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ABSTRACT

A factorial design was employed to evaluate the quantitative removal of zinc from aqueous solutions
on synthesized hydroxyapatite. The experimental factors and their respective levels studied were the
initial zinc concentration in solution (35 < Cz, <85mg/L), adsorbent dosage (4.5 < Csusp < 9.5 g/L), Ca/P
molar ratio (1.667 < Ca/P <2) and calcination temperature of hydroxyapatite (600 < Tc, <800°C). The
adsorption parameters were analysed statistically by means of variance analysis by using the STATISTICA
software.

The experimental results and statistical analysis show that increasing in the calcination temperature
from 600 to 800 °C decrease the zinc adsorption whereas the increase of adsorbent dosage increases it.
Based on the analysis of variance and the factorial design of experiments, adsorbent dosage has a positive
effect on the removal of zinc, whereas zinc concentration, Ca/P molar ratio and calcination temperature
have a negative effect on this process. The factorial results also demonstrate the existence of statistically
significant binary interactions of the experimental factors. The experimental results were fitted to the
Langmuir and Freundlich equations to find out adsorption capacities. In most cases, the results indicate
that the sorption data fits well in the Freundlich isotherm model.

The results of XRD analysis, pHpzc and pHp,, values indicated that ion exchange and dissolu-

tion/precipitation mechanisms predominate for the sorption of zinc on our hydroxyapatite.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Industrial wastewater contaminated with heavy metals is com-
monly produced from many kinds of industrial processes [1-3].
Therefore, if this wastewater is not treated with a suitable process
or leaked from storage tanks, it can cause a serious environmental
problem in the natural eco-system.

Whenever toxic heavy metals are exposed to the natural eco-
system, accumulation of metal ions such as lead, cadmium, zinc and
mercury in human body will occur through either direct intake or
food chains [4]. Therefore, heavy metal should be prevented before
it reaches to the natural environments because of its toxicity.

Many treatment processes have been applied for the removal
of heavy metals from wastewater such as: adsorption [5], chemical
precipitation [6], ion exchange [7], reverse osmosis [8], ion flotation
[9], and electrochemical treatment [10]. Among the various water-
treatment techniques described, adsorption is generally preferred
for the removal of heavy metal ions due to its high efficiency, easy
handling, availability of different adsorbents and cost effectiveness
[11,12].
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Hydroxyapatite (HAP) is an efficient adsorbent and its high
capacity in Zn immobilization has been reported [13-15]. Many
researchers have assessed its dissolution [16], crystallinity [17],
surface activity and thermal stability [18].

The influence of several operating parameters, such as initial
metal concentration, temperature, pH and adsorbent dosage were
investigated in batch mode. The published information in litera-
ture about adsorption of zinc in hydroxyapatite is well detailed
[13-15,19]. The conventional and classical methods of studying
a process by maintaining other factors involved at an unspec-
ified constant level does not depict the combined effect of all
the factors involved. The conventional technique for the opti-
mization of a multivariable system usually defines one-factor
at a time. Such a technique needs to perform a lot of exper-
iments and could not reveal the alternative effects between
components. This method is also time consuming and requires a
number of experiments to determine optimum levels, which are
unreliable.

Recently many statistical experimental design methods have
been employed in chemical process optimization. Experimental
design technique is a very useful tool for this purpose as it provides
statistical models, which help in understanding the interactions
among the parameters that have been optimized [20-23]. These
methods involve mathematical models for designing chemical pro-
cesses and analysing the process results. Among them, a 2K factorial
design methodology is one suitable method utilized in many fields.
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Table 1
Values of operating variables used in the designed set of experiments.
Operating variables -1 0 1
X1 zinc concentration (mgj/L) 35 60 85
X2 adsorbent dosage (g/L) 4.5 7 9.5
x3 Ca/P molar ratio (Initial) 1.667 1.833 2
X3 Ca/P molar ratio (Final) 1.616 1.852 2.161

X4 calcination temperature of the hydroxyapatite (°C) 600 700 800

The present paper reports the results of a study of the sorption
of zinc from aqueous solution onto hydroxyapatite. The effects of
the operating parameters, such as initial zinc concentration (Czy),
adsorbent dosage (Csysp), molar ratio Ca/P and calcination temper-
ature of the hydroxyapatite (T, ) on the adsorption of zinc were
investigated. The main objective of this paper was to examine the
main effect of the parameters considered and their interactions.

2. Experimental
2.1. Materials

All the reagents used were of analytical grade chemicals. A
stock solution of zinc ions was prepared by dissolving appropri-
ate amount of ZnSO4-7H,0 (Aldrich Chemical Company, USA) in
distilled water

2.2. Preparation of the adsorbent

The powders of hydroxyapatite were prepared by a con-
ventional aqueous precipitation method from the addition of a
diammonium phosphate solution (NH4),HPO4 (98% purity) into
a reactor containing a calcium nitrate solution (Ca(NOs),, 4H,0,
98% purity). The pH of the solution was maintained at a constant
value (pH~ 11) by the addition of an ammonium hydroxide solu-
tion using a pH stat (HANNA Instruments). The suspension was
continuously stirred. After total addition of (NH4),HPO4 solution,
the suspension was matured during 72 h. Then, it was filtered with-
out washing. The resulting precipitate was dried at 80 °C. Synthesis
conditions (i.e., Ca/P molar ratio of initial reagents) were adjusted
in order to synthesis powders with variable Ca/P molar ratio. The
purity of the initial powders used to prepare the reagent solu-
tions was controlled. This parameter is taken into account in the
calculation of the concentrations of reagents solutions.

