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Abstract
Hydroxyapatite (HAp) has been widely used to remove cadmium (Cd) in contaminated water 

and soils via Cd-Ca substitution. The Cd incorporation into HAp affects its structure; however, the 
detailed mechanism remains unclear. In this study, a series of Cd-substituted hydroxyapatites were 
synthesized and characterized with various techniques. Cd incorporation causes a decrease in a- and 
c-lattice parameters due to the radius of Cd2+ being slightly smaller than that of Ca2+. As the Cd content 
increases, the particle sizes of the synthesized samples decrease and their specific surface areas increase. 
Raman bands shift linearly and the ν1(PO4) peak at 961 cm−1 becomes broadened with increasing Cd 
content. Change in X-ray absorption near edge structure (XANES) spectra of the P K-edge indicates 
distortion of phosphate with Cd incorporation. Total electron yield (TEY) spectra of the Ca L2,3-edge 
show a decrease in the octahedral symmetry, suggesting preferential occupancy of Cd over the Ca2 
site. Extended X-ray absorption fine structure (EXAFS) analysis of the Ca K-edge reveals no obvious 
change in the local environment of Ca induced by Cd incorporation. However, EXAFS analysis of 
the Cd K-edge indicates that the substituted Cd occupies one Ca2 site in hexagonal Ca2 positions at 
low-Cd contents [<10 mol% of Cd/(Cd+Ca)], while both Ca1 and Ca2 sites are occupied at higher Cd 
contents. This study provides atomistic insight into the mechanism for Cd incorporation in HAp, which 
will help develop an approach for effective Cd removal using HAp for environmental remediation.

Keywords: Hydroxyapatite (HAp), cadmium, EXAFS, Raman, incorporation mechanism

Introduction
Hydroxyapatite [HAp, Ca10(PO4)6(OH)2] is one of the most 

common apatite-group minerals in nature, particularly important in 
biological systems, such as bones, teeth, and fossils (Wilson et al. 
1999). HAp is also crucial in biological mineralization processes 
and controls the geochemical cycle of P in soils and sediments 
(Goldhammer et al. 2010; Zhang et al. 2010). Natural apatites 
commonly contain foreign cations and/or anions substituted in 
the crystal structures because of their remarkable tolerance to 
structural distortion, making apatite-group minerals extremely di-
verse in chemical composition. Many common cations and anions 
have been shown to be incorporated into HAp, such as Mg2+, Sr2+, 
Mn2+, Cd2+, CO3

2−, SiO4
4−, Cl–, and F– (Hughes and Rakovan 2015; 

Kim et al. 2017; Pan and Fleet 2002). Among these substitutions, 
a large number of divalent cations have been reported to occupy 
Ca sites and alter the structure and properties of HAp, such as 
lattice parameters (Hughes and Rakovan 2015; Lala et al. 2015; 
Pan and Fleet 2002). Several cations can even form a complete 
solid solution of HAp (Pan and Fleet 2002). This characteristic of 
HAp may lead to its potential environmental applications because 
the incorporation of toxic metals into HAp structure could fix the 
metals in the solid phase, thus achieving long-term remediation 
(Bailey et al. 2005).

Cadmium (Cd) is highly toxic and is a carcinogen harmful to 
human health. It can be taken in human body through drinking 
water and nutrition and retain in bones by replacing Ca in hy-
droxyapatite, which commonly causes serious “Itai-itai” disease 
(Kobayashi 1978; McLaughlin and Singh 1999). In nature, Cd 
usually diffuses into soils and water via atmospheric deposition, 
phosphate fertilizers, and sewage sludge application, causing 
serious Cd contamination (McLaughlin and Singh 1999). Ca 
phosphate, especially HAp, is commonly used to remove heavy 
metals from contaminated water and soils (Bailey et al. 2005; 
da Rocha et al. 2002; Peld et al. 2004; Srinivasan et al. 2006; 
Wang et al. 2019; Xu et al. 1994). Cd can co-precipitate with Ca 
phosphate via isomorphic substitution, which is normally more 
effective than surface adsorption (Bailey et al. 2005; Valsami-Jones 
et al. 1998). Furthermore, phosphate has been widely used as a 
fertilizer for plants in soils, leading to precipitation of Cd-bearing 
Ca phosphate in soils (McLaughlin and Singh 1999). Thus, mix-
ing phosphate with metal-contaminated soils to form metal-Ca 
phosphate has been well established as an in situ technique for 
environmental remediation (Lee et al. 2018; Skwarek and Janusz 
2016). In addition, in many phosphate ores, Cd was commonly 
found to be incorporated in apatite structures (Sery et al. 1996). 
Understanding the mechanism of Cd incorporation into HAp helps 
us to understand Cd geochemical behavior and to apply HAp in 
Cd remediation.

HAp possesses a hexagonal structure with space group P63/m 
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