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these composites was evaluated against Bacillus subtilis (as 
Gram-positive bacteria) and Pseudomonas aeruginosa (as 
Gram-negative bacteria) and compared with standard drugs 
that show inhibition on bacterial growth.
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Introduction

The pollution caused by toxic heavy metal ions such as 
Pb(II), Cd(II), and Zn(II) has become a highly harmful 
effect for animals, plants, and even humans because of 
their non-biodegradable properties and bioaccumulation 
in organisms [1]. Meanwhile, Pb(II) and Cd(II) have been 
classified as very toxic heavy metals. For instance, lead 
can destruct the nervous system, brain, liver, kidney, and 
reproductive systems [2]. Utilization of water containing 
very low concentration of Pb(II) ions for a long term causes 
several health problems such as coma, nausea, renal fail-
ure, and cancer [3]. It can be suggested that Pb(II) replaces 
calcium in the bones forming repository sites for long-
term release [4]. cadmium has a severe toxicity and causes 
a wide range of health problems such as kidney disease, 
blood pressure, and reduction in red blood cells [5]. There-
fore, removal of heavy metal ions from contaminated water 
is a very important aim for human health and environmen-
tal protection.

Several methods are presented for elimination of heavy 
metal ions from aqueous solution such as ion exchange, 
electrochemical treatment, chemical precipitation, reverse 
osmosis, and adsorption [6]. The researchers are inter-
ested in adsorption as an attractive technology due to high 

Abstract In this study, a HAp/NaP nanocomposite was 
prepared by adding a synthesized nano-hydroxyapatite to 
zeolite NaP gel in the hydrothermal condition and used 
for the removal of lead(II) and cadmium(II) ions from 
aqueous solution. HAp/zeolite nanocomposite was then 
characterized by Fourier transform infrared spectroscopy, 
X-ray diffraction and Rietveld method, scanning elec-
tron microscope, energy-dispersive X-ray analysis, and 
surface area and thermal analyses. Results suggested that 
the nanocomposite crystals of HAp were dispersed onto 
the zeolite external surface and/or encapsulated within 
the zeolite channels and pores. The potential of the com-
posite in adsorption of heavy metals was investigated by 
using batch experiment. The metal concentration in the 
equilibrium Ce (mg/g) after adsorption with nanocompos-
ite of HAp/NaP was analyzed using flame atomic adsorp-
tion spectrometry. The adsorption experiments were car-
ried out at pH of 3–9. The influences of contact time, initial 
concentration, dose, and temperature on the adsorption of 
lead and cadmium ions were also studied. Results show 
that these nanocomposites have further adsorption related 
to NaP and HAp. They have great potential (about 95 %) 
for Pb(II) and Cd(II) adsorption at room temperature. The 
equilibrium process was described by Frendlich, Lang-
muir, Temkin, and Dubinin–Radushkevich (D-R) models. 
The kinetics data were successfully fitted by a pseudo-
second-order model. The in vitro antibacterial activity of 
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efficiency, simple process, and reduced cost [7]. Activated 
carbon, clays, and polymeric materials are considered as 
the usual adsorbents [8]. There are desirable properties 
for activated carbon, namely large surface area, extremely 
developed porosity, and high surface reactivity [9]. High 
production cost of this compound caused limitation in its 
application as absorbent. Therefore, effort is still needed to 
exert more impressive adsorbents.

Zeolites are naturally occurring aluminosilicates which 
can be also obtained by synthesis and characterized by high 
internal and external surface areas. Several types of moi-
eties such as water and alkaline/alkaline earth metals can 
be hosted or adsorbed in both natural and synthetic zeolites 
porous and channels. The NaP zeolite which has a gismon-
dine (GIS) framework topology is a synthetic zeolite with 
two channels along [100] and [010] directions that both 
delimited by elliptical eight-membered tetrahedral rings 
with variable apertures depending on the framework flex-
ibility of (3.1 Å × 4.5 Å) and (2.8 Å × 4.8 Å), respec-
tively [10]. Literature reviews show that zeolites in general 
are very effective for the removal/immobilization of toxic 
and radioactive waste species, heavy metals and ammo-
nium from wastewaters, and seawater potassium extraction, 
and also they apply for the production of environmentally 
friendly detergent [11].

Hydroxyapatite (HAp), Ca10 (PO4)6(OH)2, is a class 
of materials from different origins (mineral, synthetic, 
and derived from animal and fish bones) which has been 
used as sorbent of heavy metals such as Pb, Zn, Cu, Cd, 
and Co [12–15]. Recently, Ramesh et al. [16] have used 
a hydroxyapatite as an adsorbent in the removal of heavy 
metals in both single and binary systems. Corami et al. [17] 
studied the removal of copper and zinc by hydroxyapatite, 
while Sairam Sundaram et al. [18] have synthesized nano-
hydroxyapatite and tested it for the removal of fluoride. 
Dancuet al. and Lin et al. used HAp in the removal of nico-
tinic acid and phenol, respectively [19]. Besides, HAp spe-
cial in nanoform has high biocompatibility and bioactivity 
properties [20].

