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Abstract: Crown ethers are famous for the highly selectively grab Sr(II) from concentrated nitric
acid solution due to the size match, but they suffer from the high leakage into the liquid phase
caused by the presence of a large number of hydrophilic groups. To reduce their leakage, two novel
porous silica-based adsorbents, (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Do-
dec)/SiAaC-g-3-ABSA, were prepared by vacuum impregnation with organic contents of about 55.9
wt.% and 56.1 wt.%, respectively. The two adsorbents have good reusability and structural stability,
and the total organic carbon leakage rates in 2 M HNOs solution are lower than 0.56 wt.% and 0.29
wt.%, respectively. Batch adsorption experiments revealed that the two adsorbents possessed good
adsorption selectivity towards Sr, with SFsym over 40, except that of SFsiysa in 2 M HNOs solution.
The adsorption equilibrium of Sr in 2 M HNO:s solution was reached within 1 h, with saturated
adsorption capacities of 36.9 mg/g and 37.5 mg/g, respectively. Furthermore, the XPS results indi-
cate that the adsorption mechanism is the coordination of the crown ether ring with Sr. This work
not only develops two novel adsorbents for the separation of Sr in nitric acid environments; it also
provides a method for effectively reducing the water solubility of crown ethers.

Keywords: strontium; adsorption; crown ethers; high-level liquid waste

1. Introduction

Nuclear energy plays an increasingly important role in the restructuring of energy
sources because of its cleanliness and high efficiency [1]. The development of nuclear en-
ergy will inevitably produce large quantities of nuclear spent fuel. The PUREX process
(plutonium uranium recovery by extraction) effectively separates U and Pu from nuclear
spent fuel, while other fission products, including minor actinides (Np, Am, and Cm),
long-lived fission products (*Tc, %I, etc.), and high heat-generating elements (**Sr and
137Cs), are retained in the high-level liquid waste (HLLW) [2,3]. The minor actinides and
long-lived fission products can be converted into short-lived or stabilized nuclides
through partitioning and transmutation strategies, which can effectively shorten the po-
tential threat time of HLLW [4]. However, the radiological and biochemical toxicity of
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other nuclides, such as %Sr, still exists in the HLLW, which will have a significant negative
impact on the vitrification of HLLW. Therefore, it is necessary to remove *Sr from HLLW
prior to the vitrification process.

HLLWs are characterized by high radioactivity, multiple components, and high acid-
ity, which makes the efficient separation of *Sr (T12=28.8 a) from it extremely challenging
[5-7]. Crown ethers and their derivatives carry cavities that can coordinate with Sr in high-
concentration nitric acid environments and have the potential to separate Sr from HLLW
[8-10]. However, the extraction of Sr by crown ethers and their derivatives usually re-
quires the consumption of large quantities of organic diluents, which will inevitably gen-
erate a large amount of organic waste. In contrast, organic-inorganic hybrid adsorbent
materials prepared by impregnating organic ligands into stabilized carriers combine the
excellent properties of organic ligands with the stability of carriers and produce almost no
organic waste [11-13]. Chen et al. [14] prepared a novel silica-based adsorbent by impreg-
nating 4',4"(5")-di-tert-butyldicyclohexano-18-crown-6 (DtBuCH18C6) into the interior of
the porous carrier (SiO2-P), which had an adsorption capacity of 0.43 mmol/g of Srin 2 M
HNO:s solution. However, the presence of a large number of oxygen atoms in the structure
of the crown ether leads to its high hydrophilicity, which makes it prone to leakage when
adsorbing Sr (II) [14].

To address the above issues, researchers have modified crown ethers to reduce their
leakage in the aqueous phase. Several organic ligands, such as 1-dodecanol, tri-n-butyl
phosphate, and dodecyl benzenesulfonic acid, are prone to form hydrogen bonds with
crown ethers, and impregnating them into porous carriers can effectively reduce the leak-
age of crown ethers and thus improve the adsorption efficiency of Sr [15-17]. The modifi-
cation of crown ethers’ adsorbents using silica-based hybrid carriers could be applied to
separate Sr in nitric acid environments.

