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Abstract  

 Power plant FGD gypsum was successfully valorized into high-purity hydroxyapatite (FGD-HAP) via a 

hydrothermal route at 150 °C. Structural and textural analyses confirmed the formation of well-crystallized hexagonal 

hydroxyapatite with a phase purity of 93.9% and a mesoporous morphology favorable for adsorption processes. Batch 

adsorption experiments demonstrated exceptional removal efficiencies toward Pb²⁺ and Cd²⁺ ions, achieving maximum 

adsorption capacities of 312.5 and 57.47 mg/g, respectively. Kinetic data were best described by the pseudo-second-order 

model, while equilibrium data fitted well with the Langmuir isotherm, indicating monolayer adsorption. Mechanistic 

analysis based on the Dubinin-Radushkevich model revealed that Pb²⁺ removal was dominated by ion exchange and 

surface chemical interactions, whereas Cd²⁺ adsorption was governed primarily by physical adsorption. These findings 

highlight FGD gypsum as a sustainable and highly effective precursor for advanced adsorbents, offering a promising 

circular-economy solution for heavy-metal remediation in water treatment applications. 
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Introduction 

 Heavy metals, particularly cadmium (Cd²⁺) and 

lead (Pb²⁺), are among the most hazardous contaminants 

in industrial wastewater due to their toxicity, non-

biodegradability, and ability to accumulate in living 

organisms [1]. Excessive intake of Cd²⁺ may cause renal 

dysfunction, skeletal disorders, and cancer, while Pb²⁺ 

exposure adversely affects the nervous and 

cardiovascular systems [2]. According to the U.S. EPA 

and the World Health Organization, the permissible 

limits of Cd²⁺ and Pb²⁺ in water are extremely low, 

reflecting the urgent need for effective removal before 

discharge into the environment [3]. Various physical 

and chemical technologies, such as coagulation, ion 

exchange, membrane separation, and photocatalysis, 

have been used for removing heavy metals, yet many 

remain costly or inefficient at low metal concentrations 

[4,5]. Adsorption has emerged as a more practical and 

economical option due to its high efficiency, simplicity, 

and minimal sludge production [6]. 

 Hydroxyapatite (HAP, Ca₁₀(PO₄)₆(OH)₂) has 

gained significant attention as an adsorbent because of 

its high affinity for metal ions, low solubility, and 

stability under a wide range of environmental 

conditions. Numerous studies have reported excellent 

adsorption of Pb²⁺, Cd²⁺, Cu²⁺, Ni²⁺, and other metal ions 

using synthetic HAP and HAP-based composites [7-9]. 

However, conventional HAP synthesis often relies on 

expensive calcium precursors, such as calcium nitrate or 

calcium chloride, thereby increasing overall production 

costs [10]. This has encouraged researchers to explore 

low-cost alternative calcium sources, particularly 

industrial by-products.  

 Flue gas desulfurization (FGD) gypsum, a by-

product obtained from coal-fired power plants during 

SO₂ removal, is primarily composed of CaSO4·2H₂O 
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and is generated in massive quantities in Thailand, for 

example, the Mae Moh power plant produces an 

oversupply of FGD gypsum annually, much of which is 

disposed of in landfills, causing land occupation, dust 

emissions, and secondary environmental issues. 

Converting FGD gypsum into valuable products offers 

both environmental and economic opportunities within 

the circular economy framework. Recent studies have 

demonstrated that FGD gypsum can serve as an ideal 

calcium source for synthesizing hydroxyapatite through 

wet chemical or hydrothermal routes, and FGD-derived 

HAP has shown promising adsorption performance for 

Pb²⁺, Cd²⁺, and Cu²⁺ [1,6,11]. Nevertheless, further 

studies are needed to optimize synthesis conditions and 

evaluate adsorption mechanisms in depth. 

 Despite the growing number of studies reporting 

the conversion of FGD gypsum into hydroxyapatite, 

several critical aspects remain insufficiently explored. 

