South China. Its terrain is dominated by low hills, corre-
sponding to the elevations between 300 and 400m. The sampling
drilling core is dominated by a small hill of ~35m in height relative to
the surrounding land with slopes of< 25°, and covered by grassy ve-
getation and few trees. The climate of the area is East Asian monsoon-
influenced subtropical with an annual average temperature about 25 °C
and an annual average rainfall of 1500–2000mm. This provides ideal
conditions for chemical weathering.

The studied weathering profile was drilled by using a custom-made
double-tube drilling system consisting of a stainless steel outer tube
with a diamond drill bit and an inner PVC tube. A long drill core of 78m
for the entire weathering profile was obtained. The profile was divided
into four weathering stages according to variations in texture and
colour. The parent rock is fine-grained (0.5–2.0 mm in grain size)
equigranular tonalite with a thickness of 12m, consisting of quartz
(~5%), plagioclase (~65%), K-feldspar (~4%), hornblende (~15%)
and biotite (~10%). Accessory minerals include titanite, ilmenite,
magnetite, zircon, allanite, apatite, monazite and xenotime. The sa-
prolite lying above the bedrock forms a layer parallel to the land sur-
face, approximately 22m in thickness. The saprolite preserves the
plutonic microstructure with the exception of oriented cracks
(0.1–10mm). The rock forming minerals are similar to those in the
parent rock with minor alteration, consisting of a mixture of clay mi-
nerals and Fe-oxyhydroxides localized in cracks and along grain
boundaries. With the increase of weathering degree, biotite and feld-
spar are gradually weathered, while quartz with strong weathering
resistance is gradually enriched in the upper part of the weathering
profile. At the saprolite contact area, the weathered layer of yellowish-
and reddish-brown colour, is 40m in thickness, and consists of fine-
grained quartz (30–40%), feldspar (15–25%) and clay minerals
(~50%). However, the texture of this level is porous with weak cohe-
sion. Above this layer, the lateritic horizon about 5m in thickness has a
more reddish colour up to the surface. This horizon consists of quartz
(40–50%) and clay minerals (~40%), with small amounts of feldspars
and Fe-oxyhydroxides.

The samples analyzed in this study were mainly distributed in the
weathered layer with the enrichment of clays and REEs, i.e., 12.6, 14.9,
18.8, 20.6 and 23.4 m below the topsoil. The pH of the field sample was
determined using a 10mL CaCl2 solution (0.01mol L−1) with 2.0 g field
sample (Munira et al., 2018). The clay fraction was separated by fol-
lowing the procedure reported by Wang et al. (2018), and then ana-
lyzed for mineral phase and ion-exchangeable REE contents (Text S2).
The variation of kaolinite crystallinity along the weathering profile was
evaluated using Hinckley index, determined from the (021) and (111)
reflections of XRD patterns.

3. Results

3.1. Sorption edge

All 14 lanthanides showed the same qualitative behaviours at dif-
ferent pH and ionic strengths (Table S4). The variation of logKd as a
function of pH was obtained by selecting Pr, Gd, and Lu as the delegates
for light REEs (LREEs), middle REEs (MREEs), and HREEs, respectively.
At low ionic strength (0.01 mol L−1), the logKd values on Hal or Kln
were nearly comparable at certain pH values. For instance, the logKd

values of Pr, Gd and Lu on Hal was 3.08 ± 0.06 at pH 3.0, and in-
creased to 4.91 ± 0.05 at pH 5.0. However, with further increase of pH

to 7.5, the logKd values displayed some noticeable fluctuation between
4.39 ± 0.05 and 5.17 ± 0.08 (Fig. 1). In contrast to Hal, the logKd

values on Kln exhibit a linear increase with increasing pH over all
studied pH range (Fig. S6). Specifically, the logKd value for Pr, Gd and
Lu at pH 3.0 was 2.86 ± 0.05, and gradually reached 4.39 ± 0.03 at
pH 7.5. Notably, at both pH 3.0 (the lowest pH) and pH 7.5 (the highest
pH), the logKd values on Hal were identical to those on Kln.