But as with the existence of hydrophilic sulfonic acid group, the total organic carbon
(TOC) in the liquid phase was still high due to the leakage of organic content from the
adsorbent during the adsorption process, which needs to be further improved [17]. In this
work, we investigated the static and dynamic adsorption properties of two novel stable
silica-based adsorbents, (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Do-
dec)/SiAaC-g-3-ABSA, by batch and column experiments on the two adsorbents on Sr.
This material is different from the material in previous studies that was only impregnated
with DtBuCH18C6 and dodecanol to the carrier SiO>-P [14]. In this work, aminobenzene
sulfonic acid (ABSA) and 3-aminobenzene sulfonic acid (3-ABSA) were grafted onto the
previously synthesized SiAaC and then impregnated with DtBuCH18C6 and dodecanol
to further improve the stability and adsorption properties of the materials [18]. The exper-
imental data were fitted and analyzed to obtain the main adsorption parameters. The re-
usability and structural stability of the two adsorbents were studied. Finally, the XPS tech-
nique was used to study the change in binding energy of functional groups before and
after adsorption to reveal the adsorption mechanism.

2. Experimental
2.1. Chemicals

4',4"(5")-di-tert-butyldicyclohexano-18-crown-6 (DtBuCH18C6, 90%) was purchased
from Sigma-Aldrich (Shanghai, China). Dimethyl sulfoxide (DMSO, AR), 3-(diethoxy-
phosphoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEPBT, 98%), 1-dodecanol (Dodec, 98%),
aminobenzene sulfonic acid (ABSA, AR), and 3-aminobenzene sulfonic acid (3-ABSA,
98%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., (Aladdin
Industrial, Inc., Shanghai, China). Other chemicals, including Sr(NOs)2-6H:0, used in this
work were analytical grade and purchased from Shanghai Macklin Biochemical Technol-
ogy Co., Ltd., (Aladdin Industrial, Inc., Shanghai, China).
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2.2. Synthesis

The porous silica-based carrier SiAaC containing -COOH group was functionalized
and modified to prepare two novel adsorbents, named (DtBuCH18C6 + Dodec)/SiAaC-g-
ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA, respectively. The preparation pro-
cess of SiAaC was provided in our previous work [18]. Figure 1 shows the synthesis pro-
cesses of the two adsorbents. More details follow below.

SiAaC was amino-modified according to the following procedure. Firstly, 5 g of Si-
AaC and 50 mL of DMSO were placed in a beaker and mixed at room temperature, after
which 5 g of ASAB or 3-ABSA was added. Then, 3 g catalyst of DEPBT was added to
improve the grafting efficiency. The above mixed solution was stirred at 200 rpm for 12 h
at room temperature. The collected products were named SiAaC-g-ABSA and SiAaC-g-3-
ABSA, respectively.

(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-
ABSA were prepared by the vacuum impregnation method, as detailed below. In total, 5
g of SiAaC-g-ABSA or SiAaC-g-3-ABSA was weighted and placed into a glass flask. Then,
0.9 g DtBuCHisCs and 0.3 g Dodec were dissolved into 200 mL of CH:Clz, and the mixture
solution was added to the flask. The glass flask was fixed to a rotary evaporator (EYELA,
N-300 V-WB, Tokyo, Japan) and rotated at 200 rpm. Decompression was carried out at a
rate of 20 pha/10 min until the CH2Cl> was completely evaporated. The collected products
are named (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-
g-3-ABSA, respectively.

SiAaC SiAaC-g-3-ABSA
m :

DtBuCH

-

NN
HyC OH

Dodec

3-ABSA

DEPBT, stirring for 12h

SiAaC-g-ABSA

18C6
CH,CI,

Vacuum impregnation

(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA/
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA )

Mixture solution

Figure 1. Schematic diagram of the preparation processes of the adsorbents.

2.3. Characterization

The SEM technique (HITACHI SU8200, Tokyo, Japan) was used to obtain the surface
morphology of the adsorbents. TG-DSC analyses were conducted under an oxygen envi-
ronment, using a NETZSCH STA 449F3 analyzer at a heating rate of 10 °C/min to analyze
the thermal stability and component of the adsorbents (Selb, Germany). The changes in
functional groups and chemical state were studied by FTIR (SHIMADZU, IRTracer-100,
Tokyo, Japan) and XPS (Scalab250XI, C1s: 284.6 eV, Paris, France) analysis. The content of
total organic carbon in solution was measured by a TOC analyzer (SHIMADZU, VCPH).
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2.4. Batch Experiments

