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Abstract

In this work we have presented the results obtained in the adsorption behavior of hydroxyapatite with different treatment
towards aluminium ions from synthetic wastewaters. Experiments were performed in batch technique at different pH
values, temperatures, sorbent dosage, contact time and initial aluminium concentration. The thermodynamic studies on
the adsorption process of aluminium onto hydroxyapatite indicated that the process is spontaneous and endothermic.
The Langmuir, Freundlich, Flory-Huggins, Dubinin-Radushkevich and Temkin equilibrium models were applied to the
description of experimental data. The adsorption of aluminium follows the Langmuir adsorption isotherm. The kinetics
of adsorption was evaluated using the pseudo-first order, pseudo-second order and intraparticle diffusion kinetic mod-
els. The rate of aluminium adsorption was successfully described by a pseudo-second-order kinetic model. The obtained
results indicated that hydroxyapatite treated with Pluronic P123 surfactant has a higher sorption capacity toward alu-
minium ions (117.65 mg g~!) than hydroxyapatite treated with Pluronic F127 surfactant (109.89 mg g~') while untreated

hydroxyapatite exhibited the lowest one (104.17 mg g™!).
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1. Introduction

Wastewaters that contain metals are considered to be
dangerous to both human and the environment due to
their acute toxicity and non-biodegradability, even when
the metals are present at very low concentrations. Metal
ions are known as priority pollutants, due to their mobility
and toxicity in natural water ecosystems.

Aluminium is usually present in alum treated water,
effluents from aluminium based industries and also due to
the salts of aluminum added to many processed foods and
medicine. The main factors of the presence of aluminium
in water are the industrial processes. Acid rains are the
other important source for aluminium contamination of
natural waters.! =

The sources of aluminium contamination is attribut-
ed to the presence of ‘residual aluminium’ present in alum

treated waters,*> effluents from aluminium based indus-
tries and also due to the salts of aluminium being to hu-
man health.!-> Aluminium is a neurotoxin when is added
to many processed foods and medicine.®

Wastewaters that result from industrial activities
regularly can pollute drinking water supplies as well as riv-
ers, lakes, seawater and other aquatic ecosystems. In time,
this can cause a contamination of water with aluminium
and cause many medical disorders in living organisms.”8

Harmfulness of aluminium can be attributed to its
accumulation in bone and central nervous system, espe-
cially in people who have kidney failure. In high doses
(>110 pg L™Y),° aluminium can cause neurotoxicity being
associated with Parkinson dementia, and Alzheimer’s dis-
ease.!0 Also, aluminium can reduce skeletal mineralization
because it competes with calcium absorption in bones.
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For the removal of aluminium from wastewaters has
been proposed several methods such as ion exchange, re-
verse osmosis, chemical precipitation, and solvent extrac-
tion. Such methods generate toxic sludge that constitutes
serious environmental and economical problems. Conse-
quently, the adsorption has been found to be a better
method for removal of metals from wastewaters due to its
simplicity, efficiency and low costs.

It has been reported different type of sorbents that
have the capacity to adsorb and accumulate metals from
wastewaters, mainly activated carbon,!"!? natural zeo-
lites,!>* different algae types,!>!® magnetic nanoparti-
cles,'” rice hulk, polymers.!3-2! Recently, among the widely
available inorganic based adsorbents hydroxyapatite
(HAP) was found to exhibit a good adsorption poten-
tial?>23 HAP is the most stable form of calcium phosphate
with the chemical formula Ca;;(PO4)¢(OH),* being an
efficient sorbent used in order to remove heavy metals
from wastewaters due to its high sorption capacity*> and
ion exchange properties.?® Different methods of synthesis
influence the morphology of HAP, and, consequently
cause some properties such as adsorption and mechanical
strength.?4?728 As a result of these properties HAP has
been used as sensor, as adsorbent for dyes and heavy met-
als from residual waters.?>-3

As nanostructured HAP provide large interfaces, giv-
ing great adsorption capability in the separation field*, the
objective of this study was to evaluate the feasibility of using
nanoporous hydroxyapatite with different available pore
volumes and specific surface areas for the removal of alu-
minjum from aqueous solution. Thus, we succeeded in syn-
thesizing a mesoporous hydroxyapatite, using the surfactant
micelle as template system in order to induce pores in HAP
material. Further, the influence of experimental parameter
such as contact time, sorbent dose, pH, temperature, and
initial AI(III) concentration were studied in the sorption
process on prepared HAP powders. The adsorption process
was studied from kinetic and isotherm standpoints.

