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INTRODUCTION

Phosphorus is indispensable for synthetic fertilizers, chem-
ical product manufacturing, and metal processing,1) though 
phosphate ore supplies, on which Japan depends almost entire-
ly through imports, will be depleted worldwide in the com-
ing century.2) On the other hand, phosphorus accumulation in 
aquatic environments is caused by inflow of industrial waste-
water and has reportedly increased by 75% in freshwater 
since the Industrial Revolution.3) This phosphorus accumula-
tion causes eutrophication, resulting in explosive algae blooms 
that adversely affect fisheries and drinking water.4) There-
fore, although phosphorus supply is insufficient, substantial 
amounts of phosphorus are present in the environment. Recov-
ering and recycling phosphorus from aquatic environments can 
provide a solution to phosphorus problems from both environ-
mental and resource perspectives.

The methods available for phosphorus recovery include 
adsorption,5) chemical precipitation,6) biological treatment,7) 
and electrocoagulation.8) Among these methods, adsorption 

offers advantages such as easy handling, compact equipment, 
and low labor costs.9) Recently, phosphorus adsorbents have 
been developed from wastes containing iron,10) magnesium,11) 
and calcium,12) which are used in lakes and rivers for deten-
tion.13) Our laboratory has developed a phosphorus adsorbent 
from oyster shells,12) in which phosphate ions reacted with cal-
cium carbonate (the principal component) or calcium oxide 
(the main component after calcination) to form hydroxyapa-
tite (HAp). The resulting HAp could be used as fertilizer,14) 
which allows for the recycling of phosphorus resources. Oys-
ter supply stability is a concern because the production volume  
fluctuates seasonally.15) Therefore, alternative resources must 
be identified to ensure a stable supply of adsorbents.

Fossil corals (FCs) are the skeletal remains of dead cor-
als and are composed primarily of calcium carbonate.16) Coral 
mortality has increased in recent years owing to global warm-
ing,17) and a similar trend has been observed in Japan.18) There 
are concerns that the growing abundance of FCs could neg-
atively affect ecosystems and biodiversity,19) highlighting the 
need to develop sustainable utilization strategies. The min-
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eral composition of FCs varies with habitat,20) and the crys-
tals of their calcium carbonate compounds also vary in form.21) 
The crystal form of calcium carbonate influences phosphorus 
adsorption, with calcite exhibiting greater adsorption capacity 
than aragonite. Upon calcination at 400°C, aragonite is trans-
formed into calcite, which is highly thermally stable, and at 
≥ 900°C, calcium carbonate decomposes to calcium oxide.16) 
These characteristics suggest that FCs can adsorb phosphorus 
via multiple adsorption mechanisms, including HAp forma-
tion, similar to calcined oyster shells.

To address the abovementioned gaps, we investigated the 
processing conditions for FCs optimized for phosphorus 
recovery and elucidated the adsorption mechanism, with the 
aim of recycling phosphorus resources.

 MATERIALS AND METHODS 

Materials and Chemicals   Fossil corals (FCs) were pur-
chased from CORAL INTERNATIONAL INC. (Okinawa, 
Japan). The materials were dried at 50°C for 72 h and then 
crushed until the particle size was less than 500 µm, and the 
sample was named FC. A muffle furnace was used to calcine 
FC. The temperature was increased from room temperature to 
200, 400, 600, 800, 900, and 1000°C over 2 h and then main-
tained at each target temperature for an additional 2 h under 
a nitrogen atmosphere. The resulting samples were labeled 
FC200, FC400, etc., corresponding to their respective calcina-
tion temperatures. Potassium dihydrogen phosphate was used 
as the adsorbate, and HCl and NaOH were used for pH adjust-
ment. All reagents were purchased from FUJIFILM Wako Pure 
Chemical Corporation (Osaka, Japan). Pure water was used in 
all the experimental systems.