The adsorption performances of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr were evaluated by batch adsorption ex-
periments. In total, 0.1 g of the adsorbent and 5 mL HNO:s solution containing Sr (NOs)2
were mixed in a glass vial, respectively. The vial was secured to a water-bath shaker os-
cillating at a rate of 160 rpm. The concentrations of Sr and other metal ions in the solution
before and after adsorption were determined by atomic absorption spectrometry (AAS,
SHIMADZU AA-7000, Japan) and inductively coupled plasma optical emission spectros-
copy (ICP-OES, Thermo ICAP 7000, Waltham, MA, USA), respectively. The adsorption
capacity Q (mg/g), adsorption efficiency E (%), distribution coefficient Ka (mL/g) and sep-
aration factor (SF) are calculated by Equations (1) (4) [19-21]:

c,—C
Q=(O-,n—)xv (1)
(CD_C)
E=—2""2x100% @)
GCo
C,—C %4
Kd=(OC )XE (3)
Kaa
SFyp = —— 4
o = @

where Co and C (mg/L) are the initial and equilibrium concentrations of the metal ions in
the solutions, respectively; and V (mL) and m (g) are the aqueous phase volume and ad-
sorbent mass, respectively.

2.5. Column Experiments

The dynamic adsorption behavior of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr was investigated using column experi-
ments, respectively. A total of 1.9981 g of the adsorbent was weighed and packed into a
glass column (¢ x h =10 mm x 100 mm). A peristaltic pump (EYELA MP 2000, Japan) was
used to pump the feed solution (Co = 461 mg Sr/L) into the packed column at a rate of 0.5
mL/min, and the effluent was collected using a fraction collector (EYELA DC1500C, Ja-
pan). The concentration of Sr in the solution was determined by atomic absorption spec-
trometry (AAS, SHIMADZU AA-7000, Japan). The experimental data were fitted by the
Thomas model (Equation (5)) [22,23].

c 1
c,

K ©)
1+ exp(%h (qom - COV))

where Co and C are the Sr concentrations (mg/L) in the feed solution and effluent, respec-
tively; Kt (mL-g"'min™) and v (mL/min) are the Thomas constant and flow rate, respec-
tively; go (mg/g) is the column adsorption capacity; and m (g) and V (mL) are the amount
of adsorbent and the effluent volume.

3. Results and Discussion
3.1. Characterization of the Materials

The SEM technique was used to study the surface morphology of (DtBuCH18C6 +
Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA, and the results are
shown in Figure 2a,b. The two adsorbents have regular spherical morphology with a par-
ticle size of 40-100 pm. Figure 2¢,d show the TG-DSC results of the two adsorbents. As
the temperature increases from 25 °C to 800 °C, from the TG curves, the two adsorbents
undergo mass loss until about 450 °C and then remain stable. The organic contents of
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(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA
are 55.9 wt.% and 56.1 wt.%, respectively. According to the DSC curves, several character-
istic peaks resulting from mass decomposition are clearly observed. The characteristic
peak near 100 °C originates from the evaporation of water in the adsorbents. The broad
characteristic peaks between 100 °C and 496 °C derive from the thermal decomposition of
organic matter in the adsorbents.

80 80
2 F2
g g
2 60 1 2 60
< g < B
7 % g 08
2 40 4 2 =240 2
[a} A
-2 -2
20 204
Mass Mass
——DSsC ——DSsC
0 T T T T T T T —4 0 T T T T T T T —4
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temp. (°C) Temp. (°C)

Figure 2. (a,b) SEM and (c¢,d) TG-DSC results of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA.

The FTIR technique was employed to investigate the changes in functional groups
during the preparation of the adsorbents, and the results are shown in Figure 3. The peaks
at 469 cm, 803 cm™, and 1096 cm™ originate from the stretching vibration of the Si-O-Si
[24]. After sulfonation modification of SiAaC using 3-ABSA and ABSA, the characteristic
peak of 5-O is observed at around 568 cm™ [17]. Due to the partial overlap of the peak
positions of 5=O and Si-O, the S=O peak in the FTIR spectra of SiAaC-g-3-ABSA and Si-
AaC-g-ABSA cannot be observed as an independent peak. After the modification of Si-
AaC-g-3-ABSA and SiAaC-g-ABSA using DtBuCH18C6 and Dodec, the C-O-C character-
istic peaks (around 1260 cm™) are significantly enhanced. The peak at 2929-2961 cm™! de-
rives from the C-H vibration [25]. The peak around 3461 cm™ is from the adsorbed water
[26].
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Figure 3. FTIR results of SiAaC, SiAaC-g-3-ABSA, SiAaC-g-ABSA, (DtBuCH18C6 + Dodec)/SiAaC-
g-3-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA.

