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Abstract
In this study, a high-efficiency strontium-doped hydroxyapatite (Sr-HAP) adsorbent was synthesized by a sol-gel method for 
removing cobaltous ions (Co(II)) from water. The effects of adsorbent dose, initial solution pH, initial Co(II) concentration 
and temperature on the removal performance of Co(II) were investigated. Experimental results indicated that the optimum 
Sr-HAP dose was 0.30 g/50 mL solution, the Sr-HAP adsorbent could effectively remove Co(II) in a wide pH range of 3–8. 
Increasing temperature was conducive to the adsorption, and the maximum Co(II) adsorption capacity by Sr-HAP reached 
48.467 mg/g at 45 °C. The adsorption of Co(II) followed the pseudo-second-order kinetic model, indicating that the Co(II) 
adsorption by Sr-HAP was attributed mainly to chemisorption. The isothermal adsorption results showed that at lower 
Co(II) equilibrium concentration, the Langmuir model fitted the data better than the Freundlich model but opposite at higher 
Co(II) equilibrium concentration. Therefore, the adsorption of Co(II) was a process from monolayer adsorption to multilayer 
adsorption with the increase of the Co(II) equilibrium concentration. The diffusion analysis of Co(II) to Sr-HAP indicated 
that the internal diffusion and surface adsorption were the rate-controlled steps of Co(II) adsorption. Thermodynamic study 
demonstrated that the Co(II) adsorption process was spontaneous and endothermic. The mechanism study revealed that in 
addition to chemisorption, Sr-HAP also removed Co(II) ions from water via ion exchange and surface complexation.
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Introduction

Cobalt (Co) is an important metal and has been widely used 
in the production of batteries, alloys, and other products 
(Zhong et al. 2018). In the above industries, Co-containing 
wastewater has been produced in quantity. Co exists mainly 
in the form of cobaltous ion (Co(II)), which has very serious 
cytotoxicity and genotoxicity (Li et al. 2023), and is a kind 
of carcinogen that is very harmful to human health. In addi-
tion, its harm to animals, plants and even the whole ecosys-
tem has caused widespread concern (Bhawna and Kirandeep 
2023; Kosiorek 2019). For this reason, the World Health 
Organization stipulates that the maximum allowable concen-
tration of Co(II) in drinking water is 0.05 mg/L. Therefore, it 
is crucial to remove Co(II) before Co-containing wastewater 
is discharged.

Various technologies have been employed for remov-
ing Co(II) from wastewater, including precipitation (Joo 
et al. 2020), coagulation/flocculation (Punia et al. 2022), 
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ion exchange, membrane separation (Li et al. 2021), and 
adsorption (Che et al. 2022; Liao et al. 2022). Among them, 
adsorption has attracted extensive attention, which is low-
cost and easy to operate for treating heavy metal-containing 
wastewater. Common adsorbents include montmorillonite 
(Mao et al. 2021), bentonite (Pourshadlou et al. 2023), silica 
(Cherif et al. 2023) and activated carbon (Chakraborty et al. 
2022). The unique pore structure of these materials deter-
mines their good adsorption properties for heavy metals. 
However, the raw adsorbents typically take several hours or 
longer to achieve adsorption equilibrium due to their small 
specific surface area, irregular pore channel distribution, 
and insufficient capacity (Mahar et al. 2023). Therefore, it 
is crucial to develop new adsorbents with higher adsorption 
capacity and faster adsorption rate.

Hydroxyapatite (HAP) is a brand-new class of functional 
material that is ecologically friendly. Its crystal structure 
belongs to the hexagonal system and its unit cell contains 10 
Ca2+, 6 PO4