Herein, we report the synthesis and characterization of 
hydroxyapatite/NaP nanocomposite. It explored the possi-
bility of using this composite as an adsorbent for efficient 
removal of Pb(II) and Cd(II) from aqueous solution. The 
nanocomposite adsorbent was characterized by X-ray dif-
fraction (XRD), Fourier transform infrared (FT-IR) spec-
troscopy, scanning electron microscopy (SEM), energy-dis-
persive X-ray analysis (EDAX), surface area measurements 
(BET), and thermogravimetric analyses (TGA). The 
adsorption of Pb(II) and Cd(II) on HAp/NaP was also 
investigated through batch experiments. To obtain the 
optimized condition for application of this compound as 
adsorbent, we studied different parameters such as contact 
time, pH, initial metal ion concentration, and the dose of 

adsorbent. Moreover, different adsorption isotherms (Fre-
undlich, Langmuir, Temkin, and Dubinin–Radushkevich) 
were evaluated. The adsorption kinetic parameters were 
determined to obtain the adsorption capacity for lead and 
cadmium solutions. Finally, in vitro antibacterial activity of 
these nanocomposites was evaluated against Bacillus sub-
tilis (as Gram-positive bacteria) and Pseudomonas aerugi-
nosa (as Gram-negative bacteria) via utilizing the agar disc 
diffusion method under anaerobic conditions and compared 
with standard drugs.

Materials and methods

Materials

The starting materials such as silica gel, sodium hydrox-
ide, aluminum hydroxide, calcium nitrate (CNT), potas-
sium dihydrogen phosphate (KPP), ammonia, sulfuric acid 
(H2SO4), and deionized water were used in this study (all 
chemical materials supplied by Merck).

Characterization techniques

The preliminary XRD identification of crystalline phases 
was carried out by a Philips X’Pert diffractometer operat-
ing with Cu-Kα radiation. XRD patterns with better sta-
tistics were also collected on the HAp/NaP nanocompos-
ite with 1:1 molar ratio of HAp and NaP using a Bruker 
D8 Advance diffractometer with an X-ray tube operating 
at 40 kV and 40 mA and equipped with a Si(Li) solid-
state detector (Sol-X) set to measure Cu-Kα1,2 radia-
tion. Measuring conditions were 5–95° range, 0.02° scan 
step, and counting time per step is 4 s. Rietveld refine-
ment of this diffraction pattern was performed by the 
TOPAS v.4.1 program (Bruker AXS). The crystallite size 
of NaP and HAp in the composite was determined by 
the Double-Voigt approach as implemented in TOPAS. 
In particular, the crystallite size was calculated as vol-
ume-weighted mean column heights based on integral 
breadths of peaks.

FT-IR spectra were recorded by a Galaxy series FT-IR 
5000 spectrometer. TG/DTA curves were measured by a 
Diamond TG/DTA PerkinElmer thermoanalyzer. SEM 
images were acquired by a Philips XL30 electron micro-
scope. BET was recorded by Belsorp mini II.

Preparation of HAp

Syntheses of hydroxyapatite powder were done accord-
ing to the following procedure: 0.05 mol (1 M) of CNT 
and 0.03 mol (0.6 M) of KPP were completely dissolved 
in 50 mL of deionized water at ambient temperature. The 
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solution of CNT was added slowly to the KPP solution. 
The pH value was adjusted to 11 by ammoniac solution. 
The reaction mixture was stirred 1 h and then kept for 24 h 
to complete the reaction. The final milky suspension was 
then filtered off and washed two times with hot water for 
the removal of residual potassium, ammonium, and nitrate 
ions. This product was dried at 40 °C for 24 h. The precipi-
tate was calcinated at 600 °C for 1 h.

Preparation of HAp/NaP composite

Various aliquots (0.175, 0.350, and 0.700 g) of the prepared 
hydroxyapatite were initially added to a zeolite gel. For the 
preparation of the zeolite gel, the following procedure was 
applied: To an Erlenmeyer flask on the stirrer, 16.13 g of 
sodium silicate (containing 19.8 wt% SiO2), 6 mL of ini-
tiator, 13.2 mL of sodium hydroxyl (24 wt%), and 5.2 g 
of deionized water were added. The stirring of this reac-
tion has been continued for 15 min. The mixtures were 
then placed in an autoclave at 100 °C for 26 h. The three 
composites with different ratios of HAP/zeolite gel (0.5:1, 
1:1, and 2:1) were synthesized and then filtered and washed 
with deionized water repeatedly in order to reach pH of 
7. Gel-like products were dried at ambient temperature to 
yield white powders, and then they were used as adsorbents 
for the removal of Pb(II) and Cd(II) from aqueous solutions 
in the batch mode experiment.

Adsorption studies

The bath adsorption experiment of lead(II) and 
cadmium(II) from single aqueous solutions was performed. 
2 g/L of adsorbent was contacted with 25 mL of metal 
solution with desired concentration, pH, and temperature. 
To achieve saturated adsorption, the sample solution was 
shaken for 2 h at ambient temperature, and then, the solid 
was separated from the solutions and the concentration of 
the residue Pb(II) and Cd(II) was determined by a Perki-
nElmer Analyst 2380 AAS.

The adsorption capacity of lead(II) and cadmium(II) 
ions (mg/L) on to the HAp/NaP was calculated according 
to the following equation:

(1)qe =
(C0 − Ce)V

W

where C0 and Ce are the initial and equilibrium concen-
tration (mg/L) of lead(II) or cadmium(II) ions, respec-
tively. Also, qe (mg/g) is the amount of adsorbate adsorbed 
per unit mass of adsorbent, V is the volume solution (in 
liter), and W is the weight of HAp/NaP nanocomposite (in 
grams).

