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Abstract: Strontium (*°Sr) is a typical radionuclide, which can act as a contaminant and
poses a big problem for the eco-environment if left untreated. In this study, an original
nitrogen-doped calcite (N-CaCO3) was synthesized using a solvothermal and calcination
method and used to remove Sr(Il) from simulated water. XRD, SEM, and XPS analyses
proved that N was successfully doped into CaCOg3, resulting in porous CaCO3; with a
regular morphology. The specific surface area of N-CaCOj (136.53 m?/g) can reach 2.19-fold
greater than that of CaCOj3. The results based on the batch adsorption data indicated that the
pseudo-second-order kinetic model (R? = 0.9964) and the ion exchange model (R? = 0.9859)
fitted the adsorption data well. The as-synthesized N-CaCOs3 exhibited better adsorption
performance in regard to low concentrations of Sr(II) (below 64.5 mg/L) compared with
commercial CaCOs3. The structural analysis suggested that Ca and N played pivotal roles in
the adsorption process and that the adsorption mechanism was dominated by ion exchange
and surface complexation. This study successfully fabricated a nitrogen-doped calcite for
Sr(II) cleanup, presenting an efficient strategy to modulate the microstructure of CaCOg, or
other materials, to enhance its adsorption performance.

Keywords: nitrogen calcite; Sr(II); Ca-MOFs; adsorption; radioactive wastewater

1. Introduction

Nuclear energy has garnered significant attention and is regarded as one of the clean
energy sources, which holds great promise in regard to sustainable development. However,
the rapid expansion of nuclear power plants has caused severe environmental problems
and health risks. During the application process involving nuclear technology, a substantial
amount of radioactive isotopes is inevitably released into the environment. The removal
and recovery of radionuclides from aqueous waste is of paramount importance [1,2]. In
particular, the strontium isotope *°Sr is a fission product from nuclear fuel (>**U) [3], which
is difficult to capture from radioactive wastewater because of its high solubility, its high
level of environmental mobility, its high level of radioactive toxicity, and its long half-life
(28.78 years) [4]. Strontium has similar chemical properties to calcium and it can replace
calcium in animal bones [5]. The deposition of Sy in human bones can cause serious
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health problems, including bone cancer, rickets, and leukemia [6]. Therefore, removing 90gy
and reducing the risks posed has received widespread attention [7].

There are currently numerous methods for removing nuclides, such as chemical pre-
cipitation [8], electrochemical treatment [9], ion exchange [10], membrane treatment [11], bi-
ological treatment [12], and adsorption [13,14]. Among them, adsorption is always deemed
to be one of the most popular methods because of its advantages, namely its simple opera-
tion [15], the wide range of possible sources of adsorbents, its low cost, and its considerable
effectiveness. Many adsorbents have been reported for removing nuclides, which mainly
includes carbon-based materials [16,17], clay-based adsorbents [18,19], metal oxides [20,21],
and emerging coordination compounds, such as metal-organic frameworks [22-24].

