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e Two dittmarite-type adsorbents, KMP
and NMP, were synthesized.

e The Cs* adsorption capacities of KMP
and NMP are 630 and 711 mgg?’,
respectively.

eKMP and NMP transformed into
struvite-type CsMgPO4-:6H,O (CsMP)
after adsorption.

e CsMP has two structural forms, cubic or
hexagonal, depending on the solution
pH.
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ABSTRACT

The presence of cesium ions (Cs") in radioactive wastewater has attracted considerable attention owing to their
extreme toxic effects. Thus, there is an urgent need to develop adsorbents for Cs" with high adsorption capacities
(g). While phosphate-based adsorbents have advantages for their disposal, previous adsorbents have shown
limited g because of their limited capacity for ion exchange, despite showing high theoretical q values. In this
study, two dittmarite-type magnesium phosphates, KMgPO4-H>0O (KMP) and NH4MgPO4-H2,O (NMP), were
synthesized because of their ability to contain readily exchangeable cations in their interlayers. KMP and NMP
demonstrated remarkable adsorption capacities for Cs* (¢M" = 630 mg g™* and ¢’™" = 711 mg g 1), which
were the highest among all reported adsorbents and are ~84 % of their theoretical values. Their distribution
coefficients in waters with high divalent ion concentrations were low, which limits their use for the adsorption of
Cs* from such environments. After adsorption, KMP and NMP were structurally transformed into struvite-type
CsMgPO4-6H20 (CsMP), which has two different stacking structures, either cubic or hexagonal, depending on
the pH of the solution. The high g values of KMP and NMP enable them to reduce the volume of radioactive waste
for disposal.

Environmental implication

137¢st is a popular radionuclide generated from nuclear power
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plants, and the volume of its waste must be minimized for
disposal. To minimize the volume, the adsorbent with higher
adsorption capacity is advantageous. In this study, two dittmarite-
type magnesium phosphates (KMP and NMP) were successfully
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synthesized and used to remove Cs* from aqueous solutions. The
highest adsorption capacities of KMP and NMP measured experi-
mentally were 630 mg g~ * and 711 mg g™, respectively, which
are the highest among all reported adsorbents. These high
adsorption capacities will help to reduce the volume of Cs* wastes
for disposal.

Data availability

Data will be made available on request.

1. Introduction

Cesium isotope 1¥Cs is a common and dangerous nuclear fission
product with a half-life of 30.2 years that can produce high-energy beta
and gamma rays [19]. Cs™ is water-soluble and behaves biologically like
potassium ions [5]. Once 137¢s enters the aquatic environment, it can
cause ecological pollution and even serious diseases in humans,
including cancer, leukemia, and genetic disorders [35,51]. Thus, the
safe management and disposal of %7Cs is critical for environmental
safety, human health, and the development of the nuclear industry.

Phosphates have attracted growing interest for their radionuclide
immobilization and adsorption owing to their high radiation resistance
and chemical durability after vitrification [47]. Considering the solu-
bility of phosphate salts, the divalent ions Sr(II) and Co(II) can react with
phosphate ions (PO?C) to form precipitates, such as Sr3(PO4)2 (Ksp =
1.0 x 107" and Co3(PO4)2 (Ksp = 2.05 x 107%) [17,29,46]. How-
ever, phosphate cannot precipitate with the monovalent alkali metal ion
Cs(I), which is found at the highest concentration remaining among
various radionuclides after the Fukushima nuclear power plant accident
[16]. As a result, Cs* must be removed from the water using the method
other than precipitation.

