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The effects of pH, contact time and natural organic ligands on radionuclide Eu(IIl) adsorption and mechanism on titanate
nanotubes (TNTs) are studied by a combination of batch and extended X-ray absorption fine structure (EXAFS) techniques.
Macroscopic measurements show that the adsorption is ionic strength dependent at pH < 6.0, but ionic strength independent at
pH > 6.0. The presence of humic acid (HA) / fulvic acid (FA) increases Eu(Ill) adsorption on TNTs at low pH, but reduces
Eu(III) adsorption at high pH. The results of EXAFS analysis indicate that Eu(Ill) adsorption on TNTs is dominated by out-
er-sphere surface complexation at pH < 6.0, whereas by inner-sphere surface complexation at pH > 6.0. At pH < 6.0, Eu(III)
consists of ~ 9 O atoms at Rg,_o = 2.40 A in the first coordination sphere, and a decrease in Ng,_o with increasing pH indi-
cates the introduction of more asymmetry in the first sphere of adsorbed Eu(IIl). At long contact time or high pH values, the
Eu(III) consists of ~2 Eu at Rg,_g, = 3.60 Aand ~ 1 Tiat Rg,.1i = 440 A, indicating the formation of inner-sphere surface
complexation, surface precipitation or surface polymers. Surface adsorbed HA/FA on TNTs modifies the species of adsorbed
Eu(IIl) as well as the local atomic structures of adsorbed Eu(Ill) on HA/FA-TNT hybrids. Adsorbed Eu(Ill) on HA/FA-TNT
hybrids forms both ligand-bridging ternary surface complexes (Eu-HA/FA-TNTs) as well as surface complexes in which
Eu(IIl) remains directly bound to TNT surface hydroxyl groups (i.e., binary Eu—TNTs or Eu-bridging ternary surface com-
plexes (HA/FA-Eu—TNTs)). The findings in this work are important to describe Eu(IlI) interaction with nanomaterials at mo-
lecular level and will help to improve the understanding of Eu(IIl) physicochemical behavior in the natural environment.

titanate nanotubes, radionuclide Eu(IIl), extended X-ray absorption fine structure (EXAFS) spectroscopy, humic acid,

fulvic acid

1 Introduction

Since the innovative work of Kasuga et al. [1, 2], titanate
nanotubes (TNTs) have come under intense multidiscipli-
nary studies as sensors, catalyst supports, ion-exchange ma-
terials and superior adsorbents due to their fascinating mi-
crostructures and excellent physicochemical properties [3].
In the past few years, various investigations have been
conducted to study the interaction behavior of TNTs to-
wards organic dyes [4—6] and heavy metal ions [7-9], and it
was generally observed that the TNTs were efficient adsor-

*Corresponding author (email: xkwang @ipp.ac.cn)
FContributed equally to this work.

© Science China Press and Springer-Verlag Berlin Heidelberg 2011

bents for the removal of environmental pollutants in water.
However, these limited studies only focused on the adsorp-
tion kinetics and thermodynamic properties of TNTs to-
wards organic dyes and heavy metals by batch technique at
the macroscopic level and no attention has been paid to ra-
dionuclide adsorption onto TNTSs, especially the investiga-
tion of species and local atomic structures of radionuclide at
the molecular level. Furthermore, as the costs of commer-
cially available TNTs are continuously decreasing, it is pos-
sible to use these novel nanomaterials, regardless of their
high unit cost at the present time, for environmental pollu-
tants removal in wastewater treatment in near future.

In the context of the assessment of radionuclide mobility,
knowledge of interaction mechanism is of great importance
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to assess the radionuclide behavior [10, 11]. In this context,
interaction of Eu(IIl), a chemical analogue of trivalent lan-
thanides and actinides, with various mineral phases was
extensively studied by using batch and spectroscopic tech-
niques [10-14]. Many mechanisms have been postulated for
Eu(Ill) interaction with minerals, including ion exchange,
outer-sphere and inner-sphere surface complexation and
incorporation into particle lattice [10-12]. In the past dec-
ades, EXAFS technique is increasingly used to differentiate
the adsorption species and local atomic structures of metal
ions [10-15].

Humic substances (HSs), such as humic acid (HA) and
fulvic acid (FA), have attracted great attention because of
their high complexation ability with radionuclides [10, 11].
For the assessment of radionuclide mobility, the interaction
between radionuclides and HSs has been the subject of var-
ious studies [10—12, 14]. The study on the influence of HSs
and related low molecular weight organic acids (e.g., EDTA,
citrate, glutamate) on metal ion adsorption at solid-water
interfaces indicated that the functional groups of HSs
formed strong complexes with both metal ions and solid
surfaces [10-12]. Generally, the adsorption of metal ions is
enhanced at low pH, and is reduced at high pH. However,
according to our literature survey, no available studies have
been performed to identify the influence of HSs on metal
ion adsorption onto TNTs, especially at the molecular level.

To better understand the interaction of TNTs with Eu(III),
batch experiments are applied to evaluate the effects of re-
action time, pH and HA/FA on Eu(IIl) adsorption to TNTs.
Additional information about interatomic distances and co-
ordination numbers of the adsorbed Eu(IIl) is derived from
Eu(Il) Ly-edge EXAFS spectroscopy analysis. The main
purpose of the paper is to study the interaction of Eu(III)
with TNTs by a combination of batch and spectroscopy
methods, and to understand the mechanism at a molecular
level.

2 Experimental section

2.1 Materials and chemicals

All the chemicals studied in the experiments were pur-
chased in analytical purity and used without any further
purification. Milli-Q water was used in the experiments.
Eu(III) stock solution was prepared from Eu,0; after disso-
lution, evaporation and redissolution in 107% mol/L HCIO,.
TNTs were prepared using a hydrothermal process with
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TiO, (P25), which is similar to that described by Kasuga et
al. [1, 2]. The TiO, source used for the preparation of TNTs
was P25 (Degussa AG, Germany), with a crystalline struc-
ture of ca. 20% rutile and ca. 80% anatase and a primary
particle size of ca. 30 nm. In a typical preparation, 3 g of the
TiO, powder was mixed with 90 mL of 10 mol/L. NaOH
solution followed by hydrothermal treatment of the mixture
at 150 °C in a 250-mL teflon-lined autoclave for 24 h. After
hydrothermal reaction, the precipitate was separated by fil-
tration and washed with 0.1 mol/L HCI solution and dis-
tilled water until the pH value of the rinsing solution
reached ca. 7.0. The derived samples were dried in a vacu-
um oven at 120 °C for 8 h and stored in the glass bottles.