Metal-organic frameworks (MOFs) are a novel class of crystalline materials, composed
of metal ions (or metal clusters) and organic ligands (or small organic molecules). MOFs
exhibit numerous distinct advantages in the field of adsorption. In regard to the structure
of MOFs, metal ions are generally considered as nodes and organic polyanions (such as
carboxylates, sulfonates, and phosphonates) as bridging linkers [25]. Among the linkers
involved, aromatic carboxylate anions are particularly noteworthy due to their rigid organic
skeleton and strong coordination capabilities in regard to many metals [26,27]. MOFs
have characteristics including diverse topological structures, good chemical stability and
thermal stability, easy functionalization, and a large specific surface area, etc. [28,29]. Highly
porous MOFs have enough pore spaces and a strong ability to capture a wide range of
metal ions, oxyanions, and organic pollutants [30-32]. For example, a Zn-based metal—-
organic framework was modified by CuCl, for the removal of Pb and Cd ions, and it
showed satisfactory adsorption capacity for lead and cadmium (434.7 and 181.81 mg/g,
respectively) [33]. Moreover, 1¥Cs was removed using SZ-6 (a two-dimensional layered
an-ion framework material) from an aqueous solution, which is currently one of the fastest
adsorbents for Cs* removal [34]. Recent research highlights that the unique properties
of MOFs have established them as an ideal foundation for investigating the adsorption
mechanisms of specific substances. However, MOF-based materials show some limitations
in regard to their application. Most MOFs are made of heavy metals, such as Fe, Cr, Mn,
Zn, and Cu [35-37], which may cause secondary pollution. Green MOFs have garnered
significant attention in the field of water treatment. Recently, calcium has emerged as
a promising candidate in regard to the heavy metal components in MOFs, owing to its
abundant availability on earth and its favorable biocompatibility, and Ca-MOFs have the
potential to effectively address secondary pollution during water treatment. However, due
to their compact microstructure, Ca-MOFs usually have a limited number of pores and
poor adsorption performance. MOF derivatives not only have higher thermal and chemical
stability than MOFs, but also have a unique pore structure that provides more active sites.
It is thus crucial to manage the adjustment of the structure of Ca-MOFs to improve their
adsorption capabilities [38]. Recently, Lauchnor et al. investigated CaCOj3 precipitation and
strontium co-precipitation in a two-dimensional reactor involving a porous medium using
the diuretic effect of Bacillus subtilis, and this method was found to precipitate 71—85% of
the calcium and 59% of the strontium present [39]. Li et al. synthesized a layered calcium
potassium phosphate material, which demonstrated fast uptake (94.1% Sr?* in 120 min
and 96.6% Co?* in 10 min) and remarkable adsorption capacity (384 mg/g for Sr** and
382 mg/g for Co?*) [40]. Commercial CaCO3 has a compact structure that inhibits the
release of Ca?* and ion exchange with Sr(Il) in water. Previous research has suggested
that incorporating non-metallic elements into CaCOj3; could modify its microstructure,
improving its mass transfer capability and enhancing its adsorption performance [40].
Taking inspiration from this research, we synthesized nitrogen-doped calcite (N-CaCO3)
from Ca-MOFs for enhanced Sr(I) cleanup.
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In this work, we synthesized Ca-MOFs with different ligands and acquired N-CaCOj3
as one of the derivatives after calcination, and investigated the removal efficiency in regard
to Sr(Il), and explored the effects of nitrogen doping on the dense microstructure of CaCOs.
The structures of the materials were analyzed using XRD, SEM, XPS, BET, FTIR, EDS, and
TG. The adsorption kinetics and isotherms, the effects of the dosage, the initial concentra-
tions, and pH, as well as the adsorption mechanisms, were investigated. We found that
the adsorption performance of N-CaCO3-500-2 was much better than that of commercial
CaCOs in regard to Sr(I). The results clearly prove that N-doping effectively modulated
the dense structure of CaCOj3. N-CaCOj is a highly effective and environmentally friendly
adsorbent for capturing radioactive isotopes. The adjustability of its surface properties
and porous structure would enable this nanomaterial to be suitable for a wide range of
applications [39].

2. Experimental Section
2.1. Chemicals

Hexahydrate strontium chloride (SrCl,-6H,0O) was obtained from Shantou Xilong
Chemical Plant Co., Ltd., Shantou, Guangdong, China. Diamino-terephthalic acid (NH;-
H,;BDC, 98% purity) was purchased from Shandong Keyuan Biochemical Co., Ltd., Heze,
Shandong, China. Dihydrate calcium chloride (CaCl,-2H,0) and calcium carbonate
(CaCOs, 99% purity) were bought from Chengdu Cologne Chemical Co., Ltd., Chengdu,
Sichuan, China and Shanghai Macklin Biochemical Co., Ltd., Shanghai, China, respectively.
N,N-dimethylformamide (C3H;NO, DME, 99.5% purity) and ethanol were purchased
from Shanghai Boer Chemical Reagent Co., Ltd., Shanghai, China and Beijing Tongguang
Fine Chemical Co., Ltd., Beijing, China, respectively. The strontium standard solution
was obtained from the National Nonferrous Metals and Electronic Materials Analysis
and Testing Center. All the reagents were of analytical grade and were used directly
without purification.

2.2. Synthesis of Ca-MOFs and Derivatives
2.2.1. Synthesis of Ca-MOFs

In regard to the typical procedure, 2 mmol of the ligand (H,BDC) and 2 mmol of
CaCl,-2H,0 were dissolved in a mixture of 35 mL DMF, 10 mL ethanol, and 5 mL H,O. The
solution was stirred magnetically for 20 min at room temperature. The obtained mixture
was transferred to a reaction vessel and heated in an oven at 90 °C for 24 h. Powders were
collected as a result of centrifugation and washed with DMF 4 times until the eluent of the
material reached pH = 7. Ultimately, the Ca-MOF was obtained after drying in an oven at
70 °C for 12 h. (Similarly, Ca-MOF-NH,; was synthesized with NH,-H;BDC, which was
used as the ligand.)

2.2.2. Synthesis of CaCOj3-y-z and N-CaCOj3-y-z

The Ca-MOF was treated at y temperature (y = 300, 400, 500, 600, 700 °C) in an air
atmosphere, at a heating rate of 10 °C/min, and held for z time (z = 2, 4, 6, 8 h) to obtain
CaCOg3-y-z. The obtained CaCO;3-y-z was used for subsequent experiments after grinding.
N-CaCOs-y-z was synthesized in the same way as Ca-MOF-NH,.

