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a b s t r a c t
Novel natural hydroxyapatite was synthesized from fish bones via alkaline heat treatment to 
remove copper ions in an aqueous solution through adsorption process. The synthesized biomate-
rial was characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, scanning elec-
tron microscopy, energy-dispersive X-ray spectroscopy and thermogravimetric analysis. The central 
composite design was employed to investigate the individual and synergistic effects of the experi-
mental parameters of the adsorption process. The results suggest that the kinetics adsorption were 
well proved by pseudo-second-order models and the maximum adsorption capacity of Cu(II) was 
28.97 mg·g–1 at the ambient via the Langmuir model. The thermodynamic results also indicate that 
the adsorption processes are endothermic, feasible and spontaneous. Based on the analysis of vari-
ance, the results show a highly significant model and an excellent correlation (R2 = 0.986) between the 
experimental and the predicted results of copper ion adsorption. Regeneration studies have shown 
that ethylenediaminetetraacetic acid can be used as a leaching solution for the adsorption of Cu(II) 
ions from natural hydroxyapatite (N-HAp). The analyzed results indicated that the synthesized 
N-HAp was an effective and promising material for the removal of Cu(II) ions.
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1. Introduction

The study of potentially toxic elements (PTEs), such as 
heavy metals, and their negative impact on the environ-
ment and human health is an issue of great concern. These 
elements are highly toxic, non-degradable and easily trans-
ferable into food chains [1]. Heavy metals are commonly 
released from various sources such as metal plating facilities, 
mining operations, paper industries and pesticides [2].

However, the scientific community has focused on con-
trolling and removing heavy metals from waste streams.

In this regard, numerous methods have been used to 
remove the heavy metals from an aqueous solution such as 
ion-exchange [3], reverse osmosis [4], adsorption [5], elec-
trodialysis [6], ultrafiltration [7] and solvent extraction [8].

Among various treatment methods, adsorption is one 
of the most successful approaches in the field of separation 
technology, particularly in wastewater treatment processes. 
This is due to its considerable effectiveness such as simplicity 
of design, operation, as well as high separation efficiencies 
when compared to other methods. In the last three decades, 
many solid materials (adsorbents) have been employed to 
remove aqueous phase inorganics/organics (heavy metal 
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ions, dyes). Recently, various adsorbents, currently used 
for heavy metal ions including activated carbon [9], clay 
material [10], zeolites [11], and biosorbents [12], which 
have been extracted from various industrial effluents [13].

In order to devise a more eco-friendly method at lower 
cost, hydroxyapatite (HAp) has been easily extractable from 
various animal sources, such as clam shells, cuttlefish bones, 
bovine bones [14], corals, fish bones and camel bones [15]. 
It has shown great efficiency in the adsorption and reten-
tion of heavy metals available in wastewater [16].

Accordingly, several types of research have been con-
ducted on the extraction of natural hydroxyapatite (N-HAp) 
via different methods like calcination, alkaline hydrother-
mal hydrolysis, and polymer-assisted [17,18]. Compared to 
the commercial hydroxyapatite (Ca10(PO4)6(OH)2), N-HAp is 
not stoichiometric as it contains trace elements such as Na+, 
Zn2+, Mg2+, K+, Si2+, Ba2+, F– and CO3

2–. The calcium/phospho-
rus ratio in N-HAp is higher than that of commercial apatite 
materials, making it more suitable for medical applications 
[19,20]. Furthermore, N-HAp is better than the synthetic 
one [17], which is embodied by highly biocompatibility 
[21], osteoconductivity [22], non-toxic, non-inflammatory, 
and non-immunogenic agent.

In addition, the crystal structure and chemical composi-
tion provide high crystal lattice flexibility which allows the 
exchange of OH–, PO4

3– and Ca2+ ions to accommodate anions 
and cations with different sizes and charges, such as heavy 
metal ions [23]. As a result of its strong adsorptive proper-
ties (big surface area, high stability, enhanced active sites 
and abundant functional groups), it has been increasingly 
used in the treatment of wastewater and nuclear waste [24].

On the other hand, among the abundant animal waste 
in Tunisia, fish wastes represent a huge biomaterial poten-
tial [25]. Recent statistics, indicate that aquaculture pro-
duction in Tunisia has increased from 2,600 tons in 2005 to 
almost 21,900 tons in 2017 [26]. Among the processed fish, 
about 50% to 75% of the total quantity is discarded as waste. 
Therefore, the development of a recovery process for this 
waste has become a prominent necessity in Tunisia [25].

This study purposes to valorize a biomaterial as a nat-
ural source of N-HAp, through a treatment process of fish 
bone waste collected from the local fish market of Tunis. 
This product was characterized by several analytical meth-
ods and subsequently compared to commercial hydroxy-
apatite (C-HAp). Then, it has been used as abio-adsorbent 
for the removal of Cu(II) from an aqueous solution by batch 
adsorption.

In order to investigate the optimal conditions and the 
interaction between the most significant parameters such 
as initial concentration of Cu(II) ions, contact time, pH 
and adsorbent dose in the absorption, a central composite 
design (CCD) with response surface methodology (RSM) 
has been used. The adsorption data has been processed 
by isothermal, kinetic and thermodynamic studies for the 
purpose of determining the physico-chemical nature of the 
adsorption process.

2. Materials and methods

Commercial hydroxyapatite (Ca5(PO4)3OH) has been 
provided by Chemische Fabrik Budenheim, Germany. 

Copper(II) sulfate pentahydrate (CuSO4·5H2O, AR, 99%), 
sodium chloride (NaCl), ethylenediaminetetraacetic acid 
(EDTA) and hydrochloric acid (HCl) (37%) have been pur-
chased from Sigma-Aldrich (Germany). Potassium hydrox-
ide (KOH), sodium hydroxide (NaOH) and potassium nitrate 
(KNO3) have been bought from Chemicals Developing 
Manufactory, Germany. A Milli-Q water purification system 
has been employed to prepare the solutions.

