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a b s t r a c t

A simple and low-cost procedure for the removal of copper(II) ions from contaminated aqueous 
samples is introduced. The method depends on the adsorption of Cu(II) ions onto a natural activated 
hydroxyapatite (HAP) adsorbent, simply produced by recycling camel bones food waste, then chem-
ically and physically activated. Activated sorbent samples were characterized using FT-IR, XRD, and 
SEM-EDX, then initially tested for Cu(II) ions adsorption. Four samples were then selected to com-
plete the physicochemical studies including factors affecting the adsorption efficiencies and ther-
modynamic studies. As a result, one sorbent sample (chemically activated sample #2) that acquired 
the highest adsorption efficiency among other sorbents was selected to conduct industrial semi-pilot 
column experiments for the treatment of copper-contaminated well-water samples. This article pres-
ents a simple method for the recycling of a major food waste and environmental pollutant in Saudi 
Arabia to produce an activated adsorbent that had been applied successfully in the treatment of 
contaminated aqueous samples.
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1. Introduction

Environmental pollution caused by heavy metal ions 
has a primary concern due to the high ecotoxicological 
hazards of heavy metals through their accumulation in 
the living organisms [1–5]. Leaching of heavy metals to 
natural waters, as a main part of environment, increases 
continuously due to the increase of the production and uti-
lization of such metals in many of human industrial activi-
ties, in addition to natural leaching from rocks to surface or 
groundwater [1].

Exceeding the intake level of copper, as an example of 
heavy metals, by the human body may cause gastrointes-
tinal distress with short term exposure, while may cause 
liver or kidney damage with long term exposure [6]. The 
United States Environmental Protection Agency (EPA) 
stated a maximum level of copper contamination to be 1.3 

ppm while The World Health Organization (WHO) recom-
mends the maximum allowable concentration for copper to 
be 2 ppm. Therefore, many research efforts have been done 
recently for the removal of hazardous heavy metals from 
water/wastewater to reach the permissible levels [5].

Conventional processes for the treatment of metal-con-
taminated water involve several procedures, such as ion 
exchange, membrane filtration, chemical precipitation, 
co-precipitation/adsorption, and carbon adsorption pro-
cesses [7]. Many adsorption studies on the treatment of 
waste water contaminated with copper ions and other heavy 
metal ions were conducted using both natural and synthetic 
adsorbents. Razak et al. used modified natural kenaf fibers 
in the removal of copper ions from waste water samples 
[28]. Ince et al. applied treated food wastes (including, tea 
leaf, chestnut shell, and banana peel) for the treatment of 
copper-contaminated wastewater [29]. Activated carbon 
membranes modified with nano Fe2O3/TiO2 3D composite 
were successfully used for adsorbing Cu(II) and As(V) from 
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artificial wastewater samples with high removal efficiency 
[30]. Copper and other heavy metal ions were efficiently 
removed using chemically-treated orange biomass [31].
Removal of copper ions from artificial wastewater samples 
was again carried out using both row and treated sea-shells, 
with more than 99% adsorption efficiency [32]. Mojoudi et 
al. introduced an efficient method for Cu(II) and Pb(II) ions 
adsorption based on a composite of activated carbon/thiol- 
modified graphene oxide [33].

Hydroxyapatite has been considered as an effective 
adsorbent for wastewater treatment from heavy met-
als. Many studies have been done on the production of 
hydroxyapatite from low-cost and abundant sources [8]. 
Several natural sources are known for hydroxyapatite 
production, such as fish bones, egg shells and natural 
corals [9,10]. Hydroxyapatite and other adsorbent mate-
rials were produced form camel bones, characterized, 
and applied to the treatment of heavy metals from water 
samples [11–13].

This work aimed to introduce a simple produce for 
the production of hydroxyapatite sorbent material from a 
cheap natural source, i.e. camel bones, which is a major 
food waste with high local availability and almost no cost 
in Saudi Arabia. The produced hydroxyapatite sorbent 
samples were then activated via chemical or physical 
treatment procedures in order to increase their adsorp-
tion efficiencies. Activated sorbent samples were used in 
the treatment of contaminated aqueous samples for the 
removal of copper ions.

