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Abstract The sorption—desorption of Eu(IIl) on atta-
pulgite was studied using batch technique. The sorption of
Eu(Ill) on attapulgite was strongly dependent on pH and
ionic strength at low pH, and independent of ionic strength
at high pH. The interaction was dominated by outer-sphere
surface complexation/ion exchange at low pH, and by
inner-sphere surface complexation at high pH. The irre-
versible sorption—desorption curves also suggested the
formation of strong surface complexes. The high sorption
capacity of attapulgite suggested that the attapulgite is a
suitable material for the efficient elimination of Eu(III)
from aqueous solutions in nuclear wastewater management.

Keywords '>*"'3*Eu(III) - Attapulgite - Sorption—
desorption - Interaction mechanism

Introduction

With the rapid development of nuclear energy, large
amounts of radioactive wastes are produced and the long-
lived radionuclides are inevitably released into the natural
environment. Also in the processes of uranium mining and
spent fuel reprocessing, large volumes of wastewater con-
taining different kinds of radionuclides are released into the
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natural environment. Although the radioactive wastewater
is pretreated to eliminate most radionuclides before it is
discharged into the environment, the long-lived radionu-
clides at trace level concentrations cannot be removed from
the solution completely. The radionuclides in the envi-
ronment can be accumulated through the food chain and at
last are deposited in human body, which is dangerous to
human health. Thereby, it is crucial to eliminate the
radionuclides from the radioactive wastewater as much as
possible [1-4]. Among the long-lived trivalent lanthanides
and actinides, Eu(IIl) is usually considered as a homologue
for the trivalent lanthanides and actinides because the
physicochemical properties of Eu(IIl) are very similar with
those of other trivalent lanthanides and actinides [5, 6].
This is attributed to the similar ionic radius of Eu(IIl) to
those of trivalent actinides and lanthanides. For most
actinides, such as Np, Pu, Cm, Am, it is very difficult to
carry out the research works on these radionuclides
because of the licence of some laboratories. Thereby, the
research on the interaction of >***Eu(IIl) with different
kinds of oxides, clay minerals or manmade nanomaterials
is important to understand the physicochemical properties
of other trivalent lanthanides or actinides in the environ-
ment. The sorption of '*"'3*Eu(Ill) on clay minerals,
metal oxides and nanomaterials had been extensively
studied in the last decade [7—17], and the results suggested
that the sorption of Eu(IIl) was strongly dependent on ionic
strength and pH at low pH values. The sorption was mainly
dominated by outer-sphere surface complexation and/or
ion exchange at low pH, and by inner-sphere surface
complexation and/or surface (co)precipitation at high pH
values. Although the sorption of '**'>*Eu(Ill) on clay
minerals has been investigated intensively, the desorption
property of adsorbed '>2T'>*Eu(III) from clay minerals or
oxides is still scarce [18, 19]. Wang et al. studied the
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kinetic desorption of Eu(IIl) from humic acid-bound alu-
mina [18] and bentonite [19] by using chelating resin, and
found that the Eu(III) ions were adsorbed on the reversible
and irreversible sites, which were dependent on pH values,
i.e., the surface adsorbed Eu(IIl) ions could transfer from
the reversible sites to irreversible sites with increasing pH
values. After the sorption of **'>*Eu(III) on clay min-
erals, the understanding of the desorption property is cru-
cial to evaluate the secondary pollution of '>T'**Eu(III). If
the surface adsorbed '° 2+154Eu(III) cannot be desorbed
from clay minerals after the environmental condition
changes, then the transformation or the accumulation of
152+154Ey(111) in the environment is negligible. Thereby, it
is interesting to study the sorption—desorption behavior of
152134 y(TIT) on clay minerals.

Attapulgite, a hydrated magnesium aluminium silicate,
is kind of natural fibrillar mineral present in nature. Gen-
erally, it has three kinds of water at room temperature, i.e.,
the free adsorbed water by physical effect, the weakly
bound zeolite water in the micro-channel, and the tightly
bound crystalline water that completes the coordination of
the (Mg, Al) cations at the borders of each octahedral layer.
Besides the three kinds of water, attapulgite also contains
structural hydroxyl groups (such as Al-OH and Mg—OH)
[20]. There are also many kinds of oxygen-containing
functional groups such as Fe-OH, Al-OH, Si—-OH, -OH
groups on attapulgite surfaces, which can form strong
surface complexes with metal ions and thereby can remove
heavy metal ions from aqueous solutions efficiently. The
sorption of metal ions on attapulgite has been investigated
by batch method and spectroscopy techniques, and the
results showed that the metal ions can form strong com-
plexes on attapulgite surfaces and can also enter into the
interlayer of attapulgite. Fan et al. [20, 21] studied Ni(II)
and '3 >*Eu(III) sorption on humic acid-bound attapulgte
and found that humic acid could act as a “bridge” between
metal ions and attapulgite. The presence of humic acid
enhanced 152+154Eu(III) and Ni(II) sorption at low pH, but
reduced '>*T'*Eu(III) and Ni(II) sorption at high pH val-
ues. The enhanced sorption at low pH was attributed to the
formation of strong surface complexes of '*2*'3*Eu(III)
and Ni(IT) with surface adsorbed humic acid, whereas the
reduced sorption at high pH was attributed to the formation
of soluble complexes of metal ions with free humic acid
molecules in solution [22, 23]. However, the desorption of
Eu(Ill) from attapulgite is still not reported.

