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1  Introduction

Uranium is a naturally occurring trace element and 
radionuclide. Uranium (U) occurs in three isotopes, 
U-238, U-235, and U-234. Uranium is introduced 
to the environment anthropogenically as a result of 
industrial, military, and nuclear energy activities 
(Fuller et al., 2002; Zhou & Gu, 2005). Depleted ura-
nium (DU) is a residuum of the uranium enrichment 
process with a majority of U as U-238, and a lower 
content of the fissile isotope U-235 than natural ura-
nium U-235 is used as the fuel in nuclear reactors and 
in the manufacture of nuclear weapons. Large stocks 
of DU have been generated as a result of enrichment 
operations, especially in the USA (OECD/NEA, 
2001). In recent years, the use of DU weapons such 
as DU containing penetrators has resulted in U con-
tamination in soil and water on ranges (Kazery et al., 
2021; Proctor et al., 2020; Zhang et al., 2020a). Ura-
nium is often present in phosphate minerals leading 
to contamination of commercial products such as 
gypsum and P fertilizers (Kratz & Schnug, 2006). It 
was reported that the average U concentrations were 
found between 6 and 149  mg/kg U in P contain-
ing mineral fertilizers, while U in mineral fertilizers 
without P was below 1.3 mg/kg U (Kratz & Schnug, 
2006).
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Uranium poses multiple health risks. Exposure to 
uranium can result in both chemical and radiological 
toxicities, but in most instances, chemical toxicity is 
of greater concern (Hartmann et  al., 2010). Mecha-
nisms of uranium toxicity have been suggested to 
include uranium interactions with phosphate groups 
on ATP and DNA. Renal uranium toxicity is the 
release of uranium from serum bicarbonate complex 
in the kidney to bind to available phosphate and pro-
tein, including uranium inhibition of mitochondrial 
ATPase activity and sodium transport mechanisms 
that can reduce the functionality and repair capacity 
of the epithelium (ATSDR, 2009; Keith et al., 2007).

The high affinity of uranium towards calcium 
phosphate minerals is exploited as a means of reduc-
ing uranium contamination in waters. Uranium phos-
phate minerals were shown to precipitate in uranium-
contaminated water include autunite (AUT), sodium 
autunite, and chernikovite (CHN) minerals under 
favorable conditions (Zhang et  al., 2020b). These 
cation and anion substitutions were Ca2+, PO4

3−, 
and CO3

2− (Fuller et al., 2002; Resende et al., 2006; 
Zhang et  al., 2020b). Most recently, uranium was 
found to be bound by oxygen atoms in the phosphate 
and carbonyl groups, forming the specific nanopocket 
with high selectivity and high binding affinity of U 
(Yuan et al., 2020). The high binding affinity between 
U and P leads to in  situ biomineralization of U to 
form highly stable and insoluble U mineral products 
in soils and sediments (Hartmann et al., 2010; Zhang 
et al., 2020b).

The mineral apatite and hydroxyapatites (HAP) 
have been extensively studied in the field in large sys-
tems and in the laboratory for removal of uranium. 
HAP consists of calcium, phosphates, and hydroxides 
and is ideal for easy and quick removal of U because 
it required no redox modifications (Lammers et  al., 
2017). It was reported that apatite as a multi-func-
tional radionuclide sorbent effectively removed radio-
nuclides (U, Sr, and, to some extent, Np, Am, Pu, and 
Co as well as TcO4- and I−) and other heavy metals 
by surface sorption, ion exchange, and surface pre-
cipitation and by providing phosphate to precipitate 
low-solubility minerals (Martin et  al., 2008; Rigali 
et  al., 2016). Processed natural apatites, artificial 
apatites, and functionalized composite apatites were 
prepared with high surface nanoapatite to remove 
U. Yang et  al. (2017) reported an arginine modified 
hydroxyapatite carbon microsphere composites with 

globular morphology and abundant functional groups 
to remove U(VI) from aqueous solutions. Arey et al. 
(1999) found that hydroxyapatite (Ca5(PO4)3OH) 
effectively immobilized U in two contaminated sedi-
ments with different organic carbon contents, lower-
ing aqueous U to near proposed drinking water stand-
ards. The interactions of HAP and U(VI) occurred 
through two mechanisms: adsorption onto HAP and 
formation of U-P precipitation (Yang et  al., 2017). 
Removal efficiencies greater than 99% have been 
shown in large-scale field experiments (Fuller et  al., 
2002).