In particular, systematic correlations among phase 

purity, surface characteristics, and metal-specific 

adsorption mechanisms remain limited. Moreover, 

comparative investigations that clearly distinguish the 

adsorption behaviors of Pb²⁺ and Cd²⁺ on FGD-derived 

hydroxyapatite under identical experimental conditions 

remain scarce. Addressing these gaps is essential for 

advancing the practical application of FGD-HAP in real 

wastewater treatment systems. 

 Therefore, this research focuses on synthesizing 

hydroxyapatite from FGD gypsum via a hydrothermal 

process and evaluating its performance in adsorbing 

Cd²⁺ and Pb²⁺. The synthesized FGD-HAP was 

characterized using XRD, FTIR, FESEM, and BET 

analyses to confirm its structural and textural properties. 

The adsorption behavior was assessed through batch 

experiments, and Cd²⁺ and Pb²⁺ concentrations were 

quantified using ICP-MS/MS. This work aims to 

establish FGD gypsum as a sustainable precursor for the 

production of high-performance adsorbents, supporting 

both industrial waste valorization and environmental 

remediation. 

 

Materials and methods 

 Materials 

 The FGD gypsum was supplied by the Mae Mao 

power plant in Lampang Province, Thailand. Absolute 

Ethanol 99%, Pb(NO3)2, Cd(NO3)2.4H2O, (NH4)2HPO4, 

NH3·H2O, purchased from Thailand Chemical Reagent 

Company, are all analytical grade. Simulated stock 

wastewaters with 1,000 mg/L were prepared by 

respectively dissolving appropriate amounts of 

Pb(NO3)2 and Cd(NO3)2 in deionized (DI) Water. The 

desired concentrations in experiments were prepared by 

diluting stock wastewaters. 

 

 Preparation of FGD powder 

 The FGD gypsum from the Mae Moh power plant 

in Lampang Province, Thailand, was subjected to ball 

milling in deionized (DI) water for 24 h. After milling, 

the material was dried in an oven at 60 °C for 2 h. The 

dried gypsum was then sieved using a 45 μm mesh to 

obtain FGD powder of particle size ≤ 45 μm, which was 

subsequently used in the synthesis of FGD-HAP. The 

elemental composition of the sieved FGD powder was 

analyzed by Micro X-ray fluorescence (Micro XRF) 

(Bruker/M4 Tornado, Germany).  

 

 FGD-HAP synthesis by the Hydrothermal 

method 

 The synthesis of FGD-HAP was carried out via a 

hydrothermal method. Initially, FGD gypsum and 

(NH₄)₂HPO₄ were mixed in 50 mL of deionized (DI) 

water at room temperature, maintaining a calcium-to-

phosphorus (C/P) molar ratio of 1.67. The pH of the 

resulting suspension was adjusted to 10 - 11 by the 

gradual addition of NH₃·H₂O, and the mixture was 

vigorously stirred for 30 min to ensure homogeneity. 

After stirring, the mixture was transferred into a Teflon-

lined stainless-steel autoclave and subjected to 

hydrothermal treatment in an oven at 150 °C for 24 h. 

Upon completion, the autoclave was allowed to cool to 

room temperature. The solid product obtained was then 

washed sequentially with 50 mL of DI water twice and 

50 mL of ethanol once to remove impurities, and then 

dried at 80 °C for 12 h. The dried sample was 

subsequently ground and sieved through a 45 µm mesh 

to obtain a fine FGD-HAP powder.  

  

 Characterization 

 The chemical composition of FGD gypsum was 

determined through quantitative analysis of X-ray 

fluorescence (XRF). A representative sample was 

analyzed using a Bruker/M4 Tornado in Germany to 

identify major and minor elements. The crystalline 

phases of the synthesized FGD-HAP were analyzed 
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using X-ray diffraction (XRD) with a 

PANalytical/Empyrean diffractometer (Netherlands) 

equipped with a Cu-Kα radiation source. The samples 

were prepared as fine powders and scanned over a 

typical 2θ range of 10° - 60° to identify the crystalline 

phases present. The obtained diffraction patterns were 

compared with standard reference databases to confirm 

the formation of hydroxyapatite and to detect any 

secondary phases originating from FGD gypsum. In 

addition, the Rietveld refinement method in HighScore 

was employed to assess phase purity.  