Adsorption is a promising technology for separating Cs* on a large
scale because of its simple operation, cost-effectiveness, and low level of
secondary pollution [2]. To date, various phosphate adsorbents have
been synthesized and used to adsorb Cs' from aqueous solutions,
including ~ ammonium  molybdophosphate (AMP, (NHy4)3P
(Mo3010)4¢3H30), a-zirconium phosphate (a-ZrP, Zr(HPO4),0H50), and
y-zirconium phosphates (y-ZrP, Zr(PO4)(HyPO4)-2H20). AMP is an
adsorbent that uses ion exchange between NHZ and Cs*; however, its
non-layered crystal structure limits its adsorption capacity (139 mg g~ 1)
[11]. Even though a-ZrP and y-ZrP have a layered structure and a high
theoretical ion exchange capacity, their adsorption capacity for Cs™ is
lower than 225 mg g’1 [8,23,38,39] because this relies on the dissoci-
ation constant of phosphoric acid [8]. Although the synthesis of a
phosphate-based adsorbent with a high adsorption capacity for Cs* is
highly desirable, this remains a challenge.

Dittmarite-type phosphates are good candidates for Cs* adsorption
owing to their layered structure and easily exchangeable ions, such as K*
[20]. However, they have not been applied for adsorption, but rather for
other applications, such as in the production of fertilizers [52], magnetic
devices [53], supercapacitors [44] and precursors for phospho-olivine
electrodes [20,22]. KMP (KMgPO4-H,0) and NMP (NH4MgPO4-H50),
which are dittmarite-type compounds, have a theoretical adsorption
capacity of 754 mg g~ ! and 856 mg g~ ! for Cs™, respectively. There-
fore, the application of KMP and NMP to Cs™ adsorption is a meaningful
and valuable research prospect.

In this study, KMP and NMP were prepared using a one-pot hydro-
thermal method. The crystals of the synthesized samples were confirmed
to be dittmarite. Notably, KMP and NMP exhibited high adsorption ca-
pacities for Cs* (630 mg g~ and 711 mg g~*, respectively), which were
much higher than those of previously reported adsorbents and are ~84
% of their theoretical values. After ion exchange, crystal transformation
to struvite-Cs, CsMgPO4-6H20 (CsMP) took place. The crystal
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transformation was affected by the pH of the solution, resulting in
CsMPs having two types of structures: CSMPypic and CSMPhexagonal- This
study highlights the value of dittmarite-type magnesium phosphate and
its significant potential as a radioactive Cs" adsorbent for environmental
remediation.

2. Material and methods

Detailed descriptions of the reagents and characterization equipment
are provided in the Supplementary Information. Unless specified
otherwise, all chemical reagents were purchased from commercial
sources and were used without further purification.

2.1. Preparation of KMgPO4H20 (KMP) and NH4MgPO4H20 (NMP)

KMP was synthesized using Mg(OH)2 (10 mmol, 0.61 g), KoHPO4
(25 mmol, 4.40 g), and deionized water (10 mL). NMP was synthesized
by mixing Mg(OH)s (10 mmol, 0.61 g), (NH4)2HPO4 (15 mmol, 2.01 g),
and deionized water (10 mL). The each resulting mixture was added to a
100-mL Teflon-lined autoclave. The autoclave was then heated for 24 h
at 150 °C before cooling to ambient temperature. After washing three
times with deionized water and ethanol, the final white precipitate was
collected using centrifugation, dried in a vacuum oven at 60 °C for 24 h,
and stored for further use (yield of KMP: 1.66 g, 94.16 % based on Mg;
yield of NMP: 1.34 g, 86.19 % based on Mg).

2.2. Batch adsorption experiments

Cs(I) model solutions of various concentrations were prepared by
dissolving Cs* in deionized water. First, CsNO3 was added to deionized
water and stirred to prepare an artificial wastewater solution with the
desired concentration of Cs* ions. Then, 20 mg of KMP or NMP was
added to 20 mL of Cs" solution in a 30-mL glass vial. Finally, the reac-
tion mixture was mechanically shaken at 150 rpm on an orbital shaker.