2.1. Synthesis of natural hydroxyapatite

Fresh fish bones wastes (Nazali, thon and sardine) were 
collected from the local fish market in Tunis City. Firstly, 
fish bones were separated from the meat and washed with 
hot distilled water several times and then stored in the 
refrigerators.

N-HAp was synthesized from fish bone by simple alka-
line heat treatment, the cleaned fish bone was treated with 
0.1 M NaOH solution at 60°C and a stirring rate of 150 rpm 
for 2 h (solid to liquid ratio was 1:50 g·mL–1). Then, it was 
washed with ultrapure water to remove some impuri-
ties [22]. Bones were dried at 60°C for 48 h in an oven and 
milled to particle sizes by the Vibratory Disc Mill (RS 200, 
Retsch, Germany) at 1,000 rpm for 5 min. Subsequently, the 
powder of bone was placed in silica crucible and calcined at 
900°C using a heating rate 5°C/min with 2 h holding time 
in a muffle furnace to remove organic substance and avoid 
microbial contamination. The final product N-HAp is used 
as a bioadsorbent of heavy metal from wastewater.

2.2. Characterization of hydroxyapatite

The crystalline phase composition, diffraction lines of 
N-HAp and C-HAp were analyzed using X-ray diffraction 
(D8 Advance, Bruker, USA) with Cu-Kα radiation at 40 kV 
and 40 mA with a 2θ range of 0°–80°. Purity and functional 
groups of N-HAp were measured using Fourier-transform 
infrared spectroscopy in a Frontier FTIR/FIR Spectrometer, 
Model PerkinElmer (France) coupled with an accessory for 
working in attenuated total reflectance (ATR) in the range 
of 4,000–400 cm–1. Thermogravimetric analysis (TGA/DSC3+ 
Mettler Toledo, France) was carried out using a thermal 
analyzer to study the reactions and phase transition of the 
sample during the heating process from 25°C of 1,000°C at 
a heating rate of 10°C/min in air atmosphere. The surface 
morphology of N-HAp and C-HAp powders was exam-
ined by scanning electron microscopy analysis SEM (Philips 
Scanning Electron Microscope XL30 FEG, Eindhoven, The 
Netherlands). Energy-dispersive X-ray coupled with SEM 
performed the elementary analyses. The granule size of 
the sample was characterized using Microtrac S3500 Laser 
Granulometry, Germany. The point of zero charge values 
(pHpzc) of the fish bones was determined using 0.1 M KNO3 
in initial pH adjusted from 2 to 12 by the addition of KOH 
or HNO3. After equilibration, final pH values (pHf) were 
measured once again. pHpzc were determined from the pla-
teau of pHf = f(pHi) plots [27].

2.3. Batch adsorption experiments

For batch adsorption of copper, adsorbents (0.05 g) were 
accurately weighed into a 50 mL conical flask. Then, 25 mL 
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of copper solution (50 mg·L–1) was added and pH of the 
solution was adjusted and shaken by a multi-station mag-
netic stirrer at 250 rpm.

In order to study the optimum conditions for the batch 
adsorption, various experimental parameters were varied 
such as the effects of pH, which ranged from 2 to 8, adsor-
bent dosage 1–4 g·L–1, initial concentration 10–120 mg·L–1, 
contact time between solid–liquid 0–120 min and tempera-
ture from 25°C to 80°C.

After a period of steering, the sorbents were fil-
tered. The final concentration of Cu(II) was measured by 
atomic absorption spectrophotometer (AAS, Analytik Jena 
novAA® 400P, Germany).

The removal percentage (R%) and the adsorbed amounts 
of metal ions qe (mg·L–1) at equilibrium were calculated 
using Eqs. (1) and (2), respectively [28]:
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where Ci and Ce are the initial and equilibrium concentra-
tion of Cu(II) (mg·L–1), respectively. V is the volume of the 
copper solution (L) and W is the amount (g) of the sorbent 
used in the reaction mixture.

2.4. Experimental design and optimization

Experimental design involves statistical modelling; 
more factors are varied to observe their effects on the 
results. The main purpose’s to elicit the greatest amount of 
information by conducting the smallest number of experi-
ments [29,30].

In this study, preliminary experiments were carried out 
to investigate the effect of the most influential factors on the 
adsorption process. CCD was used to investigate the indi-
vidual and synergistic effects of the four independent vari-
ables: the initial Cu(II) concentration (X1), contact time (X2), 
pH (X3) and dose of sorbent (X4). Therefore, the 24 factorial 
design is associated with a second-order polynomial model 
and is composed of sixteen trials completed by five repli-
cates of the central point and eight axial points which are 
located at α distance from the center and make the design 
rotatable (α = 2). The actual values of the independent vari-
ables and their corresponding coded values (–α, –1, 0, +1, +α) 
are presented in Table 1. Experiments were performed in a 
random order (Table 1) and the optimized conditions were 
determined using spherical response surfaces given by a 
second-order polynomial model [Eq. (3)] [31].
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where Y (%) is the removal rate of metal adsorbed, b0 is the 
constant value, bi is the regression coefficients for linear, bii 
is the second-order main effect, and bij is the second-order 
main effect, Xi and Xj are the independent variables.

The statistical analysis of the CCD experimental results, 
response surface modeling and optimization of process 

variables were carried out using NEMROD-W Version 
9901 D Software.

2.5. Desorption experiments

In order to investigate the reversibility of Cu2+ sorption, 
desorption experiments using different leaching solutions 
were realized. Firstly, fish bone particles were loaded with 
Cu2+ by equilibrating the adsorbent with 2 × 10−3 mol·L–1 of 
Cu2+ solution. The resulting suspensions were separated and 
the final metals concentrations were analyzed. Subsequently, 
the solid residue was rinsed several times with distilled 
water in order to remove desorbed metal ions attached 
to the bone surface and dried at 50°C [32].