2. Methodology

2.1. Materials and equipments

All used chemicals and reagents were obtained with 
analytical grade. A copper atomic absorption standard 
solution of 1000 mg L–1 (Sigma-Aldrich, USA, www.sig-
maaldrich.com) was used as a stock solution. The working 
standards were freshly prepared from the stock solution 
using bi-distilled deionized water (Barnstead, NANO pure 
diamond system, USA, www.barnstead-water.com). Solu-
tion pH was adjusted by a calibrated pH-meter (Hanna, 
model 211, www.hannainst.com) complete with a combined 
glass electrode. A three-zone tube furnace (MTI, model 
OTF-1200X-III-S, USA, www.mtixtl.com) was used for sam-
ple activation under the recommended conditions. Analysis 
of the concentration of Cu(II) ions was carried out using a 
flame atomic absorption spectrophotometer (Varian, model 
SpectrAA 220, USA, www.agilent.com). Fourier transform 
infrared spectrometer, FTIR, (Thermo Nicolet, model iS 
10, USA, www.thermofisher.com) was used to identify the 
adsorbents functional groups. A scanning electron micro-
scope coupled with energy dispersive X-ray spectroscope 
(SEM-EDX) instrument (Jeol, model 6360 LVSEM, USA, 
www.jeolusa.com) was utilized to obtain the pore structure 
of the treated hydroxyapatite surfaces and to produce a 
qualitative/quantitative elemental analysis of the hydroxy-
apatite samples. X-ray diffraction patterns for HAP samples 
were obtained using a X-ray diffractometer (Shimadzu, 
model XRD-6000, Japan, www.shimadzu.com). Sample/
adsorbent incubation and shaking was conducted using a 
mechanical water thermostat shaker (GFL, 1083, Germany-

www.gfl.de). Whatman filter paper, grade 42, was used to 
filter off the copper sample solutions after absorption for 
absorbent removal.

2.2. Samples collection and pretreatment

Camel bone samples were collected from the local mar-
ket in Abha city, Asserarea, KSA. The collected samples 
were cut to small cubes (2 cm × 2 cm) and immersed in 
dilute acetic acid for 24 h to easily remove the fats and tis-
sues from bones then washed by distilled water and dried 
at 220°C for 48 h. After cooling, dried samples were grinded 
and sieved to size range from 250 µm to 500 µm.

2.3. Sample preparations and activation

2.3.1. Physical activation

Physical activation of dried camel bone samples was 
carried out through carbonization under N2 gas at tempera-
tures of 500, 700, and 900°C for 2 h, followed by activation 
under CO2 gas at 600, 900, and 1200°C for 2 h.

2.3.2. Chemical activation

Chemical activation of dried camel bone samples was 
carried out by soaking the samples in NaOH (1:1 and 1:3, 
sample : NaOH ratios, w/w) or H3PO4 (25% and 65% V/V 
H3PO4) for 48 h at room temperature. Samples were then 
dried at 105°C for 72 h, followed by activation at 450, 650, 
and 900°C under N2 gas for 2 h. After activating the samples 
at the recommended conditions, all samples were exces-
sively washed with deionized water until the pH become 
in the range of 5.5–6.

2.4. Chemical preparation of hydroxyapatite

A heated solution of 5.0 M ammonia (80°C) was added 
drop by drop to a 1 M aqueous solution of calcium nitrate 
till the pH reaches 10. The resulting solution was treated by 
drop-wise addition of a 0.5 M (NH4)2HPO4 solution until 
complete precipitation. The saturated solution was kept at 
80°C for 1 h, then the temperature was reduced to 37°C and 
kept thermostated for 24 h. The precipitate was then exces-
sively washed with water in order to wash-off all excess 
ammonia and nitrate ions, followed by drying at 50°C. 
Powders were then heated at 120°C for 1 h.

