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ABSTRACT: The potential industrial application of thorium
(Th), as well as the environmental and human healthy
problems caused by thorium, promotes the development of
reliable methods for the separation and removal of Th(IV)
from environmental and geological samples. Herein, the
phosphonate-amino bifunctionalized mesoporous silica
(PAMS) was fabricated by a one-step self-assembly approach
for enhancing Th(IV) uptake from aqueous solution. The
synthesized sorbent was found to possess ordered mesoporous
structures with uniform pore diameter and large surface area,
characterized by SEM, XRD, and N, sorption/desorption

measurements. The enhancement of Th(IV) uptake by PAMS was achieved by coupling of an access mechanism to a
complexation mechanism, and the sorption can be optimized by adjusting the coverage of the functional groups in the PAMS
sorbent. The systemic study on Th(IV) sorption/desorption by using one coverage of PAMS (PAMS12) shows that the Th(IV)
sorption by PAMS is fast with equilibrium time of less than 1 h, and the sorption capacity is more than 160 mg/g at a relatively
low pH. The sorption isotherm has been successfully modeled by the Langmuir isotherm and D-R isotherm, which reveals a
monolayer homogeneous chemisorption of Th(IV) in PAMS. The Th(IV) sorption by PAMS is pH dependent but ionic
strength independent. In addition, the sorbed Th(IV) can be completely desorbed using 0.2 mol/L or more concentrated nitric
acid solution. The sorption test performed in the solution containing a range of competing metal ions suggests that the PAMS

sorbent has a desirable selectivity for Th(IV) ions.
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B INTRODUCTION

Mesoporous materials, i.e., porous materials with pore size at
2.0—50 nm, such as MCM-41, have attracted much attention in
various scientific areas in the past two decades.' ¢ Especially,
ordered mesoporous silica materials are novel families of the
fascinating porous solids, which have very high specific surface
areas, thermal and mechanical stability, highly uniform pore
distribution and tunable pore size, high sorption capacity, and
unprecedented hosting properties, as well as extraordinarily
wide possibilities of functionalization.””® These advantages
make the ordered mesoporous silica an ideal supporting
material for the metal ion extraction. With the recent
renaissance of nuclear energy, the mesoporous silica materials
were also widely applied to the preconcentration and/or
separation of actinides.'”""

Among actinides, thorium is an important natural radioactive
element with larger abundance than uranium. ***Th will be a
better fertile material than ***U and can breed fissile material
more efficiently, for which thorium is receiving an ever-
increasing interest recently as a fertile material for producing
nuclear fuel. Besides, the toxic nature of thorium, even at trace
levels, has been a public health problem by causing acute
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toxicological effects and harmful diseases. Thorium is also an
important model element for tetravalent actinides such as
Np(IV), U(IV), and Pu(IV), which do not always keep in
tetravalent form and thus are difficult to handle. All these issues
require the investigations of preconcentration, separation, and
recovery of thorium from environmental and geological
samples.

The recovery and preconcentration of thorium have been
reported using solid phase extraction (SPE)."*™'* Especially in
the past decade, a number of sorbents including mesoporous
silica have been developed for Th(IV) sorption. Zuo'® et al,, for
example, studied the sorption of Th(IV) on mesoporous
molecular sieves (AI-MCM-41). The results showed that the
sorption of Th(IV) on AI-MCM-41 is a spontaneous and
endothermic process, and the sorption achieves equilibrium in
12 h. Yousefi® et al. reported 5-nitro-2-furaldehyde modified
MCM-41 as sorbent for solid phase extraction of Th(IV) from
aqueous solution. The maximum sorption capacity reached 49
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Figure 1. Characterizations of PAMS12. (a) SEM image, (b) XRD pattern, (c) N, sorption/desorption isotherm, (d) pore size distribution, (e) '*C

CP/MAS NMR spectra, and (f) TGA profile.

mg/g at pH 5.5. These works have dealt with the sorption of
Th(IV) by using mesoporous silica. The sorption capacities
and/or sorption kinetics, however, are not satisfactory, which
depends on the functionalization of the mesoporous silica.

The organically functionalized mesoporous silica materials
are generally fabricated by postsynthetic functionalization of
silica (grafting) and one-pot template directing synthesis (co-
condensation). The co-condensation method has a number of
advantages such as without exciting pore blocking and
homogeneous organic unit distribution. Recently, we reported
the synthesis of phosphonate functionalized mesoporous silica
through co-condensation method for solid extraction of
actinides ions,'® from which we found that the availability of
phosphonate modified onto mesoporous silica is somewhat
low. That is, not all phosphonate groups on the surface of
sorbent interact with target metal ions. This probably results
from the presence of inner cavity in mesoporous silica. Free
phosphonate groups exist in the inner cavity that the target
metal ions cannot reach easily due to the narrow diameter of
the pores (2—3 nm for typical MCM-41). In this work, we
simultaneously introduced amino group and phosphonate
group into mesoporous silica (PAMS) by one-step co-
condensation method for attempting to improve the availability
of functional group on the sorbent and thus enhance Th(IV)
uptake from aqueous solution. The Th (VI) sorption by
different functionalized mesoporous silica and PAMS at various
coverage of the functional group was compared and the
sorption mode of Th(IV) in PAMS was discussed in detail.
Further, the effect of various parameters such as contact time,
pH, ion strength, and initial Th(IV) concentration on the
sorption, as well as the desorption of Th(IV) from PAMS and
the selectivity of PAMS for Th(IV), were investigated in detail.
The present results indicate a better scope by introducing
multifunctionality into mesoporous silica for the separation of
actinide ions from environment.
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B EXPERIMENTAL SECTION

