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In this study, the hydroxyapatite (HAp) nanopowders prepared by chemical precipitation method were
used as the adsorbent, and the potential of HAp nanopowders for phenol adsorption from aqueous
solution was studied. The effect of contact time, initial phenol concentration, pH, adsorbent dosage,
solution temperature and adsorbent calcining temperature on the phenol adsorption, and the adsorp-
tion kinetic, equilibrium and thermodynamic parameters were investigated. The results showed that the
HAp nanopowders possessed good adsorption ability to phenol. The adsorption process was fast, and it
reached equilibrium in 2 h of contact. The initial phenol concentration, pH and the adsorbent calcining
temperature played obvious effects on the phenol adsorption capacity onto HAp nanopowders. Increase
in the initial phenol concentration could effectively increase the phenol adsorption capacity. At the same
time, increase in the pH to high-acidity or to high-alkalinity also resulted in the increase in the phenol
adsorption capacity. Increase in the HAp dosage could effectively increase the phenol adsorption percent.
However, the higher calcining temperature of HAp nanopowders could obviously decrease the adsorption
capacity. The maximum phenol adsorption capacity was obtained as 10.33 mg/g for 400 mg/L initial phe-
nol concentrations at pH 6.4 and 60 °C. The adsorption kinetic and the isotherm studies showed that the
pseudo-second-order model and the Freundlich isotherm were the best choices to describe the adsorp-
tion behaviors. The thermodynamic parameters suggested that the adsorption of phenol onto HAp was
physisorption, spontaneous and endothermic in nature.
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1. Introduction

The pollutants of phenol (shown in Fig. 1) and related com-
pounds are widely produced by the coal conversion, petroleum
refining, resin and plastic industries, etc. [1]. These compounds are
toxic to humans and aquatic lives, causing oxygen demand in receiv-
ing waters [2,3]. Their presence in water supplies is noticed as a
bad taste and odor. Therefore, the wastewaters containing pheno-
lic compounds must be treated before their discharge into the water
streams [4].

Conventional methods for the removal of phenolic pollutants in
aqueous solutions can be divided into three main categories: phys-
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ical, chemical and biological treatment [5]. Among them, physical
adsorption method is generally considered to be the best, effec-
tive, low-cost and most frequently used method for the removal of
phenolic pollutants. The most popular and widely used adsorbent
material is activated carbon [6-8]. However, the high initial costand
the need for a costly regeneration system make the activated carbon
less economically viable as excellent adsorbent [9-12]. Therefore,
the search for low cost and easily available adsorbents has led many
researchers to search more economic and efficient techniques of
using the natural and synthetic materials as adsorbents [3,12-19].
Recently, using the natural and synthetic inorganic materials as
adsorbents has become one hot research field [3,13-19]. A sig-
nificant aspect of the inorganic adsorbents is that the bonding
forces between the adsorbent and the adsorbate are usually weaker
than those encountered in activated carbon or polymer adsorbents.
On the other hand, the inorganic adsorbents also possess excel-
lent thermal stability. Therefore, the regeneration of the inorganic
adsorbents can be accomplished by simple and non-destructive
methods, such as solvent washing or calcining, which provides the
potential approaches to recover these adsorbents. However, the
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Fig. 1. The chemical structure of phenol molecule.

adsorption ability of the traditional inorganic adsorbent materials
is low due to their low surface area. It is well known that the nano-
size adsorbents possess excellent surface properties, such as large
accessible internal and/or external surface. Therefore, the nano-
size adsorbents possess high adsorption ability. In these regards,
the nano-size inorganic material is one of the most widely used
candidates for adsorbents to remove the pollutants from aqueous
solutions.

Hydroxyapatite (HAp) nanopowders possess high biocompat-
ibility and adsorption properties, and have been widely used as
carriers for drugs and genes, adsorbents for chromatography to
separate proteins, and removal of heavy metal ions to recover
the contaminated soils, wastewater and fly ashes, etc. [20-25].
However, as to our knowledge, the adsorption and removal of the
phenolic compounds by HAp has not been reported.

The objective of this study was to investigate the potential can-
didate of HAp nanopowders as a new biocompatible adsorbent for
the adsorption of phenol pollutants from aqueous solutions. The
effect of contact time, initial phenol concentration, pH, adsorbent
dosage, solution temperature and adsorbent calcining temperature
on the phenol adsorption, and the adsorption kinetic, equilibrium
and thermodynamic parameters at various temperatures and con-
centrations were investigated.