At high ionic strength (0.5 mol L−1), the REE adsorption was sup-
pressed, as the logKd values significantly decreased (Figs. 1 and S6).
Moreover, they became distinct fractionated across the REE series,
displaying higher log Kd values of HREEs than those of LREEs and
MREEs. For example, the logKd values for Pr, Gd and Lu on Hal re-
mained constant at 2.60 ± 0.10 in the pH range of 3.0–5.0. Above
pH 5.0, the logKd values gradually increased with Lu precedes. At
pH 7.5, the logKd value for Lu on Hal was 3.90, larger than those for Pr
(3.33) and Gd (3.16). The adsorption of REEs on Kln at high ionic
strength also displayed similar tendency (Fig. S6), but logKd values of
Pr, Gd and Lu were in the range of 0.26–3.04, lower than those on Hal
at identical pH.

3.2. Fractionation

The logKd of Pr, Gd and Lu revealed asynchronous variation with
pH, especially at high ionic strength, indicating the occurrence of
fractionation across the REE series. In Figs. 2 and S7, the logKd values
obtained for the whole series of lanthanides are plotted as a function of
the atomic number. On both Hal and Kln, similar variations of logKd

values with ionic strength were observed. At low ionic strength, the
logKd value was similar throughout the REE series, except Y was
slightly less adsorbed than lanthanides. The logKd ratio of Lu/Pr on
both Hal and Kln was close to 1.0 at low pH, but was slightly higher
than 1.0 on Kln and Hal in the pH range of 5–6.5 (Fig. 3). The logKd on
Hal was independent of pH, especially in the range of 5.0–7.5 (Fig. 2a),
whereas those on Kln showed a significant increase with pH (Fig. S7a).
This was consistent with the observations in adsorption edge experi-
ment, where in the pH range of 5–7.5, logKd displayed noticeable
fluctuation on Hal (Fig. 1), but increased with pH on Kln (Fig. S6).

At high ionic strength, due to the extreme suppression of LREE
adsorption at low pH (Figs. 1 and S6), the whole pattern of REE ad-
sorption coefficients was only plotted for pH values above 6 for Kln and
5 for Hal. Fractionation was observed across the REE series (Figs. 2b
and S7b). In addition to a more obvious Y negative anomaly, the Kd

values for both Kln and Hal significantly increased from LREEs to
HREEs, which was dependent on pH. For example, the logKd ratio of

Fig. 1. Logarithm of calculated Kd for Pr, Gd and Lu on Hal as a function of pH
at the ionic strengths of 0.01 and 0.5 mol L−1.
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Lu/Pr on Hal displayed a sudden increase from 1.06 at pH 5 to 1.30 at
pH 7, and decreased slightly to 1.24 at pH 7.5 (Fig. 3). Similar but more
conspicuous fractionation of REEs was observed on Kln. In the pH range
of 5.5–6.5, the logKd ratio of Lu/Pr on Kln increased from 1.22 to 1.50,
and further decreased to 1.16 at pH 7.5. This indicates the enrichment
of HREEs on both Hal and Kln at high ionic strength.

Besides REE fractionation, the tetrad effect within the series of La-
Nd, Nd-Gd, Gd-Er and Er-Lu was also seen at high ionic strength.
Amongst all the elements of the lanthanides series, La and Gd showed
apparent negative anomalies, while the negative anomalies of Nd and
Er were indistinguishable. Interestingly, with increasing pH, the nega-
tive anomalies became progressively less noticeable for Y, La and Gd on
Kln (Fig. S7b), but more striking on Hal (Fig. 2b).

