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The effects of pH, ionic strength, and temperature on sorption
of Eu(III) on attapulgite were investigated in the presence
and absence of fulvic acid (FA) and humic acid (HA). The results
indicated that the sorption of Eu(III) on attapulgite was
strongly dependent on pH and ionic strength, and independent
of temperature. In the presence of FA/HA, Eu(III) sorption
was enhanced at pH < 4, decreased at pH range of 4-6, and
then increased again at pH > 7. The X-ray photoelectron
spectroscopy (XPS) analysis suggested that the sorption of
Eu(III) might be expressed as ≡X3Eu0, ≡SwOHEu3+, and
≡SOEu-OOC-/HA in the ternary Eu/HA/attapulgite system.
The extended X-ray absorption fine structure (EXAFS) analysis
of Eu-HA complexes indicated that the distances of d(Eu-O)
decreased from 2.415 to 2.360 Å with increasing pH from 1.76 to
9.50, whereas the coordination number (N) decreased from
∼9.94 to ∼8.56. Different complexation species were also found
for the different addition sequences of HA and Eu(III) to
attapulgite suspension. The results are important to understand
the influence of humic substances on Eu(III) behavior in the
natural environment.

Introduction
In the context of safety of nuclear waste repositories as well
as for the assessment of radionuclide mobility in the
environment, the interaction between actinides and humic
substances (HS) has been the subject of various studies.
Europium is usually taken as a homologue for trivalent
actinides because the ionic radius of Eu(III) is almost the
same as that of the trivalent lanthanides and actinides.
Therein, the sorption of Eu(III) at the solid-water interface
is important for the performance assessment of a nuclear
waste repository (1). The results of Eu(III) sorption on
kaolinite and montmorillonite indicated that a unique inner-
sphere complex (≡AlOEu2+) linked to the aluminol sites was
assumed at the edge of minerals, however, a second

exchangeable outer-sphere complex for montmorillonite
probably presented in an interlayer (2). The sorption edge
of Eu(III) on Ca-montmorillonite and Na-illite could be
quantitatively modeled in pH range ∼3 to ∼10 using cation
exchange reaction for Eu3+/Na+ and Eu3+/Ca2+ and three
surface complexation reactions on the strong sorption sites
forming ≡SsOEu2+, ≡SsOEuOH+, and ≡SsOEu(OH)2

0 inner-
sphere complexes (3). The quantitative description of the
ternary Eu/HS/mineral systems show that Eu(III) sorption
is mainly governed by the behavior of HS, especially when
strong complexes are formed between HS and Eu(III) ions.
The presence of HS increases the sorption of Eu(III) at acidic
pH values but reduces Eu(III) sorption at high pH values,
which is attributed to the sorption of HS on the mineral
surface followed by the interaction of Eu(III) with surface-
adsorbed HS at low pH values, whereas the formation of
soluble Eu-HS complexes stabilizes Eu(III) ion in aqueous
solution at high pH values (4, 5). Spectroscopy analysis (such
as extended X-ray absorption fine structure (EXAFS) spec-
troscopy, time-resolved laser fluorescence spectroscopy
(TRLFS), and X-ray photoelectron spectroscopy (XPS)) can
offer structural information at molecular level. The EXAFS
study of the reactions between iron and fulvic acid (FA) in
acid aqueous solution indicated that iron was octahedrally
configured with inner-sphere Fe-O interaction at 1.98-2.10
Å depending on the oxidation state iron (6). Stumpf et al. (7)
studied the incorporation of Eu(III) on hydrotalcite using
TRLFS and EXAFS, and found that a minor part of Eu(III) was
inner-sphere adsorbed to the mineral surface, while the
dominating Eu/hydrotalcite species consisted of Eu(III) that
was incorporated into the hydrotalcite lattice. The interaction
of Am(III) with 6-line-ferrihydrite was investigated by EXAFS,
and found that Am(III) was adsorbed as a bidentate corner-
sharing species at low pH values (pH 5.5) as well at higher
pH values (pH 8.0) (8).

