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This mechanistic study by Biqing Liang’s research 
group (National Cheng Kung University) confirmed 

that three-dimensional (3-D) ion exchange is the most 
important mechanism for heavy metal removal from 
aqueous solution and immobilization in a bone char 
(BC) mineral matrix. This research presents a novel and 
sustainable remediation strategy for cadmium (Cd) removal 
in wastewater and soil clean-up. 

Cadmium has high mobility in acidic soil due to its low 
affinity for soil ligands, making effective Cd remediation 
and removal challenging. Carbonated hydroxyapatite 
(CHAp), a mineral found in BC, dissolves readily in mildly 
acidic solutions due to weaker ionic interaction between 
Ca2+ and CO3

2- than that between Ca2+ and PO4
3-.  

This provides vacant sites on BC for cation sorption, 
especially for heavy metals with a similar ionic radius to 
Ca2+, including Cd2+, Co2+, Cr3+, Ni2+, and Pb2+.1 Here, the 
research group proposes that millimeter-sized BC chunks 
and matrix scale ion-exchange mechanisms, other than 
surface sorption and precipitation, can be explored for 
high-capacity Cd removal via 3-D incorporation of Cd 
into the mineral matrix (Fig. 1). Leaching of Ca2+ from BC 
chunks after application to fields and aging may further 
provide vacant sites and porosity for Cd2+ sorption. So 

Three-Dimensional Uptake of Cadmium and Spatial 
Distribution of Cadmium Hydroxyapatite Mineral in Bone 
Char
This study highlights the application of particle bone char for sustainable heavy metal removal in water and soil. It reveals the 
major working mechanism of action. 

Fig. 1:	 The study confirmed that matrix-scale ion exchange drove Cd removal, rather than complexation and precipitation. This study indicates that pre-
leached BC and external Ca and P input could enhance Cd removal from aqueous solution via incorporation into BC. [Reproduced from Ref. 5]

far, the most widely proposed mechanisms and research 
for heavy metal removal utilizing BC have been surface 
chemical sorption via complexation and precipitation onto 
BC, with limited investigations exploring ion-exchange 
mechanisms for heavy metal removal.2,3

The removal of Cd was explored via 3-D matrix scale 
incorporation using BC chunks (~2 mm) prepared at 500 °C 
 (500BC) and 700 °C (700BC) in aqueous solution. The Cd 
incorporation into CHAp was investigated using a series 
of synchrotron-based techniques (TPS 21A, TLS 01B1, 
TLS 14A1, and TPS 19A). It is important to note that 
conventional X-ray diffraction (XRD) techniques cannot 
detect trace Cd-phosphate incorporated into HAp due to 
low concentrations, poor crystallinity, and high similarity 
in the lattice d-spacing compared to HAp.4 Furthermore, 
identifying physicochemical and mineralogical changes of 
HAp after Cd incorporation using traditional spectroscopic 
and imaging techniques is challenging due to the similar 
ionic radii of Ca2+ and Cd2+. 

Synchrotron-based X-ray nanodiffraction (XND, TPS 21A) 
and nano X-ray fluorescence (n-XRF) scanning techniques 
enable the investigation of subtle elemental and mineral 
phase changes, allowing investigation of site-specific 
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transformation of HAp to Cd-HAp in BC chunks. In 
particular, XND was used to obtain high-resolution XRD 
data at a spatial resolution higher than 100 nm × 100 nm 
× 50 nm, to confirm the mineral transformation and 3-D 
matrix scale incorporation of Cd into HAp. Thereafter, 
XRF associated with XND was used to perform elemental 
analyses and mapping on section samples. Transmission 
X-ray microscopy (TXM, TLS 01B1) was used to explore 
nano-level spatial distribution of porosity and refilling 
of porous space by Cd incorporation in BC. To the best 
of the group’s knowledge, no direct observation of 3-D 
incorporation of Cd and spatial distribution of Cd-related 
minerals in the BC mineral matrix via an ion-exchange 
mechanism has been documented to date. This is the first 
principal observation documenting the 3-D uptake of Cd 
and spatial distribution of Cd-HAp in the BC mineral 
matrix.5 

The Cd removal from aqueous solution and incorporation 
into the mineral lattice increased for 500BC compared to 
700BC. The diffusion depth was modulated by the initial 
Cd concentration and charring temperature. A higher 
carbonate level of BC, more pre-leached Ca sites, and 
external phosphorus input enhanced Cd removal. The 
XND line scan revealed that Cd was primarily removed 

from water by incorporation into the mineral lattice of 
500BC via ion exchange, rather than surface sorption and 
precipitation, and the mineral phase was transformed from 
HAp to Cd-HAp (Fig. 2). Rietveld’s refinement of the XRD 
data resolved up to 91% of the crystal displacement of 
Ca2+ by Cd2+, and most of the HAp was converted to Cd-
HAp. TXM images revealed in situ sub-micron pore space 
refilling throughout the mineral matrix, indicative of Cd 
incorporation. 500BC showed a higher CO3

2-/PO4
3- ratio 

and specific surface area compared to 700BC, providing 
more vacant sites due to dissolution of Ca2+. The specific 
phase and stoichiometry of the newly formed Cd-HAp 
mineral was dependent on the level of ion exchange. This 
study highlights the potential role of BC in changing the 
environmental fate of Cd in retention and transport, and 
underpins the integration of Cd on a micro-scale into a 3-D 
mineral matrix of BC, which could later be removed from 
the field. 