The removal efficiency of metal ions from aqueous 
solution (in percent) was calculated by the following 
equation:

Antibacterial activity study

The in vitro antibacterial activity of the investigated com-
pounds was tested against pathogenic Gram-negative bac-
teria such as P. aeruginosa (ATCC 27853) and Gram-pos-
itive bacteria such as B. subtilis (ATCC 6633) using the 
paper disc diffusion method according to the procedure 
described by Hwang and Ma [21]. This method is a way 
to measuring efficiency of an antibacterial agent against 
the mentioned bacterial growth. Muller Hinton broth was 
used for preparing culture media for the bioassay of the 
organisms. A lawn culture from 0.5 Mac Farland suspen-
sion of each strain was prepared on Muller Hinton agar. 
The agar medium was sterilized in autoclave and cooled 
to room temperature, and then introduce into sterilized 
petri dishes. The bacteria are swabbed uniformly across 
a culture plate, while the petri dishes are cooled over 
24 h. Discs of samples were placed on the surface of the 
medium, and finally, all petri dishes containing bacteria 
and antibacterial reagents were incubated and maintained 
at 37 °C for 24 h. The diameters of the inhibition zones 
formed around each disc were determined and presented 
in mm.

Results and discussion

Table 1 shows the effect of hydroxyapatite dose on 
removal of lead(II) and cadmium(II). HAp/NaP nano-
composite with 1:1 molar ratio of HAp to NaP shows 
the best result for the adsorption of heavy metals. 
Therefore, this sample was selected for the examined 
characterizations.

(2)%Removal =
C0 − Ce

C0

× 100

Table 1  Effect of 
hydroxyapatite dose on removal 
of lead(II) and cadmium(II)

Hydroxyapatite (g) Pb(II) (removal %)
2 h/pH = 5/25 ppm/0.05 g/25 °C

Cd(II) (removal %)
2 h/pH = 8/5 ppm/0.05/25 °C

0.175 %R = 59.64 %R = 42.6

0.350 %R = 98 %R = 99.96

0.700 %R = 69.6 %R = 62.3
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FT‑IR analysis

The FT-IR spectrum of the nanocomposite of NaP, HAp/
NaP, and HAp is revealed in Fig. 1. The positions of the 
significant absorption bands for the NaP zeolite are as fol-
lows: 3466, 1653, 1012,799, and 437 cm−1. The bands at 
3466 and 1653 cm−1 can be attributed to the hydroxyl group 
stretching vibration and H–O–H bending vibration, respec-
tively [22]. The band at 1012 cm−1 is related to internal tet-
rahedral asymmetrical stretching, and the band at 799 and 
437 cm−1 is ascribed to amorphous SiO2 stretching vibra-
tion and TO4 (T=Si, Al) bending mode, respectively [23]. 
There are eight main absorption bands for hydroxyapatite 
at 3574, 1456, 1035, 962, 854, 601, 567, and 474 cm−1. 
The peak at 3574 cm−1 is assigned to the stretching vibra-
tion of OH in hydroxyapatite lattice. Two peaks at 1456 
and 854 cm−1 are assigned to carbonate group. The band 

at 1035 cm−1 is attributed to P=O stretching vibration 
of PO4

3−. The band at 962 cm−1 is attributed to symmet-
ric P=O stretching vibration (ν1). The bands at 567 and 
601 cm−1 are ascribed to the ν4 bending vibration of phos-
phate group, and the 474 cm−1 band resulted from the ν2 
phosphate mode [24]. Finally, in the spectrum of compos-
ite, the bands at 3480 and 1653 cm−1 are attributed to the 
OH stretching and bending vibration, respectively. The peak 
at 1030 cm−1 is related to the P=O stretching vibration of 
PO4

3−. The band at 742 cm−1 is attributed to amorphous 
SiO2 stretching vibration. The band at 605 cm−1 is assigned 
to the bending vibration of phosphate group, and the band at 
435 cm−1 is ascribed to the TO4 (T=Si or Al) bending mode 
[23]. It is clear that the FT-IR spectrum of HAp/NaP nano-
composite shows both the characteristic absorption bands of 
hydroxyapatite and NaP zeolite. These results suggested the 
presence of Hap and NaP phases in the product.

Fig. 1  FT-IR spectra of NaP 
(a), HAp/NaP nanocomposite 
(b), and hydroxyapatite (c)
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XRD

Besides the preliminary XRD analysis for phase identifi-
cation, a diffraction pattern with better statistics was col-
lected and fitted by the Rietveld method (Fig. 2a) in order 
to determine some structural and microstructural features 
of the HAp/NaP nanocomposite. The most intense charac-
teristic XRD peaks of NaP zeolite at 2θ = 12.48°, 17.92°, 
21.79°, 28.10°, and 33.40° are clearly visible, showing 
that a relatively well-crystallized gismondine-like zeolite 
has been obtained by synthesis and preserved in the HAp/
NaP composite. On the contrary, only very broad and 
weak diffracted peak at about 2θ = 29° can be attributed 

to hydroxyapatite [25]. This is consistent with the very 
low loading of HAp in the composite (below 50 mg in 
1 g of zeolite) and the very small nanosize of HAp which 
could also be incorporated into the zeolite pores in agree-
ment with what reported by other researchers [26, 27]. 
Rietveld fit for HAp/NaP nanocomposite showed that 
the gismondine-like zeolite structure can be successfully 
modeled based on the crystal structure model of synthetic 
Na-exchanged P2 by Hansen et al. [28] in the orthorhom-
bic Pnma space group. Refined unit cell parameters are as 
follows: a = 9.957(1) Å, b = 9.978(1) Å, c = 10.093(1) 
Å. The Rietveld fits confirm that the broad diffraction 
peak around 2θ = 29° is consistent with the occurrence of 