2. Materials and methods
2.1. Adsorbent

The hydroxyapatite (HAp) nanopowders were synthesized by
chemical precipitation method. The procedure employed for the
synthesis of HAp nanopowders is as follows and all reagents
were analytical grade, purchased from Shanghai Chemical Co.,
Ltd., PR China and used without further purification. First, 0.5 M
Ca(NO3), solutions and 0.3 M (NH4),HPO4 solutions were obtained
by dissolving Ca(NOs3),-4H,0 and (NH4),HPO4 in distilled water,
respectively, and the pH of both solutions was adjusted to 11.0 by
adding ammonia solution. The reactant molar ratio of Ca/P was kept
at 1.667. The solution of (NH4 ), HPO4 was dropwisely added into the
Ca(NO3), solution, and the white suspension was obtained. During
the addition, the pH of the suspension was maintained at 11.0 using
ammonia solution. After the complete addition, the suspension was
further stirred for 24 h. Then the obtained suspension was filtrated
and washed with distilled water and anhydrous ethanol for three
times. The resultant powders were dried at 100 °C for 24 h, and then
calcined at 120, 600 and 900 °C for 2 h, respectively. The final prod-
ucts calcined at different temperatures were used as the adsorbents
for the phenol.

2.2. Adsorbent characterization

The synthesized powders were characterized by X-ray diffrac-
tion (XRD: D/max 2550V, Rigaku, Japan) with mono-chromated Cu
Ka radiation. The morphology and size of the synthesized pow-
ders were characterized by field emission transmission electron
microscopy (FETEM: JEM-2100F, JEOL, Japan). The chemical com-
position of the synthesized powders was analysed by inductively

coupled plasma atomic emission spectroscopy (ICP-AES; VISTA AX,
Varian Co., USA). The specific surface area of HAp nanopowders
calcined at different temperatures was determined by nitrogen
adsorption at 77 K (Micromeritics ASAP 2010, USA). Surface areas
were calculated from adsorption data using BET equation.

2.3. Phenol solutions

Phenol used in this study were obtained from Shanghai Chemi-
cal Co., Ltd. (analytical grade) and used without further purification.
Stock solutions were prepared by weighing out the pure crystalline
solid in distilled water for phenol. All solutions used in this study
were diluted with distilled water as required. The initial concen-
trations of phenol tested were 2, 6, 10, 20, 30, 100, 200, 300 and
400 mg/L. The prepared phenol solutions were stored in brown
color glass reservoirs to prevent photo-oxidation. The initial pH of
the working solution was adjusted by addition of 0.1 mol/L HCI or
0.01 mol/L NaOH solution.

2.4. Methods of adsorption studies

Batch adsorption studies were conducted by shaking the flasks
for a period of time using an air bath mechanical shaker. The exper-
imental process was as followings: put a certain quantity of HAp
nanopowders into conical flasks, then, added the phenol solution
in single component system, vibrated sometime at a constant speed
of 240rpm in a shaking air bath. After a period of shaking and
contact time, took out the conical flasks, filtrated to separate HAp
nanopowders and the solution. The phenol concentration analysis
of filtrate solution was immediately measured with UV/vis spec-
trophotometer (UV-2802S, Shanghai Unico Co., Ltd., PR China) at a
269 nm wavelength [26]. The phenol adsorption capacity (e, mg/g)
was determined as follows:

de=(Co- G (1)

where (C is the initial phenol concentration (mg/L), C; is the phe-
nol concentration at time t (mg/L), V is the volume (L) of aqueous
solution containing phenol, and m is the mass of HAp adsorbent (g).
The calibration plot of absorbance versus concentration for phenol
showed a linear variation up to 40 mg/L concentrations. Therefore,
the samples with higher phenol concentration (>40 mg/L) were
diluted with distilled water, whenever necessary, to make the con-
centration less than 40 mg/L, for the accurate determination of
phenol concentration with the help of the linear portion of the cal-
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Fig. 2. XRD pattern of the synthesized HAp nanopowders calcined at 120°C (A),
600°C (B) and 900°C (C).
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ibration curve. In order to evaluate the statistical significance of
data in the adsorption experiments, a preliminary experiment was
also repeated under identical conditions, showing that the error
reproducibility of the measurements was within 5% in the adsorp-
tion experiments.

The adsorption of the phenol was calculated by the difference
in their initial and final concentrations. Effect of pH (2-11), con-
tact time (0.25-8 h), adsorbent dosage (2-12 g/L), temperature (20,
40 and 60°C) and adsorbent calcining temperature (120, 600 and
900°C)on the phenol adsorption was studied. Each experiment was
repeated three times and the given results were the average values.