The calcination was performed in the following heating sched-
ule: 10°C/min up to the desired temperature (600°C, 800°C and
700°C), and a plateau with a residence time at this temper-

Table 2
Experimental results of 24 designs for the break-though time.
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ature of 3 h. Then, it was cooled down at 10°C/min to room
temperature

2.3. Characterization of the adsorbent

The simultaneous thermogravimetric analysis (TG) and differ-
ential thermal analysis (DTG) of the powders were performed
(SETARAM TG-DTA92) in nitrogen atmosphere from room tem-
perature to 800°C at a heating rate of 10°C/min. To study the
crystallinity of the prepared samples, powder X-ray diffraction
(XRD model PHILIPS X pert prof, analytical, system MPD) pat-
terns were recorded using CuKa radiation at 50kV and 100 mA.
Fourier transform infrared spectrophotometry (SHIMADZU-8300
IR-TF) analysis was performed to identify the presence of functional
groups in the samples. The results were plotted using the ORIGIN-6
software.

2.4. Batch mode studies

The stock solution was diluted as required to obtain standard
solutions containing 35-85 mg/L of Zn(II). A volume of 200 mL of
Zn(II) solution of a desired concentration, adjusted to a desired
pH (pH 5), was taken in reaction bottles of 400 mL capacity and
known amounts of adsorbents were added. The solution pHs was
adjusted by using 0.1N nitric acid or dilute sodium hydroxide solu-
tions. The suspensions were agitated for 2h at 204+ 1 °Cin a shaking
incubator. The suspension was filtered and the final concentration
of Zn?* in solution was measured by using the atomic absorption
spectrophotometry technique (SHIMADZU AA 6500, air/C,H, gas
mixture).

The contact time, temperature and pH were fixed at their
optimum value on the basis of the results of preliminary tests per-
formed to study the effect of these parameters on the adsorption
of zinc by hydroxyapatite.

2.5. Statistical method

2K factorial designs are widely used in experiments involving
several factors, where it is necessary to study the joint effect of the
factors on a response. The most important of these cases is that of
the k factors each at only two levels (minimum and maximum). A
complete replicate of such a design requires 2X observations and
is called 2K factorial design. 2K factorial design allows the perfor-
mance of an analysis of variance and the fitting of a response surface
[24].

N Coded experiments matrix Experimental plan Measured response
Czn (mg/L) Csusp (8/L) Ca/P Tea (°C) Czn (mg/L) Csusp (g/L) Ca/P Tea (°C) Y (%)
01 -1 -1 -1 -1 35 4.5 1.667 600 85.037
02 -1 -1 -1 +1 35 45 1.667 800 82.068
03 -1 -1 +1 -1 35 4.5 2 600 84.516
04 -1 -1 +1 +1 35 4.5 2 800 65.866
05 -1 +1 -1 -1 35 9.5 1.667 600 84.374
06 -1 +1 -1 +1 35 9.5 1.667 800 85.549
07 -1 +1 +1 -1 35 9.5 2 600 88.134
08 -1 +1 +1 +1 35 9.5 2 800 89.725
09 +1 -1 -1 -1 85 4.5 1.667 600 88.839
10 +1 -1 -1 +1 85 4.5 1.667 800 73.875
11 +1 -1 +1 -1 85 4.5 2 600 83.551
12 +1 -1 +1 +1 85 4.5 2 800 76.598
13 +1 +1 -1 -1 85 9.5 1.667 600 89.649
14 +1 +1 -1 +1 85 9.5 1.667 800 76.148
15 +1 +1 +1 -1 85 9.5 2 600 79.230
16 +1 +1 +1 +1 85 9.5 2 800 79.073
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It provides the smallest number of runs with which k factors
can be studied in a complete factorial design. Because there are
only two levels for each factor, it is assumed that the response
is approximately linear over the range of the factor levels chosen
[24,25].

The experimental results (behavior of the system) of 2K facto-
rial design can be easily expressed in terms of a regression model
response explained by the following first degree polynomial Eq.(1):

n n n
Ypredicted = bo + Zbixi + Zzbijxixj (1)
i=1

i=1 j=1

With four factors, 24 factorial designs require 16 runs. Mean-
while, the number of coefficients of b;; =0...16 to be estimated is
16.

Where, Ypredicted T€Presents the zinc adsorption yield, by is the
value of fitted response at the center point of design, b; and b;; are
the linear interaction and quadratic terms, respectively.

According to practical experiences carried out the following four
process parameters: initial zinc concentration (Cz,) - factor 1 (xq),
adsorbent dosage (Csusp) — factor 2 (x;), Ca/P molar ratio - factor 3
(x3) and calcination temperature (T¢, ) - factor 4 (x4) were foreseen
as affecting the zinc removal. Minimum and maximum levels of
each influential factor are reported in Table 1.

The response variable in this study is the sorption yield of zinc
calculated as follows:

Cizmo — G
BYexp = 20—~k 100 2)

Ciznyo
where Cznjo and Cizpe are initial and equilibrium concentration
(mg/L).