HA and FA were extracted from the soil of Hua-Jia
county (Gansu province, China) and characterized in detail
[10, 16, 17]. Cross-polarization magic angle spinning
(CPMAS) "*C NMR spectra of HA and FA were divided
into four chemical shift regions, i.e., 0-50 ppm, 51-105
ppm, 106—-160 ppm, and 161-200 ppm. These regions were
referred to as aliphatic, carbohydrate, aromatic, and carbox-
yl regions. The percentage of total intensity for each region
is calculated by integrating the CPMAS "“C NMR spectra
with each region, and the fractions of aromatic groups cal-
culated by expressing aromatic C as percentage of the sum
of aliphatic C (0—105 ppm) + aromatic C (106—160 ppm)
are listed in Table 1. HA and FA have also been character-
ized as a suite of 3 discrete acids with pK, values listed in
Table 2. The concentrations of functional groups of HA and
FA determined by fitting the potentiometric titration data
using FITEQL 3.1 are given in Table 2. The
weight-averaged molecular weights (M,,) of dissolved HA
and FA are determined according to the method of Chin et
al. [18], and the M, values of dissolved HA and FA are
calculated to be 2108 and 1364, respectively.

2.2 Batch experiments

Batch adsorption experiments were conducted in polyeth-
ylene tubes at T = 20 £ 1 °C under N, conditions. The
aqueous suspension was mixed with a solution containing

Table 1 '">C NMR characteristics (Chemical Shift ppm) of HA and FA
[10, 16,17]

HSs 0-50 51-105 106-160 161-200  Aromaticity
FA 16 28 19 39 30
HA 15 21 47 17 57

Table 2 The concentrations of functional groups of HA and FA calculated from potentiometric acid-base titration by using FITEQL 3.1 [10, 16, 17]

LogK,

C (mol/g)*

Surface sites density (mol/g) WSOS/DF
L L, Ls HL, HL, HL;
HA -5.04 —7.40 -9.60 2.20x107 1.08x107° 3.18x107° 6.46x107 2.37
FA -5.19 -7.77 -10.53 1.83x107° 1.08x107° 2.42x107° 2.71x107 0.10

* HL,, HL, and HL; represent the carboxyl groups (~COOH), the phenolic groups (Ar—OH) and the amine groups (-NH;) of HA and FA, respectively.
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the background electrolyte NaClO,, HA(FA), TNTs and
Milli-Q water. The radiotracer *>*'>*Eu(III) was used in the
batch adsorption experiments. In the experiments, HA/FA
was first equilibrated with the TNT suspension for 1 day,
and then the Eu(IIl) solution was added to HA/FA-TNT
suspension to start the adsorption of Eu(Ill) on HA/FA-TNT
hybrids. The pH value of the solution was adjusted with
negligible amounts of HC1IO, or NaOH. The blank experi-
ments indicated that the adsorption of Eu(IIl) on the tube
walls was negligible. The polyethylene tubes were shaken
to obtain adsorption equilibrium, and then the solid was
separated from the liquid phase by centrifugation at 18000
rpm for 30 min. The “**'**Eu(III) concentration in the su-
pernatant was analyzed by liquid scintillation counting
(Packard 3100 TR/AB Liquid Scintillation analyzer, Perki-
nElmer) with ULTIMA GOLD AB™ (Packard) Scintilla-
tion cocktail. To take into consideration of Eu(IIl) loss from
procedures expect for adsorption (i.e., Eu(Ill) adsorption on
filters and containers), calibration curves were attained sep-
arately under otherwise identical conditions as the adsorp-
tion process but no adsorbent. Based on the attained calibra-
tion curves, the adsorbed mass of Eu(IIl) was calculated via
subtracting the mass in the solution from the mass spiked.
All experimental data were the average of triplicate deter-
minations and the relative errors were about 5%.

2.3 Sample preparation for EXAFS analysis

Adsorption experiments for EXAFS analysis were con-
ducted using a 1 L vessel with 0.5 g/ TNTs, 0.01 mol/L
NaClO, and 4.0x107° (or 2.0x10™%) mol/L Eu(IIl) under
different experimental conditions. Adsorption was per-
formed by adding 30 mL acidified 102 mol/L Eu(ClOy);
stock solution and appropriate 0.1 mol/L NaOH to neutral-
ize the acidity of this Eu(IIl) solution. The Eu(IIl) solution
was introduced as follows: 10 pL increments of the Eu(III)
stock solutions were introduced into the suspension under
constant stirring to disperse the small aliquot of Eu(IIl) so-
lution, and then the base solution was added. Simultane-
ously, the pH was monitored and kept to the desired value
during Eu(IIl) addition. Periods of a few minutes between
the increments were chosen to avoid Eu(Ill)(aq) exceeding
the solubility limit of Eu(OH);(s), while allowing the com-
pletion of Eu(IIl) addition in reasonable delay [14]. Finally,
the samples were recovered by filtering the suspensions and
then slightly drying the pastes under vacuum and ambient
temperature.

2.4 EXAFS measurements and analysis

Eu(IIl) Ly-edge EXAFS spectra at 6976.9 eV were record-
ed at room temperature at Shanghai Synchrotron Radiation
Facility (SSRF, China) in fluorescence (for Eu(Ill)(aq) and
adsorption samples) and transmission (for Eu(OH);(s) and
Eu,0;) modes. For all adsorption samples, an intense ad-
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sorption line at 6985 eV (XANES data not shown) domi-
nates the X-ray absorption edge. The position of this line
shows that Eu is trivalent in all adsorption samples [13].
The electron beam energy was 3.5 GeV and the mean stored
current was 300 mA. A superconductor wiggler with a
maximum magnetic field By of 6 T inserted in the straight
section of the storage ring was used. The energy of X-ray
was detuned by using a fixed-exit double-crystal Si (111)
monochromator. Ionization chambers with N, atmosphere
were used to collect the Eu(Ill) Ly-edge spectra in trans-
mission mode at room temperature. A multi-element pixel
high purity Ge solid-state detector was used to collect the
fluorescence signal. EXAFS data analysis was performed
with the Athnea software. The EXAFS oscillations were
isolated from the raw, averaged data by removal of the
pre-edge background, approximated by a first-order poly-
nomial. The extracted EXAFS spectra, obtained via spline
fitting techniques and normalized using a victoreen function,
were Fourier transformed (FT) using the k range of 1.6-10.0
A™'. The curve-fitting analysis was carried out using the
IFEFFIT engine-based interface, Six-PACK. The theoretical
scattering phases and amplitudes used in data analysis were
calculated with the scattering code FEFF7 using the crystal
structures of Eu(OH);, Eu,0; and Eu,Ti,0;.