2.5. Batch kinetic, equilibrium and thermodynamic studies

To investigate the kinetics, equilibrium and thermodynamic of
the phenol adsorption on HAp nanopowders, 25 mg HAp nanopow-

ders was added into a conical flask containing 25mL phenol
solution with pH of 6.4 at various concentrations, and then vibrated
at a constant speed of 240 rpm using an air bath mechanical shaker.
In order to study the adsorption isotherms and thermodynamic, 4 h
of contact were applied to allow attainment of equilibrium at a con-
stant temperature of 20, 40 and 60 °C, respectively. For the kinetic
study, the samples were contacted for time intervals at various
temperatures. After shaking and contacting, took out the conical
flasks, filtrated to separate HAp nanopowders and the solution. The
phenol concentration of the filtrate solution was immediately mea-
sured. The phenol adsorption capacity (ge, mg/g) was calculated
according to Eq. (1). In the present study, the pseudo-first-order
[27], pseudo-second-order [28] and intraparticle diffusion model
[29] were used to characterize the kinetic models. The Langmuir
[30] and Freundlich [31] models were used to describe the equi-
librium nature of phenol adsorption onto HAp nanopowders. The
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Fig. 3. FETEM image of the synthesized HAp nanopowders calcined at 120°C (A), 600°C (B) and 900°C (C).
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Fig. 4. Effect of calcining temperatures on the specific surface area of the synthe-
sized HAp nanopowders.

equilibrium constants were used to calculate the thermodynamic
parameters, such as the change of Gibbs free energy (AG°), enthalpy
(AH®) and entropy (AS°).

3. Results and discussion
3.1. Characterization of the HAp nanopowders

Fig. 2 shows the XRD patterns of the synthesized powders cal-
cined at the different temperatures for 2 h. All the samples were
identified as HAp (JCPDS card: No. 24-0033). It could be seen that
there were numerous sharp peaks and low background in the XRD
pattern of the HAp powders. Meanwhile, the XRD pattern of the
samples did not reveal any other phases than HAp. It is clear to see
that increase the calcining temperature result in the higher crys-
talinity. The shape of the sharp diffraction peaks also indicates that
the synthesized samples are well crystallized.

The FETEM image (Fig. 3) indicated that the synthesized HAp
powders calcined at different temperatures were needle-like shape,
20-30nm in diameter and 30-120 nm in length with aspect ratio
ranging from 3 to 6. The results also showed that increased the
calcining temperatures resulted in the higher aggregation. The
aggregation will decrease the specific surface area (SSA), which
may ultimately decrease the adsorption capacity of phenol on HAp
nanopowders.

Fig. 4 shows the effect of calcining temperatures on the SSA of
HAp nanopowders. It is clear to see that the SSA decreased with
the increase in the calcining temperature. The HAp nanopowders
calcined at 120, 600 and 900°C had a SSA of 43.75, 42.26 and
11.98 m?/g, respectively. The decrease of the SSA was attributed to
the aggregation of the powders after calcining at high temperature.
All the powders calcined at different temperatures have the similar
Ca/P molar ration of 1.665, which was close to the theoretical value
of 1.667.

3.2. Effect of contact time on phenol adsorption

The adsorption rate of organic pollutants by the adsorbents is
relatively rapid and the adsorption equilibrium can reach in less
than 24 h [17,32]. Fig. 5 shows the effect of contact time on the
adsorption of the phenol on HAp nanopowders. The adsorption
equilibrium of phenol was achieved after 2 h and no remarkable
changes were observed for longer contact time, which also indi-
cated that the adsorption rate of phenol on HAp nanopowders was
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Fig. 5. Effect of contact time on phenol adsorption by HAp nanopowders at given
conditions: Co=10mg/L, pH 6.4, dosage=4g/L at 20°C, and adsorbents calcined at
120°C.

much faster than that of some other normal adsorbents for phe-
nol [17,32]. The rapid adsorption of phenol on HAp nanopowders
ensures that sufficient time is available for adsorption equilibration
to get at the usual operator condition of the adsorption. However,
for subsequent experiments, the samples were left for 4 h to ensure
the adsorption equilibrium. The equilibrium time of different initial
phenol concentrations was also conducted and the results showed
that the initial phenol concentrations had little effect on the adsorp-
tion equilibrium time.

3.3. Effect of pH on phenol adsorption

It is well known that the most critical parameter affecting the
adsorption process in the removal of phenol by the adsorption
method is the pH of the adsorption medium. This is due to the
charge of the adsorbate and the adsorbent often depending on the
pH of the solution. The adsorption of phenol on HAp nanopowders
was studied at different initial pH between 2 and 11. The pH before
and after adsorption was also measured and the results showed
that the difference between the two measured values of pH was
less than 0.2. Fig. 6 shows the effect of the initial solution pH on the
phenol adsorption onto HAp nanopowders at the given conditions.
Itis clear to see that the adsorption capacity decreases with increas-

1.2+
1.1
1.0 1

0.9 — \

0.8+

q, (mg/g)

0.7 1

0.6

0.5

2 4 6 8 10 12
pH

Fig. 6. Effect of pH on the phenol adsorption by HAp nanopowders at given con-
ditions: Co=10mg/L, dosage=4g/L, contact time=4h at 20°C, and adsorbents
calcined at 120°C.
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Fig. 7. Effect of HAp nanopowder dosage on phenol adsorption at given conditions:
Co=10mg/L, pH 6.4, contact time=4h at 20°C, and adsorbents calcined at 120°C.

ing pH up to 8.2 and then increased with further increasing the pH
to alkaline value. The maximal adsorption capacity of phenol onto
HAp nanopowders was at pH 2. At low pH values, the HAp would be
protonated and became positive and these led to donor-acceptor
interactions between the aromatic rings of the phenol [33]. At very
lower pH values, the surface of the HAp will be surrounded by the
hydrogenions, which enhance the interactions between phenol and
HAp through attractive force [33]. However, at high pH values of
alkalinity, the phenol would be ionized in solution and this led to
increase the ionic strength [8]. The increase in the ionic strength
resulted in the increase in the adsorption capacity [8]. However,
the details for the effect of pH on phenol adsorption mechanism
need to be further investigated.