2.5. Adsorption efficiencies

Batch experiments were performed in order to obtain 
the optimum conditions for Cu(II) ions removal from aque-
ous solutions using the produced adsorbent samples. 0.05 
g aliquots of dried-raw camel bone sample, chemically- or 
physically-activated hydroxyapatite samples were exam-
ined for the removal of copper ions from an artificially cop-
per contaminated sample (50 mL of 50 ppm copper sulfate 
standard solution). Different parameters affecting the sorp-
tion of Cu(II) ions were separately studied, such as shaking 
time, sorbent weight, temperature, metal ion concentration 
and solution pH.
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3. Results and discussion

A series of 9 chemically-activated and 12 physically-ac-
tivated HAP adsorbent samples were prepared as described 
and were ran for Cu(II) ions removal from artificial polluted 
water samples under the same conditions. From the Cu(II) 
recovery results, the best sorbent samples were selected 
to complete the study, among which one chemically-acti-
vated and 3 physically-activated samples. Table 1 shows 
the adsorbent samples selected for studying the adsorption 
efficiencies/parameters for the removal of Cu(II) ions from 
aqueous solutions.

3.1. Physical characterization of HAP samples

Activated hydroxyapatite natural adsorbent samples, 
in association with a chemically synthesized HAP sample, 
a commercially available HAP sample, and a raw camel 
bones sample were characterized using a set of physical 
characterization tools. Fig. 1 represents the scanning elec-
tron microscope images (SEM), the energy dispersive X-ray 
graphs (EDX), the fourier transform infrared spectra (FT-
IR), and the x-ray diffractograms (XRD) for sample number 
2 and prepared HAP sample (Table 1), as models for the 
investigated adsorbents.

Morphologies of the physically activated HAP par-
ticles revealed a homogenous small particle distribution 
together with large agglomerates. The formed agglomer-
ates were thought to be a result of the welding of very fine 
particles, where the powders displayed a significant level 
of agglomeration. From the EDX analysis, the obtained 
Ca/P ratio is very close to the ideal value (~1.78), based 
on atomic mass %.

SEM images of chemically-activated hydroxyapatite 
revealed spherical microstructure with 1–5 µm in diameter. 
Highly crystalline HAP was obtained in all samples with 
the characteristic peaks of calcium, oxygen, and phospho-
rus. The average Ca/P ratio, calculated from EDX analysis, 
were slightly low (1.74), based on atomic mass %. Addition-
ally, other elements (magnesium and carbon) were present 
in some samples with minor levels. 

The IR-spectra of HAP samples revealed wide bands 
of H–O–H lattice water covering the regions 1600–1700 
cm–1 and 3200–3600 cm–1; [OH]– stretching mode bands at 
3400–3600 cm–1; ϑ1 [PO4]

3– bands at 1030 cm–1–1100 cm–1; ϑ2 
[PO4]

3– bands at 960 cm–1–975 cm–1; ϑ3 [PO4]
3– bands at 603 

cm–1 and 565 cm–1. The [PO4]
3– vibrational bands depend on 

the activation temperature, and the sharpness of the 550 
cm–1–650 cm–1 bands indicate a well-crystallized HAP. Char-
acteristic vibration bands of the C–O in the carbonate group 
were observed at 1410–1460 cm–1.

The XRD analyses revealed straight baselines and sharp 
peaks confirming that hydroxyapatite was formed in all 
samples, and the produced calcium phosphate was well 
crystallized. In addition, it was found that the crystallinity 
of hydroxyapatite increases with increasing activation tem-
peratures.

3.2. Effect of shaking time

The effect of shaking time (2–120 min) on the removal 
efficiency of 50 ppm Cu(II) ions from aqueous solutions 
using 0.05 g of the sorbent samples, mentioned in Table 1, 
was studied at 250 rpm, pH 6.2 and temperature of 22 ± 
0.1°C. Removal percentage of Cu(II) was found to increase 
from 6.1% at 2 min to 21.2% at 30 min with raw camel bone 
adsorbent sample, while increased from 39.5% (at shaking 
time 2 min) to 100% (at 30 min shaking time) when using 
sample 2, as shown in Fig. 2a. Also, it is noticed that the 
removal efficiency for copper is not affected with increasing 
the shaking time from 30 to 120 min. with all examined sor-
bent samples. Therefore, equilibration time of 30 min was 
chosen in the subsequent studies.