Secondly, 0.1 g of the obtained adsorbents were added 
to 20 mL of three kinds of leaching solutions including, 
pH 4 with 0.01 M NaCl, 0.003 M EDTA, and 0.01 M HCl, 
respectively at 25°C ± 1°C under steering for 24 h. Finally, 
after leaching, the solutions were filtered and the metal 
concentrations in each leaching solution were measured by 
AAS [33].

3. Results and discussion

3.1. Characterization of hydroxyapatite

The natural hydroxyapatite (N-HAp) obtained from fish 
bone is described as follows and compared with C-HAp. The 
X-ray diffraction (XRD) are represented in Fig. 1 and used 
to observe the phase compositions of N-HAp, which refers 
to standard hydroxyapatite (COD reference: PDF 01-074-
0566). The characteristic peaks of the N-HAp are located 
at 2θ = 25.9°, 28.9°, 31.8°, 32.2°, 32.9°, 39.8°, 46.7°, 49.5° and 
50.5°, corresponding to the (002), (210), (211), (112), (300), 
(130), (222), (213), and (321) planes, respectively. It’s clear that 
the normalized data of the standard hydroxyapatite (PDF 
01-074-0566) coincides exactly with the apparent diffraction 
peaks; suggesting that the high crystallinity of N-HAp has 
been produced and it matches with the hexagonal struc-
ture of apatite standard. Furthermore, no new characteristic 
peak of N-HAp appeared after Cu2+ adsorption, but there 
was a slight shift in the peak compared with the N-HAp 
pattern before adsorption (Fig. 1a) and the XRD reflection 
of the standard hydroxyapatite (Fig. 1d). These results can 
be explained by the possibility of Ca2+ ions (0.99 Å) with 

Table 1
Experimental range, actual and coded values of the indepen-
dent test factors

Factors Levels Star point

–1 0 +1 –α +α

X1: Cu(II) concen-
tration (mg·L–1)

37.500 65.000 92.500 10.000 120.000

X2: contact time 
(min)

45 70 95 20 120

X3: pH 3.25 4.5 5.75 2 7
X4: adsorbent 
dose (g·L–1)

1.75 2.5 3.25 1 4
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larger radius in HAp being replaced by Cu2+ ions (0.72 Å), 
suggesting that the Cu2+ adsorption mechanism by N-HAp 
involves ion-exchange with Ca2+ [34].

Fig. 2 shows the FTIR spectra of N-HAp compared to 
commercial hydroxyapatite C-HAp. The stretching vibra-
tion bands of –OH groups in both hydroxyapatites (N-HAp 
and C-HAp), are found between 3,343 and 3,546 cm–1 
[35]. The band at 1,049 cm–1 is assigned by ν1 P–O stretch-
ing vibration and the band at 955 cm–1 is attributed to ν2 
O–P–O bending vibrations. The bands at 606 and 564 cm–1 
correspond to ν3 O–P–O bending vibration and the band at 
467 cm–1 is due to the ν4 symmetric P–O stretching vibration 
[36]. The vibrational bands [PO4]3– depend on the activa-
tion temperature. In addition, characteristics of vibrations 
bands of the C–O in the carbonate group were observed at  
1,431–1,440 cm–1 [37].

Fig. 3a shows the results of the TGA curve of the C-HAp 
which present two steps of weight loss. The first step in 
order of 4.23 wt.%, observed between 50°C and 400°C, is 
associated with the decomposition of residual species such 
as nitrogenous compounds, hydrocarbons or the water con-
stituting the non-reacted reagents. The second step close 
to 1.06 wt.%, in the range of 650°C–750°C, is related to the 

partial dehydroxylation of hydroxyapatite to oxyhydroxy-
apatite Ca10(PO4)6O.

Fig. 3b shows the TGA curve of the waste fish bone 
sample before calcination, the result indicates that there are 
two steps of weight loss that occur during the heating pro-
cess for the waste fish bone sample. The first weight loss of 
12.2 wt.%, was observed from 70°C to 250°C due to the elim-
ination of trapped water in the bone. The second weight loss 
of about 21.1 wt.% was realized from 260°C to 620°C and due 
to the decomposition of organic components, such as colla-
gen and protein in the bone structure. There is also a very 
small weight loss (1%) in the range of 800°C–950°C. This 
implies that the organic components have been removed 
and the remaining phase is N-HAp, which proves the XRD 
analysis [38].

On the other hand, Fig. 4 represents the N-HAp parti-
cle distribution. The result shows that the average parti-
cle size d(50) and maximum size d(95) of N-HAp are 14.81 
and 65 µm, respectively.

The SEM micrograph of C-HAp and N-HAp are illus-
trated in Fig. 5. This figure displays irregular-shaped parti-
cles with a pores structure in the C-HAp, however, N-HAp 

Fig. 1. X-ray diffraction pattern of the natural hydroxyapatite 
before (a), after adsorption (b), commercial hydroxyapatite 
(c) and standard hydroxyapatite (d).

Fig. 3. Thermogravimetric analysis curve of the commercial hydroxyapatite (a) and waste fish bone sample before calcination 
(b) heated from 25°C to 1,000°C.

Fig. 2. Fourier-transform infrared spectra for commercial 
hydroxyapatite and natural hydroxyapatite.
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sample shows a large number of agglomerated non-uniform 
spherical particles [39].

Compared to C-HAp, the N-HAp particles are larger 
and form a more porous structure. A highly porous struc-
ture is likely to be a significant factor for the performance of 
N-HAp as an adsorbent.

According to energy-dispersive X-ray spectroscopy 
(EDX) analysis (Fig. 5), the N-HAp samples have a signifi-
cant amount of the main elements for the crystalline struc-
ture of hydroxyapatite which are O, P and Ca [35].

The N-HAp presents significant peaks at 3.71 and 
2.02 keV illustrating that the Ca/P molar ratio of the N-HAp 
was 1.71 (25.5 at.% Ca and 14.90 at.% P) is very close to the 
theoretical value (1.67) that is similar to the value of the 
Ca/P molar ratio for C-HAp. These results are consistent 
with a previous report [40]. These obtained results indi-
cate that the synthesized compound presents a great purity. 
Furthermore, N-HAp post-adsorption is dried at 50°C 

overnight, and then the chemical compositions are deter-
mined by EDX (Fig. 6). The results show the appearance 
of a new peak corresponding to copper ions.