In this work, we characterized the attapulgite using SEM,
FTIR, XRD and acid-base titrations to understand the sur-
face functional groups, surface properties and structure
properties of attapulgite. Then the attapulgite was used as
adsorbent to remove "> '3*Eu(III) from aqueous solutions
to evaluate the sorption properties of '**T'>*Eu(IIl) on
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attapulgite. The interaction mechanism of '>*"'>*Eu(III)
with attapulgite was discussed based on the results.

Experimental
Material

All chemicals used in the experiments were analytic purity
and used without any purification. The attapulgite sample was
achieved from Kaixi Co. (Gansu Province, China). The raw
attapulgite sample was treated with 0.5 mol/L hydrochloric
acid for 24 h, immersed into 3.3 mol/L NaCl solution for
60 h; and then rinsed with distilled water until no chloride in
supernatant was detected by using 0.01 mol/L. AgNO;. The
sample was then dried at 105 °C for 2 h to eliminate the free
adsorbed water, and used in the experiments.

Eu(Ill) stock solution was prepared from Eu,O; by
dissolution, evaporation and redissolution in 103 mol/L
perchloric acid. The radiotracer 152+154Eu(III) was used in
the sorption experiments. The '>*™'3*Eu(III) concentration
in supernatant was analyzed by liquid scintillation counting
using Packard 3100 TR/AB Liquid Scintillation analyzer
(PerkinElmer) with ULTIMA GOLD AB™ (Packard)
Scintillation cocktail.

Sorption experiments

The sorption of radionuclide '>**'>*Eu(III) on attapulgite
was carried out at 25 £ 1 °C in 0.01 mol/L NaClO, solu-
tions using batch technique in polyethylene tubes. The
attapulgite aqueous suspension was mixed with NaClO,
solution firstly to achieve the interaction equilibrium of Na™
with attapulgite, and then the '3>"'>*Eu(IIl) solution was
added into the attapulgite suspension to start the sorption of
1S2+1%Ey(IT) on attapulgite. The pH values of the sus-
pension were adjusted with 0.01 mol/L HCIO, or NaOH.
The blank experimental results indicated that Eu(IIl) sorp-
tion on the tube walls was negligible. The polyethylene
tubes were shaken for 2 days to attain the sorption equi-
librium, and then the solid was separated from the liquid
phase by centrifugation at 12,000 rpm for 30 min.

For the desorption experiments, after the sorption equi-
librium, half volume of the supernatant was pipetted and the
same volume solution containing 0.01 M NaClO,4 with the
same pH as the sorption experiments was added into the
system, and then the mixtures were shaken and centrifuged at
the same conditions as in the sorption experiments. Finally,
the concentration of Eu(IIl) in the supernatant was measured
and the g values were deduced from the difference. All
experimental data were the average of determinations of
triplicate samples and the error bars (<5 %) were provided.
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Characterization

The surface properties of the attapulgite sample were
analyzed by Fourier transformed infrared spectroscopy
(FTIR). The sample pellet, prepared by mixing sample and
KBR followed by pelletization, was mounted on a Bruker
EQUINOXSS5 spectrometer (Nexus). The structure was
characterized by X-ray diffraction (XRD), which was
obtained from a D/Max-rB equipped with a rotation anode
using Cu K,, radiation (A = 0.15406 nm). The XRD device
was operated at 40 kV and 80 mA in the range of
5° <20 < 70°.

Results and discussion
Characterization
Figure 1a shows the SEM image of attapulgite sample. It is

clear that the attapulgite sample has a fibrous structure and
some fibers form the straight parallel aggregates. The
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straight parallel aggregates can provide some binding sites
for the uptake of Eu(IIl) on its surface.