3− and 2 OH− (Ca10(PO4)6(OH)2)). The unique 
cell structure of HAP allows it to undergo ion exchange, sur-
face reaction or surface precipitation with numerous cations 
and anions. Iconaru et al. (2018) found that hydroxyapatite 
nanopowders (N-HAP) showed good adsorption of Pb2+, 
which was due to the coupling of the positive charge of Pb2+ 
with the negative charge on N-HAP. Leyva et al. (2001) used 
HAP to remove Sb3+ from water and demonstrated that the 
rapid surface reaction between HAP and Sb3+ enabled the 
efficient elimination of Sb3+. To further improve the proper-
ties of HAP, the effective approach of metal doping modi-
fication could be used. The modified HAP has been proved 
to possess significantly greater volumes, specific surfaces, 
and active sites than the raw HAP. Accordingly, the modified 
HAP had a much higher adsorption capacity (Metwally et al. 
2017; Hokkanen et al. 2014). Recently, strontium (Sr)-doped 
HAP had been proposed to remove heavy metal ions from 
wastewater. Since the atomic radius between Sr and Ca is 
different (Singh et al. 2023), the introduction of Sr changed 
the characteristic properties of HAP, such as the increase 
of pore volume, specific surface area, stability and activity, 
which was conducive to the adsorption process. However, 
the information on the Sr-doped HAP is still limited, and the 
synthesis of Sr-doped HAP with high efficiency is crucial. 
Moreover, few studies on Sr-doped HAP used for the Co(II) 
removal from wastewater have been reported in the open 
literature.

In this study, an efficient Sr-doped HAP adsorbent was 
synthesized via a facile sol-gel method and then used for the 
uptake of Co(II) from water. The effects of adsorbent dose, 
initial solution pH, and initial Co(II) concentration on the 
Co(II) removal were investigated. Moreover, the thermody-
namic and kinetic behavior of Co(II) adsorption by Sr-doped 
HAP were also studied. Based on the experimental results 
and characterization analysis, the removal mechanism of 

Co(II) by the Sr-HAP adsorbent was elaborated. The results 
of this study may provide key data and theoretical basis for 
the Co removal by the new Sr-doped HAP adsorbent.

Materials and methods

Experimental materials

Strontium nitrate (Sr(NO3)2) and calcium nitrate tetrahy-
drate (Ca(NO3)2·4H2O) were bought from Xilong Chemi-
cal Co., Ltd. Diammonium phosphate ((NH4)2HPO4), 
sodium hydroxide (NaOH), sodium dihydrogen phosphate 
(Na2HPO4), sodium chloride (NaCl), cobalt nitrate hexahy-
drate (Co(NO3)26H2O), nitric acid (HNO3), and ammonia 
(NH3·H2O) were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. The above reagents are all 
analytically pure except for the specified purity. The experi-
mental water is ultrapure.

Preparation of Sr‑HAP

Firstly, 0.2 mol/L Ca(NO3)2·4H2O, Sr(NO3)2, and Na2HPO4 
solutions were prepared, respectively. A certain amount of 
Sr(NO3)2 and Ca(NO3)2·4H2O solutions were mixed accord-
ing to the molar ratio Sr/(Ca + Sr) = 0.5. Na2HPO4 was then 
added to the above mixture according to (Sr + Ca)/P = 1.67. 
Meanwhile, NH3·H2O was added to adjust the pH value to 
10 ~ 11, with stirring for 2 min, followed by 30 min of mag-
netic stirring. Whereafter, the mixture was aged for 24 h in 
a water bath at 50 °C. The precipitate was centrifuged at 
4000 rpm for 5 min. The obtained precipitate was washed 
thrice with ultrapure water to neutrality. After washing by 
anhydrous ethanol, the product was dried at 80 °C in an oven 
for 24 h. Finally, the obtained materials, namely, the Sr-HAP 
adsorbent, was ground with 100 mesh sieve and preserved 
in a glass desiccator.

Characterizations

The microscopic morphology of the adsorbent was examined 
using energy dispersive spectroscopy (EDS) and field emis-
sion scanning electron microscopy (SEM) (JSM-6380LV, 
Japan). The composition and structure of the material were 
ascertained using a Fourier transform infrared absorption 
spectrometer (FTIR, 470 Thermonico Coolie, USA), an 
X-ray diffractometer (XRD, X 'Pert PRO, Panaco, Nether-
lands), and an X-ray photoelectron spectroscopy analyzer 
(XPS, ESCALAB 250 Xi, Semmerfeld, USA). The specific 
surface area and pore size were analyzed using a specific 
surface and porosity analyzer (NOVA1000e, Quantan-
chrome, USA).
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Adsorption experiments

For a typical test, a certain amount of Sr-HAP was added 
to 50 mL simulated Co(II)-containing wastewater, which 
was put in a centrifuge tube (100 mL). The tube was then 
placed in a shaking bath at 150 r/min. At regular intervals, 
the mixture was centrifuged to obtain clear solution, which 
was further filtrated using a 0.22-μm fiber filter. The fil-
tered sample was detected using an inductively coupled 
plasma optical emission spectrometer (ICP-OES) to deter-
mine the residual Co(II) concentration.

