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A B S T R A C T   

Developing adsorbents with fast uptake rates and high adsorption capacities for both Sr2+ and Co2+ is a major 
challenge for treating radioactive wastewater. Traditional calcium phosphates (CaPs) can adsorb Sr2+ and Co2+

but their adsorption performance is limited by their compact structures. Because of the looser structure and the 
presence of more exchangeable cations than other CaPs, layered potassium calcium phosphate (K3HCa(PO4)2, 
KCaP) would be appropriate for removing Sr2+ and Co2+ from wastewater. KCaP demonstrated fast uptake (94.1 
% Sr2+ in 120 min and 96.6 % Co2+ in 10 min) and remarkable adsorption capacity (384 mg g− 1 for Sr2+ and 
382 mg g− 1 for Co2+). It also exhibited high distribution coefficients for Sr2+ (Kd = 2.3 × 104 mL g− 1) and Co2+

(Kd = 5.6 × 104 mL g− 1) at pH 7. Although KCaP prefers to adsorb Co2+, it can efficiently remove Sr2+ and Co2+

in the presence of multiple competing cations. Adsorption on KCaP is believed to occur as a two-stage ion-ex
change process: fast exchange with K+ and subsequent progressive exchange with Ca2+. As a result of the uptake 
of Sr2+ and Co2+, KCaP was transformed into chemically more stable Sr- and Co-containing CaPs. The non
reactivity of the used adsorbent makes the disposal of radioactive wastes manageable and relieves the envi
ronmental burden.   

1. Introduction 

The generation of large volumes of radioactive wastewater by nu
clear power plants (NPP) and the 2011 accident at the Fukushima 
Daiichi Nuclear Power Plant (FDNPP) have drawn attention to the need 
for effectively remediating nuclear liquid wastes. 90Sr (t1/2 = 28.79 
years) and 60Co (t1/2 = 5.27 years) are two harmful radionuclides found 
in cooling fluids discharged from NPPs during normal operation [1] and 
in water tanks at FDNPP [2]. These radionuclides are generally in their 
cationic form in water, allowing them to easily penetrate the food chain 
and accumulate in the human body. 90Sr intake negatively affects the 
myeloid system leading to death [3] while 60Co assimilation causes DNA 
damage through the production of reactive oxygen species [4]. Hence, 
these radionuclides must be removed to protect the environment and 
human health. Because both radioactive Sr2+ and Co2+ are present in 
radioactive wastewater, removing them simultaneously can simplify the 
treatment process. In addition, the resulting low-volume solid waste can 
be converted into stable ceramic waste. 

Adsorption is one of the most commonly used techniques to remove 

radionuclides because it is cost-effective; various materials can adsorb 
trace pollutants from water [5]. In recent years, phosphate (PO4

3− )- 
containing materials have attracted great interest in the adsorption of 
radionuclides because they are suitable for further immobilization [6]. 
Calcium phosphates (CaPs) have been extensively investigated for Sr2+

removal owing to the similar chemical properties of Ca2+ and Sr2+. For 
example, hydroxyapatite (Ca10(PO4)6(OH)2, HAp), the main mineral 
constituent of bones and teeth, can adsorb Sr2+ and Co2+ via ion ex
change with Ca2+. However, their adsorption capacities are low because 
of their compact structures [7,8]. Unlike HAp, layered dicalcium phos
phate dihydrate (CaHPO4⋅2H2O, DCPD) has a relatively looser crystal 
structure in which interlayer channels can promote the migration of 
ions. Consequently, DCPD exhibits higher adsorption capacities for Sr2+

and Co2+ than HAp [9,10]. However, DCPD exhibits slow uptake ki
netics because its adsorption performance mostly relies on the slow 
release of Ca2+ ions from the structure. 

Therefore, we hypothesized that application of a loosely layered CaP 
with multiple exchangeable cations could result in fast uptake kinetics 
and high adsorption capacities for Sr2+ and Co2+. Layered potassium 
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calcium phosphate (K3HCa(PO4)2, KCaP) has a glaserite structure [11], 
which has a [Ca(PO4)2] layer with an atomic arrangement different from 
that of the [CaHPO4] layer in DCPD. Compared with HAp (1.67) and 
DCPD (1.00), KCaP has a lower Ca/P ratio (0.50), resulting from the Ca 
vacancies occupied by K and H ions. These additional cations function as 
active sites for ion exchange. The use of layered KCaP with intercalated 
cations to adsorb Sr2+ and Co2+ is still unexplored and opens a direct 
route to new effective CaP-based adsorbents. 

In this work, layered KCaP with multiple exchangeable ions was 
synthesized and used for Sr2+ and Co2+ adsorption for the first time with 
the expectation of enhanced adsorption performance. The effects of the 
contact time, initial concentration, pH, and competing cations on Sr2+

and Co2+ adsorption were explored. The structural transformations of 
KCaP involved in the removal of Sr2+ and Co2+ from aqueous solutions 
were also examined. 