The potentiometric acid—base titration of the attapulgite
suspension (5.0 g/L) was carried out under argon condi-
tions at 25 £+ 1 °C with a Mettler-Toledo DL 50 titrator
equipped with a combine electrode (glass electrode asso-
ciated to a reference electrode Ag/AgCI/KCl 3 mol/L).
Before the acid-base titration, the attapulgite suspension
was titrated up to about pH 3 and purged with argon for
1 h, then the suspension was titrated from pH ~3 to pH
~10 with 0.047 mol/L. NaOH. The acid-base titration
curve could provide some information about the surface
charge of attapulgite and the pH value of point of zero
charge (pHp,.). At pH < pHp,., the surface charge of
attapulgite is positive, whereas the attapulgite is negatively
charged at pH > pH,. [24]. As can be seen from the acid—
base titration curve (Fig. 1b), the attapulgite has the point
of zero charge at pH ~6.0.

The FTIR spectrum is shown in Fig. 1c. The peaks at
3560 and 3620 cm™' correspond to the stretching vibra-
tions of Fe—OH and Al-OH groups, respectively. The peak
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Fig. 1 Characterization of the attapulgite sample. a SEM image, b acid-base titration of attapulgite suspension (5.0 g/L) in 0.01 M NaClO,

background electrolyte at 7 = 25 °C, ¢ FTIR spectrum, d XRD pattern
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at 3420 cm ™" is attributed to the bend vibration of zeolite
water, which is also confirmed by the peak at 1660 cm ™"
The peaks at 1020 and 474 cm™' are attributed to the
vibration of Si—O-Si bonds [25, 26]. These oxygen-con-
taining functional groups are important to form surface
complexes with metal ions on attapulgite surfaces, and
thereby can form strong complexes with metal ions on
attapulgite particles.

From the XRD pattern (Fig. 1d), one can see that the
characteristic peaks (20 = 8.4°, 19.7°, 27.5°, 34.6° and
42.5°) of attapuligite are present in the XRD pattern. The
peak at 260 = 8.34° has the interplanar distance of
d = 1.06 nm, which is attributed to the basal plane of the
attapulgite structure [27]. The minerals of montmorillonite
and quartz are also found in the attapulgite sample and are
marked in Fig. 1d. From the analysis of Fan [20, 28], the
contents of different components are 6 % for quartz, 93 %
for palygorskite (the main component of the attapulgite
sample) and 1 % for montmorillonite.

Effect of contact time

Figure 2 shows the effect of contact time on the sorption of
Eu(Ill) to attapulgite. One can see that the sorption of
Eu(Ill) to attapulgite increases quickly with increasing
contact time up to 100 min, and then increases slowly with
contact time. The quick sorption of Eu(Ill) to attapulgite
suggests that the sorption of Eu(IIl) to attapulgite is mainly
dominated by chemical sorption or surface complexation
rather than physical adsorption [29]. In the following
experiments, 48 h of contact time was applied to achieve
the sorption equilibration of Eu(IIl) on attapulgite.

100
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Fig. 2 Effect of contact time on the sorption of '*2*'S*Eu(IIl) to

attapulgite. m/V=0.2g/L, pH=4.10+0.05, T=25=+1 °C,
CIEu(I Jinitial = 1.4 x 107 mol/L, C[NaClO,] = 0.01 mol/L
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From Fig. 2, one can see that the sorption increases very
slowly with increasing contact time after 100 min. This
slow increase of sorption should not be attributed to the
analytical uncertainty because the sorption increases very
slowly with increasing contact time. In order to observe the
increase of Eu(IIl) sorption more clearly, the sorption curve
of Eu(Ill) on attapulgite at a function of contact time is
redrawn (the inset figure in Fig. 2), one can see that the
sorption increases very slowly with increasing contact time
up to 100 min. At the first contact time, the sorption of
Eu(Ill) to attapulgite takes place on the reactive sites of
attapulgite which is a rapid uptake process. After the quick
sorption of Eu(Ill) on the reactive sites, the sorption of
Eu(Ill) then takes place on the binding sites which has
relatively large activation energies, diffuses into the
micropores of attapulgite [30, 31]. After the reactive sites
are almost occupied by Eu(Ill) ions, the subsequent slower
sorption of Eu(Ill) to the less reactive sites and then dif-
fused into the micropore sites can take place on the less
reactive sites and diffusion into the micropore sites [32].
This process is much slower as compared to the fast uptake
at the initial contact time. Thereby, the sorption of Eu(IIl)
on attapulgite increases very slowly after long contact time,
and at last reaches the sorption equilibration.

