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A B S T R A C T   

Radioactive wastewater contains high concentrations of 90Sr (strontium-90), which poses a serious threat to 
human health and ecosystems. Layered ammoniated zirconium phosphate (A-ZrP) was synthesized herein using a 
one-pot hydrothermal method for the adsorptive removal of Sr2+. ZrP was ammoniated between its structured 
layers to increase interlayer spacing and facilitate the access of Sr2+ ions to adsorption sites and realize adequate 
ion exchange. A-ZrP achieved a faster equilibration time (120–240 min) compared with that of other ZrPs 
(250–500 min). A-ZrP exhibited excellent Sr2+ uptake selectivity (Kd = 5.3 × 105 mL g− 1) and maximum 
adsorption capacity (qm = 341 mg g− 1) at a pH of 7. Moreover, A-ZrP displayed high selectivity in various 
contaminated solutions, with a high Kd value of 681 mL g− 1, even in artificial seawater. The adsorption 
mechanism was found to involve ion exchange between NH4

+ and Sr2+, primarily because of electrostatic in
teractions and chemical hardness. These results highlight the potential of A-ZrP as an efficient adsorbent for the 
selective removal of Sr2+ ions from wastewater.   

1. Introduction 

Nuclear energy has attracted significant attention owing to the 
ongoing global energy crisis. However, the use of nuclear energy gen
erates various radionuclide pollutants [1], which are detrimental to the 
environment and human health if accidentally released or improperly 
managed. For example, a large amount of 90Sr (strontium-90)-contain
ing wastewater was produced after the Fukushima nuclear accident in 
2011 [2]. 90Sr is known to be an extremely toxic radionuclide with a 
half-life of over 28.78 years [3]. Possessing calcium-like properties, 90Sr 
can be easily transported by water into the human body and accumulate 
in bones, causing rickets, cancers, and other serious diseases; thus, it 
should be completely removed from wastewater [4,5]. 

Various water purification strategies based on physical, chemical, 
and biological principles have been adopted for strontium removal from 

contaminated water [6]. Owing to its high removal efficiency, low cost, 
and availability of a wide variety of adsorbents, adsorption has become a 
promising technique for capturing water pollutants in trace levels. 
Among the various adsorbents, inorganic materials, such as zeolites [7, 
8], hydrated oxides [9,10], metal sulfides [11,12], and titanate-based 
materials [13,14], have been used for strontium removal. 

Crystalline zirconium phosphates (ZrPs) have attracted considerable 
interest as potential adsorbents. The space between the layers of ZrPs, 
which is an important attribute that influences the adsorption capacity 
and selectivity of layered inorganic frameworks, can be altered to 
facilitate the removal of a target metal ion from wastewater. The protons 
in the phosphate groups of ZrPs can be readily replaced by various 
cations with significantly larger ionic radii than that of protons, thereby 
enlarging the interlayer distance. This approach has been exploited to 
fabricate layered sodium γ-zirconium phosphate (NaHZr(PO4)2⋅xH2O) 
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[15] and disodium zirconium phosphate (Zr(NaPO4)2⋅H2O) [16], which 
exhibited effective adsorptive removal of Cs+ and heavy metal ions, such 
as Tl+, Pb2+, Cu2+, and Cd2+, from water, respectively. In particular, 
flower-like Na+-intercalated α-ZrP [17] and 4-amino-benzo-18 crown 
6-intercalated α-ZrP [18] demonstrated enhanced adsorption capacities 
for Sr2+, with the latter exhibiting an adsorption capacity of 320.1 mg 
g− 1; however, two additional steps were required for intercalation, with 
each step lasting six days. 

Ammonium ions were intercalated in ZrP in the present study for the 
first time and exchanged with Sr2+. It should be noted that although 
NH4

+-intercalated ZrP has been synthesized for producing γ-ZrP, its ion- 
exchange behavior has not been investigated [19]. The ionic radius of 
the ammonium ion (1.40–1.67 Å [20]) is greater than those of Na+

(0.99–1.39 Å) and Sr2+ (1.18–1.44 Å) [21], which could result in a wider 
interlayer spacing of NH4

+-intercalated ZrP. During ammonium inter
calation, remnant ammonia molecules can also reside in layered struc
tures as guest molecules [22]. Therefore, ZrPs can contain a large 
amount of ammonia, which results in an increased interlayer distance 
[23]. The wider interlayer spacing of ZrPs can favor Sr2+ ion exchange 
owing to the presence of both ammonium ions and ammonia. The 
adsorptive sites of ammoniated ZrP (A-ZrP) can facilitate stronger 
electrostatic interactions with divalent Sr2+ ions compared with those of 
NH4

+. Furthermore, Sr2+, which is a harder acid than NH4
+, binds to O, 

which is a hard base element, of A-ZrP according to the concept of 
hard-soft acid-base theory [24,25]. Therefore, the straightforward ex
change of ammonium ions that occupy the adsorptive sites prior to Sr2+

adsorption with harder Sr2+ ions was hypothesized to occur in this 
study. 