3. Results and discussion
3.1. Thermogravimetric analysis

The DTG and TG curves for the hydroxyapatite powders after
drying are illustrated in Fig. 1. The first endothermic region range
from 30 to 110°C with a peak at about 70°C, which corresponds
to the loss of physically adsorbed water molecules of the two
hydroxyapatite powders. The weight loss in this region is 4%
for hydroxyapatite with molar ratio (Ca/P=1.667) and 6.5% for
hydroxyapatite with the molar ratio (Ca/P=2). With increasing
temperature from 110°C to 250°C, small peak at about 200°C has
been observed in the two powders and a weight loss of 0.85% (for
Ca/P=1.667)and 3.95% (for Ca/P=2) are observed at the TG curve in
the temperature range which corresponds to loss of chemisorbed
water. A third endothermic region ranges from 250°C to 400°C,
which corresponds to the loss of the chemisorbed water.

The weight loss in the temperature range from 400 °C to 800°C
was 1.5% (for Ca/P=2)and 0.65% (for Ca/P=1.667), this corresponds
to water loss from HPO,42~ and a loss from CO32~ decomposition on
heating to 800 °C and the remainder of water that is more strongly
held by the crystals than the chemisorbed layer. The water loss from
HPO,42- can be explained by the following reaction [26]:

2HPO4%~ — P,05% +H,0 (3)
P,0,4 +20H™ — 2P043~ +H,0 (4)

3.2. FTIR analysis

The FTIR spectrum Fig. 2(a) and (b) shows a number of absorp-
tion peaks, indicating the complex nature of hydroxyapatite.
Bands of HAP [27]: (a) the bands at 3572cm~! and 631cm™!
arise from stretching, librational, and translational modes, respec-
tively, of OH~ ions; (b) The 1113cm~! and about 1040 cm™!
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Fig. 1. TG and DTG pattern of the different Ca/P molar ratios hydroxyapatite powder
under nitrogen atmosphere.

bands arise from v; PO43~, the 614cm~! band arises from vy
P0O,43-, and the 474cm~! band arises from v, PO43~ [28]. Bands
in the 1180-1200cm™! region derive from HPO42~, were not
detected because of their weak intensities and are obscured by
the PO43~ bands at 1113-1040cm~! [29]. The band at 875cm™!
is attributed to arise from HPO42~ ions. In addition, this 875cm™!
HPO,4 band was, as expected, missing in spectra of the powders
that had been heated at different temperatures because of con-
densation of HPO42~ ions to form P,0,4~ ions and H,0 [26]. (c)
The group of weak intensity bands in the 2250 cm~?! to 1950 cm™!
region derives from overtones and combinations of the v; and
v1 PO43~ modes. Bands of CO32~ impurity ions: The bands at
about 1410cm™! is attributed to components of the v3 mode of
CO32- groups that are the result of the dissolution of COy(g) in
the reaction solution. The diminution of the intensity of the car-
bonate bands in the powders heated at different temperatures
can be explained by the decomposition of the carbonate at the
high temperature. These results confirm those obtained by the TG
analysis.

Bands of H,0 molecules: The broad band from about 3700 cm~!
to 2500cm~! derives from the vs3 and v; stretching modes of
hydrogen-bonded H,O molecules, and the band at 1630cm™!
derives from the OH group in the hydroxyapatite structure
[13].



1010 S. Meski et al. / Journal of Hazardous Materials 186 (2011) 1007-1017

Ca/P =1.667
Ca/P=2
Ca/P = 1.8335

Transmitance
g

— T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm” I)

——(Ca/P =1.833) 700°C
—— (Ca/P =2) 800°C
b ——(ca/p=2)600°C
J— (carp =1.667) 800°C
+— (Ca/P =1.667) 600°C

RV AR A

Transmitance
1

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 2. IR spectra of powders (a) before and (b) after thermal treatment.

3.3. XRD phase analysis

Fig. 3 represents the XRD pattern of the synthesized hydroxya-
patite powders. It reveals the presence of nanocrystalline apatite
in the powders. As the annealing temperature increased to 600 °C
and 800°C, the intensity of apatite-characterized peaks gradu-
ally increased indicating an increase in crystallinity and crystalline
size of particles. The XRD peaks obtained for the hydroxyapatite
(Ca/P=1.667) and (Ca/P=2) samples are having strong agree-
ment with the characteristic peaks of HAP pattern [13,28]. For
Ca/P=1.8335 and 2, the excess calcium was difficult to charac-
terize. Nevertheless, CaO could be detected in the both powders
(Ca/P=1.8335(calcined at 700 °C) and Ca/P =2 (calcined at 600 °C))
indicating that the as synthesized powders should be constituted
of HAP and Ca(OH), which is the stable form of CaO at room tem-
perature [30]

3.4. Experimental design and analysis statistic

Experimental results obtained in the sorption runs are pre-
sented in Table 2. A linear model, given by Eq. (5), was used for
preliminary regression fits (STATISTICA software). Linear interac-
tion and quadratic effects of the factors (in the coded levels xq, x5,

v
Y v
z o AY/Y “®
= v (3)
o Yy

v v @
1
X ;(X' v X Yy (1)

0 T T T T T T T

20 30 40 50 60

2 Theta
Fig. 3. XRD patterns of as synthesized powders. Triangle: hydroxyapatite, circle:
Ca0 and Stars: CaC03-Og5-H20.(1)and (2): Ca/P=1.667, T=600°Cand 800 °Crespec-

tively, (3) and (4): Ca/P=2, T=600 and 800 °C respectively and (5): Ca/P=1.83 and
T=700°C.

x3 and x4, see Table 2) were considered in this model. Coefficients
of the respective effect were represented by b;.