The adsorption capacity (ge, mg g’l), removal percentage (R, %), and
distribution coefficient (Kq, mL g~ 1) were calculated separately using
Egs. (1), (2), and (3):

q. = GG ;1 vy @

R%) = <= 100 @

Kd:C”_Cfoxlooo 3)
C, m

where C, (mg L_l) represents the initial concentration, C, (mg L_l)
represents the equilibrium concentration of Cs™ in the aqueous solution,
V (mL) represents the volume of the cesium ion solution, and m (mg)
represents the weight of the adsorbent.

To evaluate the influence of solution pH on Cs* adsorption, the pH of
the solution was changed to pH 3, 5, 7, 9, and 11 using either 0.5 M HCL
or 0.5 M NaOH solutions.

The effect of coexisting ions on the adsorption performance was
examined by adding 10 mM Na®™ (NaNOg), K™ (KNO3), Mg>™ (Mg
(NO3)206H,0), or Ca®* (Ca(NO3),e4H,0) to a 500 mg L ! Cs* solution.

2.3. Analysis

After conducting the adsorption tests, the liquid samples were
filtered through a 0.22-pm Superfil Syringe filter (HK-CA20421) (PVDF
membrane, hydrophilic) and diluted in an aqueous solution that
included 0.2 % K" (KCI) and 2.5 % HNOs. Finally, a flame atomic ab-
sorption spectrometer was used to measure the cesium ion
concentration.
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3. Results
3.1. Characterization and properties of KMP and NMP

The effect of the molar ratio of the phosphate precursors to Mg on the
Cs™ adsorption capacity was investigated. Fig. S1(a) and (b) showed the
X-ray diffraction (XRD) patterns of KMP and NMP synthesized with
different molar ratios of Mg(OH),: phosphate, while Fig. S1(c) showed a
comparison of the adsorption capacities for Cs*. The results showed that
KMP and NMP had the highest Cs" adsorption capacities at the ratios of
2.5 and 1.5, and that their XRD patterns matched closely with the
published KMgPO4-H,0O (ICDD: 01-089-6348) and NH4MgPO4-H20
(ICDD: 00-003-0028), respectively (Fig. 1(a)). These results indicate
that KMP and NMP were successfully synthesized. Their corresponding
crystal structures are shown in Fig. 1(c) and (d). The characteristic
Bragg peaks of KMP and NMP indicated their interlayer spacings of
8.15 A and 8.59 A, respectively.
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The Fourier-transform infrared spectroscopy (FTIR) spectra of KMP
and NMP, shown in Fig. 1(b), were in accordance with a previous study
[50]. The broad bands at 3373-3391 c¢cm ™! belonged to O—H stretching
vibrations, while the weaker peaks at 1695 cm’l, 1659 cm’l,
1470 cm ™!, and 1464 cm™! were assigned to O—H bending vibrations
[41]. For NMP, the extra peak at 1427 cm ! compared to that of KMP
was caused by the interaction between NHJ and H,0 [50]. Moreover,
the bands between 1031 and 939 cm ™! were caused by P—O stretching
vibrations, and the bands between 567 and 629 cm ™' were the result of
O—P-0 bending vibrations [21].

The morphologies of KMP and NMP were observed using a field
emission scanning electron microscope (FE-SEM). According to Fig. 1(e)
and (f), both KMP and NMP exhibited plate-like particle morphologies
with an average edge length of 2 — 10 um, similar to the morphologies
of dittmarite-type compounds such as KMnPO4H,O [20] and
NH4MgPO4-Ho0 [62], respectively.

Thermal analysis of the curve showed that the weight loss of KMP
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Fig. 1. (a) XRD patterns of KMP and NMP. (b) FTIR spectra of KMP and NMP. Crystal structure of (c) KMP and (d) NMP, which were drawn using VESTA (ver. 3.5.5)

[37] with CIF [3,54]. FE-SEM images of (e) KMP and (f) NMP.
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(2.0 %) and NMP (2.5 %) before 120 °C was mainly because of the
evaporation of surface adsorbed water (Fig. S2). The weight loss be-
tween 120—800 °C was attributed to the evaporation of crystal water
and the decomposition of ammonia molecules from the structure. The
theoretical weight losses of KMP and NMP (10.2 % and 28.3 %) matched
well with their experimental weight losses of them (10.2 % and 28.9 %).