3.2. Batch Adsorption Experiments
3.2.1. Adsorption Selectivity

Figure 4 shows the adsorption selectivity of Sr by (DtBuCH18C6 + Dodec)/SiAaC-g-
ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA in simulated high-level liquid waste.
At a nitric acid concentration of 0.5 M, the sulfonic acid group promotes the coordination
of the crown ether ring with Sr, resulting in the two adsorbents exhibiting good adsorp-
tion of Sr [17]. As the nitric acid concentration increases to 1 M, the coordination promo-
tion of the sulfonic acid groups to the crown ether ring is inhibited, leading to a weakening
of the adsorption of Sr by the two adsorbents. As the nitric acid concentration increases to
2 M, the coordination of the crown ether ring to Sr is enhanced, leading to a rise in Sr
adsorption. With the further increase in nitric acid concentration, there is competition ad-
sorption of nitric acid with Sr, resulting in the weakening of the adsorption of Sr by the
two adsorbents (Equations (6)—(8)). In addition, the two adsorbents show weak adsorption
on Ba and Pd in the simulated high-level liquid waste in Figure 4, and almost no adsorp-
tion for other metal ions, with SFsym over 40, except that of SFsrsa in the simulated high-
level liquid waste of 2 M HNO:s. It indicates good adsorption selectivity of the two adsor-
bents on Sr.

Sr2* + 2RSO3 + DtBuCH18C6 « Sr(RSO;), - DtBuCH18C6 (6)
Sr2* + 2NO3 + DtBuCH18C6 & Sr(NOs), - DtBuCH18C6 )

HNO; + DtBuCH18C6 <> HNO; - DtBuCH18C6 (8)



Metals 2024, 14, 627

7 of 15

(2)

Q Q o 1o e Q Q
354 - 351
301 30 1
254 251
@ Cy
2 - i
£ 20 E 20
Q154 Q15
Q@ Exp, data Q@ Exp, data
10 4 Pseudo-second-order model 104 Pseudo-second-order model
51 54
0 04
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

N, 4
%

5 Gd™

Figure 4. Adsorption selectivity of (a) (DtBuCHI18C6 + Dodec)/SiAaC-g-ABSA and (b)
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr in different HNOs concentrations ([M] =1 mM, m/V
=0.1g/5mL, t=6h, T=298 K).

3.2.2. Kinetics

The adsorption kinetics of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNO:s solution were studied. Ac-
cording to Figure 5, with the increase in adsorption time, the adsorption of Sr by the ad-
sorbent first increased rapidly and then remained stable. The adsorption equilibriums of
Sr by the two adsorbents obtained within 1 h with the adsorption capacities were about
36.9 mg/g and 37.5 mg/g.

Moreover, a pseudo-second-order kinetics model (Equation (9)) was adopted to ana-
lyze the experimental data [27]. The results are shown in Figure 5 and Table 1. The corre-
lation coefficients (R?) were higher than 0.99, indicating the good applicability of the
pseudo-second-order model to the adsorption processes. Therefore, it can be hypothe-
sized that the adsorption of Sr by the two adsorbents is chemisorption [28,29].

k,Qt
F 14k, Q

)

where Q. and Q: (mg/g) are equilibrium and adsorption capacities at time, ¢ (min), respec-
tively; k2 (min™) is the adsorption rate constants of pseudo-second order.

(b) 4o

¢ (min)

t (min)

Figure 5. Adsorption kinetics of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b) (DtBuCH18C6
+ Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNO:s concentration (Co =5 mM, m/V =0.1 g/5 mL, T =298
K).
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Table 1. Kinetics parameters of Sr by the two adsorbents.

Pseudo-Second-Order Model

T (K Adsorbent
<) sorbents Kz (g-h/mg) Q. (mg/g) R?
(DtBuCH18C6 + Dodec)/
- SiAaC-g-ABSA 0.13 36.6 0.99
(DtBuCH18C6 + Dodec)/ 0.14 374 0.99

SiAaC-g-3-ABSA

3.2.3. Isotherms

The adsorption isotherms of Sr by (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA in 2 M HNO:s solution were studied by varying
the initial Sr concentration of the solution, with the results shown in Figure 6. The adsorp-
tion of Sr by the two adsorbents increased significantly with the increase in the equilib-
rium ion concentration, and the maximum adsorption capacity was about 39.1 mg/g and
39.2 mg/g, respectively.