Attapulgite, which is a hydrated magnesium aluminum
silicate present in nature as fibrillar mineral, generally has
three kinds of water at room temperature: (i) free water, (ii)
zeolite water, and (iii) crystalline water. In addition, some
isomorphic substitutions in the tetrahedral layer, such as
Al3+ for Si4+, develop negatively charged sorption sites to
electrostatically adsorb cation ions (9). Its ideal structure is
shown in Figure SI-1. The special structure and surface
properties of attapulgite make it a very suitable sorbent in
the removal of heavy metal ions. However, to the best of our
knowledge, studies of Eu(III) sorption on attapulgite in the
absence and presence of HS are not available, especially the
spectroscopic study of Eu(III) structure at molecular level.

The present work aims to study the effects of pH, ionic
strength, temperature, and fulvic acid (FA)/humic acid (HA)
on Eu(III) sorption to attapulgite. The species and mechanism
of Eu(III) sorption to attapulgite are modeled and analyzed
using FITEQL 3.2 code and XPS. Effect of HA/Eu(III) addition
sequences on Eu(III) sorption to HA-attapulgite hybrids are
also investigated. The interaction of Eu(III) with HA-bound
attapulgite is investigated by using Eu LIII-edge EXAFS to
determine the local structure around the select element atom,
which is very important to clarify the controversy of the
influence of the HA/Eu(III) addition sequences on the
molecular structures of Eu(III) adsorbed on HA-attapulgite
hybrids. The combination of two complementary spectro-
scopic methods (i.e., XPS and EXAFS) and FITEQL 3.2 code
allow us to understand and to quantify the adsorbed Eu(III)
species and sorption mechanism.
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Experimental Section
Materials. Eu(III) stock solution was prepared from Eu2O3

after dissolution, evaporation, and redissolution in 10-3 mol/L
perchloric acid. The sample of raw attapulgite was achieved
from Kaidi Co. (Gansu, China). It was changed into Na-type
(i.e., Na-attapulgite) and used in the experiments. The
N2-BET surface area of Na-attapulgite was 100.7 m2/g. The
chemical components are listed in Table SI-1, and the XRD
patterns and FTIR spectra are shown Figures SI-2 and SI-3.
The point of zero charge (PZC) is found to be 6.04 by
potentiometric titration (Figure SI-4) (10).

FA and HA samples were extracted from the soil of Hua-
Jia county (Gansu province, China), and were characterized
in detail (11).

Sorption Experiments. The sorption experiments were
carried out with 0.1 g/L attapulgite, 1.0 × 10-6 mol/L Eu(III),
and ionic strength (0.01 and 0.1 mol/L NaClO4) at T ) 20 (
1 °C under ambient conditions in the presence and absence
of 10 mg/L FA or HA using batch technique. After sorption
equilibrium, the pH values at higher temperatures were
determined using pH meters by temperature compensation
to eliminate the error of the measurements. Detailed
experimental process is shown in Supporting Information
S2.2.

Sample Preparation for XPS and EXAFS Analysis. De-
tailed processes for the preparation are shown in SI S2.3.

XPS Analysis. The XPS spectra were recorded on powders
with a thermo ESCALAB 250 spectrometer using an Al Ka
monochromatized source and a multidetection analyzer
under a 10-8 Pa residual pressure. Surface charging effects
were corrected with C 1s peak at 284.6 eV as a reference.
Shirley background correction and Gaussian-Lorentzian
fitting were used to transform peak areas to total intensities.

EXAFS Analysis. Eu LIII-edge X-ray absorption spectra at
6976.9 eV were recorded at the National Synchrotron
Radiation Laboratory (NSRL, China). Detailed descriptions
of EXAFS analysis are listed in SI S3.6.

Results and Discussion
Effect of Ionic Strength. Figure 1A shows the removal
percentage of Eu(III) as a function of pH in 0.01 and 0.1
mol/L NaClO4 solutions, respectively. The removal percent-
age of Eu(III) on attapulgite is strongly dependent on pH
and ionic strength (effect of NaClO4 concentration on Eu(III)
sorption is shown in Figure SI-6).

In 0.01 mol/L NaClO4 solution, the sorption percentage
of Eu(III) increases from ∼3% to ∼90% in the pH range from
1 to 5, and then remains constant with increasing pH values.