2. Material and methods 

The reagents and characterization methods used in this study are 
provided in the Supporting Information (SI). Owing to safety concerns, 
non-radioactive stable Sr2+ and Co2+ ions served as substitutes for 90Sr 
and 60Co. All experiments were performed in triplicate, unless otherwise 
indicated. 

2.1. Preparation of KCaP 

In typical synthesis, Ca(OH)2 (13.6 mmol, 1.06 g), K2HPO4⋅3H2O 
(34.0 mmol, 7.84 g), KOH (6.8 mmol, 0.45 g), and 5 mL deionized water 
were mixed in a Teflon-lined autoclave and stirred with a magnetic 
stirrer for 10 min. The resulting mixture was heated to 160 ◦C for 24 h 
and then cooled to room temperature before the product was collected. 
The solid product was washed three times with deionized water via 
centrifugation to remove unreacted chemicals, vacuum-dried at 60 ◦C 
for 24 h, ground using an agate mortar and pestle, and stored in a sealed 
glass vial. The yield was approximately 80.2 % (3.81 g) with respect to 
the amount of Ca(OH)2. 

2.2. Batch adsorption experiments 

Sr2+ and Co2+ solutions of different concentrations (Co = 50–1000 
mg L–1) were prepared by dissolving appropriate amounts of SrCl2⋅6H2O 
and Co(NO3)2⋅6H2O, respectively, in deionized water (DIW). The pH 
values were adjusted using 0.5 mol L–1 NaOH or 0.5 mol L–1 HCl. A batch 
adsorption experiment was conducted by mixing 20 mg of KCaP powder 
with 20 mL of an aqueous Sr2+ or Co2+ solution in a 30 mL glass vial. The 
mixture was shaken using an orbital shaker (SHO-2D, Daihan Scientific 
Co., ltd., South Korea) at 25 ◦C for a certain time (t = 5–1440 min). 

The effect of pH on Sr2+ and Co2+ adsorption on KCaP was explored 
at Co = 100 mg L–1 and initial pH values of 3–11. To investigate the 
distribution coefficients (Kd values, mL g− 1) of KCaP, Sr2+- and Co2+- 
spiked aqueous Na+, K+, Mg2+, and Ca2+ solutions (1.0–100 mmol L–1) 
were used. The removal efficiency (R, %) was determined using Sr2+- 
and Co2+-spiked tap water (TWs) and artificial seawater (ASWs, Cor
alife®, USA). The compositions of raw TW and ASW are summarized in 
Table S1. 

The adsorption capacity (qe, mg g− 1), R, and Kd were calculated 
using Eqs. (1), (2), and (3) where Co and Ce are the initial and equilib
rium concentrations (mg L–1), respectively, V (L) is the volume of the 
aqueous Sr2+ or Co2+ solution, and m (g) is the mass of the adsorbent. 

qe =
Co − Ce

m
× V (1)  

R =
Co − Ce

Co
× 100 (2)  

Kd =
Co − Ce

Ce
×

V
m
× 1000 (3)  

2.3. Analysis 

Liquid samples were collected using 30 mL plastic syringes (SciLab 
Korea Co., ltd., South Korea) with 0.22 μm cellulose acetate syringe 
filters (Advantec, Toyo Roshi Kaisha, ltd., Japan). Portions of the filtrate 
were diluted into solutions containing 2.5 % w/v HNO3 and 0.2 % w/w 
K+ for Sr2+ or into solutions of 2.5 % w/v HNO3 for Co2+. Analyses of Sr 
and Co in the diluted samples were performed using flame atomic ab
sorption spectroscopy (AAS, AAnalyst 200, PerkinElmer, Inc., USA). 
Elemental analyses of the samples were performed to examine the 
adsorption mechanisms using inductively coupled plasma optical 
emission spectroscopy (ICP-OES, Optima 8300, PerkinElmer, USA). 
Approximately 5 mL of each filtrate was used for the pH measurements 
(Orion Star A211 pH meter (X21407), Thermo Scientific, Indonesia). 

