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Abstract The amidoxime-functionalized hollow SiO,
microspheres (HSA) were prepared for highly efficient
U(VI) adsorption. Results showed that amidoxime modi-
fication could improve both sorption capacity and sorption
selectivity for U(VI), however, excess functionalization
might block the mesopores and thus restricting U(VI)
sorption. The maximum U(VI) sorption capacity was
109.6 mg/g for HSA15 at 298 K and pH 5.0. The U(VI)
sorption isotherms could be described by Langmuir model;
whereas the sorption kinetics fitted well with the pseudo-
second-order  equation, indicating of monolayer
chemisorption mechanism. The HSA sorbents could be
efficiently regenerated by 0.6 M HNOj; and reused for
several sorption—desorption cycles.
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Introduction

Uranium is an important fuel for nuclear reactors but the
uranium resources are in shortage due to rapid increase of
nuclear energy. On the other hand, uranium-containing
wastewater arised from uranium processing is very dan-
gerous and need to be treated because of its toxicity and
radioactivity [1]. Different methods have been developed
for the separation of uranium, among them sorption is
mostly adopted since it has the advantages of easy opera-
tion, low cost, and wide adaptability [2]. Many kinds of
materials such as ion-exchange resins, alumina, activated
carbon, and polymers have been investigated for uranium
sorption [3—7]. However, most of these materials suffered
from weak stability, low ion selectivity, or bad cost
effectiveness, thus restricting their practical application.

The mesoporous SiO, materials have excellent
mechanical strength and radiation stability, as well as some
unique features such as large surface area, tunable pore
size, and facile modification [8, 9], and thus become ideal
sorbents for the separation of radionuclides. Compared to
conventional silica-based materials, the hollow meso-
porous silica (HMS) microspheres have more suitable ap-
parent density for better dispersion in solution; Moreover,
HMS have much less inner-particle diffusion resistance,
thus enhancing kinetic rate for radionuclide separation. The
formation of ordered-mesopores in HSM provides a quick
access of the sorption centers for radionuclides.

The sorption capacity or the sorption selectivity of HMS
for radionuclides could be improved by grafting different
functional groups such as phosphoric acid [9], amino [10],
thiol [11], thiadiazole [12], and amidoxime [13, 14]. These
groups have high affinity towards various radionuclide ions
(Lewis acid) since they contain electronegative donor
atoms (Lewis base) such as N, P, O, and S, etc. For uranly
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ions chelation, amidoxime has been shown to be an
excellent amphoteric functional group since it contains
both acidic oxime and basic amino groups [13-15]. Dif-
ferent amidoxime-functionalized materials have been
investigated for U(VI) sorption, and the results have shown
that amidoxime functionalization could improve sorption
capacity or selectivity for U(VI) [14, 15].

In this work, the hollow SiO, microspheres functional-
ized with amidoxime groups (HSA) were synthesized and
their sorption properties towards U(VI) were investigated.
The amount of functional agents was varied and optimized
for the evaluation of this factor on U(VI) sorption. It was
interesting to find that the incorporation of excess amount
of tri-functional silanes might destroy or block the ordered-
mesoporous structures, and this may result in the decrease
of sorption capacity for U(VI).

Experimental
Reagents and materials

Polystyrene (PS) microspheres (about 400 pum diameter,
used as hard-template for synthesis) were obtained by
sieving of PS resins (Yanzhou Huitong Resins Co. Ltd.,
China). Cyanopropyltriethoxysilane (CPTS) and P123 were
purchased from Gelest in Morrisville, PA (USA). Tetra-
ethyl orthosilicate (TEOS), tetrahydrofuran (THF) and
other chemicals with the analytical purity were purchased
from Sinopharm Chemical Reagent Co. Ltd.