3.4. Effect of HAp nanopowder dosage on phenol adsorption

Fig. 7 shows the adsorption percent (%) and adsorption capacity
(ge) of phenol as a function of HAp nanopowder dosage at the given
conditions. It is clear to see that the increase in the HAp dosage
results in an obvious increase in the phenol adsorption percent.
With the increase in HAp dosage from 2 to 4 g/L, the phenol adsorp-
tion percent increased rapidly from 32.5 to 35.5%. This was because
of the number of adsorption sites increased with the increase in
the adsorbent dosage. With a further increase in HAp dosage to
12 g/L, the phenol adsorption percent increased slightly to 37.0%.
The results also indicated that it was possible to remove phenol
completely when there was sufficient HAp surface area in solution.
On the other hand, the plot of adsorption capacity revealed that
the adsorption capacity was high at low dosages and reduced at

Table 1

high dosages. Many factors can contribute to this adsorbent con-
centration effect. The most important factor is that adsorption sites
remain unsaturated during the adsorption reaction. This is due
to the fact that as the dosage of adsorbent is increased, there is
less commensurate increase in adsorption resulting from the lower
adsorptive capacity utilization of the adsorbent [34-36]. Itis readily
understood that the number of available adsorption sites increases
with the increase in the adsorbent dosage and it, therefore, results
in the increase in the amount of adsorbed phenol molecular. The
decrease in adsorption capacity with the increase in the adsorbent
dosage is mainly attributed to the unsaturation of the adsorption
sites through the adsorption process [34-36]. The results of this
section also indicated that, in order to obtain the optimal adsor-
bent dosage, higher initial phenol concentrations should be tested
in conjunction with appropriate adsorbent dosage [37].

3.5. Effect of initial phenol concentration on
temperature-dependent adsorption

The initial phenol concentration provides an important driving
force to overcome all mass transfer limitations of phenol between
the aqueous and solid phases. Therefore, a higher initial phenol con-
centration will enhance the adsorption process. Table 1 shows the
effect of initial phenol concentration on the equilibrium adsorp-
tion capacity (ge) and adsorption percent (%) of phenol on HAp
nanopowders at different temperatures. It was clear to see that the
ge values increase with the increase in the initial phenol concentra-
tions or the solution temperatures. The maximum equilibrium ge
values were determined as 10.18, 10.27 and 10.33 mg/g for 400 mg/L
initial phenol concentrations at 20, 40 and 60 °C, respectively. How-
ever, there is no distinct difference in ge values with the initial
phenol concentration higher than 200 mg/L, which indicate that
the adsorption reaches saturation at high phenol concentration
because of the adsorbent offering a limited number of surface bind-
ing sites.

Al-Asheh et al. investigated the adsorption of phenol onto acti-
vated bentonites. The equilibrium uptake of phenol is 8.2-9.9 mg/g
[38]. Vipulanandan determined that the phenol adsorption capac-
ity on kaolin was 0.47 mg/g [39]. Batch adsorption of phenol on
the TiO, nanopowders was performed by Bekkouche et al. [16] and
the equilibrium phenol adsorption capacity was about 13 mg/g. The
studies of Ahmaruzzaman and Sharma showed that the phenol
adsorption capacity on coal was about 13 mg/g [32]. The adsorp-
tion capacity of phenol on fly ash was approximately 10 mg/g
determined by Sarkar and Acharya [40]. In the present study, the
adsorption capacity of phenol on HAp nanopowders was obtained
as 10.18-10.33 mg/g for 400 mg/L initial phenol concentration at
20-60°C. This result confirmed that the adsorption capacity of
HAp nanopowders for phenol was similar or higher than these
natural or synthetic inorganic adsorbents. However, the adsorp-

The equilibrium uptake capacities and adsorption percent obtained at different initial concentrations and temperatures: dosage=4g/L, pH 6.4, contact time=4h, and

adsorbents calcined at 120°C

Co (mg/L) 20°C 40°C 60°C
qe (Mg/g) Adsorption percent (%) ge (Mg/g) Adsorption percent (%) ge (Mg/g) Adsorption percent (%)