Ypredicted = Do + b1X1 4 baXa 4+ b3x3 + baX4 + b12X1X2 + b13X1X3

+b14X1X4 4+ ba3XoX3 + bpaXoXa + b3ax3xy (5)

+b123X1X2X3 + D124X1X2X4 + D134X1X3X4

+b234X2X3X4 + D1234X1X2X3X4

The effect of each variable was determined as the difference
between the average value of the response for the experiment at
the high level (+) and the average value for the experiments at the
low level (-), using the Yates algorithm [31].

E = ZYexp("") _ Eyer)l(p(—) (6)

n

where E; is the effect of the variable, Yexp the measured response,
and n is the number of experiments at each level (— or +). The
regression coefficients and the effects are shown in Table 3.

Table 3

Statistical parameters for 24 designs.
Factor Coefficients Effect G Significance
bo 82.000 82.00 184.531 S
by -1.14 -2.287 2.573 S
b, 1.971 3.942 4.435 S
b3 -1.178 -2.356 2.651 S
by —3.402 —6.804 7.655 S
b1z -1.82 1.654 4.086 S
b1 -0.079 —4.644 0.178 NS
b1a —1.044 -9.092 2.350 S
bys 1.233 1.585 2.775 S
bos 2.040 —2.862 4.591 S
bsa 0.380 -9.160 0.855 NS
b123 —1.849 -4.401 4.161 S
b124 —-1.008 -7.166 2.268 S
bi3a 2.289 —6.870 5.150 S
ba3a 1.339 -2.539 3.014 S
b1234 -0.673 —5.964 1.514 NS

NS: no significant.
S: significant.



S. Meski et al. / Journal of Hazardous Materials 186 (2011) 1007-1017 1011

Table 4 Table 5
Experimental results of the center point of the experimental domain. Analysis of variance-reduced model fit for zinc adsorption.
Essai No. Yo (%) Factor Degrees of freedom SSE SSR SST MSE
1 90.39 bo 13 0.138 11.527 9.139 0.011
2 90.60 b, 1 0.045 0.025 0.003 0.045
3 91.09 b, 1 0.138 4.538 6.261 0.138
4 92.41 b3 1 0.045 254.084 260.947 0.045
5 89.69 by 1 0.949 1.920 5.570 0.949
6 86.36 b1z 1 1.282 21.781 12.493 1.282
7 90.60 b1 1 1.282 43.274 59.457 1.282
8 93.22 by 1 1.282 32.402 46.579 1.282
9 91.09 baa 1 0.949 51.340 66.245 0.949
10 92.41 bia3 1 0.949 40.841 29.336 0.949
11 92.21 bi24 1 0.045 61.603 58.292 0.045
12 91.1 bi3a 1 0.138 38.917 34.414 0.138
by3a 1 0.045 8.984 7.748 0.045

In order to determine the significant effects on the response,
Student’s t-test was employed [32]. The effects determined as non-
significant were then eliminated and a new fit was performed,
resulting in a reduced model. The t value represents the ratio of
the coefficient to the estimated parameter and standard deviation
residual according the following equation:

b:
- b )

m

Z(YOI —Y0mean )2
(%) | —

(m-1)

where b;: coefficient; N: number of experiment (N =16); m: number
of experiment at the central point; Yy;: observed value of adsorption
yield at the i central point; Yomean: mean adsorption yield at the
central point.

The experimental error was evaluated by 12 measurements at
the center point of the experimental domain (Table 4).

It was observed that at 95% confidence level and 11 freedom
degrees (m—1), the t.;-value equal to 2.2. All effects (Table 3) pre-
senting t higher than 2.2 have statically significance. It is found in
Fig. 4, which illustrated the graphical representation of “size effect”
of each of parameters upon the adsorption of zinc by the hydroxya-
patite that all individual effects are significant at 5% of significance
level. From this figure it can be seen that zinc concentration (xq),
molar ratio Ca/P (x3) and calcination temperature of the hydroxya-
patite (x4) have a negative effect, while the adsorbent dosage (x,)
has a positive effect on the response. The interaction term Cz,-Ca/P

12 | ] b234
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€
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g
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kS
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E 6 I ] bl4
g 5 ) bl12
c 4 = b4
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Fig. 4. The significant main and interaction terms of zinc adsorption.

(coded x1x3), Ca/P-Tcy (coded x3x4) and Czn-Csusp-Ca/P-Ty (coded
X1X2X3X4) were no significant. Thus, a reduced model, represented
by Eq. (8), was used to fit experimental data of zinc sorption by
hydroxyapatite:

Ypredicted = 82 — 1.14x; + 1.971x; — 1.178x3 — 3.402x4 — 1.82x1%;
—1.044x1x4 — 1.233x3x3 + 2.04 x3x4 — 1.849 x1xX3
(

—1.008x1x2x4 + 2.289 X1X3X4 + 1.339 X2X3X4

3.5. Analysis of the variance (ANOVA)

After estimating the main effects, the interacting factors affect-
ing the removal of zinc and the test of the significance, the adequacy
of the regression were determined by performing the analysis of
variance (ANOVA) [33]. Error functions were defined to determine
the significance of each parameter in model, the parameter values,
and to establish the fit of the model to the experimental data. The
sum of the squared variation of the experimental sorption yield
(Yexp) and predicted yield (Ypredicted) t0 the mean experimental
adsorption yield (Yexp,mean) and the sum of the squared residual
between experimental and predicted sorption values are the basis
of this error analysis. The sum of squared total (SST), sum of squares
forregression (SSR) and sum of squared errors (SSE) were computed
from the zinc sorption as follows [34]:

n
SST = Z(Yexp - Ymean)2 (9)
i=1
n
SSR = Z(Ypredicted — Ymean )2 (10)
i=1
n
SSE = (Yexp — Ypredicted)’ (11)

i=1

The variance of the random errors between the fitted model and
the observed data can be measured from the value of SSE averaged
with the degree of freedom according to the following equation
[34].