Moreover, Langmuir and Freundlich isotherm models were applied to analyze the
experimental data [30-32]. The results are shown in Figure 6 and Table 2. According to the
fitting results, the Langmuir model has a higher correlation coefficient (R? = 0.99) com-
pared to the Freundlich model, indicating that the Langmuir model has better applicabil-
ity to the adsorption process. Therefore, it can be concluded that the adsorption of Sr by
the two adsorbents is monomolecular layer chemisorption [24,33,34].

(b) 4

’,-_—_‘_':-0 ezzecT Q@
364 PP Lot 364 ‘_:_—_""
s . Mo
2 @l
- . i [* Yot
274 9,’/ ) 27 ,"'/
i e P
. g g
N2 K
184 ., Qg o
] )
Il ,ll
ll 'l
9 4 Q@ Exp, data 9 °' Q@ Exp, data
- = = - Langmuir model = = = = Langmuir model
- = = = Freundlich model - = = = Freundlich model
0 T T T 0 T T T T
0 4 6 8 10 0 2 4 6 8 10
C, (mM) C, (mM)

Figure 6. Adsorption isotherms of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b)
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNO:s concentration (m/V =0.1 g/5mL, T =
298 K).

_ qm XK, X C,
Qe = 1+ K, xC, (10)

1
Q. = Kp X C,n (11)

where gm (mg/g) is the calculated saturation adsorption capacity; Ce (mM) is the equilib-
rium ions concentration; Ku (L/mg) and Kr (mg!™Lv/g) are the Langmuir and Freundlich
model constants, respectively; and # is the adsorption intensity.
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(a)100

E (%)

Table 2. Isotherms parameters of Sr by the two adsorbents.

Adsorbents Langmuir Model Freundlich Model
KL (L/mg) gm(mg/g) R? n  Kr(mg'™Lv/g) R?
(DtBuCH18C6 + Do-
. 474 . . 16. 94
dec)/SiAaC-3-ABSA 0.50 0.99 0.50 6.6 0.9
(DIBUCHIBCE + Do- 0.51 48.2 099 04 17.1 0.93

dec)/SiAaC-g-3-ABSA

3.3. Reusability and Stability

To effectively assess the utility of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA, the reusability of the two adsorbents was stud-
ied. The desorption capacity, Qa (mg/g), and desorption efficiency, Ea (%), are calculated
by Equation (12) and Equation (13), respectively[28]:

Qa=Cax = (12)

Ea=Qd/Q x 100% (13)

where Cs (mg/L) means the concentration of Sr in the desorption solution.

According to Figure 7, pure water is able to effectively desorb the adsorbed Sr by the
two adsorbents with the desorption efficiencies of about 77% and 82%, respectively. The
adsorption efficiency of the adsorbent for Sr decreases a little as the number of adsorption-
desorption cycles increases. After five adsorption-desorption cycles, the adsorption effi-
ciencies of the adsorbent for Sr are still kept at about 57% and 75%, and the desorption
efficiencies are 78% and 85%, respectively. The above results indicate that the two adsor-
bents have good reusability.

(b)

[ ] Adsorption [ Desorption

100 4 [ ] Adsorption [ Desorption

80 1 — L ] =
| ] o 801 — | —
604 | —~ 60
s
S5
40 4 40 4
204 20 4
0 0
1 2 3 4 5 1 2 3 4 5
Adsorption cycles Adsorption cycles

Figure 7. Reusability of (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (b) (DtBuCH18C6 + Do-
dec)/SiAaC-g-3-ABSA on Sr in 2 M HNOs concentration (Co =5 mM, m/V =0.1 g/5 mL, t = 180 min,
T =298 K).