The porosity and specific surface area of KMP and NMP were eval-
uated using the Brunauer-Emmett-Teller (BET) method. As delineated in
Fig. S3, the nitrogen adsorption-desorption isotherms of KMP and NMP
were typical type IV adsorption isotherms, and their respective BET
surface areas were 3 and 1 m? g™, In addition, the lack of a hysteresis
loop indicated that they were low porous materials.

3.2. Cs" adsorption performances of KMP and NMP

3.2.1. Adsorption kinetics

To evaluate the adsorption kinetics of KMP and NMP, the effects of
the contact time on Cs" adsorption were determined (Fig. 2(a) and (b)).
KMP and NMP reached their adsorption equilibria at 240 min (R = 62.7
%) and 1440 min (R = 68.0 %), respectively. The removal kinetics of
KMP and NMP for Cs* were comparable to those of some phosphate
materials, including B-ZrP (te = 90 min) [38], DB-ZrP (t. = 240 min)
[39], and AMP PAN beads (to = 1440 min) [11]. However, the
adsorption kinetics were slower than those of other materials, such as
KMS-1 (te = 5 min, C, = 1 mg L’l) [33] and hf-TiFC (te = 5 min, C, =
68 mg L1 [59]. The slower kinetics of NMP compared to that of KMP
may be because of the hydrogen bonding between NHZ and PO3~ in
addition to electrostatic interactions [6].

3.2.2. Adsorption isotherms
The equilibrium adsorption capacity (ge) was determined by
measuring adsorption capacities at various concentrations. The highest
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ge values of KMP and NMP for Cs™ reached 630 mg g > and 711 mg g,
respectively (Fig. 2 (c¢) and (d)). Three nonlinear adsorption isotherm
models (Langmuir, Freundlich, and Sips) were employed to match the
Cs ™' adsorption data. The Sips model for KMP (r* = 0.983) and NMP ( =
0.976) had a higher correlation coefficient than the Langmuir and
Freundlich models, which implies that multilayer adsorption of Cs™
occurred (Table 1). The maximum Sips adsorption capacities (qn) of
KMP and NMP for Cs™ were determined to be 616 mgg ' and
762 mg g, respectively.

3.2.3. pH stability and coexisting ions

Given that radioactive wastewater can be either acidic or alkaline,
the effect of the solution pH on the K4 values of Cs™ was examined at
various pH ranges (3—11). As shown in Fig. 3(a), KMP and NMP
maintained the Kg values from 5.0 x 10% to 5.4 x 10* mL g™! and from
8.2 x 10° to 8.6 x 10° mL g~! from pH 5-9, respectively. When the pH

Table 1
Adsorption isotherm parameters of Cs* on KMP and NMP obtained by fitting
with different models.

Model Parameter Adsorbent
KMP NMP
Langmuir qm (mg g™t 669 913
K, (Lmg™h) 0.106 0.017
7 0.828 0.924
Freundlich Kr (mg g~ 1(L mg H/™) 197 76.8
ng 4.76 2.44
? 0.648 0.800
Sips qm (mg g™ ) 616 762
Ks (L mg™H" 0.003 0.0005
ng 0.36 0.48
r? 0.983 0.976
(b) 800
700 - ° ) )
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o 500 H §
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0
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Fig. 2. Kinetics study for the removal of Cs* by (a) KMP and (b) NMP (C, = 1000 mg LY, and adsorption isotherms for Cs* by (c) KMP and (d) NMP and fittings by
various isotherm models (txmp = 240 min, tyvp = 1440 min). General adsorption conditions: pH = 7, solid to liquid ratio (S/L) =1 g L™, T=25°C.
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was 3, the K4 of KMP and NMP slightly decreased to 3.2 x 10* and
6.7 x 10 mL g™}, respectively, owing to the competition between
positively charged hydrogen ions and Cs* ions on the adsorbent surface.
When the pH was 11, the K4 of KMP remained at 5.3 x 10* mL g_l,
whereas the K4 value of NMP increased slightly to 1.2 x 10* mL g~*
which is discussed in Section 4.2.1. Additionally, KMP and NMP were
stable in the pH range of 3-11, as evidenced by the nearly identical XRD
patterns (Fig. S4).