5 SSE

MSE =S¢ = degree of freedom (12)

MSE: the mean-square-error.

The parameters of the model were determined by minimizing
SSE. These parameters are shown in Table 5.

Additionally, we have calculated the F-ratios (Fy) - defined as
the ratio of the mean-square-effect and the mean-square-error (Eq.
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(13)) [20].
SSR  SSE
Fermn~No1 (13)

where [: number of the significance parameters

If the model is a good predictor of the experimental results,
F-calculated should be greater than the tabulated value of the F-
distribution obtained at a level of significance and a certain number
degrees of freedom [20].

The F-ratios obtained for zinc sorption “F=16.43" is clearly
greater than the tabulated F(8.74 at 95% significance), then the
model fit is adequate.

3.6. Correlation coefficients

The regression coefficient (R?) (Eq. (14)), evaluates the correla-
tion between the experimental data and the predicted responses.

SSR

ST (14)

R? =

The obtained R? suggest good adjustments to the experimen-
tal results since these indicate that 98.5% of the variability in the
response could be explained by the model. Adjusted R? (Adj R?) (Eq.
(15)) is also a measure of goodness of a fit, but it's more suitable
for comparing model with different numbers of independent vari-
ables. It corrects the R2-value for the sample size and the number
of terms in the model by using the degrees of freedom on its com-
putation, so if there are many terms in a model and not very large
sample size, adjusted R may be visible smaller than R? [35]. Here,
adjusted R? value (92.5%) was closer to the corresponding R? value.
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Fig. 5. Residuals versus predicted response for adsorption of zinc in the hydroxya-
patite.

3.7. Residual analysis

In addition to these tests, the adequacy of the model was also
evaluated by the residuals (difference between the experimental
and the predicted values (Eq. (16))). Residuals are thought as ele-
ments of variation unexplained by the fitted model and then it is
expected that they occur according to a normal distribution. The
observed residuals are plotted against the predicted values (Fig. 5).
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Fig. 6. Main effect plots.
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Fig. 7. Contour plots for interaction effects.

The plot of the residuals revealed that they have no obvious pat-
tern and unusual structure. This implies that the model proposed
is adequate and there is no reason to suspect any violation of the
independence or constant variance assumption.

3.8. Main and interaction effects

The effect of each factor was statistically significant at p<0.05
[24]. The main effects Czn, Csusp, Ca/P and T, and interactions effect
of the process parameters were presented in Figs. 6 and 7 respec-
tively. The sign of the main effect indicates the directions of the
effect. It can be seen from Fig. 6, that the effect of T.; was char-
acterized by a greater degree of departure and also had a negative
effect on the response, whereas, the concentration of the suspen-
sion has a positive effect on the response with greater departure.
These expected observations are the result of the decrease of the
surface area of the adsorbent. Decrease of the specific surface is
due to the increase in the calcination temperature that causes the
particle coalescence and densification of the hydroxyapatite [36],
whereas the increase of the adsorption yield with the adsorbent
dosage is related to the increase of the active site number [13]. On
the other hand the percentage adsorption of zinc ions to the hydrox-
yapatite decreased as the initial concentration of metal ions was
increased from 35 to 85 mg/L. This appears to be due to the increase
in the number of ions competing for the available binding sites in
the HAP. At lower concentrations, all metal ions present in solution
could interact with the binding sites and thus determined 83% of
adsorption at 35 mg/L concentration. At higher concentration, more

zinc ions are left unadsorbed in solution due to the saturation of
adsorption sites.

Contour plot is the projection of the response surface as a two
dimensional plane. This analysis gives a better understanding of the
influence of variables and their interaction on the response. Con-
tour plot for the significance interactions were shown in Fig. 7. The
interaction plots showed that interaction of Cz, and Csusp played
major role and also these two factors interacted strongly with other
factors indicating predominance in the removal.

In Fig. 7(a) and (b) it can be observed that for high initial
concentration of zinc values, an increase in adsorbent dosage
and the decrease of calcination temperature respectively favors
adsorption process. A relatively strong interaction existed between
the adsorbent dosage and calcinations temperature (Fig. 7(d)).
This interaction confirms the effect of adsorbent dosage and
calcination temperature obtained on the interaction (a) and
(b).