Preparation of amidoxime-functionalized hollow
SiO, microspheres (HSA)

The preparation of hollow SiO, microspheres (HS) using
PS as a hard-template and P123 as a co-template was
similar to the procedure described in the Ref. [16]. The
difference is to use P123 instead of CTAB as a co-template
since it allows for the synthesis of mesoporous silica-based
materials with relatively thick pore walls, which enhances
the mechanical stability of the resulting mesoporous
structures [9]. The functionalized HS was obtained by the
initial condensation reaction of functional organic silanes
(CPTS) with the hydroxyl groups of SiO, (HS-CPTS).
After that the HS-CPTS (1.0 g) were reacted with
hydroxylamine (1.5 g) in the presence of sodium carbonate
(1.5 g) in 100 mL water—ethanol (5: 1.6 v/v) solution at
70 °C for 12 h to afford the corresponding amidoxime
derivatives (HSA). The mole ratio of TEOS and CPTS
(TEOS/CPTS) was controlled to be 10:0 (HS, without
CPTS); 10: 1.0 (HSA10) 10: 1.5 (HSA1S), and 10: 2.0
(HSA20), respectively. The final products were separated,
washed throughly and dried at 60 °C under vacuum. The
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Scheme 1 The synthesis procedure of HSA15

typical synthesis procedure of HSA1S5 is shown in
Scheme 1.

Characterization

The SEM image was observed by a Leica Cambridge S360
scanning electron microscope. Small-angle X-ray diffrac-
tion patterns (SAXRD) were taken on an X' Pert-Pro MPD
X-ray diffractometer. FT-IR spectra were measured on a
Nicolet, Magna-550 spectrometer. The nitrogen sorption—
desorption isotherms were obtained by using a ASAP 2010
volumetric analyzer. Thermal gravimetric analysis of the
sorbents was conducted on Shimadzu TGA-50H with
heating rate of 10 °C/min in the nitrogen flow. The ele-
mental analysis of the samples was performed in the
Laboratory of Chinese Academy of Science (Beijing).

Sorption/desorption experiments

50 mg of sorbents were mixed with 100 mL of U (VI)
solution for sorption at 25 °C and the stirring speed of
150 rpm. The initial pH of the solution was controlled by
adding small amount of 0.5 M NaOH and/or HCIO, solu-
tions. After sorption for 5 h, samples (about 1 mL) were
taken and the sorbents were separated by centrifugaliza-
tion. The U(VI) concentration in the supernatant was
analyzed by Arsenazo-III spectrophotometric method
(Shimadzu UV-1601 spectrophotometer).

The selective sorption of U(VI) was conducted in sim-
ulated wastewater containing U(VI) and co-existing cations
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(Ni**, Cu**, Co*", Sm’*, Ce’*, and Eu’™). The initial
concentration of each metal is 5 mg/L. The final metal
concentration in the mixture was analyzed by using a ARL-
340 Inductively Coupled Plasma (ICP-AES Fison
Instruments).

The amount of U(VI) adsorbed (g.), the distribution
coefficient (K,), and the selectivity coefficient of U(VI)
(Sum) were calculated as follows:

\%
qe:(CO_Ce)XEa (1)
Co—C. V
Ki=——x— 2
d Ce Xm7 ( )
Kau
S =— 3
U/M Kd,M’ ()

where Cy and C, are the initial and equilibrium U(VI)
concentrations, respectively (mg/L); ¢q. is the sorption
capacity (mg/g); V is the volume of U(VI) solution (L); and
m is the mass of the sorbents (g).

Results and discussion
Characterization

Figure la shows the surface morphology of amidoxime-
functionalized hollow silica microspheres (HSA15). The
surface of HSA15 is un-smooth due to the incorporation of
organic silanes. The HSA15 has a hollow structure, which
can be seen from the hole in the surface of the microsphere.
The diameter of HSA15 is about 500-600 nm, and the
shell-thickness is around 80-100 nm.