Layered crystalline A-ZrP was prepared via a facile and environ
mentally benign 24-h one-pot hydrothermal method for the removal of 
strontium from water. The influences of pH, adsorbent dose, initial Sr2+

concentration, contact time, and coexisting ions on the strontium 
removal capability of A-ZrP were investigated. A-ZrP exhibited an 
excellent Sr2+ adsorption selectivity of 5.3 × 105 mL g− 1 at a pH of 7. 
The Sips isotherm model adequately fits the Sr2+ adsorption data, 
resulting in a maximum capacity of 341 mg g− 1. Therefore, A-ZrP was 
found to be a promising material for removing radioactive Sr from 
water. 

2. Experimental 

All experiments were performed in triplicate unless otherwise 
indicated. 

2.1. Reagents 

Zirconyl(VI) chloride octahydrate (ZrOCl∙8H2O, 98%) and ammo
nium phosphate trihydrate ((NH4)3PO4∙3H2O, 95%) were purchased 
from Acros Organics (India) and Kanto Chemical Co., Inc. (Japan), 
respectively. HCl (35–37 wt%), NaOH (98%), NH4F (95%), NaCl 
(99.5%), KCl (99%), MgCl2∙6H2O (98%), CaCl2∙6H2O (98%), and 
SrCl2∙6H2O (98.5%) were supplied by Daejung Chemical and Metals 
Co., Ltd (Republic of Korea). All chemicals and reagents were used as 
received without further purification. 

2.2. Preparation of layered A-ZrP 

Using Zr:P:F molar ratios (ZrOCl2∙8H2O:(NH4)3PO4∙3H2O:NH4F) of 
1:P:0.3, where P = 2–8, ZrOCl2∙8H2O (1.063 g), (NH4)3PO4∙3H2O, and 
NH4F (0.037 g) powders were ground and mixed using an agate mortar 
and pestle for 30 min. The resulting paste was transferred into a 100-mL 
Teflon-lined autoclave reactor and heated at a temperature (T) of 120 ◦C 
for 24 h, and subsequently allowed to cool to room temperature prior to 
collecting the product (Fig. S1). The synthesized solid particles were 
washed with deionized water (DIW) three times through centrifugation 
at 10,000 rpm (11,057 RCF) for 10 min, oven-dried in air at 60 ◦C for 48 

h, ground with an agate mortar and pestle, and stored in a dry glass vial. 
NH4F was employed in the synthesis of A-ZrP because it facilitates the 
formation of highly crystalline α-ZrP particles [26]. The scheme of A-ZrP 
synthesis is provided in the Supporting Information (Fig. S1). 

The mechanism of A-ZrP formation is described henceforth. Heating 
promotes the replacement of protons with NH4

+ during crystallization 
[23]. Zirconium salts react with ammonium orthophosphate, during 
which a portion of the ammonium phosphate decomposes and releases 
NH3, which infiltrates the ZrP layers and bonds with phosphate groups 
to form NH4

+ ions. This reaction is summarized as follows (Eq. (1)):  

Zr(HPO4)2∙nH2O + NH3 ↔ Zr(NH4PO4)(HPO4)∙nH2O                         (1)  

2.3. Material characterization 

The structural characteristics of A-ZrP at different stages were pro
bed by X-ray diffraction (XRD) using an X′pert3 diffractometer (Malvern 
Panalytical Ltd., United Kingdom; Cu Kα beam, λ = 0.154 nm, 40 kV, 30 
mA). The surface functional groups and chemical bonds of the samples 
were characterized by Fourier transform infrared spectroscopy (FTIR; 
Shimadzu, Japan) within 500–4000 cm− 1. The thermal stability of the 
adsorbent was determined by thermogravimetric analysis (TGA; 
SDTQ600 TA Instruments, United States) in a nitrogen atmosphere from 
20 ◦C to 800 ◦C at a nitrogen flow rate of 20 mL min− 1 and a heating rate 
of 10.0 ◦C min− 1. The surface morphologies of the prepared samples 
were characterized by field-emission scanning electron microscopy (FE- 
SEM; SUPRA25, Germany). The elemental mapping of the samples was 
investigated by energy-dispersive X-ray spectroscopy (EDS) using an X- 
ray spectrometer with a MIRA 3 LMH In-Beam EDS detector (Zeiss, 
Germany). The pH of the aqueous solutions was probed using a portable 
pH meter (Orion Star A Series X21407, Thermo Scientific, Indonesia). 

2.4. Batch adsorption experiments 

To avoid radiation exposure, non-radioactive Sr2+ ions were used as 
a substitute for 90Sr. The former and latter are expected to possess 
similar chemical properties. SrCl2∙6H2O was dissolved in DIW to pre
pare aqueous solutions of Sr2+ at different concentrations. Using a solid- 
to-liquid ratio (S/L) of 0.5 g L− 1, 10 mg of the A-ZrP powder was 
immersed in 20 mL of the aqueous Sr2+ solution and shaken at 150 rpm 
for 24 h using an orbital shaker (Digital Orbital Shaker, SHO-2D, South 
Korea). All adsorption experiments were conducted at room tempera
ture (T = 25 ◦C), unless otherwise specified. 