2.3. Characterization

The morphology of the materials was observed using a field emission scanning elec-
tronic microscope (SEM, Zeiss Sigma 300, Oberkochen, Germany). The element species
were analyzed using Energy Dispersive Elemental Analysis (EDS). X-ray diffraction (XRD)
was performed using a Rigaku ULTIMA IVXRD X-ray powder diffractometer in conditions
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ranging from 0 to 70° in regard to an angle of 26. Fourier transform infrared spectroscopy
(FT-IR) was used to record the total reflection via an infrared spectrometer (Brooke TEN-
SOR27, Billerica, MA, USA). The specific surface area and pore size distribution of the
nanomaterials were measured using a fully automatic specific surface area and pore size
tester at 150 °C after 6 h of degassing (BET, McASAP 2460/2020, Norcross, GA, USA).
X-ray photoelectron spectroscopy (XPS) measurements were taken using a Thermo Fisher
Scientific K-Alpha XPS spectrometer. The Sr concentrations in the solution before and after
adsorption were quantitatively determined using an atomic absorption spectrophotometer
(HITACHI ZA3000, Tokyo, Japan).

2.4. Adsorption Experiment

All the adsorption experiments were conducted in duplicate, under the same condi-
tions. The adsorption experiments were conducted in a 50 mL centrifuge tube containing
60 mg of the adsorbent and 20 mL of the different solutions, with an initial Sr(II) concentra-
tion of 5 mg-L~!. The mixture was placed in an incubator and shaken at a speed of 200 rpm
at different operating temperatures. The concentration of Sr(Il) in the solution was mea-
sured using an atomic absorption spectrometer at a wavelength of 460.7 nm. The adsorption
efficiency R (%) of the adsorbent for Sr(II) was calculated using the following equation:

Co—Ct
0

R(%) = x 100% (1)
where Cy (mg-L~!) and C; (mg-L~!) are the initial concentration and the concentration at
time ¢ of Sr(Il), respectively.

The effect of pH on the removal of Sr(Il) was investigated and the pH of the Sr(Il)
solution was adjusted by adding appropriate amounts of 0.1 mol/L NaOH or HCl solution.
Subsequently, 60 mg of the adsorbent was dispersed in 20 mL of the Sr(II) solution, which
had been adjusted to the desired pH. The prepared mixtures were then sealed and stirred
at 25 °C for 24 h.

Adsorption isotherm and kinetic tests were conducted at 25 °C and pH 7. In regard to
the adsorption isotherm test, 60 mg of N-CaCO3-500-2 and 60 mg of commercial CaCOs3
were each added to 20 mL of the Sr(Il) solution, with the concentration ranging from
3 mg/L to 120 mg/L. The mixtures were then shaken for a duration of 24 h.

3. Results
3.1. Structural Analysis

As presented in Figure 1a,b, the SEM images showed the structural appearance of
Ca-MOF and Ca-MOF-NH,. Ca-MOF exhibited a uniform layered structure, whereas Ca-
MOE-NH; displayed a clustered block-like structure. After calcination, Figure 1c reveals
that Ca-MOF experienced a reduction in particle size and an increase in surface roughness,
resulting in significant changes to its porosity, similar to previous research findings [41].
Figure 1d indicates that N-CaCO3-500-2 had a porous morphology, with an ordered and
compact arrangement after calcination. This suggests that the doping of nitrogen atoms
significantly affected the combination method, leading to the formation of two distinctive
types of Ca-MOF derivatives. The porous texture may further facilitate surface adsorption
in water [26].
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Figure 1. SEM images of (a) Ca-MOF, (b) Ca-MOF-NH,, (c) CaCO3-500-2, (d) N-CaCO5-500-2.

The XRD patterns (Figure 2a) indicated that N-CaCO3-500-2 was crystalline, with a
rhombohedral crystal structure. The diffraction peaks of the N-CaCO3-500-2 derivative
were similar to those of the CaCO3 sample (PDF#: No. 00-005-0586), with peaks located at
20 =29.41°, 39.40°, 47.49°, and 48.51°, which clearly confirmed that the calcination product

was CaCOs.
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Figure 2. (a) XRD patterns and (b) FTIR spectra of Ca-MOFs, CaCO3-500-2, N-CaCOs3-500-2, N-

CaC03-500-2-Sr; (c) TG curves of Ca-MOFs.
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As shown by the FTIR spectra of the Ca-MOFs and its derivatives (Figure 2b), the
observed absorption peaks at 732 cm ! and 1564~1384 cm ! represent the in-plane bending
vibration, out-of-plane bending vibration, and asymmetric stretch vibration of the carbonate
ions, respectively [41]. The bending vibrations of amino N-H corresponded to the peaks at
1107 cm~! and the absorption band at 810 cm ! belonged to -C=N- [41]. The adsorption
peak at 1632 cm ™! represented the characteristic adsorption of -COOH on C=0 bonds in
H,BDC and the absorption peak at 3435 cm ™! represented the stretching vibration of -OH
on the benzene ring [42,43].

TG is used to investigate the thermal stability and quantify the components of Ca-
MOFs. Figure 2c¢ clearly shows that below 200 °C, 3.31% of the weight loss could be at-
tributed to the evaporation of adsorbed water molecules [44]. The weight loss at 300-550 °C
indicated the presence of oxygen-containing groups on the surface of the Ca-MOFs that
were converted into COj, as well as the high-temperature decomposition of -NH,. At about
600 °C, a dramatic weight loss was observed, implying the destruction of the framework of
the Ca-MOFs and the decomposition of its organic linkers [45].