The zero-charge point (pHpzc) of material relies on the 
chemical and electronic properties of the functional groups 
appearing on its surface [41]. Fig. 7 represents the zero 
charge point of N-HAp, which is determined by measur-
ing the pHf in the function of pH0. The pHpzc is evaluated 
to be 9.5. Therefore, at pHsolution < pHpzc, proton consump-
tion occurs via protonation of the surface functional groups 
(≡Ca–OH0 and ≡P–O–), which repels positively charged 
Cu(II) away from the positively charged ≡Ca–OH2

+ and ≡P–
OH groups, leading to an increase in the pHf. Furthermore, 
at a pHsolution > pHpzc, the surface charge of N-HAp can 
become negative due to the consumption of OH– through 
deprotonation of the surface functional groups (≡Ca–OH2

+ 
and ≡P–OH). It leads to the enhancement of the pHf and 
predominance of neutral ≡Ca–OH0 and negatively charged 
≡P–O– which promotes the attractive electrostatic interac-
tion between positively charged Cu(II) and the negatively 
charged N-HAp surface [42].

3.2. Batch adsorption studies: kinetic study

In order to understand the mechanism and dynamism 
of adsorption, three kinetic models have been chosen as 
pseudo-first-order [Eq. (4)] [43], pseudo-second-order 
[Eq. (5)] and intraparticle diffusion [Eq. (6)] [44]. These mod-
els are described in linear forms by Eqs. (4)–(6) [45].
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where qe and qt are the amounts of metal ions adsorbed on 
the hydroxyapatite (mg·g–1) at equilibrium and at time t. K1 

Fig. 4. Average natural hydroxyapatite particle size.

Fig. 5. Scanning electron micrograph and energy-dispersive 
X-ray spectroscopy analysis of commercial hydroxyapatite and 
natural hydroxyapatite.

Fig. 6. Energy-dispersive X-ray spectroscopy analysis of natural 
hydroxyapatite after adsorption.
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(min–1) and K2 (g·mg–1·min–1) are the first-order rate constant 
and the second-order rate constant, respectively. Kid (mg·g–

1·min–1/2) and C are the intraparticle diffusion rate constant 
and intercept, respectively.

The effect of contact time on the removal of copper ions 
by N-HAp was studied at pH = 5.5, 50 mg·L–1 Cu(II) con-
centration, and 2 g·L–1 adsorbent dose. The samples were 
obtained at different times from 0 to 180 min. The experi-
mental data of the kinetics study has been shown in sup-
plementary Fig. S1.

The rate removal of Cu(II) was increased significantly 
during the initial phase up to 90 min to reach 87.88%, 
then it remains constant until reaching the equilibrium  
(Fig. S1a).

Table 2 represents the determined rate constants and cor-
responding correlation coefficient constants (R2). According 
to the findings of these three kinetic models, the theoreti-
cal adsorption capacity (qe,cal = 22.727 mg·g–1) calculated by 
pseudo-second-order model is similar to the experimental 

data (qe,exp = 20.526 mg·g–1), with a correlation coefficient 
near to 1 (R2 = 0.998). These results suggest that the adsorp-
tion of Cu(II) by natural hydroxyapatite can be explained 
from two aspects [46]:

Firstly, an ion-exchange reaction between Ca2+ and 
Cu2+ in an aqueous solution at pH 5 and 6, as confirmed 
by the XRD analyses and EDX of N-HAp post-adsorption. 
Their mechanism could be described as follows [Eq. (7)]:

Ca PO OH xCu

Ca Cu PO OH xCax x 4

10 4 6 2
2

10 6 2
2
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�

�
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The second is that N-HAp dissolves in an acidic aque-
ous solution, releasing phosphate, which reacts with Cu(II) 
(dissolution–precipitation mechanism). Generally, hydroxy-
apatite has a dominant solubility at low pH, the dissolved 
phosphate binds to Cu(II) to form Cu-apatite (Cu10(PO4)6X2), 
wherein X is a monovalent anion depending on the presence 
or absence of OH−, Cl− and F− in solution. In this study, the 
dissolution–precipitation mechanism could be expressed 
as follows [Eqs. (8) and (9)]:

Ca PO OH H Ca +6H PO H O10 4 6 2
2

2 4 214 10 2� � � � � � �� � �  (8)

10 6 2 142
4 6 2

Cu H PO H O Cu PO OH H2 2 10 4
� � �� � � � � � � �  (9)

To control the intraparticle mass transport inside the 
adsorbent, the intraparticle diffusion model is adopted 
(Fig. 8). Based on the shape of the curve qt as a function of 
t1/2, the plot does not pass through the origin (C ≠ 0) and 
exhibits a multi-linearity relationship, indicating that intra-
particle diffusion is not the only rate determining step [42]. 
In addition, the following three portions presented in the 
curve (Fig. 8) could explain the linear fitting results of the 
intraparticle diffusion model indicating the Cu(II) adsorp-
tion process. The first step corresponds to boundary layer 
diffusion or external surface adsorption, about 10 min. The 
second step is a gradual adsorption stage attributed to intra-
particle diffusion, about 90 min. The third plateau region is 
equilibrium adsorption [47]. Therefore, the intraparticle pro-
cess might be another rate limiting step for the removal of 
Cu(II) by N-HAp.

3.3. Isotherm adsorption study

Isotherm adsorption models are employed to describe 
the adsorption behaviors when the adsorption process 
reaches an equilibrium state. The Langmuir model is given 
by Eq. (10):

C
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where qe (mg·g–1), is the amount of metal adsorbed per unit 
of N-HAp at equilibrium; Ce is the residual metal concen-
tration in solution at equilibrium (mg·L–1); qm is the theo-
retical monolayer maximum adsorption capacity and KL 
(L·mg–1) is the Langmuir constant related to the affinity of the 
binding sites (energy of adsorption).