The adsorption capacity (qe in mg g− 1) was calculated using Eq. (2), 
where Co (mg L− 1) is the initial concentration of Sr2+, Ce (mg L− 1) is the 
equilibrium concentration, m (g) is the mass of the A-ZrP powder, and V 
(L) is the volume of the aqueous Sr2+ solution. 

qe =
Co − Ce

m
× V (2) 

The Sr2+ uptake kinetics at Co = 100 mg L− 1 were evaluated using 
Eq. (3), where qt is the qe of A-ZrP and Ct is the Sr2+ concentration after a 
certain contact time (t = 1–1440 min). Pseudo-first-order (PFO) and 
pseudo-second-order (PSO) models were employed to analyze the re
sults of the adsorption kinetics experiment by nonlinear fitting [27] 
(Eqs. (4) and (5), respectively). The goodness of fit of the nonlinear 
regressions of the experimental adsorption kinetics data was determined 
using the correlation coefficient (r2) value. 

qt =
Co − Ct

m
× V (3)  

qt = qe
(
1 − e− k1 t) (4)  
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qt =
k2qe

2t
1 + k2qet

(5)  

Here, k1 (min− 1) and k2 (g mg− 1 min− 1) are the PFO and PSO rate 
constants, respectively. 

Equilibrium batch adsorption experiments were conducted at 
different initial concentrations of Sr2+ (Co = 10–1000 mg L− 1). The 
Langmuir, Freundlich, and Sips isotherm models, expressed by Eqs. (6), 
(7), and (8), respectively, were used for nonlinear fitting of the Sr2+

adsorption data. Values of the r2 were used to determine the goodness of 
fit of the nonlinear regression models. 

qe =
qmKLCe

1 + KLCe
(6)  

qe = KFC
1

nF
e (7)  

qe =
qmKSCe

1
nS

1 + KSCe
1

nS

(8)  

Here, qm (mg g− 1) represents the maximum adsorption capacities, 
respectively; KL (L mg− 1), KF (mg g–1(L mg− 1)1/n), and KS (mg g− 1) are 
the Langmuir, Freundlich, and Sips constants, respectively; and nF and nS 
are dimensionless factors pertaining to the Freundlich and Sips 
adsorption, respectively. 

The influence of Co on the removal efficiency (R) was calculated 
using Eq. (9). 

R (%) =
Co − Ce

Co
× 100 (9) 

The effect of pH on the adsorption of Sr2+ was examined using 
100 mg L− 1 aqueous solutions of Sr2+ with an initial pH of 1–11. An 
aqueous solution of 0.5 M NaOH or 0.5 M HCl was employed to adjust 
the pH. 

The distribution coefficient (Kd, mL g− 1) of the adsorption selectivity 
for Sr2+ in different environments was estimated using Eq. (10). Inter
ference tests were conducted with 10 mg L− 1 Sr2+ solutions by adding 
different concentrations of foreign ions, including 1–100 mmol L− 1 

aqueous Na+, K+, Mg2+, and Ca2+ solutions, tap water (TW), natural 
mineral water (NMW; Jeju Samdasoo, Republic of Korea), and artificial 
seawater (ASW; Coralife, USA). TW, NMW, and ASW have varying 
concentrations of the aforementioned background cations (Table S1). 
The influence of coexisting ions was analyzed by measuring the residual 
concentration of Sr2+ after equilibrium was achieved. 

Kd =
C0 − Ce

Ce
×

V
m

(10)  

2.5. Chemical analysis 

The liquid samples of the adsorption experiments were filtered and 
transferred into 50-mL conical sample tubes using 0.22-μm cellulose 
acetate syringe filters. Adequate amounts of the liquid samples were 
diluted in volumetric flasks containing 0.2% w/v K+ (from KCl) and 
2.5 wt% HNO3. Strontium concentrations were determined by a flame 
atomic absorption spectroscopy (AAS; AAnalyst 200, USA). About 5 mL 
of a collected liquid sample was used for pH measurement, and the 
remaining volume is stored in a cooling chamber maintained at 2 ◦C. 

3. Results 

3.1. Effect of phosphate content on Sr2+ uptake capacity 

The influence of the molar proportion of (NH4)3PO4∙3H2O during A- 
ZrP synthesis on Sr2+ adsorption capacity was investigated. Fig. 1(a) 
indicates that the qe value at Co = 500 mg L− 1 increases with an increase 
in the amount of (NH4)3PO4∙3H2O up to 6.0 mol and subsequently de
clines. The addition of more (NH4)3PO4∙3H2O (> 6.0 mol) reduces the 
crystallinity, which is presumably responsible for this decline, and 
possibly results in the partial collapse of the layered structure (Fig. S2). 
Therefore, an optimal molar ratio of 1:6:0.3 for ZrOCl2∙8H2O: 
(NH4)3PO4∙3H2O:NH4F was used in the synthesis of crystalline A-ZrP 
adsorbent powders for subsequent experiments. 