Chemical Materials. Tetraethoxysilane (TEOS), cetyltrimethy-
lammonium bromide (CTAB), N-acyl-glutamic sodium (CGluS),
and polyethylene glycol monocetyl ether (BrijS6) were obtained from
Sinopharm Chemical Reagent Co.,Ltd. (SCRC), China. Diethylphos-
phato-ethyltriethoxysilane (DPTS) and 3-aminopropyltrimethoxysi-
lane (APS) were purchased from Tokyo Chemical Industry Co., Ltd.
(TCI), Japan. Thorium nitrate (Th(NO;),-4H,0) was purchased
from China Minmetals (Beijing) Research. All these materials were
used as received. The Th(IV) stock solution was prepared by
dissolving the appropriate amounts of Th(NO;),4H,0 in 0.5 M
HNO;. All other chemicals were of analytical grade and used without
further purification. Deionized water used in all experiments was
obtained from the Milli-Q water purification system.

Synthesis of Mesoporous Silica. Phosphonate-amino bifunction-
alized mesoporous silica (PAMS) was synthesized by co-condensation
of DPTS, APS and TEOS using CTAB as the template. In a typical
synthesis, 0.364 g of CTAB was dissolved in 100 mL of 14 mmol/L
sodium hydroxide. The suspension was evenly mixed, and 2.08 g of
TEOS, 0.197 g of DPTS, and 0.107 g of APS were added subsequently.
The reactant composition in mole was 1:10:0.6:0.6 CTAB:-
TEOS:DPTS:APS. After 4 h of vigorous stirring at 353 K, the mixture
was transferred to a Teflon bottle and heated at 373 K for 2 days.
Then the solid phase was recovered by filtration, washed with distilled
water, dried at 333 K, and extracted by a mixed solution of
hydrochloric acid and alcohol. Thus derived sample was named
PAMS]12, corresponding to the nominal (DPTS + APS)/TEOS molar
ratio of 12%.

Phosphonate functionalized mesoporous silica (NP10) was
synthesized by co-condensation of DPTS and TEOS using CTAB as
the template. Amino-functionalized mesoporous silica was prepared by
grafting APS into a typical synthesized SBA-1S (APSS), and by co-
condensation of APS and TEOS using a mixture of C3GluS and Brij56
as the template (AMS-11), respectively. The details on the preéparation
of NP10 and APSS were reported in our pervious works.'*'” In a
typical synthesis of AMS-11, 0.3 g of Brij56 and 0.94 mL of 1 mol/L
hydrochloric acid were added into 42 g of water. After complete
dispersion at 353 K, 0.414 g of C,3GluS and then 0.358 g of APS, 3.12
g of TEOS were added with vigorous stirring for 30 min. The mixture
was aged for 1 day at 353 K in a Teflon bottle. Then the solid phase
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was recovered by filtration, washed with distilled water, dried at 333 K,
and extracted by a mixed solution of alcohol and ethanolamine. MCM-
41 was pre]i‘>ared according to a typical procedure as reported
previously.'®"®

Analytical Techniques. The synthesized mesoporous silica was
characterized by scanning electron microscopy (SEM), powder X-ray
diffraction (XRD), N, sorption/desorption isotherm experiments,
nuclear magnetic resonance (NMR), thermogravimetric analysis
(TGA) and Fourier transform infrared spectroscopy (FTIR). The
Th (IV)-loaded mesoporous silica was tested by Extended X-ray
absorption fine structure (EXAFS) and FTIR. The residual
concentration of tested ion(s) in supernatants in the selectivity test
experiment were determined by inductively coupled plasma mass
spectrograph (ICP-MS), while the quantitative determination of
Th(IV) in single component sorption experiments was performed by
spectrophotometric method using arsenazo-IIl as the complexing
agent at a wavelength of 672 nm. Detailed illustrations on the
analytical techniques were listed in SI-1 in the Supporting Information.

Sorption Experiments. The sorption experiments were carried
out using the batch method at room temperature. The Th(IV)-
solutions were prepared by diluting the Th(IV) stock solution to
suitable concentrations depending on the experimental requirements.
The values of pH were adjusted by adding negligible volumes of
diluted nitric acid or sodium hydroxide. The control experiment was
performed at the same time by using the identical Th(IV) solution in
the absence of the sorbent. Detailed experimental procedure is
described in Supporting Information SI-2 and some experimental
conditions are presented in the related figure and table captions for
clear identification.

B RESULTS AND DISCUSSION

Morphological and Structural Characterizations. The
characterizations of the PAMS12 sample are shown in Figure 1.
The SEM image indicates that the sample is composed of
spherical nanoparticle with an average particle size of ca. 80 nm.
The XRD pattern shows one sharp peak in the range of 20
close to 2.0 and one broad peak in the region of 20 = 3—5°,
which reveals the presence of ordered mesoporous structure.
The surface area, primary mesopore volume and pore size are
741m?/g, 0.976 cm®/g, and 2.6 nm, respectively, determined by
nitrogen sorption. The nitrogen sorption/desorption isotherm
is type IV, typical for a mesoporous material. All the resonance
signals in the *C CP/MAS NMR spectra can be assigned to
appropriate C atoms of DPTS and APS, as denoted in Figure
le, which shows that a phosphonate-amino bifunctionalized
mesoporous material has been successfully prepared.