Fig. 7. pHpzc of natural hydroxyapatite.

Table 2
Kinetic parameters of Cu(II) removal

Kinetic models Step Parameters Values

First-order
– qe (mg·g–1) 19.433

K1 (min–1) 0.032
R2 0.989

Second-order
– qe (mg·g–1) 22.727

K2 (g·mg–1·min–1) 0.227 × 10–2

R2 0.998

Intraparticle 
diffusion

Step 1
Kid1 (mg·g–1·min–1/2) 2.685
R2 0.999
C1 –1.132

Step 2
Kid2 (mg·g–1·min–1/2) 1.690
R2 0.991
C2 3.749

Step 3
Kid3 (mg·g–1·min–1/2) 0.031
R2 0.997
C3 20.193



M. Mekki et al. / Desalination and Water Treatment 295 (2023) 150–165156

The Freundlich model is presented by the following 
equation [48]:

log log logq K
n

Ce F e� �
1  (11)

where KF (L·mg–1) is the Freundlich constant related to 
the adsorption capacity, and n is the Freundlich constant 
related to adsorption intensity.

An alternative model used to investigate the adsorp-
tion process is developed by Temkin [Eq. (12)]:

q RT
B

K RT
B

Ce T e� �ln ln  (12)

where R is the ideal gas constant (8.314 J·mol–1·K–1), T (K) 
is the absolute temperature, KT (L·mg–1) and B (J·mol–1) are 
Temkin parameters related to the equilibrium binding and 
the heat of adsorption, respectively.

The last isothermal model used is suggested by 
Dubinin–Radushkevich shown in Eq. (13):
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where KDR (mol2·kJ–2) is Dubinin–Radushkevich isotherm 
constant related to the mean free energy of adsorption, e 
is the Polanyi potential and qs (mol·g–1) is the theoretical 
saturation capacity [49,50].

Mean energy of adsorption per mole of adsorbate E 
(kJ·mol–1) and the interactions involved in the process of 
adsorption are presented in Eq. (14):

E
K

=
1

2 DR

 (14)

According to the results highlighted in supplemen-
tary Fig. S2 and the experimental data summarized in 

Fig. 8. Optimization plots for the predicted percentage removal of copper ions.
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Table 3, it can be concluded that the Langmuir isotherm 
models (R2 = 0.992) appear to be the most accurate model 
and provides a better description for the equilibrium data 
[51]. This result suggests that the adsorption of Cu(II) onto 
the N-HAp can be attributed to energetically homogeneous 
binding sites on the adsorbent surface with monolayer cov-
erage of Cu(II) following adsorption [45].

Based on the previous result presented by the Langmuir 
model, the maximum monolayer adsorption capacities 
of the adsorbents N-HAp to remove Cu(II) predicted by 
the Langmuir isotherm model (qm,cal = 28.99 mg·g–1) is close 
to the experimental values (qm,exp = 28.82 mg·g–1). From 
the Freundlich isotherm plots (0 < 1/n < 0.5), it could be 
deduced that Cu(II) is easily adsorbed on N-HAp [46]. It 
could be concluded that the adsorption of Cu(II) is com-
patible to Langmuir isotherm model, which is in accor-
dance with other researches [51,52]. Furthermore, the model 
[Eq. (14)] allows the distinction between chemical and phys-
ical adsorption processes when evaluating parameter E. For 
the values of E < 8 kJ·mol–1, shows the physical adsorption 
however 8 < E < 16 kJ·mol–1 indicates ion-exchange mech-
anism and E > 16 kJ·mol–1 suggests the chemical nature 
of adsorption [53,54]. According to Table 3 the value of E 
(5 kJ·mol–1) suggests that the interaction between the cop-
per ions and the adsorbent is essentially due to physical  
attractions.

3.4. Thermodynamic analysis

The thermodynamic parameters such as the Gibbs free 
energy (ΔG°), standard enthalpy (ΔH°) and entropy (ΔS°) 
of adsorption could help to explain the inherent energetic 
changes involved in the sorption process [55].

The changes in thermodynamic parameters are calcu-
lated using the following equations:

lnK
R RTd � �

� �Sads Hads  (15)

� � �G T� �Hads Sads  (16)

The distribution coefficient Kd (L·g–1) of adsorption is 
defined as:

K
q
Cd
e

e

=  (17)

The parameters ΔH° and ΔS° were determined from 
the slope and intercept of the plots of lnKd vs. 1/T (Fig. S3) 
and the values are listed in Table 4. The negative ΔG values 
indicate the feasibility and spontaneous adsorption process 
of copper on the bioadsorbent hydroxyapatite. Moreover, 
the positive value of ΔS indicates that the randomness at 
the solid/solution interface increase during the adsorption 
process [56,57]. Also, the positive values of ΔH indicate an 
endothermic nature of adsorption. This endothermic nature 
might be associated with the Cu(II) ions solvation and 
desolvation. Heavy metal ions need to be barred from their 
hydration sheaths to some extent before adsorption onto 
N-HAp and as a result, the endothermicity of the desolva-
tion process overwhelms the exothermicity of Cu(II) ions 
adsorption to the surface of N-HApX [39]. The magnitude 
of ΔH has given an indication on the type of biosorption, 
which could be either physical or chemical. If the heat of 
biosorption is between 2.1 and 20.9 kJ·mol–1, then the pro-
cess is physical and if it is between 20.9 and 418.4 kJ·mol–1, 
the process is chemical [58]. In the present study, the stan-
dard enthalpy value is 22.05 kJ·mol–1, which is closer to the 
limit value of the domain corresponding to physisorption 
(between 2.1 and 20.9 kJ·mol–1). Based on experimental 
errors that will be considered and the calculation of mean 
free energy of Dubinin–Radushkevich isotherm value 
(E = 5 kJ·mol–1), it is noticed that the adsorption of Cu(II) 
ions on N-HAp is a physisorption process.