FIGURE 1. Effect of pH, Eu(III) concentration, temperature, ionic strength, and FA/HA on Eu(III) sorption to attapulgite. (A) Effects of
pH and ionic strength on Eu(III) sorption to attapulgite. m/V ) 0.1 g/L; T ) 20 ( 1 °C; C[Eu(III)]initial ) 1.0 × 10-6 mol/L. (B) Effect of
Eu(III) concentration on sorption edge of Eu(III) to attapulgite. m/V ) 0.1 g/L; I ) 0.01 mol/L NaClO4; T ) 20 ( 1 °C. (C) Sorption
percentage of Eu(III) on attapulgite at different temperatures. m/V ) 0.1 g/L; I ) 0.01 mol/L NaClO4; C[Eu(III)]initial ) 1.0 × 10-6 mol/L.
(D) Effect of FA/HA on Eu sorption to attapulgite at different pH values. m/V ) 0.1 g/L; T ) 20 ( 1 °C; I ) 0.01 mol/L NaClO4; C[FA/
HA] ) 10 mg/L; C[Eu(III)]initial ) 1.0 × 10-6 mol/L.
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However, in 0.1 mol/L NaClO4 solution, the sorption
percentage of Eu(III) increases from ∼0.4% to ∼90% in the
pH range from 1.7 to 8. The surface charge of attapulgite is
positive at pH < pHpzc (pHpzc ) 6.04, Figure SI-4) due to an
excess of protons on the surface and is negative at pH >
pHpzc. Eu(III) sorption is mainly dominated by the exchange
of protons and Na+ ions with Eu(III) at pH < pHpzc; whereas
the increasing negative charge enhances Eu(III) sorption until
a plateau is reached, which indicates the main sorption
mechanism is surface complexation at pH > pHpzc. In the
absence of attapulgite, the Eu(OH)3 precipitation curve at
C[Eu(III)] ) 1.0 × 10-6 mol/L is also shown in Figure 1A. The
precipitation constant of Eu(OH)3(s) (Ksp) is 3.4 × 10-22.
Europium ions begin to form precipitation at pH ∼8.5 in the
absence of attapulgite. It is clear that 90% Eu(III) is adsorbed
to attapulgite at pH < 7. Thereby the sorption of Eu(III) on
attapulgite at pH below 7 was not attributed to the surface
precipitation of Eu(OH)3, whereas surface precipitation of
Eu(OH)3 may play role at pH values above 7 (12).

At pH < 8, the sorption curve of Eu(III) is shifted to the
left in 0.01 mol/L NaClO4 solution as compared to that of
Eu(III) in 0.1 mol/L NaClO4 solution. It is consistent with the
results of the sorption of Eu(III) and Nd(III) on Marblehead
illite (13). The results of Ni(II) sorption to Na-attapulgite
indicated outer-sphere complexation or ion exchange might
be the main sorption mechanism of Ni(II) sorption to
Na-attapulgite at pH < 8, whereas the uptake of Ni(II) at pH
> 8 was mainly dominated by inner-sphere complexation
(14). The strong influence of pH and ionic strength on Eu(III)
sorption can be explained by the contribution of sorption
sites (≡SOH) exhibiting amphoteric properties at the surface
of attapulgite (the amphoteric properties are listed in the
Supporting Information (Figure SI-5 and Table SI-2)). Two
different sorption mechanisms are proposed: (1) exchange
reaction with little or no dependency on pH, which dominates
sorption at low pH; and (2) strong pH-dependent surface
complexation reaction, which dominates sorption at neutral
to alkaline conditions (2, 13, 15).

Effect of Eu(III) Concentration. Figure 1B shows Eu(III)
sorption on attapulgite at different initial Eu(III) concentra-
tions as a function of pH values. The uptake curves show a
typical “sorption edge”, namely, the percentage of uptake
increases from practically zero to about 90% over a range of
more than three pH units. However, 100% sorption is not
reached, which can be interpreted in terms of the formation
of water-soluble carbonate complexes of Eu(III) ions (16). As
expected, the pH-edge shifts to higher pH values at higher

Eu(III) concentration, which is consistent with the results of
Eu(III) sorption on natural hematite (17).