Fig. 2  a Rietveld fit of XRD 
pattern of HAp/NaP nanocom-
posite, b XRD pattern of HAp/
NaP nanocomposite with 3:1 
ratio
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nano-hydroxyapatite (crystallite size ~8 nm), modeled on 
the basis on the hydroxyapatite crystal structure model of 
El Feki et al. [29] in the P63/m space group with refined 
unit cell parameters: a = 10.53(1) Å, c = 6.88(1) Å. For 
further considerations, we investigated XRD pattern for 
HAp/NaP nanocomposite with 4:1 ratio that in addi-
tion to NaP peaks (Fig. 2b), the main peaks related to the 
hydroxyapatite at 2θ = 12.63°, 18.44°, 21.80°, 28.43°, 
29.52°, 44.27°, 46.12°, 48.62°, 50.12 are attributed. So this 
indicates the presence of crystalline HAp and NaP zeolite 
in the composite.

SEM

The morphologies of obtained product were observed by 
electron microscopy. Figure 3a–d shows SEM images of 

HAp/NaP nanocomposite and hydroxyapatite. SEM image 
of HAp/NaP composite (Fig. 3a, b) clearly indicates the 
presence of both the cactus-like and diamond-like morphol-
ogies. These morphologies show the NaP phase in the com-
posite, and it is similar to what previously reported [30] 
and the size of diamond-shape particle is about 1–2 µm. 
Figure 3c, d shows that the particle size of HAp in the com-
posite is about 40–70 nm. It could be explained that the 
zeolite network might have possibly acted as a dispersing 
agent for the hydroxyapatite nanocrystals over the external 
surface of the zeolite crystals and/or into the NaP zeolite 
pores.

Figure 4a, b shows the EDAX spectra of HAp and HAp/
NaP nanocomposite, respectively. The detected atomic 
Ca/P ratio for the pure HAp sample is 1.55 which is in the 
range of ideal stoichiometric hydroxyapatite. As shown in 

Fig. 3  SEM micrograph of a, b HAp/NaP nanocomposite and c, d HAp
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Fig. 4b, the presence of Si, Al, and Na is clearly attribut-
able to the NaP zeolite, whereas the minor presence of Ca 
and P can be related to hydroxyapatite. It is consistent with 
the small HAp/NaP ratio and the possible encapsulation of 
HAp nanocrystals into the zeolite pores [26, 27].

Also, it seems that the fine dispersion of HAp by consid-
ering the XRD and SEM in lower ratio without significant 
aggregation of HAp nanocrystallites that may cause the 
1:1 molar ratio of HAp to NaP was the best ratio for the 
adsorption of heavy metals.

BET

Nitrogen adsorption–desorption

The specific surface areas and pore volume of the adsor-
bent were estimated by nitrogen adsorption at relative 
pressures (P/P0) in the range of 0.008–0.5. The BET data 
for the NaP zeolite after loading of hydroxyapatite show 
a small decrease from 45 to 35.62 m2/g. Since the zeolite 
framework structure is not affected by incorporated HAp as 
shown by the XRD pattern and SEM, the reduction in sur-
face area and pore volume provides the presence of HAp in 
the cavities [31].

The N2 adsorption/desorption isotherms of as-synthe-
sized materials are given in Fig. 5. These isotherms can be 
classified as type I characteristic of the microporous mate-
rials [32, 33].

Thermal analysis

The TG-DSC curves of the NaP zeolite demonstrated two 
mass loss steps for NaP zeolite (Fig. 6a). The first loss of 
about 10 % in the temperature range 25–200 °C, associated 

with an endothermic DTA peak, can be ascribed to release 
of water. The second event with loss of about 4.1 % in the 
temperature range 200–400 °C can be attributed to the 
removal of hydroxyl groups. A third step marked by weak 
endothermic peaks in the temperature range 400–700 °C 
might be related to some phase transformations which are 
known to occur in gismondine-like structures [30, 34, 35].

TG/DTA curves of HAp/NaP nanocomposite adsorbent 
were recorded at 10 °C/min in inert atmosphere over a tem-
perature range of 30–900 °C (Fig. 6b). The 11.85 % weight 
loss in the first region can be attributed to the adsorbed 
water in zeolite NaP (30–200 °C). The 5.06 % weight loss 
in the second step (200–500 °C) may be assigned to both 
the removal of the hydroxyl group of zeolite and conden-
sation of the hydrogen phosphate groups to form pyroph-
osphates (P2O7

2−) in the hydroxyapatite. The weight loss 
about 4.65 % occurring in the last step at about 800 °C can 
be ascribed to the phase transformation of zeolite and the 
conversion of P2O4

4− to form PO4
3− [36, 37].