The specific nature of the water environment such 
as pH, redox reactions, and complexation of other 
companion cations and anions as well as coexist-
ence of humic acids has been shown to affect the 
effectiveness of sorption onto hydroxyapatite (Mehta 
et  al.,  2015). Identification of effective technologies 
for the collection of uranium from seawater has been 
a goal for researchers. Systems based on hydroxyapa-
tite using hydroxyapatite have been shown to be lim-
ited due to the carbonate concentrations in seawaters. 
Stable precipitants (UO2)(PO4)2 and CaUO2(CO3)2 
were shown to form in acid and neutral solutions, but 
less were formed in alkaline solutions (Krestou et al., 
2004).

High concentration carbonate solutions have been 
shown to be effective for increasing the rate of ura-
nium dissolution during the processing of uranium 
ore. When carbonates (CO3

2−, HCO3
2−) are present 

in uranium-containing waters, soluble uranium car-
bonate anions may be formed. The presence of these 
carbonates reduces the removal efficiency of uranium 
(Mehta et  al., 2015; Gudavalli et  al., 2018; Pan & 
Darvell, 2010). Solubility of calcium phosphates from 
HAP material increased in the presence of carbonate 
(Pan & Darvell, 2010). This suggests that precipita-
tion of U-P phases might not be the mechanism for 
uranium uptake by HAP in use for permeable reactive 
barriers (Fuller et al., 2003). Another study with U-P 
phase showed that, at high bicarbonate, concentra-
tions (25–100 mM) and pH values higher than 9 ura-
nium release decreased from Ca-autunite. However, at 
lower concentrations of carbonate (0.5–3.0 mM) and 
lower pH of 7, the rate of uranium release increased 
(Gudavalli et al., 2018). This indicates the interaction 
of carbonate concentration and pH plays an important 
role in removing U from water.
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In addition, carbonates formed uranium complexes 
with other cation and anion substitutions present in 
the groundwater (Mehta et  al., 2014, 2015). U(VI) 
adsorption on goethite and soils was decreased due to 
formation of highly soluble, negatively charged U(VI) 
carbonates [UO2(CO3)2−

2 and UO2(CO3)4−
3] that did 

not strongly adsorb to soil surfaces (Duff & Amrhein, 
1996). The presence of these complexes showed an 
increase of the uranium concentration in solution of 
uranium at pH values of 4.0 and 6.0 by < 10% in the 
absence of phosphate and less than 5% in the presence 
of phosphate (Lammers et  al., 2017). Stewart et  al. 
(2010) reported that U(VI) adsorption in national and 
synthetic sediments decreased with formation of ter-
nary uranyl − calcium − carbonate species.

Numerous studies have evaluated the interactions 
between uranium and low surface area biogenic apa-
tites (Fuller et  al., 2003; Zhang et  al., 2020b). This 
study investigated the effect of biogeochemical con-
ditions including carbonates, pH, and temperature on 
adsorption of U on three nanohydroxyapatites.

2 � Materials and Methods

2.1 � Hydroxyapatite Materials and Batch Sorption 
Experiments

Three different nanohydroxyapatites in the powder 
form were purchased from Sigma–Aldrich. They dif-
fered in surface areas, particle sizes, and U adsorp-
tion capacity (Table  1, discussed below). U(VI) 
stock solutions were prepared by dissolving uranyl 
nitrate hexahydrate in deionized water prepared in 
CO2- and CO2-free conditions accordingly. Car-
bonate concentrations were prepared by dissolving 

sodium carbonate in CO2-free deionized water to 
minimize interference when conducting the carbonate 
experiments.

Batch experiments were carried out to determine 
the effects of time, uranium concentrations, tempera-
ture, pH, and carbonate effects on U(VI) adsorption 
on three nanohydroxyapatites. Experiments were 
conducted in a closed 250-mL Erlenmeyer flask. The 
flasks contained a total of 25 mL and 1 g of HAP and 
were carried out in an agitated system. Then, 5  mL 
of the subsample was removed and centrifuged at 
4500  rpm at 25 °C for 5 min. The remaining super-
natant was filtered and analyzed by ICP-MS. All 
experiments were duplicated. Adsorption kinetics of 
U(VI) on HAPs was studied with 1.0 g HAP U(VI) 
and 10  mg/L U initial solutions. The mixtures were 
shaken on an agitated shaker at 0, 1, 2, 5, 10, 30, 60, 
120, 240, and 1440  min. The samples were centri-
fuged and filtered. Then, U in the supernatants was 
analyzed with ICP-MS. U adsorption isotherm was 
studied with the initial uranium concentrations (0.5, 
2, 10, 50, 100 mg/L). The mixtures were shaken for 
1 h as determined by the previous kinetic experiment.