As shown in Figure 3a, the pore size and specific surface area of the Ca-MOFs were
relatively small. In Figure 3b, the N; adsorption—-desorption curve of N-CaCOj3-500-2
exhibited a type IV structure, with pore sizes mainly concentrated in the range of 2-20 nm.
As a result of the analysis of the data presented in Table 1, we found that the specific
surface area of N-CaCO3-500-2 (136.53 m?/g) was much larger than that of Ca-MOF-NH,
(0.39 m?/g), indicating that high-temperature calcination can create a significant abundance
of pores. Additionally, the specific surface area of CaCO3-500-2 and N-CaCOj3-500-2 were
calculated to be 62.39 m?/g and 136.53 m? /g, respectively. This suggested that N-doping
endowed the structure of CaCOj3 with rich coordination defects and a big pore size, probably
conducive to pollutant diffusion and adsorption. This unique structure can provide more
active sites for Sr(II) adsorption. The average pore size of N-CaCO3-500-2 was 10.58 nm
and the pore volume was 0.44 cm®/g, and these structural features may be responsible for
the excellent adsorption performance of N-CaCO3-500-2.

g A
3 g & 300 1 £
; ] (a) %o.ouus CSIJ (b) %"u.w g
n&l} 6 1 f:’omms E 250 1 § 0.03 0.0
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Figure 3. N; adsorption-desorption isotherms of (a) Ca-MOF and Ca-MOF-NHj;, (b) CaCO3-500-2
and N-CaCO3-500-2.

Table 1. Surface area, average pore diameter, and pore volume of parent Ca-MOF, Ca-MOF-NH,,
and calcined CaCQO3-500-2, N-CaCO3-500-2.

Sample Ca-MOF Ca-MOF-NH, CaC03-500-2 N-CaCO3-500-2
BET surface area (m?/ g) 1.55 0.39 62.39 136.53
Average pore diameter (nm) 20.84 16.19 10.33 10.58
Pore volume (cm?3/g) 0.011 0.0014 0.11 0.44
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The effect of N-doping on the structures was analyzed by using XPS spectroscopy. As
shown in Figure 4a, in regard to the full spectrum for CaCO3-500-2 and N-CaCO3-500-2,
Cl1s, Ca2p, and Ols peaks were observed. Additionally, the full spectrum for N-CaCOs-
500-2 revealed an extra peak at N1s, indicating successful N-doping of CaCOs. Figure 4b
shows that N existed as metal nitrides and C-N in the materials. Figure 4c,d reveals
that the intensity of the Ca2p peak appeared to be reduced due to nitrogen doping of
CaCOg, suggesting an interaction between Ca and N atoms. Additionally, the peak slightly
shifted toward the higher binding energy direction, indicating that nitrogen doping had
become integrated into the lattice of CaCOs. This incorporation altered the electron cloud
distribution of the surrounding atoms and facilitated the formation of new chemical bonds,
resulting in changes to the binding energy of the atoms near the doping site. This suggests
that N-doping adjusted the electronic structure of CaCO3, which may show some unique
properties in regard to surface adsorption [46—48].

(a) O1s (b) -CaCO;-500-2 Nls
Cls ~
o~
= Ca2p =
- < N-metal
z = N 398.35¢V
z Ols CaCO;-500-2|  °Z 400.10ey 44.12%
£ £ 55.88%
F_,; Cls %
= Ca2p =
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s ’%T\rm@v‘luﬂl
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0 200 400 600 800 1000 1200 1400 410 405 400 395 390
Binding Energy(eV) Binding Energy(eV)
(c) CaCO4-500-2  Ca2p (d) N-CaCO,-500-2 Ca2p
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= ,‘ Ca2p,,(CaCO; - Ca2p,,CaCO,)
& | 347.06eV :
S| cmaccoy FREY | S pire
= 350.66eV [\ | | = Calp,,(CaCOy —
2 3363% [\ | | s 350.77¢V
g [\ ] = B96%.__ A
o - /
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Figure 4. High-resolution XPS spectra: (a) full spectrum diagram of CaCO3-500-2 and N-CaCO3-500-2,
(b) N1s in N-CaCO3-500-2, (c) Ca2p in CaCO3-500-2, (d) Ca2p in N-CaCO3-500-2.

