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Abstract A series of silica sorbents with different content
of amidoxime groups were prepared through co-conden-
sation method and applied to extract uranium from saline
lake brine. The optimum amidoxime group content was
determined and effects of pH on uranium sorption were
investigated. Sorption kinetic and isotherms were also
investigated. XPS analysis indicated that the adsorption
mechanism of uranium was attributed to the interaction
between uranyl ion and N in the amidoxime. Amidoxi-
mated silica could efficiently absorb the naturally occurring
uranium in the saline lake brine samples from Qinghai,
China.

Keywords Uranium - Saline lake brine - Amidoximated
silica - Sorption

Introduction

Human life has relied upon fossil fuels since the beginning
of the industrial era. Limited fossil resources and envi-
ronmental constraints have aroused interesting in alterna-
tive energy sources [l]. Nuclear power can meet the
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growing energy demand caused by fossil fuel scarcity [2].
However, sharp increase in nuclear power will put a heavy
burden on uranium reserves and uranium ore will be
insufficient in the further. Uranium in seawater is 10° larger
than the terrestrial resources [3, 4]. Unfortunately, uranium
extraction from seawater is difficult for the extremely low
uranium concentration (2.8-3.3 pg/L). The uranium con-
centrations in some saline lakes were much higher than that
in seawater and the advantage in uranium concentration
makes saline lake brine an ideal resource for uranium
[5, 6].

Sorption is an effective method for uranium recovery
from aqueous for the benefits of simplicity, rapidity and
easy recycling [7]. To make uranium extraction feasible,
solid adsorbents which are effective under saline lake brine
conditions should be developed. Mesoporous silica is a
kind of excellent adsorbent owing to its high specific sur-
face area and uniform pore-size distribution [8, 9]. Vidya
et al. [10, 11] found that the adsorption of UO%Jr onto
MCM-41 and MCM-48 attributed to direct template-ion
exchange. However, pure silica adsorbents could hardly
adsorb uranium from saline lake brine since the limitation
in selectivity. Organic functionalized silica have been
synthesized in order to obtain specific active sites on the
silica surface [12]. Amidoxime group containing nucle-
ophilic NH, and hydroxyl functionality, which can effec-
tively binding uranium ion, is a promising chelating
function groups for uranium adsorption from aqueous
phase [13-17]. Amidoximated mesoporous silica is an
effective adsorbent for uranium sorption from aqueous
solutions and simulated seawater, but its sorption property
for uranium from natural seawater and saline lake brine is
indefinite [18, 19]. The concentration of Lit, K*, Na¥,
Mg?" were 10°-10° times more than the concentration of
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uranium in the natural seawater and saline lake brine, so
selectivity is the crucial factor for the extraction of uranium
from these natural water. Selectivity of amidoximated
mesoporous silica for uranium over other inorganic ions in
saline lake brine is unknown.

In present work, MCM-41 type silica adsorbents with
different content of amidoximated groups were prepared via
co-condensation method which was more concise and effi-
cient than post-synthesis grafting method. FTIR and XPS
analysis were carried out to characterize the prepared
adsorbents. The optimum amidoxime group density was
determined and effects of pH on uranium sorption were
investigated. Sorption kinetic and isotherms were also
investigated. Mechanism of uranium adsorption was con-
jectured base on the adsorption experiments and XPS anal-
ysis. The performance of prepared adsorbents in uranium
adsorption from natural saline lake brine was evaluated.

Experimental
Materials

2-Cyanoethyltriethoxysilane (CTES) was purchased from
Sigma-Aldrich (Shanghai) Trading Co., Ltd. Saline lake
brine samples were collected from different salt pan in
Qinghai Province, China. All reagents were of analytical
reagent grade and used without purification.

Preparation of amidoximated silica

Amidoximated silica adsorbents were prepared according
to the following steps: 1 g of CTAB was dissolved in
135 ml of deionized water and then 102 mL of ammonia
was added to the solution. After stirring for 0.5 h, CTES
and 5 mL of TEOS were mixed and added to the homo-
geneous solution. The mixture was stirred for 2 h at room
temperature. The powder were recovered by filtration,
purified with plenty of 10/90 HCI/C,HsOH and dried at
60 °C. The specific molar ratio of CTES/TEOS was
obtained by controlling the quantity of CTES. The obtain
silica grafted with nitrile(-CN) named CMCM-X (X = 0,
0.2, 0.4 or 0.6) were treated with 3 ¢ NH,OH-HCI in
100 mL 50/50 H,O/CH3OH solution for 72 h at 80 °C.
Sodium carbonate was used to adjust the solution pH to
neutral. The final products, denoted as AMCM-X, were
washed with deionized water and dried at 60 °C.