The effects of different factors on the Co(II) removal, 
including adsorbent dosage (0.05–0.50 g/50 mL), solution 
pH (1–10), initial Co(II) concentration (10–500 mg/L), 
and temperature (25–45 °C), were investigated. The solu-
tion was adjusted by 0.01 mol/L KOH or 0.01 mol/L HNO3 
to obtain the desired pH value.

Results and discussion

Characterizations

Figure 1a–b presents the XRD patterns of the Sr-HAP 
adsorbent before and after treating different solutions that 
containing different Co(II) concentrations. It was observed 
that the diffraction peaks of the synthesized Sr-HAP were 
consistent with those of the standard PDF card (01-074-
0565) of HAP, indicating that Sr doping had no effect on 
the structure of HAP, and Sr-HAP maintained the hexago-
nal crystal structure as HAP did (Fig. 1a). After treating 
the Co(II)-containing solution, the XRD pattern of the 
used Sr-HAP had no obvious change, even if the Co(II) 
concentration increased to 500 mg/L. This result indicted 
the hexagonal crystal structure of Sr-HAP after Co(II) 
adsorption retained unchanged. However, the positions of 
the characteristic peaks of (211) and (002) slightly shifted 

Fig. 1   a and b XRD patterns of Sr-HAP, c FT-IR spectra of Sr-HAP
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to higher angles as the Co(II) concentration increased 
(Fig. 1b), which was due to the reduction of lattice param-
eters. By calculation, the lattice parameters of a = b and c 
dropped from 9.580 Å and 7.070 Å (Co-10) to 9.428 Å and 
6.876 Å (Co-500), respectively. This change might relate 
to the ion exchange between Sr or Ca ions in Sr-HAP and 
Co(II) ions. The ionic radius of Co(II) is 0.72 Å, while 
those of Sr and Ca ions are 1.12 and 0.99 Å, respectively. 
Accordingly, the unit lattice parameter decreased when 
Co(II) ions replaced Sr or Ca ions in the Sr-HAP adsorbent 
(Liu et al. 2013). The higher is the Co(II) concentration, 
the more Sr or Ca ions were replaced, resulting more sig-
nificant shift of the characteristic peaks.

The FT-IR spectra of the virgin and used Sr-HAP samples 
are shown in Fig. 1c. It was observed that the spectra of the 
used Sr-HAP presented the same characteristic peaks as did 
the virgin Sr-HAP, indicating that the functional groups of 
Sr-HAP did not changed after the Co(II) treatment. Interest-
ingly, the peak intensity of the tensile vibration of PO4

3− at 
1033.31 (v3) and 563.62 cm−1 (v4) gradually increased as the 
treated Co(II) concentration increased. It might be attrib-
uted to that a large number of Co(II) ions were adsorbed 
and reacted with Sr-HAP, affecting the vibration of the 
PO4

3− group (Shamrai et al. 2014).

Figure 2 presents the SEM and EDS images of the virgin 
and used Sr-HAP samples. Like the unused Sr-HAP, the 
morphology of the used Sr-HAP still kept the granular rod-
like structure, but the particle agglomeration become seri-
ous, the porosity between the particles was reduced, and the 
material surface became rough. Combined with the FT-IR 
results, this penomenon might be that PO4

3− in Sr-HAP 
reacted with Co(II) to form the Co10(PO4)6OH2 compound, 
which deposited on the surface of Sr-HAP (Zhu et al. 2018, 
2022). The EDS results verified the presence of O, P, Ca and 
Sr in Sr-HAP before adsorption, and Co was introduced into 
Sr-HAP after adsorption. It was observed that the atomic 
percentages of O and P changed slightly before and after 
Co(II) adsorption. The slight change might be caused by 
Co(II) being adsorbed on the Sr-HAP adsorbent. Before 
Co(II) adsorption, the atomic ratio of (Sr + Ca)/P was 1.59, 
which decreased to 1.42 after Co(II) adsorption. Meanwhile, 
the atomic ratio of Sr/Ca did not changed significantly. This 
implied both Sr(II) and Ca(II) in Sr-HAP could undergo ion 
exchange with Co(II), and the exchange abilities of Sr(II) 
and Ca(II) with Co(II) were comparable.

