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The effects of pH, initial Eu(Ill) concentration, ionic strength and fulvic acid (FA) on the adsorption of
Eu(Ill) on TiO, are investigated by using batch techniques. The results indicate that the presence of FA
strongly enhances the adsorption of Eu(Il) on TiO, at low pH values. Besides, the adsorption of Eu(III) on
TiO, is significantly dependent on pH values and independent of ionic strength. The adsorption of Eu(III)
on TiO, is attributed to inner-sphere surface complexation. The diffuse layer model (DLM) is applied
to simulate the adsorption data, and fits the experimental data well with the aid of FITEQL 3.2. X-ray

_llfieg;’vurds" photoelectron spectroscopy (XPS) is performed to study the species of Eu(lll) adsorbed on the surfaces
Eu(Il) of TiO,/FA-TiO, hybrids at a molecular level, which suggest that FA act as “bridge” between Eu(Ill) and
FA TiO, particles to enhance the ability to adsorb Eu(IIl) in solution.

Adsorption © 2009 Elsevier B.V. All rights reserved.

Surface complexation

1. Introduction

In the context of safety of nuclear waste repositories as well as
for the assessment of radionuclide mobility in the environment,
the interaction among lanthanides/actinides, oxides and humic
substances (HSs) has become a main subject of various studies.
Adsorption behavior of radionuclides to minerals is a major pro-
cess controlling the physicochemical behavior of radionuclides in
the environment. Therefore, the knowledge of radionuclide adsorp-
tion is of greatimportance in the management of radioactive wastes
containing long-lived actinides and lanthanides. Eu(Ill) is a triva-
lent lanthanide and a chemical homologue of trivalent actinides
as both trivalent lanthanides and actinides exhibit similar adsorp-
tion properties. Adsorption of Eu(lll) on hydrous metal-oxides and
minerals has been studied extensively [1-15]. It was found that the
adsorption of Eu(Ill) on minerals was strongly dependent on pH
values and the adsorption of Eu(Ill) increased with increasing pH
value. A positive effect of HSs on the adsorption of Eu(III) at low pH
value and a negative effect at high pH value were found [3,4]. Dif-
ferent surface complexation models (SCMs) were applied to fit the
experimental data, to interpret and to appraise the surface adsorp-
tion processes under different experimental conditions [6-10]. The
interaction of Eu(Ill) and minerals was studied by using extended
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X-ray adsorption fine structure (EXAFS) and time resolved laser flu-
orescence spectroscopy (TRLFS), which allow to clarify the uptake
mechanism of trace elements by minerals [11-15]. A comprehen-
sive understanding of the underlying physicochemical process is
necessary for the evaluation of long-term performance assessment
of a nuclear waste repository.

Humic substances are the major fraction of dissolved organic
compounds present in surface water and soils. The high carbon con-
tent (~50-60%) of both aliphatic and aromatic character and rich
in oxygen-containing functional groups (such as carboxy, phenolic,
alcoholic and quinoid groups) make HSs are the primary metal-
complexing chelate and hence perform a vital influence on the
environmental fate, bioavailability, toxicity and mobility of heavy
metal ions [16,17]. Therefore, it is important to study the adsorption
and complexation of metal ions to HS-mineral hybrids, especially
to study the interactions between long-lived actinides/lanthanides
and HS-mineral hybrids [1-4,16].