2 0.29 58.00 0.31 62.40 0.35 69.40
6 0.55 36.67 0.59 39.33 0.63 41.67
10 0.89 35.60 0.89 35.60 0.91 36.40
20 1.68 33.60 1.72 34.40 1.77 35.40
30 2.24 29.87 2.30 30.67 2.36 31.47
100 6.47 25.88 6.84 27.36 7.08 28.32
200 9.93 19.86 10.22 20.44 10.26 20.52
300 9.93 13.24 10.28 13.71 10.31 13.75
400 10.18 10.18 10.27 10.27 10.33 10.33
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Table 2

The equilibrium uptake capacities and adsorption percent obtained for differ-
ent adsorbent calcining temperatures: Co =20 mg/L, pH 6.4, dosage =4 g/L, contact
time=4h at the temperature of 20°C

Samples Adsorbent calcining temperature (°C)
120 600 900

qe (Mg/g) 1.68 1.57 1.18

Adsorption percent (%) 33.60 31.40 23.60

tion capacity of phenol on HAp nanopowders is low compared to
the usual adsorption capacities observed with activated carbons
(100-300 mg/g) [17]. This is most probably due to the small sur-
face area of the HAp nanopowders (43.75 m2/g) compared to those
usually associated with activated carbons (around 1000 m?/g) [17].
However, when normalized for the surface area, the adsorption
capacity for the HAp nanopowders (approximately 0.23 mg/m?2)
was similar to that generally observed with activated carbons
(0.05-0.3 mg/m?2). However, the HAp materials possess excellent
biocompatibility, easy to prepare in large scale and low-cost, which
may be the merit for HAp using as adsorbent to remove the phenolic
pollutants. Table 1 also demonstrates that the adsorption percent
decreased with the increase in the initial phenol concentration.
However, the adsorption percent showed opposite trend with the
increase in the temperatures. The maximum phenol adsorption per-
cent of the HAp nanopowders was determined as 69.40% for 2 mg/L
initial phenol concentrations at 60 °C. However, the adsorption per-
cent of the HAp nanopowders decreased to 10.33%, when the initial
phenol concentration increased to 400 mg/L. The increase in the
adsorption capacity and adsorption percent with the increase in the
contact temperatures was due to the increase tendency of adsor-
bate (phenol) to adsorbent (HAp), which might also indicate that
the adsorption of phenol onto the HAp nanopowders was endother-
mic in nature and might involve not only physical but also chemical
sorption [41].

3.6. Effect of adsorbent calcining temperature on phenol
adsorption

Table 2 shows the effect of HAp adsorbent calcining tempera-
tures on phenol adsorption capacity (qe) and adsorption percent
(%). It is clear to see that the increase in the adsorbent calcining
temperature result in an obvious decrease of the phenol adsorp-
tion capacity and adsorption percent on HAp nanopowders. With
the increase in calcining temperature from 120 to 600 °C, the phe-
nol adsorption capacity and adsorption percent decreased slightly
from 1.68 to 1.57 mg/g, and 33.60 to 31.40%, respectively. With a
further increase in the calcining temperature to 900 °C, the phenol
adsorption capacity and adsorption percent decreased remarkably
to 1.18 mg/g and 23.60%, respectively. The decrease of the adsorp-
tion ability was attributed to the decrease of the specific surface
area (SSA) of HAp adsorbent after calcining at high temperatures.
The surface properties of the adsorbents can apparently influence
the adsorption properties of the organic pollutants on adsorbents.
The SSA is one of the most important characteristics in the sur-
face properties. In the inorganic material preparation process, the
higher calcining temperatures can apparently decrease the SSA,
which will result in the decrease of the adsorption ability. Similar
results have been reported in other adsorbents for the removal of
organic pollutants and heavy metal ions. The equilibrium adsorp-
tion capacity and adsorption percent of phenol increased with the
increase in the SSA, suggesting that phenol adsorption onto the HAp
nanopowders might be associated with surface mechanisms. Thus,
surface of contact between adsorbent and the liquid phase plays an
important role in the process of sorption [42]. Therefore, adsorption
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Fig. 8. The first-order kinetic model of phenol adsorption onto HAp at the temper-
ature of 20°C.

kinetics of phenol onto HAp was also affected by surface properties
of the adsorbents.

3.7. Kinetic modeling

Knowledge of the adsorption kinetic constitutes the first step in
the investigation of the possibility of using an adsorbent for a par-
ticular separation task. In this study, the first-order kinetic model,
pseudo-second-order kinetic model and an intraparticle diffusion
kinetic model were used to elucidate the adsorption mechanism.

The first-order kinetic model [27] is given as:

1 k] 1 1

a qit * a1 )
where g, and g; are the amounts of phenol adsorbed on adsorbent
at equilibrium (in mg/g) and at various time t, respectively, and k; is
the rate constant (min~1) of the first-order model for the adsorption
process. Values of kq are calculated from the slope of the plots of
1/q: versus 1/t.