The biogeochemical conditions included pH, car-
bonates, and temperature. The influence of pH on the 
adsorption of U(VI) onto three different HAPs was 
examined. Different pH values of 1, 5.5, 7, 9.5, and 
11 were adjusted with NaOH or HCl from the origi-
nal pH of 100 mg/L U(VI) (approximately pH 3). The 
samples were then shaken for 1 h. Effects of carbon-
ates on U adsorption were studied. Low and high car-
bonate concentrations of 2–100 mM were applied to 
100  mg/L U(VI) solutions which were all prepared 
with CO2-free water. The mixtures were shaken for 
1 h. High carbonate concentrations of 100 mM were 
chosen to simulate a case with high alkalinity pre-
sent in groundwater. This work proposed to mimic 
the results of uranium adsorption with HAP related 
to scenarios of field groundwaters. Four temperatures 
at 4, 25, 35, and 45 °C were examined to the effect of 
temperature on U adsorption where U was 100 mg/L.

XRD measurements were performed on the Mini-
Flex 600 (Rigaku, Japan) with an 85 accelerated 
voltage of 45 kV and a current of 15 mA. Data were 
recorded in the range 86 of 10–80° with a step of 
0.02° and speed of 5°/min. Fourier transform infra-
red spectra were collected on a Spectrum Two FT-IR 
89 (PerkinElmer, USA), equipped with a deuterated 

Table 1   The surface areas, the maximum adsorption capac-
ity (Qm in mg/g), and affinity K of uranium adsorption on 
hydroxyapatites

HAP1 HAP2 HAP3

Qm, mg/g 4.48 4.69 5.15
K, L/mg 0.78 0.87 0.89
Surface area, m2/g 1.79 96 22
Pore size, nm 2.27 1.56 2.05
Pore volume, cm3/g 0.00054 0.0263 0.0055
Particle size, diameter 100–200 nm 0.5–1 μm 10–20 nm
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tri-glycine sulfate (DTGS) detector. The surface areas 
of the materials were determined using BET analysis. 
Particle sizes were estimated with SEM.

3 � Results and Discussion

3.1 � Characterization of Nanohydroxyapatites

Three nanohydroxyapatites had the similar XRD pat-
terns (Fig. 1). However, HAP3 had sharp and inten-
sive peaks compared to two other HAPs, indicating 
that HAP3 had a better crystalline structure. These 
XRD patterns were similar to the XRD patterns of 
standard hydroxyapatites from NIST (Ren et  al., 
2014). The five highest peaks were 31.77, 32.90, 
32.18, 25.86, and 49.46 at 2 θ°, corresponding to hkl 
211, 300, 112, 002, and 213, respectively (Grunen-
wald et  al., 2014; Markovic et  al., 2004; Ren et  al., 
2014). The samples with uranyl adsorbed on apatite 
surface under carbonate condition had the identical 
diffraction patterns with the original hydroxyapatites, 
and no diffraction peak shift was observed (data not 
shown). This was in agreement with the observation 
of Ren et al. (2014).

HAP 1 (HCa5O13P3) had a low surface area of 
1.79 m2/g with a molecular weight of 502.3  g/mol 
and a melting point of 1100 °C (Table 1). The sam-
ple contained both calcium hydroxyl phosphate and 
hydroxyapatite. HAP1 had a large particle size of 
10–20 μm (Fig. 2). HAP 2 was also a hydroxyapatite 
with an intermediate particle size with 05–1.0  μm 
and 96 m2/g surface areas (Table  1, Fig.  2). HAP 
3 (HCa5O13P3), a synthetic hydroxyapatite, had a 

surface area of 22 m2/g and a small size of 10–20 nm 
with a molecular weight of 502.31  g/mol and melt-
ing point of 1100  °C (Table  1, Fig.  2). All three 
hydroxyapatites had surface area with the order: HAP 
2 > HAP 3 > HAP 1.

FTIR results showed bands of the original HAP 
corresponding to the standard hydroxyapatites 
(Fig.  3). The FTIR of HAP1-3 spectrum only con-
tains characteristic bands of phosphate and hydroxyl 
groups: (a) The bands at 3572  cm–1, 631  cm–1 arise 
from stretching and vibrational modes, of OH– ions; 
(b) The 1090 cm–1 and about 1040  cm–1 bands arise 
from ν3 PO4, the 962 cm–1 band arises from ν1 PO4, 
the 601 cm–1 and 574 cm–1 bands arise from ν4 PO4. 
The sharpness of bands, especially the sharpness of 
the 631  cm–1 and 601  cm−1 bands, indicated a well-
crystallized hydroxyapatite (Markovic et  al., 2004; 
Slosarczyk et  al., 2005). In compared three nanohy-
droxyapatites’ FTIR, HAP3/HAP2 had more rich sur-
face functional groups than HAP1.