Y and Ho are “geochemistry twins” with identical charge and si-
milar ionic radii (Bau, 1999). However, they displayed fractionation,
based on the ionic strength and types of clays. At low ionic strength,
only slight fractionation appeared on both clay minerals, as the ratio of
logKd(Y)/logKd(Ho) was close to 1.0 in the studied pH range (Fig. 4).
However, fractionation became apparent with increasing ionic strength,
notably more on Kln than Hal. At high ionic strength, the value of
logKd(Y)/logKd(Ho) on Hal was in the range of 0.92–0.99, decreasing
with increase in pH value. On the contrary, the ratio of logKd(Y)/
logKd(Ho) on Kln was much lower, within the range of 0.48–0.88, in-
creasing with increase in pH value.

3.3. Ion-exchangeable REE content of clays from the weathered crust
elution-deposited REE deposit

The clay samples separated from the weathered layer for the

weathered crust elution-deposited REE deposit, are dominated by
kaolinite and halloysite, with a low proportion of illite, montmorillonite
or iron (hydr)oxides in certain samples (Table 1, Fig. S9). Such a phase
composition of clays is typical in the weathered layer of deposits (Hirst
et al., 2017). The proportion of kaolinite and halloysite was determined
using XRD with formamide intercalation (Churchman et al., 1984;
Joussein et al., 2005). The variation of pH and contents of halloysite,
kaolinite and ion-exchangeable REEs along the weathering profile were
plotted in Fig. 5. With increase in depth, the pH increased from 5.5 to
6.3, and halloysite content increased from 48% to 81%. In contrast, the
kaolinite content dropped from 46% to 19%, with a decrease in crys-
tallinity, as its HI was 1.08, 1.47, 0.52, 0.52 and 0.25 at 12.6, 14.9,
18.8, 20.6 and 23.4m, respectively. Similar to kaolinite, the ion-ex-
changeable REE content along the weathering profile layer decreased
from 775 ppm to 9 ppm, with an enrichment below the topsoil. The
lowest content of REEs appeared in the sample collected at 23.4 m,
which displayed the highest content of halloysite (81%) but the lowest

Fig. 2. Plot of logKd values on Hal as a function of REE atomic number and pH at the ionic strengths of 0.01 (a) and 0.5 (b) mol L−1.

Fig. 3. Variation in logKd(Lu)/logKd(Pr) value with pH and ionic strength on
Hal and Kln.

Fig. 4. Variation in logKd(Y)/logKd(Ho) value with pH and ionic strength on
Hal and Kln.

Table 1
Phase composition (wt%) and REE content (ppm) of clay fraction separated
from the weathered layer of the weathered crust elution-deposited REE deposit.

Depth/m Kaolinite Halloysite Illite Other mineralsa REE content/ppm

12.6 46 48 3 3 355
14.9 34 51 12 3 775
18.8 44 53 – 3 296
20.6 36 61 – 3 125
23.4 19 81 – – 9

a Other minerals include montmorillonite and iron oxides with content lower
than 3%.
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content of kaolinite (19%). In terms of REE fractionation, after nor-
malization by the REE contents in fresh granite (Table S5), the ratio of
Lu/Pr was 1.40, 2.48, 3.63, 4.95 and 3.29 at 12.6, 14.9, 18.8, 20.6 and
23.4 m, respectively (Fig. 6), indicating the gradual enrichment of
HREE. In addition, the negative Ce anomaly gradually decreased along
the weathering profile.

4. Discussion

4.1. Sorption edge

Kaolinite and halloysite are the most important members of kaolin-
group minerals with a dioctahedral 1:1 layer structure consisting of one
tetrahedral and one octahedral sheet. The cations on tetrahedral and
octahedral sheets are usually Si4+ and Al3+, respectively. The sub-
stitution of Si4+ with Al3+ in the tetrahedral sheets creates a permanent
negative charge within the layers. This endows kaolinite and halloysite
a certain cation exchange capacity (CEC) (Table S1). Moreover, OH
groups at the edges or internal surface/gibbsite basal plane of halloysite
and kaolinite are Lewis base or acid functional groups, which are the
source of the pH-dependent charge (Strawn and Sparks, 1999). There-
fore, the adsorption of REEs on halloysite and kaolinite was constrained
by two mechanisms, i.e., pH-independent ion exchange adsorption and