 Fourier Transform Infrared Spectroscopy (Raman 

Spectrometer) (FTIR) was conducted to investigate the 

functional groups and bonding characteristics of both 

the raw FGD gypsum and the synthesized FGD-HAP. 

The analysis was performed using a Thermo 

Scientific/Nicolet iS50 instrument over the spectral 

range of 4,000 - 400 cm⁻¹.  

 The surface area and pore characteristics of the 

synthesized FGD-HAP were analyzed using the 

Brunauer-Emmett-Teller (BET) method with a 

Quantachrome® ASiQwin™ instrument. Prior to 

analysis, the samples were degassed at 120 °C for 12 h 

to remove moisture and adsorbed impurities.  

 Field Emission Scanning Electron Microscope 

(FESEM) analysis was performed to investigate the 

surface morphology, composition, and microstructure of 

the synthesized FGD-HAP. A TESCAN/MIRA 

instrument was used, and images were captured at a 

magnification of 150,000x.  

   

 Batch adsorption experiments 

 The adsorption experiments for Pb²⁺ and Cd²⁺ 

were carried out using the batch method. The conical 

flasks containing 0.05 g FGD-HAP and 50 mL of the 

heavy metal solution at the desired concentration were 

placed in an Incubator Shaker (Shellab/SI4-2) at 200 

rpm and a constant room temperature (25°C). The initial 

concentrations of the Pb²⁺ solutions were prepared at 30, 

40, 50, 100, 200, 300, 400, and 500 mg/L, whereas the 

Cd²⁺ solutions were prepared at 30, 40, and 50 mg/L at 

pH 5.5 ± 0.1 to prevent metal precipitation while 

ensuring optimal adsorption. Contact times of 1, 2 and 3 

h were employed to investigate the influence of 

adsorption time on the removal efficiency of both metal 

ions. After adsorption, the mixtures were filtered 

through a membrane filter (Whatman Grade 4, 20 - 25 

µm), and the filtrates were analyzed for residual metal 

(Pb²⁺ and Cd²⁺) concentration by Inductively Coupled 

Plasma Triple-quadrupole Mass Spectrometer (ICP-

MS/MS) (Agilent Technologies/8900 Triple 

Quadrupole ICP-MS). All adsorption experiments were 

performed in triplicate. The amounts of lead and 

cadmium adsorbed, and the removal percentages of lead 

and cadmium were calculated using Eqs. (1) and (2), 

respectively. 

 

𝑞𝑡
(𝐶0−𝐶𝑡)𝑉

𝑚
                           (1) 

 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶0 − 𝐶𝑡)

𝐶0×100
                                 (2) 

 

where qt (mg/g) are the adsorption capacities at time t, 

C0 and Ct (mg/L) are the single-metal concentrations in 

the initial solution and at time t, respectively; V (L) is 

the volume of solution, and m (g) is the weight of the 

sample added to the solution. Adsorption kinetics of 

Pb²⁺ and Cd²⁺ were both studied in the range of 1 - 3 h. 

Adsorption isotherms were investigated over the ranges 

of 30 - 500 mg/L for Pb²⁺ and 30 - 50 mg/L for Cd²⁺. 

 

Results and discussion 

 The physical and chemical characterization of the 

precursor material (FGD gypsum) and the final product 

(FGD-HAP) was conducted to validate the synthesis 

process and identify the key properties of the adsorbent. 

The quantitative chemical composition of the major 

elements present in FGD gypsum was determined by X-

ray fluorescence (XRF) analysis, as shown in Table 1. 
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Table 1 Chemical composition of FGD gypsum by XRF. 