Characterization
FTIR were carried out in a Bruker Tensor 27 at room

temperature. XPS of samples were collected on an
ESCALAB 250Xi (Thermo Fisher Scientific).
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Sorption experiments

Batch adsorption experiments were performed to investi-
gate the process of uranium adsorption from aqueous
solution on AMCM-X. 5 mg of adsorbents were added into
polyethylene tubes containing 5 mL of uranium solution.
The solution pH was adjusted by adding negligible vol-
umes of HNO; or NaOH solution. The tubes were shaken
at 300 rpm and then the uranium loaded sorbents (AMCM-
X-U) were collected. Uranium concentrations in the
supernatants were determined by UV-Vis spectropho-
tometer. The uranium sorption capacity (g, mg g~ ') was
calculated according to the Eq. (1):

ge = (Co— Ce)V/m (1)

where Cj is the initial uranium concentration in solution
(mg L_l), C, is the equilibrium uranium concentration in
solution (mg Lfl), V is the volume of uranium solution
(mL) and m is the weight of adsorbent (mg), respectively.

Desorption experiments

Desorption of uranium from uranium-loaded amidoximated
silica were conducted at room temperature by 5 mL HCI,
Na,CO3; and NaOH solution. The uranium concentrations
in desorbing solutions were determined after shaking for
2 h. The desorption ratio (%) was calculated by Eq. (2):

A t of U(VI) desorbed
Desorption (%) — mount of U(VI) desorbe

= 100
Amount of U(VI) adsorbed x %

(2)

Uranium adsorption from saline lake brine samples

Uranium adsorption from saline lake brine samples with
AMCM-0.4 were conducted at room temperature. 5 mg of
AMCM-0.4 was contacted with 50 mL of saline lake brine
samples in flasks. After stirring with a magneton for
7 days, brine samples were purified by centrifugation.
Uranium concentrations in brine samples before and after
adsorption were measured by pulsed-ultraviolet induced
fluorescence method [20]. The uranium sorption capacity
(gse, Mg gfl) from saline lake brine was calculated
according to Eq. (3):

gse = (Csi - Csf)vs/m (3)

where Cg; and Cg are the initial and final uranium con-
centrations in brine samples (mg L_l), V is the volume of
saline lake brine (mL).

Selectivity coefficients were calculated by Eqgs. (4) and

&)
SUO%* M+ — DU0§+ / Dy (4)
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D = A, /A, (5)

where A, is the amount of inorganic ion in aqueous solu-
tion at equilibrium, A, is the amount of inorganic ion on
adsorbent at equilibrium. [21] Concentrations of Li, Na, K
and Mg in saline lake brine were detected by ICP-AES.

Results and discussion
Characterization

Figure 1 showed the FTIR spectra of CMCM-0, CMCM-
0.4, AMCM-0.4 and AMCM-0.6. The large broad band at
3427 cm ™" and the band at 1630 cm ™' were attributed to the
stretching vibration of Si—OH group and the adsorbed water
[7, 22]. The bands at 1085, 800 and 470 cm ™! were related
to the stretching vibration, typical symmetric and bending
vibrations Si—O-Si in the silica, respectively. The stretching
band of the free silanol groups at 960 cm™' was also
observed [23]. Furthermore, the undesirable faint peaks at
2927 and 2856 cm™', which were attributed to the charac-
teristic asymmetric and symmetric vibration of CH, bands,
demonstrated the trace residue of CTAB on CMCM-0 [24].
In comparison with the spectrum of CMCM-0, the charac-
teristic stretching vibration absorption band of cyano groups
at 2253 cm ™' was observed in the spectrum of CMCM-0.4.
After amidoximation, the band of cyano groups extremely
weakened. The vibration absorption of C=N (expected at
1660 cm™") and N—OH (expected at 944 cm™') in the
amidoxime group on AMCM-0.4 couldn’t be confirmed
directly by FTIR spectrum due to overlap of the strong O-H
band and the free silanol groups, respectively. In fact, the

broad peak at 1651 cm™" in the spectrum of AMCM-0.4
was the combination of the peaks of O—H and C=N groups.
These confirm that cyano groups were converted to ami-
doxime groups by treatment with hydroxylamine [19]. The
absorption band at 2253 cm ™' in the spectrum of AMCM-
0.6 illustrate that only a portion of the cyano groups on
CMCM-0.6 were converted to amidoxime groups in spite of
sufficient of hydroxylamine and adequate reaction time.
CTES could not disperse sufficiently in TEOS during
preparation of CMCM-0.6 and the cyano groups on CMCM-
0.6 were clustered resulted in the partial amidoximation of
the cyano groups. The above information confirmed the
successful synthesis of amidoximated silica.