3.5. Response surface methodology study

A central composite design was used to optimize the 
maximum adsorption of Cu(II). Table 5 represents the exper-
imental conditions, values obtained and predicted via the 
CCD for Cu(II) removal from aqueous solutions.

The optimum conditions of the parameters such as X1 
(Cu(II) concentration), X2 (contact time), X3 (pH) and X4 
(adsorbent dosage) on the removal of copper ions Y (%) 
are optimized and found to be 37.5 mg·L–1, 95 min, 5.7 and 
3.25 g·L–1, respectively.

Table 3
Isotherms parameters and correlation coefficients calculated 
for the Cu(II) adsorption on natural hydroxyapatite at 25°C

Models Parameters Values

Langmuir

R2 0.992
qm,cal (mg·g–1) 28.986
KL (L·mg–1) 0.506
RL 0.016–0.165

Freundlich
R2 0.956
1/n 0.222
KF (mg·g–1) 12.167

Temkin
R2 0.986
B (J·mol–1) 3.314
KT (L·mg–1) 1.646

Dubinin–Radushkevich

R2 0.898
qs (mol·g–1) 23.306
KDR (mol2·J–2) 2 × 10–8

E (kJ·mol–1) 5

Table 4
Thermodynamic parameters for Cu(II) adsorption on natural 
hydroxyapatite

Temperature 
(K)

Kd 
(L·mg–1)

ΔG° 
(kJ·mol–1)

ΔH° 
(kJ·mol–1)

ΔS° 
(J·mol–1·K–1)

298.15 1.211 –0.103 22.05 74.30
308.15 1.231 –0.846 – –
318.15 1.589 –1.589 – –
333.15 2.922 –2.729 – –
353.15 4.253 –4.189 – –
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According to the multiple regression analysis on the 
design matrix and the responses given in Table 5, the follow-
ing second-order polynomial equations in the coded form 
are determined to show the effects of independent factors 
on the removal rate [Eq. (18)]:

Y X X X X
X X

� � � � �

� �

68 186 21 395 4 969 9 475 9 820
3 295 8 307

1 2 3 4

1
2

2

. . . . .
. . 22

3
2

4
2

1 2 1 3 2 3

11 707 3 847
1 128 3 212 1 341
6 744

� �
� � �
�

. .
. . .
.

X X
X X X X X X
X11 4 2 4 3 41 426 1 271X X X X X� �. .  (18)

The positive coefficient signs indicate a synergistic effect 
while the negative indicate an antagonistic effect [59]. Also, 
the model equations and regression coefficients are sig-
nificant (P < 0.01) and must be included in the model. The 
percentage removal of Cu(II) related with all factors was 
studied.

In fact, the student’s statistical t-test for analysis of 
variance (Nemrod W) was used to confirm the above 
experimental design and validate the statistical model by 
determining the significance of the regression coefficients. 
In addition, the p-value was determined to indicate the 
test’s significance (Table 6).

To evaluate these models, the determined correlation 
coefficient R2 is 0.986, which implies validation of most of 
the data variations by the regression model obtained. The 
R2 value could be fitted by the adjusted R2

adj value (0.971) 
for the number of terms and sample size in the model. It 
is noted that this value is slightly different from the mul-
tiple R2. These values indicate that the quadratic model 
could be predicted by the impact of the independent 
variables on the Cu(II) removal efficiency [60]. The R2

pred 
value (0.92) determined by cross-validation suggests that 
the model could be explained by a variation in predicting 
novel observations [61].

In addition, the analysis of variance is the most import-
ant condition to validate and confirm the significance of 
the model [62]. According to Table 7, when the p-value 
(<0.01) the quadratic model is highly significant. Indeed, 
the Ftab (10.4.5%) = 5.96 < F-value (47.575) indicates that the 
non-significant lack of fit factor could be justified and sig-
nificant since it is greater than 0.05. These results validate 
and confirm the significant CCD model.

3.6. Adsorbent response surface plots for copper removal as 
functions of binary effects

Three-dimensional (3D) response surface plots were 
used to determine the function of two factors at the same 
time, holding the other component at the zero level, to pro-
vide a better explanation of the effects of the independent 
variables and their interactions.

Table 5
Experimental conditions, values obtained and predicted via 
the central composite design for Cu(II) removal from aqueous 
solutions

Runs Factors Responses

X1 X2 X3 X4 Yexp (%) Ycal (%) Residual

1 37.5 45.00 3.25 1.75 29.626 28.574 1.052
2 92.5 45.00 3.25 1.75 5.907 7.952 –2.045
3 37.5 95.00 3.25 1.75 36.977 35.233 1.744
4 92.5 95.00 3.25 1.75 7.833 10.100 –2.267
5 37.5 45.00 5.75 1.75 57.080 53.809 3.271
6 92.5 45.00 5.75 1.75 21.272 20.338 0.934
7 37.5 95.00 5.75 1.75 67.613 65.831 1.782
8 92.5 95.00 5.75 1.75 25.026 27.849 –2.823
9 37.5 45.00 3.25 3.25 62.359 61.392 0.966
10 92.5 45.00 3.25 3.25 9.885 13.794 –3.908
11 37.5 95.00 3.25 3.25 70.696 73.576 –3.060
12 92.5 95.00 3.25 3.25 16.517 21.646 –5.129
13 37.5 45.00 5.75 3.25 81.683 81.542 0.140
14 92.5 45.00 5.75 3.25 17.493 21.094 –3.601
15 37.5 95.00 5.75 3.25 99.457 99.269 0.188
16 92.5 95.00 5.75 3.25 31.132 34.310 –3.179
17 10 70.00 4.50 2.5 92.766 97.799 –5.034
18 120 70.00 4.50 2.5 21.235 21.218 9.017
19 65 20.00 4.50 2.5 24.624 25.020 –0.396
20 65 120.00 4.50 2.5 49.275 44.895 4.380
21 65 70.00 2.00 2.5 6.742 2.408 4.332
22 65 70.00 7.00 2.5 39.959 40.307 –0.348
23 65 70.00 4.50 1 30.344 33.160 –2.816
24 65 70.00 4.50 4 79,238 72.439 6.710
25 65 70.00 4.50 2.5 68,781 68.186 0.595
26 65 70.00 4.50 2.5 67.157 68.186 –1.029
27 65 70.00 4.50 2.5 68.981 68.186 0.795
28 65 70.00 4.50 2.5 68.506 68.186 0.320
29 65 70.00 4.50 2.5 67.507 68.186 –0.679