3. Results 

3.1. Properties of KCaP 

The effect of the molar ratio of the K2HPO4⋅3H2O precursor used in 
the synthesis of KCaP on the adsorption capacity for Sr2+ and Co2+ was 
examined to select an appropriate adsorbent. Samples prepared using <
5.0 mol of K2HPO4⋅3H2O showed irregular shapes in the field emission 
scanning electron microscopy (FE-SEM) images (Fig. S1(a) and (b)) and 
lower crystallinity in their X-ray diffraction (XRD) patterns compared to 
the reference XRD pattern of crystalline KCaP (ICDD: 00-015-0091, 
Fig. S1(e)). The low crystallinity probably indicates that the particles 
had irregular lamellar structures with less phosphorus. On the other 
hand, the XRD pattern of the sample produced using 5.0 mol of 
K2HPO4⋅3H2O showed characteristic Bragg peaks at 2θ = 12.12◦, 
24.21◦, 31.24◦, 31.57◦, 36.56◦, and 43.45◦, which correspond to (001), 
(002), (112), (202), (003), and (–222) planes, respectively, of the 
reference KCaP XRD pattern (Fig. S1(e)), which is a monoclinic crystal 
system with a C2/m space group. The addition of more K2HPO4⋅3H2O 
(7.0 mol) slightly reduced the crystallinity of the sample (Fig. S1(e)), 
which suggests partial deterioration of the layered structure. FE-SEM 
images for 5.0 and 7.0 mol of K2HPO4⋅3H2O as shown in Fig. S1(c) 
and (d) showed similar flake-like particles of 2.0–3.0 μm in width. 
Finally, the adsorption capabilities of the prepared adsorbent samples 
were verified by estimating their adsorption capacities. The highest 
adsorption capacity was observed for the sample synthesized using 5.0 
mol of K2HPO4⋅3H2O (Fig. S1(f)). Consequently, a Ca(OH)2: 
K2HPO4⋅3H2O:KOH molar ratio of 2:5:1 was selected for preparing KCaP 
in subsequent experiments. 

The selected KCaP samples were further characterized to identify 
their physicochemical properties. Energy dispersive X-ray spectroscopy 
(EDS) maps (Fig. 1(a)) revealed uniform distributions of the constituent 
elements and a K:Ca:P molar ratio of 2.94:1:2, similar to the atomic ratio 
in crystalline KCaP. The presence of phosphates was confirmed by the 
appearance of characteristic vibrational peaks at 565 cm− 1 and 1038 
cm− 1 in the spectra of Fourier transform infrared spectroscopy (FTIR) in 
Fig. 1(b) [12]. The broad band ranging from 3300 to 3700 cm− 1 pertains 
to the water of crystallization and the water molecules adsorbed on the 
KCaP. 

The porosity and specific surface area of the KCaP sample were 
examined using N2 adsorption–desorption isotherms (Fig. 1(c)). The 
isotherms were type IV Brunauer–Emmett–Teller (BET) isotherms with 
an H3 hysteresis loop at PPo

–1 = 0.52. The BET surface area was 1.85 
m2 g− 1 and the mean pore size was estimated to be about 15.44 nm from 
the Barrett–Joyner–Halenda (BJH) pore size distribution (Fig. 1(c) 
inset). Despite the mesoporous structure, the specific surface area was 
low, probably because the diffusion of N2 molecules was blocked by the 
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K+ and H+ ions positioned along the KCaP channels. 
Thermal stability was examined by thermogravimetric analysis of 

the KCaP sample (Fig. 1(d)). The as-prepared KCaP sample was stable up 
to T = 560 ◦C and then decomposed into pyrophosphate with an increase 
in temperature above 560 ◦C [13]. Decomposition was completed at 
approximately 600 ◦C and became stable, leaving only 2.8 % of the total 
weight loss. 

3.2. Sr2+ and Co2+ adsorption performances of KCaP 

The kinetics of Sr2+ and Co2+ uptake by KCaP were investigated by 
batch adsorption experiments conducted at t = 5–1440 min and Co =

100 and 1000 mg L–1. Fig. 2(a) and (b) show that Sr2+ and Co2+

adsorption on KCaP at Co = 100 mg L–1 reached equilibrium within 2 h 
(RSr = 94.1 %) and 10 min (RCo = 96.6 %), respectively. At a much 
higher concentration of Co = 1000 mg L–1, the adsorption of Sr2+ and 
Co2+ both rapidly increased in the first 4 h and plateaued after 24 h (RSr 

Fig. 1. Characteristics of KCaP synthesized at the optimum molar ratio of precursors: (a) FE-SEM image and EDS maps, (b) FTIR spectrum, (c) N2 adsorption and 
desorption isotherms (inset: pore size distribution), and (d) thermogravimetric analysis. 

Fig. 2. Adsorption performances of KCaP toward Sr2+ and Co2+: Effect of contact time (a) Sr2+ and (b) Co2+ (Co = 100 and 1000 mg L–1, pH = 7); Effect of initial 
concentration (c) Sr2+ and (d) Co2+ (pH = 7, tSr = 1440 min, tCo = 480 min). General adsorption conditions: T = 25 ◦C, S/L = 1.0 g L–1, shaking rate = 150 rpm. 
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= 95.6 %) and 8 h (RCo = 85.0 %), respectively. The stabilized removal 
efficiencies were 95.57 % and 85.04 %, respectively. The reason why 
Co2+ uptake was faster than that of Sr2+ is discussed in Section 4.1. 