In summary, the study revealed that the BC chunks 
prepared at 500 °C can act as a high-capacity and 
sustainable remediation material via a 3-D matrix scale ion-
exchange mechanism and formation of Cd-HAp. 500BC 
is therefore an excellent material for heavy metal removal 
and field application even under weathering environments 

Fig. 2:	 The mineralogical transformation patterns of HAp in 500BC after Cd incorporation. X-ray nanodiffraction 
detected Cd-HAp formed by ion exchange. [Reproduced from Ref. 5]
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Yu-Ting Liu (National Chung Hsing University) and her collaborators recently uncovered the molecular mechanisms 
of extreme microalgae Cyanidiales in Cr(VI) removal. Cr released from industrial activities poses a significant threat 
to the ecosystem. It exists in two common valence states: Cr(III) and Cr(VI). Cr(VI) is highly mobile and toxic, posing 
a significant risk to human health when entering the food chain. To resolve this problem, a biomaterial composed of 
Cyanidiales was developed. Cyanidiales are red microalgae that thrive in extremely acidic and thermal environments 
enriched with heavy metals. Cyanidiales have potential use as a biomaterial for Cr(VI) removal as they possess specific genes 
for metal detoxification. This study is the first to investigate the capacity and associated mechanisms of Cr(VI) sorption on 
Cyanidiales under both acidic (pH 2.0) and neutral (pH 7.0) conditions. Here, three species (sp.) of Cyanidiales were tested: 
Cyanidioschyzon sp. (Cm), Cyanidium sp. (Cc), and Galdieria sp. (Gp). The highest sorption capacity of Cr(VI) was found for 
Gp (93.7 mg g-1) at pH 7.0 (Fig. 1(f)) and Cc (168.1 mg g-1) at pH 2.0 (Fig. 1(g)). 

To uncover the related metal distribution on Cyanidiales, transmission X-ray microscopy (TXM) was conducted at TLS 
01B1. At pH 2.0, where Cyanidiales showed the highest sorbed Cr levels, Cm (Fig. 1(a)) and Cc (Fig. 1(b)) cells retained 
relative integrity, whereas Gp (Fig. 1(c)) cells experienced damage. At pH 7.0, Cm (Fig. 1(d)) experienced a notable decline 
in membrane integrity, while Gp (Fig. 1(f)) displayed fragment-like Cr accumulation scattered along the cell. TXM results 
(Figs. 1(a)–1(f)) confirm Cr retention in Cyanidiales. In addition, diverse cell morphology and Cr distribution under Cr(VI) 
stress suggest that each Cyanidiales species likely employs different tolerance strategies.

To determine the related metal speciation on Cyanidiales, X-ray absorption spectroscopy (XAS) was conducted at TLS 
17C1 and TPS 44A1. For all samples, the Cr species were well-fitted by K2Cr2O7 (representing Cr(VI) ion sorbed on cells), 
Cr(III)-polysaccharide (denoting Cr(III) ion bonded with a polysaccharide), and Cr(OH)3 (the Cr(III) precipitate) (Figs. 
1(g) and 1(h)). At pH 2.0 (Fig. 1(g)), Cm displayed the highest Cr sorption capacity among the tested Cyanidiales, primarily 
as Cr(III)-polysaccharide. Cc exhibited the highest dominance of sorbed Cr(VI) (K2Cr2O7), while Gp retained Cr(VI) and 
Cr(III)-polysaccharide in comparable proportions. At pH 7.0 (Fig. 1(h)), the absence of Cr(OH)3 was a common feature in 
Cyanidiales with the highest Cr retention. Despite the reduction and fixation of sorbed Cr(VI) by the polysaccharide, the 
proportion of Cr(OH)3 generally declined with increasing sorbed Cr, suggesting cell surfaces as the primary defense against 
Cr. The consistent presence of Cr(OH)3 on Cm and Cc at pH 2.0 may contribute to enhanced Cr tolerance and sorption 
capacity.

Chromium(VI) Removal by Extreme Microalgae—
Cyanidiales 
Molecular mechanisms of chromium(VI) removal by Cyanidiales: a novel extreme biomaterial enlightened for acidic and 
neutral conditions

and during eutrophic events. (Reported by Biqing Liang, 
National Cheng Kung University)

This report features the work of Biqing Liang and her 
collaborators published in Chemosphere 337, 139357 (2023). 

TPS 21A   X-ray Nanodiffraction 
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