3.3. Effect of pH

The effect of solution pH on the removal efficiency of 
50 ppm Cu(II) ions from aqueous solutions by 0.05 gm of 
the investigated sorbents was studied at 22 ± 0.1°C in the 
pH range 2–6.2. As shown in Fig. 2b, the removal percent of 
Cu(II) ions increases with increasing pH from 2 to 6.2 with 
all adsorbents tested. 

At lower pHs, much more H+ ions are found in solu-
tion, which compete with Cu(II) ions for the active sites on 
the sorbent surface, a process that will reduce the removal 
of copper metal ions from solution. On the other hand, as 
the pH value increases, protonation of sorbent functional 
groups by H+ ions may decrease and the interaction between 
metal ions and the active sites may increase [14]. After pH 
6.5, slight precipitation of copper hydroxide appeared. 
From the data obtained, it was found that the removal per-
cent increased from 13.05% at pH 2 to 20.3% at pH 6.2 with 
raw camel bone sorbent while raised from 96.15% at pH 2 to 

Table 1
Adsorbent samples selected for studying the adsorption efficiencies on the removal of copper ions

Sample code Sample type Activation type Preparation conditions Surface area, m2/g

1 CB Physical N2 at 500°C/CO2 at 600°C 410.97
2 CB Chemical N2 at 450°C/1CB:3NaOH 952.5
3 CB Chemical N2 at 650°C/1CB:1NaOH 673.38
4 CB Chemical N2 at 450°C/25% H3PO4 571.35
Prep HAP Prepared hydroxyapatite Chemically prepared 

at our Lab
Preparation entitles mentioned in 
first annual report

603.36

Ref HAP Reference hydroxyapatite As purchased Bio Rad Laboratories 675.72
Raw CB Raw camel bone – – –
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100% at pH 6.2 when using sample 2. Therefore, pH 6.2 was 
chosen in all subsequent studies.

3.4. Effect of sorbent weight

The effect of sorbent samples weight on the removal 
percent of copper ions from aqueous solutions was stud-

ied in the range 0.01–0.1 g sorbent using 50 ml of 50 ppm 
Cu(II) ion solution at 22 ± 0.1°C, shaking speed 250 rpm, 
shaking time 30 min and pH 6.2 (Fig. 2c). The results 
obtained show an increase in the removal percent of 
Cu(II) ions within the range of 0.01g up to 0.05 g sorbent, 
then it remains almost constant with further increase in 
sorbent weight up to 0.1 g. This could be explained by 
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Fig. 1. SEM images (a,e); EDX graphs (b,f); IR spectra (c,g); and XRD diffractograms (d,h) for sample 2 (a,b,c,d) and prepared HAP 
(e,f,g,h).
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the increase in the number of surface functional groups 
and the increase in surface area with increasing sorbent 
weight up to 0.05 g [15]. The direct proportionality of the 
removal percent with adsorbent weight is a result of the 
availability of free (unsaturated) adsorption sites during 
the adsorption reaction. Besides, core aggregated parti-
cles may adsorb some of the loosely-bound Cu(II) ions on 
the adsorbent surfaces [16]. The removal percent of Cu(II) 
ions then becomes constant from 0.05 to 0.1 g,an effect 
that is related with high sorbent concentration, where  

adsorbent particles aggregates. This aggregation reduces 
the adsorption of metal ions as a result of the reduction of 
the sorbent total surface area and the increase in the dif-
fusion path length [17,18]. From the data obtained, it was 
found that the removal percent increases from 8.5% at 
0.01 g to 31% at 0.1 g with raw camel bone sorbent, while 
increases from 84.5% at 0.01 g to 100% at 0.1 g when using 
sample 2, therefore 0.05 g sorbent was chosen in the sub-
sequent studies.