Popular cations, such as Na*, K*, Mg?*, Ca?*, and Sr*>' may cause

(a)

I | R wad
— | I l | SV t=4h
>
f_“., ll l SN I VO WY tA_.L1Ah
2 _ .
‘n | l. A l lllA A A A tA_ 10 min
C
) -
€ I o - J b Pristine

ICDD:96-201-3392
£sMgPO,-6H,0 (Cubic)
ICDD:01- 089 6348

B KAV S

30 40 50 60 70
26 (degree)

1 ‘I‘
1 |'| \

10 20

competitive adsorption for the removal of Cs*. As shown in Fig. 3(b) and
(c), in the presence of Na™ and K¥, the K4 values of KMP for Cs™ ranged
from 3.5 x 10* mL g7! to 3.9 x 10* mL g™}, whereas those of NMP for
Cs™ were maintained at 7.3 x 10° mL g~! to 8.8 x 10° mL g~1. When
Mg?" was present, the K4 values of KMP and NMP to Cs™ were 9.9 x 10°
mL g ! and 6.4 x 10% mL g}, respectively. In particular, Ca®* and Sr?*
had a more substantial effect than other coexisting ions (Na*, K*, and
Mg?") and the K4 values of KMP and NMP were 31 mLg~! and
30 mL g~ ! for Ca®", respectively. The reasons for this are discussed in
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Fig. 4. XRD patterns of (a) KMP and (b) NMP prepared at various adsorption times with Cs*

adsorption conditions: pH = 7, C, = 1000 mg L™}, S/L =1 gL™}, T=25°C.

. FE-SEM images of (c) CsSMPypic and (d) CsMPhexagonal- General
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Section 4.1.1. To evaluate the application of KMP and NMP in real water
systems, the distribution coefficient of Cs*-spiked artificial seawater
(ASW) was examined (ion concentrations are shown in Table S1). The Kq4
values of KMP and NMP in seawater were 41 mL g~ and 29 mL g7},
respectively, which were similar to those in the Ca?* solution. Generally,
coexisting cations inhibited the adsorption of KMP and NMP on Cs™ in
the following order: Ca%*/Sr?" >> Mg*" > K*/Na*.

3.3. Structural transformations of KMP and NMP

The structures of KMP and NMP were investigated using XRD during
the Cs™ adsorption process. Fig. 4(a) illustrates that KMP underwent a
structural  transformation to  struvite-type,  cubic-structured
CsMgPO4-6H20 (CsMPpic, ICDD: 96-201-3392) in approximately 1 h.
On the other hand, NMP (Fig. 4(b)) underwent two structural trans-
formations during the adsorption process: first from NMP to CSMPypjic
and then to struvite-type, hexagonal-structured CsMgPO4-6H20
(CsMPpexagonal, ICDD: 96-221-8904); The two structures had different
arrangements of close-packed layers (Fig. S6(a) and (b)), which suggests
that NHJ in NMP may contribute to the structural transformation of
CSMP upic t0 CSMPhexagonal. The reasons for this are discussed in Section
4.2. FTIR analysis (Fig. S5) also demonstrated the formation of struvite-
type CsMPs where the intense peak of the products at 976 cm ™! corre-
sponded to the antisymmetric vibration of POz~ in struvite [4].
Morphology analysis (Fig. 4(c) and (d)) showed that CsMPcyp;c exhibi-
ted a tetrahedral appearance (~3 um), whereas CsMPpeyagonal €xhibited
a coffin-like appearance (~40 um).