2. Material and Methods

Calcium nitrate, aluminium nitrate and phosphoric
acid were purchased from Sigma Aldrich. Ethylic alcohol
and liquid ammonia were purchased from Chemical Com-
pany, and surfactants (Pluronic P123 and Pluronic F127)
were purchased from Sigma Aldrich. All chemicals were
reagent grade and were used without further purification.

2. 1. Sorbents Synthesis

Hydroxyapatite (HAP) was prepared by coprecipita-
tion of calcium nitrate and phosphoric acid according to
the synthesis reported by Arsad and colab.® with some
modifications. Aqueous solution of 0.5 M calcium nitrate
was added to 50 mL ethanol and was vigorously stirred at

room temperature. Afterward few drops of 25% (v/v) am-
monia solution were then added to the solution in order to
adjust the pH to 10, and then a solution of 0.3 M phos-
phoric acid was added slowly in a dropwise manner to al-
low reacting with calcium nitrate. The used volumes of
calcium and phosphate containing reagent solutions were
calculated so as to respect the molar ratio of Ca/P equal to
1.67, as in the natural HAP. After 1 h reaction at 60 °C, the
reaction mixture was allowed to age overnight at room
temperature to complete the reaction. The suspension was
centrifuged at 4,000 rpm for 15 min., separated and dried
at room temperature. The white powder of sample was cal-
cined for 6 hours at 550 °C and labeled as HAP.

The HAP P123 and HAP F127 samples have been
obtained following the same procedure with the mention
that to the reaction mixture the corresponding surfactants
were added. Thus, the Pluronic P123 has been used in the
synthesis of HAP P123 sample, and Pluronic F127 in the
synthesis of HAP F127 sample.

The N, adsorption/desorption isotherms for BET
specific surface area measurements were recorded on a
NOVA 2200e (Quantachrome Instruments) automated
gas adsorption analyzer. Before analysis the samples were
outgassed at 120 °C for at least 6 h under vacuum.

2. 2. Sorption Experiments

Sorption of aluminium ions from synthetic wastewa-
ters was carried out in batch mode to establish the sorp-
tion capacity of sorbents as function of contact time, pH,
initial concentration of aluminium ions, temperature,
sorbent dose.

The aluminium ion concentration in the samples col-
lected at different contact times and at equilibrium was
measured at a wavelength of 309 nm by flame atomic ab-
sorption spectroscopy (FAAS) on the continuum source
atomic absorption spectrometer—contrAA® 300- equipped
with an optimized high-resolution Echelle double mono-
chromator. Infrared spectra were performed with a BRUK-
ER ALPHA FT-IR Spectrometer between 400-4000 cm™L.

Experiments were performed in triplicate and the
average of measurements was used in calculation.

The amount of aluminium retained per unit mass of
sorbent was calculated with Eq. (1).

g= M , (mg Al/g sorbent) (1)
m

where C is initial concentration of aluminium, (mg L),
C. is aluminium concentration in aqueous solution at
equilibrium, (mg L), V is the volume of aqueous solution
(L), and m is sorbent mass (g).

3. Results and Discussion

Infrared spectra of the sorbent point out that the use
of surfactants did not influence their surface chemistry,
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but only changed their textural properties, meaning that
the specific surface area and pores volume increased/de-
creased according to the used structure directing agent.
The infrared spectra show broad bands characteristic to
hydroxyapatite nanomaterial. The characteristic peaks at-
tributed to PO,*> appear at 475, 570, 600, 962, 1039, and
1091 cm™!, showing a distinguishable P-O stretching vi-
bration and a triple degenerate bending vibrations of
phosphate groups in hydroxyapatite.** The FTIR spectra
after adsorption experiments highlight the increase in the
intensity of some absorption bands.

Nitrogen adsorption-desorption analysis has been
employed to characterize the porous structure of the syn-
thesized samples.>® Figure 1 shows typical isotherms char-
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Figure 1. Nitrogen sorption isotherm and corresponding pore size
distributions for the synthesized HAP samples.

acteristic to hydroxyapatite materials. All isotherms are of
type IV, characterizing mesoporous materials, accompa-
nied by a H3 type hysteresis loop, which according to IU-
PAC classification®® is attributed to the formation of aggre-
gated plate-lite particles giving rise to pores of slit shapes.