3 Results and discussion

3.1 Characterization of TNTs

Figure 1 shows the FE-SEM and TEM images of TNTs.
The tube structures of 10 nm in outer diameter and hundreds
nanometers in length are observed. The layer structure of
mostly 3-fold can be recognized. No particulate structure of
the TiO, precursor was found in every view field, indicating
that the whole TiO, was converted to TNTs by hydrother-
mal synthesis. ICP-MS analysis showed that the as-prepared
TNTs contained Na atoms of ~0.15 wt%. As can be seen
from the TEM image, TNTs had well-defined and uniform-
ly tubular morphology. Compared with carbon nanotubes,
the TNTs were less adhesive to each other; the tube ends
were released and kept open.

The results are quite similar to those reported in the liter-
atures [19, 20].

Figure 2 shows the XRD patterns of the as-prepared

Figure 1 FE-SEM (a) and TEM images (b) of the as-prepared TNTs.
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Figure 2 XRD patterns of the as-prepared TNTs (a) and commercial TiO, (anatase and rutile) (b).

TNTs and commercial TiO, (anatase and rutile). The XRD
pattern of the as-prepared TNTs (Figure 2(a)) agrees well
with that appears in references [19], where the indices were
determined based on the calculation for a scrolled titanate
nanosheet (H,Ti30;). All the observed XRD peaks (26 =
10°, 25°, 29° and 50°) were assigned to TNTs, and the in-
tense peak at about 10° was attributed to interlayer space of
TNTs, which was in accordance with the previous report
[19]. The XRD patterns indicated that the TiO, precursors
were completely transformed to TNTs and no anatase or
rutile phase appeared in the as-prepared TNTs. These re-
sults were in good consistency with the previous study [19].
For comparison, the XRD patterns of commercial TiO, (an-
atase and rutile) were also presented in Figure 2(b).

Figure 3 shows the Fourier transform infrared (FTIR)
spectrum of the as-prepared TNT samples. The spectrum of
the as-prepared TNTs exhibits a broad and intense band
located at about 3200 cm™, which is attributed to the O-H
stretching mode, indicating the presence of surface hydroxyl
groups and water molecules adsorbed on the surface and in
the interlayer space of the TNTs. Water molecules were
confirmed by the presence of the band at 1600 cm™" that is
assigned to the H-O-H deformation mode. The band ob-
served at 895 cm™' can be attributed to the Ti—O stretching
mode which involves non-bridging oxygen atoms. The band
at 490 cm™ is related to Ti—O-Ti vibrations of the inter-
connected octahedra that are rigid units responsible for the
formation of the TNT walls. The observations are in good
agreement with the structures of TNTs [7, 21].

The N, adsorption-desorption isotherms and correspond-
ing Barrett, Joyner and Halenda (BJH) pore-size distribution
curve of the as-prepared TNT samples are shown in Figure
4. The stepwise adsorption and desorption isotherm is in-
dicative of 1D intersection of a solid porous material [22].
The average pore size for the TNT samples is 10.625 nm
with a wide distribution of pore size. It is obvious that me-
cropore is dominant of the total pore volume of the as-
prepared TNTs. The specific surface area and monolayer
capacity of the as-prepared TNTs are 406.8 m*/g and 93.5

cm’/g, respectively. It can be seen that the synthesis process
of TNTs derived from commercial TiO, (P25) results in an
obvious increase in surface area and porosity. This is in-
creased by a factor of 9 compared with that of Degussa P25
(46.9 m2/g) [4, 6]. With respect to commercial TiO, (P25),
the high specific surface area and porosity of as-prepared
TNTs make it possible to have large sorption ability to-
wards metal ions.

3.2 Macroscopic and EXAFS study of Eu(III) adsorp-
tion on TNTs

The kz-weighted, normalized, background-subtracted
EXAFS spectra (a) and radial structure functions (RSFs) (b)
produced by forward Fourier transforms (uncorrected for
phase shift) for the reference samples (Eu(Ill)(aq), Eu(OH);,
and Eu,0;) are shown in Figure 5. The EXAFS spectrum of
the Eu(Ill)(aq) solution, which shows a single sinusoidal
oscillation due to the backscatter of oxygen atoms in the
first shell, provides a good example of an outer-sphere
complex of Eu(IIl). The only single peak at about 1.9 A
(phase shift uncorrected) indicates a single shell of
backscatter atoms neighboring the central Eu atom. Eu(III)

Transmittance

490 cm '

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm )

Figure 3 Fourier transform infrared (FTIR) spectrum of the as-prepared

TNTs.
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Figure 4 N, adsorption-desorption isotherms (a) and corresponding BJH pore-size distribution curve (b) of the as-prepared TNTs. The pore-size distribu-

tion was calculated from the desorption branch of the isotherm.
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Figure 5 k*-weighted, normalized, background-subtracted EXAFS spec-
tra (a) and the corresponding FTs magnitudes and imaginary parts of the
reference samples (Eu(III)(aq), Eu(OH);, and Eu,03) (b).

is coordinated with 8.9 oxygen atoms at interatomic bond
distance of 2.426 A in Eu(Ill)(aq) solution (Table 3). This
result is in good agreement with other results of recent
EXAFS studies. For example, Schlegel et al. [13] found that
Eu(III) (aq) solution (at pH 3.6) had a 9-fold coordination of
Eu(IIl) with the Eu—O bond distance of 2.427 A in the first
shell. It has been observed by Tan er al. [12] that Eu(IIl)
was coordinated with 8.8 oxygen atoms at interatomic bond
distance of 2.427 A in Eu(Ill)(aq) solution. Fan er al. [11]
also reported the Eu—O bond distance of Eu(Ill)(aq) in
acidic solution was 2.418 A where the coordination number
of the oxygen in the first shell was held constant at 9.24. In
the R-space fit, a value for N of 8.9, somewhat smaller than
9, is obtained. It appears tempting to interpret the deter-
mined 8 < N <9 as an indication of an equilibrium between
octa and nonahydrated species, similar to that for the inter-
mediate lanthanide aquo species between Am(III), Gd(III)
and Sm(III) [15].