3.2. Evaluation of Sr(Il) Adsorption Performance
3.2.1. Effect of Different Materials

Ca-MOF, Ca-MOF-NHj, their calcination products, and commercial CaCOj3, were
applied for Sr(Il) adsorption to evaluate their adsorption performance. These materials
were allowed to adsorb Sr(II) in certain conditions. In Figure 5a, the removal efficiency of
N-CaCO3-500-2 (38.54%) was greater than that of commercial CaCOj3 (1.24%), Ca-MOFs,
and CaCQO3-500-2. The removal efficiency of N-CaCO3-500-2 was approximately 30 times
that of commercial CaCQOj. The results show that N-doping can change the compact
microstructure of CaCOs, improve its mass transfer capacity, and enhance its adsorption
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performance. Regarding the calcination time of N-CaCOj (Figure 5b), this material, with
a calcination time of 2 h, exhibited the highest adsorption efficiency for Sr(I) removal. A
longer calcination time may damage the porous structure and decompose the functional
groups of the materials. Concerning the calcination temperature of N-CaCOg3-2 (Figure 5c),
N-CaCO3-500-2 had the highest adsorption efficiency for Sr(Il) removal. As a result of
calcination, N-CaCOj3-500-2 developed a unique porous structure and possessed internal
active sites that were available for Sr(II) adsorption. Therefore, N-CaCO3-500-2 was used
to conduct the subsequent adsorption experiments.
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Figure 5. (a) Effect of different materials on Sr(Il) adsorption by Ca-MOFs (Cy = 4.45 mg-L~!,
Mags/ Vol =2 g- L1, pH = 6.24, t = 24 h), (b) Sr(IT) adsorption performance by Ca-MOFs with different
calcination times (Cy = 4.45 mg~L*1, Mads/ Vol =2 g~L*1, pH =6.24; t =24 h), (c) Sr(II) adsorption per-
formance of Ca-MOFs at different temperatures (Co = 4.45 mg-L ™!, m,q/ Vo1 =2 gL 71, pH = 6.24;
t =24 h), (d) effect of dosage on Sr(Il) adsorption by N-CaCO3-500-2 and CaCOj3 (Cy = 5.24 m-L~1,
t =24 h, pH = 6.24), (e) effect of pH on Sr(Il) adsorption by N-CaCO3-500-2 and CaCOs;
(Co=5mgL7L, t =24 h, mys/ Ve =3 g L71), (f) effect of initial concentration of Sr(IT) on its
adsorption by N-CaCOj3-500-2 and CaCO;3 (pH =7, t =24 h, 1,45/ Vso =3 g L71).
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3.2.2. Effect of Adsorbent Dosage

As shown in Figure 5d, the adsorption efficiency of N-CaCOs3-500-2 was generally
4.5 times higher than that of commercial CaCO3. When the dosage increased from 0.5 g/L
to 3 g/L, the removal efficiency in regard to Sr(Il) doubled from 25.29% to 51.24%. However,
with a further increase to 4 g/L, the removal efficiency only grew to 54.68%, showing a
slower rate. As the dosage increased, more adsorption sites were available for Sr(Il),
leading to an increase in removal efficiency. When the adsorbent dosage continued to
increase, an adverse effect on adsorption may appear, to some extent, probably due to the
agglomeration of the adsorbent. Therefore, the adsorbent dosage was set at 3 g/L in the
following experiments [49].

3.2.3. Effect of the Initial pH

The solution pH, as a key factor, usually has a strong influence on the interfacial
adsorption process. Figure 5e indicates that the pH range of the Sr(Il) solution was 1~9, and
the removal efficiency in terms of Sr(II) by N-CaCO3-500-2 was markedly higher than that
of commercial CaCO3. When the pH = 5-7, the removal efficiency of N-CaCO3-500-2 was
above 45%. The removal efficiency of N-CaCO3-500-2 was the highest (50.10%) at pH 7 and,
at this time, the removal efficiency of commercial CaCOj in regard to Sr(Il) was 8.96%. In
an acidic environment, Sr(Il) was relatively stable. The high concentration of H" competed
with Sr(II), making it less prone to complexation reactions. In this case, adsorption was
predominantly influenced by electrostatic attraction. An acidic pH was obviously able
to change the pore structure of the adsorbent, thus affecting the adsorption efficiency in
regard to Sr(II). In neutral conditions, the concentration of OH™ was relatively low, leading
to a weak complexing effect with Sr(II). Consequently, the amount of Sr(OH); produced
was trivial and exerted a negligible impact on the adsorption process. At a high pH, the
concentration of OH™ rose significantly, enhancing the complexing effect between Sr(II)
and OH™ and resulting in the formation of various strontium hydroxide complexes. The
formation of these complexes altered the existing form and activity of strontium in the
solution, thereby influencing the adsorption efficacy. Therefore, the following experiments
were fixed at pH = 7 to ensure the best performance of N-CaCO3-500-2 [50].