Composition Value (wt.%) 

Calcium 54.07 

Sulfur 43.85 

Silicon 0.59 

Magnesium 0.50 

Aluminium 0.44 

Iron 0.38 

Chromium 0.07 

Strontium 0.06 

Manganese 0.04 

 

 The XRF analysis revealed that the FGD gypsum 

consisted predominantly of calcium (54.07 wt%) and 

sulfur (43.85 wt%), which is consistent with the typical 

composition of synthetic gypsum produced from flue 

gas desulfurization processes. The high calcium and 

sulfur contents indicate that the material is primarily 

composed of calcium sulfate (CaSO₄·2H₂O), confirming 

its suitability as a precursor for the synthesis of calcium-

rich materials, such as hydroxyapatite (HAP). Minor 

elements, including Si, Mg, Al, Fe, Cr, Sr, and Mn, were 

present in small quantities (< 1 wt%), suggesting that the 

FGD gypsum contains trace impurities commonly 

derived from coal combustion residues or additives used 

in desulfurization units. These impurities are unlikely to 

significantly affect the HAP synthesis but may influence 

certain material properties such as crystallinity, 

nucleation behavior, or colour. The exceptionally high 

calcium content, relative to other elements, supports its 

use in HAP synthesis with a controlled Ca/P ratio of 

1.67, ensuring that sufficient Ca²⁺ ions are available for 

the formation of stoichiometric hydroxyapatite. Overall, 

the chemical profile confirms that this FGD gypsum is a 

chemically suitable and resource-efficient waste 

material for conversion into value-added calcium 

phosphate products.  

 

 

Figure 1 Diffraction profiles comparing FGD gypsum precursor in dihydrate (CaSO₄·2H₂O) with the synthesized FGD-

HAP matched hydroxyapatite reference confirm the successful conversion from FGD gypsum to hydroxyapatite. 

 

 The wide-angle XRD pattern of FGD-HAP in 

Figure 1 shows the crystalline phases present in the 

materials and confirms whether the precursor 

successfully transformed into the desired FGD-HAP 

structure during synthesis. Fourteen characteristic 

hydroxyapatite peaks were observed at 2θ = 10.833°, 
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25.868°, 28.924°, 31.765°, 32.184°, 32.900°, 34.053°, 

39.795°, 46.689°, 48.076°, 49.472°, 50.478°, 52.071°, 

and 53.186°. These diffraction peaks match well with 

PDF No. 96-900-2217, confirming that the FGD-HAP 

possesses a hexagonal P6₃/m crystal structure with 

lattice constants a = b = 9.423 Å and c = 6.883 Å. The 

crystallite size, calculated using the Scherrer equation, 

was 61 nm. Furthermore, the phase purity of the 

synthesized hydroxyapatite was determined by Rietveld 

refinement in HighScore software. The high phase 

purity (93.9%) obtained from Rietveld refinement 

indicates that the hydrothermal conversion of FGD 

gypsum effectively suppressed the formation of 

secondary calcium phosphate phases. This high 

crystallinity is expected to enhance ion-exchange 

efficiency by providing well-defined Ca²⁺ lattice sites, 

which is particularly advantageous for Pb²⁺ removal. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 FTIR spectrum of the synthesized FGD-HAP. Characteristic absorption bands confirm the successful 

hydrothermal conversion of FGD gypsum into hydroxyapatite. 

 

 FTIR spectra of FGD-HAP are presented in 

Figure 2. The absorption bands at 1,093, 1,033, 962, 

601, and 565 cm⁻¹ correspond to the vibrational modes 

of phosphate (PO₄³⁻) groups [12,13]. The peaks at 3,570 

and 634 cm⁻¹ are indicative of hydroxyl (OH⁻) groups 

[14], supporting the role of surface hydroxyls in metal-

ion adsorption through surface complexation. A 

bimodal band at 1,460 and 1,420 cm⁻¹, together with a 

single peak at 873 cm⁻¹, is assigned to carbonate (CO₃²⁻) 

groups, indicating partial substitution of phosphate by 

carbonate during air exposure of FGD-HAP [15,16]. In 

addition, 2 weak, broad bands at 3,450 and 1,637 cm⁻¹ 

are attributed to adsorbed water molecules on the sample 

surface. These spectral features indicated the chemical 

change from FGD gypsum to fully developed 

hydroxyapatite. 