4. Discussion
4.1. Adsorption processes

4.1.1. Adsorption mechanism

To elucidate the adsorption behavior of Cs* on KMP and NMP, the
experimental data were evaluated using energy-dispersive X-ray spec-
troscopy (EDS) mapping and inductively Coupled Plasma Optical
Emission spectroscopy (ICP-OES). EDS mapping confirmed that
CsMP ypic and CsMPhexagonal Were composed of Cs, Mg, P, and O (Fig. S7
(c, d)). The CsMPcypic and CsMPhexagonal Samples revealed a homoge-
neous distribution of Cs, whereas K and N were much lower than those of
KMP and NMP (Fig. S7(a, b)), suggesting that Cs™ was exchanged with
K" or NHJ. To further confirm the ion exchange ratio of K* to Cs* during
the adsorption of Cs* by KMP, 20 mg of KMP crystals was immersed in
20 mL of 1000 mg L~! Cs* solution, and the concentrations of Cs*, K,
and Mg?* were monitored at different stages throughout the adsorption
process. As shown in Fig. 5(a) and Table S4, the concentration of K™ in
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the solution increased and stabilized at 3.532 mmol g’1 (62.3 %) as the
concentration of Cs* in the solution decreased, whereas the Mg" in the
solution remained at a negligible concentration. According to correla-
tion analysis, the increase in the amount of K* was positively correlated
with a decrease in the amount of Cs' in the solution (Fig. 5(b)). The
obtained slope was 0.814, which indicates that the desorption of
0.814 mol K occurred during the adsorption of 1 mol Cs*. These results
indicate that K in KMP and Cs™ in the solution engaged in an ion-
exchange process. However, the actual amount of K' desorbed was
less than the theoretical value.

As shown in Fig. 4, the structure and size of the post-adsorption
products changed. To verify the dissolution of KMP, 20 mg of KMP
powder was added to 20 mL of deionized water. As shown in Fig. 5(a)
and Table S4, the concentrations of K* and Mg?*t increased rapidly
during the first 30 min and reached equilibrium at ~2 h. The concen-
trations of K™ and Mg?" in the solution increased to 0.378 mmol g~ ' and
0.465 mmol g~ ! at 4 h, accounting for 6.66 % and 8.19 % of the total K
and Mg contents in the KMP adsorbent, respectively. This indicated that
KMP was partially dissolved in water, and the dissolved Mg?* and PO}
may form CsMPs when combined with H,0 and Cs™. Previous studies
have suggested that Cs* tends to accumulate on the surface of the par-
ticles as struvite when heterogeneous precipitation is performed [24,31,
55]. While Cs* underwent ion exchange with K*, some of the Cs*
formed CsMPs with Mg and P on the KMP surface, which explains why
the slope of the fitted equation was less than 1. Thus, it can be concluded
that ion exchange and dissolution-precipitation are concurrent pro-
cesses, with the former being dominant. Because NMP has a structure
similar to that of KMP, it has the same adsorption mechanism.

The adsorption of Cs* on KMP and NMP is primarily driven by
electrostatic interactions and struvite formation. Divalent ions such as
Sr2t, Ca?t and Mg?" affected the adsorption of Cs* due to their elec-
trostatic interactions (Fig. 3(b) and (c)). The formation of struvite also
plays a crucial role in Cs* adsorption. The significant difference between
Sr?*/Ca*" and Mg?" on Cs* adsorption explains the effect of struvite
formation. Sr*" and Ca* prevent the formation of struvite [13], which
can contain Cs™ in its structure. Monovalent cations do not prevent the
struvite formation and not accommodate in struvite resulting in no
competing with Cs™.