Effect of ionic strength and pH
Figure 3 shows the sorption of Eu(IIl) from solution to

attapulgite as a function of NaClO, concentrations at
pH = 4.10 £ 0.05 and pH 6.10 £ 0.05, respectively. The
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Fig. 3 Effect of NaClO, concentration on 152Jr154Eu(III) sorption to
attapulgite. m/V=02g/L, T=25+1°, C[Eu(IDiia =
1.4 x 107° mol/L. Open circle pH = 4.10 £ 0.05; open square
pH = 6.10 £ 0.05
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sorption percentage of Eu(IIl) on attapulgite can be defined
as:

sorption % = Cini =~ Ceq x 100 %, (1)
where Cj,; is the initial concentration of Eu(IIl) in the
system, Ceq is the final concentration of Eu(IIl) in super-
natant after sorption equilibration and centrifugation. From
Fig. 3, one can see that the sorption of Eu(IIl) at pH 4.10
decreases from ~ 85 to ~20 % with NaClO, concentration
increasing from 0.005 to 0.2 mol/L. With increasing
NaClO4 concentration, the competition between Eu(II)
and Na* ions becomes more stronger, and this competition
thereby decreases the sorption of Eu(IIl) on attapulgite if
the sorption is mainly dominated by ion exchange or outer-
sphere surface complexation. It is necessary to notice that
the sorption of Eu(Ill) at pH 6.10 is independent of NaClO,
concentration under the experimental uncertainties, which
suggests that the sorption is mainly dominated by inner-
sphere surface complexation rather than outer-sphere sur-
face complexation at high pH values.

The sorption of Eu(IIl) on attapulgite in 0.01 and 0.1 M
NaClO, solutions at different pH values are shown in Fig. 4.
The sorption of Eu(IIl) on attapulgite is influenced by pH and
NaClO, concentrations obviously at pH <6. The sorption
curves can be divided into three pH regions: (1) the Eu(IIl)
sorption increases slowly with pH increasing at pH <3; (2)
the sorption increases abruptly with increasing pH at
3 < pH < 6; and (3) the sorption of Eu(Ill) on attapulgite
remains almost constant with increasing pH and does not
change with pH increasing at pH >6. At pH <6, the sorption
of Eu(Ill) on attapulgite is strongly dependent on ionic
strength. Generally, the outer-sphere surface complexation
or ion exchange is affected by ionic strength, whereas the
inner-sphere surface complexation is independent of ionic
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Fig. 4 The sorption curves of *"'>*Eu(Ill) on attapulgite as a
function of pH in 0.01 M and 0.1 M NaClOy, solutions. m/V = 0.2 g/L,
T =25+ 1 °C, C[Eu(IID]ipyias = 1.4 x 107 mol/L

strength. From the batch sorption curves, the interaction
mechanism such as outer-sphere surface complexation or
inner-sphere surface complexation can be distinguished in
different NaClO, solutions at different pH values. Herein,
the strong pH- and ionic strength-dependent sorption at pH
<6 suggest that the sorption of Eu(IIl) is mainly dominated
by outer-sphere surface complexation. At pH >6, the sorp-
tion is mainly dominated by inner-sphere surface complex-
ation. Fan et al. [28] studied Eu(III) sorption onto attapulgite
in different KNOj solutions, and found that the sorption was
dependent on ionic strength at pH <5.5 and independent of
pH at pH >5.5. Similar sorption behavior were also found for
Eu(Il) interaction with other kinds of materials such as
carbon nanotube/iron oxide magnetic composites [33], gra-
phene oxides [34, 35], montmorillonite [36] and alumina
oxides [37-41].

From Fig. 4, one can also see that the sorption curve in
0.01 M NaClO, solution shifts to lower pH values as
compared to that in 0.1 M NaClOy solution. In the sorption
process, the Na™ ions are firstly equilibrated with atta-
pulgite before the addition of Eu(IIl) ions. The Na™ ions
can alter the surface properties of attapulgite and thereby
can affect the sorption of Eu(IIl) on attapulgite. At high
NaClO, concentration, the cation ions in solution can also
compete the interaction of Eu(Ill) ions on attapulgite sur-
faces, and thereby decreases Eu(Ill) sorption to attapulgite.
The effect of ionic strength on Eu(IIl) sorption can be
summarized as [42]: (1) the activity coefficients of Eu(III)
ions are affected by NaClO,4 concentrations, which limits
Eu(Ill) transfer from solution to attapulgite surfaces; (2)
the high Na™ concentration can affect the electrical double
layer of attapulgite, and then affects the sorption of Eu(IIl)
to attapulgite; and (3) at high NaClO,4 concentration, the
aggregation of attapulgite particles is aggravated, which
reduces the available sites and functional groups for the
binding of Eu(Ill) ions to attapulgite particles [43]. At low
pH values, the sorption of Eu(Ill) to attapulgite can be
considered as a competition of Eu(Ill) with Na™ ions at
attapulgite particle surfaces. At pH >6, there is little dif-
ference in the sorption curves, which is attributed to the
formation of inner-sphere surface complexes or surface
(co)precipitates at high pH value [44, 45]. At high pH
values, the concentration of Eu(IIl) adsorbed on attapulgite
surface at local area is high enough to form (co)precipitate.
The formation of (co)precipitate is difficult to be evidenced
from the batch experiments. From the EXAFS analysis, the
information (such as bond distances, coordination number)
about the microstructures of Eu(Ill) on attapulgite can be
calculated from the EXAFS spectra, and the species of
Eu(lll) on attapulgite surface can be evaluated. The
EXAFS analysis of Eu(IIT) and U(VI) sorption on materials
at high pH values showed the formation of inner-sphere
surface complexes and surface (co)precipitation [32, 39]. It
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is difficult to distinguish the contribution of surface com-
plexes or surface (co)precipitation on metal ion sorption
from the EXAFS analysis.