 

 
Figure 3 SEM micrographs illustrating the morphological evolution from (a) raw FGD gypsum to (b) synthesized FGD-

HAP. 
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 To observe particle morphology, surface texture, 

and structural changes, providing visual evidence of 

how the material evolved from the precursor to the final 

FGD-HAP product. Figure 3 shows the SEM images of 

raw FGD and FGD-HAP powders. The raw FGD 

particles appear as relatively large platy and tabular 

morphology, which is the typical crystal habit of 

gypsum. The FGD-HAP particles, with diameters 

ranging from 15 - 25 nm and lengths of 100 - 250 nm, 

exhibit a uniform rod-like morphology. Most particles 

tend to aggregate, likely due to the fusion or partial 

melting of their surfaces, which promotes particle - 

particle attachment. The transition from the massive, 

blocky gypsum into the fine, elongated nanostructures 

indicates that the calcium source was effectively utilized 

to build the HAP lattice. The interlaced nanorods create 

a highly porous network, as they vastly increase the 

available surface area.  
 

 

 

 

 

 

 

 

Table 2 BET properties of FGD-HAP. 

Sample BET surface area (m2/g) Total pore volume (cm3/g) Micropore volume (cm3/g) 

FGD-HAP [This study] 35.359 0.092 0.0205 

HAP [17,18] 20 - 120 0.10 - 0.30 0.015 - 0.030 

FGD [19] 9.41 0.02 - 

 

 The textural properties of FGD-HAP are presented 

in Table 2. As shown, the FGD-HAP exhibits a 

mesoporous structure, with a specific surface area 

within the typical range reported for hydroxyapatite and 

a large pore volume. These features are highly beneficial 

for enhancing ion-exchange capacity and diffusion, 

ultimately improving the material's adsorption 

performance [20]. 

 Sorption kinetics  

 Sorption kinetics were investigated to determine 

the rate of metal uptake and identify the mechanism 

controlling adsorption. The experimental data were 

fitted to kinetic models to determine the rates of 

interaction between Pb²⁺ and Cd²⁺ and the adsorbent 

surface. 

 

 

Figure 4 Adsorption kinetics of Pb²⁺ and Cd²⁺ onto synthesized FGD-HAP: (a) pseudo-first order kinetic plots, (b) 

pseudo-second order kinetic plots. 

 

 Sorption kinetics reveal rapid initial uptake of both 

Pb²⁺ and Cd²⁺ within the first 60 min, driven by abundant 

active sites on the FGD-HAP surface, followed by 

gradual saturation and equilibrium at 180 min (Figure 

4). Experimental capacities reached ~195.5 mg/g for 

Pb²⁺ and ~44.2 mg/g for Cd²⁺. To gain deeper insights 

into the controlling mechanisms of the adsorption 

process, including mass transfer and chemical reaction 

effects, the pseudo-first-order and pseudo-second-order 

kinetic models [21,22] were applied to analyze the 

experimental data. The linearized forms of these models 

are expressed as follows: 
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 Pseudo-first-order model 

 

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −
𝑘1𝑡

2.303
                          (3) 

 

 Pseudo-second-order model 

 

𝑡

𝑞𝑡
=

1

𝑘2𝑞2
2 +

𝑡

𝑞𝑒
                 (4) 

 

where qe and qt represent the adsorption capacities 

(mg/g) at equilibrium and at time t (min), respectively; 

k1 (min⁻¹) and k2 (g/(mg·min)) are the rate constants for 

the pseudo-first-order and pseudo-second-order models. 

Additionally, when t→0t to 0t→0, the initial adsorption 

rate h (mg/(g·min)) can be defined as: 

 

ℎ = 𝑘2𝑞𝑒
2                          (5) 

 

 Figure 4(a) presents linearized pseudo-first-order 

plots of log(qe−qt) versus t, which assumes adsorption 

control by physisorption or film diffusion. These show 

moderate linearity for Pb²⁺ (R² = 0.996) but poor fit for 

Cd²⁺ (R² = 0.777), with calculated 𝑞𝑒 values (203.56 

mg/g for Pb²⁺ and 50.73 mg/g for Cd²⁺) deviating from 

experimental data. In contrast, Figure 4(b) shows 

pseudo-second-order plots of t/qt versus t, suggesting 

chemisorption via valence electron sharing as the rate-

limiting step. Both metals yield excellent linearity (Pb²⁺ 

R² = 1.000; Cd²⁺ R² = 0.964), with calculated qe (200 

mg/g for Pb²⁺ and 50.00 mg/g for Cd²⁺) closely matching 

measurements. The higher rate constant K2 for Pb²⁺ 

(19.23×10−3 g/mg·min) versus Cd²⁺ (6.55×10⁻⁴ 

g/mg·min) reflecting stronger chemical affinity and 

faster surface reaction. These findings indicate that the 

adsorption behaviours of Pb²⁺ and Cd²⁺ are best 

described by the pseudo-second-order kinetic model, 

suggesting that the rate-limiting step in the adsorption 

process is chemical adsorption. 