In contrast to aqueous Eu(Ill)(aq), Eu(OH); and Eu,O;
show more complex structural features in the overall k
range of y-function EXAFS spectra. These features indicate
the presence of heavy backscatter atoms surrounding Eu in

higher shells. Because of the contribution of higher-shell
atoms in the coordination environment of Eu(IIl), the
x-function EXAFS spectra of Eu,03(s) and Eu(OH);(s) have
more distinct structural features than appear for aqueous
Eu(Ill)(aq). Fourier transformed RSFs of these spectra in-
dicate that some of this backscatter was due to the existence
of higher shells.

For Eu(OH);(s), the Eu—O bond distance in the first shell
was 2.416 A with 7.9 oxygen atoms, and the second shell
had Eu-Eu bond with interatomic distance of 3.61 A and
coordination numbers of 2.2. For Eu,0;(s) coordination
environment, in the first shell, the Eu—O bond distance was
2.346 A with coordination number of 6.2 oxygen atoms.
The second shell of Eu,0s(s) was fitted only with Eu—Eu
contribution with coordination number of 6.4 at Eu-Eu
bond distance of 3.59 A. The EXAFS results of the three
reference samples are quite in agreement with the results of
the three samples reported in the literatures [11, 12].

3.2.1 Kinetic study
Adsorption of Eu(IIT) on TNTs (Figure 6) was studied at pH

90 Cp; o _.______:‘?)
) _ -
75+ T 94
s —~ 92
e
= = 0 o o
= T Q0 o/»/
£ 601 S 88| ~
B B 7
2 g 861
= 84I
< i
45 g o
805 "2 30 40
30 Time (d)
T ] Ll T T T
0 10 20 30 40
Time (d)

Figure 6 Effect of contact time on Eu(IIl) adsorption onto TNTs, 7' = 20
* 1 °C, Cguyinitia = 4.0x10° mol/L, m/V = 0.5 g/L, I = 0.01 mol/L NaClO,,
pH 6.0.
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Table 3 Structure parameters derived from EXAFS data analysis of reference samples and adsorption samples at Eu Ly-edge.

First shell (Eu-O)

Second shell ( Eu-Eu/Ti)

Sample conditions

N R(A) o (AY bond N R (A) o (AY R

Eu(aq) 9.1 2.425 0.0085 0.034

Eu(OH); 7.8 2.416 0.0082 Eu-Eu 24 3.63 0.0011 0.008

Eu,0; 6.4 2.347 0.0104 Eu-Eu 6.2 3.58 0.0074 0.011

pH 4.0,30d, 4.0x10° M 8.9 2.417 0.0112 0.015

pH 6.0, 30d, 4.0x10° M 8.7 2.408 0.0125 Eu-Ti 1.3 4.42 0.0085 0.032

pH 8.0,304d, 4.0x10° M 8.3 2.403 0.0124 Eu-Ti 1> 4l 0.0058 0.025
e Eu-Eu 22 3.64 0.0061
B Eu-Ti 1.3 4.42 0.0076

pH 10.0, 30 d, 4.0x10° M 7.5 2.402 0.0165 Eu_Fu 55 362 0.0058 0.023

pH 6.0,30d,2.0x10~° M 8.6 2414 0.0145 Eu-Ti 12 4l 0.0067 0.019
e Eu-Eu 3.1 3.62 0.0072

pH 6.0,2d, 4.0x10°M 9.1 2.415 0.0112 Eu-Ti 1.1 4.41 0.0073 0.021

pH 6.0, 60 d, 4.0x10° M 8.8 2411 0.0122 Eu-Ti 13 442 0.0054 0.017
U Eu-Eu 2.7 3.64 0.0055
B Eu-Ti 1.2 4.42 0.0063

pH6.0,30d,4.0x10°M, 10 mg/LHA 8.5 2.405 0.0113 EuC 23 7 0.0064 0.024

pH6.0,30d,4.0x10°M, 10 mg/LFA 85 2.405 0.0114 EuTi L4 4l 0.0063 0.044
Eu-C 2.1 2.72 0.0058

R, interatomic distance; N, number of neighbor oxygens; &, Debye-Waller factor; Ry, the residual factor; Ry= Y, k(kzxexp—kzxca]c)/ Y k(kzxexp) measures
the quality of the model Fourier-filtered contribution (x.u.) with respect to the experimental contribution (x). Eu(aq), Eu(OH); and Eu,O3 are named as
reference samples, whereas the other samples with adsorbed Eu(III) are named as adsorption samples.

6.0 as a function of the contact time for trace metal ion
concentrations. The adsorption was shown to be rapid and a
contact time of 2 days was enough to reach equilibrium.
The adsorption was initially fast in several hours, and slow-
ly in the following contact time.

This two-step adsorption process follows the general be-
havior of metal adsorption at solid-water interfaces [23].
Several mechanisms have been proposed for the slow con-
tinued metal uptake at solid surfaces, including adsorption
of metals onto sites that have relatively large activation en-
ergies, diffusion into micropores of TNTs, and a continuous
growth of a surface precipitate [23-25].

The EXAFS spectra measured at contact time of 2, 30
and 60 days, respectively, are reported in Figure 7(a). The
RSFs of the three adsorption samples exhibit a characteristic
peak at ~1.9 A (phase shift uncorrected) due to the O atoms
and two higher-shell peaks at ~3.1 A and ~4.1 A (phase
shift uncorrected) due to the backscatter of Eu or Ti atoms,
respectively (Figure 7(b)).

For the adsorption sample of 2 days, the higher shells
could be due to Eu or Ti atoms because of only Eu or Ti
atoms in TNTs. The first shell can be described with ~9 O
atoms at R ~2.40 A, which is consistent with the typical 8-9
fold coordination environment of Eu(1II) [12].