It is well known that the sorption of Eu(IIl) on atta-
pulgite is also dependent on Eu(Ill) species at different pH
values. The relative distribution of Eu(IIl) species as a
function of pH is shown in Fig. 5. The thermodynamic
constants used for the calculation of Eu(IIl) species are
tabulated in Table 1. From Fig. 5, it is clear that Eu®" is
the main species at pH <6, it is reasonable that the sorption
of Eu’" increases with pH increasing and is also affected
by ionic strength. From the precipitation constant of
Eu(OH)s(s) (K, = 3.4 x 107%%) [20], the precipitation
curve of Eu(OH); at Eu(Ill) initial concentration of
1.4 x 107° mol/L was calculated and was also shown in
Fig. 4. Without Eu(IIl) sorption to attapulgite, Eu(IIl) ions
start to form precipitates at pH ~8.8. However, one can
see that ~96 % Eu(Ill) was adsorbed to attapulgite at pH
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Fig. 5 Relative distribution of Eu(IIl) species in 0.01 M NaClO,4
solution, pCO, = 3.16 x 10~ atm

Table 1 Thermodynamic constants used for the calculation of
Eu(IIl) species

Reaction Log K Reference
H,0 — OH™ +H* —13.8 [55]
Eu** 4 H0 < [Eu(OH)]*" + H* —7.64 [56]
Eu*t +2H,0 < (EuOH); + 2H* -15.1 [56]
Eu*" + 3H,0 « [Eu(OH);] + 3H" —237 [56]
Eu’* + 4H,0 « [Eu(OH),]” +4H" —-36.2 [56]
H,CO; « CO3~ +2H* —17.43 [55]

Eu’t + CO3~ « [EuCO;]* 6.38 [55]
Eu’" +2C0?" « [Eu(COs),]” 10.81 [55]
Eu** +3C0%" < [Bu(COs);]> 13.53 [55]
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<8.8. Thereby, the contribution of surface precipitation on
Eu(Ill) sorption to attapulgite is negligible at high pH
values. The sorption of Eu(III) may be attributed to a series
of exchange sites or surface complexation because the
sorption edge of Eu(Ill) is spread over three pH unit [46].
At high pH values, large amounts of Eu(Ill) is adsorbed on
attapulgite surface, and the surface sites are occupied by
Eu(III) ions. The surface (co)precipitates may be formed on
attapulgite surface at high pH values. For the presence of
both surface complexes and surface (co)precipitates, it is
very difficult to distinguish them on attapulgite surface.
The surface (co)precipitates and inner-sphere surface
complexes can be distinguished from the bond distances of
Eu-O in the first coordination shell or the bond distances of
Eu-O-Eu in the second coordination shell from the EXAFS
analysis [47, 48]. From the acid-base titration curve, the
surface site concentration of attapulgite was calculated to
be 2.425 x 1072 mol/g [20]. In the sorption experiments,
the Eu(III) initial concentration was 1.4 x 107® mol/L and
the solid content was 0.2 g/L., the amount of Eu(IIl)
adsorbed on attapulgite was about 6.72 x 107® mol/g
(~96 % Eu(Ill) was adsorbed to attapulgite at pH <8.8),
which was much lower than the site concentration
(2.425 x 1072 mol/g). Thereby, the sorption of Eu(IIl) at
high pH 1is not mainly dominated by surface
(co)precipitation.

Surface complexation modeling

The pH-dependent adsorption of Eu(IIl) on attapulgite was
fitted by diffuse double layer modeling (DDLM) with an
aid of Visual MINTEQ v 3.0 codes [49]. The surface
acidity constants (log K*, Log K™) of attapulgite were
given in the following protonation and deprotonation
reactions:

SOH + H* = SOH;

log K* = log([SOH; | /([SOH][H*])) 2

SOH =SO™ + H

log K™ = log([SO™][H"]/[SOH]), e

where SOH referred to the amphoteric surface groups of
attapulgite. The values of log Kt and log K~ were obtained
by fitting the potentiometric titration data with an aid of
Visual MINTEQ v 3.0 codes.