3.5. Effect of initial copper concentration

The effect of initial concentration of Cu(II) ions on the 
removal percent and uptake values of the sorbent was stud-
ied by changing the initial metal concentration from 50 to 
200 ppm under the mentioned conditions in Figs. 3a and 3b.

As shown in the figures, the removal percent of Cu(II) 
ions slightly decreases with increasing initial copper con-
centration. The apparent stability in Cu(II) ions uptake 
(mg/g) with the increase of its initial concentration could 
be attributed to the establishment of a concentration gra-
dient rather than an increase in the initial Cu(II) ion con-
centration [19]. From the data obtained, it was found that 
the removal percentage slightly decreased from 99.9% at 
50 ppm to 99.2% at 200 ppm with sample 2 sorbent, while 
remarkably decreased from 91.35% at 50 ppm to 54.85% at 
200 ppm when using the Reference HAP sample.

(c)
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Fig. 2. Effects of: (a) Shaking time (experiential conditions: Sam-
ple vol. = 50 ml, sorbent wt. = 0.05 g, pH = 6.2, temp = 22 ± 0.1°C, 
[Cu2+] = 50 ppm, shaking speed = 250 rpm); (b) pH (experiential 
conditions: sample vol. = 50 ml, sorbent wt. = 0.05 g, temp = 22 
± 1°C, [Cu2+] = 50 ppm, shaking time = 30 min, shaking speed = 
250 rpm); and (c) sorbent weight (experiential conditions: sam-
ple vol. = 50 ml, temp = 22 ± 0.1°C, [Cu2+] = 50 ppm, pH = 6.2, 
shaking time = 30 min, sorbent wt. = 0.05–0.1 g, and shaking 
speed = 250 rpm) on the removal percent of Cu(II) from aqueous 
solutions using the sorbent samples.
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moval percent, and (b) uptake (qe) of Cu(II) ions from aqueous 
solutions using the sorbent samples (experiential conditions: 
sample vol. = 50 ml, temp = 22 ± 0.1°C, [Cu2+] = 50–200 ppm, pH 
= 6.2, shaking time = 30 min, sorbent wt. = 0.05 g, and shaking 
speed = 250 rpm).
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3.6. Effect of temperature

The effect of temperature on the removal efficiency of 
50 ppm Cu(II) ions from aqueous solutions using 0.05 g of 
each investigated sorbent was studied at different tempera-
tures, ranging from 22 to 40°C, at pH 6.2, shaking time 30 
min, and at 250 rpm. It is observed from the results that 
the removal percent of Cu(II) ions is slightly decreased with 
increasing temperature (Fig. 4). The adsorption capacity of 
Cu(II) decreased from 100% to 98.75% when using sample 
2, while decreased from 49.00 to 26.05% using sample 4 with 
increasing temperature from 22 to 40oC (293 to 313K). This 
behavior indicates that the sorption process of Cu(II) from 
aqueous solutions, using all sorbents, is an exothermic pro-
cess [20]. The decrease in the uptake of copper (II) at high 
temperatures may be attributed to the increase in the metal 
ions mobility that enhances the reverse desorption process, 
according to Le-Chatelier’s principle [16,21].

The thermodynamic parameters obtained for the sorp-
tion processes (ΔH°, ΔS°, and ΔG°) were calculated using 
Eqs. (1) and (2) as follows [22]:

lnKd = ΔS°/R – ΔH°/RT (1)

where Kd is the distribution coefficient (mLg–1), ΔH° is the 
standard enthalpy (kJ mol–1), ΔS° is the standard entropy 
(J mol–1 K–1), T is the absolute temperature (K) and R is the 
general gas constant (8.314 J mol–1 K–1). ΔS° and ΔH° values 
were obtained using the slopes and intercepts of the linear 
relations between lnKd and 1/T (Fig. 5).