Another evidence for the expected material is from FTIR, as
shown in Figure 4. Although the absorption bands assigned to
phosphonate, i, P=0 and P—O-R stretching mode, are
immerged into the siloxane peak, leading to an intensity
increase at the range of 1300—1000 cm™ after normalization
with native material, the absorption bands assigned to C—H
and N—H stretching mode appear at 2930 and 1520 cm™’,
respectively. Besides, a small band that represents the bending
vibration of C—H bond is revealed at 1412 cm™}, and an
increase of the absorption at 3200—3600 cm™ induced by the
hydrogen-bonded R-NH, is clearly denoted. All the observa-
tions further confirm that the expected functional groups are
anchored to the surface of silica.

To determine the amount of functional groups in the
prepared material, thermal analyses for PAMSI12 sample was
performed in the temperature range of 20—900 °C. The result
is shown in Figure 1f. It is found that the weight loss of
PAMSI12 with the increase in temperature shows five distinct
stages, as clearly denoted by the derivation of weight loss (red
line in Figure 1f). The first two stages at temperatures below

4788

200 °C can be attributed to the volatilization of physically
adsorbed water and organic solvent outside (stage I) and inside
(stage II) the pores, respectively. At temperatures above 200
°C, the weight loss sharply increases, and two most significant
weight loss points appear in tandem in the temperature of ca.
250 and 320 °C, corresponding to stage III and stage IV. The
two stages are reasonably assigned to the pyrolysis of the
attached phosphonate and amino groups, respectively, on the
pore outside surface of PAMSI2 since the most significant
weight loss of phosphonate-functionalized mesoporous silica
(NP10) and amino-functionalized mesoporous silica (APSS)
occur in the same temperature range (see Supporting
Information SI-3, Figure 1S). Such a result provides another
evidence that two kinds of functional groups are attached on
the prepared material. Further, a weight loss of 4.0% is observed
at the temperature above 400 °C, which reasonably arises from
the pyrolysis of the attached functional groups inside the pores
(stage V). At or near 800 °C, the TGA profile reaches a plateau,
and the total weight loss is about 11.1% except the volatilization
of water and organic solvent. Although the pyrolysis of
phosphonate and amino groups in stage V are not differentiated
each other, the coverage of the functional groups can still be
calculated according to stage III and stage IV since the prepared
material is considered to be homogeneous. In detail, the weight
loss of 4.0% in stage III versus 2.3% in stage IV suggests that
the pyrolysis of phosphonate group contributes to ca. 63.5% of
total weight loss and the rest is assigned to the pyrolysis of
amino group, from which the coverage of phosphonate group
and amino group can be calculated to be 0.43 and 0.70 mmol/
g, respectively (the molecular mass of triethylphosphate and
propylamine functional groups are 165 u and S8 u,
respectively).

Th(IV) Sorption. Comparison of Unfunctionalized and
Various Functionalized Mesoporous Silica. The sorption of
Th(IV) by APSS, AMS-11, NP10 and PAMSI12, as well as
unfunctionalized MCM-41 at the same pH (3.5 + 0.1) and
initial Th(IV) concentration (120 mg/L) were compared in
Figure 2. It is observed that the performance of unfunction-
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Figure 2. Comparison of Th(IV) sorption by unfunctionalized and
various functionalized mesoporous silica under the same conditions
(msorbent/‘/solution =04 mg/mL) [Th]initial =120 mg/L! PH 35 £ 01)

alized MCM-41 for Th(IV) sorption is not the worst in the test
sorbents, which can be rationalized from the large surface areas
of MCM-41 (as denoted by nitrogen sorption/desorption
experiment in Supporting Information SI-4, Figure 2S) and the
exposed silanol group on the surface of MCM-41 (as indicated
by FTIR analysis in Figure 4). It is well-known that Th(IV)
ions, like other actinide ions, readily form complexes with O-
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donor ligand. The silanol group on the surface of MCM-41 may
serve as an O-donor ligand for complexation with Th(IV) ions,
thus leading to a reasonable Th(IV)sorption. The contribution
of exposed silanol group in the mesoporous silica to the
actinides sorption is well reported by us'®* and other
researchers.'® After amino-modification, regardless of by co-
condensation (AMS-11) or by grafting (APSS), the Th(IV)
uptake did not increase but even decreased compared with that
of MCM-41. This is an unexpected result. We consider that the
Th(IV) sorption by AMS-11 and APSS is also mainly
contributed to the exposed silanol group. The consideration
is based on the following two facts. One fact is that both AMS-
11 and APSS contain some free silanol groups, which can be
revealed by the broad absorption band at 3200—3600 cm™" and
a small band at ~960 cm™ in FTIR as shown in Figure 3. The
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Figure 3. Left: FTIR of as-synthesized AMS-11 and Th (IV)-loaded
AMS-11. Right: FTIR of as-synthesized AMS-11, APSS, and MCM-41.

contribution of exposed silanol group in the mesoporous silica
to the actinides sorption is well-known as mentioned above and
was also indicated by the present results. Figure 3 (left) shows
the FTIR of as-synthesized AMS-11 and Th(IV)-loaded AMS-
11, from which we can see that the absorption band assigned to
O—H of silanol group at ~960 cm ™" shifted to ~949 cm™" after
Th(IV) sorption. This is an indication of the interaction
between silanol group and Th (IV). Another fact is that
increasing the coverage of amino group on the surface of the
sorbent by increasing APS amount in the reaction mixture does
not benefit the Th(IV) sorption (see latter section), which
suggests that amino group is not the main complexation ligand.
Taken together, it is deemed that amino group is not an
effective Th(IV) ligand, and the exposed silanol group on the
surface of APSS and AMS-11 mainly contributes to the Th(IV)
sorption. Compared to unfunctionalized MCM-41, however,
less amount of silanol group remain on the APSS and AMS-11
sorbent due to the introduction of large amount of amino
group (2.07 and 2.76 mmol/g, respectively), evidenced by the
obvious intensity drop of the absorption band assigned to
silanol at ~960 cm™ as shown in Figure 3 (right). Thus, a poor
Th(IV) uptake of less than 40 mg/g is expected.