XPS analysis was used to investigate the surface
chemical composition and bonding properties of CMCM/
AO-X. Figure 2 showed the survey spectra of AMCM-X.
For AMCM-0, the main elements were Si and O, and the C
Is peak was attributed to the trace residue of CTAB. N was
detected in the spectra of CMCM-0.4 and AMCM-0.4. The
peak at about 399.6 eV in N Is core-level spectrum as
shown in Fig. 3 indicated the existence of -CN [25]. Fur-
thermore, the two peak components at 102.7 and 103.5 eV
in the Si 2p core-level spectrum of CMCM-0.4 were
attributed to the (—0);SiCH, and SiO, species, respectively
[26, 27]. Existence of —-CN and (-0);SiCH, indicated that
CTES was incorporated into CMCM-0.4 successfully.
After amidoximation, obvious position change of N Is
core-level spectrum was observed. The two fitted peaks at
binding energies of 399.4 and 400.4 eV were attributed to
the nitrogen atoms in -NH, and C=N-OH species,
respectively [28, 29]. N 1s core-level spectra demonstrated
the successful amidoximation of cyano.

Fig. 1 FTIR spectra of
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Fig. 2 The XPS survey spectra of CMCM-0, CMCM-0.4 and
AMCM-0.4
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Fig. 3 N 1s core-level spectra of CMCM-0.4 and AMCM-0.4 and Si
2p core-level spectra of CMCM-0 and CMCM-0.4

Effect of amidoxime group content on uranium
sorption

Figure 4 showed that the uranium sorption capacity on
AMCM-X increased as X increase from 0 to 0.6. Obviously,
amidoxime group on the AMCM-X was beneficial to
adsorption of uranium. However, insufficient amidoxima-
tion of CMCM-0.6 resulted in uranium adsorption capacities
on AMCM-0.4 and AMCM-0.6 were comparable. Accord-
ingly, AMCM-0.4 was selected for the further experiments.

Effect of initial pH on uranium sorption

In order to avoid the precipitation of uranium, initial
solution pH value was limited within 4.5 [30]. As shown in
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Fig. 4 Effect of amidoxime group content on uranium adsorption by
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time of 2 h, solution pH of 4.5 and temperature of 25 °C

70

60
50 -
40

= AMCM-0.4
30

gg(mg/g)

20 1

10 +

pH

Fig. 5 Effect of initial pH on uranium adsorption by AMCM-X.
Initial uranium concentration of 100 mg/L, equilibrium time of 2 h
and temperature of 25 °C

Fig. 5, in the pH range of 1-4.5, the uranium(VI) sorption
onto amidoximed silica increased with increasing pH.
Maximum uranium sorption capacity was obtained at pH
4.5. Such a pH-dependent sorption was attributed to the
surface charge of adsorbent and the uranium speciation.
When pH < 3, uranium in solution was in the form of
UO%+ and the amidoxime groups were protonated. The
electrostatic repulsion between AMCM-X and UO%+
resulted in that scarce uranium was absorbed by AMCM-X
when pH < 3. As the pH increased, protonated amidoxime
gradually become electrically neutral and UO3" ion grad-
ually hydrolyze to UO,(OH)". Therefore, the uranium
adsorption capacity onto AMCM-X increased with increase
of pH. Uranium was also absorbed at pH 4.5 by AMCM-O0,
the silica adsorbent with no amidoxime, indicated that
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uranium removal by AMCM-X was the co-effect of both
silica and amidoxime group.

Effect of time on uranium sorption and sorption
kinetics

Effect of time on uranium sorption by AMCM-0.4 was
depicted in the form of ¢, versus contact time, and the
sorption kinetic was discussed with non-linear pseudo-
second-order kinetic model expressed as Eq. (6) [31]:

a = qzkat/ (1 + kaget) (6)

where ¢, (mg g~') is the amount of uranium adsorbed at
contact time t (min), g, is the equilibrium uranium sorption
capacity (mg g "), and k, is the pseudo -second-order rate
constant (g mg~' min~") [20].