 

Table 3 Pseudo-first order and pseudo-second order kinetic parameters for the adsorption of Pb²⁺ and Cd²⁺ on FGD-HAP. 

Metals 
 

qe,exp 

(mg/g) 

pseudo-first order kinetic model pseudo-second order kinetic model 

K1 (min−1) qe,cal (mg/g) R2 K2 (g/mg min) qe,cal (mg/g) R2 

Pb2+ 195.5 5.07×10−3 203.56 0.9961 19.23×10−3 200 1 

Cd2+ 44.156 0.0221 50.73 0.7765 6.55×10−4 50.00 0.9638 

 

 Sorption isotherm 

 Sorption isotherms were analyzed to characterize 

the adsorbent's equilibrium behavior and adsorption 

capacity at various initial metal concentrations. The 

isotherm models provide insight into the interactions 

between Pb²⁺/Cd²⁺ ions and the adsorbent surface. 

 

 

Figure 5 Adsorption isotherms of (a) Cd²⁺ and (b) Pb²⁺ onto FGD-HAP at room temperature showing the relationship 

between the equilibrium adsorption capacity (qₑ) and the equilibrium concentration (Cₑ). 
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 Adsorption equilibrium data, expressed as the 

mass of adsorbate adsorbed per unit weight of adsorbent 

(qe) versus the equilibrium concentration of the 

adsorbate in solution (Ce), are commonly represented by 

adsorption isotherms. These isotherms are essential for 

practical adsorbent design and for predicting the 

maximum adsorption capacity. In this study, the 

adsorption isotherms of Pb²⁺ and Cd²⁺ on FGD-HAP are 

presented in Figure 5. It can be observed that the 

adsorption capacities of both metals initially increased 

with equilibrium concentration and subsequently 

reached saturation. The uptake of Pb²⁺ was consistently 

higher than that of Cd²⁺, indicating a stronger interaction 

between FGD-HAP and Pb²⁺ compared to Cd²⁺. To 

better understand the adsorption behaviours, the 

Langmuir and the Freundlich models were applied to fit 

the experimental equilibrium data. 

 

 Langmuir isotherm 

      The Langmuir model [23] assumes adsorption 

occurs on a homogeneous surface with no interaction 

between adsorbed species. The Langmuir equation is 

expressed as: 

 

𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚𝑎𝑥
+

1

𝑏𝑞𝑚𝑎𝑥
                (6) 

 

where Ce is the equilibrium concentration of Pb²⁺ or Cd²⁺ 

(mg/L), qe is the amount adsorbed at equilibrium (mg/g), 

qmax is the maximum adsorption capacity (mg/g), and b 

is the Langmuir constant related to the affinity of 

binding sites and adsorption energy (L/g).  

 

 Freundlich isotherm     

 The Freundlich model [24] is commonly used to 

describe adsorption on heterogeneous surfaces. The 

Freundlich equation is expressed as: 

 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒        (7) 

 

where KF is the Freundlich constant representing the 

adsorption capacity (mg/g(1/mg1/n)), and n is the 

Freundlich exponent indicating the favourability of the 

adsorption process. In this study, the n values for Pb²⁺ 

and Cd²⁺ were 2.85 and 2.845, respectively, indicating 

favourable adsorption and high affinity between FGD-

HAP and the metal ions. The R2 values show that the 

Langmuir model better describes the adsorption of both 

Pb²⁺ and Cd²⁺ (Table 4). With R² ≥ 0.985, the Langmuir 

isotherm fits best, suggesting monolayer coverage on 

uniform sites, with maximum adsorption capacities 

(qmax) of 312.5 mg/g for Pb²⁺ and 53.19 mg/g for Cd²⁺. 