Fig. 4  a EDAX spectra of the 
hydroxyapatite, b HAp/NaP 
nanocomposite

Fig. 5  Adsorption/desorption isotherm of HAp/NaP nanocomposite
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Batch experiments

Effect of contact time

The effect of contact time on percentage removal of 
lead(II) and cadmium(II) from aqueous solution was stud-
ied in the different time ranging from 30 min to 24 h. The 
initial metal concentration of 100 ppm for each solution 
and pH of 6 were used according to other works [4, 38]. 
After pre-defined contact time, the adsorbent was sepa-
rated and the residual metal concentration was analyzed. 
The effect of contact time on Pb(II) and Cd(II) adsorp-
tion efficiency is shown in Fig. 7a. It can be observed that 
the rate of removal of Pb(II) and Cd(II) ions was higher 
at the initial stage, very likely due to the availability of 
more active sites on the surface of nanocomposite. It 
became slower at the later stages of contact time, due to 
the decreased number of active sites [2]. It is clear from 
Fig. 7a that up to l2 h, the removal efficiency was very 
high reaching 95 % and further increase in contact time 
did not significantly reduced the ion removal. However, 
the contact time of 2 h was considered as the equilibrium 
time for maximum adsorption. The initial faster rate may 
be attributed to the availability of the uncovered surface 
area of the HAp/Nap nanocomposite, since the adsorption 
kinetics depends on the surface area of the adsorbents. The 
metal ion adsorption takes place at the more reactive sites. 
As these sites are increasingly filled, the sorption process 
becomes less favored [39].

Effect of pH

The adsorption of lead(II) and cadmium(II) on HAp/NaP 
as a function of initial pH in optimized reaction condi-
tions (contact time, initial metal concentration, amount 
of HAp/Nap, and temperature) was analyzed by adjust-
ing the pH of the aqueous solution at rang of 3–9 with 
HNO3 (0.1 N) or NaOH (0.1 N). After 2 h, the suspen-
sion was filtered and the residual concentration of metal 
ions was evaluated. From Fig. 7b, it was found that the 
maximum adsorption with % R = 97.8 and % R = 98.8 
is achieved at pH of 5 for Pb(II) and pH of 8 for Cd(II), 
respectively. Thus, pH of 5 and 8 for these ions was 
taken into consideration for further investigations. The 
HAp was not dissolute from the zeolite at the low pH. 
For this purpose, we investigated the FT-IR and XRD of 
adsorbent after treatment with acid, and there were not 
any drastic changes in the spectrum and they were like 
fresh adsorbent.

Figure 7b shows that the Pb(II) adsorption capacity for 
HAp/zeolite increases slightly with increasing initial pH 
from 3 to 5, but it decreases continuously with increasing 
pH from 5 to 9. This indicates that the Pb(II) adsorption 
capacity for HAp/zeolite in acidic solution is better than 
neutral or alkaline solution. According to the literature, 
at low pH (<6) the positively charged Pb(II) species are 
dominant and adsorption on nanocomposite takes place 
in faster rate. There are several lead species with differ-
ent charges in the higher pH values (6–9) like Pb(OH)+ 

Fig. 6  a TG/DTG/DTA curves of NaP, b HAp/NaP nanocomposite



1923J IRAN CHEM SOC (2016) 13:1915–1930 

1 3

and Pb(OH)2. Thus, the removal of lead in these pH 
ranges is possibly accomplished by simultaneous precipi-
tation of Pb(OH)2 and sorption of Pb(OH)+ [2]. In case 
of Cd(II), adsorption capacity decreased slightly with 
increasing pH from 3 to 5, but it increased continuously 
with increasing pH from 5 to 8, and then, a decreasing 
pH of 9 was observed. So these results indicate that the 
Cd(II) adsorption capacity in alkaline solution is better 
than in acidic solution. The growth in Cd(II) removal 
with increasing pH can be explained on the basis of a 
decrease in competition between proton and Cd(II) for 
the surface sites and so the decrease in the positive sur-
face charge, which results in a lower columbic repulsion 
of the sobbing Cd(II) [40].

Adsorbent dose

Figure 8a shows the effect of adsorbent dose on removal 
of Pb(II) and Cd(II) from aqueous solution. The tests were 
made by various adsorbent doses of 1, 2, 3, and 4 g/L. 
Other parameters such as initial concentration, contact 
time, pH, and temperature were maintained constant and 
based on the obtained optimum conditions in previous sec-
tions. As it is shown in Fig. 8b, there was no significant 

change in adsorption removal efficiency by using dif-
ferent dose of adsorbent. However, increment of HAp/
NaP amount provides greater sorption sites while a large 
amount of the adsorbent effectively reduces the unsatura-
tion of such sites of per unit mass, resulting in the great 
reduction in per unit mass adsorption at higher HAp/NaP 
amount [41]. Thus, the dose of 2 g/L, which gave maxi-
mum metal ion removal, was taken into consideration for 
further experiments.

Effect of temperature

To study the temperature effect on Pb(II) and Cd(II) 
adsorption, the adsorption of Pb(II) and Cd(II) solution 
in optimum condition was examined at four temperatures 
20, 30, 40, and 50 °C. As shown in Fig. 8b, it was found 
that by increasing the temperature from 20 to 50 °C, the 
maximum adsorption capacity decreased. This indicates 
that the adsorption of Pb(II) and Cd(II) by HAp/NaP nano-
composite is an exothermic process [34]. This was further 
supported by calculating thermodynamic parameters such 
as free energy change (ΔG), enthalpy change (ΔH), and 
entropy change (ΔS). These parameters were calculated 
using the following equation [42]:

Fig. 7  a Effect of contact time 
on the amount of removal of 
heavy metals adsorbed on HAp/
NaP. b The effect of pH value 
on the amount of removal of 
heavy metals adsorbed on HAp/
NaP
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where ΔΗ and ΔS are the change in enthalpy and entropy 
of adsorption, respectively, and R refers to the universal 
gas constant (8.314 kJ/mol K). Kc value is the equilibrium 
constant and calculated from Langmuir isotherm. Values of 
ΔΗ and ΔS were calculated from the slope and intercept 
of Vant Hoff plot (Log Kc versus 1/T) and represented in 
Table 2. The Gibbs free energy change values in each tem-
perature were found as negative, which indicated the spon-
taneity and feasibility of the adsorption. The negative value 
of enthalpy indicates the exothermic process of adsorp-
tion. The positive value of ΔS suggests that the entropy 
is responsible for making the ΔG negative value. So the 
adsorption process was spontaneous.