The second shell at ~4.1 A (phase shift uncorrected) is an
evidence of the formation of an inner-sphere complex [12].
The fit leads to Rp, 1 equals to 4.42 A with a fixed Ng, 1 of
1 at the second shell (see Table 3). Similar results can be
also obtained at 30 days (Table 3 and Figure 7). However,
when the contact time increases to 60 days, an additional

] (a) | (b)
60d ] 60d
— 30d| =
= o 30d
> J —_
w o
2d 2d
2 4 6 8 10 01 2 3 4 5 6
k(A)" R(A)

Figure 7 (a) The normalized, background-subtracted and k*-weighted
EXAFS spectra and (b) the corresponding FTs magnitudes and imaginary
parts of Eu(IIl) adsorption samples at various contact time, ¢ = 2, 30, 60 d,
m/V=0.5 g/L, Ceuamnitia = 4.0x107° mol/L, pH 6.0, T=20 + 1 °C, I = 0.01
mol/L NaClO,.

peak at ~3.1 A can be observed. It can be well fitted by
Rpy pa Of 3.62 A with a fixed Ngy g, of 2 Eu atoms. This in-
dicates the formation of multinuclear metal species or sur-
face precipitates at long contact time. The time-variant na-
ture of spectra is similar to earlier report in which continued
metal uptake is attributed to the formation of surface-
induced metal polymer or precipitation that is accompanied
by growth of second-shell metal-metal backscatter features
[23]. However, this finding is contradictory with reports of
surface or intraparticle diffusion processes, which is re-
sponsible for the slow metal uptake mechanism [23, 25]. In
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the following, we will limit the contact time to less than 30
days to avoid the formation of surface precipitates or mul-
tinuclear metal species.

3.2.2  pH effect

The pH effect on Eu(IIl) adsorption to TNTSs is presented in

Figure 8(a). A pronounced increase of Eu(Ill) adsorption

from almost zero to ~95% within the pH range of 2.0-6.0 is

observed and then the adsorption of Eu(Ill) remains con-

stant with increasing pH. The LogK, (distribution coeffi-

ﬁxz, where Cj is the initial concentra-
m

cient, K, =
tion, C, is the final concentration of Eu(IIl) in supernatant,
V is the volume and m is the mass of TNTs) values at pH >
6.0 are 5.0 = 0.6 for different ionic strengths, and no differ-
ence is found under the experimental uncertainties. The
results are consistent with those of Eu(Ill) adsorption on
hydrous alumina [10], attapulgite [11], natural hematite [26]
and carbon nanotube/iron oxide magnetic composites [27].
The adsorption properties of TNTs are strongly depend-
ent on its surface properties. Various functional groups such
as = TiOHTi = (hydroxylated bridging groups), =TiOH
(terminal uncharged surface groups), =TiOH," (positive-

ly charged groups) and =TiO™ (negatively charged groups)
are present at the surface of TNTs. With increasing pH,
these functional groups are progressively deprotonated,
forming negative surface charge. The attractive force be-
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tween the negative surface sites and positive metal ions re-
sults in the formation of metal-ligand TNT complexes [12].
The adsorption at pH < 6.0 is influenced by ionic strength
obviously, whereas no drastic difference of Eu(IIl) adsorp-
tion on TNTs is found at pH > 6.0. The effect of ionic
strength on the adsorption reaction can be used to evaluate
the adsorption mechanism [28]. The background electrolyte
concentration influences the thickness and interface poten-
tial of the double layer, affecting the binding of the sorbing
species. B-plane adsorption can be assumed to occur when
ionic strength easily influences the adsorption; otherwise,
o-plane adsorption may occur [28]. From the results, one
can draw a conclusion that B-plane adsorption and ion ex-
change or outer-sphere surface complexation contribute to
Eu(Ill) adsorption on TNTs at pH < 6.0, while an o-plane
adsorption and/or inner-sphere surface complexation domi-
nate Eu(IIl) adsorption at pH > 6.0. The results are quite
similar to the effect of pH and ionic strength on Eu(III) ad-
sorption to attapulgite [11] and ZSM-5 zeolite [29]. Figure
8(b) shows pH effect at different initial Eu(Ill) concentra-
tions. The curves show a typical “adsorption edge”, namely,
the percentage of uptake increases from practically zero to
~95% over a range of more than three pH units. As
expected, the pH-edge shifts to higher pH values at higher
Eu(IIl) concentrations, which is consistent with the results
of Eu(Ill) adsorption on natural hematite [26]. Similar
results were also observed for Eu(IIl) adsorption onto
attapulgite [11] and carbon nanotube/iron oxide magnetic
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Figure 8 Adsorption of Eu(IIl) on TNTs as a function of pH, 7'=20 + 1 °C, m/V = 0.5 g/L, contact time = 30 d. (a) Effect of ionic strength, Cgyjinita =
4.0x107° mol/L; (b) effect of initial Eu(Ill) concentrations, I = 0.01 mol/L NaClOy; (c) effect of foreign cations and anions, Ceuwyinitial = 4.0x107° mol/L; (d)

effect of HA and FA, Cigyiniia = 4.0x107° mol/L, I = 0.01 mol/L NaClO,.
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composites [27]. However, in our previous study, it was
found that the sorption of Eu(Ill) on anatase and rutile is
strongly dependent on pH values and independent of ionic
strength, which indicates the formation of an inner-sphere
complex [12].