TiO, is an ideal adsorbent for studying the effect of the surface
functional groups on adsorption. Its solubility is negligible and the
point of zero charge (pHpc) at neutral pH value makes it possible
to study the adsorption of metal ions on TiO, over a broad range
of pH and ionic strength [18]. Lots of recent publications have been
focused on the adsorption of metal ions (such as Cu, Mo, Co, Cr, Pb,
Th, Pu) by TiO; in aqueous solution to study the adsorption capaci-
ties, mechanisms, process parameters and so on [18-25]. Kim et al.
[19] studied the adsorption of Cu on anatase-type TiO, and found
that the adsorption of Cu increased rapidly with increasing pH value
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from 2 to 5 and maintained high level over pH 5. Adsorption of
Mo on hydrous TiO, (anatase) particles indicated that the maxi-
mum adsorption appeared in the acidic pH range at low surface
loading and the Langmuir model described the adsorption behav-
ior well [21]. Results of Cr(VI) adsorption on TiO, in the presence
of humic acid (HA) indicated that the adsorption capacity of TiO,
was greatly influenced by the presence of HA [23]. The presence
of Cr(VI) inhibited the adsorption of HA on TiO,, leading to the
decreased adsorption capacity of HA on TiO, with increasing Cr(VI)
concentration. Adsorption of Th(IV) on TiO, indicated a reversible
formation of an inner-sphere complex with strong pH dependence
[18]. Adsorption of Pu(VI) on TiO, was ionic strength independent,
and inner-sphere complex was considered to be formed at TiO; sur-
face [25]. Although the adsorption of metal ions on TiO, has been
extensively studied, the investigations on the adsorption of Eu(III)
on nanosized TiO, particles are still scarce, especially the influence
of HSs on the physicochemical behavior of Eu(Ill) on nanoparticles
OfTiOZ.

The study of Eu(III) adsorption onto TiO,, is helpful and essential
for the evaluation of trivalent lanthanides and actinides physico-
chemical behavior. The aims of the present study are (1) to study
the effect of pH, concentration, ionic strength and fulvic acid (FA) on
Eu(IIl) adsorption on TiO5; (2) to study the influence of FA on Eu(III)
adsorption onto TiO,; (3) to determine the adsorption isotherms
of Eu(Ill) to TiO,; (4) to model the experimental data with the aid
of FITEQL 3.2; (5) to identify the local species of Eu(Ill) adsorbed
on TiO, surfaces and (6) to evaluate the adsorption mechanism of
Eu(IIl) on TiO,.

2. Materials and methods
2.1. Materials

Eu stock solution was prepared from Eu,03 by dissolution,
evaporation and redissolution in 10~3 mol/L perchloric acid. The
radiotracer 152*154Ey(IIl) was used and the concentration was ana-
lyzed by liquid scintillation counting using a Packard 3100 TR/AB
Liquid Scintillation analyzer (PerkinElmer). The scintillation cock-
tail was ULTIMA GOLD AB (Packard).

The sample of TiO, (P25, from Degussa Corporation) is com-
posed of 80% anatase and 20% rutile (from the X-ray diffraction
(XRD) result shown in Fig. 1). The specific surface area and surface
site density values, as employed in the adsorption modeling, were
55m?/g and 2.74 x 10~4 mol/g [22], respectively. The pHp;c of TiO»
sample was measured to be 6.15 [24].
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Fig. 1. The XRD pattern of P25 sample.

Table 1

13C NMR characteristics (chemical shift ppm)% of FA.

HSs 0-50 51-105 106-160 161-200 Aromaticity
FA 16 28 19 39 30

Soil FA was extracted from the soil of Hua-Jia county (Gansu
province, China), and has been characterized in detail [26,27].
Cross-polarization magic angle spinning (CPMAS) 13C NMR spectra
of FA was divided into four chemical shift regions, 0-50, 51-105,
106-160 and 161-200 ppm. These regions were referred to as
aliphatic, carbohydrate, aromatic and carboxyl regions. The per-
centage of total intensity for each region is estimated by integrating
the CPMAS 3C NMR spectra with each region and the fraction of
aromatic groups calculated by expressing aromatic C as percentage
of the sum of aliphatic C (0-105 ppm) + aromatic C (106-160 ppm)
is listed in Table 1.