3.2. Characteristics of the A-ZrP adsorbent powder 

The FE-SEM images in Fig. 2(a) and (b) show whisker-like A-ZrP 
particles that are 200–400 nm in width and several micrometers in 
length. The elemental maps and energy spectrum (Fig. 2(c)) reveal ho
mogeneous distributions of Zr, N, P, and O, and a Zr/P ratio of 0.34. 
Fig. 2(d) indicates that the post-adsorption A-ZrP particles contain a 
large amount of homogeneously distributed Sr with a Sr/Zr atomic 
percent ratio of 1.9, whereas the atomic percent composition of nitrogen 
reduces to 25% compared to that of pristine A-ZrP. Although the EDS 
energy spectrum is generally considered a semiquantitative analysis, the 
overall behavior of the adsorption can be accounted for. 

The FTIR spectrum of the as-prepared A-ZrP (Fig. 3(a)) shows 
characteristic peaks at 935, 990, and 1062 cm− 1 due to P–O stretching 
vibrations [28]; spectral peaks at 555 cm− 1 and 629 cm− 1 correspond
ing to the Zr–O bonds [29]; and a spectral peak at 1435 cm− 1 repre
senting N–H bonds [30]. The spectral peak intensity corresponding to 
the N–H bonds significantly decreases after Sr adsorption, indicating a 
decrease in the content of corresponding materials, that is, either NH3 or 
NH4

+. However, an additional peak at 653.5 cm− 1 corresponding to 
Sr–O bonds does not appear. 

The TGA curve (Fig. 3(b)) reveals three- and one-step weight losses 
with respect to temperature for the pristine and Sr2+-loaded A-ZrP 

Fig. 1. Effects of (a) (NH4)3PO4∙3 H2O dose in A-ZrP synthesis (Co ≌ 500 mg L− 1, pH = 5.5, S/L = 1.0 g L− 1, t = 1440 min) and (b) adsorbent dose (Co ≌ 20 mg L− 1, 
pH = 7, t = 1440 min) on the Sr2+ adsorption capacity. General adsorption conditions: T = 25 ◦C, shaking rate = 150 rpm. 
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whiskers, respectively. In the pristine A-ZrP sample, the first stage 
weight loss (16%) from 25◦ to 100◦C is due to the evaporation of water 
and NH3 molecules. The second stage weight loss (22%) can also be 
attributed to NH3 evaporation because of the presence of two types of 
ammonia absorption sites on ZrP [23]. The third weight loss (10%) at 
T > 540 ◦C can be attributed to the condensation of phosphate groups 
[31]. However, a continuous single-step weight loss (27%) occurs in the 
Sr2+-loaded A-ZrP sample, resulting from simultaneous dehydration, 
decomposition of residual NH3 and NH+

4 , and condensation of phosphate 
groups [31]. The total weight losses incurred upon heating the pristine 
and Sr2+-loaded A-ZrPs at 800 ◦C are 48% and 27%, respectively. The 
lower weight-loss percentage of the latter is due to the replacement of 
more volatile NH3 molecules and NH+

4 ions with Sr2+ ions during 
adsorption. The derivative thermogravimetry (DTG) profile (Fig. 3(c)) 
shows three peaks (T = 97, 267, and 585 ◦C) corresponding to the 
aforementioned weight losses. 

The XRD patterns depicted in Fig. 3(d) confirm the crystallinity of 
the as-prepared and Sr2+-saturated A-ZrPs. The possible adsorption of 
Sr2+ ions within the A-ZrP interlayers was qualitatively and partially 
confirmed by evaluating the lattice spacing (d) values of the adsorbent 
before and after adsorption using Bragg’s law (Eq. (11)). 

d =
λ

2sin⁡(2θ
2 )

(11)  

Here, λ is the X-ray wavelength during XRD analysis (0.154 nm), and 2θ 
(◦) is the position of the Bragg diffraction peak in the XRD pattern. 

The position of 2θ corresponding to the most intense Bragg peak 
slightly shifts to the right from 10.6◦ to 11.1◦ in Sr2+-loaded A-ZrP, 
indicating the contraction of d from 8.34 Å to 7.96 Å. The decreased 
interlayer space can be attributed to the exchange of larger NH+

4 ions 
with smaller Sr2+ ions. 

3.3. Sr2+adsorption behavior of A-ZrP 

The effect of adsorbent dose on Sr2+ uptake was first examined to 
determine the appropriate dose for a systematic investigation of 
adsorption. Fig. 1(b) shows that the removal efficiency (R) increases 
with increasing adsorbent doses from 0.05 to 0.20 g L− 1 because the 
number of adsorption sites is proportional to the quantity of adsorbent 
used. The removal efficiency saturates at 99.4% at a dose ≥ 0.20 g L− 1. 
By contrast, the adsorption capacity decreases as the adsorbent dose 
increases. This indicates that more adsorption sites remain unoccupied 
at a constant amount of the adsorbate as the dose increases. 