When the mesoporous silica was modified by phosphonate
(NP10), the Th(IV) uptake reaches 130 mg/g, a value even
two times larger than that of MCM-41. The result firmly shows
that the performance for the Th(IV) sorption is significantly
improved by introducing an effective Th(IV) ligand of
phosphonate. What is more, the improvement of Th(IV)
sorption is further enhanced after comodification by
phosphonate and amino group (PAMS12), and the largest
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Th(IV) uptake of 164 mg/g was obtained. This is an interesting
result. As mentioned above, amino group almost does not
complex with Th(IV) ions. And the amount of phosphonate
group in PAMSI2 (0.43 mmol/g, denoted by TGA in Figure
le) is obviously lower than that of NP10 (0.55 mmol/g,
calculated from the TGA measurement in Supporting
Information SI-3), but the Th(IV) uptake by PAMSI2 is
more effective than that by NP10.

To rationalize the results, we recorded the FTIR spectra of
Th(IV)-loaded PAMS12 and NP10, as shown in Figure 4. Also

hydrogen-bonded
24 SEOH

Transmittance (a.u.)

hydrogen-bonded
R-NH2 .
Siloxane

1 1 1 1 1

4000 3500 3000 2500 2000 1500
Wavenumber /cm”

1000 500

Figure 4. FTIR of (a) as-synthesized MCM-41, (b) PAMS12, (c)
Th(IV)-loaded PAMS12, and (d) Th(IV)-loaded NP10.

shown in Figure 4 are the FTIR spectra of as-synthesized
MCM-41 and PAMSI12. It is well-known that the oxygen of
phosphonate readily binds actinides, generally leading to the IR
absorption changes. But unfortunately in this work, both P=0
and P—O—R stretching mode of phosphonate are immerged
into the siloxane peak, which does not allow for the observation
how they change during Th(IV) sorption. However, the
similarity of the spectra of Th (IV)-loaded PAMS12 and NP10
in all ranges seems to give a hint that PAMS and NP10 sorb
Th(IV) in a similar way. Besides, when compared to the FTIR
of Th (IV)-loaded PAMS12 with that of as-synthesized
PAMSI12, there are two obvious differences. One is that a
sharp peak at ~1380 cm™' appears. The other is that the
absorption band assigned to O—H of silanol group at ~960
cm™" shifts toward low wavenumber and shows an obvious
intensity drop. The former difference clearly suggests that
nitrate anions as counterions of Th(IV) were cosorbed by the
sorbent, while the latter difference gives an indication that
silanol group in the sorbent binds Th(IV) by forming O-M
bond, leading to an absorption shifting and intensity drop. Such
a result is well-consistent with our expectation that the
reasonable Th(IV) sorption by MCM-41, AMS-11, and APSS
is attributed to the exposed silanol group on the surface of
sorbent.

Besides, EXAFS spectra of Th(IV)-loaded PAMS12 and
NP10 were compared to further identify the sorption mode of
Th(IV) onto PAMS12 (Figure S). As reference, the spectra of
as-prepared Th(IV) hydroxide precipitate were also provided in
Figure S (Details on the preparation and EXAFS measurement
are present in Supporting Information SI-1). It is observed that
spectra A and B show almost the same oscillation mode and the
same intense FT peaks at the range of 1—4 A (not phase
correction), but are obviously different from the reference one
of Th(IV) hydroxide precipitate. This indicates that PAMS12
and NP10 sorbed Th(IV) in a same way and Th(IV) did not
noticeably precipitate from the suspension under the

dx.doi.org/10.1021/am405584h | ACS Appl. Mater. Interfaces 2014, 6, 4786—4796
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Figure 5. Left: Raw Th Ly-edge k* weighted EXAFS spectra of Th
sorbed to (A) PAMSI12 and (B) NP10 including the best theoretical
fits and (C) as-prepared Th(IV) hydroxide precipitate as reference.
Right: Corresponding Fourier transforms. The FT spectra are not
corrected for phase shift.

experimental conditions. Reasonable fittings of spectra A and B
are then followed and the metric parameters are presented in
Table 1. As can be seen, Th(IV) sorbed to PAMS12 and NP10

Table 1. Metric Parameters Extracted by Least-Squares
Fitting Analysis of EXAFS

sample shell CN® R (A)? o/ A* AE(eV)? Rfactor®

A Th—-O S.1 247 0.0150 3.6 0.0061
Th-P 0.7 3.12 0.0022 159
Th—O-P 44 3.98 0.0110 15.9

B Th-O 5.9 2.48 0.0134 4.0 0.0058
Th-P 0.8 3.10 0.004 13.8
Th—O-P 4.0 3.96 0.010 13.8

“Coordination number. N + ~20%. “Interatomic distance. R + ~0.03
A. “Debye—Waller factor. dEnergy shift linked for all the paths except
the first shell paths. “Goodness of fit parameter.

have almost the same metric parameters. Specially, 5S—6 oxygen
atoms at ~2.47 A comprise the first coordination shell of the
Th(IV) ions sorbed on the PAMS and NP10 sorbents, and the
Th—O distance obtained in this work is in agreement with that
reported in previous literatures.”*> ~1 phosphorus atom at
~3.1 A represents the second coordination shell of the Th(IV)
ions, and the Th—P distance is well-consistent with that in
reported Th[PO,][OH] crystal>® Finally, the multiple
scattering of Th—O—P contributes the rest FT peaks at
distance more than 3.1 A. All the fitting results direct the
coordination of Th(IV) with phosphonate group for both
PAMSI12 and NP10.