Characterization of Each FC   The physicochemical 
properties of each FC were evaluated as described below. 
The surface microstructure of FC was assessed using scan-
ning electron microscopy (SEM; Regulus8240, Hitachi High-
Technologies Corporation, Tokyo, Japan), with the instrument 
operated at an acceleration voltage of 10.0 keV. Changes in 
the physical properties of FC during heating were evaluated 
using thermogravimetric-differential thermal analysis (TG-
DTA; TG8210, Rigaku, Tokyo, Japan) operated at target tem-
perature of 1000 °C, heating time of 10 °C/min, atmosphere of 
200 mL/min, and sampling time of 1 s. Powder X-ray diffrac-
tion (XRD; MiniFlex II Rigaku Corporation, Tokyo, Japan) 
was used for the crystal structure analysis of FC, operated at a 
radiation source of CuKα, tube voltage of 30 kV, and tube cur-
rent of 15 mA. Meanwhile, the specific surface area of each FC 
was measured using a BELSORP MINI X instrument (Micro-
tracBEL, Osaka, Japan). The zero-charge point (pHpzc) was 
determined according to Faria et al.22) The calcium oxide con-
tent (%) was calculated from the yield after calcination, using 
Equation (1) 23).

where C is the calcium oxide content (%), M0 is the initial 
weight of the material (g), Mt is the yield at each temperature 
(g), and M∞ is the ideal yield (g).

The elemental distribution on the FC surface before and 
after phosphate ion adsorption was analyzed using a field-
emission electron probe microanalyzer (EPMA; JXA-8530F, 
JEOL, Tokyo, Japan) operated at an acceleration voltage of 

15.0 kV and a beam diameter of 5 µm.
Phosphate Ion Adsorption Experiment   All the adsorp-

tion experiments were conducted using the batch test meth-
od described below. Each FC sample (0.05 g) was added to a 
1500-mg/L phosphate solution (50 mL). The mixture was agi-
tated under the following conditions (temperature: 25°C, reac-
tion time: 24 h, agitation speed: 100 rpm) on a water-bath 
shaker. After shaking, the solution was filtered using a 0.45-
µm membrane filter. The phosphorus concentration of the 
solution was measured using inductively coupled plasma–opti-
cal emission spectroscopy (ICP–OES; iCAP-7600, Thermo 
Fisher Scientific Inc., Massachusetts, USA), and the amount 
of phosphate ions adsorbed was calculated using Equation (2).

where Q is the amount of phosphate ions adsorbed (mg/g), 
C0 is the initial phosphate ion concentration (mg/L), Ce is the 
equilibrium phosphate ion concentration (mg/L), V is the sol-
vent volume (L), W is the weight of each adsorbent (g), MP is 
the molecular weight of phosphorus, and MPO4 is the molecular 
weight of the phosphate ions. To evaluate the effect of solution 
pH on the adsorption capacity, the pH of the phosphate solu-
tion was adjusted to 3, 5, 7, 9, and 11 using HCl or NaOH. In 
addition, to evaluate the effect of temperature on the adsorp-
tion capacity, the agitation temperature was set to 7, 25, and 
45°C.

Calcium Elution Experiment   Each FC (0.05 g) was add-
ed to 50 mL of pure water and shaken for 24 h at 100 rpm and 
25°C, and then the solution was filtered using a 0.45-µm mem-
brane filter. The amount of calcium ions released was calcu-
lated based on the calcium ion concentration in the solution, 
which was measured using ICP–OES.

RESULTS AND DISCUSSION

Physicochemical Properties of Each FC before Phos-
phate Adsorption   
Thermal Decomposition Behavior

Figure 1 shows the TG-DTA profile of each FC before 
phosphate adsorption. The thermogravimetric value signifi-
cantly decreased, and the DTA curve showed an endothermic 
peak at around 800°C. By combining the TG and DTA curves, 
a substance's pyrolysis reaction could be predicted.24, 25) The 
peak pattern observed in this study indicated that calcium car-
bonate (the main component of FC) was converted to calci-

 

  C = 100× M0-Mt
M0-M∞
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Q = (C0 Ce)V
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×
MPO4
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    (2) 

 

Fig. 1.   Thermal Analysis of FC under an Air Atmosphere
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um oxide by thermal decomposition at around 800°C. Under 
atmospheric conditions, the pyrolysis temperature increased 
due to the influence of the partial pressure of CO2.26) In con-
trast, TG-DTA analysis performed using a small sample size 
was only slightly influenced by the CO2 partial pressure and 
helped identify the optimal pyrolysis temperature.