The values of the standard Gibbs free energy, ΔG° (kJ 
mol–1), were calculated from Eq. (2):

ΔG° = ΔH° – TΔS° (2)

The negative Gibbs free energy values for samples 1, 
2, 3, 4, prepared HAP and reference HAP indicate that the 
adsorption process is spontaneous and does not need an 
induction time (Table 2). On the other hand, positive Gibbs 
free energy values, associated with raw camel bone sam-
ple, indicate that this process needs an induction period to 

start the reaction and cannot proceed spontaneously. Also, 
it is noticed that the uptake for copper using this adsorbent 
sample was inferior (10.15 mg/g).

A negative entropy of adsorption reveals the affinity of 
adsorbent materials for holding Cu(II) ions on their surfaces 
well consistently with restricted mobilities of copper ions. 
The negative ΔH values indicate the exothermic nature 
of the process. Small ∆H values (between –13.49 to –42.47 
kJ/mol), associated with samples 1, 4, Prepared HAP, Ref-
erence HAP, and Raw CB, support a physical adsorption 
process over chemical adsorption. Different amounts of 
energies are released during the adsorption process accord-
ing to the type of bonds formed, among which are Van 
der Waals (4–10 kJ·mol–1), hydrophobic bonds (5 kJ·mol–1), 
hydrogen bonds (2–40 kJ·mol–1), coordinate bonds (about 
40 kJ·mol–1), dipole-dipole interaction (2–29 kJ·mol–1) and 
chemical bonds (about 60 kJ·mol–1) [23]. In our study, the ∆H 
values for the adsorption of Cu(II) ion onto the studied sor-
bents suggest that the type of adsorption forces is not Van 
der Waals, hydrophobic, nor dipole–dipole interactions, as 
the amounts of energy associated with these types of inter-
action is less than the obtained values. Only samples 2 and 
3 falls in the range of chemical adsorption, and this may 
interpret why these two samples give higher uptake values 
with copper ions.

3.7. Sorption isotherm models

Sorption equilibrium can be expressed using an iso-
therm equation that involve constants reveal the sorbent 
surface properties and its affinity towards sorbates. The 
sorption isotherm represents the relation between the sor-
bate concentration on the surface of the sorbent against its 
equilibrium concentration in the solution phase. In this con-
cern, two isotherm modes; Langmuir and Freundlich, were 
tested with the obtained experimental data for the sorp-
tion of Cu(II) ions onto the investigated adsorbent samples 
selected for studying the adsorption efficiencies.

Langmuir isotherm is often used to describe the satu-
rated monolayer sorption. This model postulates that the 
adsorption process takes place on the surface of structurally 
homogenous sorbents, where the sorbent ––active sites are 
equi-energetically [24]. It can be represented as follows:
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q
q K C

K Ce
m a e

a e
=

+1
 (3)

where Ce is the metal ion equilibrium concentration (mg/L), 
qe is the fraction of sorbed ion (mg/g), qm equals qe for a com-
plete monolayer (mg/g), and Kα is the sorption equilibrium 
constant. The linear form of Eq. (3) was utilized to calculate 
the sorption capacity for a certain range of Cu(II) ions con-
centration. Generally, the Langmuir isotherm can be linear-
ized in four different ways, one of which is represented by 
Eq. (4) and was selected to graphically illustrate the relation 

between C
q

e

e

 vs. Ce. The constants Qo and b can be deter-

mined from the linearized form [25].

C
q

C
Q Q b

e

e

e

o o
= +

1  (4)

The numerical values of the Langmuir constants, 
together with the sorption capacity of the saturated mono-
layer, Qo, as well as the equilibrium constant, b, are calcu-
lated from the linear relations of copper sorption onto all 
investigated sorbents and listed in Table 3. The values pro-
vided an adequate linear fit with respect to the obtained 
experimental results for the sorption of copper ions onto all 
investigated sorbents at 22 ± 0.1°C. The values of the coef-
ficient of variation, r2, of the linearized relations, which are 
all approach unity, strongly indicate that the sorption pro-
cess of copper ions onto all sorbents follow the Langmuir 