pH-dependent surface complexation, whose contributions are affected
by pH and ionic strength. From previous study, Eu(III) was adsorbed
onto kaolinite mainly by cation exchange below pH 3.5, while inner-
sphere complexes started to form at higher pH, as characterized by the
adsorption edge experiment combined with time-resolved fluorescence
spectroscopy (TRLFS) (Stumpf et al., 2002). In this study, when REEs
were adsorbed on Kln and Hal under low ionic strength and pH, ion
exchange reaction dominated, where Pr, Gd and Lu displayed similar
Kd. However, due to the low CEC of Kln and Hal, i.e., 19.6 and 25.5 meq
(100 g)−1, respectively, the exchange reaction could not completely
mask the pH-dependent surface complexation, especially at high pH
values. Thus, with pH increase, the negative charge on the surface of
the clay minerals increased, as shown in the zeta potential curves (Fig.
S3). This enriched more REE ions on to the clay surface by forming
inner-sphere complexes. Therefore, the logKd on Kln linearly increased
(estimated slope: 0.33 for Pr, 0.34 for Gd and 0.35 for Lu) (Fig. S6), and
the logKd(Lu)/logKd(Pr) value was slightly higher than 1.0 at high pH
range of 5–6.5.

Though the REE adsorption on Hal increased with pH, logKd dis-
played noticeable fluctuation over the pH range of 5.5–7.5 (Fig. 1).
Halloysite has a tubular morphology, with the external and internal
surfaces being composed of siloxane (Si-O-Si) and aluminol (Al-OH)
groups, respectively (Yuan et al., 2015). Compared to the Al-OH groups
of halloysite, the affinity of Si-O-Si groups for REEs was subordinate
(Tertre et al., 2006), as Eu(III) formed inner-sphere complexes linked to
aluminol sites rather than siloxane sites in kaolinite (Ishida et al.,
2012). Thus, the internal surface of Hal was a predominant adsorption
field for REEs. The adsorption capacity of REEs on Hal and Kln at pH 5
was determined as 3.46 and 1.61mg g−1, respectively, which was 0.06
and 0.1mgm−2 after the normalization by specific surface area (SSA).
Compared to Kln, the normalized adsorption capacity of Hal was lower,
which was probably ascribed to the small surface area of the internal
surface (Al-OH) in the tubular structure. The adsorption sites on in-
ternal hydroxyl surface (Al-OH) are much more than the external si-
loxane surface. Moreover, over the studied pH range of 3 to 7.5, the
halloysite surface was predominantly negative, due to the negative
potential of Si-O-Si external surface with a small contribution from the
positive Al-OH internal surface. With increase in pH, the surface of Hal
became more negatively charged, thereby increasing the electrostatic
attraction between positively charged REE ions and negatively charged
surface sites, and causing an increase in REE adsorption. However, the
solubility of REE hydroxides is very low (Ksp= 10−19–10−24 from La to
Lu). Although the REE concentration to solid mass ratio in the experi-
ment was set at a low ratio, with the increase of pH, the formation of
fine colloidal hydroxides or surface precipitation would occur. This
blocked up the pores of halloysite and inhibited the diffusion of REEs
into the lumen of Hal. Thus, the adsorption of REEs at high pH was
restrained, resulting in the fluctuation of logKd. The sorption edge was
further quantitatively analyzed by the polynomial fitting of the varia-
tion curves of logKd with pH (Fig. S8). The highest adsorption for Pr, Gd
and Lu appeared at pH 5.8. Then the adsorption showed a decreasing
tendency, where the average logKd for Pr, Gd and Lu was at 4.6–4.8 in
the pH range of 6–7.5. This further verifies that the adsorption of REEs
into the lumen of Hal was inhibited. A similar phenomenon was also
observed in the adsorption of uranium on halloysite (Kilislioglu and
Bilgin, 2002), where the adsorption capacity of uranium increased with
the pH increase, achieving the maximum around pH of 3.5. Then the
adsorption declined thereafter, ascribed to the clogging of the surface
pores by colloidal hydroxides of uranium and the formation of surface
precipitation.