From the above characterizations and the fact that increasing
the coverage of the amino group on the surface of the sorbent
by increasing the APS amount in the reaction mixture does not
benefit the Th(IV) sorption (see latter section), it is obvious
that the Th(IV) uptake by both PAMS12 and NP10 mainly

occurs in the same way through the complexation of Th(IV)
with oxygen of the phosphonate group. Nevertheless, the
difference between the sorption capacity of NP10 and PAMSI12
also clearly suggests that the amino group in PAMSI2 plays
important roles during Th(IV) sorption. For NP10, i.e. solely
phosphonate functionalized mesoporous silica, 0.55 mmol/g of
phosphonate produces a saturated capacity of 130 mg/g for
Th(IV). Since the exposed silanol group also contributes partly
to the Th(IV) uptake as evidenced by FTIR (Figure 4), it is
clear that not all phosphonate groups were bound to Th (IV)
even if in 1:1 complexation mode. Free phosphonate groups
may exist in the inner cavity of the NP10 sorbent, and Th(IV)
ions cannot reach these sites easily due to the narrow diameter
of the pores (ca.2.6 nm). For PAMS12, however, the amount of
phosphonate group is calculated to be 0.43 mmol/g by thermal
analyses, while the saturated capacity for Th(IV) reaches more
than 160 mg/g. According to total BET surface area of
PAMS12 (741 m*/g), an average coverage of 0.35 phosphonate
molecule/nm? along with a distance between two phosphonate
molecules of more than 1.7 nm is calculated. The distance is so
large that one Th(IV) ion cannot interact with two or more
phosphonate molecules, revealing that phosphonate: Th(IV) =
1:1 is an exclusive complexation mode on the PAMS12 sorbent.
Accordingly, 0.43 mmol/g of phosphonate only contributes to
ca.100 mg/g of Th(IV) uptake even if all phosphonate groups
bind Th(IV). The rest, ca.60 mg/g, can but be reasonably
attributed to the exposed silanol group on the sorbent surface.
Such a result means that amino group in PAMSI2 enhances
Th(IV) uptake by improving the availability of complexation
ligand on the sorbent. Introduction of bifunctionality into some
ion-exchange resins for enhancing metal ion complexation have
been reported by several investigators,”*>® in which the
enhanced effect is attribute to coupling of an access mechanism
to a complexation mechanism. Similarly in this work, the
introduction of more hydrophilic amino group increases the
hydrophilicity of the sorbent and thus provides a more
convenient access mechanism for Th(IV) ions into the inner
cavity of the sorbent. In this case, more phosphonate groups
interact with Th(IV) ions and sequestrate them, thus inciting
an enhanced Th(IV) sorption. Besides, this access mechanism
also works for the exposed silanol group. In unfunctionalized
MCM-41, the exposed silanol group provides a saturated
capacity of 44 mg/g for Th (IV), while in PAMSI2, the
exposed silanol contributes to ca.60 mg/g Th(IV) uptake. That
is, the incorporated amino group acts as an access ligand to gain
entry of Th(IV) ions into the inner cavity of the sorbent, and
more silanol groups in the pores bind Th(IV), thus increasing
Th(IV) uptake.

Comparison of Phosphonate-Amino Bifunctionalized
Mesoporous Silica at Different Coverage. The above results
clearly show that the combination of phosphonate and amino
groups in PAMSI2 arouses an enhancement of Th(IV) uptake.
In this case, increasing the total amount of the two functional
groups on the sorbent may further enhance Th(IV) uptake.

Table 2. Summary of Th(IV) uptake by PAMS Series, Phosphonate and Amido Coverage, As Well As Structural Parameters

Obtained by the Measurement of N, Sorption/Desorption

sample Th(IV) uptake (mg/g)  phosphonate (mmol/g)

PAMS-12 164 0.43 0.70
PAMS-18 110 0.31
PAMS-24 97 0.32

amido (mmol/g)

1.25
147

BET surface area (m?/g)  pore volume (cm® /g)  Pore size (nm)

741 0.976 2.6
670 0.903 2.5
605 0.702 2.3

dx.doi.org/10.1021/am405584h | ACS Appl. Mater. Interfaces 2014, 6, 4786—4796



ACS Applied Materials & Interfaces

Research Article

Herein, PAMS18 and PAMS24 were prepared following the
same procedure as that used for PAMSI12, except that different
amount of functional reagents (DPTS:APS = 1:1 in mole) were
added to reach the nominal (DPTS + APS)/TEOQS molar ratio
of 18 and 24%, respectively. The results of Th(IV) uptake using
the prepared PAMS series were compared in Table 2. As can be
seen that the Th(IV) uptake was not increased as expected but
decreased with increasing the amount of DPTS and APS in
reaction mixture. For PAMS 24, the Th(IV) uptake was even
decreased to less than 100 mg/g, a value only half of that for
PAMSI12.

To probe how the decrease occurred, we performed the
thermal analyses of PAMS18 and PAMS24 (Figure 6), and the
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Figure 6. TGA profiles of PAMSI8 (top) and PAMS24 (bottom).