The textural characteristics of the investigated sorb-
ents are presented in Table 1. It can be observed that the
surfactant addition during the HAP synthesis lead to the
hypothesis that the abundant pore bodies of a certain size
can be correlated with the abundance of pore necks that
are smaller by a systematic amount.*” Even more, the sur-
factant P123 increased considerably specific surface area
and total pore volume of the hydroxyapatite material, as
can be observed from the Table 1.

Table 1. Textural properties of the synthesized sorbents.

Sorbent  Specific surface, Pore Volume, Pore diameter,
m?%/g cm®/g nm

HAP 47.251 6.48 x 1072 3.12

HAP P123 69.153 1.59 x 107! 3.50

HAP F127 31.719 6.18 x 1072 4.13

Relatively large specific surface and pore volume of
the synthesized HAP systems highlighted their potential
application as adsorbent materials.

3. 1. Influence of Sorbent Mass on the
Adsorption Process

An important factor influencing the efficiency of the
adsorption process from economically point of view is the
sorbent mass used to remove the pollutant. The adsorption
process is not effective if it requires a large amount of sorb-
ent.

The effect of sorbent mass variation on the adsorp-
tion process was investigated at an established metal ion
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Figure 2. Dependence of adsorption process on the sorbent mass.
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concentration of 50 mg L! at a temperature of 25 °C. Fig-
ure 2 shows that with the increase of the sorbent mass
from 0.01 g to 0.03 g the sorption capacity of the sorbents
decreases because by increasing of the sorbent dose the
number of accessible active sites increased consequently,
the same amount of aluminium ions being distributed on
an increasing number of binding sites. From this figure we
can conclude that HAP P123 had a better sorption capaci-
ty by comparing with HAP and HAP F127, exhibiting al-
most similar textural properties.

3. 2. Effect of Contact Time on the Sorption
Process

The influence of contact time on the adsorption of
aluminium ions on the three type of hydroxyapatite was
studied in a range of 0-180 minutes.

These experiments were performed at a temperature
of 25 °C and a metal ion concentration of 50 mg L7}, the
sorbent mass used was 15 mg and the working volume of
the solution was 20 mL. The results that were obtained are
plotted in Figure 3.
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Figure 3. Dependence of adsorption process on the contact time.

It can be seen from Figure 3 that the amount of alu-
minium ions retained by sorbents increases with the in-
creasing of the contact time, and equilibrium is reached
after a period of 90 minutes after which the sorption re-
mains constant. It is noted that in the case of the hy-
droxyapatite treated with surfactant Pluronic P123, the
sorption of the aluminium ions was more efficient.

3. 3. pH Dependence of Sorption Process

pH is an important parameter that determines the
ionic species in aqueous solution. The pH effect on the
sorption of aluminium ions was studied by varying the
solution pH in the range 2-8 with HCI and NaOH, the
sorption capacity of HAPs sorbents being plotted as a
function of pH in Figure 4. It is obvious that the sorption

capacity is influenced by the solution pH, the higher sorp-
tion occurring at pH 4. The value of sorption capacity of
HAP was 43.21 mg g}, for HAP F127 was 52.64 mg g™
and for HAP P123 was 59.85 mg g™}, respectively. In aque-
ous solutions the solubility of aluminum increases at low
pH due to the formation of ionic species: [AI(OH)]?*",
[AI(OH),]* and [AI(H,0),]>*.!8 At pH values ~4, most Al
exists as AI**.3® In pH range between 5.2 and 8.8 the pre-
dominant specie is solid AI(OH); while over pH 9 the sol-
uble [Al(OH),]" is dominant species.
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Figure 4. Influence of pH values on the adsorption process of Al(I-
III) ions.

The increase in pH values leads to the increase of
the AI(III) ions removal (Fig. 4), it reaches a maximum
at pH 4 and thereafter, it decreases, probably due to the
formation of the aluminum hydroxide which block the
pores of the sorbent.**#" It is well known that hy-
droxyapatite contains two different ionic Ca and P bind-
ing sites on their surface, depending on the pH values of
the solution, that are able to absorb or release protons as
follow:*!