At high ionic strength, as the ratio of Na+/REE3+ in the solution
became much higher, the exchangeable sites on Hal and Kln were sa-
turated by Na+. The REE adsorption through ion-exchange reaction
was completely inhibited, leading to a significant decrease of logKd

(Figs. 1 and S6). The REE adsorption was dominated by pH-dependent
surface complexation. On one hand, with pH increase, the

Fig. 5. Variation in contents of pH, ion-exchangeable REEs of clay fraction,
kaolinite and halloysite along the weathered layer of the weathered crust elu-
tion-deposited REE deposit.

Fig. 6. Fresh granite-normalized patterns of ion-exchangeable REEs on the se-
parated clays along the weathered layer of the weathered crust elution-de-
posited REE deposit.

M. Yang, et al. Chemical Geology 525 (2019) 210–217

214



deprotonation of variable charge sites enhanced the negative charge on
mineral surface and accordingly the electrostatic attraction to REE ca-
tions. On the other hand, the deprotonation of variable charge sites also
improved the inner-sphere complexation of REEs. Both gave rise to the
increase of REE adsorption on Hal and Kln with pH increase (Figs. 1 and
S6). Since both Hal and Kln have the same structure unit and chemical
composition, their amphoteric sites at the edges were roughly the same.
Therefore, they exhibited the same pH-dependent adsorption edge. The
hydrated radii of Pr, Gd and Lu were 2.514, 2.405 and 2.307 Å, re-
spectively, decreasing with atomic number (Persson et al., 2008). As
REE cations with smaller hydrated radius favored the adsorption, the Lu
displayed higher adsorption than Gd and Pr at low ionic strength. The
hydrolysis constants (pK1) of Pr, Gd and Lu were 8.32, 7.87 and 7.41,
respectively (Yakubovich and Alekseev, 2012). In light of the fact that
at high ionic strength, the adsorption of REEs was dominated by inner-
sphere complexation, the different hydrolysis ability resulted in the
increase of REE adsorption as follows: Pr < Gd < Lu.

4.2. Fractionation

The adsorption of REEs on Hal and Kln displayed distinct fractio-
nation features at different ionic strengths. At low ionic strength, the
logKd values were similar across the REE series on both clay minerals,
with the logKd ratio of Lu/Pr in the range of 1.00–1.05. This was as-
cribed to the fact that the steric effect of Na+ was negligible at low
ionic strength. All the REEs were adsorbed mainly through cation ex-
change dominated by electrostatic attraction, resulting in similar ad-
sorption extent. However, adsorption of Y was lower than that of the
lanthanides, resulting in a weak negative anomaly (Figs. 2a and S7a).
However, as discussed in Section 4.1, partial REEs formed inner-sphere
complexes on the surface of Kln and Hal in the pH range of 5–6.5. Thus,
the partition pattern of REEs on both Kln and Hal displays slight HREE
fractionation. But the adsorption was still dominated by outer-sphere
complexation.