2.2. Batch experiments

The adsorption of Eu(Ill) on TiO, particles was investigated
by using batch technique under N, condition at T=20+2°C in
0.01 mol/L NaClO4 solutions. All solutions were prepared using
Milli-Q water, and all experiments were conducted in polyethylene
tubes. The aqueous solution volume was adjusted with a solu-
tion containing background electrolyte NaClO4, Eu(lII), FA, TiO, and
Milli-Q water. Soil FA was first equilibrated with TiO, suspension
for 3 days, and then Eu(III) stock solution was added into FA-TiO,
suspension to start the adsorption of Eu(lll) on FA-TiO, hybrids.
HCIO4 or NaOH were added to achieve the desired pH of the aqueous
suspensions. The test tubes were shaken for 4 days to achieve the
adsorption equilibration. Our pre-experiments demonstrated that
4 days were enough to achieve the equilibration of Eu(Ill) adsorp-
tion on TiO,. For adsorption isotherms, the pH was maintained to
4.50 £+ 0.05. After equilibration, the suspension was centrifuged at
18,000 rpm for 30 min at temperature controlled at 20°C to sepa-
rate the solid phase from the liquid one. The concentration of Eu(III)
adsorbed on TiO,, Cs (mol/g), was calculated from the difference of
initial Eu(IIl) concentration (Cy) and final concentration remained
in solution after equilibrium (Ceq), the volume of the solution (V)
and the mass of TiO, (m) with the equation Cs =(Cp — Ceq) x V/m.

2.3. X-ray photoelectron spectroscopy (XPS) analysis

For spectroscopic analysis, adsorption experiments were con-
ducted with 0.3 g/L TiO,, 0.01 mol/L NaClO4 and 3.0 x 10~> mol/L
Eu(Ill) at pH=4.5+0.1. The solid was separated by filtration and
subsequently washed with 0.01 mol/L NaClO4 solution to remove
non-adsorbed Eu(Ill), and then the solid phases were dried under
vacuum and ambient temperature. Only part of free water on solid
phases was removed in this treatment, and this treatment did not
result in any surface species modification. The XPS spectra were
recorded on powders with a thermo ESCALAB 250 spectrometer
using an Al Ko monochromator source and a multidetection ana-
lyzer, under a 108 Pa residual pressure. Surface charging effects
were corrected with C1s peak at 284.6 eV as a reference.

3. Results and discussion
3.1. SEM images of TiO, samples

The field-emission scanning electron microscopy (FE-SEM) was
used to observe the changes in morphological features of TiO,
before and after Eu(lll) adsorption in the absence/presence of FA.
From Fig. 2(c and d), it can be clearly seen that something appears
on the boundary of TiO, particles comparing with Fig. 2(a and b).
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Fig. 2. SEM images of TiO, sample (a), Eu-TiO; (b), Eu-FA-TiO; (c) and (d).

This is attributed to the surface adsorbed FA on TiO; particles. The
macromolecular structures of FA result in the obvious difference
of SEM images of TiO, and FA-TiO, colloids. The SEM images indi-
cate the difference of the microstructures and surface properties
of TiO, and Eu-FA-TiO,, which is attributed to the adsorption of
Eu(Ill) and FA on TiO,. After the adsorption of FA on TiO, particles,
the macromolecular structures of FA attract TiO, particles together
and thereby result in the aggregation of TiO, particles. So the sizes
of FA-TiO, hybrids are bigger than those of pure TiO, particles.

3.2. Effect of pH on Eu(Ill) adsorption to bare TiO,

Most of the investigations of metal ions’ adsorption onto min-
eral surfaces published so far have confined to the pH-dependent
adsorption (so called pH-edges) for one or two adsorbate concen-
trations. Fig. 3 shows the pH dependence of Eu(Ill) adsorption on
bare TiO, in 0.01 mol/L NaClO4 aqueous solutions at initial con-
centrations of Eu(Ill) 1.0 x 1072, 1.0 x 10-5 and 1.0 x 10~7 mol/L,
respectively. As shown in Fig. 3, solution pH is the key factor
to affect the adsorption of Eu(lll) on TiO, particles. The adsorp-
tion of Eu(Ill) increases slowly at pH range 2-4, abruptly at pH
4-6, and at last maintains high level with increasing pH at pH > 6.
About 99% of Eu(lll) is adsorbed on TiO, at pH > 6. The strong pH-
dependent adsorption suggests that Eu(Ill) adsorption is attributed
to inner-sphere surface complexation rather than ion exchange
or outer-sphere surface complexation. It is interesting to note
that the adsorption edge of Eu(Ill) shifts to higher pH values
withincreasing Eu(Ill) initial concentrations. Similar pH-dependent
results of Eu(IIl) adsorption on oxides were also observed by other
researchers [3,5,6].