Ca-OH+H*0 Ca-OHY

— S [0}
=GB, = ca—o o

A\

~
P + H*
~

pr—— —_— /
=ca—0" oy = ca—o0 o

s

At low pH values the metal ions removal is weak due
to the competition between the hydronium ions present in
solution and the metal ions to occupy the surface-active
sites. As the solution pH increases, this competition de-
creases and the sites from the hydroxyapatite surface be-
come negatively charged and favors the adsorption of AI(I-
II) ions by electrostatic interactions. Furthermore, some
researchers have investigated the effect of pH on sorption
of AI(III) using different kinds of sorbents and reported
almost same pH dependent and maximum sorption was
obtained at near pH values.*!°
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3. 4. Effect of Initial Concentration of
Aluminium Ions on the Sorption Process

The effect of initial concentration on the adsorption
of aluminium ions has also been investigated. Studies were
performed at 25 °C, the initial concentration of aluminium
ions was varied from 25 to 250 mg L ! all other parameters
have been maintained at constant values (pH 4, contact
time being 90 minutes and sorbent mass - 0.015 g).

From Figure 5 it can be seen that the sorption pro-
cess increases with increasing the concentration of alumi-
num ions up to a value of 100 mg L' after which a de-
crease of the adsorption process is observed. This variation
can be explained by the fact that at high concentration the
sorbent binding sites are saturated and other metal ions
cannot be retained. Moreover, in dilute solutions the mo-
bility of the metal ions is high and, consequently, their in-
teraction with the sorbent is high. For an efficient removal
of metal ions from wastewater, it is suggested to dilute the
water containing metal ions prior to the adsorption opera-
tion.
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Figure 5. Influence of initial aluminium concentration on the ad-
sorption process.

3. 5. Influence of Temperature on the
Adsorption Process

The effect of the temperature on the adsorption pro-
cesses of aluminium ions on the three sorbents was inves-
tigated in a temperature range of 20-40 °C while the other
parameters were kept constant and the results obtained are
shown in Figure 6.

Increasing the amount of adsorbed metal with in-
creasing temperature indicates the endothermic nature of
this process. This variation can be attributed either to the
increase in the number of active sites on the sorbent sur-
face available for sorption, or to the decrease in the thick-
ness of the boundary layer surrounding the adsorbent so
that the resistance of the adsorbent layer to the mass trans-
fer decreases. Another explanation may be that with the
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Figure 6. Dependence of adsorption process of AI(IIII) ions on the
temperature.

increase in temperature the diffusion rate of the sorbate
molecules increases along the outer layer, as well as in the
internal pores of the sorbent particles.

3. 6. Thermodynamic study

The distribution coefficient, Ky, is the ratio between
the concentration of the aluminium ions in the sorbent
and in aqueous solution at equilibrium, and it is calculated
with the Equation (3).

Kd:M.X(mL.g—l) (3)
Ce m
where C is initial concentration of aluminium, (mg L),
C. is aluminium concentration in aqueous solution at
equilibrium, (mg L™1), V is the volume of aqueous solution
(L), and m is sorbent mass (g).
The thermodynamic parameters, such as: the stand-
ard free energy (AG®), enthalpy (AH®), and entropy of the
system (AS®) were estimated using Eqs. (4) and (5).

0 0
mK, =2 21 4)
R RT
0 _ 0 _ 0
AG" =AH" -TAS (5)

For the calculation of the thermodynamic parameters
were used the results obtained from the study of tempera-
ture influence on the adsorption process. The values of AH®
and AS° were calculated from the slope and the ordered in-
tercept of the 1/T function representation of InKy (Figure
7). The results obtained are presented in Table 2.

3. 7. Adsorption Isotherms Models

Adsorption isotherms are an important aspect in de-
scribing the adsorption phenomenon that occurs at differ-
ent types of interfaces. Among the various isotherm mod-
els, the most common were used in this study.
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Table 2. Thermodynamic parameters of the adsorption process of AI(III) ions.