Changes in Structure and Composition Influenced by 
Calcination Temperature

The morphology and crystalline structure of FC underwent 
significant changes depending on the calcination temperature. 
Figure 2 shows SEM images of each FC before phosphate 
adsorption. FC, FC200, FC400, and FC600 exhibit smooth 
surface structures. It has been reported that calcite obtained 
through the phase transition of aragonite exhibits morphologi-
cal characteristics distinct from those found in naturally avail-
able calcite.27) A distinct crystalline shape was observed in the 
calcium carbonate reagents, whereas this was not observed in 
FC, suggesting that trace elements or growth conditions may 
influence the crystalline morphology. FC900 and FC1000 had 
many irregularities and structures resembling particle aggre-
gation. FC800 had both structures, suggesting that calcination 
above 800°C affected the FC structure. Moreover, it has been 
reported that calcined corals exhibit a relatively rough surface 
and irregular shape, with some corals bonded together to form 
large agglomerates.28) This pattern was observed in FC800–

FC1000, and it is thought that changes in the main compo-
nents, as described later, were involved. Figure 3 shows the 
XRD pattern of each FC before adsorption. The peak pattern 
of calcium carbonate (calcite) was observed in FC, FC200, 
FC400, FC600, and FC800; both calcium carbonate and cal-
cium hydroxide in FC900; and calcium hydroxide and cal-
cium oxide in FC1000. Previous studies have reported that 
untreated FC exhibits an aragonite structure,29) which was not 
the case in the FC of the present study. While TG-DTA condi-
tions suggested pyrolysis initiation at around 800°C, under the 
sample preparation conditions created using a muffle furnace, 
decarbonation occurred at temperatures above 900°C, leading 
to pyrolysis of the main components. Regarding the calcium 
hydroxide observed in FC900 and FC1000, the calcium oxide 
generated by pyrolysis was thought to have absorbed moisture 
from the air and transformed into calcium hydroxide.

Physicochemical Properties and the Amount of Calcium Ions 
Eluted

Table 1 shows the physicochemical properties of each FC. 
The specific surface area decreased gradually from FC to 
FC800 but increased rapidly for FC900 and FC1000. Fuji et al. 
reported that, upon heating, atomic diffusion and realignment 
led to the sintering of the calcium carbonate surface micro-
structure, decreasing the microporosity and, consequently, the 
specific surface area.30) The results of our study are consistent 

Fig. 2.   SEM Images of Each FC before Adsorption

Fig. 3.   XRD Patterns of Each FC before Adsorption

Table 1.   Physicochemical Properties of Each FC

Adsorbents
Specific surface area

CaO (%) pHpzc(m2/g)
FC 0.77 0.00 9.77
FC200 0.47 0.00 9.60
FC400 0.42 0.00 9.27
FC600 0.37 0.65 9.87
FC800 0.17 4.25 11.14
FC900 2.73 40.40 N/A
FC1000 6.14 97.18 N/A
N/A: not applicable
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with this previous study. On the other hand, the increase in the 
specific surface areas of FC900 and FC1000 may be attribut-
ed to decarboxylation, which increased the surface irregular-
ities and made the structure more complex. The pHpzc values 
of FC–FC800 ranged from 9.27 to 11.14, and under condi-
tions where the solution pH was lower than these values, the 
adsorbent surface was expected to be positively charged. 
FC900 and FC1000 were mainly composed of calcium oxide, 
a strong base, which made determining their pHpzc values dif-
ficult. The calcium oxide content (%) was calculated from the 
weights before and after calcination, and the results exhibited 
a trend similar to that of the amount of calcium ions released.  
Figure 4 shows the amount of calcium ions released by each 
FC. The amount of calcium ions released increased with 
increasing calcination temperature, particularly for FC900 
and FC1000, which showed high values of 136.0 and 431.6 
mg/g, respectively. These high values are attributable to the 
relatively high solubility of calcium oxide (approximately 1.2 
g/L), which is the main component of FC900 and FC1000, 
compared to the much lower solubility of calcium carbonate 
(approximately 0.013 g/L). Therefore, the measured release 
reflected the calcium oxide content of each sample.
Evaluation of Phosphate Adsorption Performance   
Maximum Adsorption Capacity