According to the physiochemical properties of atta-
pulgite, the cation exchange sites (XNa) and surface
complexation sites (SOH) were selected to fit the adsorp-
tion data. The concentration of total XNa sites and SOH
sites (mol/g) can be obtained by fitting the potentiometric
data. As shown in Fig. 5, the main Eu®" and Eu(OH)3
species were observed at pH <7.0 and pH 7.0-8.0,
respectively, therefore the Eu’* and Eu(OH)3 species were
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taken into account in this study. The surface complexation
reactions of Eu(Ill) adsorption on attapulgite can be
described by Egs. (4)—(6):

3XNa + Eu’" = X3Eu + 3Na™ (4)
SOH + Eu*" = SOEu*" + H' (5)
SOH + Eu** + 2H,0 = SOEu(OH),+3H" (6)

These adjustable parameters were constantly optimized
to match with adsorption data, which were summarized in
the Table 2. The fitted results of surface complexation
modeling were shown in Fig. 6. It is observed that with the
with the aid of FITEQL 3.2 code, the DDLM can satis-
factorily simulate the adsorption of Eu(Ill) on attapulgite
with cation exchange (XNa) and surface complexation site
(SOH) at 0.01 and 0.1 mol/L NaClO,. The uncertainties on
sorption data in the modeling were derived from the value
of WOS/DF within in the range of 1-20, suggesting that the
surface complexation modeling gave an excellent fits to the
experimental data. As shown in Fig. 6, DDLM can give an
excellent fit for Eu(IIl) sorption on attapulgite at pH <6.0,
whereas the fitted results are overestimated the experi-
mental data at pH >7.0. The main X3Eu, SOEu?* and
SOEu(OH), species are observed at pH <3.0, 3.0-6.0 and

6.0-10.0, respectively. The results of surface complexation
modeling indicate that the adsorption mechanism of Eu(III)
on attapulgite is cation exchange at low pH conditions,
whereas the inner-sphere surface complexation dominates
the Eu(IIl) adsorption at high pH conditions. The results
are very similar with those reported by Fan et al. [20]. Fan
et al. [20] studied the sorption of Eu(Ill) on humic acid
bound attapulgite and simulated the sorption data using
constant capacity model with the aid of FITEQL 3.2 code.
The species of Eu(III) on attapulgite are mainly X;Eu® at
low pH and SYOHEu>" or S*OEu(OH), at high pH values.
The EXAFS spectroscopy analysis showed that the bond
distance of Eu-O decreased from 2.415 to 2.360 A with pH
increasing from 1.76 to 9.50, whereas the coordination
number decreased from ~9.94 to ~8.56, suggesting the
formation of outer-sphere surface complexes at low pH and
inner-sphere surface complexes at high pH values. Sheng
et al. [50] studied Eu(III) sorption on MX-80 bentonite and
simulated the sorption data using diffuse layer model, and
found that the sorption of Eu(IIl) consisted YOEu®" spe-
cies at low pH and XOEu(OH)" species at high pH. The
EXAFS results indicated that there was no difference in the
bond distance of Eu—-O of Eu(Ill) adsorbed on MX-80
bentonite at low pH values, suggesting the species of

Table 2 The optimized

parameters of surface
complexation modeling for
Eu(III) adsorption on attapulgite
at 0.1 and 0.01 mol/L NaClO,4

Equations Log K [XNa] (mol/g) [SOH] (mol/g)
Protonation and deprotonation
SOH + H' = SOHj 3.26 0.3 x 107° 1.5 x 107°
SOH = SO~ + H* —-5.27
Surface complexation modeling
3XNa + Eu’* = X;3Eu + 3H' 2.13
SOH + Eu*" = SOEu*" + H' 3.25
SOH + Eu’* + 2H,0 = SOEu(OH),+3H* —8.30

Fig. 6 The fits to the adsorption 14
of Eu(IIl) on attapulgite at 1
0.01 mol/L (a) and 0.1 mol/L 124
(b) NaClOy solutions by DLM o0
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adsorbed Eu(III) at low pH with similar bonding nature. Hu
et al. [51] studied the sorption of Eu(Ill) on Na-rectorite
and simulated the sorption data using diffuse layer model
with the aid of FITEQL 3.2 code, and found that the spe-
cies of Eu(II) on Na-rectorite are mainly X3Eu at low pH
and SYOHEu" or S*OEu(OH) at high pH values. All the
results suggest that the sorption of Eu(IIl) mainly occurs on
the exchange sites (i.e., XNa) at low pH values, and on the
surface complexation sites (i.e., SOH) at high pH values.
The relative contribution of different species on Eu(II)
sorption may be different at different pH values for dif-
ferent minerals, the interaction mechanism is very similar
under similar experimental conditions.