It is well known that the species of Eu(IIl) are crucial to Eu(III)
adsorption. The species of Eu(Ill) are strongly dependent on pH
value. The relative distribution of Eu(lll) species in the aqueous
solution calculated with the thermodynamic constants (Table 2)
is shown in Fig. 4. It is clear that Eu3* and Eu(OH)?* are the main
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Fig. 3. Effect of pH on the adsorption of Eu(Ill) on bare TiO,. T=20+2°C,
[=0.01mol/L NaClOs, m/V=03g (TiO2)/L, Cryuninita = 1.0 x 1075, 1.0 x 1075,
1.0 x 10~7 mol/L.

species of Eu(lll)in solution at pH < 6.15 (i.e., pHpzc), the free=SOH,*
and =SOH groups are the primary hydroxyl groups [28]. The adsorp-
tion of Eu3* and Eu(OH)2* is unfavorable due to the coulombic
repulsion. While, the positively charged Eu3* or Eu(OH)2* species
in solution may exchange with -H from hydroxyl groups, and the

Table 2
Aqueous thermodynamic data (I=0.01 M NaClO4; T=293.15K) used in the Eu mod-
eling studies on TiO, (thermodynamic data taken from Wang et al. [3]).

Reaction LogK
H,0 <« OH- +H* -13.79
Eu** +H,0 & Eu(OH)** +H* —7.64
Eu?* +2H,0 & [Eu(OH), |* +2H* -15.1
Eu?* +3H,0 < [Eu(OH)3]° +3H* —23.7
Eu?* +4H,0 < [Eu(OH)4]~ +4H* -36.2
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Fig. 4. Distribution of hydrolysis products of Eu(Ill) in aqueous solution.

increase in free hydroxyls concentration is the cause of the steep
rise of Eu(lll) adsorption. Thereby, the abrupt increase of adsorp-
tion does not correspond with the formation of hydrolysis of Eu(III)
in solution, but rather due to the strong surface complexation [3].
While at higher pH values, the precipitation of Eu(Ill) may con-
tribute to the adsorption.

Various SCMs have been developed and applied to simulate the
adsorption of metal ions on oxides. The commonly adopted forms
include the constant capacitance model (CCM), the diffusion layer
model (DLM) and the triple layer model (TLM). Herein, the adsorp-
tion data are fitted using the DLM with the aid of FITEQL 3.2 code. On
the basis of the complexation reactions and the corresponding equi-
librium constants in Table 3, the surface species of Eu(Ill) adsorbed
on TiO, as a function of pH is shown in Fig. 5. Clearly, the model
simulates the experimental data very well. From Fig. 5, one can see
that Eu(Ill) adsorbed on TiO, surface mainly presents as: =SOEu2*
is the dominant specie at low pH values, =SOEu(OH)* becomes
the major species with increasing pH and =SOEu(OH); is the most
abundant surface species at high pH values. This is in agreement
with the relative species of Eu(lll) in solution shown in Fig. 4. The
WSOS/DF=3.26 x 1075, 5.84 x 10-3,9.25 x 103 are obtained by fit-
ting the Eu(III) adsorption on TiO,, which indicates the satisfactory
optimization procedure (Generally, WSOS/DF values in the range of
0-20 show a good fit of the data) [29].

3.3. Effect of pH on Eu(Ill) adsorption to bare and FA bound TiO,

The pH dependence of Eu(IIl) adsorption on TiO; in the presence
and absence of FA is shown in Fig. 6. The adsorption curve of Eu(IIl)
on FA-TiO, hybrids shifts to the left as compared to that on bare
TiO, at pH<6, from which it can be concluded that the presence
of FA enhances Eu(Ill) adsorption at pH<6. FA has high content
of oxygen due to the carboxyl and hydroxyl groups, which form
strong complexes with metal ions [26,27]. The increase of Eu(IIl)
adsorption on FA-TiO, hybrids is explained by the adsorption of
FA on TiO, surface, followed by the strong complexation of Eu(III)
with surface adsorbed FA on TiO, surfaces. This indicates that the
complexation between FA and Eu(IIl) is stronger than that between
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Fig. 5. Surface complex speciation repartition diagram of Eu(III) adsorption on TiO,
as a function of pH at three different initial concentration.