The pH effect on Eu(Ill) adsorption to TNTs in 0.01
mol/L. KC10,, NaClO,4 and NaCl solutions, respectively, is
illustrated in Figure 8(c). The cations influence the adsorp-
tion of Eu(Ill) on TNTs drastically at pH < 6.0, suggesting
that the cations can change the surface properties of TNTs
and thus affects the interaction of Eu(III) with TNTs. Before
the addition of Eu(IIl), K*/Na* has achieved equilibrium on
TNT surfaces. Hence, the adsorption of Eu(IIl) on TNTs
can be considered as an exchange of Eu(Ill) with surface
adsorbed K*/Na*. The adsorption curve shifts to left in
KClO, solution as compared to that in NaClO, solution, i.e.,
the order of adsorption percentage of Eu(IIl) on TNTs is
higher for K* than that for Na*, which might be ascribed to
the fact that the hydrated ionic radius of K* (2.32 A) is
smaller than that of Na* (2.76 A) [30, 31]. Na* has higher
affinity to the surface of TNTs and higher tendency for
counter-ion exchange with the surface active sites, which
reduces Eu(Ill) adsorption on TNTs. The outer-sphere sur-
face complexes are mainly present in the sorption process
because of the surface of TNT possesses large negative
charge and specific surface area [32]. This phenomenon
could be attributed to two reasons: (1) Eu(IIl) ions form
electrical double layer complexes with TNTs, which favors
the sorption when the concentration of the competing salt is
decreased. This may indicate that the sorption interaction
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between the functional groups of TNTs and Eu(IIl) ions is
mainly an ionic interaction, which is in good agreement
with the ion exchange mechanism; (2) cations can impact
particle aggregation by affecting electrostatic interactions.
Increased ionic strength has shown to reduce electrostatic
repulsion and thereby increases particle aggregation of
TNTs, which reduces the amount of available binding sites
and thereby decreases the sorption of Eu(IIl) on TNTs.
However, at pH > 6.0, no drastic difference of Eu(IIl) ad-
sorption in NaClO, and KCIO, solutions is observed, which
may be attributed to the inner-sphere surface complexation
in this pH range. Figure 8(c) also demonstrates that adsorp-
tion curve of Eu(IIl) in NaCl solution is lower than that of
Eu(IIl) in NaClO, solution at pH < 6.0. This may be at-
tributed to the facts that: (I) C1” can form soluble complexes
with Eu(III) in solution (e.g. EuCL,*™""), while C10,” does
not form soluble complexes with Eu(IIl) in solution. Eu(III)
has high affinity to CI” but low affinity to Cl1O,; (II) idio-
cratic adsorption of CI” to TNTs s a little easier than that of
ClO,7, and CI” adsorption on the surface of TNTs changes
the surface properties of TNTs and decreases the availabil-
ity of binding sites for Eu(IIl); (III) the smaller radius inor-
ganic acid radicals of CI” can take up more ion exchange
sites and therefore lead to the decline of Eu(IIl) adsorption
on TNTs. To understand the adsorption mechanism, the
initial and final of pH were also measured. The equilibrium
pH values are plotted as a function of initial pH values for
each experimental data is shown in Figure 9.
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Figure 9 Equilibrium pH values vs. initial pH values of Eu(Ill) adsorption onto TNTs, 7= 20 + 1 °C, m/V = 0.5 g/L. (a) Cgujinitial = 4.0x107° mol/L, at
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change during the adsorption process. However, it can be
obviously seen that the equilibrium pH values are lower
than the initial ones with a value which increases with in-
creasing of the initial pH in the whole pH range. The rela-
tionship between the initial and equilibrium pH values is
almost linear. The exchange reaction of Eu(IIl) ions with
the hydroxyls on the surface of TNTs is presumed as the
following equation: TIOH™ + Eu’* = TiOEu’* + H*. Since
the hydrogen ion concentration increased with an increasing
adsorption amount of Eu(Ill) ions on TNT surfaces, the pH
value changed to the acidic region as shown in Figure 9.

The EXAFS spectrum of the adsorption sample obtained
at pH 4.0 (Figure 10) is close to that of Eu(Ill)(aq) (Figure
5). Only a single broad peak at ~1.9 A is observed in the
RSF. This peak is resulted from O backscatter in the first
coordination shell of Eu atom. The large width of this peak
indicates a high degree of disorder. The spectral noise is
pronounced due to low amount of Eu(IIl) adsorbed on
TNTs at this low pH. This is a result of dampening of the
EXAFS signal due to large amount of structural and thermal
disorder, and the lack of heavy backscatter atoms in the
local atomic structures [33]. This indicates that the local
atomic structure of adsorbed Eu(IIl) is similar to that of
Eu(Ill)(aq) and an outer-sphere surface complex is formed
at this low pH. This is coherent with macroscopic data. An
outer-sphere surface complex is adsorbed to the surface via
electrostatic interaction and is sensitive to ionic strength and
medium composition [28]. This is illustrated in Figure 10(a),
i.e., the more the ionic strength, the less the interaction.

The EXAFS spectra of the adsorption samples obtained
at pH 6.0, 8.0 and 10.0 are quite different from that obtained
at pH 4.0 (Figure 10). All the EXAFS spectra of the adsorp-
tion samples have multi frequency wave shape. These fea-
tures indicate the presence of more than one ordered neigh-
boring shells around Eu atom. Outer-sphere surface com-
plex is not the main adsorption mode for these adsorption
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Figure 10 (a) The normalized, background-subtracted and k*-weighted
EXAFS spectra and (b) the corresponding FTs magnitudes and imaginary
parts of Eu(III) adsorption samples at various pH values and initial Eu(III)
concentrations, m/V = 0.5 g/L, Ceyamyinia = 4.0x107 or 2.0x107* mol/L, pH
=4.0,6.0,8.0and 10.0, T=20+ 1 °C, I=0.01 mol/L NaClO,.
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samples. The mode at k ~6 A™' gradually increases in inten-
sity with increasing pH, and the spectral feature between 7
to 9 A™' seemingly evolves, although this evolution is partly
obscured by the spectral noise at low Eu(IIl) loading. These
two spectral modifications indicate a change of Eu(Ill) coor-
dination structures over pH.

As indicated in the previous section, the second shell at
~4.1 A (phase shift uncorrected) corresponding to Eu-Ti
backscatter is an evidence of the formation of an in-
ner-sphere complexation [34]. This is further illustrated by
the change in the bond distance of Eu-O; it is shorter at pH
6.0 (Rgoo=2.408 A) than pH 4.0 (Rg,o= 2.417 A). This is
a direct indication of the interaction of Eu with both O from
water and O from the surface. The length of Eu—OH bond is
expected to be shorter than Eu—O bond associated with
those of coordinated water molecules and the oxygen atoms
of surface binding sites. However, it is not possible to dis-
tinguish the two shells by fitting since the difference in
bond distance is not enough obvious. This is in agreement
with macroscopic data, an o-plane adsorption dominates
Eu(III) adsorption mechanism [21].

When the pH continues to increase, similar spectra were
also obtained with a few differences. First, there is a de-
crease in Ng, . It may not necessarily result from an actual
decrease in the overall coordination number but rather result
from the introduction of more asymmetry in the Eu—-O co-
ordination sphere. A loss in EXAFS oscillatory intensity
can be caused by destructive interferences of a number of
oscillations having small differences in their frequencies,
due to a variation in their interatomic distances. Secondly,
an additional shell appears at 3.10 A with continues in-
creasing pH. The small peak at ~4.1 A is suggestive of Ti
backscatter and also indicates the formation of inner-sphere
surface complexes. For the adsorption sample at pH 10.0,
the backscatter from O atom in the first shell is dominated
by a peak with a center at ~1.8 A, indicating the Rg,_o value
is shorter than the Rg,o value for other samples (peak at
~1.9 A) [33]. The fit for this shell indicates that the presence
of Eu atom at an average Rg, g, value of 3.60 A with a fixed
Ngy.ge value of ~2 Eu atoms, which is suggestive of the
formation of some surface or even polynuclear Eu com-
plexes at the surface of TNTs. Such a result was as also well
observed at pH 6.0 for t = 60 days (see previous section) or
when Eu concentration increases to 2.0x10~ mol/L (Figure
10 and Table 3).