Fig. 7(c) shows that at constant conditions of initial concen-
tration and calcination temperature, an increase in Ca/P between
1.667 and 2 causes a decrease of adsorption yield of zinc.
This result can be due to the existence of the deficient cation
(lacune) in the HAP with molar ratio Ca/P=1.667, which can
be compensated by zinc ions in order to obtain a stoichiomet-
ric apatite (than decrease of surface contact (adsorption site)).
These results are similar to the earlier reported work in the lit-
erature. In the study by Baillez et al. [37] on the adsorption
of lead by three different HAP powders (HAP;(Ca/P=1.6, spe-
cific surface area SSA=41m?/g), HAP, (Ca/P=1.67, SSA=50m?/g)
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Fig. 8. Linearization of zinc sorption kinetics by hydroxyapatite: pseudo-second-
order rate at different experimental conditions (Ca/P=1.667 and 2 at T.; =600°C
and Ca/P=1.833 at T, =700°C).

and HAP; (Ca/P=1.73, SSA=104 m?2/g)) it has been reported that
HAP; and HAP, have same specific surface areas, but HAP;
has the higher adsorption capacity (qmax =450 mg/g (for HAP;),
330mg/g (HAP,) and 360mg/g (for HAP3), then they conclude
that the cation deficiency of the deficient HAP; (Ca/P=1.6) can
be compensated by lead ions in order to obtain stoichiometric
apatite.

In our study the final Ca/P ratio is slightly different to the ini-
tial Ca/P ratio (Table 1). The precision was Ca/P=1.667 +0.05. This
result is confirmed by the existence of the band HPO42~ in the IR
spectra, which was considered as the characteristic of calcium defi-
cient hydroxyapatite by other researchers [38]. Difference between
initial and final Ca/P ratio can be explained by: (1) stoichiomet-
ric defect of raw materials as chemical purity, water adsorption,
etc.; (2) a slight variation of manufacturing process parameters,
as working temperature, reaction pH, slurry stirring, weighing,
etc.

3.9. Kinetics study

According to literature, several models can be used to express
the kinetics of the sorption processes (e.g. first-order, pseudo-
first, pseudo-second-order reaction model) [39]. The studies on the
kinetics of the various sorption processes have revealed that over a
long period of time pseudo-second-order model provides the best
correlation [39]. Pseudo-second-order reaction model was applied
to our experimental data in order to determine the sorption rate
constant, at room temperature. The linear form of pseudo-second-
order rate expression is:

t 1 1
+

L - 17
a Krq2 Qe a7

where ge and g are the amounts of solute sorbed at equilibrium
and time t (mg/g), K> is the equilibrium rate constant of pseudo-
second-order (g/mgmin). The following expression denotes the
initial sorption rate h (mg/g min):

The application of the linear form of pseudo-second-order
kinetic model on our experimental results is presented in Fig. 8.
Both constants K, and h were calculated from the intercept and

slope of the line obtained by plotting t/q: against t. The value of
pseudo-second-order rate constant K,, experimentally obtained
amounts of solute sorbed at equilibrium and the values of initial
sorption rate h are presented in Table 6.

Excellent agreement exists between the model and our exper-
imental results (0.931 <R%<0.999). Furthermore, theoretically
predicted equilibrium sorption is close to that determined experi-
mentally. The same kinetic model was used to define the sorption
kinetics of metal cations on different apatites: Zn?* on natural
apatite derived from animal bones [13] and Pb2* on hydroxyapatite
prepared from egg shell [40].

3.10. Adsorption isotherms

The adsorption isotherms were used to determine the affinity
of hydroxyapatite to zinc. The zinc concentration at equilibrium
Ce was used to calculate the amount of zinc ge (mg Zn%*/g HAP)
removed by a unit weight of hydroxyapatite at the end of the exper-
iment. This quantity was defined as follows:

_(G-C)V

= (19)

e
where G, is the initial concentration of zinc (mg/L), Ce is the equilib-
rium concentration of zinc (mg/L), V is, the volume of the solution
(L) and m is the weight of hydroxyapatite (g).

The adsorption isotherms of zinc adsorption on hydroxyapatite
were depicted in Fig. 9.

According to the shapes of the curves (Fig. 9), the isotherm
corresponding to zinc adsorption onto HAP with molar ratio
(Ca/P=1.667) and adsorbent dosage (Csusp =9.5 g/L), may be clas-
sified as S type of the Giles classification [41]. This shape indicates
that the adsorption becomes increasingly favored as concentra-
tion rises and is usually ascribed to strong competition with the
solvent molecules for substrate sites. However the isotherms corre-
sponding to zinc adsorption onto hydroxyapatite with molar ratios
(Ca/P=1.667 and Ca/P=2) and adsorbent dosage (Csusp=4.5g/L)
may be considered as C type of the Gilles classification, this fact
implying that low range of adsorption was observed at these con-
ditions.

The isotherm for zinc adsorption onto hydroxyapatite with
molar ratio (Ca/P=2) and adsorbent dosage (Csusp=9.5g/L) may
be classified as L type of Gilles classification, reflecting a relatively
high affinity between zinc and adsorbent. This also indicates that no
strong competition occurs for the adsorption sites between solvent
molecules and adsorbate molecules.

The equilibrium data obtained for the adsorbent with different
molar ratios were fitted in the Langmuir and Freundlich isotherm
models [13]. The following expressions of a straight line were used,
found by means of mathematical transformation of isotherms:

For Langmuir isotherm:

Ce 1 1

de CImC * qmKL (20)
where Ce is the equilibrium concentration of the adsorbate (mg/L),
e is the amount of adsorbate adsorbed per unit mass of adsorbent
(mg/g), gm and K are Langmuir constants related to adsorption
capacity and rate of adsorption, respectively. These parameters
were calculated from the slope and intercept of Langmuir plots of
Ce/qe versus Ce. The results were listed in Table 7.