The FTIR spectra of HS—CPTS and HSA15 are shown in
Fig. 1b, which confirm the existence of the funtional
groups. The peaks at 462 cm™' (O-Si—O bending vibra-
tion) and 1075 cm™' (Si—~O-Si and Si-O-H stretching
vibration [9]) appear at the spectra of both HS—CPTS and
HSA15. The band for the C=N stretching vibration could
be identified at 2272 cm ™', arising from the co-condensa-
tion of TEOS with CPTS. After amidoxime functional-
ization, the C=N absorption band became weaken,
whereas two other new peaks appeared at 1605 cm™' (C=N
stretching  vibration) and 942 cm™' (N-O stretching
vibration [13]), respectively; indicating of the successful
amidoxime functionalization for the silica microspheres.

The diffraction peak at 20 = 1.2° for HSA15 in SAXRD
(Fig. Sla) confirms the presence of mesoporous structure.
Meanwhile, the N, sorption—desorption isotherm of HSA15
(Fig. S1b) shows a type-IV curve, which further confirms
the mesoporous framework of HSA15. The pore size dis-
tributions (PSD) (Fig. S1c) shows that HSA15 has a narrow
peak centered at 4.5 nm, indicating of the mesoporous
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Fig. 1 The SEM images of HSA15 (a) and FT-IR spectra of HS—
CPTS, HSA1S, and U(VI)-loaded HSA15 (b)

structure. From the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves of HSA1S5 (Fig. S1d), the
weight loss for the two decomposition stages (corre-
sponding to the two DTG peaks at 258413 and
494-620 °C) due to the decomposition of organic moieties
is about 10.8%, thus the amount of amidoxime groups (the
molecular mass of organic moieties is 101 u) for HSA15 is
calculated to be 1.06 mmol/g.

Effect of pH and ionic strength

The effect of pH on U(VI) sorption on HSA1S5 is shown in
Fig. 2. It can be seen that U(VI) sorption efficiency
increases with increasing pH at lower pH range (pH < 5.0),
but after reaching the maximum value, it decreases at
higher pH values (pH > 6.0). This can be explained by
both the U(VI) species distribution and the complexation
between U(VI) and amidoxime groups.

The distribution of U(VI) species with pH (Fig. S2)
indicates that uranyl ions are the main species at lower pH,
whereas other species such as UO,(OH); and
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Fig. 2 Effect of initial pH on the sorption of U(VI) ions onto HSA15
(CO = 30 mg/L; T = 298 K; sorbent dosage, SD = 0.5 g/L)

(UO,);(OH)7 appear at higher pH. The oxime oxygen of
the amidoxime group can undergo metal-assisted deproto-
nation [15]:

R—C(NH,)N—OH = R—C(NH,)N-O~ + H", (4)
2R—C(NH,)N—-0"UO3" = UO,(R—C(NH,)N-O"),.
(5)

As pH increases, more H' ions released from the depro-
tonation reaction (Eq. 4) are neutralized, so the competitive
sorption from H' ions decreased and the electrostatic
repulsion between positive uranyl ions and HSA15 weak-
ened. This is favorable for uranyl ions sorption and thus
U(V]) sorpiton efficiency increases. However, at higher pH
values (pH > 6.0), more non-complexible species (such as
UO,(OH); and (UO,);(OH); ) formed and the electrostatic
repulsion between these anions and the negatively charged
surface of HSA15 increased, thus U(VI) sorption efficiency
decreased.

To determine the influence of the ionic strength on
U(VI) sorption, NaCl with different concentration was
added to the U(VI) solution. Figure 3 shows that the U(VI)
removal efficiency slightly decreased (about 10%) when
the NaCl concentration reached 40 g/L, suggesting that the
ionic strength has a weak influence on U(VI) sorption.
These results indicate that the removal of U(VI) is domi-
nated by inner-sphere surface chelation [9]. The weak
effect of ion strength makes it possible to use HSA1S
sorbent in the treatment of high salinity wastewater or even
in the extraction of U(VI) form salt lake brines.