N2 adsorptions-desorption test was conducted to deter-
mine the specific surface area and pore size of Sr-HAP. As 
shown in Fig. S1. the adsorption-desorption isotherm curve 

Fig. 2   SEM and EDS of Sr-HAP. a before and b after Co(II) adsorption
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of Sr-HAP conformed to the type IV profile and showed a 
H3 type hysteresis loop, indicating that Sr-HAP was a porous 
material with open wedge holes at both ends (ALOthman 
2012). The specific surface area of Sr-HAP was calculated to 
be 115.121 m2/g, which was 11.1% higher than that of HAP 
(Zhu et al. 2022). Fig. S2 shows the pore size distribution 
of Sr-HAP. It was observed that the pore size of Sr-HAP 
was mainly distributed in the range of 2–50 nm, which indi-
cated that Sr-HAP belonged to a mesoporous material and 

was expected to have great adsorption capacities for heavy 
metal ions.

The chemical composition of the virgin and used Sr-
HAP samples was examined using XPS measurement. In 
the wide scan spectra of the virgin and used Sr-HAP sam-
ples, the main characteristic peaks of Sr, P, Ca, and O ele-
ments were presented (Fig. 3a). Interestingly, the emerg-
ing characteristic peak of Co element was observed in the 
spectrum of the used Sr-HAP, indicating that Co(II) was 

Fig. 3   a Wide scan XPS spectra of Sr-HAP before and after Co(II) adsorption; b–f High-resolution XPS spectra of Co2p, O1s, P2s, Ca2p, and 
Sr3d, respectively
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adsorbed on the Sr-HAP’s surface. The binding energy of 
Co2p1/2 at 802.02 and 797.42 eV and Co2p3/2 at 782.1 and 
785.60 eV could be assigned to the cobaltous oxide (Chen 
et al. 2017; Li et al. 2019; Zhang et al. 2019) (Fig. 3b), 
indicating that there was no redox reaction during Co(II) 
adsorption. Figure 3c–f presents the high-resolution maps 
of O, P, Ca and Sr elements in Sr-HAP. The binding energy 
of these elements in the used Sr-HAP had no obvious 
change compared to that in the virgin Sr-HAP, but the 
associated peak intensity and area changed. For O1s, the 
relative peak intensity at about 531.20 eV decreased after 
Co(II) adsorption, which indicated the binding of Co and 
O in the form of Co-OOH (Deliyanni et al. 2006). The 
binding energy of P2s at 191.31 eV shifted to 191.44 eV 
after Co(II) adsorption, which may be caused by the 
decrease in the electronic density around the phosphorus 
atoms on the Sr-HAP’s surface (Campisi et al. 2021), indi-
cating that some PO4

3− groups were involved in Co(II) 
adsorption. After the adsorption of Co(II), the binding 
energy of Ca2p and Sr3d basically did not change, indi-
cating that Ca and Sr existed in the Co-loaded Sr-HAP in 
the same binding mode as they did in the pristine Sr-HAP.

Effects of different factors on Co(II) adsorption

Effect of adsorbent dosage

Figure 4a shows the effect of the Sr-HAP dosage on the 
removal efficiency of Co(II). Three solutions with 10, 20 and 
50 mg/L Co(II) were prepared for investigation. At 25 °C 
and pH = 5, the Co(II) removal efficiency of all solutions 
increased as the Sr-HAP dosage increased. At the Sr-HAP 
dosage of 0.5 g/50 mL, the Co(II) removal efficiencies of 
the three solutions reached their maxima of 99.83%, 99.70%, 
and 99.19%, respectively. On the contrary, as the dosage 
increased, the unit adsorption capacity of Co(II) gradually 
decreased. Increasing the dosage of Sr-HAP increased the 
amount of available adsorption sites, thus increasing the 
Co(II) removal efficiency. However, when the Sr-HAP dos-
age was excessive, the active sites could not be fully uti-
lized (Xiong et al. 2022). As a result, the amount of Co(II) 
adsorbed by the adsorbent per unit mass was reduced. It 
should be noted that when the adsorbent dosage reached 
0.30 g/50 mL, the Co(II) removal efficiencies were over 
98% for the three solutions, which increased slightly as the 

Fig. 4   Effects of different factors on Co(II) adsorption. a Sr-HAP dosage; b Initial pH; c Existing forms of Co ions at different pH values; d Ini-
tial Co(II) concentration. (fixed conditions, V: 50 mL, Sr-HAP dosage: 0.30 g, T: 25 °C, pH: 5.0, C: 50 mg/L)
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dosage further increased to 0.50 g/50 mL. Based on this, the 
optimal dosage of Sr-HAP was selected as 0.30 g/50 mL.