The pseudo-second-order kinetic model [28] is expressed as:

t 1 t

i lo@) @ ©)
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3001
—‘M
£
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= 2001
g
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Fig. 9. The pseudo-second-order kinetic model of phenol adsorption onto HAp at
the temperature of 20°C.



K. Lin et al. / Journal of Hazardous Materials 161 (2009) 231-240 237

0.010+

0.009

0.008+

g, (mgg")

0.007

0.006

0.005+

0 2 4 6 8 10 12 14 16 18 20
M (minllz)

Fig. 10. The intraparticle diffusion kinetic model of phenol adsorption onto HAp at
the temperature of 20°C.

where @, is the maximum adsorption capacity (mg/g) for the
pseudo-second-order adsorption, g; is the amount of phenol
adsorbed at equilibrium (mg/g) at time t (min) and k, is the rate
constant of the pseudo-second-order adsorption (g/(mg min)). Val-
ues of k, and g, were calculated from the plot of t/q; against t.

Since neither the first-order nor the pseudo-second-order
kinetic model can identify the diffusion mechanism, the intraparti-
cle diffusion model [29] was also used to analyze and elucidate
the diffusion mechanism. The intraparticle diffusion model is
expressed as:

qe = kpt'/? +C (4)

where ¢; is the amount of phenol adsorbed at equilibrium (mg/g)
at time ¢, Cis the intercept and k;, is the intraparticle diffusion rate
constant (mg/(g min'/2)). Values of kp and C were calculated from
the plot of g; against t1/2,

The straight-line plots of 1/q; versus 1/t for the first-order model
(Fig. 8), t/q: against t for the pseudo-second-order model (Fig. 9)
and the q; versus t!/2 for the intraparticle diffusion model (Fig. 10)
of phenol adsorption onto HAp nanopowders have been tested to
obtain the rate parameters at 20 °C (the plots for 40 and 60 °C were
not shown). The adsorption kinetic parameters of phenol under
the experimental conditions were calculated from these plots and
are shown in Table 3. The correlation coefficient values (R?) range
between zero and one. A R? of one shows that 100% of the variation
of experimental data is explained by the regression equation. The R?
was applied to determine the relationship between the experimen-
tal data and the kinetics in most studies. The R2, for the first-order
kinetic model, pseudo-second-order kinetic model and the intra-
particle diffusion kinetic model were 0.8429, 0.9992 and 0.8521,
respectively. It is clear to see that the R? value for the pseudo-
second-order kinetic model is much higher than those for the
first-order kinetic and intraparticle diffusion kinetic models. There-
fore, this section suggested that the pseudo-second-order model
was the best choice among the three kinetic models to describe the
adsorption behavior of phenol onto HAp nanopowders, suggesting
that the adsorption mechanism might be a physisorption process.

Table 3
Adsorption kinitic parameters at 20°C for different kinetic models

2.5
2.0—-
15
101

-1 0 1 2 3 4 5 6
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Fig. 11. The Freundlich isotherm plot for phenol adsorption onto HAp at the tem-
perature of 20°C.

3.8. Adsorption isotherms

Equilibrium data, commonly known as adsorption isotherm,
is important to develop an equation that accurately represents
the results and can be used in design of adsorption systems. An
additional potential use of adsorption isotherms is to calculate
the thermodynamic parameters. Several models have been pub-
lished in the literatures to describe experimental data of adsorption
equilibriums. Among them, the Langmiur [30] and Freundlich [31]
models are the most frequently employed models. In this study, the
Langmuir and Freundlich equilibrium isotherm models were used
to describe the equilibrium between the adsorbed phenol molec-
ular on HAp nanopowders and phenol molecular in solution at
the constant temperatures. The Langmuir [30] theory is valid for
monolayer adsorption onto a surface containing a finite number of
identical sites, and is one of the most popular isotherm models due
to its simplicity and its good agreement with experimental data.
The Langmuir isotherm equation is expressed as:

qmKiCe
Ge = 1+K.Ce (5)
where (e is the equilibrium phenol concentration on the adsorbent
(mg/g), qm is the monolayer sorption capacity of the HAp adsor-
bent (mg/g) and Ce is the equilibrium phenol concentration in the
solution (mg/L). The K| is the Langmuir constant (L/mg). For fitting
the experimental data, the Langmuir model was linearized as:

1 1 1
—=—+ 6
Ge qm qmK.Ce (6)

The Freundlich [31] isotherm model is an empirical equation and
the model is valid for heterogeneous surfaces [31,43]. It assumes
that the adsorption process occurs on the heterogeneous surfaces
and the adsorption capacity is related to the concentration of phe-
nol at equilibrium. The Freundlich model is generally represented
as follows:

qe = KgCo/™ (7)

First-order kinetic model

Pseudo-second-order kinetic model

Intraparticle diffusion kinetic model

ki (min=1) q1 (mg/g) R? k> (g/(mg min))

g2 (mg/g)

R? k, (mg/(g min'/2)) C (mg/g) R?