Sorption Kinetics

Figure 4 shows the sorption kinetic curves of U(VI) by
HSA15. Two sorption stages are found for the kinetic

@ Springer

Adsorption (%)
e 8.9

=
o
1 n

0 T T T T T T T T T
0 10 20 30 40

NaCl concentration (g/L)

Fig. 3 Effects of NaCl concentrations on the sorption of U(VI) ions
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Fig. 4 Effect of contact time on the sorption of U(VI) ions onto
HSAIS at different initial concentrations (pH 5.0; 7 = 298 K; sorbent
dosage, SD = 0.5 g/L)

curves: the initial rapid sorption followed by the slow
sorption until gradually reaching equilibrium at 5 h. On the
first stage, the greater U(VI) concentration gradient and
more available spare active sites are contributed to the
rapid U(VI) sorption; whereas on the second stage, both
U(VI) concentration gradient and spare active sites
decrease, resulting in the decrease of kinetic rate. Com-
pared to other silica-based sorbents (which usually need
long time to achieve equilibrium) [8, 9], HSA15 had fast
sorption kinetic rate for U(VI) due to the well-developed
mesoporous structures and the strong chelation between
U(VI) and amidoxime groups. The initial U(VI) concen-
tration also has some effects on the sorption kinetics:
apparently longer equilibrium time is needed at higher
initial U(VI) concentration.



J Radioanal Nucl Chem (2017) 311:2029-2037

The U(VI) sorption by the resins usually contains mul-
tisteps: bulk diffusion, external film diffusion, intraparticle
diffusion, and chemisorption on the active sites [17, 18]. To
determine the rate-controlling step, the sorption kinetic
data were fitted by different kinetic models, including the
pseudo first-order (PFO) (Eq. 6), the pseudo second-order
(PSO) (Eq. 7), and the resistance to intraparticle diffusion
(RID) models (Eq. 8) [17]:

q: = C]e(l - eiklt)» (6)
2
q-kot
qt 1+qek2t’ ( )
q: = kintfl/2 +C, (8)

where g, (mg/g) is equilibrium sorption capacity, ¢, (mg/g)
is the sorption capacity at time ¢ (min); k; (minfl), ko
(g rng{l minfl), and ki, (mg/g minfo's) are the rate con-
stants for the PFO, PSO, and RID, respectively.

The kinetic parameters for the above kinetic models are
summarized in Table 1. The fitting curves are also shown
in Fig. 4. Obviously PSO has the highest R* values
(R*> > 0.99) among the three kinetic models. Moreover, the
sorption capacities obtained by PSO model (g, ca) is also
close to the experimental values (ge, exp). These results
indicate that PSO model is suitable for fitting the kinetic
data for U(VI) sorption onto HSAI1S5, implying that
chemisorption (or surface chelation between amidoxime
and U(VI)) is the rate-controlling step. The RID model
showed a large deviation with the kinetic data, indicating
that the intraparticle diffusion have a negligible effect [18].
The effect of both bulk diffusion and external film diffu-
sion is small due to the rapid stirring during U(VI) sorption.

Sorption isotherms and thermodynamics

The U(VI) sorption isotherms are shown in Fig. 5, which
could provide useful information for describing the equi-
librium distribution of U(VI) between the liquid and the
solid phases. As shown in Fig. 5a, temperature shows a
positive effect on U(VI) sorption, indicating of the
endothermic nature of the sorption process. To further
clarify the U(VI) sorption mechanism, the sorption iso-
therms were fitted by Langmuir Eq. (9) and Freundlich
Eq. (10) models [17, 19]:
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Fig. 5 Isotherms of U(VI) sorption onto HSA15 at different temper-
ature (a); and U(VI) sorption onto the different silica-based sorbents
at 298 K (b). (the solid lines represent Langmuir model whereas the
dash lines represent Freundlich model; Cp = 10-100 mg/L;
T = 298-308 K; pH 5.0; = 160 min; SD = 0.5 g/L)

KLQmCe
= 9
e 1+ K.C.’ ©)

ge = ksC/", (10)

where C, is U(VI) equilibrium concentration (mg/L), g, is
the maximum U(VI) sorption capacity (mg/g), K; (L/mg)
and Kp are constants for the Langmuir and Freundlich
models, respectively; n is a constant related to sorption
intensity.