The pH has a significant effect on the surface charge of the adsorbent 
and particle stability. In addition, the ions used for adjusting the pH 
compete for the adsorption sites, thereby affecting the Sr2+ uptake 
capability. The point of zero charge (pHpzc) of A-ZrP is most likely 
similar to that of the flower-like Na+-intercalated ZrP (pHpzc ≌ 2.75) 
[17], as both of them are α-ZrPs. This is corroborated by A-ZrP 

Fig. 2. FE-SEM images and EDS analysis: FE-SEM images of A-ZrP at (a) low and (b) high magnifications; SEM–EDS mapping and energy spectra (inset: elemental wt 
%) of (c) pristine A-ZrP and (d) A-ZrP after Sr2+ adsorption. 
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exhibiting high values of R (> 96.0%) in the pH range of 3–11 (Fig. 4 
(a)). The greater number of negatively charged surfaces of the ZrP ma
terial at pH > pHpzc leads to a higher cation adsorption rate. The rela
tively lower qe value observed at pH ≌ 1.0 can be attributed to the slight 
electrostatic repulsion between A-ZrP particles and Sr2+ ions due to the 
(1) partial positive surface charge of A-ZrP and (2) presence of 
competitive H+ ions at this extremely acidic condition. A pH of 7.0 is 
optimal for Sr2+ adsorption, owing to its high values of R (> 99.6%) and 
Kd (> 5.3 × 105 mL g− 1). The value of Kd is significantly low at a pH of 
1.0 (2.5 × 103 mL g− 1), with H+ strongly competing with Sr2+ for 
NH+

4 -ion exchange. Additionally, the destruction of the layered structure 
at a pH of 1.0 accounts for the reduction in ion exchange (Fig. S3). 
However, the Kd values of A-ZrP under acidic conditions are higher than 
those of other adsorbents, such as alginate microspheres and poly 
(amidoxime)-modified reduced graphene oxide (PAO-G-RGO), which 
have Kd < 1.0 at a pH of 1 and 2, respectively [33,34]. Because Sr is 
present in the form of Sr2+ ions at a pH below 12, according to the 
speciation diagram shown in Fig. S4, the possibility of Sr removal by 
precipitation can be eliminated. These results demonstrate that the 
A-ZrP powders can effectively remove Sr2+ ions from aqueous solutions 
over a wide range of pH (3–11). A pH of 7.0 was selected as the optimal 
value for the subsequent adsorption experiments. 

Adsorption isotherms are typically employed to describe the surface 
properties and affinity of adsorbents and evaluate the maximum 
adsorption capacity (qm) of adsorbents. 

Fig. 4(b) indicates that A-ZrP almost saturates at Ce ≥ 650 mg L− 1 

(considering the error bars); moreover, the Sips model provides an 
excellent fit to the Sr2+ adsorption isotherm owing to its highest r2 value 
of 0.9646 among the three models (Table 1). Because the Langmuir 
model does not adequately describe the adsorption of Sr2+ by A-ZrP, the 
surface is presumably not homogeneous for adsorption, and multilayer 
adsorption occurs. This is also supported by the computed nS value of 

2.3563, which is far from unity. The calculated maximum Sips adsorp
tion capacity of A-ZrP for Sr2+ was 341 mg g− 1; this value is considered 
for the comparison described in the discussion section. 

Adsorption experiments with varying contact times were subse
quently performed to elucidate the kinetics of Sr2+ adsorption on A-ZrP. 
Fig. 4(c) indicates that the adsorption rate is high and reaches R 
> 92.4% within 30 min only; equilibrium is achieved in 120–240 min (R 
> 99.6%). The adsorption kinetics are confirmed to follow the PSO 
model because of its higher r2 (0.9774) than that (0.9136) of the PFO 
model (Table S2). A-ZrP has faster Sr2+ uptake rate than previously 
investigated ZrPs as discussed in Section 4.1. 

Nuclear wastewater is an extremely complicated system in which 
Sr2+ adsorption can be hindered by competing cations, such as Na+, K+, 
Mg2+, and Ca2+. Fig. 4(d) shows that A-ZrP can remove 99.6% (Kd =

4.7 × 105 mL g− 1) of Sr2+ ions from a single-component aqueous solu
tion without competing ions (i.e., Sr2+-spiked DIW). However, the 
values of R and Kd decrease as the concentration of the competing 
divalent cations increases. The presence of Na+ and K+ ions does not 
significantly affect the values of R and Kd. R slightly decreases to 99.1% 
(Kd = 2.1 × 105 mL g− 1) and 98.1% (Kd = 1 × 105 mL g− 1) in 
100 mmol L− 1 aqueous Na+ and K+ solutions, respectively. However, 
the values of R corresponding to the Mg2+ and Ca2+ solutions at con
centrations of 1 and 100 mmol L− 1 decrease from 99.4% (Kd = 4.2 × 105 

mL g− 1) to 45.8% (Kd = 1.7 × 103 mL g− 1), and from 95.5% (Kd = 4.4 ×

104 mL g− 1) to 2.5% (Kd = 51.4 mL g− 1), respectively. Ca2+ ions at 
concentrations ≥ 10 mmol L− 1 cause a remarkable decline in Sr2+

adsorption compared to Mg2+. These results indicate that high concen
trations of Ca2+ and Mg2+ strongly compete with Sr2+ for the adsorption 
sites of A-ZrP. The inhibitory effect of coexisting ions on Sr2+ removal by 
A-ZrP follows the Ca2+ > Mg2+ >> K+ > Na+ trend. 