isotherm. The values of r2 confirm the monolayer sorp-
tion of copper (II) ions onto the investigated sorbents. The 
maximum value of sorption capacity, Qo, a measure of the 
required sorption capacity to form a complete monolayer, is 
higher in case of copper (II) sorption onto adsorbent sam-
ples 2 and 3, which equals (250 mg/g) for both sorbents and 
increase in the following order: sample 2 = sample 3 > Ref-
erence HAP > Prepared HAP >sample 1 > Raw CB > sample 
4. The Langmuir constant (b is related to the affinity of the 
sorbent for the sorbate. A low value of (b) for sorption of 
Cu(II) ions onto all investigated sorbents was suggestive of 
high affinity of the sorbents for copper (II) ions [26].

On the other hand, Freundlich isotherm describes 
a sorption process with heterogeneous sorbent surface, 
where the heat of sorption is not distributed and multi-lay-
ered processes or other complicated processes are discussed 
[27]. The process is well described using Eq. (5):

q C Ke e
n

f= ⋅1/  (5)

where qe is the fraction of sorbed ion (mg/g), Ce is the con-
centration at equilibrium (mg/L), Kf and 1/n are constants 
representing both the sorption capacity and sorption inten-
sity, respectively. Freundlich model is linearized as follows:

log log logq
n

C Ke e f= +
1

 (6)

The plot of log qe vs. log Ce of Eq. (6) should result in a 
linear relation,where the values of 1/n and Kf were obtained 

Table 2
Thermodynamic values (ΔH, ΔS and ΔG) for the removal of Cu(II) using the investigated sorbent samples

Sample ∆H° (kJ mol–1) ∆S° (J mol–1 k–1) ∆G° (kJ mol–1)

295 K 303 K 313 K

1 –31.589 –94.342 –3.758 –3.003 –2.060
2 –68.396 –182.927 –14.432 –12.969 –11.140
3 –96.787 –291.224 –10.876 –8.546 –5.634
4 –42.471 –144.717 –0.220 –1.378 2.825
Prepared HAP –13.486 –30.928 –4.362 –4.115 –3.806
Reference HAP –29.429 –80.853 –5.577 –4.930 –4.121
Raw CB –13.908 –58.425 3.327 3.795 4.379

Table 3
Constants of Langmuir and Freundlich isotherm models

Sample Isotherm models

Langmuir constant values Freundlich constant values

Qo (mg/g) b (L/mg) r2 KF 1/n r2

1 71.42 0.074 0.985 27.9 0.157 0.892
2 250 0.16 0.944 158.12 0.410 0.976
3 250 0.16 0.891 54.32 0.342 0.918
4 43.4 0.0385 0.989 11.428 0.226 0.967
Prepared HAP 83.33 0.063 0.977 27.98 0.183 0.868
Reference HAP 142.8 0.0448 0.926 27.54 0.277 0.874
Raw CB 66.66 0.00429 0.939 1.294 0.698 0.996
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from the slope and the intercept values, respectively 
[26,27]. The possibility of applying Freundlich isotherm on 
the sorption process was also examined using Eq. (6). The 
resultant relation between log qe vs. log Ce for different ini-
tial concentrations Cu(II) ions showed a linear correlation, 
reflecting the feasibility of applying this sorption isotherm 
to our sorbate-sorbent system. The linear data fitting with 
Freundlich isotherm reflects that more than one class of 
sites is involved within the sorption process based on sur-
face heterogeneity. Moreover, based on the slope and inter-
cept of the relations, the values of sorption capacities (Kf) 
and sorption intensities (1/n) for copper (II) were obtained 
and are recorded in Table 3. The slope values of the Fre-
undlich isotherm for copper sorption onto all investigated 
sorbents are less than 1, show favorable sorption of Cu(II) 
onto sorbents used. The high values of (Kf) show a high fea-
sibility for the sorption of Cu(II) onto all the investigated 
sorbents [26]. The values of the maximum sorption capacity, 
Qo, which is a measure of the sorption capacity to form a 
monolayer, are higher in case of copper (II) sorption onto 
adsorbent samples 2 and 3, which equal 158.12 and 54.32 
mg/g respectively and increase in the following order: sam-
ple 2 > sample 3 > Prepared HAP > sample 1 > Reference 
HAP > sample 4 > Raw CB.