The structural stability of the two adsorbents was investigated by determining the
total organic carbon (TOC) content in the aqueous phase. The TOC leakage of the two
adsorbents in different concentrations of nitric acid solutions is shown in Figure 8. In 0.1-
5 M nitric acid solutions, the TOC leakages of the two adsorbents are less than 188 ppm
and 95 ppm, respectively. The calculated TOC leakage rates for (DtBuCH18C6 + Do-
dec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA are less than 0.56 wt.%
and 0.29 wt.%, respectively, indicating the good structural stability of the two adsorbents.
In this study, the leakage rate of organic compounds is significantly reduced compared to
that in previous work [17].
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Figure 8. TOC leakage of the two adsorbents in different concentrations of HNO:s solutions. (Contact
time: 24 h, m/V'=0.1 g/5 mL, and T =298 K).

1 2 3 4 5
HNO, (M)

Figure 9 explains to us that this reduction in leakage rate is attributed to the intermo-
lecular bonding between the -SO3H group introduced through grafting and DtBuCH18C6
through hydrogen bonding in our study. Modifiers that can form hydrogen bonds with
DtBuCH18C6 can effectively reduce the leakage of the latter in the solution, which has
been confirmed in previous studies [16]. Furthermore, (DtBuCH18C6 + Dodec)/SiAaC-g-
3-ABSA exhibits a lower leakage rate compared to (DtBuCH18C6 + Dodec)/SiAaC-g-
ABSA. This is attributed to the higher grafting efficiency of 3-ABSA in the former, which
enhances the protection of the modifier on DtBuCH18C6 and further improves the reusa-
bility of the material.

(b)

Figure 9. The intermolecular binding of DtBuCH18C6 to (a) (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA
and (b) (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA via hydrogen bonds, respectively.

3.4. Column Experiments

The dynamic adsorption behavior of Sr by two adsorbents was investigated, and the
breakthrough curves were fitted using the Thomas model [35]. According to Figure 9, the
Sr in the effluent is observed when the effluent volume exceeds 70 mL and 85 mL, respec-
tively. After that, the breakthrough curves climb rapidly, and the two adsorbents reach
saturation adsorption when the effluent volumes are higher than 139 mL and 154 mL,
respectively. Based on the fitting results of the Thomas model in Figure 10, the correlation
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(@),

coefficients, R? are close to 1, indicating that the model has good applicability to the dy-
namic adsorption process. The dynamic adsorption capacities of the two adsorbents for
Sr are about 30.2 mg/g and 35.5 mg/g, respectively, while the theoretical adsorption ca-
pacities fitted by the Thomas model are 41.6 mg/g and 42.4 mg/g, respectively. The dis-
crepancy between the theoretical Q and actual Q is likely caused by the fluctuation of the
flow rate during the adsorption process [36].

(b) 1
® Exp, data A ® Exp,data 0380933
Thomas model R =099 Thomas model RE=0.90
Kpy=0.11 0.8 Ky=0.10
0.6 1
_\;
&)
0.4 1
0.2 1
22 0.0 {o-aread 4%
T T T T T T T T
40 80 120 160 200 0 40 80 120 160 200
Effluent volume (mL) Effluent volume (mL)

Figure 10. Breakthrough curves of (a) (DtBuCH18C6 + Dodec)/SiAaC-3-ABSA and (b)
(DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA on Sr in 2 M HNO:s concentration (Co = 461 mg/L, m =
1.9981 g, ¢ x h =10 mm x 100 mm, flow speed = 0.5 mL/min, T =298 K).