Effect of type of adsorbent

The influence of the type of adsorbent was investigated in 
the presence of HAp/NaP nanocomposite, hydroxyapatite 

(3)LogKc =
�S

2.303R
−

�H

2.303RT

(4)�G = �H− T�S

and zeolite NaP single components for the removal of lead 
and cadmium ions. These tests were studied in the obtained 
optimized conditions (time, pH, temperature, and adsorbent 
dosage). As shown in Fig. 8c, the removal of both ions with 
HAp/NaP nanocomposite was higher than hydroxyapatite 
and zeolite NaP adsorbents. The literature review showed 
that hydroxyapatite and zeolite NaP were found to be useful 
for heavy metal removal. HAp had better performance for 
water treatment due to its greater retention of heavy metals, 
its lower solubility in a wide range of pH, and the different 

Fig. 8  a Effect of adsorbent dosage on the removal of Pb(II) and Cd(II), b Effect of temperature on the adsorption of Pb(II) and Cd(II) to HAp/
NaP. c The comparison of HAp/NaP with HAp and zeolite as an adsorbent for the removal of Pb(II) and Cd(II)

Table 2  Thermodynamic parameters of HAp/NaP nanocomposite in 
the removal of Pb(II) and Cd(II)

Temperature (K) ΔG° (Kj mol−1)

Pb(II) Cd(II)

293 −19.147 −17.89

303 −20.33 −19.56

313 −20.36 −21.19

323 −28.52 −21.33

ΔH° (K j mol−1) −72.997 −15.953

ΔS° (j mol−1 K−1) 311.1 116.71
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active mechanisms for the removal of metal cations such as 
ion exchange processes, adsorption, and dissolution/precipi-
tation. Nevertheless, it seems that HAp does not regener-
ate and it is not recoverable [6]. According to the obtained 
results in Fig. 8c, it is very likely that coupling the relative 
merits of zeolite adsorbents (large surface area) with those 
of HAp listed above causes to HAp/NaP nanocomposite that 
is a very performing adsorbent for removal of heavy metals 
in comparison with only the zeolite and HAp.

Adsorption isotherms

Adsorption experiments for equilibrium process study were 
done under derived optimum experimental parameters for 
each metal ion solution. Figure 9 shows the relationship 
between the ions adsorbed per unit mass of adsorbent and 
its present concentration in solutions. It indicates that the 
composite of HAp/NaP is a suitable adsorbent for remov-
ing Pb(II) and Cd(II) from aqueous solutions, and it exhib-
ited higher adsorption capacity for Pb(II) than Cd(II) in 
solutions.

Equilibrium relationships between adsorbent and 
adsorbate can be described by several models. Experimen-
tal models can be used to determine the design of adsorp-
tion. The empirical data obtained in the present work 
were examined by the Freundlich, Langmuir, Temkin, and 
Dubinin–Radushkevich isotherms. The linear form of Fre-
undlich isotherm equation is given by Eq. 5:

where Ce and qe are the equilibrium concentration of metal 
ions in the liquid phases (mg L−1) and adsorbed concentra-
tion (mg g−1), respectively. Kf and nf are Freundlich con-
stants, while Kf (mg g−1) is related to the bonding energy 
and nf gives an indication of how desirable the adsorption 
process. The forms of Langmuir and the other isotherms 
are given in Table 3 [43].

In the equations in Table 3, qm is the maximum sorp-
tion capacity (mg g−1), KL Langmuir constant is related 
to energy of adsorption (L mol−1), AT and bT are Temkin 
isotherm constant, BD is Dubinin–Radushkevich isotherm 
constant, and also qD is Dubinin–Radushkevich isotherm 
constant (mmol g−1).

The Freundlich isotherm can be applied to describe the 
multilayer adsorption on the heterogeneous surface, and 
Langmuir model is the best known isotherms to describe 
the monolayer adsorption on the homogeneous surface. 
The derivation of the Temkin isotherm assumes that the 
fall in the heat of sorption is linear rather than logarithmic, 
as implied in the Freundlich equation. Finally, the other 
adsorption isotherm, the Dubinin–Radushkevich model 
(D-R), was applied to calculate adsorption data for the 

(5)Ln qe = 1/nf Ce + ln Kf

Fig. 9  Adsorption isotherm for metal ion adsorption on HAp/NaP at 
optimum conditions

Table 3  Isotherm constants for two-parameter models by linear regression

Isotherm Form Plot Slope intercept

Langmuir Ce

qe
=

Ce

qm
+

1

qmKL

Ce/qe versus Ce
1

qm

1

qmKL

Temkin qe = RT/bT ln(ATCe) qe versus ln Ce RT/bT RT ln(AT)/bT

Dubinin–Radushkevich qe = qD exp(−BD[RT ln(1 + 1/Ce)]
2) Ln qe versus (ln(1 + 1/Ce)

2) −BD R2 T2 ln(qD)
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determination of the adsorption process nature (chemical 
or physical adsorption) [44]. The obtained parameters of 
all isotherm models for adsorbed Pb(II) and Cd(II) on the 

HAp/NaP nanocomposite along with coefficient correlation 
(R2) are shown in Table 4.