Figure 5 shows the amounts of saturated phosphate ions 
adsorbed. The amount of phosphate ions adsorbed by FC1000 
showed the highest value. FC200–FC600 showed a decreas-
ing trend with increasing calcining temperature, whereas the 

amount adsorbed by FC800–FC1000 showed an increasing 
trend with increasing calcining temperature. Previous studies 
have reported that the calcite structure can act as a seed crys-
tal for HAp,31) and HAp crystal growth may be associated with 
the adsorption mechanisms of FC–FC800. The high adsorption 
capacity of FC1000 can be attributed to it being mainly com-
posed of calcium oxide, which is highly soluble and provides 
the numerous calcium ions needed for HAp formation. After 
phosphate ion adsorption by FC–FC900, the pH showed weak 
acidity, ranging from 6.4 to 6.5, whereas FC1000 exhibited 
strong basicity (at 11.9). These results suggest that, although 
FC1000 exhibits excellent adsorption capacity, it renders the 
solution strongly basic; therefore, FC200 is more suitable for 
use in aquatic environments.

Adsorption Mechanism Analysis
Figure 6 shows the results of a qualitative analysis of 

each FC surface before and after the adsorption of phosphate 
ions. The phosphorus signal intensity increased after adsorp-
tion in all FC samples, indicating that phosphate ions were 
adsorbed onto the FC surfaces. The composition of FCs dif-
fered between the surface and core because of prolonged inter-
nal recrystallization and replacement (diagenesis) over time.32) 
Consequently, highly adsorbed regions may be localized on 
the FC surface. Figure 7 shows the XRD patterns of each FC 
after adsorption. A peak pattern corresponding to brushite (cal-
cium hydrogen phosphate) was observed in all the FC sam-
ples, and in FC900 and FC1000, additional peaks attributable 

Fig. 4.   Amount of Calcium Ions Released
Fig. 5.   Amount of Phosphate Ions Adsorbed for each FC

Fig. 6.   Qualitative Analysis of Adsorbent Surface before and after Adsorption of Phosphate Ions
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to HAp were also observed. Generally, the crystalline phase 
of calcium phosphate precipitates varied depending on the 
pH.33, 34) Under acidic conditions, HAp formation was inhib-
ited and brushite or octacalcium phosphate was preferentially 
formed,35) whereas HAp precipitates under strongly basic con-
ditions. The detection of a brushite peak in FC–FC800, which 
exhibited a weakly acidic pH after adsorption, is consistent 
with the results of previous studies. On the other hand, after 
adsorption using FC1000, the solution exhibited strong basic-
ity, which is consistent with the conditions required for HAp 
formation. These results are consistent with those of previ-
ous studies. Additionally, calcite peaks were observed for both 
FC900 and FC1000. This was thought to have been formed by 
the carbonation of calcium hydroxide in solution.36)

Figure 8 shows the effect of pH on the amount of phos-
phate ions adsorbed. The amounts of phosphate ions adsorbed 
by FC–FC800 were higher acidic conditions (pH 3), and a 
decreasing trend was observed with an increase in the initial 
pH. The initial pH values, at which high amounts of phosphate 
ions were adsorbed, were all below the pHpzc value of each 
FC sample (9.27–11.14). In other words, for FC–FC800 (with 
low calcium elution), HAp crystallization did not occur and 
adsorption onto the surface played a dominant role via electro-
static interactions. Meanwhile, the amount of phosphate ions 
adsorbed by FC1000 was the highest at an initial pH of 11 and 
showed a decreasing trend with a decrease in the initial pH. As 
mentioned previously, HAp precipitation occurred in FC1000, 
for which the solution exhibited strong basicity after adsorp-
tion. The main mechanism was assumed to be the coprecip-
itation of calcium phosphate by calcium ions and phosphate 
ions, and the involvement of this mechanism contributed to a 
large amount of phosphate ions being adsorbed. The results for 
FC900 indicate that, at a low pH, the surface became positive-
ly charged, as observed for FC–FC800, leading to adsorption; 
however, at a high pH, calcium phosphate formation occurred 
in a manner similar to that in FC1000, resulting in an apparent 
reduction in the pH dependence of adsorption.