4.1.2. Comparison of Cs" adsorption onto dittmarite-type compounds and
other adsorbents

The theoretical ion-exchange capacities of the adsorbents were
calculated and compared with their actual capacities. The theoretical
ion exchange capacity of KMP (gKMP . — 754 mg g~1) was lower than
that of NMP (¢\MP . = 856 mg g 1) because NHJ has a lower molar

weight than K'; the ion exchange capacities of both NHJ and K* were
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higher than that of AMP (g}™ ..., = 213 mg g~ ') and similar to that of
o-ZrP and y-ZrP (q%.2%,., = 882mgg !, ¢f 2T =833 mgg ). We
also compared the actual adsorption capacities of the adsorbents in
Fig. 6. We observed that the highest g values of KMP (630 mg g~ 1) and
NMP (711 mg g~ 1) for Cs™ were the highest among previously reported
values, including PBIL-BF,; (592 mgg™1) [7], InSnOS (532 mg g™}
[56], and Zeolite-Rho (497 mg g’l) [26]. The highest q. values of y-ZrP
[8], AMP-PAN [40], and o-ZrP [39] were 225, 83, and 64 mg g ',
respectively, which were much lower than the theoretical q because
AMP is not layered and ZrP has H as an interchangeable ion, which is
affected by the dissociation constant and additional hydrogen bonding.
Because KMP and NMP had high q., they are good candidates for
minimizing the volume of radioactive wastewater containing Cs™.

The K4 values of KMP and NMP were compared with those of pre-
viously reported adsorbents (Table S5). KMP had a higher K4 for Cs*
than NMP, ZIF-8-FC [25], InSnOS [56], FJSM-SnS [43], and AMP-PAN
[40] but lower than KAISnS-3 [58], 3D rGO/PBAs [18], and KTS-3 [45].

The adsorption of Sr?* and Co?*, which can also exist in wastewater
from nuclear power plants, was also tested. NMP showed a high g, value
of 529 mg g~! for Co?* and a low g, value of 107 mg g~ ! for Sr%*, KMP
showed low g, values of 109 and 140 mg g~ ! for both Co?' and Sr?*
(Fig. $8). The high g, value of NMP for Co?>" was likely because of the
smaller ionic radius of Co®* (0.65 10\) than that of Sr** (1.18 A) and the
larger ionic radius of NHJ (1.48 A [49]) than that of K+ (1.38 A [48]).

4.2. Mechanisms of the CsMPhexagonal / CSMPypic polymorph switch

4.2.1. Mechanism of influence of interlayer ions on pH

Generally, pH is one of the main factors controlling the struvite
morphology, size, and growth rate [34,42]. At pH 7, KMP and NMP
produced CsMP pic and CsMPrexagonal, respectively (Fig. 4). To examine
the change in the pH during Cs' adsorption, a pH meter was used to
measure the pH of the solution. As shown in Fig. 7(a), the initial pH of
the solutions was 7, and after 10 min, the pH values of both solutions
increased, most likely because of the reaction of the negatively charged
surfaces of KMP and NMP with HoO to form OH™ (Eq. 4). In addition, the
partial dissolution of the adsorbent released PO}~ into water. Because
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Fig. 6. Comparison of the highest g. values of various adsorbents for Cs*. Some
data were estimated using WebPlotDigitizer (ver. 4.5). PBIL-BF,4 [7], InSnOS
[56], Zeolite-Rho [26], hf-TiFC [59], MIL-101-SOsH [1], KMS-2 [36], ZIF-8-FC
[25], FJSM-SnS-4 [27], FISM-SnS [43], KATS-2 [57], KTS-3 [45], NH4V4010
[61], y-ZrP [8], KMS-1 [33], 3D rGO/PBAs [18], FJSM-InMOF [15], Modified
serpentine [31], AgSnSe-1 [12], FJSM-GAS-1 [14], CuGeSe-1 [32], FJSM-SbS
[30], CC/OMS [10], AMP-PAN [40], a-ZrP [39], and PB@PD [60].
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the phosphate species (PO3~, HPOZ~, H,POZ) coexisted in different
percentages at different pH values (Fig. S9(a)), PO}~ reacted with H,O
to form HPO%’ and OH™ (Eq. 5) [9]. After 10 min, the pH of the KMP
and NMP solutions decreased and stabilized at 9.0 and 8.4, respectively.
The pH of the solution after the adsorption of Cs* by NMP was signifi-
cantly lower than that of the solution after the adsorption of Cs* by
KMP, owing to the presence of NHJ. In Fig. S9(b), when the pH of the
solution was higher than 7, NHJ reacted with OH™ in the solution to
generate NH3(aq) and H20, causing a decrease in the pH of the solution
(Eq. 6) [28].