3.8. Comparative study between current HAP adsorbent and 
previously reported adsorbents in the removal of Cu(II) and/or 
other heavy metal ions

Table 4 introduces a comparison between efficiencies 
of our naturally produced HAP adsorbent and previously 
synthesized/produced natural/synthetic adsorbing mate-
rials in the removal of copper and/or other metal ions from 
wastewater/synthetic wastewater samples. It is clear from 
the results that our natural HAP adsorbent introduces an 
excellent removal efficiency for Cu(II) ins compared with 
other reported adsorbents, with a distinguished regenera-
tion process in dilute acid solution.

3.9. Feasibility study

The processes of wastewater and hard water treatment 
are essential worldwide from environmental, industrial, 
agricultural, etc. aspects. The efforts for developing cheaper, 
reproducible, and more efficient methods/procedures for 
the treatment of contaminated waters are harnessed every-
where. Most of the procedures relying on adsorbing species 
suffer from adsorbent irreproducibility/regeneration, short 
life time, high cost, and lack of domestic availability. In our 
study, we introduce low cost, natural, easily regenerated, 
and long life time activated adsorbents simply produced 
by the recycling of massive domestic bio-waste (camel 
bones). Table 5 introduces a cost-benefit analysis for our 
natural activated adsorbent, in comparison with two of the 
commercially available water adsorbents. The comparison 
includes the adsorbent source, production cost, removal 
efficiency, regeneration steps, and life time. As a result, 
the proposed adsorbent serve in cleaning the environment 
from accumulated biological camel bones wastes, through 
recycling, to produce efficient natural activated adsorbent 
that is used in the treatment of wastewater and hard water, 
saving the environment and providing the people of Aseer 
area with pure drinking water.

4. Conclusions

At the end of this article, we can conclude that a chem-
ically activated natural hydroxyapatide adsorbent was 
successfully produced from camel bones collected from 
food waste in KSA. The activated sorbent was physically 
characterized, factors affecting its sorption efficiency were 
examined, and the thermodynamics of the sorption pro-
cess were studied. HAP sorbent was efficiently used for the 
removal of Cu(II) ions contaminants from aqueous samples. 
The obtained HAP sorbent was used in the construction 
of an industrial semi-pilot column and was successfully 
applied to the treatment of contaminated well water sam-

Table 4
Comparison between current natural HAP and preceding metal-ion adsorbents 

Adsorbing material Sample type 
(natural/synthetic)

Removed metal 
ions

Removal efficiency (%)/
adsorption capacity (mg/g)

Regeneration Ref.

Iminodiacetic acid-
modified kenaf fiber

Modified natural Cu(II) 91.74 mg/g 97.59%  
(under 1 M HCl)

28

Banana peel, chestnut 
shell, and tea leaf

Natural Cu(II) 1.94–3.36 mg/g – 29

Fe2O3–TiO2@activated 
carbon fiber membrane

Synthetic Methyl orange, 
Cu(II) and As(V)

20 mg/g > 90% 30

Orange biomass Modified natural Cd(II), Ni(II), 
Cu(II), and Zn(II)

30.7–6.9 mg/g – 31

Raw and calcined seashell 
waste

Natural Cu(II) 99% at pH = 7 – 32

Activated carbon/thiol 
functionalized graphene 
oxide composite

Synthetic Pb(II) and Cu(II) 196.07–204.08 mg/g – 33

Our HAP (Sample 2) Natural Cu(II) 200 mg/g at pH = 2 99.8% (under 0.05 M 
HNO3 for 30 min)

Current 
work
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ples in Aseer area, KSA. The authors succeeded to solve an 
important environmental issue associated with the accumu-
lation of a major food waste in KSA, which is camel bones, 
via recycling the waste in order to produce a natural acti-
vated sorbent material that is used in turn to solve another 
important environmental issue, which is water treatment.
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