 

 Dubinin-Radushkevich (D-R) isotherm  

 To further evaluate the adsorption mechanism and 

to distinguish between physisorption and 

chemisorption, the Dubinin-Radushkevich (D-R) model 

[25] was applied. The linear form of the D-R model is 

expressed as: 

  

ln 𝑞𝑒 = ln 𝑞𝑚 − 𝛽𝜀2        (8) 

 

where qm is the theoretical saturation adsorption 

capacity (mg/g),  is a constant related to the mean free 

energy of adsorption (mol²/J²), and  is the Polanyi 

potential, calculated as: 

 

𝜀 = 𝑅𝑇 ln(1 +
1

𝐶𝑒
)        (9) 

 

where R is the universal gas constant (8.3145 J/mol·K), 

and T is the absolute temperature (K). The mean free 

energy E of adsorption per mole of sorbate can be 

calculated by: 

 

𝐸 =
1

√2𝛽
                  (10) 

  

 The E value can predict the type of adsorption: if 

E < 8 kJ/mol, the adsorption is physical; 8 - 16 kJ/mol 

indicates ion exchange; and E > 16 kJ/mol suggests 

chemisorption stronger than ion exchange [26]. In this 

study, the E values of Pb²⁺ and Cd²⁺ were 10 and 1.29 

kJ/mol, respectively, indicating that the main adsorption 

mechanism of Pb²⁺ is ion exchange, whereas that of Cd²⁺ 

is predominantly physical adsorption. The metal ions 

were likely adsorbed via the exchange of Ca²⁺ in FGD-

HAP with Pb²⁺, while Cd²⁺ was adsorbed mainly on the 

surface of the adsorbent from the wastewater. In 

addition, some chemical reactions may occur on the 

surface of FGD-HAP for Pb²⁺ removal. 
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Table 4 Langmuir, Freundlich, and Dubinin-Radushkevich parameters for the adsorption of Pb2+ and Cd2+ onto FGD-

HAP. 

Metals 
 

Langmuir model Freundlich model D-R model 

qmax 

(mg/g) 

b 

(L/mg) 
R2 

KF 

(mg/g(1/mg1/n)) 
n R2 

qm 

(mg/g) 

E 

(kJ/mol) 
R2 

Pb2+ 312.5 5.33 0.9856 203.8 2.85 0.9667 243 10 0.7742 

Cd2+ 57.47 0.682 1 25.46 2.845 0.9877 45.98 1.29 0.9772 

 

 Removal efficiency  

 This section is intended to evaluate the adsorption 

performance of the synthesized adsorbent by analysing 

its removal efficiency for both lead and cadmium under 

varying initial concentrations. The assessment of 

removal efficiency is crucial as it provides valuable 

insights into the material’s capacity and effectiveness in 

lowering metal ion concentrations, as well as the impact 

of pollutant loading on the overall adsorption dynamics. 

The removal efficiencies of Cd²⁺ and Pb²⁺ on FGD-HAP 

at different initial concentrations and contact times are 

shown in Figure 6. The adsorption of Cd²⁺ is strongly 

dependent on both contact time and initial 

concentration. As shown in Figure 6(a), the removal 

percentage of Cd²⁺ increased with contact time across all 

concentrations tested. At 60 min, the removal 

efficiencies were 82.5%, 75.6%, and 71.6% for initial 

concentrations of 30, 40, and 50 mg/L, respectively. 

After 120 min, the efficiencies increased to 84.5%, 

78.3%, and 73.2%, and further reached 91.7%, 91.7%, 

and 88.3% at 180 min. These results indicate that longer 

contact times enhance Cd²⁺ adsorption by allowing more 

time for ions to diffuse and interact with active sites on 

the FGD-HAP surface. Furthermore, lower initial 

concentrations yielded higher removal percentages, 

likely due to greater availability of adsorption sites per 

ion. In contrast, Pb²⁺ exhibited nearly complete removal 

under all tested conditions, as shown in Figure 6(b). 