Sorption—desorption isotherms

The sorption—desorption isotherms of Eu(II) on attapulgite
at pH 3.50 £ 0.05 and 4.00 £ 0.05, respectively, are
shown in Fig. 7a. The amounts of Eu(IIl) adsorbed on
attapulgite in the sorption and desorption experiments were
calculated from the following equations:

\%4
{sorption — (Cini - Ce ) X — (7)
m
1 \%4
qdesorption = {sorption — (Ce/;q - Eceq> X Z’ (8)

where C;,; was the initial concentration of Eu(IIl) in sus-
pension, C.q was the equilibration concentration of Eu(III)
in supernatant after sorption experiment, Céq was the final
equilibration concentration of Eu(IIl) in supernatant after
desorption experiment, V was the volume and m was the
mass of attapulgite. gsorpion Was the amount of Eu(II)
adsorbed on attapulgite after sorption experiment, and
Gdesorption Was the amount of Eu(IIl) still adsorbed on
attapulgite after desorption experiment.

The desorption isotherm is much higher than the sorp-
tion isotherm, suggesting that the sorption is irreversible,
which indicates that the surface adsorbed Eu(III) cannot be
desorbed from the attapulgite after the concentration of
Eu(Ill) in solution is decreased. From the sorption—des-
orption data, one can see that the Ggesorpion Values are a
little lower than gsomprion Values, suggesting that only a
small amount of Eu(IIl) is desorbed from attapulgite when
the Eu(Ill) concentration decreases. The irreversible sorp-
tion of Eu(Ill) on attapulgite suggests that Eu(III) forms
strong surface complexes on attapulgite and cannot be
easily transferred from attapulgite to solution after the
experimental condition changes. Li et al. [52, 53] studied
the sorption—desorption of metal ions from carbon nan-
otubes and found that the oxygen-containing functional
groups contributed importantly to the increase of sorption
capacity. The sorption of metal ions was not completely
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Fig. 7 Sorption and desorption isotherms of Eu(IIl) on attapulgite at
pH 3.50 & 0.05 (a) (filled square sorption; open square desorption),
pH 4.00 & 0.05 (a) (filled circle sorption; open circle desorption),
and by lowering the pH from 6.10 to different pH values (b, the
values in the figure are the pH values after the sorption equilibration
and the solution pH after adding HCI for 2 days after desorption
equilibration). m/V = 0.2 g/L., I = 0.01 M NaClO,, T=25 £ 1 °C

reversible for the decrease of the metal ion concentration in
the system, but most of adsorbed metal ions could be
desorbed by lowering solution pH values. After lowering
solution pH, the interaction mechanism of Eu(IIl) on
attapulgite may change from inner-sphere surface com-
plexation to outer-sphere surface complexation. For the
outer-sphere surface complexes, the Eu(Ill) ions are
weakly bounded on attapulgite surface and can be desorbed
when solution pH decreases. For the inner-sphere surface
complexes, the Eu(Ill) ions are strongly bounded on atta-
pulgite, which is difficult to be desorbed from solid
particles.

From Fig. 7a, it is clear that the surface adsorbed
IS2HISEG(I) is very difficult to be desorbed from
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attapulgite by lowering the ionic strength. The desorption
of "*134E(III) from attapulgite by lowering the solution
pH was carried out to investigate the possible desorption of
surface adsorbed "> >*Eu(Il) from attapulgite (Fig. 7b).
After the sorption equilibration of '3"'>*Eu(III) on atta-
pulgite at pH 6.10, the suspension pH was lowed to dif-
ferent values by adding small amount of 1.0 or 0.1 mol/L
HCI. After 2 days’ shaking time, the concentration of
15 2+154Eu(III) in the supernatant was measured to evaluate

0.006 ® pH4.00
e pH3.50

0.004 -

Ceq/a (gL)

0.002

0.000 . . :
0.0 5.0x10° 1.0x10°

Ceq (mol/L)

-2.2

-2.4- = pH4.00
e pH3.50

26-
3.2
34

Log g (mol/g)
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-4.04 °
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-7.5 -7.0 -6.5 -6.0 -5.5 -5.0 -4.5
Log Ceq (mol/L)

Fig. 8 Linear simulation of Langmuir model (a) and Freundlich

model (b) for Eu(IIl) sorption isotherms at pH 3.50 + 0.05 and
4.00 + 0.05. m/V=0.2 g/L, I = 0.0l M NaClO,, T =25+ 1 °C

the desorption of surface adsorbed IS2+H13%E0(T)  from
attapulgite. After the pH of the system was lowered, part of
surface adsorbed Eu(IIl) could be desorbed from atta-
pulgite. However, comparing to the sorption curve in
Fig. 4, it is clear that the sorption percentage is still higher,
suggesting that the desorption is not reversible. After
lowering the pH values, the attapulgite surface properties
were changed and the interaction mechanism between
Eu(Ill) and attapulgite may be changed from inner-sphere
surface complexation to outer-sphere surface complexa-
tion. It is reasonable that part of surface adsorbed Eu(II)
can be desorbed from attapulgite.