N, sorption/desorption isotherm, as well as recorded XRD
pattern of PAMS18 and PAMS24 (Figure 7). From thermal
analyses, it is observed that the weight loss of PAMS18 and
PAMS24 at the temperature range of 200—800 °C increase to
12.4 and 13.8%, respectively, revealing a higher total coverage
of functional groups than PAMSI12. Following the same

method as that used for PAMS12, the coverage of phosphonate
group and amino group in PAMS18 and PAMS24 was
calculated, respectively, as listed in Table 2. It can be seen
that the coverage of amino group rises obviously from 0.7
mmol/g for PAMS12 to 147 mmol/g for PAMS24, the
increment is more than one time. The coverage of phosphonate
group, however, does not rise but drops from 0.43 mmol/g for
PAMSI2 to less than 0.35 mmol/g for PAMS18 and PAMS24.
Such a result seems to give a hint that amino group is more
liable than phosphonate group to be modified onto
mesoporous silica, probably because of its small size. When
increases the amount of DPTS and APS by the same ratio in
the reaction mixture, the competition between phosphonate
group and amino group finally decreases the coverage of
phosphonate group on the surface of the PAMS sorbent.
Whatever, the different coverage of functional groups on the
surface of the sorbents should be responsible for the drop of
the Th(IV) sorption by PAMS18 and PAMS24. That is, the
increase of the amino group coverage does not benefit the
Th(IV) uptake, whereas the drop of the phosphonate groups
brings negative effects on the Th(IV) uptake. The result gives
another support for our conclusion that phosphonate group but
not amino group should be responsible for the complexation
with Th(IV) during sorption. On the other hand, the N,
sorption/desorption isotherm(Figure 7 left and Table 2) clearly
suggested that the surface area and primary mesopore volume,
as well as the pore size of PAMS18 and PAMS24 are decreased
compared with that of PAMS12, which is known to be bad for
the metal ions sorption. The XRD patterns (Figure 7 right)
exhibit that the ordered structures of PAMS18 and PAMS24
are somewhat distorted, as evidenced by the intensity reduction
of the peak in the range of 20 close to 2.0 and the almost
disappearance of the broad peak in the region of 20 = 3—5°. All
above issues are also responsible for the decrease of Th(IV)
sorption.

In addition, the PAMS sorbents in the nominal (DPTS +
APS)/TEOS molar ratio of less than 12%, such as PAMSI10,
were also prepared and used to Th(IV) sorption to further
assess the effect of coverage of functional group on the
sorption. It is understandable that the Th(IV) uptake by
PAMSI10 is not more than that of PAMS12 since the coverage
of both phosphonate and amino groups in PAMS10 is less than
that in PAMS 12, although the large surface area and ordered
structure were maintained.
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Based on above analysis, more detailed adjustment on the
raw material ratio in the reaction mixture may optimize the
experimental conditions to obtain more effective Th(IV)
sorbent. The related works are still going on in our laboratory.
But from the present results, it is clear that the nominal (DPTS
+ APS)/TEOS molar ratio of 12% in reaction mixture is
suitable for preparation of the phosphonate and amino
bifunctionalized mesoporous silica as Th(IV) sorbent, from
which the sorbent contains the suitable amount of functional
groups and have large surface area and ordered structure, thus
providing more effective Th(IV) sorption.

Systemic Study on Th(IV) Sorption/Desorption by
Using PAMS12. Th(IV) Sorption under Various Conditions.
To further evaluate the adsorptivity of PAMS sorbent, we
conducted the sorption of Th(IV) from aqueous solution into
PAMSI12 under various conditions of pH, contact time, initial
Th(IV) concentration, and ionic strength.

Figure 8a shows the results of Th(IV) sorption by PAMS12
at various pH. It can be seen that the uptake of Th(IV)
markedly increases with increasing pH from 0.8 to 3.8. We
rationalize the pH-dependent sorption with the surface charge
of PAMS12 and the Th(IV) speciation. At lower pH, the
phosphonate and amino groups on the surface of the sorbent
are protonated and positively charged. The repulsive electro-
static interaction between the positively charged sorbent and
the positively charged Th(IV) in aqueous solution leads to a
low sorption. As pH increases, the phosphonate and amino
groups are deprotonated, whereas Th(IV) still exists in
positively charged form. The electrostatic interaction and
complexation between the functional groups and Th(IV)
incites the increase of the sorption. On the other hand, the
species distribution of Th(IV) is greatly dependent on the pH
of solution.””** We calculated the aqueous and solid speciation
of Th(IV) as a function of pH in the absence of sorbent
according to the thermodynamic data reported previously,” as
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shown in Supporting Information SI-5. It is clear that at pH 3—
4 and Th(IV) concentration of <0.5 mmol/L, the hydroxide
complexes, Th(OH),>* and Th(OH)*, are the predominant
species. These species may be more favored by the sorbent,
thus leading to a higher sorption. Besides, the calculation shows
that when the pH is over 3.7 and the total Th(IV)
concentration exceeds 0.7 mmol/L, amorphous Th(IV)
hydroxide or hydrous oxide precipitates from the solution.
To avoid the precipitation of Th(IV) from the solution and also
achieve higher Th(IV) sorption, the optimum pH 3.5 + 0.1 and
the initial Th(IV) concentration less than 0.7 mmol/L was used
for the subsequent sorption experiments unless otherwise
stated.