At high ionic strength, in addition to the fact that negative anomaly
of Y became more evident than that at low ionic strength, the Kd values
on both Hal and Kln significantly increased from LREEs to HREEs. The
logKd ratio of Lu/Pr on Hal increased from 1.06 at pH 5 to 1.30 at pH 7,
but then decreased to 1.24 at pH 7.5. A similar variation of the logKd

ratio of Lu/Pr was also observed on Kln. As the exchangeable sites on
Hal and Kln were saturated by Na+ at high concentration, the steric
constraint inhibited the adsorption of competitors with larger hydrated
radii. According to the coordination structure of water-coordinated REE
ions, the coordination number decreased with atomic number (Wood,
1990). As a consequence, the adsorption of HREEs with smaller hy-
drated radii was favored over LREEs with larger hydrated radii.
Moreover, under high ionic strength, the adsorption of REEs was pre-
dominated by inner-sphere complexation. The decrease in desolvation
energy with the atomic number of REEs caused the relative enrichment
of HREEs on both clay minerals. The fractionation of REEs was also
affected by pH (Figs. 2 and S7). Based on the adsorption edge experi-
ment, REE adsorption was enhanced by pH, which further promoted
fractionation. Similar phenomena were also observed in the REE ad-
sorption on montmorillonite at high ionic strength, as reported by
Coppin et al. (2002). However, at higher pH of 7.5, the fractionation
was inhibited, as evidenced by the decrease of the logKd ratio of Lu/Pr.
This was possibly related to the occurrence of REE precipitation on clay
surface (Dong et al., 2012; Piasecki and Sverjensky, 2008).

Previous studies illustrated that at high ionic strength, HREEs are
preferentially removed from aqueous solutions by minerals, e.g., kao-
linite, montmorillonite and Fe-Mn oxides, without the presence of
strong solution complexing ligands, e.g. carbonate and humic acids
(Kawabe et al., 1999; Wan and Liu, 2006). But LREEs are preferentially
removed by the adsorption from solutions doped with carbonate ions/
humic acids, due to the strong complexion between HREEs and aqueous
carbonate/humic acids. In this study, the fractionation was not obvious

at low ionic strength, but HREE enrichment appeared at high ionic
strength. This excludes the interference from the formation of aqueous
complexes in REE adsorption on Hal and Kln.

As NaNO3 was used as background electrolyte in this study, the
effect of nitrate on the enrichment and fractionation feature of REEs
was also discussed. According to previous study (Wood, 1990), the
stability constants of nitrate-REE complexes (e.g., logβCe(III) = 1.13,
logβEu(III) = 1.23) was much lower than those of carbonate-REE com-
plexes (e.g., logβCe(III) = 7.56, logβEu(III) = 8.00). This indicates the
effect of aqueous nitrate on REE adsorption was even much lower than
that of carbonate. Thus, the interference of nitrite-REE complexation on
REE enrichment and fractionation was also excluded.

Across the REE group, the electron configurations are different, e.g.,
Y3+: [Kr]4d0, La3+: [Xe]4f0, Gd3+: [Xe]4f7, Lu: [Kr]4f14. As the 4f
transition electrons shield the nuclear charge less effectively than
electrons in other orbitals, Y3+ is less covalent than REEs cations in-
cluding Ho3+ (Mioduski, 1993). Therefore, compared to other REE
cations, Y3+ was less effectively scavenged by minerals through inner-
sphere complexation (Liu et al., 2019). At low ionic strength, as REE
adsorption on both Kln and Hal was dominated by ion exchange reac-
tion, REEs along with Y were adsorbed to a similar extent. Thus, no
obvious fractionation appeared, especially at low pH. With the increase
of pH, the inner-sphere complexes gradually formed on the clay surface,
resulting in the less adsorption of Y3+ and therefore slight negative
anomaly (Figs. 2 and S7). At high ionic strength, REEs and Y3+ were
bonded to Hal and Kln as inner-sphere complexes. The less covalency of
Y3+ than REEs contributed to the significant negative anomaly of Y3+.
The significant negative anomalies of La and Gd at high ionic strength
were also ascribed to their specific electron configurations, which made
them less covalent than the adjacent elements (Bau, 1999). This results
in the less formation of inner-sphere complexes and thus, negative
anomalies.