 

 

Figure 6 Removal efficiency of (a) Cd2+, and (b) Pb2+ onto FGD-HAP as a function of initial concentration and contact 

time. 
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 The removal efficiency of Pb by the adsorbent was 

evaluated at initial concentrations of 30, 40, 50, 100, 

200, 300, 400, and 500 mg/L, with contact times of 60, 

120, and 180 min. The results show that the adsorbent 

exhibited very high Pb removal efficiency, especially at 

low to moderate initial concentrations. For initial 

concentrations of 30 - 100 mg/L, the removal efficiency 

remained remarkably high, ranging from 99% to 100% 

across all contact times. This indicates that the adsorbent 

achieved near-complete Pb removal within the first 60 

min, with no significant change throughout the 

adsorption period. At higher initial concentrations of 

200 and 300 mg/L, the Pb removal efficiency remained 

high (97% - 99%) and increased slightly with longer 

contact time from 60 to 180 min, suggesting that 

sufficient adsorption sites were still available. However, 

when the initial concentration increased to 400 mg/L, 

the removal efficiency decreased slightly to 

approximately 92% - 95%, implying that the adsorbent 

was approaching saturation under higher pollutant 

loading. At the highest concentration of 500 mg/L, the 

removal efficiency showed the most notable reduction, 

with values between 85% and 87%. Although still 

considered effective, the adsorption performance was 

clearly affected by the limited availability of adsorption 

sites at elevated Pb concentrations. 

 Table 5 presents a comparison of the maximum 

adsorption capacities (qmax) of Pb²⁺ and Cd²⁺ across 

various adsorbents. FGD-HAP exhibits an exceptionally 

high adsorption capacity for Pb²⁺, whereas its qmax for 

Cd²⁺ is comparable to those of other adsorbents. These 

results indicate that FGD-HAP is a highly effective 

adsorbent for removing both metal ions, with 

particularly outstanding performance for Pb²⁺. 

Therefore, hydroxyapatite synthesized from FGD waste 

is a promising and efficient material for removing Pb²⁺ 

and Cd²⁺ from aqueous solutions. 

 

Table 5 Comparison of maximum adsorption capacity (qmax) for Pb²⁺ and Cd²⁺ with various adsorbents. 

Metals Adsorbents qmax (mg/g) 

 

Pb2+ 

FGD-HAP [This study] 312.5 

FGD-HAP [6] 277.8 

H2O2 modified biochar [27] 60.87 

Modified orange peel [28] 15.27 

HAP-biochar [29] 134.4 

 

Cd2+ 

FGD-HAP [This study] 57.47 

FGD-HAP [6] 43.10 

Chicken bone-HAP [30] 22.94 

Corn stalk [31] 0.16 

Fish bone-HAP [32] 54.35 

 

 

Conclusions 

 Power plant FGD gypsum was successfully 

valorized into high-purity (93.9%), well-crystallized 

hexagonal hydroxyapatite (FGD-HAP) via a 

hydrothermal route at 150 °C. The synthesized material 

exhibited a mesoporous morphology and exceptional 

removal efficiencies, with maximum adsorption 

capacities of 312.5 mg/g for Pb²⁺ and 57.47 mg/g for 

Cd²⁺. The kinetic data for both ions were described by 

the pseudo-second-order model (R² > 0.96), signifying 

rate control by chemical interactions. Equilibrium data 

conformed to the Langmuir isotherm (R² ≥ 0.985), while 

the Dubinin-Radushkevich model provided mechanistic 

clarity, whereas Pb²⁺ adsorption (E = 10 kJ/mol) 

proceeds primarily via ion exchange coupled with 

surface chemical reactions, and Cd²⁺ uptake (E = 1.29 

kJ/mol) is dominated by physisorption. Overall, 

hydroxyapatite produced from FGD waste has proven to 

be a very effective and promising adsorbent for 

removing Pb²⁺ and Cd²⁺ from water. Its high specific 

surface area, beneficial pore features, and excellent 

phase purity support the idea that FGD-HAP is a 
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sustainable and efficient solution for heavy metal 

cleanup. Future research should explore how well FGD-

HAP adsorbs other heavy metal ions not tested here. 

Testing its effectiveness with a wider variety of 

contaminants will help identify which metals it can most 

effectively remove and the best practical uses for this 

material in real-world cleanup efforts. 
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