Effect of the initial solution pH

Since Co(II) exists in different forms at different solution 
pH (Wu et al. 2024), solution pH is an important factor 
affecting the Co(II) removal. It was observed that both the 
removal efficiency and adsorption capacity of Co(II) were 
low at low pH (< 3) (Fig. 4b). When the pH value rose from 
1 to 3, the Co(II) removal efficiency and adsorption capacity 
sharply increased and then kept constant until the solution 
pH increased to 8. Interestingly, when the pH further rose 
to 10, the Co(II) removal efficiency changed a little but the 
adsorption capacity significantly decreased. Under acidic 
conditions, Co(II) existed as a positive ion (Fig. 4c), and 
Sr-HAP could catch a lot of protons to be positively charged 
(Fig. S3). Therefore, the electrostatic repulsion between 
Co(II) ions and Sr-HAP led to the inferior removal. On the 
other hand, Sr-HAP may partially dissolve at the pH value 
less than 3, further limiting the Co(II) uptake. In the pH 
range of 4 ~ 8, the electrostatic repulsion was weak and Sr-
HAP was stable. As a result, Sr-HAP showed good adsorp-
tion performance on Co(II). However, Co(II) existed in a 
hydroxide form when the pH value exceeded 8 and might be 
partially removed in the form of precipitate rather than direct 
adsorption by Sr-HAP under alkaline conditions. Therefore, 
the Co(II) removal efficiency remained basically unchanged 
while the adsorption capacity by Sr-HAP suddenly dropped. 
It should be noted that for the solutions with 10, 20, and 
50 mg/L Co(II), the removal efficiency of Co(II) was above 
98.3% when the pH value was greater than 3. These results 
revealed that Sr-HAP could be used to effectively remove 
Co(II) in a wide pH range.

Effect of initial Co(II) concentration and temperature

Figure 4d shows the effects of different initial Co(II) con-
centrations and temperatures on Co(II) adsorption. It can 
be seen that the removal efficiency of Co(II) gradually 
decreased as the initial Co(II) concentration increased, but 
the Co(II) adsorption capacity of Sr-HAP increased. When 
the Sr-HAP dosage was fixed, the total number of active 
sites for adsorbing Co(II) was limited. As the amount of 
Co(II) increased, a lot of Co(II) could not be adsorbed, lead-
ing to a decrease in the removal efficiency (Sadeghizadeh 
et al. 2019; Yan et al. 2014). However, the active sites on 
the Sr-HAP’s surface were fully occupied when they were 
exposed to excessive Co(II). As a result, the unit adsorp-
tion amount (adsorption capacity) of Co(II) by Sr-HAP 
was increased. At a certain Co(II) concentration, both the 
removal efficiency and adsorption capacity increased as 
the temperature increased. For example, they were 42.03% 

and 38.795 mg/g at 25 °C, respectively, which increased to 
52.47% and 48.467 mg/g, respectively, as the temperature 
increased to 45 °C. This might be because the adsorption of 
Co(II) by Sr-HAP was an endothermic process and increas-
ing temperature was favorable to the Co(II) removal. The 
adsorption capacity of Sr-HAP was compared with those 
of other reported adsorbents, and the results are listed in 
Table S1. The results showed that although the adsorption 
capacity of Sr-HAP was not the highest, it performed better 
than most reported adsorbents, indicating that Sr-HAP was 
a good candidate for removing Co(II) from wastewater.