Effect of Temperature. Figure 1C indicates that there is
slight increase with increasing temperature at high pH,
whereas Eu(III) sorption is independent of temperature at
low pH. To adsorb cations to solid surface, cations are to
some extent denuded their hydration sheath in aqueous;
this process requires energy (Q1). If this energy of dehydration
(Q1) exceeds the exothermicity of cations attaching to the
surface (Q2) (i.e., Q1 > Q2), the sorption is an endothermic
process. If Q1 ) Q2, then the sorption is independent of
temperature. The results are consistent with the sorption of
Eu(III) on smectite and on kaolinite (18, 19). Bauer et al. (18)
reported that temperature (25-80 °C) had no effect on the
sorption of Eu(III) to smectite, and found further the sorption
of Eu(III) on smectite as outer-sphere complexation at low
pH values and as inner-sphere complexation at pH > 5.5.
Stumpf et al. (19) also reported similar sorption mechanism
of Cm(III) on kaolinite and smectite. However, Tertre et al.
(2) studied the sorption of Eu(III) to kaolinite and Na-mont-
morillonite as a function of temperatures (20-150 °C), and
found that increasing temperature led to a shift of the sorption
edge toward lower pH, and the shift was more pronounced
for Na-montmorillonite than for kaolinite. The results
suggest that the sorption of Eu(III) on minerals is dependent
on the nature of the minerals.

Effect of FA and HA. The sorption of Eu(III) to attapulgite
in the presence/absence of FA/HA as a function of pH is
shown in Figure 1D. The sorption is enhanced slightly at pH
< 4, decreased with increasing pH at pH 4-7, and then
increased again with increasing pH at pH > 7 in the presence
of FA. Similar results of Eu(III) sorption in the presence of
HA are also observed. This may be attributed to the species
of Eu(III) at different pH values. The relative species of Eu(III)
as a function of pH in absence and presence of HA are shown
in Figure SI-7. In the presence of HA, Eu3+(HA) is the main
species at pH < 6; Eu3+(HA), Eu(OH)2+(HA), and Eu(CO3)+(HA)
are the dominant species at pH 6-10; and Eu(CO3)3

3-

becomes the main species at pH > 10 (Figure SI-7). Fairhurst
and Warwick (20) investigated the influence of HA on Eu(III)
sorption to mineral and found that Eu3+(HA) complexes were
formed at low pH which was adsorbed by mineral to the
same extent as HA, leading to the enhanced Eu(III) sorption.
The sorption of HS on attapulgite decreases with increasing
pH values at pH > pHpzc because of the electrostatic repulsion
between the negative charged surface of attapulgite and HS.
Less Eu(III) is adsorbed to HS-bound attapulgite due to the

TABLE 1. Sorption Model of Eu(III) to Attapulgite by Using FITEQL 3.2 Code

ionic strength formation Log K WSOS/DF

0.1 mol/L NaClO4

3 ≡ XNa + Eu3+ T ≡ X3Eu + 3Na+
8.13

0.013≡SsOH + Eu3+ + 2H2O T ≡ SsOEu(OH)2
0 + 3H+

-18.3

≡SwOH + Eu3+ T ≡ SwOHEu3+
-2.11

0.01 mol/L NaClO4

3 ≡ XNa + Eu3+ T ≡ X3Eu + 3Na+
8.46

0.015

≡SwOH + Eu3+ T ≡ SwOHEu3+
-1.95
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formation of soluble Eu3+(HS) complexes in solution at pH
4-6. The sorption percentage of Eu(III) is lowest at pH 6-8,
suggesting that a considerable amount of Eu(III) presents as
Eu3+(HS) complexes in aqueous phase (5). At high pH,
sorption of Eu(III) on attapulgite rises again. This is attributed
to the fact that Eu(III) begins to form carbonate complexes,
and the complexes enhance Eu(III) sorption on attapulgite
surfaces. However, the sorption of Eu(III) does not reach the
level achieved in the system free from FA or HA. This could
be due to either residual Eu3+(HS) complexes remaining in

solution, thus reducing Eu(CO3)3
3- concentrations available

for sorption, or the residual FA or HA on the mineral surfaces
enhancing electrostatic repulsion of Eu(CO3)3

3-, or blocking
potential sorption sites on the mineral surfaces. Similar
phenomena were also found in the sorption of other acti-
nides and lanthanides (5, 20, 21). The laser-induced fluo-
rescence (LIF) clearly showed that Cm(III) was adsorbed as
Cm(III)-fulvate complex in the FA-montmorillonite hybrids
at pH below 5, whereas other inorganic species (i.e., carbonate
complexes) were the main species at high pH values (5).