For Freundlich isotherm:

lnqe:InKF—i-%lnCe (21)

where Ce is the equilibrium concentration of the adsorbate (mg/L),
ge is the amount of adsorbate adsorbed per unit mass of adsorbent
(mg/g), K¢ and n are Freundlich constants with n giving an indi-
cation of how favorable the adsorption process and K (L/mg) is
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Table 6
Pseudo-second-order parameters for the adsorption of Zn?* at different conditions.

Conditions K> (min~") R? h (mg/g min) Ge exp (Mg/8) Gpredicted (ME/8)
Con=35mg/L, Ca/P=2, Csusp =4.5g/L and Ty =600°C 0.022 0.986 0.986 6.585 6.622
Cn=35mg/L, Ca/P=1.667, Csusp =4.5g/L and T, =600°C 0.039 0.931 1.213 6.625 6.097
Cn=85mg/L, Ca/P=2, Cysp=4.5g/L and T, =600°C 0.016 0.989 2.247 12.265 11.627
Czn=85mg/L, Ca/P=1.667, Csusp =4.5g/L and T, =600°C 0.019 0.997 2.127 11.140 12.345
Cyn=60mg/L, Ca/P=1.833, Cousp =7 g/L and T, =700°C 0.076 0.999 4016 7.260 7.256
18 Table 7
Isotherm parameters for different isotherms models.
16 | Conditions Csusp=4.5g/L Csusp=9.5g/L
Ca/P=1.667 Ca/P=2 Ca/P=1.667 Ca/P=2
14 - Langmuir K; (Lmg') -0.020 -0.007 —0.106 0.086
dm (Mg/g) —45.45 -200 —2.697 10.752
) R? 0.998 0.999 0.751 0.996
%D 124 Freundlich n 1.231 1.057 2.772 0.525
‘;9 Kr (mg(-1UmLlng-1)y 0703 1.308 0.034 1.44
10 R? 0.988 0.999 0818 0.998
3 both the models, with the exception of the results obtained at
(Ca/P=1.667 and Csysp =9.5 g/L). Therefore it can be inferred that
—k—Ca/P = 1.667; Csus = 4.5 g/L just analysing the R? of the fitting is not the unique parameters that
61 should be taken into account to verify the best fitting of isotherm
B Ca/P=2; Csus=4.5 g/L. model. However, from the Langmuir model, the determined slope
4 . : : : : is negative, thus it appears that this model is not favorable. These
4 6 3 10 12 14 results are similar to earlier reported work in the literature. In the
C, (mg/L) study by'Ravmnani anvd Sabharlwal [42] on the adsorption of Cr(VI)
onto radiation crosslinked chitosan it has been reported that the
experimental data fits well in the Langmuir equation as a straight
line plot is obtained. However the observed intercept is negative.
8 Thus they concluded that Langmuir model does not imply in the
adsorption of Cr(VI) on chitosan crosslinked by radiation.
3.11. Zinc removal mechanism
6 Sorption of zinc by hydroxyapatite was studied using the initial
g-g pH range 2-7. After 2 h of contact time, equilibrium pH (pHgina)
£ values were measured, as well as the residual metal concentra-
= tions and the results are presented in Fig. 10. In the same figure,
the pHginal versus pHipitia) PlOt, obtained by equilibrating hydroxya-
. patite powder with inert electrolyte (KCl) for pHpzc determination,
i was also included. If no specific sorption from the solution occurs,
—8—Ca/P=2; Csus=9.5 g/L acidic, as well as basic solutions (in the initial pH range 2-7) are
buffered after the reaction with HAP to its pHpzc value. The buffer-
—¥—Ca/P = 1.667; Csus =9.5 g/L ing characteristics of hydroxyapatite are the result of the acid-base
reactions of the reactive surface sites.
2 ‘ ' ‘ ' ‘ According to Wu et al. [43], the reactions responsible for the
2 6 10 14 18 22

C. (mg/L)

Fig. 9. Adsorption isotherms for zinc sorption on the four powders.

the adsorption capacity of the adsorbent. The parameters for the
Freundlich model were listed in Table 7.

The analysis of results on the basis of the R? value for two
isotherms equations shows that the data have agreed well with

Table 8
Single-crystal size and crystallinity of HAP, Zn-HAP and Zn-HAP calcined at 600 °C.

surface properties of hydroxyapatite in aqueous solutions are:
=PO~ +H* & POH? (22)
=CaOH," ¢ CaOHC +H* (23)

In the range of the lower initial pH values (below pHpzc=7.1)
consumption of protons from the solution by the protonation of
surface =PO~ and =CaOH° groups results in a final pH increase.
The positively charged =CaOH2?* and neutral =POHC sites pre-
vail on HAP surface in acidic solutions, making surface charge of

Sample Line width (2 13) FWHM (rad) Average single-crystal size D (A) Crystallinity (Xc)
HAP 0.295 297 0.538
Zn-HAP 0.529 165 0.093
Zn-HAP calcined at 600°C 0.446 196 0.155
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Fig. 10. Relationships between initial pH, final pH values obtained after equilibra-
tion of HAP with inert electrolyte (pHpzc) and Zn?* solution (pHgjna), and the yield
of zinc sorbed.

hydroxyapatite in this pH region positive. The results showed that
the removal efficiency of zinc increased significantly as the pH
increased from 2 to 5 and decreased at pH range 5-7. Then the
optimum pH for zinc sorption by HAP was found to be 5.