Adsorption experiments at various initial concentrations of Sr2+ and 
Co2+ were performed to obtain the maximum adsorption capacity of 
KCaP. Fig. 2(c) and (d) show that the adsorption of Sr2+ and Co2+

became saturated. The adsorption capacities for Sr and Co and qSr
e and 

qCo
e , at Co = 1000 mg L–1 were 384 and 382 mg g− 1, respectively. The 

Sips model best fitted the nonlinear regressions for both the adsorption 
isotherms, with correlation coefficient r2 values of 0.975 for Sr2+ and 
0.988 for Co2+ (Table 1). The model fittings and their nS values greater 
than 1.0 suggest that heterogeneous or multilayer adsorption of Sr2+ and 
Co2+ on KCaP occurred. The computed maximum Sips adsorption ca
pacities (qm) of KCaP for Sr2+ and Co2+ were 397 mg g− 1 (4.53 mmol 
g− 1) and 379 mg g− 1 (6.43 mmol g− 1), respectively. 

The initial pH values might cause aqueous metal ions to precipitate 
as hydroxides, which leads to a strong bias in the removal performance. 
To exclude the precipitation of Sr2+ and Co2+ into metal hydroxides, 
experiments were conducted in the pH range of 3 to 11 for Sr2+ and 3 to 
7 for Co2+. The species distributions of Sr2+ and Co2+ as a function of 
pH, which were predicted by Visual MINTEQ software version 3.1 
(Fig. S2) show that Sr2+ and Co2+ ions are the main species in the pH 
range less than 12 and 8.5, respectively. In addition, the structural 
integrity of the synthesized adsorbent, which affects the adsorption 
performance, was verified by the XRD patterns of the samples kept at pH 
= 3–11 (Fig. 3(a)). Adsorption experiments under varying pH conditions 
showed that KCaP effectively removed Sr2+ and Co2+ at those pH values 
(Fig. 3(b)). Notably, lower Sr2+ removal efficiencies were observed at 
pH values of 3 and 11 due to competition with either H+ or Na+ ions for 
the adsorption sites, respectively. On the other hand, the removal effi
ciencies for Co2+ were similar in the pH range of 3–7, indicating that the 
presence of H+ ions under acidic conditions did not influence Co2+

adsorption on KCaP. For both Sr2+ and Co2+, subsequent batch 
adsorption experiments were conducted at pH 7, where the highest 
removal efficiencies (RSr = 95.9 %, RCo = 98.3 %) and Kd values (KSr

d =

2.3 × 104 mL g− 1, KCo
d = 5.6 × 104 mL g− 1) were observed (Fig. 3(b)). 

The adsorptive removal of Sr2+ and Co2+ from water can be inhibited 
by typical coexisting cations, such as Na+, K+, Mg2+, and Ca2+. With an 
increase in the concentration of such coexisting ions from 1.0 to 100 
mmol L–1, the Kd values for both Sr2+ and Co2+ decreased (Fig. 4(a) and 
(b)). In the presence of 100 mmol L–1 Na+ ions, the Kd values for Sr2+

and Co2+ declined to 6.1 × 103 mL g− 1 and 2.3 × 104 mL g− 1, respec
tively. On the other hand, the coexistence of 100 mmol L–1 K+ ions 
significantly decreased the KSr

d value to 340 mL g− 1, which is two orders 
of magnitude lower, but the same amount of K+ moderately decreased 
the KCo

d value to 2.2 × 104 mL g− 1, which was 39 % of that in the absence 
of coexisting ions. The influence of divalent cations appeared to be much 
more significant than that of monovalent cations, the reason for which is 
discussed in Section 4.2. Overall, the coexisting cations inhibited Sr2+

and Co2+ adsorption on KCaP in the order Ca2+ > Mg2+ ≫ K+/Na+. 

To evaluate the potential KCaP application in real water systems, the 
removal efficiencies were examined for Sr2+- and Co2+-spiked local TW 
and ASW (Table S2), and the results are shown in Fig. 4(c). The R values 
of KCaP in DIW (a single-metal aqueous solution), TW, and ASW con
taining 50 mg L–1 Sr2+ were estimated to be 98.2 %, 99.6 %, and 48.8 %, 
respectively, and the R values in those containing 50 mg L–1 Co2+ were 
99.0 %, 99.2 %, and 55.5 %, respectively. Although significant decreases 
in the R values for ASW were observed, KCaP outperformed previously 
investigated adsorbents, such as alginate/Fe3O4 [14] and DCPD [9]. 
Overall, KCaP effectively removed Sr2+ and Co2+ from contaminated 
water systems, even in the presence of high concentrations of competing 
cations. 