Different types of water in natural environments contain different 
levels of coexisting ions. Therefore, it is necessary to explore the effect of 

Fig. 3. Characteristics of the as-prepared and Sr-loaded A-ZrPs: (a) FTIR spectra, (b) TGA curves, (c) DTG plot, and (d) XRD patterns.  
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actual water environments on Sr2+ removal by A-ZrP. Fig. S5 suggests 
that the R values of A-ZrP in DIW, TW, NMW, and ASW are 99.6% (Kd =

4.7 × 105 mL g− 1), 99.9% (Kd = 8.3 × 106 mL g− 1), 99.8% (Kd = 1.7 ×

106 mL g− 1), and 25.4% (Kd = 681 mL g− 1), respectively. A-ZrP per
formed better than several other Sr2+ adsorbents, including titanate 
nanotubes [14] and alginate/Fe3O4 composites [35] (Table S3). Overall, 
A-ZrP retains excellent Sr2+ adsorption performance even in the pres
ence of large amounts of coexisting ions, specifically Na+ and K+. 

4. Discussion 

4.1. Effect of increased interlayer spacing 

NH4
+ and possibly leftover NH3 expand the interlayer spacing of A- 

ZrP (8.34 Å, Fig. 3(d)) more than that of the flower-like Na+-intercalated 

α-ZrP (7.6 Å) [17]; because the predominant species of nitrogen at pH 
< 9.2 is presumed to be NH4

+, the amount of NH3 cannot be dominant. 
The larger interlayer spacing of A-ZrP results in faster Sr2+ adsorption 
kinetics. Adsorption equilibrium is achieved in 120–240 min with A-ZrP 
(Fig. 4(c)), whereas it is realized in 250–500 min with the flower-like 
Na+-intercalated α-ZrP [17]. The considerably larger interlayer 
spacing of 29.6 Å in 4-amino-benzo-18 crown 6-intercalated α-ZrP did 
not contribute to the kinetics (equilibration time ≌ 300 min), probably 
because of an adsorption mechanism involving complexation, which 
might be different from ours [18]. 

The expanded interlayer space of A-ZrP also enhances the maximum 
adsorption capacity (341 mg g− 1), which is higher than that of flower- 
like Na+-intercalated α-ZrP (293.4 mg g− 1) [17]; the 4-amino-benzo-18 
crown 6-intercalated α-ZrP exhibited a qm of 320.1 mg g− 1 [18]. 
Table S4 suggest that the maximum adsorption capacity of A-ZrP (qm =

341 mg g− 1) is significantly higher than those of several previously re
ported adsorbents, such as α-ZrP (166.0 mg g− 1) [32], α-ZrP-SO3H 
(183.2 mg g− 1) [36], Na-titanate nanobelts (238.3 mg g− 1) [14], 
NaFeTiO (233.5 mg g− 1) [13], spent coffee grounds biochars 
(41.2 mg g− 1) [37], and layered thiostannate (141.2 mg g− 1) [38]. 
However, it is lower than those of alginate/Fe3O4 (416.7 mg g− 1) [35] 
and the graphene oxide-hydroxyapatite (GO-HAp) composite 
(702.2 mg g− 1) [39]. Alginate/Fe3O4 exhibited an equilibration time of 
6 h, which is considerably longer than that of A-ZrP. The GO-HAp 
composite required seven days of incubation during synthesis and 
exhibited a Kd of the order of 103 mL g− 1, which corresponds to a 
selectivity that is approximately three orders of magnitude lower than 
that of A-ZrP. A comparison of the qm and Kd values of various adsor
bents is challenging because of variations in the experimental conditions 

Fig. 4. Sr2+ adsorption performance of A-ZrP: (a) effect of pH on the distribution coefficient (Co ≌ 100 mg L− 1, pH = 1–11, t = 240 min), (b) influence of initial 
concentration on the adsorption capacity (Co = 10–1000 mg L− 1, pH = 7, t = 1440 min), (c) effect of contact time on the adsorption capacity (Co = 100 mg L− 1, pH 
= 7.0, t = 1–1440 min), and (d) influence of coexisting ions (Na+, K+, Mg2+, and Ca2+) on the removal efficiency (Co ≌ 10 mg L− 1, pH = 7.0, t = 240 min). General 
adsorption conditions: T = 25 ◦C, S/L = 0.5 g L− 1, shaking rate = 150 rpm. 