3.2.4. Effect of the Initial Concentration

The adsorption amount at different initial concentrations of Sr(II) is shown in Figure 5f.
It was observed that the adsorption by N-CaCOs3-500-2 at low Sr(II) concentrations was
better than that at high concentrations. The removal efficiency increased at low concen-
trations, peaked (57.57%) at 15 mg/L, and decreased at 20 mg/L and beyond. In contrast,
the maximum adsorption capacity of commercial CaCOj increased from 11.68% to 64.39%
when the initial Sr(II) concentration increased from 5 to 120 mg/L. Thus, N-CaCO3-500-2
exhibited the highest removal efficiency at a Sr(II) concentration below 64.5 mg/L, whereas
modest adsorption happened at a concentration greater than 64.5 mg/L. It is suggested
that there may be sufficient adsorption sites on the adsorbent surface to adsorb Sr(Il) at a
low Sr(II) concentration. At high Sr(II) concentrations, the strontium ions may mainly exist
as Sr(OH)* due to hydrolysis reactions, and this situation would weaken the adsorption
interaction between Sr(Il) and the active sites, which negatively impacts the adsorption
efficiency of the as-prepared N-CaCO3-500-2. A Sr(II) concentration of 5 mg/L was chosen
to complete the subsequent adsorption experiments [51].
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3.2.5. Adsorption Kinetics

The kinetic data on N-CaCO3-500-2 and commercial CaCOj3 adsorbing Sr(II) within
20 h were studied using the pseudo-first-order model (PFO) [52] and pseudo-second-order
model (PSO), as shown in Figure 6a. The kinetic parameters are shown in Table 2. It can be
seen that they showed similar trends, rapidly adsorbing Sr(II) in the first 120 min, followed
by a slow increase in adsorption efficiency, until reaching adsorption equilibrium. The
kinetic model formulas are given as follows [53]:

PFO: g, = qg(1 - e—klf) ?)
2
qek2t
PSO: g, = —Je2° 3
q qekot +1 3)

where ¢ is the contact time (min), g. and g; (mg- g’l) are the amount of Sr(Il) adsorbed at the
adsorption equilibrium and at time , respectively, and k; (min!) is the pseudo primary
rate constant, and k; (g'-mg~!-min~!) is the pseudo secondary rate constant. As shown
in Table 2, the correlation coefficient of the first-order kinetics was 0.9516 and the second-
order kinetics was 0.9964, indicating that the pseudo-second-order kinetic model was more
appropriate to describe the Sr(Il) adsorption process. The calculated removal efficiency of
N-CaCO3-500-2 (45.65%) was close to the experimental value of 44.88%, indicating that the
adsorption process was mainly controlled by chemical adsorption.

50
(a) 141(b)
401 12 1
X /_i N-CaCO0;-500-2 101
" 30- CaCo, )
§ first-order kinetic %” 8
= 0 second-order Kinetic ~ A 22
g » < ° Eh N-CaCO,-500-2
g 4 g'j :l_angmu.i!r
m 104 " Freundlich
2 7 0.
3 10 15 20 0 20 40 60 80
Time (h) C, (mg/L)
Figure 6. (a) Kinetic study of Sr(II) adsorption process (Cyo = 4.98 mg-L_l, pH = 742,
Mads/ Vol =3 g-Lfl) and (b) isothermal studies of Sr(II) adsorption process (pH =7, t = 24 h,
Mads/ Vsol =3 g'L_l)-
Table 2. Kinetic model parameters for the adsorption of Sr(II).
Pseudo-First-Order Model Pseudo-Second-Order Model
Adsorbents 2 2
Rl RZ
N-CaCO3-500-2 0.9516 0.9964
CaCOs3 0.8825 0.9714

3.2.6. Adsorption Isotherms

To further understand the adsorption behavior between adsorbates and adsorbents,
adsorption isotherm experiments were conducted at 25 °C for different initial concentra-
tions of Sr(Il) (3-120 mg-L~!) and the Langmuir model and the Freundlich model were
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applied to analyze the intrinsic process of the adsorption. The corresponding formulas are
given as follows [54]:

k
Langmuir : g, = % 4)
e
Freundlich : g, = kpC/" (5)

where g, (mg-g~!) and C, (mg-L~!) represent the adsorption capacity and Sr(II) concen-
tration at the adsorption equilibrium, respectively, g, (mg-L~!) represents the maximum
adsorption capacity, k;, represents the Langmuir constant, and # and kr represent the Fre-
undlich constants. In Figure 6b, with the increase in the initial Sr(II) concentration, the
removal efficiency of N-CaCO;3-500-2 gradually increased, implying that the ion exchange
model was more appropriate to describe the adsorption process. It is worth noting that
when the concentration of Sr(II) was low, the adsorption was fitted by the Langmuir at R?
~ 0.83 and the Freundlich model at R? ~ 0.86 [50], indicating that the adsorption process
involved multi-layer adsorption. The fitting results imply that the adsorption may not
completely comply with the assumption concerning homogeneous surface adsorption
and there may have been a certain degree of heterogeneity underlying the adsorption
interactions. This may explain the complicatedness of the adsorption mechanism, where
different adsorption mechanisms may happen simultaneously between an adsorbent and
an adsorbate and may be influenced by various factors. At high concentrations of Sr(Il),
the graph follows a straight path, which aligns with the ion exchange model.