There are two possible reactions capable of removing zinc ion
from the solutions. The first mechanism is the adsorption of Zn2*
on the surfaces followed by the ion exchange reaction between
Zn%*adsorbed and Ca%* of HAP. The ion exchange interaction can
be presented as follows [27,39]:

Ca10(P04 )50H2 +XZH2+ — anCa(lo,X)(PO4 )GOHZ +XC32+ (24)

The second mechanism is dissolution of HAP in aqueous solution
containing zinc ions (which induced the increase on the pHgina)
followed by precipitation of zinc hydroxyapatite Zn;g(PO4)g(OH),,
i.e., the dissolution-precipitation mechanism [27]. As low pH and
the presence of Zn2* ions both accelerate hydroxyapatite disso-
lution [44], released phosphates combine with Zn2* ions to form
the less soluble Zn-hydroxyapatite. This dissolution/precipitation
mechanism is expressed as:

Dissolution : Ca10(P04)60H2 + 14H" — 10Ca%t +6H;P04~
+ + 2H,0 (25)

Precipitation : 10Zn?* + 6H,P04~ +2H,0 — Zn1o(P0O4)g0OH;
+14H" (26)

In order to investigate the removal mechanism of Zn2* ions by
HAP in aqueous solution, X-ray diffraction patterns of the hydrox-
yapatite powder after immersing in 100 mg/L of Zn%* solutions for
52 h are displayed in Fig. 11.

Phase analyses after exposure to a 100mg/L Zn2* solution
showed no shift of the HAP peaks in XRD was found which would
indicate an ion exchange in the hydroxyapatite structure.

On the other hand, the crystal size of the precipitates was esti-
mated from the XRD pattern using the Scherrer equation [45].
According to this equation, a single-crystal dimension perpendic-
ular to the (hkl) plane (Dpy) can be estimated from the peak
broadening as:

kX

— (27)
B1/2 Ccos Bhkl

Dy =

where k is a constant varying with the method of measuring the
breadth and is chosen to be 0.9 for elongated HAP crystallites, A is
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Fig. 11. Powder XRD patterns of the (a) hydroxyapatite no substituted, (b) Zn-
substituted apatites and (c) Zn-substituted apatites heat-treated at 600 °C for 3 h.

the wavelength (nm) of Cu K, radiation (A =0, 15418 nm); By, cor-
responds to full width at half maximum (FWHM) for the peak hkl
(rad), Opy is the diffraction angle (in degree). In samples with apatite
structures, the line broadening of the (2 13) (20 =49.49) reflection
was used to evaluate the mean crystal size. The crystallinity degree,
Xc, is defined as the fraction of the crystalline phase in a sample
volume. An empirical relation between X. and By is commonly
deduced according to the following equation [46]

3
Xe= [ A (28)
Bi/2

where K, is a constant set at 0.24 and By, is the FWHM of the
(21 3) reflection (in degrees). Table 8 shows the single-crystal size
and crystallinity of HAP, Zn-HAP and Zn-HAP calcined at 600 °C.

The HAP crystallinity and crystallite size seem decrease after
adsorption of zinc. This behavior might be explained by a mismatch
in the ion size between Zn and Ca. Zn?* ions (the ionic radius of Zn2*
is 0.074 nm, significantly smaller than that of Ca?* (0.099 nm) [47])
might distort the crystal structure of HAP [48]. These results sup-
port the ion-exchange mechanism. However, the Zn-HAP calcined
at 600 °C showed little increase on the crystallinity compared to
the powder after adsorption. Our results are consistent with Miyaji
et al.’s observation as they found that the crystallinity decreased
with an increase in the Zn concentration [47]. LeGeros and LeG-
eros [49] reported that the incorporation of small amount of Zn2*
into the HAP structure induces an evident reduction in the degree
of crystallinity of the apatitic phase, which leads to the inability of
the structure to host greater amount of Zn.

4. Conclusions

The factorial design of experiments for batch adsorption of the
zinc using hydroxyapatite was studied. The effects of four fac-
tors; initial zinc concentration (35-85mg/L), adsorbent dosage
(4.5-9.5g/L), Ca/P molar ratio (1.667-2) and calcination temper-
ature of the hydroxyapatite (600-800 °C) on percent of adsorption
were identified. The statistical analysis for each case confirmed that
the equation (Eq. (8)) gave a reasonably good fit with an R? value
of 0.985. According to the significance effect obtained in variance
analysis, the adsorbent dosage was found to have a significant effect
on the adsorption of zinc and the molar ratio Ca/P and zinc concen-
tration had a weak influence on the adsorption yield, except for
the calcination temperature, which had a strong effect under the
conditions investigated; the optimal adsorption yield is obtained
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at a Ca/P ratio of 1.667. The increase in the adsorbent dosage has a
positive effect on the removal of zinc and its optimal value is 9.5 g/L.

The kinetics of zinc sorption on hydroxyapatite is based on the
assumption of the pseudo-second-order mechanism. The equilib-
rium sorption isotherm is very important in design of sorption
system. Therefore for finding out the sorption isotherm, the exper-
imental results were analysed by using Freundlich and Langmuir
equations. It is seen that, the Freundlich equation is in good agree-
ment with the experimental data. The calcium cation plays an
important role in the sorption process.

The results of XRD analysis, pHpzc and pHg;n, values indicated
that ion exchange and dissolution/precipitation mechanisms pre-
dominate for the sorption of zinc on our hydroxyapatite.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2010.11.087.
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