Effect of contact time, i.e., sorption kinetics, was studied at
initial Th concentration ([Th];,4a) of 100 mg/L for contact
time of 2 to 240 min. The results are shown in Figure 8b. As
can be seen that the sorption of Th(IV) in PAMSI2 is ultrafast
especially in the initial several minutes, and the sorption process
reaches equilibrium at around 1 h. The equilibrium time is close
to that on MX-80 bentonite®® and oxidized multiwalled carbon
nanotubes,*! but much faster than 12 h in AI-MCM-41,"° 12 h
on TiO,,** and 2 days on goethite.”** To clarify the sorption
process of Th(IV) in PAMSI12, the pseudo-first-order kinetic
model, the pseudo-second-order kinetic model, and the
intraparticle diffusion model were applied to analyze the
experimentally observed kinetic data, respectively. The model
details and parameters, as well as the correlation coefficient
obtained by the three models are listed in Supporting
Information SI-6. The fitting curves are denoted by different
line styles in Figure 8b. From the good fitting with correlation
coefficient of more than 0.999 and the fact that the sorption
capacity (g.) obtained from pseudo-second-order model (141
mg/g) is very close to the experimentally observed equilibrium
capacity (140 mg/g), it can be clearly concluded that the
sorption of Th(IV) in PAMS follows a pseudo-second-order
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Table 3. Comparison of Parameters of Langmuir, Freundlich, and Dubinin—Radusckevich Isotherms

isotherm model

Langmuir Freundlich Dubinin—Radusckevich
Qn(mg/g) b (mL/mg) R ke (mg/g) n R Qn (mg/g) B (mol*/kJ*) E (KJ/mol) R
181 0.116 0.99 48 3.5 0.96 427 2.6 %x 1073 139 0.96

model regardless of reaching equilibrium or not. Besides, it is
observed that in the initial several minutes for the highest
sorption kinetics, the experimental data also fit well with the
intraparticle diffusion model, suggesting that intraparticle
diffusion plays an important role for the rate determination
in the Th(IV) sorption by PAMS12. This is understandble for a
nanoparticle sorbent with porous structure.

Sorption isotherm is fundamental in understanding the
sorption mode of sorbate on sorbent surface once the
equilibrium attains. In the present study, the amount of Th(IV)
sorbed in PAMS12 as a function of Th(IV) concentration in
supernatant at the equilibrium state (C,), ie., sorption
isotherm, was determined at a constant pH of 3.5 + 0.1 by
varying initial Th(IV)concentration ([Th];a) from 0 to 160
mg/L. The results are shown in Figure 8c. The Th(VI)
sorption by PAMSI12 is found to has a sharp increase at a C, of
<5 mg/L, corresponding to ca. 80 mg/g of sorption, after which
the sorption comes to a mild increase with Th(IV)
concentration greater than S mg/L. When [Th];,, is more
than 120 mg/L, corresponding to a C, of ca. 50 mg/L, the
sorbent is saturated by Th(IV) and the maximum sorption
capacity of 166 mg/g was established. It is noted that beyond
the sorption capacity of 80 mg/g, the C, clearly exceeds the
maximum concentration limit of WHO set for Th(IV) in
drinking water, from which the effective sorption capacity of
PAMSI2 for Th(IV) during the purification of water was
deemed as less than 80 mg/g, a value of one-half of the
saturated sorption capacity. To identify the sorption mode of
Th(IV) in PAMS12, the isotherm data were applied to three
commonly used models, Langmuir model, Freundlich model
and Dubinin—Radusckevich (D-R) model. The model and
fitting details are presented in Supporting Information SI-7.
The fitting curves are shown by different line styles in Figure 8c
and the fitting parameters are list in Table 3. It is clear from the
fitting that the Th(IV) sorption in PAMS12 follows Langmuir
model very well, revealing a monolayer uniform sorption mode.
And a mean free energy (E) of 13.9 kJ/mol obtained from D-R
fitting unambiguously indicates a chemisorption process.** All
the fitting results are in good agreement with our expectation
that Th(IV) ions are sorbed mainly through complexation with
the phosphonate group on the surface of the sorbent.

Finally, we assess the feasibility of the PAMS sorbent applied
to wastewater cleaning or recovery of Th(IV) from wastewater.
The effect of ionic strength on the Th(IV) sorption by
PAMS12 was studied in the presence of NaClO, with
concentrations varying from § X 107* to 0.6 mol/L, as Na* is
a common cation in the environment and [ClO,]™ is a weak
coordinative anion for Th(IV)."® To ease the influence of ionic
strength by Th(NO,),, especially at low concentrations of
NaClO,, a low [Th]sa of 20 mg/L was used and a
corresponding Myopent/ Violution ©f 0.1 mg/mL was chosen to
achieve an appropriate Th(IV) uptake. The results are shown in
Figure 8d. It is observed that the effect of ionic strength on the
sorption is insignificant even at the NaClO, concentration
more than 0.5 mol/L. The results are interesting and important.
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It is well-known that the salt concentration is very high in
wastewater. The independent ionic strength sorption of Th(IV)
on PAMSI12 at high salt concentrations is critical for the
application of PAMS in wastewater cleaning or recovery of
Th(IV) from wastewater.

Th(lV) Desorption and Stability Assessment of the
Sorbent. The desorption of Th(IV) from PAMSI12 was
performed using different concentrations of HNOj as eluent.
The experiment Details are shown in Supporting Information
SI-8, and the quantitative desorption of Th(IV) from PAMS12
using various concentrations of HNO; is listed in Table 4. As

Table 4. Desorption of Th(IV) from PAMS12 by HNO,
Solution

[HNO;] (mol/L)
efficiency (%)

0.01
89

0.02
94

0.05
~99

0.1
~99

0.2
>99

can be seen, the desorption of Th(IV) from PAMS12 clearly
enhances with the increasing of the concentration of HNO;.
When the concentration of HNOj reaches 0.2 M, a complete
recovery (>99%) of the sorbed Th(IV) is achieved. As
mentioned above, the Th(IV) sorption by PAMS12 is pH-
dependent. At pH 1.1, for example, almost no sorption of
Th(IV) occurs. From this point of view, the desorption of
Th(IV) from PAMS12 can be explained as a cation exchange
between protons and the Th(IV) ions. The result in the present
study is similar with that in U(VI) sorption by phosphonate-
functionalized mesoporous silica.'®