As illustrated in Table 3, the adsorption capacity of N-CaCO3-500-2 for Sr(Il) removal
was comparable to other materials. Notably, under the specified conditions in terms of the
dosage, equilibrium time, reaction temperature, and initial Sr(II) concentration, N-CaCO5-
500-2 demonstrated superior adsorption capacity for Sr(II) compared to the low-cost clay
adsorbent, montmorillonite. This indicates that N-CaCOj3-500-2 offers several advantages.

Table 3. Comparison of different adsorbents in regard to their adsorption characteristics.

Adsorbents Q. (mg/g) t, (h) m/V (g/L) Co (mg/L) T (°O) Reference
Clinoptilolite 6.7 120 50 300 60 [55]
GMZ bentonite 9.72 1 10 100 25 [56]
Ca-type Bentonil WRK
Montmorillonite 0.35 24 5 44 25 [571
N-CaCO3-500-2 0.76 24 3 5 25 This work

3.3. Adsorption Mechanisms

According to the BET results, N-CaCO3-500-2 had a larger specific surface area, which
meant that there were more collisions between Sr(II) and N-CaCO3-500-2, thus promoting
the occurrence of adsorption.

It is envisaged that the substitutional effect of Sr(Il) on MOF structures was responsible
for the removal of Sr(Il) from the aqueous solution. Such a mechanism was confirmed by
the morphological changes in the composites, as shown in Figure 7. Before adsorption,
N-CaCO3-500-2 exhibited a porous structure, with an ordered and compact arrangement
(Figure 7a). However, while the porous structure maintained its regular and neat ar-
rangement after adsorption, the surface of the adsorbent appeared to be smoother than
before adsorption (Figure 7b). This proves that Sr(Il) was successfully attached to the
adsorbent surface.
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Figure 7. SEM images of (a) N-CaCOs3-500-2, (b) N-CaCOs3-500-2-5r.

Based on the data presented in Figure 8, it is evident that the energy spectrum of the
material displayed an increase in the Sr(II) peak after adsorption, whereas the peaks of
Ca and N were weakened. The content of Sr(II) increased from 0.06% to 2.99% after the
reaction. On the other hand, the content of the nitrogen atoms disappeared and that of
Ca(Il) decreased to 35.56% from 51.88%. This supported the conclusion that Sr(II) was
effectively adsorbed, with calcium ions and N-containing groups acting as active sites.

1400 1400

— (a) cu 6%, . =1$ 1 (b) R 39 -f)

Ca

i 51.9% 39.1%
800 —

38.2%

T T 1 1
8§ 10 12 14

Energy(keV) Energy(keV)

Figure 8. EDS images of (a) N-CaCO3-500-2, (b) N-CaCOs3-500-2-Sr.

It is evident that the removal efficiency increased with the increase in pH. This ob-
servation suggests that N-CaCO3-500-2 is combined with OH™ in water, resulting in the
formation of surface hydroxyls (sorbent-OH). Subsequently, these active hydroxyls inter-
acted with Sr(II) to form surface complexation.

The XPS spectra of N-CaCOj3-500-2 were used to study the interaction sites of N-
CaC03-500-2 and Sr(II) (Figure 9). To investigate the adsorption process of N-CaCOs3-500-2
in regard to Sr(Il), the spectra of Cls, Ols, N1s, and Ca2p of N-CaCO3-500-2 before and after
adsorption were analyzed. The appearance of Sr3d in N-CaCOs3-500-2-Sr after adsorption
demonstrated the adsorption of Sr(Il) by the adsorbent (Figure 9a). Figure 9b shows the
Sr3d peak at 133.73 eV, indicating the formation of SrCO;3 due to the Sr(II) ion exchange
with CaCOj3 during adsorption.



Clean Technol. 2025, 7, 2

13 of 18

Intensity(a.u.)

Intensity(a.u.)

300 295 290 285 280 275

(a) Sr2p
Ols
Cﬂzp 100 110 120 130 140 150
Cls N1s
Cl ¢, Os  N-Cacog500-2-5r
Ca2,

1s
N-CaCO;-500-2

Intensuty(a.u.)

(b) After adsorption Sr3d

SrCO,

A M\a 133736V

i AN

Binding Energy(eV)

0 200 400 600 800 1000 1200 1400

144 142 140 138 136 134 132 130 128 126

Binding Energy(eV)

(C) Before adsorption  Cls

0-C=0 C-C

288.5¢V 284.74eV
6.30% 62.00%
c=0 |
289.82eV | coc
12.71% | 286.15¢v

18.98%

Intensity(a.u.)