3.2 � Adsorption Kinetics and Isotherms of U on 
Three Nanohydroxyapatites

Adsorption kinetic data showed that the U adsorp-
tion onto all 3 HAP was extremely rapid (Fig.  4). 
Within approximately 3  min, U was fully adsorbed 
onto HAP 1, 2, and 3. Longer reaction times did not 
significantly change the U adsorption on these nano-
hydroxyapatites. These results were consistent with 
previous observations that showed U adsorption equi-
librium occurred between 1 and 2  h (Fuller et  al., 
2002; Krestou et al., 2004; Skwarek et al., 2019). Fast 

Fig. 1   XRD of nano-
hydroxyapatites (HAP1, 
HAP2, and HAP3) samples
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adsorption of uranyl on nanohydroxyapatites indi-
cates a potential for uranium removal from groundwa-
ter. The fast adsorption may be related with the rela-
tively low surface area in these nanohydroxyapatites 
compared to other mesoporous materials with higher 
pore spaces and surface areas. A readily accessible 
surface makes for faster adsorption.

Three HAP materials showed maximum adsorp-
tion capacity of 4.48, 4.69, and 5.19 mg/g for HAP 1, 
2, and 3, respectively (Fig. 5; Table 1). The adsorp-
tion processes on three HAPs were well described 
with a Langmuir model. The maximum U adsorp-
tion capacity among three HAPS are the following: 
HAP3 > HAP2 > HAP1. Both HAP 2 and HAP 3 had 
a higher surface area than HAP 1. The adsorption U 
on HAP3 was confirmed by FTIR with a weak peak 
around 876  cm−1 from uranyl ν3 mode (asymmetric 

stretching) (Fig. 3) (Gorman-Lewis et al., 2008), but 
it was not observed in HAP1 and HAP2.

The possible mechanism of U adsorbed on surface of 
apatites may include precipitation as a formation of an 
amorphous or microcrystalline phase (Jeanjean et  al., 
1995). The XRD diffractograms did not indicate forma-
tion of other crystalline phase minerals after U adsorp-
tion. Formation of new crystalline phases and possible 
incorporation into the initial apatite was reported for Pb 
and intracrystalline diffusion and exchange were major 
mechanisms for Cd (Jeanjean et al., 1995). The addition 
of surface functional group significantly increased its 
adsorption of Pb. Wang et al. (2019) reported that ester-
ified nanohydroxyapatite (n-HAP) had a high adsorp-
tion capacity of 2400  mg/g for Pb (II) in an acidic 
solution.

Fig. 2   SEM of HAP1, 2, 3. 
The particle sizes of HAP1, 
2, 3 were estimated as 
100–200 nm, 0.5–1.0 µm, 
and 10–20 nm, respectively. 
EDX indicated that the 
major elements were P and 
Ca and minor presence of 
Mg in these samples
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3.3 � Biogeochemical Conditions Affecting the U 
Adsorption Processes

3.3.1 � pH Effects

U(VI) adsorption on HAP decreased with increas-
ing pH (Fig.  6). However, pH effects on three 
hydroxyapatites were different. HAP1 was most sen-
sitive to pH increase while HAP 3 was the least sen-
sitive to pH changes. There was a significant decline 
(− 55  mg/kg per unit pH) in U adsorption as pH 
increased for HAP1 from 2500 mg/kg at pH 1 to 1750 
at pH 11. HAP2 had a slight decline (− 12  mg/kg 
per unit pH) with pH increased from 2463 at pH 1 to 
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2345 at pH 11, while HAP3 did not show significant 
change. This may be related to the richness of surface 
functional groups as shown in the FTIR (Fig. 3) spec-
tra for HAP1. For HAP1 FTIR analysis showed fewer 
functional groups and BET analysis indicated low 
surface that could be affected by pH changes, while 

HAP3/HAP2 had rich functional groups and higher 
surface area.

The overall effects of pH on U adsorption on three 
nanohydroxyapatites were in agreement with chang-
ing solubility of U (Fig. 6). With the increase of pH, 
the overall U solubility increased accordingly, result-
ing in the decrease in U adsorption on the solid sur-
face of HAP. This may be related to the formation of 
hydroxyl and carbonate complexes of U in solutions 
at high pHs. These U complexes increased U solu-
bility causing reduced adsorption on hydroxyapatite 
surface for U(VI). Above the pH of 6 uranium exists 
as carbonate complexes in the carbonate system 
(Fuller et  al., 2003; Newsome et  al., 2014; Soudek 
et  al., 2011). In addition, it was reported that, when 
the pH levels were higher than 9, possible U pre-
cipitation may occur (Krestou et  al., 2004). This 
was not observed in the present study with these 
nanohydroxyapatites.