Surface Complexation Model. The sorption data of
Eu(III) on attapulgite in Figure 1A are fitted using a constant
capacity model (CCM) with the aid of FITEQL 3.2 code.
The main sorption species are ≡SwOHEu3+ and ≡X3Eu0 in
0.01 mol/L NaClO4 solution, whereas ≡X3Eu0, ≡SwOHEu3+,
and ≡SsOEu(OH)2

0 are the dominant species in 0.1 mol/L
NaClO4 solution. The species of adsorbed Eu(III) can be
interpreted as follows: (1) the strong sites (≡SsOH) are
formed to ≡SsOH2

+ species at low pH. There is very strong
electrostatic exclusion between ≡SsOH2

+ and Eu3+; (2) the
≡SwOH site concentration is the highest at low pH; (3) the
dominant surface species of attapulgite are ≡SsO- and
≡SwO- at high pH values. However, the complexation
ability of strong sites (≡SsO-) with Eu(III) is much stronger
than that of weak sites (≡SwO-) (22). The main sorption
species of Eu(III) on goethite were ≡SwOHEu3+ and
≡SsOEu(OH)2 in no background electrolyte, whereas
≡SwOHEuCl2+ and ≡SsOEu(OH)2 prevailed in sodium
chloride, and ≡SwOHEu(NO3)2+ and ≡SsOEu(OH)2 pre-
sented in the nitrate media (1). The Eu(III) sorption on
Na- and Ca-montmorillonite was modeled well using cation
exchange and the monodentate surface species, ≡SOEu2+,
≡SOEuOH+, and ≡SOEu(OH)3

-. However, the same data
were almost equally well described by considering bi-
dentate surface complexes, (≡X)2Eu+ and (≡SwO)2Eu(OH)2

-

(15).
XPS Analysis. The XPS analysis shows that the bonding

energy (BE) of Eu 3d 5/2 increases from 1134.94 eV on

FIGURE 2. Corresponding Fourier transforms (A) and the first-shell fit of the EXAFS function of k2-weighted (B) of the binary Eu/HA
system at different pH values. (A) Eu LIII-edge EXAFS spectra of FTs magnitudes at pH 1.76, 2.85, 4.80, 7.72, and 9.50 solutions. (B)
Experimental (open circles) and model (solid line) Fourier-filtered k2�(k) contribution for the next-nearest backscattering shells at R
distances spanning the [1.3, 2.9 Å] interval.

TABLE 2. Mean Eu-O Bond Distance in Aqueous Solution of
Eu(III) and HA at Different Conditions, T = 20 ± 1 oC, I =
0.01 mol/L NaClO4

a

sample d (Eu-O) (Å) N σ2 (Å2) Rf 〈130〉E0

reference samples
Eu2O3 2.347(34) 6.61(23) 0.0108(4) 0.030 2.81(26)
Eu(OH)3 2.408(8) 8.05(23) 0.0081(1) 0.022 2.15(67)
Eu(aq) 2.418(3) 9.24(45) 0.0084(1) 0.030 2.70(15)

mean Eu-O bond distance in aqueous solution of Eu(III) and
HA at different pH

pH 1.76 2.415(12) 9.94(52) 0.0010(2) 0.032 2.85(25)
pH 2.85 2.395(40) 9.97(75) 0.0055(8) 0.048 2.41(65)
pH 4.80 2.392(18) 8.61(80) 0.0049(4) 0.052 1.67(1.4)
pH 7.72 2.385(4) 8.23(32) 0.0067(1) 0.025 2.13(91)
pH 9.50 2.360(6) 8.56(51) 0.0036(5) 0.036 -0.22(55)

mean Eu-O bond distance of Eu(III) at different addition
sequence of HA and HA, pH ) 4.50, I ) 0.01 mol/L NaClO4