(d) After adsorption Cls

c-C
283.63eV
60.00%

c-0-C
285.06eV
- L1037%

300 295 290 285 280 275
Binding Energy(eV) Binding Energy(eV)
Before adsorption Ols After adsorption Ols
() ()
- Metal carbona -~ Metal carbonates
= 531.56eV = 531.00eV
< 56.91% % 89.59%
Z Z
g §3=200s v g Py
=1 -03¢ = 532.65¢V
= = 10.41%
545 540 535 530 525 545 540 535 530 525
Binding Energy(eV) Binding Energy(eV)
(g) Before adsorption N1s (h) Afterjadsorption  Nls
- -
:- N-metal z
E C-N 398.35¢V E
g :gl)s.;g/eV 44.12% g N-metal
8 0870 Q 397.50eV
= 0,
= = 28.79%
v
T
WW_W\W'\"M LU AR WY
410 405 400 395 390 410 405 400 395 390
Binding Energy(eV) Binding Energy(eV)
(1) Before adsorption Ca2p (]) After adsorption Ca2p
~_~ )
g Ca2p,,(CaCOy) 3 Ca2p;,(CaCO;)
s 347.256 s 347.12eV
z Ca2p,,CaCO, | |66:04% iy
w» »n
£ 350.77eV £
2 33.96% [\ £
— = o

3:50 3%5 3%0 3:15 3‘;0
Binding Energy(eV)

360 355 350 345 340
Binding Energy(eV)

Figure 9. High-resolution XPS spectra of full spectrum diagram: (a) C1s (c,d), O1s (e,f), N1s (g/h),
and Ca2p (i,j) of N-CaCO3-500-2 before and after Sr(II) adsorption, and Sr3d (b) of N-CaCOs3-500-2
after Sr(II) adsorption.
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Figure 9¢,d show the Cls spectra in the C=0, O-C=0, C-C, and C-O-C bonds, respec-
tively. The relative amount of the O-C=0, C=0 bond increased by 4.53% and 7.97%, while
the relative amount of C-C and C-O-C bonds decreased by 2% and 8.61%, respectively.

As illustrated in Figure 9e,f, the Ols spectrum of N-CaCO3-500-2 was characterized
by two distinct peaks, which correspond to the C=0O bond and metal carbonate bonds,
respectively. Notably, the relative intensity of the C=0 bond decreased by 32.68%, while
the relative intensity of the metal carbonate bonds increased by the same percentage. This
observation can be attributed to the interaction between Sr(II) and CO32~ in regard to
N-CaCO3-500-2.

As shown in Figure 9g h, the N1s spectrum of N-CaCO3-500-2 was divided into two
peaks, corresponding to the C-N and N-metal bond, respectively. The relative amount of the
N-metal bond decreased by 15.33%, while the relative amount of C-N bonds increased by
15.33%. The above results prove that the nitrogen-containing groups played an important
role in the adsorption process.

In Figure 9i,j, the Ca2p spectrum of N-CaCO3-500-2 was divided into two peaks,
corresponding to the Ca2p, /, and Ca2ps,, bond, respectively. The relative amount of the
Ca2pj/, bond decreased by 3.8%, while the relative amount of Ca2p3,, bonds increased
by 3.8%. After adsorption, the peaks of CaCOj shifted towards the lower binding energy
location. This phenomenon indicates that during the adsorption process, Sr(Il) strongly
interacted with CaCOs, leading to a decrease in the electron cloud density around the Ca.
This could be explained as a result of the ion exchange between Sr(II) and Ca(II) [28].

According to the above analysis, the adsorption mechanism of N-CaCOj3-500-2 was
inferred and depicted as follows (Figure 10). One possible mechanism is that Sr** replaced
Ca?* to produce SrCO;. The reaction equation could be described as CaCOj3 + Sr?* — SrCO;
+ Ca®*. The other is that surface OH ™ interacted with Sr?* to form surface complexation
(sorbent-O-Sr). Obviously, the former was dominant in regard to this adsorption process.
These facts suggest that N-doped CaCOj3 changed the compact structure and provided
enough space for pollutant transfer and facilitated the adsorption process.

Surface complexation

CaCO, + Sr** —— SrCO, + Ca?* Sorbent + OH- —— Sorbent-OH
2- Sorbent-OH + Sr2*—— Sorbent-O-Sr

u SI-2+

01' s‘O
C—C

k3

Oss o

Figure 10. Schematic presentation of Sr(II) adsorption mechanism involving N-CaCO3-500-2.
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4. Conclusions

In this study, N-CaCOj3 was first synthesized using a method combining solvothermal
treatment and calcination, which showed good adsorption performance for Sr(II). The
structural characterizations indicated that the successful doping of N in calcite resulted
in a more ordered structure, a higher specific surface area, and the increased formation
of mesopores. The results of the batch adsorption experiments showed that the pseudo-
second-order kinetic model (R? = 0.9964) and the ion exchange model (R? = 0.9859) fitted
the adsorption well, confirming the nature of the chemisorption. N-CaCOj3 exhibited a
removal rate of over 40% for Sr(II), within a wide pH range from 3.0 to 9.0, and the optimal
pH value was 7.0. The as-synthesized N-CaCO3 showed good adsorption performance
in regard to low concentrations of Sr(II). The adsorption mechanism mainly involved ion
exchange and surface complexation, with the former dominating the adsorption process,
indicating that Ca and N played important roles in the adsorption process. N-doped calcite
can effectively adsorb Sr(II) in nuclear wastewater, which is meaningful for radionuclide
cleanup and is worthy of more in-depth study.
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