As shown in Fig. 6, the uranium adsorption capacity on
AMCM-04 increased quickly in the initial 30 min. The
fast sorption kinetic could be attributed to the combination
of uranium and plentiful amidoxime groups. As contact
time increased, available amidoxime groups were subsided
on the absorbent. Exhaustion of available amidoxime
groups leaded to the slow kinetic at the later adsorption
process. The simulation result was also shown in Fig. 6.
The kinetic parameter and correlation coefficient (R2) were
summarized in Table 1. Calculated g, was very close to the
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Fig. 6 Effect of time on uranium sorption and sorption kinetics for
AMCM-0.4. Initial uranium concentration of 100 mg/L, solution pH
of 4.5 and temperature of 25 °C

experimental g. and the correlation coefficient was found
to be 0.97 suggested that pseudo second-order kinetic
model represented the adsorption kinetics aptly. Therefore
chemisorption was dominated in the uranium sorption by
AMCM-0.4 [32].

Effect of uranium concentration and sorption
equilibrium

The adsorption isotherm was obtained with different ura-
nium concentrations (50-200 mg L") as shown in Fig. 7.
Uranium adsorption capacity on AMCM-0.4 increased
with increase of initial uranium concentration. The inter-
action between uranium and AMCM-0.4 was simulated
using Non-linear Langmuir and Non-linear Freundlich
isotherms described below [33].

Langmuir isotherm:

de = 4m KLCe/(l + KLCe) (7)
Freundlich isotherm:
g. = KEC}/" (8)

where ¢, (mg g~') represents the maximum adsorption
capacity, Ky is the Langmuir constant, K is the Freundlich
constant and n represents the degree of sorption,

respectively.
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Fig. 7 Effect of initial uranium concentration and uranium sorption
equilibrium for AMCM-0.4. Equilibrium time of 2 h, solution pH of
4.5 and temperature of 25 °C

Table 1 Parameters of pseudo-
second order kinetic for uranium

R? K> (g mg71 minfl)

Q. (mg g™ Experimental g, (mg g')

sorption by AMCM-0.4 0.97 0.01

639 £ 0.5 622 £ 0.7
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Table 2 Parameters of
isotherm model for uranium

sorption by AMCM-0.4

Model Parameter
Langmuir isotherm K, (L mg’l) qm (Mg g") R?
0.056 + 0.005 105 £ 3 0.986
Freundlich isotherm K (mg'~Vo LV g1y n R?
21 £ 2 3.1 +£02 0.975

Non-linear fitting curves were illustrated in Fig. 7. The
model parameters were calculated and listed in Table 2.
The correlation coefficients (R*) suggested that experi-
mental data were better simulated by the Langmuir model
and the uranium formed a monolayer on the adsorbent
surface.

The essential characteristics of the Langmuir isotherm
could be expressed in terms of dimensionless separation
parameters Ry, expressed as Eq. (9):

Ri=1/(1+K.Cy) 9)

As shown in Table 3, the Ry values for all the tested ura-
nium concentrations were in 0-1 suggesting that AMCM-
0.4 was a favorable sorbent for uranium [34].

Desorption studies

Desorption is essential for uranium extracting from aque-
ous solution. Desorption results were shown in Table 4.
Among these tested desorption reagents, HNO; was the
best desorption reagent. Additionally, desorption percent-
ages for 0.1 and 0.5 M were comparable. From the eco-
nomical point of view 0.1 M HNO; was the optimum
desorption reagent.

Possible sorption mechanism
It is quite difficult to obtain the bonding information only

from batch experiments and an assumed model. XPS
analyses for AMCM-0.4 before and after uranium sorption

Table 3 R, values for uranium sorption obtained from Langmuir
equation

Co mgL™") 52 77 107 131 150 183 205
Ry 0.255 0.189 0.143 0.120 0.107 0.089 0.080

Table 4 Desorption of uranium with different desorbing agents

Agent Concentration (M) Desorption (%)
HNO; 0.5 91
HNO; 0.1 92
N3.2CO3 0.1 70
NaOH 0.1 47

@ Springer

(AMCM-0.4-U) were conducted to explore the mechanism
of uranium adsorption on AMCM-X. XPS survey spectra
were shown in Fig. 8. Two new peaks corresponded to the
Usr712(382 eV) and Uyps2(392 €V) components in the
spectrum of AMCM-0.4-U confirmed that uranium was
adsorbed on the surface of AMCM-0.4 [35].