For the adsorption samples obtained at pH 6.0, the fit for
the high shell indicates the presence of a high neighbor Ti
atom at Rg, 1; of 4.41-4.42 A and Ngoti of ~1 Ti atom for
Ceoany = 4.0x10"° M, whereas the presence of Eu atom at
Rg,1i of 4.41 A and Ng, i of ~1 Ti atom and Rg, g, of 3.62
A with a fixed Ngygy of ~3 Eu atoms for Cgyany = 2.0x107
M. The observed results support the formation of inner-
sphere surface complexes and/or some polynuclear Eu
complexes at the surface of TNTs. Bouby et al. [34] studied
the sorption of Eu(Ill) on commercially available TiO,
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(Degussa P-25) as a function of pH and ionic strength by a
combination of macroscopic and EXAFS technique. The
macroscopic sorption results showed that the sorption of
Eu(Ill) was independent of ionic strength. EXAFS spectro-
scopic was conducted in a narrow pH range (i.e., pH 6.3—
7.2) and the results indicated the formation of inner-sphere
surface complexation, and the sorption mechanism, local
atomic structures and species were invariant with pH rang-
ing from 6.3 to 7.2. Herein, the sorption of Eu(II) on TNTs
as a function of pH and ionic strength was investigated by a
combination of macroscopic and EXAFS technique in a
wide pH range (i.e., pH 4.0-10.0). It was interesting to find
that the sorption mechanism, local atomic structures and
species were variant with pH changing, i.e., outer-sphere
surface complexation dominated Eu(IIl) sorption at pH 4.0,
whereas inner-sphere surface complexation was the main
sorption mechanism at pH 6.0-8.0. At pH 10.0, Eu polynu-
clear complexes and surface precipitates began to form at
the surface of TNTs. At pH 6.0-8.0, the results of this paper
were in good agreement with those reported by Bouby er al.
[34]. However, Bouby et al. [34] did not investigate the
mechanism and local atomic structures of Eu(Ill) sorption
on TiO, at low and high pH values.

3.2.3 HA/FA effect

The adsorption of Eu(IIl) on TNTs in the presence or ab-
sence of HA or FA as a function of pH is shown in Figure
8D. The presence of HA/FA has a significant effect on
Eu(IIl) adsorption to TNTs. Comparing to Eu(IIl) adsorp-
tion on bare TNTs, a sharp increase of adsorption at pH <
6.0 is observed in the presence of HA/FA. This could be
due to: (1) the enhancement of Eu(IIl) adsorption is ex-
pected owing to the complexation of Eu(IIl) with surface
adsorbed HA/FA; (2) surface adsorbed HA/FA produces a
more negative charge which results in the more electrostatic
favorable Eu(Ill) adsorption. The adsorption of HA/FA on
TNTs as a function of pH is shown in Figure 11. With in-
creasing pH values, the adsorption of HA/FA on TNTs de-
creases due to both electrostatic effects and surface com-
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Figure 11 Adsorption of HA and FA on TNTs as a function of pH,
Caara) = 10.0 mg/L, TNT content = 0.5 g/L, I = 0.01 mol/L NaClOy, T =
20+ 1°C.
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plexation reactions [35]. The samples of HA and FA were
extracted from the same soil sample and both of them are
chemically heterogeneous compounds containing similar
functional groups at different proportions and configura-
tions, such as carboxyl groups, amine groups and phenolic
groups, and these functional groups play an important role
in affecting HA and FA adsorption on TNTs. These similar
structural properties indicates the similarity of adsorption
property of HA and FA on TNTs.

At intermediate pH, adsorption of Eu(IIl) on HA/FA-
TNT hybrids is consistently lower than that of Eu(Ill) on
bare TNTs. The mechanism of Eu(Ill) adsorption is over-
laying by the aqueous Eu(Ill) species and the formation of
Eu(CO5)*(HA/FA) and Eu(OH)**(HA) in solution [35, 36].
The aqueous Eu(Ill) species in combination with the in-
creased free HA/FA in solution lead to a lower amount of
Eu(IIT) adsorbed on TNTs. At pH > 8.0, the adsorption rises
again slightly, which is due to the following factor: The low
level of HA/FA adsorption, coupled with the very large
surface area on the colloids, provides evidence of Eu(IIl)
adsorption which is similar to the adsorption of Eu(Ill) on
bare TNTs. However, the adsorption does not reach the lev-
els achieved in the systems free of HA/FA because of either
residual soluble Eu(CO;)"(HA/FA) complexes remained in
solution or residual HA/FA on solid surface enhancing
electrostatic repulsion between Eu(COj3),” and TNT surface
[37, 38].

It is very interesting to find that the influence of FA on
Eu(III) adsorption is a little stronger than that of HA in the
whole pH range at the same mass concentrations of HA and
FA. HA and FA are chemically heterogeneous compounds
containing different types of functional groups at different
proportions and configurations. HA and FA contain carbox-
yl groups, amine groups and phenolic groups [10], and these
functional groups play an important role in affecting Eu(III)
adsorption on TNTs. Although the samples of HA and FA
were extracted from the same soil sample and both of them
contain similar functional groups, the proportions and con-
figurations of these functional groups and surface site den-
sities are different. The quantitative concentrations of func-
tional groups of HA and FA are illustrated in Table 2, the
surface site density of FA (i.e., 2.71x107> mol/g) is higher
than that of HA (i.e., 6.46x10™ mol/g), which can provide
more available surface sites for binding Eu(IIl). Further-
more, the functional groups of FA such as —OH and
—COOH would be ionized as pH increased, leading to the
disappearing of these hydrogen-bond donors of FA and the
increase of FA solubility (i.e., the decrease of hydrophobic
effects) [36]. Therefore, it is reasonable that FA has a
stronger effect on Eu(Ill) adsorption than HA in the whole
pH range.