Table 1 
Adsorption isotherm constants for Sr2+ on A-ZrP powders.  

Model Parameter Value 

Langmuir qm (mg g− 1)  300 
KL (L mg− 1)  0.358 
r2  0.887 

Freundlich KF (mg g–1(L mg− 1)1/n)  120 
nF  6.52 
r2  0.915 

Sips qm (mg g− 1)  341  
KS (L mg− 1)  0.627  
nS  2.36  
r2  0.965  
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of the corresponding studies. Nevertheless, A-ZrP exhibits a better 
adsorption performance than several Sr2+ adsorbents. 

4.2. Adsorption mechanism 

FTIR, EDS, and XRD analyses were considered to explore the mech
anism of Sr2+ adsorption on A-ZrP. The FTIR spectra in Fig. 3(a) show a 
significantly weaker N–H peak (1435 cm− 1) after Sr2+ adsorption, and 
the EDS mapping in Fig. 2(d) reveals the considerable decrease in N 
content and the uniform distribution of a large amount of Sr2+ on the 
adsorbent surface. These two results confirm the replacement of the 
interlayer NH4

+ ions with Sr2+. 
The intercalation of NH4

+ and the successive exchange with Sr2+

were further elucidated by analyzing XRD patterns of the as-prepared A- 
ZrP, A-ZrP washed further for 1 and 4 h, and Sr2+-adsorbed A-ZrP 
(Fig. 5). The primary XRD peaks of the as-prepared A-ZrP did not match 
those of standard Zr(NH4PO4)(HPO4)⋅0.3H2O (ICDD #00–032–1488). 
The low-angle peaks (at 10.1◦ (8.75 Å) and 10.6◦ (8.34 Å)) depicted in 
Fig. 5(a) shift to the left, in comparison with those in the standard 
spectrum (11.1◦ (7.96 Å) and 11.8◦ (7.49 Å)) shown at the bottom in 
Fig. 5; this is due to the presence of excess NH4

+. Fig. 5(b) shows new 
peaks at 11.1◦ and 11.8◦ for the sample washed further with DIW for 1 h. 
When A-ZrP is placed in DIW, free or weakly bonded NH4

+ ions between 
the adsorbent layers are continuously released into the bulk water 
outside A-ZrP, which reduces the interlayer spacing of certain adsorbent 
particles. The peaks representing the sample washed further for 4 h at 
10.1◦ and 10.6◦, which correspond to the large interlayer spacing, 
completely disappear (Fig. 5(c)), and the primary XRD peaks coincide 
with those of the standard spectrum of Zr(NH4PO4)(HPO4)⋅0.3H2O. The 
primary peaks corresponding to the as-prepared A-ZrP particles placed 
in a Sr2+-rich solution appear at 11.1◦ (7.96 Å) (Fig. 5(d)). This can be 
attributed to the presence of adsorbed Sr2+ ions that replace NH4

+, 
which results in a smaller interlayer spacing than that of A-ZrP because 
of the smaller ionic radius of Sr2+ (1.18–1.44 Å [21]) than that of NH4

+

(1.40–1.67 Å [20]). In the course of the additional water washing, 
ammonium ions tend to diffuse out of the interlayer spacing in the 

absence of competing species such as Sr2+ when the concentration 
gradient exists. The resulting empty sites should be protonated again to 
neutralize the surface charge. In the actual adsorption experiments, the 
initial Sr2+-rich solution does not contain any ammonium ions; there
fore, the exchange between Sr2+ ions and intercalated NH4

+ ions should 
readily proceed. 

These four samples were also analyzed by EDS to examine the 
composition of the predominant elements involved in the sorption ex
periments (Table S5). The continuous decrease in N due to additional 
washing with DIW supports the XRD results. A comparison of the 
amount of Sr and the change in N before and after the adsorption ex
periments reveals that the charge is balanced. This is because the charge 
ratio of the increase by Sr2+ adsorption to the decrease by NH4

+

desorption is 1.008, which is close to unity. Two ammonium ions co
ordinated to the adsorbent surface could be released upon adsorption of 
Sr2+ to maintain electrical neutrality. According to the adsorption model 
proposed by Yamaguchi et al. [40], the as-prepared A-ZrP in the present 
study contains an excess amount of NH4

+ compared to the apparent 
number of adsorption sites. The excess NH4

+ is possibly released and 
exchanged with Sr2+; a portion of the NH4

+ ions covalently bonded to 
the phosphate preserves the crystalline structure. Therefore, ion ex
change can be presumed to be the predominant mechanism for Sr2+

adsorption on A-ZrP. 
The intercalated ammonium ions play a role in the enhancement of 

kinetics and the supply of active adsorption sites. The effect of a large 
interlayer spacing due to ammonium ions is evident, as described 
earlier. This kinetic enhancement drives the entire process of adsorp
tion, which is mainly reaction-dependent. According to Yamaguchi et al. 
[40], nitrogen in ammonia favorably bonds to the hydrogen of the hy
droxyl group that is covalently bonded to a phosphate group. The N/Zr 
molar ratio of the as-prepared A-ZrP reaches approximately 5.0 
(Table S5). Because one covalently bonded ammonium ion corresponds 
to one Zr atom in A-ZrP (Zr(NH4PO4)(HPO4)⋅0.3H2O), a considerable 
amount of NH4