The plot of Ln qe versus Ln Ce is illustrated in Fig. 10a. 
Based on the value of the correlation coefficient (R2), the 
Freundlich model gave a much better fit to the experimen-
tal data in Cd(II) in comparison with Pb(II) ion solution. 
Figure 11 shows that the experimental data for the removal 
of Pb(II) and Cd(II) ions were fitted by a Langmuir model 
for the studied concentration with a satisfactory agree-
ment factor of regression (R2). Figure 10b shows the fitting 
plot of Temkin adsorption of Pb(II) and Cd(II) onto HAp/
NaP composite. The plot of Ln qe versus ɛ2 (ɛ = [RT Ln 
(1 + 1/Ce)]

2) for adsorbed metal ions on the composite is 
shown in Fig. 10c. The value of mean free energy, E, can be 
calculated as follows:

 where the mean free energy, E, of sorption is 2.72 and 2.84 
(Kj mol−1), respectively, which is below 8 (Kj mol−1). It indi-
cates that the adsorption process of Pb(II) and Cd(II) ions on 
the adsorbent involves a physical adsorption mechanism [22].

The maximum adsorption capacity of HAp/NaP was 
55.55 mg Pb(II)/g and 40.16 mg Cd(II)/g (see Table 4). The 

(6)E =
1

√
2kD

Table 4  Isotherm parameters for sorption of Pb(II) and Cd(II) by 
HAp/NaP

Isotherm Pb(II) Cd(II)

Freundlich nf = 1.629
Kf = 18.5079  

(mg g−1)
R2 = 0.8941

nf = 2.047
Kf = 7.530 (mg g−1)
R2 = 0.9923

Langmuir qm = 55.55 (mg g−1)
KL = 0.747 (L g−1)

R2 = 0.9762

qm = 40.16 (mg g−1)
KL = 0.229 (L g−1)

R2 = 0.9638

Temkin bT = 247.37
AT = 14.253  

(L mol−1)
R2 = 0.9932

bT = 410.44
AT = 7.4939  

(L mol−1)
R2 = 0.8965

Dubinin–Radushk-
evich

qD = 34.9808  
(mg g−1)

KD = 0.0676  
(mol2 Kj−2)

E = 2.72 (Kj mol−1)
R2 = 0.979

qD = 19.3791  
(mg g−1)

KD = 0.0632 
(mol2 Kj−2)

E = 2.84 (Kj mol−1)
R2 = 0.7134

Fig. 10  a Freundlich, b Tem-
kin, and c Dubinin–Radushk-
evich isotherms of metal ions on 
HAp/NaP
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adsorption capacity of HAp/NaP for Pb(II) and Cd(II) is com-
pared with other adsorbents (Tables 5, 6). The value of Pb(II) 
and Cd(II) uptake by HAp/NaP found in this work is signifi-
cantly higher than that of other adsorbents. From Tables 5 and 
6, it can be realized that HAp/NaP is an efficient adsorbent 
for the uptake of Pb(II) and Cd(II) from aqueous solution.

Adsorption kinetics

The kinetic studies of sorption process were carried out 
to determine the equilibrium time and rate mechanism 

of adsorption. In order to estimate the rate constant, the 
pseudo-second-order kinetic model was considered. The 
pseudo-second-order equation can be written as follows 
[63]:

where k2 is the rate constant of second-order rate adsorption 
in (g mg−1 min−1). The value of qe and k2 can be determined 
from the slope and intercept of the plot obtained by plotting 
t
qt

 versus t. Figure 12 shows the plot of kinetic model for 
adsorption of Pb(II) and Cd(II) on HAp/NaP nanocompos-
ite. The high correlation coefficient (R2 = 0.999) for both 
Pb(II) and Cd(II) indicated the pseudo-second model which 
perfectly fitted the experimental data.

Desorption experiment

Desorption studies were done by using lead(II) and 
cadmium(II) adsorbed on HAp/NaP nanocomposite. 2 
g/L of HAp/NaP sorbent was regenerated in 25 mL of 
lead(II) and cadmium(II) solutions (25 mg/L and 5 mg/L 
respectively) with using optimized pH (5 for Pb(II) and 
8 for Cd(II)). The used optimized pH for the investigated 
reactions were 5 for Pb(II) and 8 for Cd(II). After the 
equilibration, the filtrate of the reaction was measured 
for dose of lead(II) and cadmium(II). As a sequence, ion-
adsorbed nanocomposite samples were added into 25 mL 
of 0.01 N H2SO4 for 1 h, and then, the filtrate was meas-
ured for lead(II) and cadmium(II) content. For a second 
time, this adsorbent floated in desired solution of lead(II) 
and cadmium(II) for 2 h, and the concentration of residue 
ions was determined. This cycle was repeated 10 times. 
The amount of ions removed from the solution is given 
in Fig. 13. As shown in Fig. 13, the results indicated that 
the desorption of the adsorbed lead(II) and cadmium(II) 
in acid solution resulted about 70 and 64 % for lead(II) 
and cadmium(II), respectively, after 10 times sorption/
desorption experiment. The results showed that the high 

(7)

(

t

qt

)

=
1

k2q2e
+

1

qe
(t)