Surface complexation constants (pKj,) for Eu(Ill) adsorption on TiO, at different concentration.

1.0 x 10-7 mol/L

1.0 x 10-¢ mol/L 1.0 x 107> mol/L

Log K, Log K, Log K,
=SOH +Eu?* & =SOEu?* +H* —-1.67 —2.37 —2.08
=SOH +Eu>* + H,0 < =SOEu(OH)* + 2H* —6.20 —6.45 —6.75
=SOH +Eu** +2H,0 < =SOEu(OH), + 3H* -9.44 -11.18 —14.90
WSOS/DF 3.26 x 10> 5.84x 1073 9.25x 1073
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Fig. 6. Effect of pH on the adsorption of Eu(lll) on bare, FA bound TiO,.
T=20+2°C, I=0.01mol/L NaClO4, m/V=0.3g (TiO2)/L, C(FA)initia = 7.5 mg/L,
Ceugyinitial = 1.0 x 1076 mol/L.

TiO, and Eu(III) [3,4]. At low pH values, the negatively charged HSs
are easily to be adsorbed on positively surface charged oxides, and
the strong complexation of metal ions with HSs adsorbed on oxides
results in the increase of metal ion adsorption on HSs bound oxides.
The adsorption of metal ions on HSs bound oxides is dominated
by the nature of HSs, the nature of metal ions, the nature of solid
particles, pH, ionic strength, and temperature etc. [28,30].

3.4. Effect of ionic strength on Eu(lll) adsorption to bare and FA
bound TiO,

Fig. 7 shows the adsorption of Eu(Ill) on TiO; as a function of
ionic strength at pH 4.30 +0.05. Within the experimental uncer-
tainties, the adsorption of Eu(Ill) on TiO, is independent of ionic
strength in the range of 0-0.2 mol/L NaClOy. It is well known that
ClO4~ does not form complexes with Eu(Ill) in solution, the influ-
ence of NaClQ, is only attributed to the competition of Na* in
the system. The ionic strength independent of Eu(Ill) adsorption
suggests that the formation of strong inner-sphere surface com-
plexes even under conditions where the net surface charge of TiO,
is positive (pHpzc =6.15). This indicates that the influence of sur-
face potential on the adsorption reaction is of minor importance
for the metal ions of high charge (z > 3+) [6]. The ion exchange does
not contribute to the adsorption of Eu(lll) on TiO,. The results are
also in agreement with the DLM modeling in Fig. 4. The uptake
of metal ions in the adsorption edges, which exhibits a strong
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Fig. 7. Effect of ionic strength on Eu(Ill) adsorption to bare, FA bound TiO,
particles. T=20+£2°C, m/V=0.3g (TiO,)/L, pH=4.30£0.05, C(FA)jnitial = 7.5 mg/L,
Ceugyinitial = 1.0 x 1076 mol/L.
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Fig. 8. Effect of FA concentration on Eu(lll) adsorption to FA bound TiO,
particles. T=204+2°C, I=0.01 mol/L NaClO4, m/V=0.3 g(TiO,)/L, pH=4.50+0.05,
Ceugyinitial = 1.0 x 1076 mol/L.

dependency on pH and weak dependency on ionic strength, is
consistent with inner-sphere surface complexation. The results of
this work are identical to those derived by Wang et al. [3] and
Rabung et al. [6], although different samples of oxides were inves-
tigated.