Adsorption kinetics

Various kinetic models, such as pseudo-first-order and 
pseudo-second-order kinetic models, Elovich, and intrapar-
ticle diffusion models were used to fit the adsorption data in 
Fig. S4. The description of different models were presented 
in the Supplementary Material. The results in Fig. 5a–c and 
Table 1 shows that compared with the pseudo-first-order 
and Elovich models, the pseudo-second order kinetic model 
fitted the adsorption data well with good correlation coef-
ficients (the values of R2 were close to 1). This suggested 
that the pseudo-second order kinetic model was suitable 
for describing the Co(II) adsorption process, which was a 
chemisorption process. At 25, 35 and 45 °C, the theoretical 
equilibrium adsorption amounts calculated by the pseudo-
second-order model were 15.789, 15.974, and 16.181 mg/g, 
respectively, which were in good agreement with the experi-
mental data. Based on the kinetic constants (K2), the acti-
vation energy (Ea) of Co(II) adsorption was calculated by 
using the Arrhenius equation (the data were plot in Fig. S5). 
Generally, physical adsorption is easy to occur and its activa-
tion energy does not exceed 4.2 kJ/mol, while chemisorption 
requires more energy as a driving force and the associated 
activation energy ranges between 8.4 ~ 83.7 kJ/mol (Aksu 
2002). According to the result in Fig. S5, the value of Ea 
was 11.157 kJ/mol, which further demonstrated that Co(II) 
adsorption onto Sr-HAP was a chemisorption process.

As shown in Fig. 5d, the adsorption data are also fit-
ted well by the internal diffusion model. According to the 
fitting results, the adsorption of Co(II) could be divided 
into three stages, and the fitting parameters are listed in 
Table 2. The first stage was external diffusion, in which the 
diffusion coefficients (Kd1) were high, indicating the rapid 
diffusion of Co(II) to the Sr-HAP’s surface. In this case, 
the sudden increase of the removal efficiency occurred in 
the initial period. When the Co(II) ions reached the outer 
surface of Sr-HAP, they migrated into the pores of Sr-
HAP via internal diffusion with relatively low diffusion 
rate (the values of Kd2 were relatively low). Finally, Co(II) 
ions were adsorbed tardily onto the Sr-HAP adsorbent and 
eventually realized adsorption-desorption equilibrium. 
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Fig. 5   Kinetic model fitting of Co(II) adsorption (C: 100 mg·L−1, V: 50 mL, Sr-HAP dosage: 0.30 g, pH: 5.0)

Table 1   Kinetic fitting 
parameters of Co(II) adsorption

Model T/oC Rate constant, K1 (/min) 
or K2 (g/(mg·min))

Qe, cal  
(mg/g)

qe, exp  
(mg/g)

R2

pseudo-first-order kinetic model 25 0.0067 2.491 15.767 0.9094
35 0.0062 1.987 15.955 0.8984
45 0.0058 1.759 16.181 0.8379

pseudo-second-order kinetic model 25 0.0147 15.798 15.767 1
35 0.0177 15.974 15.955 1
45 0.0195 16.181 16.181 1

Elovich kinetic model 25 0.8863
35 0.8490
45 0.8346

Table 2   Parameters of the 
internal diffusion model for 
Co(II) adsorption

T/oC Kd1 C1 (mg/g) R2 Kd2 C2 (mg/g) R2 Kd3 C3 (mg/g) R2

25 0.715 10.90 0.981 0.075 14.29 0.977 0.016 15.2102 0.971
35 0.734 0.981 0.058 0.957 0.013 15.493 0.985
45 0.756 0.978 0.061 0.955 0.011 15.779 0.979
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The above analysis revealed that the second and the third 
stages (internal diffusion and surface adsorption) were the 
rate-controlled steps of Co(II) adsorption.

Adsorption isotherms

The isothermal adsorption curves of Co(II) at different tem-
peratures are shown in Fig. 6. For a specific temperature, the 
adsorption capacity (qe) of Sr-HAP rose with the increase 
in the Co(II) equilibrium concentration (ce). However, the 
rising tendency decelerated at the relatively high ce value 

due to the limited active sites of Sr-HAP for Co(II). Under 
the same ce value, Sr-HAP had larger adsorption capacity at 
higher temperature. This was consistent with the results in 
Fig. 4d, in which the adsorption of Co(II) was promoted by 
increasing temperature.