In the present study, Kln exhibited higher SSA-normalized adsorp-
tion capacity towards REEs than Hal. At low ionic strength, the REE
adsorption mainly relies on ion exchange reaction, whereas partial
REEs form inner-sphere complexes at high pH. The adsorption in-
creased with pH, but displayed conspicuous fluctuation on Hal in the
pH range of 5.5–7.5. Across the entire pH range studied, the REE series
did not show obvious fractionation, except for the slight enrichment of
HREEs at high pH. The increase of ionic strength noticeably inhibited
the REE adsorption on both clay minerals. At high ionic strength, the
adsorption was dominated by inner-sphere complexation and enhanced
with pH increase, but the fractionation appeared with the preferable
adsorption of HREEs.

The above results highlight the role of halloysite and kaolinite on
the enrichment and fractionation of REEs in various supergene en-
vironments, e.g., rivers, oceans, soils and sediments. For example,
halloysite and kaolinite coexist in gneissic weathering profiles, devel-
oped under a temperate climate in the Leucogia area, NE Greece
(Papoulis et al., 2004). During the hydrothermal alteration of monazite
(Ce), kaolinite absorbed a large proportion of the released Ce, La, and
Nd. Ascribed to the tubular structure of halloysite with small internal
surface area, it absorbed relatively fewer amounts of these REEs than
kaolinite (Papoulis et al., 2004). Thus, the presence of clay minerals,
especially kaolinite, significantly reduced the depletion of REEs. A si-
milar phenomenon was observed in the massive halloysite/kaolinite
formation at the karst wall in the Paleozoic limestone from southern
Belgium (De Putter et al., 2002). The micro- and nanocrystals of (Ce,
Nd) monazite precipitated exclusively on kaolinite flakes, but not on
halloysite. This was perhaps due to the difference in the morphology of
the two minerals; kaolinite generally forms flat flakes while halloysite
forms coiled tubes. Tepe et al. carried out estuarine mixing experiments
using glacial-fed river waters and seawater (Tepe and Bau, 2016).
Strong variance in REE concentration existed between river water (low
salinity) and seawater (high salinity). With fairly low organic content
but a high load of clay nanoparticles and colloids, river water showed a
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higher concentration of REEs than seawater. The addition of river water
to seawater resulted in the remobilization of REEs, especially LREEs,
from aggregated clay particles. This was ascribed to the fact that the
increase of ionic strength inhibited REE adsorption on most clay mi-
nerals, e.g., montmorillonite (Coppin et al., 2002), kaolinite and hal-
loysite, but promoted the fractionation with HREE enrichment, as ob-
served in this study.

4.3. Ion-exchangeable REE content of clays from the weathered crust
elution-deposited REE deposit

The results from the adsorption experiment were also linked with
the variations in content and fractionation patterns of ion-exchangeable
REEs on clay fraction along the weathering profile of REE deposited
after elution. The ion-exchangeable REEs in the clay fraction are con-
sidered to be bonded to clay mineral surface (Ma and Eggleton, 1999).
During the pedogenesis process, REE-bearing minerals are dissolved by
acidic groundwater at shallower depths, resulting in the release and
migration of REEs (Hirst et al., 2017). With increase in depth, as the soil
pH changed from acidic to alkalescent (Fig. 5), the mobility of REEs
gradually decreased due to the adsorption by minerals. Halloysite and
kaolinite were the main clay minerals in the weathering layer, where
the content of halloysite was higher than that of kaolinite. From 12.6 to
14.9 m in the profile, the REE content obviously increased from 355 to
775 ppm. The content of kaolinite decreased from 46% to 34%, while
those of halloysite and illite increased from 48% and 3% to 51% and
12%, respectively. The great enrichment of REEs at 14.9m was prob-
ably related to the increase of illite content. The adsorption properties
of illite and kaolinite towards REEs were compared in previous study
(Alshameri et al., 2019). Compared to kaolinite, illite displayed higher
adsorption capacity towards REEs. For example, the SSA-normalized
adsorption capacity of illite and kaolinite towards La(III) was 0.18 and
0.05mgm−2 at pH 5, respectively. Then the REE content decreased
from 296 to 9 ppm with the increase of depth from 18.8 to 23.4 m,
which was positive to the variation of kaolinite content, but opposite to
that of halloysite one. Due to the high content of halloysite, it should be
an important carrier for REEs. But considering the higher adsorption
capacity of kaolinite than halloysite, and the decrease in kaolinite
crystallization providing more adsorption sites, the contribution of
kaolinite on REE enrichment in this section should be comparable to
that of halloysite.