Figure 9 shows the effect of temperature on the amount 
of phosphate ions adsorbed. The amount of phosphate ions 
adsorbed by FC, FC800, and FC900 showed the highest values 
at 7°C and lowest at 25°C. In contrast, the amount of phos-
phate ions adsorbed by FC200, FC400, and FC600 increased 

with increasing temperature, reaching a maximum at 45°C. 
The increase in the adsorption capacity with increasing tem-
perature can be attributed to an increase in the reaction rate 
and the involvement of chemisorption.37) Therefore, the 
adsorption behaviors of FC200, FC400, and FC600 suggest 
the involvement of chemisorption. In addition, the amount of 
phosphate ions adsorbed by FC1000 showed the highest val-
ue at 7°C and decreased with increasing temperature. The high 
adsorption capacity of FC1000 at low temperatures can be 
attributed to the enhanced dissolution of calcium oxide, which 
dissolves exothermically in water. Furthermore, based on the 
TG-DTA results (Figure 1), FC was assumed to contain calci-
um oxide when calcined at temperatures above 800°C. There-
fore, the greater adsorption observed at 7°C than 25°C for 
FC900 was also attributed to the enhanced dissolution of calci-
um oxide, as in the case of FC1000.

Conclusion   This study evaluated FC as a phosphorus 
adsorbent to promote the recycling of phosphorus resources. 
TG–DTA and XRD showed that the main component, calci-
um carbonate (calcite), decomposed at 800–900°C to form cal-
cium oxide. FC1000, which was dominated by calcium oxide, 
exhibited markedly enhanced calcium leaching, indicating that 
dissolved calcium ions acted as a key source for phosphate 
removal. Calcite in FC was favorable for phosphate adsorp-

Fig. 7.   XRD Patterns of Each FC after Adsorption of Phosphate Ions Fig. 8.   Effect of pH on the Amount of Phosphate Ions Adsorbed

Fig. 9.   Effect of Temperature on the Amount of Phosphate Ions  
Adsorbed
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tion and HAp formation. Meanwhile, EPMA confirmed phos-
phate accumulation on the FC surface, and the adsorption 
capacities were particularly high for FC200 and FC1000. For 
FC200, adsorption was attributed mainly to brushite crystal 
growth from the calcite structure, whereas for FC1000, it pro-
ceeded via both HAp formation through the coprecipitation of 
dissolved calcium and phosphate ions and additional surface 
adsorption. These findings indicate that FCs are useful mate-
rials for phosphate removal and that calcination can be used 
to tailor their adsorption performance, although further studies 
are needed to assess their reuse as a fertilizer.

Acknowledgment   We would like to thank all the students 
of Public Health Laboratory, Faculty of Pharmacy, Kindai 
University. The ICP–OES, TG-DTA, XRD, and EPMA anal-
yses were performed at the Kindai University Joint Research 
Center. We would like to thank Editage (www.editage.jp) for 
English language editing.

Data availability   The datasets used during the current 
study are available from corresponding author on reasonable 
request.

Competing interests   The authors declare no competing 
interests.

REFERENCES

1)	� Childers DL, Corman J, Edwards M, Elser JJ. Sustainability challeng-
es of phosphorus and food: solutions from closing the human phospho-
rus cycle. Bioscience, 61, 117–124 (2011).

2)	� Van Vuuren DP, Bouwman AF, Beusen AHW. Phosphorus demand for 
the 1970–2100 period: a scenario analysis of resource depletion. Glob. 
Environ. Change, 20, 428–439 (2010).

3)	� Bennett EM. Human impact on erodible phosphorus and eutrophica-
tion: a global perspective. Bioscience, 51, 227–234 (2001).