Table 6
Estimated regression coefficient for adsorption of Cu(II)

Coefficient 
value

F. inflation Standard 
deviation

t.exp p-value

b0 68.186 0.361 188.81 ***
b1 –21.395 1 0.165 –129.80 ***
b2 4.969 1 0.165 30.14 ***
b3 9.475 1 0.165 57.48 ***
b4 9.820 1 0.165 59.57 ***
b11 –3.295 1.08 0.189 –20.78 ***
b22 –8.307 1.08 0.189 –52.40 ***
b33 –11.707 1.08 0.189 –73.85 ***
b44 –3.847 1.08 0.189 –24.27 ***
b12 –1.128 1 0.202 –5.59 **
b13 –3.212 1 0.202 –15.91 ***
b23 1.341 1 0.202 6.64 **
b14 –6.744 1 0.202 –33.41 ***
b24 1.426 1 0.202 7.06 **
b34 –1.271 1 0.202 –6.30 **

***Extremely significant
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Fig. 8 demonstrates the effect of significant interactions 
between the four factors (X1: ions concentration, X2: con-
tact time, X3: pH of solution, X4: adsorbent dose) in order 
to adsorb copper ions by N-HAp.

Based on Fig. 8a, the optimal removal of Cu(II) is 
observed during 76 min with a value pH 4.5, Cu(II) con-
centration 10.652 mg·L–1 and an adsorbent dose 2.5 g·L–1.

In addition, plots of ion concentration vs. pH level reveal 
that the best parameters for maximum copper removal are 
obtained when the adsorbent dose and contact time are 
set at 2.5 g·L–1 and 70 min, respectively and the pH level 
is between 4.7 and 5.7, and the Cu(II) concentration is 

Table 7
Analysis of variance for central composite design

Sum of square (SS) Degree of freedom Mean square F-value p-value

Regression 21,614.8 14 1,543.91 2,367.663 <0.01***
Residual 312.839 14 22.346
Lack of fit 310.230 10 31.023 47.575 **
Error 2.608 4 0.652
Total 21,927.6 28

Fig. 9. Response surface plots for Cu(II) removal by adsorption process as a function of initial pH and contact time (a) and use a 
function of adsorbent dose and initial pH (b) (ions concentration = 65 mg·L–1).

Table 8
Desorption of Cu(II) from natural hydroxyapatite

Eluting agent Initial pH Final pH Desorbed 
Cu(II) (%)

Hydrochloric acid (HCl) 
(0.01 M)

2.41 5.3 2.3

Ethylenediaminetetraacetic 
acid (EDTA) (0.003 M)

4.87 5.6 89

Sodium chloride (NaCl) 
(0.01 M)

4.15 5.71 0.01
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18.806 mg·L–1 (Fig. 8b). Thus, during 70 min at a pH fixed 
at 4.5, a removal rate of copper ions reaches 99%, when the 
dose of the adsorbent is above 2.5 g·L–1 and with a Cu(II) con-
centration between 10 and 40 mg·L–1 (Fig. 8c). The increase 
in Cu(II) removal effectiveness with increased N-HAp dos-
age is due to an increase in the number of free accessible 
adsorption sites [63]. Also, for Fig. 8d, by setting the cop-
per concentration to 65 mg·L–1 and the solution pH to 4.5, 
the response surface of the Cu(II) ion removal plot shows 
a better Cu(II) removal efficiency when the N-HAp dose 
is 2.5 g·L–1 for treatment duration between 68 and 92 min.

Similarly, for the 2D and 3D response surface plots of 
the binary effect between solution pH and contact time 
and between solution pH and adsorbent dose for the Cu(II) 
removal, shows that the optimal conditions for maximum 
Cu(II) elimination are precisely inside the design limit 
(Fig. 9). In this step, the concentration of Cu(II) and the dose 
of the adsorbent are fixed at 65 mg·L–1 and 2.5 g·L–1, respec-
tively. The maximum of Cu adsorption is obtained when the 
solution pH is ranged between 4.2 and 5.9, while the con-
tact time is in the range of 59 and 99 min (Fig. 9a). Similarly, 
the concentration of Cu(II) and the contact time were fixed 
at 65 mg·L–1 and 70 min, respectively. Based on the above, 
it can be deduced that the efficiency of copper ion removal 
is high when the initial pH of the copper solution ranges 
from 4.43 to 5.4 and the dose of adsorbent ranges from 2.9 to 
3.9 g·L–1 (Fig. 9b).

According to the results obtained previously from the 
theoretical study, the optimal values of the tested factors 
influencing the experience are the following: ions concen-
tration of 18.06 mg·L–1, contact time of 70 min, initial pH of 
5.2 and adsorbent dose of 2.5 g·L–1, while the maximum of 
copper removal (%) predicted is about 99.46%.

3.7. Desorption experiment

Table 8 shows the results of the desorption studies. It 
can be observed that the efficiency of Cu(II) desorption 
from N-HAp depends on the extracting solution. Due to the 
development of a complex between EDTA and metal ions, 
the amount of Cu(II) desorbed from the EDTA solution is 
the highest. In addition, when the acidic solution is used, 
the desorbed amount of copper ions decreases.

The N-HAp has relatively low desorption efficiency of 
heavy metal ions, similar to previous studies [64].

In addition, the low desorption efficiency of N-HAp 
inhibited copper ion’s movement in natural water. As a 

result, it could be an efficient adsorbent for copper pollu-
tion treatment, particularly in lightly polluted water.