With an increase in depth, the HREE enrichment of ion-exchange-
able REEs in the clay fraction gradually increased (Fig. 6). This could be
explained by the variations in pH and the crystallinity of kaolinite. For
subtropical areas in South China, the ionic strength of soils and
groundwater is quite low (ca. 0.01M) (Harter and Naidu, 2001). At low
ionic strength, due to the formation of inner-sphere complexes in the
pH range of 5 to 6.5, REEs displayed fractionation on kaolinite and
halloysite with preferable adsorption of HREEs. Thus, in the studied
weathering profile with a pH range of 5.5 to 6.3, the adsorbed REEs by
inner-sphere complexation on kaolinite and halloysite increased with
profile depth, resulting in the enrichment of HREEs. Moreover, con-
sidering that the crystallinity of kaolinite in the weathering profile is
not only much poorer than that used in the adsorption experiment, but
also decreased along the profile, kaolinite in the weathered layer should
have stronger reactivity towards REEs. This led to the higher enrich-
ment and fractionation of HREE, which increased with profile depth.
Therefore, most weathered crust elution-deposited REE deposits are
characteristic of HREE enrichment. In comparison with other REEs, Ce
(III) is prone to oxidation by Fe and Mn (hydro)oxides. Due to the high
Fe and Mn (hydro)oxide content and redox potential at shallow level
(Bau and Koschinsky, 2009), most Ce is oxidized and present as CeO2,
giving rise to the negative Ce anomaly on clay fraction. With the in-
crease in depth, the oxidation of Ce decreases, as the Ce(III) ions are
mainly adsorbed on halloysite and kaolinite without displaying nega-
tive Ce anomaly.

5. Conclusions

In the present study, the adsorption of complete REE series on
kaolinite and halloysite has been studied over a wide pH range (3–7.5)
and under two different ionic strengths (0.01 and 0.5mol L−1 NaNO3).
Under low ionic strength, as the REEs are adsorbed through ion ex-
change and surface complexation, the sorption capacity of both clays
increased with pH, just with slight HREE fractionation at high pH le-
vels. The distinct tubular morphology of halloysite resulted in the
fluctuation of adsorption capacity at high pH. At high ionic strength,
only inner-sphere complexes formed at the surface of clays. The REE
fractionation with HREE enrichment increased with pH increase.
Kaolinite had a higher SSA-normalized adsorption capacity than hal-
loysite, while both clays contributed to the fractionation of REEs. These
observations are perhaps the main reasons for the distribution of REEs
along the profile of a typical weathered crust elution-deposited REE
deposit. Though the content of kaolinite decreases with profile depth,
the contribution on REE enrichment is comparative to halloysite, due to
the high adsorption capacity and poor crystallinity of kaolinite. As pH
increases with depth, HREEs are preferentially enriched on the surface
of kaolinite and halloysite, identical to the case of REE adsorption at
low ionic strength. The obtained results would be beneficial for un-
derstanding the role of clay minerals in the enrichment and fractiona-
tion of REEs in the supergene environment.
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Appendix A. Supplementary data
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well as the characterization results of XRD, SEM and zeta potential of
Kln and halloysite, the dissolution behavior of Kln and Hal, the XRD
results for the clay samples separated from weathered crust elution-
deposited REE deposit, the ion-exchangeable REE concentration of the
separated clays, can be found in the online version at doi:https://doi.
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