The isothermal adsorption data were fitted by the Lang-
muir and Freundlich models (the description was given 
in the Supplementary Material). As shown in Fig. 7 and 
Table 3, by and large, both Langmuir and Freundlich mod-
els could fit the data well with high correlation coefficients 
(R2 > 0.98). However, the Langmuir model fitted the data 
better than the Freundlich model at lower Co(II) equilib-
rium concentration, while the opposite was true at higher 
Co(II) equilibrium concentration. As known, the Langmuir 
model describes the homogeneous surface adsorption of 
an adsorbent (monolayer adsorption), while the Freundlich 
model describes the heterogeneous adsorption (multilayer 
adsorption) (Tran et al. 2017). According to the Langmuir 
theory, it could be assumed that the Sr-HAP adsorbent had 
uniformly distributed and single-layer surface adsorption 
sites, which played the role of monolayer adsorption for 
Co(II) under the relatively low Co(II) equilibrium concen-
tration. At this point, the adsorbed Co(II) underwent ion 
exchange with Ca(II) and Sr(II) on the Sr-HAP’s surface. 
At the high Co(II) equilibrium concentration, in addition to 
the ion exchange, surface complexation might also occur. 
When Co(II) ions passed through the Sr-HAP’s surface, the 
complex of (Sr-HAP-O)2-Co would form, leading to the het-
erogeneous adsorption of Co(II) (Zhang et al. 2021). Herein, 
the values of separation factor (RL) at different temperatures 
obtained from the Langmuir model were between 0 and 1, 

Fig. 6   Isothermal adsorption curves of Co(II) (V: 50  mL, Sr-HAP 
dosage: 0.30 g, pH: 5.0)

Fig. 7   a Langmuir and b Fru-
endlich isothermal models for 
Co(II) adsorption

Table 3   Fitting parameters 
of Langmuir and Fruendlich 
isothermal models

T/oC Langmuir model Freundlich model

qm/(mg/g) KL/(L/mg) RL R2 KF/[mg1−n/(g·Ln)] 1/n R2

25 38.462 0.096 0.020 ~ 0.511 0.996 7.156 0.327 0.982
35 43.103 0.074 0.026 ~ 0.576 0.988 7.587 0.330 0.985
45 46.948 0.074 0.026 ~ 0.575 0.983 8.354 0.331 0.987
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and the strength increase factor of adsorption capacity (1/n) 
obtained from the Freundlich model was lees than 1, indicat-
ing that Sr-HAP had good adsorption properties for Co(II) 
(Long et al. 2019; Zendehdel et al. 2022).

Thermodynamic studies

Based on the adsorption equilibrium constant at different 
temperatures, three thermodynamic parameters, namely, 
Gibbs free energy (ΔGθ), enthalpy (ΔHθ), and entropy 
(ΔSθ), were calculated to determine the thermodynamic 
characteristics of Co(II) adsorption by Sr-HAP. The cal-
culation method can be referred to the Supplementary 
Material. At different temperatures, the ΔGθ values were 
less than zero (Table 4), indicating that Co(II) adsorption 
by Sr-HAP was spontaneous (Staroń et al. 2017). The ΔGθ 
value decreased as the temperature increased, suggesting 
that increasing temperature favored the spontaneous Co(II) 
adsorption process. The adsorption enthalpy (ΔHθ) was 
positive, which indicated that the Co(II) adsorption process 
was endothermic and increasing temperature was beneficial 
for Co(II) adsorption. This was in agreement with the results 
in Figs. 4d and 6, in which the adsorption amount of Co(II) 

increased with increasing temperature. The value of ΔSθ was 
small but positive, indicating that the disorder of the solid-
liquid interface increased as the adsorption proceeded. This 
was likely related to the structural change of Sr-HAP caused 
by the chemical interactions (chemisorption, ion exchange, 
and surface complexation) between Sr-HAP and Co(II) spe-
cies. Similar results were also reported in previous studies 
(Mo et al. 2020; Mondal et al. 2022).

Cycling performance of Sr‑HAP

Co(II) desorption from Sr-HAP by using different com-
pounds as desorption reagents was investigated, the results 
are shown in Fig. 8. It was difficult for Co(II) to to be des-
orbed from the Sr-HAP adsorbent in neutral or alkaline H2O, 
NaCl, NaHCO3, and NaOH solutions. In contrast, Co(II) ions 
were easily released from Sr-HAP in acidic TCLP, EDTA, 
HCl, ZnCl2, and CaCl2 solutions. These results were likely 
related to that in acidic environment, the large amount of 
H+ inhibited the chemical reaction of Co(II) on the surface 
of Sr-HAP, such as surface complexation, resulting in the 
release of Co(II) from Sr-HAP. Aided by the acidic desorp-
tion reagent (taking EDTA as an example), the removal rate 
of Co(II) by Sr-HAP was still more than 81.55% at the third 
cycle (Fig. S6), indicating that Sr-HAP could be repeatedly 
used for removing Co(II) from wastewater.