batch 1 2.411(27) 11.91(89) 0.0163(1) 0.045 2.4(1.3)
batch 2 2.399(32) 11.66(1.2) 0.0163(1) 0.066 1.4(1.51)
batch 3 2.321(9) 8.86(62) 0.0053(32) 0.062 0.4(6)
binary

system
2.314(42) 8.24(54) 0.0016(4) 0.043 -3.5(5)

a d, Interatomic distance; N, number of neighbor oxygens;
σ2, Debye-Waller factor; 〈130〉E0, energy shift; Rf, residual factor
Rf ) Σk(k3xexp - k3xcalc)/Σk(k3xexp) measures the quality of the
model Fourier-filtered contribution (xcalc) with respect to the
experimental contribution (xexp).
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attapulgite to 1135.01 eV on HA-attapulgite hybrids. The
main peak of Eu 3d 5/2 changes about 0.07 eV, which indicates
that HA has changed the mechanism or species of Eu(III)
sorption on attapulgite. The Eu 3d 5/2 core level region
spectrum is fitted by deconvolution. In binary Eu/attapulgite
system, two peaks at 1133.89 and 1135.60 eV are achieved;
however, three peaks at 1134.41, 1134.89, and 1136.34 eV are
used to fit the Eu 3d 5/2 spectrum well in ternary Eu/HA/

attapulgite system (Figure SI-11). According to the surface
complexation model results, the peaks in the range of 1133.41
and 1134.89 eV may be assigned to the species of ≡SwOHEu3+

and ≡X3Eu0, respectively. The peak at 1136.34 eV corresponds
to O)C-O-Eu-O-, which is due to the functional groups
of HA (23). The peak at 284.62 eV, which is assigned to C 1s,
is enhanced obviously in ternary Eu/HA/attapulgite system
(Figure SI-12), suggesting that many functional groups are
introduced to the surfaces of attapulgite (24, 25). The curve-
fitted C 1s and Eu 3d 5/2 region XPS spectra for the samples
are discussed in the Supporting Information (S3.5, Figures
SI-10, 11, and 12). The XPS analysis indicates that the
functional groups of HA contribute to Eu(III) sorption to
attapulgite, which enhances Eu(III) sorption at low pH values.

EXAFS Analysis. For all samples, an intense adsorption
line at 6976.9 eV dominates the X-ray adsorption edge (26).
The position of this line shows that Eu is trivalent in all of
the experimental samples (7, 27, 28).

The EXAFS spectra of reference samples (i.e., Eu2O3,
Eu(OH)3(s), and Eu(aq)) are shown in Figure SI-13. The results
are in agreement with the reported references (29, 30).
Detailed results and interpretations of the reference samples
are listed in SI S3.6.

The k2-weighted EXAFS oscillation for Eu-HA complexes
in different pH values look similar to each other (Figure 2).
However, these spectra somewhat differ from the spectra of
the reference samples. The Fourier transforms (FTs) mag-
nitudes for Eu LIII-edge EXAFS spectra of Eu in HA solution
at different pH values are shown in Figure 2A. The first FTs
peak around 1.79 Å arises from the single scattering (SS) of
the photoelectron on oxygen atoms in the first coordination
sphere. It displays a major peak at R ) 1.79 Å, which can be
related to the contribution of the nearest O shells at 2.4 Å.

FIGURE 3. Corresponding Fourier transforms (A) and k2-weighted EXAFS (B) of the different addition sequences of ternary Eu/HA/
attapulgite systems. (A) Eu LIII-edge EXAFS spectra of FTs magnitudes and imaginary parts. (B) Experimental (open circles) and model
(solid line) Fourier-filtered k2�(k) contribution for the next-nearest backscattering shells at R distances spanning the [0.6, 2.9 Å]
interval.