The N 1s and C 1s core-level spectrum of AMCM-0.4
before and after uranium adsorption were shown in Fig. 9.
For the uranium loaded adsorbent, the peak of -C=NOH at
399.4 eV shifted to 399.7 eV and the peak of -CH,—NH, at
400.4 eV shifted to 400.9 eV, indicating that the electron
density for the nitrogen atoms decreased. Therefore, it can
be deduced that uranium not only interacted with -C=N—
OH but also -C-NH, of the amidoxime group. N atoms
were electron donors and uranyl ions were electron
acceptors. As shown in C 1s core-level spectrum, the peak
of -CH,—CH,— at 284.8 eV unchanged while the peak of
>HN-CH,=NOH at 286.6 shifted to 287.7 eV after sorp-
tion. The peak shift of carbon atom in the amidoxime group
may be caused by the electron density change of the
adjacent nitrogen atoms. The sorption mechanism of ura-
nium on AMCM-X was suggested in Scheme 1.

Uranium adsorption from saline lake brine

The pH of the collected brine samples were 6—7 and the
concentration of uranium in the samples were more than 100

O1s

——AMCM-0.4
—— AMCM--0.4-U

C1s

Intensity(a.u.)

N1s U 4f

N3

Si2s Si2p
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Fig. 8 The XPS survey spectra of AMCM-0.4 and AMCM-0.4-U
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-CH,-CH._ Table 5 Uranium concentration and pH of saline lake brine
-CH_-NH -C=N-
2 CoN-OH Sample Uranium concentration (ug L™") pH
AMCM-0.4 AMCM-0.4
,HN-C=N- YT-1 177 £ 3 7.0
YT-2 520 + 20 6.1
3 YT-3 450 £ 10 6.0
©
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Scheme 1 Probable sorption mechanism of uranium on AMCM-0.4

times of that in seawater as shown in Table 5. In fact, the
concentration of Li*, K™, Na™, Mg*" were 10°-10° times
more than the concentration of uranium in the saline lake
brine, which was similar to that of seawater [3]. One of the
most important aspects in uranium recovery from saline lake
brine and seawater was the development of an adsorbent
with high uranium sorption rate and selectivity.

Figure 10 shows the uranium adsorption capacity from
the saline lake brine by AMCM-0.4. The amount of ura-
nium adsorbed at 1 and 7 days were comparable demon-
strated the adsorption reached equilibrium within 1 day.
Such fast adsorption kinetics was essential to uranium
extraction from saline lake. Great amount of positive ions
in saline lake brine compete with uranium for adsorption
sites may be the dominant factor for low sorption capacity.
The most appropriate adsorbents for uranium extraction
from sea water at present were high surface area polymer-
based adsorbent, its maximum uranium extraction capacity

Fig. 10 Uranium sorption from saline lake brine samples by AMCM-
0.4

from seawater was 3.36-3.94 mg g~'. This value was
comparable with the uranium sorption capacity on AMCM-
0.4 from YT-2 [36].

YT-3, the waste water of potassium extraction from salt
lake, was the most economical brine for uranium extraction
from salt lake. The selectivity coefficients of amidoximated
silica for U022+ in YT-3 were detected. As shown in
Table 6, acceptable selectivity coefficients were obtained
for uranium with Li, Na, K and Mg even though the initial
concentrations of the coexisting ions were extremely high.
The results of uranium adsorption from saline lake brine
demonstrated that AMCM-0.4 could be a promising
adsorbent for uranium extraction from saline lake brine.

Conclusion

Amidoximated silica adsorbents with different amidoxime
groups densities were successful prepared and confirmed
by FTIR and XPS analysis. Experiments of uranium
sorption on AMCM-X were performed. The optimum X
value was found to be 0.4. The effect of solution pH on
uranium sorption was discussed in detail. Sorption kinetic
and isotherms were investigated. The results indicated that
chemisorption was dominated in the uranium sorption and
the uranium formed a monolayer on the adsorbent surface.
XPS spectra of sorbent and uranium loaded sorbent

@ Springer
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Table 6 Selectivity coefficient

of amidoximated silica for Element Initial met'al ions Selegtivity coefficient
UO% *in YT-3 concentration (mg/L) (U02+ / M)

Li 109 68.00776

Na 2081 114.4552

K 840 89.7266

Mg 117,778 62.87047

indicated that the sorption was attributed to the interaction
between N in amidoxime groups and uranium. Both N
atoms of -C=N-OH and —-C-NH, interacted with uranium
as electron donors during the sorption. AMCM-X could
efficiently absorb the naturally occurring uranium in the
saline lake brine. The fast adsorption kinetic and accept-
able uranium sorption capacity demonstrated that AMCM-
X could be a promising adsorbent for uranium extraction
from saline lake brine.
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