3.5. Effect of FA concentrations on Eu(IIl) adsorption

Fig. 8 shows the removal percentage of Eu(Ill) from solution to
FA-TiO, hybrids as a function of FA initial concentrations at pH
4.50+0.05 in 0.01 mol/L NaClO4 solutions. At this pH, the surface
charge of TiO, is positive and the negatively charged FA is easily
adsorbed on the surface of TiO,. Adsorption percentage of Eu(IIl)
on solid phases increases with increasing FA concentration in the
ternary system, which indicates that the surface complexation of
Eu(Ill) with surface adsorbed FA is stronger than that of Eu(IIl)
with TiO, surface functional groups. With increasing FA concentra-
tion, more FA macromolecules are adsorbed on TiO, surfaces, and
the surface adsorbed FA thereby provides more functional groups
to bind Eu(Ill). At FA concentrations higher than 10.9 mg/L, the
Eu(IIl) adsorption decreases with increasing FA concentration. From
the result of acid-base titration of FA [31], the surface site den-
sity of FA is 2.71 x 102 mol/g. The surface site density of TiO, is
2.74 x 10~4 mol/g. Considering the concentrations of FA and TiO,
in the system, the surface site concentration of TiO, in the sys-
tem is 8.22 x 10~> mol/L (i.e., 0.3 g/L x 2.74 x 10~* mol/g). If all the
surface sites of FA can form mono-surface complexes with TiO,,
3 mg/L FA is enough to form the saturation adsorption of FA on
TiO, surfaces. However, only fraction of functional groups of FA
forms complexes on TiO, surfaces. With increasing FA concentra-
tions, the percent of FA adsorbed on TiO, decreases and the percent
of FA remained in solution increases. The effect of FA concentra-
tion on Eu(lll) adsorption is attributable to the competition for
Eu(Ill) between the FA in solution and the FA adsorbed on the
mineral surfaces [32]. At C(FA)ipitia1 > 10.9 mg/L, the surface of the
mineral is saturated with FA, the more the concentration of FA
presents, the more the free FA macromolecules present in solu-
tion and the more efficient is the screening of the mineral surface.
Under these conditions, the Eu(IIl) is more predominately in solu-
tion as Eu(Ill)-FA complexes. Thereby, the adsorption of Eu(IIl)
decrease with increasing FA concentration at high FA concentra-
tions.
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3.6. Adsorption isotherms of Eu(Ill) on bare and FA bound TiO,

Adsorption isotherms of Eu(Ill) on bare and FA bound TiO, par-
ticles are studied at pH 4.50 £ 0.05 in 0.01 mol/L NaClO4 solutions
(Fig. 9). Adsorption isotherm of Eu(IIl) on FA-TiO, hybrids is much
higher than that of Eu(Ill) on bare TiO, particles, indicating that
the adsorption of Eu(Ill) on FA-TiO, hybrids is higher than that of
Eu(Ill) on bare TiO,. This is in agreement with the results shown
in Fig. 6. In order to gain a better understanding of the mechanism
and to quantify the adsorption data, two models, the Langmuir and
Freundlich isotherm models, are adopted to simulate the results.

The Langmuir model is widely used for modeling equilibrium
data[33]. The isotherm is valid for monolayer adsorption onto a sur-
face containing finite number of identical sites. It can be described
by the equation:

KagmaxCeq
C= S he (1)
where Ceq is the concentration of Eu(lll) in solution at equilibration,
Cs is the amount of Eu(Ill) adsorbed to form a monolayer cover-
age on the adsorbent particle, and K; is the Langmuir adsorption
equilibrium constant.

The Freundlich expression is an empirical equation describing
adsorption onto heterogeneous surface [34]. The isotherm assumes

Table 4
Parameter of adsorption models for Eu(Ill) on TiO5.
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Fig.9. Adsorption isotherms of Eu(IIl) on bare, FA bound TiO, particles.T=20+2°C,

1=0.01 mol/LNaClOy, C(FA)initia1 = 7.5 mg/L, m/V=0.3 g(TiO, )/L, pH=4.50 + 0.05. Solid
line: Langmuir model; dash line: Freundlich model.

that the surface sites of the adsorbent have a spectrum of different
binding energies. The equation is presented as:

Cs = keCeg" (2)

System Langmuir model Freundlich model
(max (mmol/g) K, (L/mmol) R? Kr (mmol/g) n R?
Bare 0.00991 163.3 0.9944 4.7 1.73 0.9896
Add FA 0.01773 733.7 0.9412 1.7 2.49 0.9922
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Fig. 10. XPS spectra of survey (A), Eu3d (B), C1s (C) and O1s (D) of Eu-TiO, and Eu-FA-TiO,. T=2042°C, I=0.01 mol/L NaClO4, m/V=0.3 g (TiO3)/L, pH=4.50+0.05,

C(FA)initiar = 7.5 Mg/L, Ceyqmyinitiar = 1.0 x 1075 mol/L.
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where K (mmol/g) is the adsorption capacity. The value of n indi-
cates a favorable adsorption at 1<n<10.