Adsorption preferences of KCaP for Sr2+ and Co2+ were evaluated in 
terms of the separation factor (SF) using binary-component aqueous 
solutions. SF is the ratio of the Kd values of the target adsorbates [15], 
that is, KCo

d /KSr
d . The SF values remained around 8, even at a twofold 

higher Sr2+ molar concentration (Fig. 4(d)), indicating that KCaP prefers 
the uptake of Co2+ over Sr2+. 

3.3. Structural transformations of KCaP 

The loosely stacked structure of KCaP may be vulnerable to struc
tural damage upon adsorption of foreign species. The structural changes 
in KCaP during adsorption were investigated at Sr2+ and Co2+ concen
trations of Co = 20, 100, and 1000 mg L–1 using elemental compositions, 
FE-SEM images, and EDS, FTIR, and XRD spectra. At low Sr2+ and Co2+

concentrations (Co = 20 mg L–1), the adsorbate-loaded KCaP maintained 
its structural integrity and morphology (Fig. 5(a)–(c)), whereas 
elemental analyses of the adsorption filtrates showed a greater release of 
K+ ions than the adsorbed metals (Table S3). At Co = 100 mg L–1, the 
Sr2+- and Co2+-loaded adsorbents exhibited flower-like and rougher 
surface morphologies, respectively (Fig. 5(c)). The adsorption of Sr2+

and Co2+ resulted in a reduction in the intensities of the characteristic 
Bragg peaks and their complete disappearance, respectively (Fig. 5(a) 
and (b)). These observations suggest partial and complete structural 
transformations of KCaP upon exposure to 100 mg L–1 Sr2+ and Co2+, 
respectively. At a much higher initial concentration of 1000 mg L–1, 
KCaP was transformed into new monoclinic phases: strontium calcium 
phosphate ((Sr0.9Ca0.1)3(PO4)2, SrCaP) and cobalt phosphate octahy
drate (Co3(PO4)2⋅8H2O, CPO), as indicated by the XRD patterns (Fig. 5 
(a) and (b)). These transformations were also confirmed by the SEM-EDS 
maps of the constituent elements (Fig. S3) and FTIR spectra (Fig. S4). 
According to the XRD patterns of solid residues collected after different 
contact times (Fig. 5(a) and (b)), KCaP was transformed into crystalline 
phases via amorphous phases. Upon adsorbing the Co2+ ions, ion ex
change caused KCaP to change into an amorphous phase in just 10 min 
and into the crystalline phase in the subsequent 50 min. The trans
formation during Co adsorption occurred much faster than that during 
Sr adsorption, which is congruent with the fast kinetics of Co2+

adsorption. Consequently, recrystallization was completed in 24 h and 8 
h on the adsorption of Sr2+ and Co2+, respectively. 

4. Discussion 

4.1. Effects of layer structure and exchangeable cations 

A loosely-layered structure of KCaP may facilitate the effusion of 
interlayered and structural cations, resulting in faster uptake kinetics 
than DCPD, even though the standard interlayer spacing of KCaP (7.43 
Å) is similar to that of DCPD (7.59 Å). KCaP with a glaserite structure 
consists of [Ca(PO4)2] layers in which the three O atoms of the PO4 
tetrahedron are shared with the adjacent CaO6 octahedron, and the 
remaining O atom does not participate in bridge bonding (Fig. 6(a)). 
This configuration accounts for the negative charge of the [Ca(PO4)2] 
layer, forming a more loosely stacked structure with charge- 

Table 1 
Adsorption isotherm constants for Sr2+ and Co2+ on KCaP.  

Model Parameter Value 

Sr2+ Co2+

Langmuir qm (mg g− 1) 359 375  
KL (L mg− 1) 0.111 0.228  
r2 0.969 0.987 

Freundlich KF (mg g− 1(L mg− 1)1/n) 90.2 146  
nF 4.31 6.27  
r2 0.940 0.832 

Sips qm (mg g− 1) 397 379  
KS (L mg− 1)n 0.159 0.272  
nS 1.48 1.13  
r2 0.975 0.988  
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compensating cations of K+ and H+ (Fig. 6(b)), which is different from 
the [CaHPO4] layers of DCPD (Fig. S5(a) and (c)). The interlayered 
cations have coordination numbers of either 12 or 10, indicated as K(1) 
and K(2) sites in Fig. 6(b), respectively. Fig. S5(e) and (f) provide 
detailed views of these K sites. 

As noted in Section 3.2, the adsorption of Co2+ on KCaP at Co = 100 
mg L–1 reached equilibrium in 10 min, which was much faster than 24 h 
for that on DCPD at a lower initial concentration of Co = 50 mg L–1 [9]. A 
higher initial Co2+ concentration may cause a longer equilibration time 
for KCaP because an increase in the Co2+ concentration from 100 to 
1000 mg L–1 prolonged the equilibration time from 10 min to 8 h in this 

study. Meanwhile, the adsorption of Sr2+ on KCaP at Co = 100 mg L–1 

reached equilibrium in 2 h, which was much slower than that of Co2+ on 
KCaP. The observed equilibration time for Sr2+ was, however, much 
shorter than that for Co2+ adsorption on DCPD. Therefore, KCaP pro
vides much faster adsorption kinetics for both Co2+ and Sr2+ than DCPD 
because of its structural advantages. 