3.8. Comparative study

The performance of different adsorbents on the adsorp-
tion of copper ions from an aqueous solution has been eval-
uated, and their maximum adsorption capacities (qm) were 
compared to those reported in previous literature (Table 9). 
The results showed that N-HAp had a higher performance 
compared to other adsorbents in terms of qm or feasibility. 
However, some composite adsorbents are more perform-
ing, but their synthesis process was found to be costly and 
complex. Therefore, considering the economic cost and 
application field, N-HAp appears to have better prospects 
for adsorption.

4. Conclusions

N-HAp as a bioadsorbent is synthesized by recycling 
waste fish bone, using simple alkaline heat treatment, in 
order to remove copper ions from an aqueous solution via 
the adsorption process. To prove the structure and constit-
uent elements of the resulting product, several methods 
were employed. Various experimental parameters (pH, ini-
tial concentration of Cu(II), contact time, adsorbent dose 
and temperature) are examined to evaluate the adsorption 
process. Therefore, the kinetic study is determined and fitted 
by pseudo-second-order model. The Langmuir model with 
a high correlation coefficient is effective since it provides a 
better fit to the isothermal data. In addition, the results of 
the thermodynamic study show that the adsorption process 
is endothermic, feasible and spontaneous. An experimen-
tal design methodology based on central composite design 
is used to investigate the impact of various experimental 
parameters on the removal of Cu(II). The results demon-
strate that the optimal conditions for Cu(II) adsorption are 
as follows: initial Cu(II) concentration 37.5 mg·L–1, pH 5.75, 
contact time 95 min and adsorbent dose 3.25 g·L–1 with a 
removal rate reaching 99.46%. The validation of the RSM 
model confirms its adequacy in optimizing the adsorption 
process and that the regression equations could be used as 
a theoretical basis for the retention of heavy metals from 
wastewater by adsorption treatment. Furthermore, for the 
copper(II) ions desorption, EDTA is proved to be the most 
selective leaching solution. These results suggest that N-HAp 
could be a suitable adsorbent for Cu(II) removal. However, 

Table 9
Comparative study for removal of copper ions by different adsorbents

Adsorbents Maximum sorption capacity (mg·g–1) References

Chitosan/hydroxyapatite/nano-magnetite (Fe3O4) composite 3.656 [16]
Fe–Mn oxide/zeolite 58.56 [65]
Walnut shell ash 29 [66]
Natural hydroxyapatite/chitosan composite 1.776 [67]
Unmodified lemon peel 13.2 [68]
Sodium alginate/polyvinyl alcohol/kaolin/polyacrylamide (SA/PVA/K/PAM) 5.061 [69]
Natural hydroxyapatite 28.82 This study
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practical application to wastewater and the removal of 
other metals should also be further investigated.
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Symbols

b0 — Constant value of the model
bi — Regression coefficients for linear
bii — Second-order main effect
bij —  Second-order main effect of the i-factor 

and j-factor
C — Intraparticle diffusion intercept
Ce —  Residual metal concentration in solution at 

equilibrium, mg·L–1

Ci — Initial concentration of Cu(II), mg·L–1

d — Particle size of the powder
E — Free energy, kJ·mol–1

K1 — First-order rate constant, min–1

Ftab — Value of the F distribution table
F-value — Value of the F distribution
K2 — Second-order rate constant, g·mg–1·min–1

Kd — Distribution coefficient of adsorption, L·g–1

KDR —  Dubinin–Radushkevich isotherm constant 
related to the mean free energy of adsorp-
tion, mol2 kJ–2

KF —  Freundlich constant related to the adsorp-
tion capacity

Kid —  Intraparticle diffusion rate constant, 
mg·g–1·min–1/2

KL —  Langmuir constant related to the affinity of 
the binding sites, L·mg–1

KT —  Temkin parameters related to the heat of 
adsorption

n —  Freundlich constant related to adsorption 
intensity

P —  Regression coefficients of the model 
equation

pHf — Final pH values
pHi — Initial pH values
pHpzc — Zero charge point
qe —  Amount of metal adsorbed per unit of 

N-HAp at equilibrium, mg·g–1

qe,cal — Theoretical adsorption capacity, mg·g–1

qe,exp — Experimental adsorption capacity, mg·g–1

qm —  Theoretical monolayer maximum adsorp-
tion capacity, mg·g–1

qs — Theoretical saturation capacity, mol·g–1

qt —  Amounts of metal ions adsorbed on the 
hydroxyapatite at time, mg·g–1

R — Ideal gas constant, 8.314 J·mol–1·K–1

R2 — Correlation coefficient
R2

adj — Correlation coefficient adjusted
R2

pred — Correlation coefficient predicted
T — Absolute temperature, K
t1/2 — Half-reaction time
V — Volume of the copper solution, L
W —  Amount of the sorbent used in the reaction 

mixture, g
Xi — Level of the i-factor
Xj — Level of the j-factor
XiXj — Product of the i-factor and j-factor
Y(%) —  Experimental model response: removal 

rate of metal adsorbed
ΔG° — Gibbs free energy
ΔH° — Standard enthalpy
ΔS° — Entropy thermodynamic parameter
α —  Distance from center and make the design 

rotatable
Ɵ —  Angle of reflection of X-rays in XRD, 

degrees
e — Polanyi adsorption potential
ν1 — P–O stretching vibration at 1,049 cm–1

ν2 — O–P–O bending vibrations at 955 cm–1

ν3 —  O–P–O bending vibration at 606 and 
564 cm–1

ν4 —  Symmetric P–O stretching vibration at 
467 cm–1
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Supporting information

Fig. S1. Experimental data for the effect of reaction time (a), pseudo-first-order (b), pseudo-second-order (c) and intraparticle diffu-
sion model (d) on Cu(II) adsorption.
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Fig. S3. Van’t Hoff plot of lnKd vs. 1/T for Cu(II) ions adsorp-
tion onto natural hydroxyapatite.

Fig. S2. Linear plots of Langmuir (a), Freundlich (b), Temkin (c) and Dubinin–Radushkevich (d) models for adsorption isotherms.
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