Table 1 Kinetic parameters of the sorption of U(VI) onto HSA15 at different concentrations

Conc. PFO R? PSO R? RID R?
(mg/L) Ge, exp ky x 10° e, cal ky x 10* e, cal k; X

(mg/g) (min™") (mg/g) (g/mg/min) (mg/g) (mg/g min~"?)
30 39.5 2.26 38.4 0.973 7.33 429 0.997 1.52 12.3 0.759
100 78.7 2.78 75.2 0.945 5.07 82.7 0.982 2.86 27.5 0.742
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The isotherm model parameters are shown in Table 2.
Compared to Freundlich model, Langmuir model had
higher R? values (R® > 0.99) and fitted better with the
isotherms (Fig. 5), suggesting the monolayer sorption (or
chemisorption) mechanism for U(VI) sorption. Moreover,
both gm.x and ki values increased with temperature for
HSAT1S. Higher temperature is favorable for U(VI) sorption
at higher energy active sites, thus enhancing U(VI) sorption
[19, 20].

The thermodynamics parameters were calculated by the
van’t Hoff equation [18]:

—AH?  AS°
RT R (11)
AG® = AH" — TAS®, (12)

where AG® is Gibbs free energy change (J/mol), AH" is
enthalpy change (J/mol), AS® is entropy change (J/
(mol K)).

The thermodynamics parameters are given in Table 3.
The fitting van’t Hoff equation is: In K = —1082.3/
T + 13.022 (R? = 0.9775). The positive AH° and the
negative AG® values indicate that U(VI) sorption on
HSAL15 is endothermic and spontaneous. Meanwhile, AG®
values become more negative as temperature increases,
indicating that U(VI) sorption is enhanced at higher tem-
peratures [18].

anL =

As shown in Table 2 and Fig. 5b, the U(VI) sorption
capacity (g,,) obtained for HSA15 is highest among the five
silica-based sorbents. This sorbent has relatively uniform
mesopores, which are easily accessible for uranium species
in solution. The sorption capacities of HSA are much
higher than those of HS and HS—CPTS due to functional-
ization of amidoxime groups. The g,,, of HSA15 is almost
1.5 times of that of HSA10, which is not surprising since
the amidoxime content in HSA1S is about 1.5 times too
(Table 4). The BET surface area for HSA15 is about 7%
lower than that of HSA10, probably due to incorporation of
more functional silanes. In comparison with HSA1S,
HSA20 contains even more amidoxime groups, and thus it
could be expected that HSA20 had higher U(VI) sorption
capacity. In contrast with this, Table 2 shows that the g,
for HSA20 is almost 20% smaller than that for HSA1S5,
probably due to the introduction of excess amount of
functional agents (CPTS). In this case the well-ordered
mesopores may be blocked, thus some active sites are
inaccessible to the relatively large U(VI) species. This
situation may become even more serious after the binding
of initial U(VI) species, which block the access of other
U(VI) species. As shown in Table 4, the decreased BET
surface area (Sggr), pore volume (V;), as well as (d,,) for
HSA20 (compared to HSA15) also partly supports this
hypothesis. These results indicated that amidoxime modi-
fication could improve sorption capacity for U(VI),