+ should also coordinate with bridging oxygen atoms by 
hydrogen bonding. These excess ammonium sites first act as active 
sorption sites for Sr2+ ions because hydrogen bonding is appreciably 

Fig. 5. XRD patterns, SEM images, and proposed mechanism for (a) as-prepared A-ZrP, A-ZrPs washed with DIW for (b) 1 h and (c) 4 h, and (d) Sr2+-loaded A-ZrP.  
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weaker than covalent bonding, and the bridging oxygen atoms have 
more negative charge than the terminal oxygen [41]. The reaction based 
on these observations can be expressed by Eq. (12). 

≡ PO4⋯2NH+
4 + Sr2+ ↔ ≡ PO4⋯Sr2+ + 2NH4

+ (12) 

Finally, the enhancement in Sr2+ adsorption onto A-ZrP was hy
pothesized to proceed via two interactions: electrostatic interactions and 
chemical affinity. Divalent Sr2+ ions have a slightly smaller ionic radius 
(1.18–1.44 Å) than NH4

+ ions (1.40–1.67 Å), and consequently, the 
Coulombic interactions of Sr2+ with oxygen on the adsorbent surface 
amount to more than twice that of ammonium. Suh et al. [42] explained 
this adsorption behavior using the concept of chemical affinity or 
chemical hardness (η) [43]. The weakly-hard bridging O of A-ZrP prefers 
weakly hard Sr2+ (η = 16.3 eV) to NH4

+, with NH4
+ possibly having a 

slightly lower hardness than K+ (η = 13.64 eV), based on the hardness of 
NH3 (η = 8.2 eV) and the slightly larger size of NH4

+ (1.40–1.67 Å) than 
that of K+ (1.37–1.64 Å). Although O is generally regarded as a hard 
base element (η = 6.08 eV), the increased electron density on the 
bridging O [41] contributed to it being less hard [44]. These theories 
also account for the effect of coexisting ions on Sr adsorption. Although 
the η of Na+ (21.08 eV) and K+ ions are close to that of Sr2+, their 
monovalent charge makes them less likely to be associated with the 
bridging O of A-ZrP. Among the divalent species investigated in this 
study, Mg2+ has a considerably higher hardness (η = 32.55 eV) than 
Sr2+, resulting in restrictive interference with Sr2+ adsorption. At a Sr2+

dose of 10 mg L− 1 (or 0.114 mmol L− 1), the Sr2+ adsorption decreases to 
99.4% and 77.8% at 1 and 10 mmol L− 1 of Mg+, respectively (Fig. 4(d)). 
Conversely, Ca2+ with a hardness (η = 19.52 eV) similar to that of Sr2+

exhibits a more pronounced interference. At a Sr2+ dose of 10 mg L− 1, 
the Sr adsorption decreases to 95.5% and 37.4% at 1 and 10 mmol L− 1 of 
Ca2+, respectively. Although the concentrations of Ca2+ are ~9 and ~90 
times that of Sr2+, Sr2+ exhibits a significantly higher chemical affinity 
than Ca2+ for adsorption onto A-ZrP. These results demonstrate the 
remarkable association between Sr2+ ions and the phosphate of A-ZrP in 
terms of the chemical affinity or hardness among the various cations 
investigated in this study. 

5. Conclusions 

A whisker-like crystalline layered A-ZrP was successfully synthesized 
using a one-pot hydrothermal method and applied as a strontium 
adsorbent for the first time. A-ZrP exhibited a higher maximum 
adsorption capacity and faster adsorption kinetics than those of Na+- 
intercalated ZrP owing to the intercalated ammonium ions possessing 
appropriate physicochemical characteristics for ion exchange with Sr2+. 
In terms of kinetics, the intercalated NH4

+ ions expanded the interlayer 
spacing of the layered adsorbent, thereby reducing the diffusion barrier 
of the adsorption sites. Moreover, the occupation of the active sites in 
advance by the NH4

+ ions facilitated the subsequent adsorbate behavior. 
The electric charge and chemical hardness of NH4

+ were well suited to 
act as advance guards. Therefore, the phosphate of A-ZrP preferred Sr2+

to NH4
+. This explanation was also applicable to the negligible effect of 

coexisting cations on Sr2+ adsorption. Consequently, the maximum 
adsorption capacity (qm = 341 mg g− 1) and selectivity (Kd = 5.3 × 105 

mL g− 1 at a pH of 7) for Sr2+ were higher than those of several previ
ously reported adsorbents. These results support the potential use of A- 
ZrP as an effective adsorbent in various environmental applications, 
such as the remediation of radioactive wastewater. 
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