4)	� Carpenter SR, Caraco NF, Correll DL, Howarth RW, Sharpley AN, 
Smith VH. Nonpoint pollution of surface waters with phosphorus and 
nitrogen. Ecol. Appl., 8, 559–568 (1998).

5)	� Ajmal Z, Muhmood A, Usman M, Kizito S, Lu J, Dong R, Wu S. 
Phosphate removal from aqueous solution using iron oxides: Adsorp-
tion, desorption and regeneration characteristics. J. Colloid Interface 
Sci., 528, 145–155 (2018).

6)	� Massey MS, Ippolito JA, Davis JG, Sheffield RE. Macroscopic and 
microscopic variation in recovered magnesium phosphate materials: 
implications for phosphorus removal processes and product re-use. 
Bioresour. Technol., 101, 877–885 (2010).

7)	� Lu H, Oehmen A, Virdis B, Keller J, Yuan Z. Obtaining highly 
enriched cultures of Candidatus Accumulibacter phosphates through 
alternating carbon sources. Water Res., 40, 3838–3848 (2006).

8)	� Zhang X, Lin H, Hu B. Phosphorus removal and recovery from dairy 
manure by electrocoagulation. RSC Adv., 6, 57960–57968 (2016).

9)	� Kalaitzidou K, Mitrakas M, Raptopoulou C, Tolkou A, Palasantza PA, 
Zouboulis A. Pilot-scale phosphate recovery from secondary wastewa-
ter effluents. Environ. Process., 3, 5–22 (2016).

10)	� Razali M, Zhao YQ, Bruen M. Effectiveness of a drinking-water treat-
ment sludge in removing different phosphorus species from aqueous 
solution. Separ. Purif. Tech., 55, 300–306 (2007).

11)	� Yang B, Han F, Li Y, Bai Y, Xie Z, Yang J, Liu T. Phosphate remov-
al mechanism of a novel magnesium slag-modified coal gasification 
coarse slag adsorbent. Environ. Sci. Pollut. Res. Int., 30, 60607–60617 
(2023).

12)	� Yamashiro K, Ikemoto R, Ogata F, Tanei S, Kawasaki N. Evaluation 
of the mechanism of phosphate removal using oyster shell powder 
in aqueous environments. Chem. Pharm. Bull. (Tokyo), 71, 655–660 
(2023).

13)	� Wu M, Hua X, Ma Z, Zhang Y, Liu W, Li Q, Zhong Y, Xiong W, Zhou 
Y, Guo X, Zhang Y, Dai J, Xie X. Adsorption and immobilization of 
phosphorus in eutrophic lake water and sediments by a novel red soil 

based porous aerogel. Water Res., 273, 123078 (2025).
14)	� Noruzi M, Hadian P, Soleimanpour L, Ma’mani L, Shahbazi K. 

Hydroxyapatite nanoparticles: an alternative to conventional phospho-
rus fertilizers in acidic culture media. Chem. Biol. Technol. Agric., 10, 
71 (2023).

15)	� Hiroshima Prefecture. Hiroshima kaki seisan syukka shishin 2025 
(2025).

16)	� Vianna MTG, Marques M, Bertolino LC. Sun coral powder as adsor-
bent: evaluation of phosphorus removal in synthetic and real wastewa-
ter. Ecol. Eng., 97, 13–22 (2016).

17)	� Wilkinson CR. Status of Coral Reefs of the World: 2004. Australian 
Institute of Marine Science, Townsville, Australia (2004).

18)	� Omori M. Degradation and restoration of coral reefs: experience in 
Okinawa, Japan. Mar. Biol. Res., 7, 3–12 (2011).

19)	� Kenyon TM, Doropoulos C, Wolfe K, Webb GE, Dove S, Harris D, 
Mumby PJ. Coral rubble dynamics in the Anthropocene and implica-
tions for reef recovery. Limnol. Oceanogr., 68, 110–147 (2023).

20)	� Ram S, Erez J. Corals feel the water chemistry: trace elements in cor-
al skeletons reflect accurately their seawater chemistry, biological and 
geochemical implications. Geochim. Cosmochim. Acta, 400, 142–157 
(2025).