Table 2 Isotherm model

parameters for U(VI) sorption Sorbents Temp. (K) Langmuir R? Freundlich R?
by different silica-based Gm (mglg) k. x 10% (L/mg) kp (mg/g) (L/mg)"™ n
sorbents
HS 298 29.1 14.33 0.998 9.25 391 0979
HS-CPTS 298 51.8 4.39 0.992 7.32 220 0973
HSA10 298 76.3 4.73 0.999 9.01 221 0976
HSA20 298 89.9 6.72 0.990 13.66 239  0.952
HSA15 298 109.6 491 0.992  12.08 2.08 0.956
308 123.4 5.95 0.996 15.29 2.13  0.967
318 139.8 6.16 0.997 16.79 2.06 0.970
g;‘;ﬁefei}g%‘(’%‘{;i‘;‘;s ais Temp (&) AG(mol) A (Umo)  AS (U/mol K)  TAS® (Vmo) R
298 —23.26 8.998 108.26 32.26 0.9775
308 —24.35 33.35
318 —25.43 3443
;[‘I?alil‘:::aﬁg}i]:sS;glr”cclllitfl;zent Samples  Active sites (mmol/g)  TEOS/CPTS (mole ratio)  Sggr (mzlg) Vs (Cm3/g) dy, (nm)
silica-based sorbents HS _ 10:0 382 0.98 58
HSA10 0.67 10:1.0 334 0.78 4.7
HSAI15 1.06 10:1.5 312 0.65 4.4
HSA20 1.25 10:2.0 281 0.38 39
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however, excess functionalization might block the meso-
pores and thus restricting U(VI) sorption.

Sorption mechanism

It was reported that the amidoxime groups could act as
efficient chelation groups for uranyl ions [16, 21]. Figure 6
shows the two possible structures for uranyl ions chelating
with amidoxime. In Fig. 6a, the lone pairs of electrons on
two oxygen atoms and two nitrogen atoms are donated to
the positive uranyl ions center to form a five-membered
chelating structure (including U(VI)). Different from
Fig. 6a, b shows that four oxime oxygen atoms are incor-
porated with uranyl ions to form a five-membered chelating
structure. From the results obtained in this work, the U(VI)
sorption capacity for HAS15 is 109.6 mg/g (or 0.46 mmol/
g), whereas the amidoxime group content is 1.06 mmol/g;
which means that one uranyl ion is approximately incor-
porated with two amidoxime groups (U(VI)/amidoxime
mole ratio is close to 1/2). Thus the structure shown in
Fig. 6a is more likely to be the chelating structure for
U(VI) sorption on HAS15.

To further clarify the sorption mechanism, the FTIR
spectrum for the U(VI)-loaded HAS15 was obtained
(Fig. 1b). After uranium sorption, the peak at the wave
number of 3369 cm™', corresponding to the stretching
vibration of the —OH and —-NH, groups, decreases to
3330 cm . Meanwhile, the band of C=N stretching
vibration at 1605 cm™' for HAS15 shifts to 1560 cm™'
after uranium sorption. These results indicate that U(VI)
sorption affects the chemical bonds of the nitrogen atoms
in the amidoxime groups. Moreover, there is a new peak at
925 cm ™! on the FTIR spectrum for U(VI)-loaded HAS15,
which can be attributed to the stretching vibration of

(a) o o Ez
A
\N/(|)|\O/N

H,

(b) Il\IHz NH,
R—C—N—720 O—N=—C—R
NS
O=—U—7=0

R—C:N—O/ \

O—N =— j:_ R
NH, NH,

Fig. 6 The possible structures for the chelation of amidoxime groups
with uranyl ions

O=U=0 [15]. The element analysis results indicated that
the element compositions for HAS15 before U(VI) sorption
are: C 5.1%, H 1.0%, N 2.9%, and Si 26.6%; while for the
U(VD)-loaded HAS15, the element compositions are: C
4.7%, H 0.8%, N 2.5%, Si 24.8%, and U 6.9%, respec-
tively. The decrease of C, H, N, and Si contents for HAS15
after U(VI) sorption is due to U(VI) loading onto the
sorbents.