= PO’(S) + H,0-»= POH(X) + OH™ 4)
PO,>~ + H,0—~HPO,>” + OH"™ (5)
NH4+(ﬂq) + OH™ —>NH3 (aq) -+ Hzo (6)

The improved adsorption performance of NMP at pH = 11 (Fig. 3(a))
can be explained by that the high concentration of OH™ promoted the
positive direction of Eq. 6 and subsequent additional ion exchange be-
tween NHJ in NMP and Cs™ in solution.

4.2.2. Variation in pH and structural transformation

To determine the relationship between pH and structural trans-
formation, the relationship between the pre-adsorption pH (pHjytia1) and
post-adsorption pH (pHginal) of KMP and NMP in the Cs* solution was
determined (Fig. 7(b)). The products of KMP and NMP after Cs*
adsorption under different initial pH conditions were characterized
using XRD (Fig. 7(c) and Fig. 7(d)). When the initial pH was 3, the final
pH after the adsorption of Cs* by KMP and NMP changeed to 7.9 and 8.0
(Fig. 7(b) and Fig. S10(a)), respectively, and their products were
transformed into CsMPpexagonal- When the initial pH was 5-9, the pH of
the KMP and NMP solutions finally stabilized at 9.5 and 8.5, which
indicated that KMP and NMP had buffering capacities in the initial pH
range of 5-9. The XRD patterns in these pH ranges indicated that the
products of KMP and NMP were CsMPypic and CaMPhexagonal, r€Spec-
tively. When the initial pH of the solution was further increased to 11,
the final pH after Cs* adsorption by KMP remained almost constant
(pHfinas = 10.9). In contrast, the final pH value at equilibrium after
adsorption by NMP decreased to 8.7 (Fig. S10(b)). The XRD patterns
showed that both the KMP and NMP adsorption products were trans-
formed into CsMPpic. The transformation from CSMPypic t0 CSMPpey.
agonal for NMP at pH 7 (Fig. 4(b)) was caused by a change in pH (Fig. 7
(a)). In summary, when the pH of the solution was lower than 8.6, KMP
and NMP tended to transform into CsMPhexagonal and when it was higher
than 8.6, they tended to transform into CsMPpic (Fig. 7(b) and S11).
Further studies will be required to analyze the phosphate state and
structure of CsMPs under different solution pH conditions.

5. Conclusions

An adsorbent with a high adsorption capacity has the advantage of
reducing the volume of radioactive waste. Two dittmarite-type magne-
sium phosphates, KMP and NMP, were successfully synthesized and used
to remove Cs' from aqueous solutions. The highest g. values of KMP and
NMP measured experimentally were 630 mgg ™' and 711 mgg ?,
respectively, which are the highest among any reported adsorbents. The
combination of ion exchange and dissolution-precipitation contributed
to the high adsorption capabilities of KMP and NMP, which were close to
their theoretical values. While KMP and NMP may not be suitable for use
in waters with high divalent ion concentrations, they can still be used in
readsorption processes, following desorption processes, to concentrate
Cs* and reduce waste volume. Additionally, the reduced waste will be
stable after vitrification or immobilization. In conclusion, the high
adsorption capacity and stability of KMP and NMP make them promising
candidates for the treatment of radioactive wastewater. This study not
only provides valuable information on the properties and mechanisms of
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dittmarite-type magnesium phosphates as Cs™ adsorbents, but also
contributes to the development of efficient and cost-effective methods
for the disposal of radioactive waste.
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