21)	� Gattuso JP, Frankignoulle M, Bourge I, Romaine S, Buddemeier RW. 
Effect of calcium carbonate saturation of seawater on coral calcifica-
tion. Global Planet. Change, 18, 37–46 (1998).

22)	� Faria PCC, Orfão JJM, Pereira MFR. Adsorption of anionic and cat-
ionic dyes on activated carbons with different surface chemistries. 
Water Res., 38, 2043–2052 (2004).

23)	� Escardino A, García-Ten J, Feliu C, Saburit A, Cantavella V. Kinetic 
study of the thermal decomposition process of calcite particles in air 
and CO2 atmosphere. J. Ind. Eng. Chem., 19, 886–897 (2013).

24)	� Nakagawa E, Ichihara S. Shoshinsha no tame no netsubunseki (1): 
DTA, DSC no genri to sokuteiho. Netsu Sokutei, 7, 11–17 (1980).

25)	� Iwasa M. DSC, TG, TMA no network polymer heno ouyou. Netw.  
Polym., 34, 222–228 (2013).

26)	� Martínez I, Grasa G, Murillo R, Arias B, Abanades JC. Kinetics of cal-
cination of partially carbonated particles in a Ca-looping system for 
CO2 capture. Energy Fuels, 26, 1432–1440 (2012).

27)	� Tone T, Koga N. Thermally induced aragonite–calcite transformation 
in freshwater pearl: a mutual relation with the thermal dehydration of 
included water. ACS Omega, 6, 13904–13914 (2021).

28)	� Sadeghi K, Thanakkasaranee S, Lim IJ, Seo J. Calcined marine coral 
powders as a novel ecofriendly antimicrobial agent. Mater. Sci. Eng. C, 
107, 110193 (2020).

29)	� Meng LY, Wang XY. An integrated hydration and property evaluation 
model for coral powder–cement binary blends. Buildings (Basel), 14, 
2346 (2024).

30)	� Fuji M, Chikazawa M. Surface of calcium carbonate and its evaluation 
methods. Gypsum Lime, 247, 460–470 (1993).

31)	� Yoshimura M, Sujaridworakun P, Koh F, Fujiwara T, Pongkao D,  
Ahniyaz A. Hydrothermal conversion of calcite crystals to hydroxyapa-
tite. Mater. Sci. Eng. C, 24, 521–525 (2004).

32)	� Watanabe T, Juillet-Leclerc A, Cuif JP, Meibom A, Dauphin Y, Blamart 
D, Sano Y. Heterogeneity of chemical compositions in coral skeletons: 
investigation of skeletal calcification and implications for coral ther-
mometer. Chikyukagaku, 38, 255–264 (2004).

33)	� Cao NQ, Hiromoto S, Kobayashi E. Formation and corrosion behavior 
of calcium phosphate coating layers on ZK60 alloy coated at various 
pH conditions by chemical conversion method. Surf. Coat. Tech., 444, 
128639 (2022).

34)	� Füredi-Milhofer H, Purgarić B, Brecević L, Pavković N. Precipitation 
of calcium phosphates from electrolyte solutions. I. Study of the pre-
cipitates in the physiological pH region. Calcif. Tissue Res., 8, 142–
153 (1971).

35)	� Johnsson MSA, Nancollas GH. The role of brushite and octacalcium phos-
phate in apatite formation. Crit. Rev. Oral Biol. Med., 3, 61–82 (1992).

36)	� Cizer Ö, Rodriguez-Navarro C, Ruiz-Agudo E, Elsen J, Van Gemert D, 
Van Balen K. Phase and morphology evolution of calcium carbonate 
precipitated by carbonation of hydrated lime. J. Mater. Sci., 47, 6151–
6165 (2012).

37)	� Manyangadze M, Chikuruwo NMH, Narsaiah TB, Chakra CS, Char-
is G, Danha G, Mamvura TA. Adsorption of lead ions from wastewater 
using nano silica spheres synthesized on calcium carbonate templates. 
Heliyon, 6, e05309 (2020).

190 Vol. 9, No. 5 (2026)BPB Reports