In order to understand the interaction mechanism more
detail, the sorption isotherms were simulated by Freundlich
and Langmuir sorption models, respectively. The Lang-
muir model and Freundlich model are described as [54]:
For Langmuir model:

Cog _ Ceg, 1

9

g qmax  DGmax ©)
For Freundlich model:

logg = log kg + nlogCeq, (10)

where ¢ (mol/g) and ¢n.x (mol/g) are the amounts of
Eu(IIl) adsorbed on attapulgite and the maximum sorption
capacity, respectively. b is the Langmuir constant related to
sorption energy, kg (mol' ™" g~ L") represents the sorption
capacity when Eu(IIl) ion equilibrium concentration equals
to 1, and n represents the degree of sorption dependence
with equilibrium concentration. The linear simulation of
Langmuir and Freundlich models are shown in Fig. 8a, b.
The relative parameters calculated from the Langmuir and
Freundlich models are listed in Table 3. The g.,.x values
are 4.00 x 10~ mol/g at pH 3.50 and 5.41 x 10~ mol/g
at pH 4.00. The sorption isotherms are well simulated by
the Langmuir model, suggesting that the sorption of Eu(IIl)
on attapulgite is the monolayer sorption. From the calcu-
lation of surface site concentration and the amount of
Eu(IIT) adsorbed on attapulgite surface at monolayer cov-
erage, the surface sites of attapulgite particles are not
occupied totally by Eu(Ill) ions and the formation of sur-
face precipitation may be excluded under the low con-
centration of Eu(IIl) used in the experiments. From the
results and discussion, the one can get the conclusion about
the interaction of Eu(IIl) with attapulgite, which are
dependent on various environmental conditions. At low pH

Table 3 The parameters for

Langmuir and Freundlich Experimental conditions Langmuir Freundlich
isotherm simulation of Eu(TIT) Gmax (mol g7') b (L mol™") CC kg mol'™ L" g™ n cC
sorption on attapulgite
pH 3.50 4.00 x 1073 1.06 x 10°  0.990 16.55 0.776  0.950
pH 4.00 541 x 1073 420 x 10° 0992 1.2 0.506 0.954
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capacity makes the attapulgite a very suitable
material as backfill material in nuclear waste repos-
itory or as adsorbents to eliminate the radionuclides
from aqueous solutions in nuclear wastewater

R treatment.
32,
AN
Free ions Acknowledgments Financial support from National Natural Sci-

(co)precipitation

Fig. 9 Illustration of possible sorption mechanism of Eu(IIl) on
attapulgite

values, the sorption of Eu(Ill) is mainly dominated by
outer-sphere surface complexation. At high pH values, the
sorption of Eu(Ill) increases and the sorption is mainly
attributed to inner-sphere surface complexation. Part of
Eu(IIl) ions may form (co)precipitates at solid particle
surfaces (Fig. 9). The strong interaction between Eu(III)
and attapulgite can reduce the mobility of Eu(IIl), and
thereby can decrease the bioavailability of Eu(IIl) in the
natural environment.

Conclusion

In this manuscript, the sorption—desorption of Eu(Ill) on
attapulgite was studied by batch experiments. From the
results, one can draw the following conclusions:

(1) The sorption of Eu(IIl) on attapulgite is strongly
dependent on pH and ionic strength at pH <6, and is
independent of ionic strength at pH >6.

(2) The sorption of Eu(Ill) on attapulgite is mainly
dominated by outer-sphere surface complexation or
ion exchange at low pH values and by inner-sphere
surface complexation or surface (co)precipitation at
high pH values. The species of Eu(IIl) on attapulgite
are mainly X5Eu, SOEu*" and SOEu(OH), species
at pH <3.0, 3.0-6.0 and 6.0-10.0, respectively.

(3) The sorption of Eu(Ill) on attapulgite is an irre-
versible process, the surface adsorbed Eu(IIl) cannot
be easily desorbed from attapulgite when the equi-
libration system is destroyed. The attapulgite is a
suitable material for the immobilization of Eu(III)
ions in the natural environment.

(4) The attapulgite has very high sorption capacity for
the preconcentration of Eu(IIl) ions from large
volume of aqueous solutions. The high sorption
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