In addition to the structural Ca2+ ions, the presence of exchangeable 
interlayer K+ ions provided KCaP with greater adsorption capacities 
than DCPD and HAp, whose adsorption performances mostly rely on 
their structural Ca2+ ions. The adsorption capacity of KCaP for Co2+

(382 mg g− 1) was remarkably higher than that of DCPD (285 mg g− 1) at 

Fig. 3. Influence of pH on the adsorption performances of KCaP toward Sr2+ and Co2+: (a) XRD patterns and (b) distribution coefficients and removal efficiencies (Co 
= 100 mg L–1, tSr = 1440 min, tCo = 480 min). General adsorption conditions: T = 25 ◦C, S/L = 1.0 g L–1, shaking rate = 150 rpm. 

Fig. 4. Sr2+ and Co2+ uptake performance of KCaP: Influence of increasing concentrations of coexisting ions on (a) Sr2+ and (b) Co2+ adsorption (Co ≌ 100 mg L–1, tSr 
= 1440 min, tCo = 480 min); (c) Sr2+ and Co2+ removal efficiencies in various model aqueous solutions (Co ≌ 50 mg L–1, tSr = 1440 min, tCo = 480 min); and (d) 
separation factors (KCo

d /KSr
d ) in binary-component aqueous solutions (CSr

o = 0.1–0.4 mmol L–1, CCo
o = 0.2 mmol L–1, t = 1440 min). General adsorption conditions: pH 

= 7, T = 25 ◦C, and S/L = 1.0 g L–1. 
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Co = 1000 mg L–1 [9]. Compared with other adsorbents (Fig. 7), the 
highest qe value of KCaP for Sr2+ (384 mg g− 1) was higher than that of 
previously reported adsorbents, such as A-ZrP (320 mg g− 1) [18], 
flower-like-α-ZrP (291 mg g− 1) [19], Na-A-1000 kGy (237 mg g− 1) [20], 
Ca-Mg phosphate (218 mg g− 1) [21], titanate nanowires (175 mg g− 1) 
[22], KTS-3 (105 mg g− 1) [23], FJSM-InMOF (39 mg g− 1) [24], and 
NaZTS (44 mg g− 1) [25], but lower than that of GO-HAp (551 mg g− 1) 

[26]. In addition, the highest qe value of KCaP for Co2+ (382 mg g− 1) was 
also higher than that of ozonized graphene oxide (322 mg g− 1) [27], 
DCPD (285 mg g− 1) [9], (MB-IA)-g-MNCC (187 mg g− 1) [28], and the 
composite CpAD adsorbent (185 mg g− 1) [29] but lower than that of 
PoP600 (405 mg g− 1) [30], as shown in Fig. 7. Regarding the simulta
neous removal of Sr2+ and Co2+, the adsorption capacities of KCaP were 
much higher than those of previously studied adsorbents (Fig. 7), such as 

Fig. 5. Changes in the structural property and surface morphology of KCaP: XRD patterns of (a) Sr2+- and (b) Co2+-loaded adsorbents at different t and Co values; (c) 
FE-SEM images of the adsorbents collected after adsorption at Co = 20–1000 mg L–1. 

Fig. 6. Illustration of K3HCa(PO4)2 structure: views of the (a) [Ca(PO4)2] layer along the c-axis and (b) stacked layers with interlayer cations, K(1) and K(2), along 
the b-axis. Illustrations were generated using VESTA ver. 3.5.5 [16] with CIF taken from Grenier et al. [17]. 
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MW@AMS [31], covalent triazine framework [32], BHAp [33], SnSb 
[34], MnSb [35], AMP-PAN [36], EDTA-chitosan [37], clinoptilolite 
[38], 11 Å tobermorite [39], and PVA/GO/MnO2 [40]. 

The Kd values of KCaP are compared to those of previously investi
gated adsorbents (Table S3). The Kd toward Sr2+ of KCaP is higher than 
that of Fe3O4/GO [41], GO-HAp [26], and HAp [8], but lower than that 
of A-ZrP [18]. On the other hand, the Kd toward Co2+ of KCaP is higher 
than that of Slag-Ox [42], DCPD, and PoP600 [30], but lower than that 
of NaAlg-HAp-CNT [43]. 