Adsorption mechanism

According to the characterization results, the Co(II) removal 
process by Sr-HAP may have involved chemisorption, ion 

Table 4   Thermodynamic parameters of Co(II) adsorption

T/oC ΔGθ/(J/mol) ΔHθ/(J/mol) ΔSθ/J/(mol·K)

25 −6087.0157 14,904.5078 70.4413
35 −6791.4292
45 −7495.8428

Fig. 8   Desorption rates of 
Co(II) from Sr-HAP with differ-
ent desorption regents
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exchange and surface complexation (Chen et al. 2021; Wei 
et al. 2021). To further understand the adsorption mecha-
nism of Co(II) by Sr-HAP, the solution pH, Co(II) adsorp-
tion amount, and the total release amount of Ca(II) and Sr(II) 
were explored under different initial Co(II) concentrations. 
Figure 9 shows that when Co(II) ions were adsorbed, Ca(II) 
and Sr(II) ions were synchronously released to the solution, 
indicating that ion exchange occurred between Co(II) and 
Ca(II) or Sr(II) (Eq. 1). However, the total released amount 
of Ca(II) and Sr(II) was greater than the adsorption amount 
of Co(II), indicating that in addition to the ion exchange 
mechanism, other mechanisms may exist. Moreover, the 
higher the initial concentration of Co(II), the lower the 
final solution pH. That was to say, the increasing amount 
of Co(II) adsorbed onto Sr-HAP resulted in the decrease 
in the final solution pH. This was likely to that Co(II) ions 
combined with the O atoms of hydroxyl groups on the Sr-
HAP’s surface to displace the H atoms, enabling H+ ions to 
be released to the solution and then increasing the solution 
acidity (Eqs. 2–3). Therefore, surface complexation reac-
tions also occurred during the Co(II) removal process (Zeng 
et al. 2022). In a word, Sr-HAP could effectively remove 
Co(II) ions from water via chemisorption, ion exchange and 
surface complexation.

(1)

Sr5Ca5
(

PO4

)

6
(OH)2 + (x + y)Co2+ → (5 − x)Sr2+ + (5 − y)Ca2+

+ SrxCayCo(x + y)
(

PO4

)

6
(OH)2

(2)
Sr − HAP − OH + Co2+(aq) ↔ Sr − HAP − O − Co+ + H+

(aq)

(3)
2Sr − HAP − OH + Co2+(aq) ↔ (Sr − HAP − O)2 − Co + 2H+

(aq)

Conclusions

This study synthesized an efficient Sr-doped HAP (Sr-HAP) 
adsorbent for removing Co(II) ions from water. Experimen-
tal results showed that the Sr-HAP adsorbent had effective 
Co(II) adsorption performance. When the Sr-HAP dosage 
was 0.30 g/50 mL, solution pH was 5, initial Co(II) concen-
tration was 50 mg/L, and temperature was 25–45 °C, the 
Co(II) removal efficiency reached more than 98%. In addi-
tion, Sr-HAP could effectively adsorb Co(II) in a wide pH 
range of 3–8. The adsorption of Co(II) ions by Sr-HAP was 
described well by the pseudo-second-order kinetic model, 
indicating Co(II) adsorption was a chemisorption process. 
At lower Co(II) equilibrium concentration, the Langmuir 
model could fit the data better than the Freundlich model but 
opposite at higher Co(II) equilibrium concentration, reveal-
ing that the adsorption of Co(II) changed from monolayer 
adsorption to multilayer adsorption as the Co(II) equilibrium 
concentration increased. The internal diffusion and surface 
adsorption were the rate-controlled steps of Co(II) adsorp-
tion. Thermodynamic study demonstrated that the adsorp-
tion process of Co(II) was spontaneous and endothermic, 
and increasing temperature was conducive to the adsorp-
tion. The mechanism analysis revealed that in addition to 
chemisorption, ion exchange and surface complexation also 
played vital roles in the Co(II) removal.
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