3.5. Mechanism Study

XPS analysis was used to study the adsorption mechanism. Figure 11 shows the XPS
results of the (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-
g-3-ABSA before and after adsorption of Sr from 2 M HNOs solution. After the adsorption
of Sr by the two adsorbents, the characteristic peak of Sr 3d was detected in the full XPS
spectra (Figure 11a,d). According to the fitting results in Figure 11b,e, Sr 3d can be divided
into Sr 3d 3/2 and Sr 3d 5/2, with the binding energies of about 135.6 eV and 133. 8 eV,
respectively [37-39]. According to previous reports [40,41], crown ethers are susceptible
to coordination interactions, with Sr leading to more pronounced changes in C 1s binding
energy. Therefore, in the present work, the changes in C 1s binding energy before and
after the adsorption of Sr by the two adsorbents were investigated. According to the XPS
results in Figure 11¢f, C 1s can be divided into three forms, i.e., C-C, C-O-C, and C=0,
with the binding energies of 284.79 eV, 285.17 eV, and 286.22 eV for (DtBuCH18C6 + Do-
dec)/SiAaC-g-ABSA and 284.81 eV, 285.41 eV, and 286.41 eV for (DtBuCH18C6 + Do-
dec)/SiAaC-g-3-ABSA, respectively [18,27]. After the adsorption of Sr by the two adsor-
bents, the binding energy of C-O-C shifted to 284.88 eV and 285.41 eV, respectively. The
change in C-O-C binding energy after adsorption is presumed to be caused by the coordi-
nation between the crown ether ring and Sr [27].
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Figure 11. XPS results of (a—c) (DtBuCH1sCs + Dodec)/SiAaC-3-ABSA and (d—f) (DtBuCH1sCs + Do-
dec)/SiAaC-g-3-ABSA before and after adsorption of Sr.
3.6. Comparison of (DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/Si-
AaC-g-3-ABSA with Other Materials
In practical applications, utility and cost-effectiveness are paramount. A comparison
of various solid adsorbent materials is presented in Table 3. The prepared (DtBuCH18C6
+ Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA exhibit high K
values, complete desorption, excellent reusability, and high selectivity. In summary, both
(DtBuCH18C6 + Dodec)/SiAaC-g-ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA
are well-suited for the treatment of Sr.
Table 3. Comparison of (DtBuCH18C6 + Dodec)/SiAaC-3-ABSA and (DtBuCH18C6 + Dodec)/Si-
AaC-g-3-ABSA with other materials.
Adsorbents Other Species C(HNO:s) Ka (cm?¥/g) Reusability Ref.
(DtBuCH18C6 +
Sr, Ba, Na, Ca, La, Nd
2 . sz . _ 7 4 4 4 4 4 _ 42
[C2mim] [1;1 1)/Si02 Sm, Gd, Ru, Pd, Zr, Mo 3M 30 [42]
(DtBuCH18C6 + Ru, Pd, Ba, Mo, La, Y, Cs,
2M 200 - 43
Oct)/SiOx- P Na, K < [43]
(DtBuCH18C6 + Do-  Cs, Ru, Pd, La, Nd, Sm,
3M 182.0 - 11
dec)/SiO2-P Gd, Zr, Mo (1]
(DtBuCH18C6 + Dodec
+DBS)/ SiO2-P 3M 260.3 171
(DtBuCH18C6 + Do-
2M 389.68 4
dec)/SiAaC-g-ABSA  Gd, Eu, Sm, Nd, Pr, Ce, This study
- La,Ba, Pd, Ru, Mo, Y
(DtBuCH18C6 + Do a, Ba u, Mo oM 116,68 55

dec)/SiAaC-g-3-ABSA

4. Conclusions

In this work, two novel silica-based adsorbents (DtBuCH18C6 + Dodec)/SiAaC-g-
ABSA and (DtBuCH18C6 + Dodec)/SiAaC-g-3-ABSA were prepared successively by
chemical grafting and vacuum impregnation for the selective separation of Sr in nitric acid
environment. Different from the previous research work (DtBuCH18C6 + do-
decanol)/SiOz-P materials, SiAaC-g-ABSA and SiAaC-g-3-ABSA were used as carriers in
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this work, respectively. And the new supports can further improve the stability and ad-
sorption properties of the materials. The formation of hydrogen bonds between the -SO3H
groups introduced through grafting in our study and DtBuCH18C6 further reduces the
leakage of the latter in the solution. The two adsorbents exhibited good adsorption selec-
tivity for Sr in 0.5-5 M HNGQO:s solutions with the separation factor, SFsim, over 40, except
that of SFsi/sa. The adsorption of Sr matched well with pseudo-second-order and Langmuir
model with the saturated adsorption capacities of 36.9 mg/g and 37.5 mg/g obtained
within 1 h, respectively. The adsorbed Sr could be desorbed efficiently using pure water
with desorption efficiencies of 77% and 82%, respectively. They possess good reusability
with Sr adsorption efficiencies of about 57% and 75%, respectively, after five adsorption—
desorption cycles. The leakage rates for the two adsorbents in the liquid phase were less
than 0.56 wt.% and 0.29 wt.%, respectively, according to the TOC analysis, indicating the
good structural stability of the two adsorbents. In column experiments, the dynamic ad-
sorption capacities of the two adsorbents for Sr were about 30.2 mg/g and 35.5 mg/g, re-
spectively. Finally, the XPS results indicate that the adsorption mechanism is the coordi-
nation between the adsorbents and Sr.
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