4.2. Adsorption mechanism 

The mechanism of Sr2+ and Co2+ adsorption on KCaP was explored 
using FE-SEM, EDS, XRD, FTIR, and ICP-OES for the adsorbents and 
adsorptive solutions before and after the adsorption experiments. EDS 
maps revealed that adsorption at Co = 1000 mg L–1 resulted in a dra
matic decline in K and Ca contents and homogeneous spread of Sr and Co 
on the surface of the adsorbents (Fig. S3). The Sr-loaded adsorbent 
exhibited an additional FTIR spectral peak at 854 cm− 1 (Fig. S4(a)), 
which was ascribed to the P–O–P asymmetric stretching of SrCaP [9]. 
On the other hand, the FTIR spectrum of the Co-loaded adsorbent 
showed characteristic peaks at 1032, 974, and 937 cm− 1, which were 
ascribed to the PO4 bond found in CPO (Fig. S4(b)) [44]. In addition, the 
XRD patterns of SrCaP (Fig. 5(a), ICDD: 00–014-0205) and CPO (Fig. 5 
(b), ICDD: 00–041-0375) are also shown. Upon adsorption at a low 
initial concentration of Co = 20 mg L–1, only K+ ions were exchanged 
with Sr2+ or Co2+ ions; however, at higher concentrations, both K+ and 
Ca2+ participated in the ion exchange (Table S3). Therefore, the 
adsorption of Sr2+ and Co2+ on KCaP primarily occurs through ion ex
change with interlayer K+ and structural Ca2+, resulting in structural 
transformations of KCaP at high adsorptive concentrations. Moreover, 
we hypothesize that the adsorption of divalent cations (M2+) on KCaP 
via ion exchange results in bidentate complexation with ≡ PO– groups 
(Eq. (4)), which is similar to the adsorption mechanism of DCPD [9,10].  

2(≡PO–)(s) + M2+
( aq) + nH2O → (≡PO–)2M⋅nH2O(s)                             (4) 

Electrostatic interactions and chemical hardness (η) are believed to 
be the key driving forces in the enhanced Sr2+ and Co2+ adsorption on 
KCaP. Co2+ has a smaller ionic radius (ri = 0.65 Å) than K+ (ri = 1.38 Å) 
and Ca2+ (ri = 1.00 Å) whereas Sr2+ has an intermediate ionic radius (ri 
= 1.18 Å). Therefore, divalent Co2+ ions have greater Coulombic in
teractions with O on the KCaP surface than both K+ and Ca2+, whereas 

Sr2+ has an intermediate degree of interaction. The complexation of Sr2+

and Co2+ on the interlayer of KCaP can be further elucidated by intro
ducing the hard and soft acids and bases theory or the concept of 
chemical hardness [45,46]. The O near K+ of KCaP has higher electron 
density than its parent O element (η = 6.08 eV), because of the low 
electronegativity of K+ (0.82 in Pauling scale), making it a weaker hard 
Lewis base where local hardness was used for bases [47]. Hence, this 
weakly hard O prefers weakly hard Lewis acids to borderline Lewis 
acids, such as Sr2+ (η = 16.30 eV) and Co2+ (η = 8.21 eV). The η values 
were calculated using a previously reported equation by Parr and 
Pearson [48]. Even under acidic conditions (pH = 3), Co2+ did not show 
a decrease in the distribution coefficient, as monovalent H+ is a harder 
acid. Thus, these two concepts explain why Co2+ has a higher distri
bution coefficient than Sr2+ during ion exchange with K+ (η = 13.64 eV) 
and Ca2+ (η = 19.52 eV) on KCaP. 

These two driving forces can also explain the inhibitory effect of 
coexisting ions on Sr2+ and Co2+ adsorption (Fig. 4(a)–(c)). The 
monovalent cations, Na+ (η = 21.08 eV) and K+, probably have less 
chemical association with the O of KCaP because of their charge; hence, 
relatively less influence of Na+ on the Sr2+ Kd value (6.1 × 103 mL g− 1) 
was observed even at a high concentration (100 mmol L–1). However, at 
a high K+ concentration (100 mmol L–1), the Sr2+ Kd value significantly 
decreased to 340 mL g− 1 likely because of the pronounced restrictive 
interference of K+ as K+ has an η value closer to that of Sr2+ than Na+. In 
contrast, Co2+ is a borderline acid favored by the weakly hard O of 
KCaP. This explains why Co2+ adsorption did not decline in the presence 
of monovalent cations even at high concentrations (KCo

d = 2.2 × 104–2.3 
× 104 mL g− 1). The influence of electrostatic interactions appears to be 
much stronger in the presence of divalent competing ions. At Mg2+ and 
Ca2+ concentrations of 100 mmol L–1, significant decreases in Kd values 
down to 290–884 mL g− 1 for Sr2+ and 272–1.59 × 103 mL g− 1 for Co2+