3.3.2 � Effects of Temperature

Over a range of temperatures (4, 25, 35, 45  °C), no 
significant effect on uranium adsorption on nano-
hydroxyapatites (Fig.  7) was observed. This study 
confirmed the previous observations that uranium 
adsorption was not dependent on temperature 
(Gudavalli et  al., 2018). Similarly, uranium release 
by dissolution was reported to be independent of 
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temperature with varying temperatures of 23–90  °C 
(Gudavalli et al., 2018).

3.3.3 � Carbonate Effects

The presence of carbonates significantly decreased 
U(VI) adsorption on nano-HAP (Fig.  8, Table  2). 
This was especially true for HAP1 and HAP3. The 
reduction of adsorption in the presence of carbonate 
was not significant on U(VI) adsorption onto HAP2. 
The decrease in U adsorption due to the presence of 
carbonates could be modeled with a negative power 
equation (y = ax−b, where y was U adsorption in mg/
kg, a and b were constants, and x was the concentra-
tion of carbonates (Table 2). The initial low carbon-
ate concentration (< 10 mM) significantly inhibited U 
adsorption on HAP almost in a negative linear way. 
With increase in carbonate concentrations, the inhabi-
tation effects became stabilized. Inhibition was great-
est at low < 10–20 mM carbonate concentrations.

The interactions of uranium and HAP and ura-
nium solubility were affected by carbonate. At lower 
concentration (2  mM), the FTIR spectral intensity 
did not change (Fig. 3). However, at a higher carbon-
ate concentration of (100  mM), HAP 2 and HAP 3 
showed new peaks at 867, 1417–1458  cm−1 due to 
CO3

2− and 3343  cm−1 of OH− stretching respect-
fully (data not shown). FTIR peaks at 1417  cm−1 
and 874/876 cm−1 (weak peak) were due to adsorbed 
CO3

2− (Slosarczyk et  al., 2005). This indicates that 
carbonates were adsorbed and present on the surface 
of HAP2 and HAP3 after adsorption of U under car-
bonate conditions. Peaks 1417 cm−1 corresponded to 
the ν3 mode (asymmetric stretching) of CO3

2– and 
bands 874  cm–1 were due to the ν2 mode (out-of-
plane bending) of CO3

2− (Ren et  al., 2014). Bands 
at 1455 cm–1 were derived from CO3

2– that replaced 
OH– ions in the HA lattice (Markovic et  al., 2004). 
Ren et al. (2014) pointed out the adsorbed carbonates 
on hydroxyapatite showed weak peaks at 875  cm−1 

(v2, out-of-plane bending) and v3 (asymmetric 
stretching) mode at 1419 and 1457 cm−1. The present 
study indicates that biogeochemical conditions such 
as pH and the presence of carbonates significantly 
affected U adsorption on nano-HAP. Low acidity and 
high concentrations of carbonates may increase U 
transport through soils.

4 � Conclusion

In this study, batch experiments were conducted 
under various biogeochemical conditions to exam-
ine U adsorption isotherms and kinetics on three 
nanohydroxyapatites. The effects of carbonate and 
pH on U(VI) adsorption on HAPs were signifi-
cant. The U(VI) adsorption process on HAP was 
fast and reached the plateau within 0.5 h. The pres-
ence of carbonate and high pH strongly inhibited 
U(VI) adsorption onto HAP due to potential forma-
tion of carbonate and hydroxide complexes, which 
increased U solubility in solution. This study sug-
gests that nanohydroxyapatite was the ideal material 
for quick removal of uranium from groundwater, but 
the presence of carbonates and high pH will inhibit 
U removal from groundwater.
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sponding author on reasonable request.

Table 2   A power model 
describing the effects of 
carbonate (mM) on U 
adsorption (mg/kg) on 
nanohydroxyapatites

Sample Power model Linear model Logritherm model

Equation R2 Equation R2 Equation R2

HAP1 y = 2420.8X−0.026 0.96 y = −2.0X + 2322.1 0.75 y = −58.2 ln(x) + 2416.6 0.96
HAP2 y = 2479.6X−0.014 0.90 y = −1.1X + 2419.4 0.58 y = −34.6 ln(x) + 2478.4 0.90
HAP3 y = 2431.4X−0.041 0.67 y = −3.1X + 2277.2 0.53 y = −90.2 ln(x) = 2423.6 0.67
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