Sorbent AG®, kJ/mol
AH° AS° 293 298 303 308 313
kJ/mol K kJ/mol K
HAP 21.01 0.128 -16.49 -17.13 -17.77 -18.41 -19.05
HAP 127 20.54 0.130 -17.55 -18.2 -18.85 -19.5 -20.15
HAP 123 27.87 0.156 -17.84 -18.62 -19.40 -20.18 -20.96

The positive values obtained for AH° and AS° indicate that the adsorption process is endothermic, and the affinity of the
three sorbents for the aluminium ions is high. Negative Gibbs energy values show that the adsorption process is spontane-

ous.
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Figure 7. Dependence of distribution coefficient on the tempera-
ture.

Langmuir isotherm model

The Langmuir model is widely applied to the metal
ion sorption processes. This model describes the quantita-
tive adsorption of a monolayer on the external surface of
the sorbent, after which no further adsorption occurs.*?
Thus, the Langmuir isotherm is the balanced distribution
of metal ions between the solid and liquid phases. The
model implies uniform adsorption energy on the surface
of the sorbent and no transmigration of the adsorbate in
the surface plane. The Langmuir isotherm involves a sur-
face with homogeneous binding points, equivalent sorp-
tion energies and excludes any type of interaction between
the adsorbed species. The linearized mathematical expres-
sion of this isotherm is:*?

c, 1 ¢

= = , e (6)
Qe KL : qm qm

where C, is aluminium ions concentration at equilibrium
(mg L1), g, is amount of Al (III) adsorbed at equilibrium
(mg/g), Qmax is maximum adsorption capacity of the sorb-
ent (mg/g) and K| is Langmuir adsorption constant (L/
mg). The plot of C./q, in function of C, (Figure 8a) gives a
straight line with slope 1/q,,, and intercept 1/qu. K. Kp
is a constant that is important in calculating the dimen-
sional parameter (R;) that explains the favorability of the

adsorption process; Ry is calculated using Eq. (7)

1
B
L I ™

Thus, 4 situations are distinguished, namely: 1) the
adsorption process is unfavorable if R; > 1; 2) adsorption is
linear when Ry = 1; 3) the adsorption process is favorable
when 0 <R; <1 and 4) the adsorption is irreversible if R} =
0. In the studies that were performed we obtained for Ry,
subunit values (Table 3) which proves that the adsorption
process of the aluminum ions on the three sorbents was
favorable.®

Freundlich isotherm model

The Freundlich isotherm is an empirical model that
is not limited to monolayer adsorption, but also to the de-
scription of multilayer adsorption. The mathematical ex-

pression of the linearized form is:**

logq, :log}(,,+llm&,’Ce (8)
n

where q. is amount of Al (III) adsorbed at equilibrium
(mg/g), C. is concentration of AI(III) in aqueous solution
at equilibrium (mg/L); K and n are Freundlich constants
that include factors that affect adsorption capacity and ad-
sorption intensity, respectively. Graphical representation
of log q. as function of logC, (Figure 8b) gives a linear
graph with slope 1/n and intercept log Kg from which Fre-
undlich constants were estimated (Table 3).

Flory-Huggins isotherm model

For a complete characterization of the adsorption
process the Flory-Huggins model was used to determine
the degree of sorbent surface coverage of the sorbate.** The
linearized mathematical expression of this isotherm is:

logci =logK,, +nlog(l-0) 9)

0

C.
where e:(l’a] is the degree of coverage of the surface,
and KFH is the equilibrium constant of the adsorption.
The parameters of Eq. (9) are calculated from the slope and
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Figure 8. Langmuir (a), Freundlich (b), Flory-Huggins (c), Dubinin-Radushkevich (d) and Temkin (e) isotherms.

intercept of the graphical representation of log 8 /C, vs log
(1-0), (Figure 8c) and their values are given in Table 3.

Dubinin-Radushkevich isotherm model

Dubinin and Radushkevich proposed another iso-
therm that is applied to estimate the average free energy of
adsorption. The average free adsorption energy per mole of
sorbent is the energy required to transfer one mole of adsorb-
ate from solution from infinity to the surface, and is useful in

evaluating the nature of the interaction between metal ions
and binding sites.*® If the value of E is between 8 and 16 kJ /
mol, it can be assumed that the adsorption process involves
chemical sorption. In contrast, values of less than 8 kJ / mol
indicate that the adsorption process is physical in nature.