Fig. 11  Langmuir isotherms of Pb(II) and Cd(II) ions on HAp/NaP

Table 5  Comparison of 
Pb(II) adsorption capacities of 
different adsorbents

No Adsorbent Adsorption capacity (mg/g) Reference

1 Chicken feathers 8.63 [44]

2 Kaolinite clay 2.35 [45]

3 Commercial activated carbon, bamboo dust carbon 5.95, 2.15 [46]

4 Crab shell, arca shell 19.83, 18.33 [47]

5 Activated carbon powder 20.7 [48]

6 MoringaoleiferaBark 34.6 [49]

7 Activated alumina-supported iron oxide 35.45 [50]

8 Zeolite 3A 14.641 [51]

9 Calcite 19.92 [52]

10 Activated carbon prepared from Phaseolus aureus hulls 28.8 [53]
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desorption values were observed, and this adsorption of 
lead(II) or cadmium(II) ions on the investigated nanocom-
posite was physical. Hence, recovery of the absorbent is 
very easy. This result is according to the E value calculated 
by D-R isotherm in 3.6.7 section.

Biological studies

The in vitro antibacterial activities of HAp nanopowder 
and HAP/zeolite (0.5:1, 1:1, and 2:1) were studied with 

two standard antibacterial drugs, vancomycin and nali-
dixic acid. The microorganisms used in this study include 
B. subtilis (as Gram-positive bacteria) and P. aeruginosa 
(as Gram-negative bacteria). The results are presented 
in Table 6. Comparing the biological activity of the HAp 
nanopowder and HAP/zeolite (0.5:1, 1:1, and 2:1) with 
standard drugs indicates that incorporated nano-HAP to 
composite shows more inhibition on bacterial growth. It 
seems that the aggregation effect is very significant in anti-
bacterial activity of nano-hydroxyapatite that decreases 
with incorporated of zeolite. It is apparent that toxicity 
toward Gram-positive bacteria is more than Gram-negative 
strains, and because peptidoglycan is negatively charged, 
HAP nanoparticles are positively charged [21]. The reason 
is the difference in the structure of the cell wall. The walls 
of Gram-negative cells are more complex than those of 
Gram-positive cells, and lipopolysaccharides form an outer 
lipid membrane and contribute to the complex antigenic 
specificity of Gram-negative cells. Also, we know that 
some bacteria such as P. aeruginosa are a group of resist-
ant microorganism to many standard drugs, and they were 
found to have no activity against it. Then, it is interesting 
that P. aeruginosa was inhibited by these nanocomposites 
[64] (Table 7).

Table 6  Comparison of 
Cd(II) adsorption capacities of 
different adsorbents

No Adsorbent Adsorption capacity (mg/g) References

1 Calcite 18.52 [52]

2 Old newspaper 1.4405 [54]

3 Sugarcane Bagasse 6.79 [55]

4 Husk of Melon (Citrulluslanatus) Seed 7.81 [56]

5 Algerian Bentonite 13.17 [57]

6 KAO.1, MKB 7.407, 9.174 [58]

7 Hazelnut shell, Hazelnut shell ash 0.039, 0.004 [59]

8 Corncob 5.09 [60]

9 Grape stalk 27.88 [61]

10 Psidiumguvajaval/leaf powder 31.15 [62]

Fig. 12  Pseudo-second-order sorption kinetics of Pb(II) and Cd(II) 
onto HAp/NaP

Fig. 13  Amount of removal of ions for each experiment
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Conclusion

The nanocomposite of HAp/NaP was prepared and charac-
terized using various methods such as XRD, FT-IR, TGA/
DTA, BET, SEM, and EDAX. The results showed that with 
the addition of HAp-to-NaP zeolite, the nanosize crys-
tals of the synthesized HAp became more dispersed onto 
the zeolite external surface and/or incorporated within the 
zeolite channels and pores. It did not cause a significant 
reduction in the zeolite microporosity and crystallinity or 
collapse of the zeolite crystal structure. The nanocompos-
ite of HAp/NaP showed a good efficiency in Pb(II) and 
Cd(II) removal from aqueous solution. Optimum dose of 
adsorbent was found to be 2 g/L, and the adsorption capac-
ity of nanocomposite decreased with increasing pH for the 
removal of Pb(II), while removal of Cd(II) ions increased 
with increasing pH from 5 to 8. The effect of temperature 
on the adsorption of Pb(II) and Cd(II) ions was studied 
using optimum conditions such as adsorbent dose, pH, 
contact time, and initial concentration of aqueous solu-
tion. It was observed that there was small decrease effect in 
adsorption by increasing temperature. The effect of initial 
concentration was studied. It can be seen that the percent-
age removal of both ions decreases with increase in initial 
ion concentration. The optimum initial concentration was 
found to be 25 mg/L for Pb(II) ion and 5 mg/L for Cd(II) 
ion solution. The adsorption of heavy metal ions on HAp/
NaP obeyed a pseudo-second-order kinetic model. The 
equilibrium adsorption data of Pb(II) were fitted to the 
Temkin isotherm rather than the other isotherm models, 
and in case of Cd(II), the equilibrium data were fitted to 
the Freundlich isotherm model. The D-R isotherm model 
was also applied to analyze adsorption data. The value of 
obtained E indicates a physical adsorption mechanism for 
Pb(II) and Cd(II) on HAp/NaP. Results of antibacterial 
activity show that HAp/zeolite nanocomposites are active 
against most common Gram-positive and Gram-negative 
bacteria making it useful for wastewater treatment.
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