were observed. A higher ionic concentration corresponds to a higher 
ionic strength, which leads to thinning of the electrical double layer and 
thus reduces electrostatic interactions. The ionic strength of a solution is 
given by the summation of the product of the concentration and square 
of the charge of the ions. Likewise, the adsorption in ASW resulted in 
considerable decreases in the Kd values to KSr

d = 954 mL g− 1 and KCo
d =

1.25 × 103 mL g− 1 (Fig. 4(c)). Among divalent cations, Ca2+ interferes 
with the adsorption of Sr2+ and Co2+ more strongly than Mg2+ (η =
32.55 eV) because of its relatively low hardness. The lower chemical 
hardness of Co2+ compared to Sr2+ is also the primary cause for its 
preferential removal by KCaP from the binary component (Sr2+/Co2+) 
solutions (Fig. 4(d)). Therefore, the phosphate of KCaP may have a 
higher chemical affinity for Co2+ than Sr2+ and the other cations 
considered in this study. 

Notably, the replacement of interlayer K+ and structural Ca2+ ions 
with Sr2+ and Co2+ at Co ≥ 100 mg L–1 led to the structural trans
formation of KCaP. The faster transformation of KCaP upon exposure to 
Co2+ ions in water can be explained in terms of the ionic radius and 
chemical hardness. Co2+ has smaller ionic radius (ri = 0.65 Å) and lower 
hardness (η = 8.21 eV) than Sr2+ (ri = 1.18 Å, η = 16.30 eV), allowing it 
to diffuse faster through the KCaP channels and be preferentially asso
ciated with the weakly-hard O of KCaP [49]. The release of the interlayer 
K+ ions and subsequent adsorption of the target divalent cations could 
have led to either partial collapse or complete decomposition of KCaP. A 
similar behavior was also observed in a previous study on DCPD [50]. As 
illustrated in Fig. 8, Co2+ adsorption on KCaP was henceforth used as a 
model for a simpler explanation of the structural transformation. At Co 
= 1000 mg L–1, the early 10 min-long Co2+ uptake transformed KCaP 
into amorphous cobalt phosphate (ACP), which subsequently crystal
lized into CPO at 1 h, as revealed by the change in the XRD patterns with 
time (Fig. 5(b)). This transformation was accompanied by the release of 
K+ and Ca2+ from the structure of KCaP (Table S2). The progressive 
exchange between Ca2+ and Co2+ is supposed to occur to shorten the 
distance between the cation and the oxygen at the PO4 tetrahedron, 

Fig. 7. Comparison of the highest qe values of different Sr2+ and Co2+ adsor
bents. The highest qe values were estimated from the pertinent figures of the 
references through the WebPlotDigitizer ver. 4.5. 
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resulting in the formation of new bonds between phosphate and Co2+

ions, thereby converting the short-range-order phase of ACP into the 
long-range order phase of the new crystal, CPO [51]. Because of its 
metastability, ACP can spontaneously crystallize into HAp in aqueous 
solutions [52,53]. However, the presence of Co2+ ions in the aqueous 
solution led to a more stable phase of CPO than HAp. The structural 
transformation during Sr2+ adsorption may proceed at a slower rate via 
the same route as that of Co2+ adsorption. 

Considering the practical applications of radioactive Sr2+ and Co2+

removal, the final radioactive products of SrCaP and CPO should be 
treated carefully. Fortunately, calcium phosphate (Ca3(PO4)2) and co
balt phosphate (Co3(PO4)2) are sparingly soluble in water, as indicated 
by their solubility products of about 2.07 × 10–33 and 2.05 × 10–35, 
respectively [55]. In addition, the capability of KCaP to effectively 
adsorb both Sr2+ and Co2+ reduces the production volume of solid waste 
that retains the radionuclides. Additionally, CaP can be easily converted 
into ceramics for disposal in geological repositories. These advantages 
suggest the potential application of KCaP for the treatment of radioac
tive materials. 

5. Conclusions 

In this study, we hypothesized that layered KCaP with a loose 
structure and multiple exchangeable cations would have rapid uptake 
kinetics and high capacities for the adsorption of Sr2+ and Co2+. As 
expected, KCaP exhibited rapid uptakes of 94.1 % Sr2+ and 96.6 % Co2+

in 120 min and 10 min, respectively, and high adsorption capacities of 
384 mg g− 1 for Sr2+ and 382 mg g− 1 for Co2+. Although KCaP strongly 
prefers the uptake of Co2+, it can efficiently remove both Sr2+ and Co2+

from water containing various competing cations. The mechanism of its 
high distribution coefficient for Sr2+ and Co2+ over competing cations is 
well explained in terms of electrostatic interaction and chemical affinity 
between the adsorbent and adsorbates. Notably, a large amount of ad
sorbates resulted in the transformation of KCaP into more chemically 
stable SrCaP and CPO. In conclusion, KCaP has a high potential for 
sequestering multiple radionuclides from water, enabling improved 
radioactive waste management. 
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