Ing, =InX_—K¢&’ (10)

where Kpg is a constant related to adsorption energy
(mol?/kJ?), X, is a constant that indicates the sorption ca-
pacity of sorbent (mg/g).
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Polanyi potential, €, was calculated with the Eq. (11):

1
S—RTln(H—C—} 1)

e

The free adsorption energy (E) was calculated using
the following expression:

E,=(—2Kp ) (12)

The positive values obtained (see Table 3) indicate
that the adsorption process is endothermic, being favored
by high temperatures. Also, the values obtained are greater
than 8 kJ/mol, indicating a chemisorption process.

Temkin isotherm model

This isotherm model considers the interactions be-
tween sorbent and adsorbate. This model assumes that the
heat of adsorption process decreases linearly with the in-
crease in coverage of sorbent, and the process is character-
ized by uniform distribution of the binding energies up to
a maximum binding energy.*® The linearized form of this
isotherm is given by the equation (13):

‘L::E'IHK; +gh‘1€? (13)

T T
1/by indicates the sorption potential of the sorbent, and Ky
is Temkin constant being calculated for each material and
are given in Table 3.

Table 3. Adsorption isotherm parameters.

Model HAP HAP F127 HAP P123
Langmuir

Qoo (Mg g7) 104.17 109.89 117.65
K (Lg™) 0.021 0.023 0.03
Ry 0.49 0.47 0.4

R? 0.998 0.997 0.998
Freundlich

Kr 37.54 32.59 22.58
n 5.82 5.58 4.32
R? 0.974 0.98 0.978
Flory-Huggins

Key 15.28 x 103 12.07 x 10> 9.18 x 10°
n 8.505 7.124 5.87
R? 0.934 0.913 0.908
Dubinin-Radushkevich

Kpr 0.001 0.0013 0.0017
X, (mol g’l) 102.48 105.61 109.48
E (k] mol™!) 22.36 19.61 17.14
R? 0.931 0.906 0.863
Temkin

bt 4.35 5.79 44.26
Ky (Lg™) 3.44 6.33 9.38
R? 0.983 0.944 0.989

The results show that the Langmuir isotherm is the
one that best describes the adsorption process of alumini-
um ions on the three sorbents, with a maximum adsorp-
tion capacity of 104.17 mg g! for simple hydroxyapatite,
109.89 mg g! for hydroxyapatite synthesized in the pres-
ence of Pluronic F127 and 117.65 mg g~! for hydroxyapa-
tite synthesized in the presence of Pluronic P123. In all
three cases, a correlation coeflicient of 0.99 was obtained.
The high energy adsorption value indicates a chemisorp-
tion process for the absorption of aluminium ions.

3. 8. Kinetic Studies

Kinetic studies are very important for adsorption
processes because they can predict the rate at the pollut-
ants are removed from aqueous solutions and offer some
data to understand the mechanism of adsorption. In pres-
ent study, three known kinetic models were used to inves-
tigate the adsorption mechanism.

Pseudo first order kinetic model

Lagergren showed that the rate of adsorption of ions
on the sorbent is based on the adsorption capacity.*” Thus,
we use a pseudo-order equation for estimating the con-
stant rate, k;. The nonlinear form of this equation is:

dq,

E:kl(qc*q() (14)

Linearized form of this equation is:

log(q. —q,)=1lo 7Lt (15)
gq, —q, £4, 2303

where g and q, are the amounts of AI(IIT) (mg/g) adsorbed
at equilibrium and at # (min) time, respectively, and k; (1/
min) is the rate constant of pseudo-first order. The values
of k; are calculated from the graphical representation of
log (qe - qt) vs. t (Figure 9a).

Pseudo-second order kinetic model

This model is widely used for metal ion/sorbent ad-
sorption systems. Adsorption of Al (III) ions may involve
a chemical adsorption assuming a strong electrostatic in-
teraction between the negatively charged surface of the
sorbent and the metal ions.*® The pseudo-second order
kinetic equation is described in the following form:

dq 2
. —k., -.—q 6
lt ‘(qk l) (1 )

Linearized form of this equation is:

1 1 1
—=—+—t (17)
q ka. q
where k, (g/mg min) is the rate constant of second order.
Linear form of t/q, as function of t is shown in Figure 9b.
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Intraparticle diffusion kinetic model