To assess stability of the PAMS12 sorbent during Th(IV)
sorption and desorption, the XRD patterns of as-synthesized
PAMS12, Th(IV)-loaded PAMS12 and PAMSI12 after
desorption were compared. As shown in Figure 9. the XRD
patterns for all the test samples shows one sharp peak in the

Intensity

2Thetal/degree

Figure 9. XRD patterns of (a) as-synthesized PAMS12, (b) Th(IV)-
loaded PAMS12, and (c) PAMSI2 after desorption. Inset shows XRD
patterns of NP10 (d) before and (e) after U(VI) sorption.
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range of 20 close to 2.0 and one broad peak in the region of 20
= 3-5° which clearly reveals the maintenance of ordered
mesoporous structure for both Th (IV)-loaded PAMSI2 and
PAMS12 after desorption and further indicates a good stability
of the PAMSI12 sorbent during Th(IV) sorption and
desorption. In our previous work, the pores of the NP10
sorbent were blocked by the sorbed U(VI) ions during the
sorption as evidenced by the loss of all XRD scattering
reflections (inset of Figure 9). In this work, however, the
sorbed Th(IV) ions do not block the pores of the PAMS12
sorbent, which is a guarantee that more Th(IV) ions can enter
into the inner cavity of the sorbent and bind the complexation
ligand there. Besides, it is noticed that for Th (IV)-loaded
PAMS12, the sharp peak at 26 close to 2.0 shifts slightly toward
larger 20. This is understandable because the sorbed Th (IV)
ions arouse a reduction of pore size of the sorbent.
Selectivity Test. To evaluate the selectivity of PAMS
sorbents for Th (IV), the competitive sorption of Th(IV) by
PAMSI12 from the aqueous solution containing a range of
competing metal ions, including Zn**, Pb**, Co**, Ni*', Sr*,
Cr**, La*, Ce*, Cs*, and Eu’*, was performed at pH 3.5 + 0.1,
in which the concentration of all the metal ions was identical as
0.65 mmol/L. The result is shown in Figure 10. As can be seen,
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Figure 10. Competitive sorption of coexistent ions by PAMS12.

the uptake of Th(IV) in PAMSI2 is more than 0.32 mmol/g,
while that of other metal ions is less than 0.0S mmol/L. It is
known that selectivity coefficient is commonly used to assess
selectivity of sorbent for metal ions. Herein, the selectivity

coefficient (Spy/p) for Th(IV) relative to competing ions is
defined as®

K"

Th/M — M
MM

(1)
where Ki® and KY are distribution ratio of Th(VI) and
competing ions in sorbent and solution, respectively. It is found
that the S,y value for Th(IV) relative to all the competing
ions is more than 20, Which suggests that the PAMS sorbents
shows a desirable selectivity for Th(IV) ions over a range of
competing metal ions. The selectivity of PAMS for Th(IV)
should be attributed to the complexation of phosphonate group
on the sorbent. It is well-known that the oxygen of
phosphonate readily binds actinides and shows desirable
selectivity for Th(IV), U(VI), and Pu(IV) ions. Tri-n-butyl
phosphate (TBP), for example, has been applied for several
decades in extraction of U(VI) and Pu(IV) from wastewater in
PUREX process. The selectivity of phosphonate for Th(IV),
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U(VI), and Pu(IV) ions can be rationalized from the following
two aspects. One is the hsab principle. The oxygen of
phosphonate is known to be a hard base, while Th(IV),
U(VI) and Pu(IV) ions are hard acid. It is understandable that
the hard base prefer to bind the hard acid. Another is
electrostatic interaction. The oxygen of phosphonate shows
strong electronegativity, which is thus more favored by highly
charged cations, i.e. Th(IV), U(VI), and Pu(IV) ions.

B CONCLUSIONS

In this work, we report the first study of enhanced Th(IV)
sorption by using phosphonate-amino bifunctionalized meso-
porous silica (PAMS). The PAMS sorbents, with ordered
mesoporous structure, uniform pore diameter and large surface
area, were prepared by a simple one-step co-condensation
method using commonly used reagents. During Th(IV)
sorption, amino group serves as “access ligand” through its
hydrophilicity and thus compatibility with the hydrated metal
ions, while phosphonate group is responsible for the complex-
ation. The combination of the two groups at a relatively low
coverage in PAMS arouses an enhancement of Th(IV) sorption
compared to phosphonate alone functionalized and amino
alone functionalized counterparts. By changing the raw material
ratio in the reaction mixture, different amounts of phosphonate
and amino groups were anchored to the surface of the sorbents,
leading to a decrease or further enhancement of Th(IV)
sorption. Besides, from the fast sorption kinetics of less than 1
h, the large sorption capacity of more than 160 mg/g at a
relatively low pH, desirable selectivity for Th(IV) ions over a
range of competing metal ions, and the fact that the sorbed
Th(IV) can be completely desorbed by using 0.2 mol/L or
more concentrated nitric acid solution, it is clearly concluded
that phosphonate-amino bifunctionalized mesoporous silica,
i.e., PAMS, is indeed an efficient and feasible sorbent for
Th(IV) uptake from aqueous solution. This study indicates a
better scope by introducing multifunctionality into mesoporous
silica for the separation, removal, or recovery of actinides ions
from environment. Further works are in progress to fabricate
more effective actinides sorbent by combining with different
functional groups into mesoporous matrix, and to assess
reusability and radiation stability of these new materials for
further assessing their feasibility applied in separation of
actinides.
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