Selectivity studies

The selectivity coefficients (Sy,) of U(VI) with respect to
other cations (Ni2+, Cu”, C02+, Sm”, Ce”, and Eu3) are
shown in Fig. S3. The Sy, values of HSA for all co-
existing cations are remarkably improved compared to
those of unmodified hollow silica microspheres (HS).
Except for Sm>", the Sy values of HSA for all other
cations increased by more than 3 times compared to those
of HS. These results indicate that amidoxime groups are
very effective for the selective chelation of U(VI), and
HSA has an excellent selectivity towards uranyl ions in the
solution containing of U(VI) and other co-existing cations.

Comparison with other adsorbents

Table 5 shows the sorption capacities of different sorbents
for U(VI) sorption. Since the sorption conditions (such as
sorbent dosage, contact time, solution composition, and pH
values) are different in the experiments, it is hard to make a
direct comparison. However, this comparison could still
provide some useful information for the evaluation of the
sorbents. As shown in Table 5, HSA15 has a relatively
high U(VI) sorption capacity, although its g, value is
lower than those reported in some references [8, 22].
However, this sorbent has fast uptake kinetic as well as
excellent selectivity for U(VI) sorption as discussed above.
These results indicated that the HSA15 could be a
promising adsorbent for the efficient separation of U(VI)
from aqueous solution.

Desorption and regeneration of the sorbents

The U(VI) desorption experiments were conducted by
shaking 0.15 g of the U(VI)-loaded HSA15 (U(VI) initial
concentration 100 mg/L) with 30 mL of desorbing agents.
When 0.6 M HCI, 0.6 M HNO;, 0.6 M Na,COg;, or 0.6 M
NaHCO; are used, the desorption efficiency was deter-
mined to be 82, 96, 74, and 67%, respectively. Obviously
0.6 M HNO; was the most effective desorption agent.
Moreover, further increase in the HNO3 concentration did
not show a positive effect for U(VI) desorption. Thus the
sorption—desorption cycles were conducted for five times
using 0.6 M HNOj as the desorption agent. The results
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Table 5 Reported sorption

capacities of U(VI) by different sorbents Sorption conditions Gmax (ME/g) Refs.

adsorbents Phosphonate-modified mesoporous silica (NP10) T =298 K, pH 6.9 303.0 [22]
Salicylaldehyde-modified magnetic silica T=298K,pH 7.0 49.0 [23]
Quercetin-modified magnetic silica T =298 K, pH 3.7 12.3 [24]
Amine-modified silica gel T =302 K, pH 4.0 214 [25]
Functionalized polymer-coated silica T =298 K, pH 4.5 52 [26]
Organo-functionalized mesoporous silica T =298 K, pH 8.0 185.2 [8]
HSA10 T=298 K, pH 5.0 76.3 This work
HSAL1S5 109.6
HSA20 89.9

showed that the loss of U(VI) sorption capacity (Gexp)
sorption capacity was less than 12%: gy, decreased from
78.7 mg/g in the first run to 69.2 mg/g in the last run.

Conclusions

The amidoxime-functionalized hollow silica microspheres
were synthesized, characterized, and investigated for U(VI)
sorption from aqueous solution. It was found that U(VI)
sorption by HSAI1S5 was strongly influenced by the pH
values, but slightly affected by the ion strength, indicating
of the inner-sphere chelation mechanism. The maximum
U(V]) sorption capacity (g,,) for HSA1S5 is 109.6 mg/g (at
pH 5.0 and 298 K). The relatively high U(VI) sorption
capacity of HSA15 can be attributed to the strong chelation
of U(VI) with amidoxime as well as the easy accessibility
of mesopore channels. Temperature shows a positive effect
on U(VI) sorption. The sorption was endothermic and
spontaneous, as evidenced by the positive AH” and the
negative AG® values. In addition, HSA15 can be efficiently
regenerated by 0.6 M HNOj; and reused for U(VI) sorption
with only a slight decrease in U(VI) sorption capacity. The
relatively high sorption capacities, fast uptake kinetics as
well as excellent selectivity indicated that the HSA could
be a promising adsorbent for applications in U(VI)-con-
taining wastewater treatment.
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