The Langmuir and Freundlich constants obtained by fitting the
adsorption equilibrium data are listed in Table 4. The results indi-
cate that the Langmuir model and the Freundlich model fit the
adsorption well of Eu(Ill) onto bare TiO,. However, the adsorption
of Eu(Ill) onto TiO, in the presence of FA is poorly fitted by the
Langmuir model compared with the Freundlich model. This means
the adsorption behavior of Eu(Ill) is very complicated and might
be affected by many factors in the presence of FA. The value of
(max Obtained from the Langmuir model for Eu(Ill) adsorption on
FA bound TiO, is higher than that on bare TiO,, which indicates that
the functional groups on the surfaces of FA-TiO, hybrids have a rel-
atively stronger affinity for Eu(Ill) than those on bare TiO, surface.
In the Freundlich model, the value of n is higher than unity, which
indicates that metal ions are favorably adsorbed by TiO,.

3.7. XPS analysis

In order to achieve the molecular level information of Eu(IlI)
adsorbed on TiO,, XPS (Fig. 10(A)) was used to identify the local
species of Eu(Ill) adsorbed on TiO;. The high resolution XPS Eu 3d
spectra are shown in Fig. 10(B). The data leave no doubt that Eu(III)
is chemically present within the near-surface of TiO, due to the
adsorption. The XPS features of Eu3ds, at 1136 eV and Eu3ds,; at
1166 eV in the samples, with a peak separation of 30 eV between the
two peaks, are associated with inner-sphere surface complexes of
Eu(Ill). The high resolution XPS C 1s spectra of the Eu-FA-TiO, and
Eu-TiO, samples are shown in Fig. 10(C). The high resolution XPS
C1s spectrum of Eu-FA-TiO, hybrids is resolved into three indi-
vidual component peaks: C-C (284.79eV), CO (286.32 eV) and COO
(288.52eV), which indicates that the functional groups of FA are
introduced in the TiO5.

The Eu-TiO, sample has four O 1s peaks positioned at 529.9,
531.2, 532.2 and 533.3eV (Fig. 10(D)), which can be assigned to
lattice oxygen 0%~ bridging OH, terminal OH and adsorbed H,O,
respectively [35]. The OH attributes greatly to the sorption of Eu(III)
on TiO, surface. While in the Eu-FA-TiO, sample, the O 1s spectrum
is also deconvoluted into four peaks. The relative intensity of peak
at531.2 eV decreases, while the relative intensities of peaks at 532.2
and 533.3 eV increase. The increased peaks can also be assigned to
other oxygen species, CO (532.2 eV) and COO (533.3 eV) [36], which
are more easily to complex with Eu(lll). Anyway, the positions of
the O 1s peaks from the Eu-TiO, system are nevertheless different
from those of the Eu-FA-TiO,. The functional groups of FA at the
TiO, surfaces contribute to Eu(Ill) adsorption (as explained in the
previous part).

4. Conclusion

The adsorption of Eu(lll) on TiO, is strongly dependent on
pH values and independent of ionic strength, indicating that
inner-sphere surface complexation is the main adsorption mech-
anism. The presence of FA enhances the adsorption of Eu(Ill) on
TiO, at low pH values. The competition between the complexa-
tion of adsorbed FA and the soluble FA in solution with Eu(III)
can explain the observations of Eu(lll) adsorption on FA-TiO,
hybrids. The Eu(Ill) adsorbed on TiO, can be assumed in the form
of inner-sphere surface complexes of =SOEu2*, =SOEu(OH)* and
=SOEu(OH),. The experimental data can be simulated well with
DLM with the aid of FITEQL 3.2 mode. The batch and XPS results
indicate the same/similar species and mechanism of Eu(IIl) adsorp-
tion on TiO, surface. The results are important to understand
the adsorption of trivalent lanthanides/actinides in the environ-
ment.
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