2.3807 0.8272 0.8429 0.1642

0.9418

0.9992 2.7 x107* 0.5264 0.8521
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Fig. 12. The Langmuir isotherm plot for phenol adsorption onto HAp at the temper-
ature of 20°C.

where e is the equilibrium phenol concentration on the adsorbent
(mg/g), Kg is the empirical constant of Freundlich isotherm (L/mg)
and Ce is the equilibrium concentration of the phenol in solution
(mg/L). The constant n is the empirical parameter related to the
intensity of adsorption, which varies with the heterogeneity of the
material. When 1/n values are in the range 0.1 <1/n <1, the adsorp-
tion process is favourable [43]. For fitting the experimental data,
the Freundlich model was linearized as follows:

Inge = InKg + % InCe (8)

Figs. 11 and 12 show the fitting plots of Freundlich and Langmuir
adsorption isotherms of phenol onto HAp nanopowders at 20°C
(plots at 40 and 60 °C were not shown), respectively. Table 4 sum-
marizes the constants of the Freundlich and Langmuir isotherms
obtained from the slope and intercept of the plots of each isotherm
at different temperatures. Most of the R? values exceed 0.9 for both
the Freundlich and Langmuir models, suggesting that both mod-
els closely fitted the experimental results. At the same time, the
regression results demonstrated that the Freundlich isotherm fit-
ted the experimental data better than the Langmuir isotherm. The
values of Kg were 0.2954, 0.3275 and 0.3762 L/mg at 20, 40 and
60°C, respectively. Kr increased with the increase in the temper-
atures, revealing that the adsorption capacity of phenol onto HAp
nanopowders increased with the increase in the temperatures. Like
K, n increased with the increase in the temperature. The highest
value of n, 1.6499 at 60 °C, represents favorable adsorption at high
temperature. If the n is below one, then the adsorption is chemical
process; otherwise, the adsorption is physical process [44]. All val-
ues of n exceed one, suggesting the adsorption of phenol onto HAp is
physical process. On the other hand, the Freundlich exponent of 1/n
gives information about surface heterogeneity and surface affinity
for the solute. The Freundlich exponent 1/n between 0.6061 and
0.6488 indicates favorable adsorption and a high affinity of HAp
nanopowders for phenol. Gemeay [45] suggested that the higher
value of 1/n corresponded the greater heterogeneity of the adsor-

Table 4
Isotherm parameters at various temperatures for different isotherm models

Temperature (°C) Freundlich isotherm Langmuir isotherm

Kr (L/mg) 1/n R? dm (mgfg) Ki (L/mg) R?
20 02954 06488 09777 2.9841 01225 0.9004
40 03275 06340 09761 2.9324 0.1482 0.8874
60 0.3762 0.6061 09708 2.6954 02264 08414
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Fig. 13. Enthalpy determination curves for the adsorption of phenol onto HAp
nanopowders at different adsorption capacities.

bent surface. As shown in Table 4, the degree of heterogeneity of
the HAp surface decreases with the increase in the temperatures.

With respect to the coefficients of the Langmuir model, the val-
ues of K; were 0.1225, 0.1482 and 0.2264 L/mg at 20, 40 and 60°C,
respectively. The value of K| increased with the increase in the tem-
peratures, revealing that the adsorption capacity of phenol onto
HAp increased with the increase in the temperature. The results
also implied that the affinity of binding sites for phenol increased
with the increase in the temperatures. K; lied between zero and
one, suggesting that the adsorption of phenol on HAp was favor-
able. Values of g, which is defined as the maximum capacity of
adsorbents, have also been calculated from the Langmuir plots. Both
the Freundlich and Langmuir models suggested that the adsorption
capacity increased with the increase in the temperature, revealing
that the adsorption was endothermic [46]. The following section
will present the detailed thermodynamic parameters.

In summary, this section study showed that the adsorption of
phenol onto the HAp nanopowders was correlated well with the
Freundlich equation as compared to Langmuir equation under the
concentration range studied, according to the R? values shown in
Table 4.

3.9. Thermodynamic analyses

In any adsorption process and engineering practice, both energy
and entropy factors should be considered in order to determine
what processes will occur spontaneously. Values of thermody-
namic parameters are the actual indicators for practical application
of a process. Generally, the Gibbs free energy (AG°) of adsorp-
tion, enthalpy (AH°) and entropy (AS°) changes was calculated
from data interpolated using the best fitting isotherm. In this study,
the Freundlich isotherm was used to calculate the thermodynamic
parameters using the following equations [47,48]:

1 InKp— AH°

In = wm (9)
AG° = —nRT (10)
AS° — M (11)

where C. is the equilibrium phenol concentration (mg/L) in the
solution, n is the fitting constant of Freundlich exponent, R is the
gas constant (8.314 ]/(mol K)), Tis the temperature (K), and K is the
empirical constant of Freundlich. Enthalpy (AH°) was determined
from the slope of the plots of In 1/Ce versus 1/T [47,48].
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Table 5
The thermodynamic parameters for adsorption of phenolic onto HAp nanpowders at various adsorption capacity and contact temperatures
Adsorption capacity (ge, mg/g) AH° (k]/mol) AG® (kJ/mol) AS° (J/(mol K))

20°C 40°C 60°C 20°C 40°C 60°C
0.2 71115 31.1843 29.9279 28.3318
0.4 6.4756 —2.0255 —2.2559 —2.3231 29.0140 27.8962 26.4222
0.8 6.0791 27.6590 26.6295 25.2330

Fig. 13 shows the enthalpy determination curves for the adsorp-
tion of phenol onto HAp nanopowders at different adsorption
capacities. Table 5 presents the thermodynamic parameters at var-
ious adsorption capacities (ge, mg/g) and contact temperatures.
The values of AH° were 7.1115, 6.4756 and 6.0791 kJ/mol at the
adsorption capacity (ge) of 0.2, 0.4 and 0.8 mg/g, respectively. Kara
et al. [49] suggested that the AH° of physisorption is smaller than
40KkJ/mol. Based on AH°, the small positive value of the change
of AH° (6.0791-7.1115kJ/mol) within the range investigations in
this study suggested that the adsorption of phenol onto HAp was a
physisorption process in nature and was also endothermic. At the
same time, the low value of AH° implies the loose bonding between
the adsorbate molecules and the adsorbent surface [49,50]. The
positive AS° values further suggested that the adsorption of phenol
onto HAp was endothermic. Moreover, the positive AS° indicated
that the degrees of freedom increased at the solid-liquid interface
during the adsorption of phenol onto HAp. The obtained AG° val-
ues were —2.0255, —2.2559 and —2.3231 k]/mol at 20, 40 and 60 °C,
respectively. It is clear to see that the AG° values are negative at all
of the tested temperatures (20-60 °C), confirming that the adsorp-
tion of phenol onto HAp is spontaneous and thermodynamically
favorable. Restated, a more negative AG° implied a greater driv-
ing force of adsorption, resulting in a higher adsorption capacity.
When the temperature increased from 20 to 60°C, AG° became a
higher negative value, suggesting that adsorption was more spon-
taneous at high temperature. Generally, the change in free energy
(AG®) for physisorption is less than that for chemisorption. The
former is between —20 and 0 kJ/mol and the latter is between —80
and —400 kJ/mol [50]. This further indicated that the physisorption
might dominate the adsorption of phenol onto HAp nanopowders.

4. Conclusions

In this study, the adsorption potential of HAp nanopowders
was investigated for the removal of phenol from aqueous solu-
tions. The effect of contact time, initial phenol concentration, pH,
adsorbent dosage, phenol solution temperature and adsorbent cal-
cining temperature on the phenol adsorption by HAp nanopowders
was determined. The kinetic, equilibrium and thermodynamic of
the adsorption of phenol onto HAp nanopowders was investigated
with variations in phenol concentration and contact time at various
temperatures. The following results were obtained:

¢ The nano-size HAp powders were prepared by the chemical pre-
cipitation method. The preparation procedures had showed that
increase in the calcining temperature could obvious decrease the
specific surface area (SSA) of the HAp nanopowders. The decrease
of the SSA of the adsorbents resulted in the decrease of the
adsorption capacity and adsorption percent for the phenol.

¢ The adsorption process was very fast, and it reached equilibrium
in 2 h of contact, which is much faster than that of some other
normal adsorbents for the removal of phenol.

e The pH and the adsorbent calcining temperature played an
obvious effect on the phenol adsorption capacity onto HAp
nanopowders. Increase in the pH to high-acidity or to high-
alkalinity resulted in the increase in the phenol adsorption
capacity.

¢ Increase in the initial phenol concentration and contact tempera-
ture could increase the phenol adsorption capacity. However, the
higher HAp dosage led to the decrease of the phenol adsorption
capacity.

¢ The kinetic data fitting results showed that the adsorption of phe-
nol onto HAp nanopowders followed the pseudo-second-order
kinetic model.

¢ The equilibrium adsorption isotherm of phenol onto HAp was
well described by Langmuir and Freundlich model, but the Fre-
undlich model fitted the experimental data better than Langmuir
model.

e Thermodynamic calculations showed that the phenol adsorption
process by HAp was physisorption, spontaneous and endother-
mic in nature. Increase in the contact temperature resulted in the
increase in the phenol adsorption capacity.

e The enthalpy change (AH°) for the adsorption process has
small values (6.0791-7.1115 kJ/mol) indicating the loose bond-
ing between the adsorbate molecules (phenol) and the adsorbent
(HAp) surface.

e The results showed that the HAp nanopowders might be a new
potential, biocompatible and good adsorbent for the removal of
phenol pollutants from aqueous solutions.
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