In the presence of HA or FA, Eu(Ill) ions are adsorbed
by forming a mixture of surface complexes, some contain-
ing Eu(Ill)-surface hydroxyl bonds (i.e., binary Eu(IIl)-
TNTs and type A metal-bridging ternary surface complexes)
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and some lacking direct Eu(Ill)-surface hydroxyl bonding
(i.e., type B ligand-bridging ternary surface complexes), and
the relative contribution of the individual complexes varies
with solution chemistry. Sorption trends agree with earlier
reports of metal sorption in metal oxide suspensions con-
taining humic substances [25]. Addition of HA or FA in-
creases Eu(III) sorption at low pH and decreases sorption at
high pH. Enhanced metal sorption at low pH, where humic
sorption is high, has been attributed to the formation of type
B ternary surface complexes where the metal ion is com-
plexed by humic molecules that are simultaneously ad-
sorbed to the mineral surface [24, 25]. Alternatively, hu-
mic-promoted metal sorption is sometimes attributed to a
reduction in the net positive surface charge caused by the
sorption of negatively charged humic molecules, which
contributes to more favorable electrostatic interactions with
dissolved metal ions (i.e., lowers the pHy,p. of TNTs). Re-
ductions in metal sorption at high pH are generally attribut-
ed to the formation of dissolved metal-humic complexes
that compete with sorption processes [25].

The k*-weighted, normalized and background-subtracted
k*y(k) function EXAFS spectra and the Fourier transformed
RSFs of Eu(Ill) adsorption samples in the presence/absence
of HA/FA at pH 6.0, which is indicative of natural envi-
ronment, are shown in Figure 12. The shell of Eu(Ill) ad-
sorption on (HA/FA)-TNT hybrids at 6.0 A decreases
markedly in comparison to (HA/FA)-free TNT samples,
appearing similar to aqueous Eu-(HA/FA) complexes [11]
and suggesting that Eu(III) may be complexed by adsorbed
HA/FA on TNT surfaces instead of directly to the TNT sur-
faces. EXAFS spectra are consistent with the predominance
of ligand-bridging Eu(IIl)-HA(FA)-TNTs ternary com-
plexes. A contribution from Eu-HA-TiO, system is ob-
served around 2.7 A, caused by Eu--C single backscattering
and Eu—O—-C backscattering [12]. This is attributed to the
expected Eu-HA(FA) complexes on the TNT surfaces. The
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Figure 12 (a) The normalized, background-subtracted and k*-weighted
EXAFS spectra and (b) the corresponding FTs magnitudes and imaginary
parts of Eu(Ill) adsorption samples in the absence or presence of HA/FA,
m/V = 0.5 g/L, Cryaminiia = 4.0x107 mol/L, pH 6.0, T =20 + 1 °C, I = 0.01
mol/L NaClO4, C(IIA/FA) =10.0 mg/L
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number of carboxylate and phenolate groups bound to Eu
could not be determined accurately. However, the spectra
show a relatively large contribution from the Eu--C and
Eu-O-C backscattering paths at ~2.7 A. This indicates that
the number of bound carboxylate or phenolate groups can
be expected to be in the sorption samples, i.e., the substan-
tial complex formation has already taken place after mixing.
Complementary spectroscopic experiments reported herein
demonstrate that Eu(Ill) forms binary and ternary inner-
sphere complexes with TNTs in the presence of natural or-
ganic constituents.

3.2.4 Adsorption mechanism

The macroscopic and microscopic results show that Eu(III)
could be retained on TNTs via different mechanisms (Fig-
ure 13), depending on various environmental conditions
such as reaction time, pH and HA/FA. At low pH (i.e., pH
4.0), the uptake of Eu(Ill) is via outer-sphere surface com-
plexation in the interlayer space (Figure 131). At pH 6.0 and
8.0, the extent of Eu(IIl) uptake is increased relative to that
at pH 4.0 and is consistent with inner-sphere surface com-
plexation at deprotonated edge sites (Figure 13II). The up-
take of Eu(Ill) at pH 10.0 is attributed to the multinuclear
surface complexation (Figure 13III). Adsorbed Eu(IIl) on
HA/FA-TNT hybrids forms both ligand-bridging ternary
surface complexes (Eu—HA/FA-TNTs) as well as surface
complexes in which Eu(IIl) remains directly bound to sur-
face hydroxyl groups (i.e., binary Eu—-TNTs) of TNTs (Fig-
ure 131V). The attachment of Eu(Ill) specifically bond to
TNT surfaces can reduce their bioavailability and mobility
in environmental mediums. The information presented
herein will allow scientists and engineers to develop better
models that predict the interaction of Eu(Ill) with TNTs.
This study also demonstrates the utility of XAFS to distin-
guish between different adsorption mechanisms on solid
surfaces when they are occurring simultaneously. The find-
ings are important toward a molecular-level description of
Eu(III) uptake processes at the water-mineral interface.

Figure 13 Illustration of possible adsorption sites of Eu(IIT) on TNTs. I is
an example of outer-sphere surface complexation; II is an example of in-
ner-sphere surface complexation, III is multinuclear surface complexation,
IV represents the complexation of Eu(IIl) with surface adsorbed humic
substances on TNT surfaces.



Sheng GD, et al.

4 Conclusions

The complementary results from batch and EXAFS spec-
troscopy measurements support Eu(II) adsorption by the
formation of outer-sphere surface complexes, binary and
ternary inner-sphere surface complexes at the TNT-water
interface, depending on the solution chemistry. EXAFS
spectroscopy analysis indicate that only a single shell from
O backscatter exists for adsorbed Eu(Ill) at pH 4.0, which is
in agreement with the formation of outer-sphere surface
complexes at the TNT surfaces. While at high pH, the pres-
ence of Eu or Ti atoms in the second atomic shell suggests
the formation of inner-sphere surface complexes and/or
surface polymers on the TNT surfaces. HA/FA may act as a
“bridge” between Eu(IIl) and TNTs. Knowledge obtained
from the results will be useful to elucidate the adsorption
feature of radionuclides on TNTs. The findings in this study
are an important step toward molecular-level description of
Eu(III) interaction with nanomaterials and will help to im-
prove our understanding on Eu(IIl) adsorption processes at
the water-solid interface in the natural environment. Despite
of their high unit cost at the present time, with the costs of
commercially available TNTs decreasing continuously, it is
possible to use TNTs for environmental pollutant manage-
ment in wastewater treatment in near future.
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