FIGURE 4. Different imaginary Eu(III) structures according to
EXAFS results of the first order coordination shells: (a)
dodecahedron; (b) monocrown antitetragonal-prism; (c) bicrown-
dodecahedron; (d) icosahedron.
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Several FTs peaks are significantly difference from pH 1.76
to 9.50: (1) the first peak of sample at pH 1.76 is sharper
(smaller full width half-maximum) than the first peaks of
others at other pH values; (2) the oscillations are obviously
different in the range 1.79-3.8 Å, indicating that the
environment of central atom Eu has been changed, which
is possible to distinguish between the Eu-O distances from
the hydration sphere and the Eu-O originating from
interactions of Eu and oxygen atoms. Figure 2B shows the
experimental (open circles) and model (solid line) Fourier-
filtered k2�(k) contribution for the next-nearest backscattering
shells at (R +∆R) distances spanning the [1.3, 2.9 Å] interval.
The relative parameters of the coordination number (N),
interatomic distance (R), residual factors (Rf), and EXAFS
Debye-Waller factor (σ2) are listed in Table 2. From Table
2, the distances of d (Eu-O) decrease from 2.415 to 2.360 Å
with increasing pH from 1.76 to 9.50, and the N values also
decrease from 9.94 to 8.56. This can be attributed to the
contribution of the hydration sphere Eu-OH2 and the
carboxylate groups Eu-O(HA), which is a dodecahedron or
monocrown antitetragonal-prism structure at pH ) 9.50
(Figure 4a and b). The measured distances of 2.415 Å (N )
9.94, σ2 ) 0.0010 Å2, and Rf ) 0.032) at pH 1.76 and 2.395 Å
(N ) 9.97, σ2 ) 0.0055 Å2, and Rf ) 0.048) at pH 2.85 are
attributed to the hydration inner-sphere Eu-OH2, which
suggests that HA does not form complexes with Eu3+, and
Eu3+ is a typical monocrown antitetragonal-prism (N ) 9) or
bicrown-dodecahedron (N) 10) structure (Figure 4b and c).
In addition, it is very interesting to notice from Figure 2B
that the trough at 2.1 and 5.7 Å-1 is regularly changed from
pH 1.76 to 9.50. The XAFS study of Eu(PAA) complexes
indicated that two carboxylate groups with 2-3 (Eu(PAA))
and 4-5 (Eu(PAA)ads) water molecules were coordinated to
Eu in the first coordination sphere (27). The results of Fe(III)
interaction with FA showed that Fe(III) was octahedrally
configured with inner-sphere Fe-O interactions at 1.98-2.10
Å (6).

Figure 3 shows the FTs and the isolated k2-weighted
oscillation of the different addition sequences of Eu/HA/
attapulgite (detailed description of the addition sequences
is listed in the Supporting Information). The corresponding
parameters are listed in Table 2. The FTs and imaginary parts
indicate that the addition sequences have a slight effect on
Eu(III) sorption and species on attapulgite. From the Fourier-
filtered k2�(k) contribution for the next-nearest backscattering
shells, the isolated k2-weighted oscillation at 2.48 Å-1 and
4.89 Å-1 moves significantly forward to lower k values. From
Table 2, the mean bond distances of Eu-O are 2.411 Å (N
) 11.91, σ2 ) 0.0163 Å2) for batch 1, 2.399 Å (N ) 11.66, σ2

) 0.0163 Å2) for batch 2; 2.321 Å (N ) 8.866, σ2 ) 0.0053 Å2)
for batch 3, and 2.314 Å (N ) 8.24, σ2 ) 0.0016 Å2) for binary
system in the absence of HA at pH 4.50. One can see that the
mean bond distances of d (Eu-O) and N values decrease
slightly from batch 1 to batch 3. The values of d (Eu-O) and
N of batches 1 and 2 are very close to each other, whereas
those of d (Eu-O) and N of batch 3 and binary Eu/attapulgite
system are similar because Eu(III) is adsorbed on attapulgite
first in batch 3, which suggests that the configuration of Eu(III)
is different (Figure 4a, b, and d). The results indicate that the
mechanism and species of Eu(III) sorption to attapulgite has
been changed in the different addition sequences. The EXAFS
analysis indicates that the influence of addition sequences
of HA/Eu(III) on Eu(III) sorption to attapulgite is quite
different, and the species are dependent on the different
complexation sequences. The results indicate that the
presence of natural organic matter and pH values have
significant influence on the species of Eu(III), which is crucial
to the chemical behavior of Eu(III) in the environment.
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