The kinetic model of intra-particle diffusion is based
on the theory or equation proposed by Weber and Morris.
It is a functional empirical relationship, common with
most adsorption processes.*’ Metal ions adsorption varies
almost proportionally with t'? rather than with contact
time, t. Weber-Morris equation is:

q = kidt]‘.z +C; (18)

where k4 is rate parameter of the i step (mg/g min'/2?), esti-
mated from the slope of linear plot gt as function of t'/2. C;
is intercept of i step, giving an idea about the thickness of
the boundary layer, that since the intercept is greater, the
boundary layer effect is greater. For intra-particle diffu-
sion, the plot of g, vs. t'/2 will be linear and if it passes
through the origin, then the determinant rate process is
due only to intra-particle diffusion

It can be seen from Figure 9c that the experimental
data is distributed along two straight lines. The first
sharpened portion is attributed to the diffusion of the ad-

sorbate by solution to the external surface of the sorbent
(external diffusion), and the second portion describes
the step of gradual adsorption, corresponding to the dif-
fusion of adsorbate within the pores of the sorbent (in-
tra-particle diffusion). It is also noted that kiq; > kig,. Pa-
rameters obtained from the kinetic models are presented
in Table 4.

From experimental data we can conclude that the
adsorption of Al (III) ions follows the pseudo-second or-
der kinetic model, which assumes that chemisorption can
be the determining rate step.

In order to determine the effectiveness of the used
sorbents, a comparison was made with the results from the
literature when other sorbents were used, the results of the
comparison being presented in Table 5.

Comparing the experimental data obtained in this
study with those obtained by other researchers, we can see
that the sorbents used have a higher sorption capacity than
some sorbents reported in the literature, which recom-
mends them to use in the removal process of aluminium
ions from the waste water.

2
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Figure 9. Pseudo-first order (a), pseudo-second order (b) and intraparticle diffusion kinetic model (c) for AI(IIT) adsorption onto investigated sor-

bents.
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Table 4. Kinetic parameters of the adsorption of AI(III) ions.

Kinetic model Sorbent

HAP HAP F127 HAP P123
Pseudo first order
Qe, exp (Mg g7) 45.67 55.9 60.54
Qe, calc (Mg gh) 43.61 54.60 66.91
k; (min~1) 0.051 0.064 0.063
R? 0.901 0.940 0.914
Pseudo second order
Qe, exp (Mg g7) 45.67 55.9 60.54
Qe, calc (Mg gh) 49.62 59.52 63.29
k,(gmg ! min!) 1.911073 197107 1161073
R? 0.998 0.999 0.998
Intraparticle difussion
kig; (mg/g min'2) 2.703 3.781 2.814
kig; (mg/g min'2) 0.054 0.029 0.0216
C, 20.024 23.476 35.378
(Ry)? 0.989 0.986 0.979

Table 5. Comparative result of adsorption efficiency of different
type of sorbents towards AI(III).

Sorbent qe, Mg/g Reference
Beach cast seaweed 22.49 5

PAN beads 0.245 18

PAN beads thermally treated 0.154 18

Rice hull activated carbon 34.48 1

BDH activated carbon 6.56 11
Rhodococcus opacus 41.58 50
Granular activated carbon 106.5 12
Amberlite-IR-120H 108.7 12
Chitine 18.28 51
Chitosan 23.57 51
Hydroxyapatite 104.17 This study
Hydroxyapatite F127 109.89 This study
Hydroxyapatite P123 117.65 This study

3. 9. Regeneration and Reusability of Sorbents

The applicability of potential sorbents depends on
their regeneration under convenient conditions and the
possibility of their re-use in successive sorption / desorp-
tion cycles. From practical reasons, an ideal sorbent must
be reused in successive sorption/desorption cycles with as
less as possible loss of the initial sorption capacity. There-
fore, desorption of Al (IIT) ions was carried out with a 0.01
M solution of HCI obtained in five successive sorption/
desorption cycles as shown in Figure 10.

The results show that these sorbents could be suc-
cessfully regenerated and repeatedly used in the adsorp-
tion studies of Al (III) ions without significant loss in their
adsorption capacities.

70

mHAP  ®mHAPF127 HAP P123

60 -

50 -
D40 -
£
o 30
20 -
10 4
0 - - ‘ . ‘
1 2 3 4 5

number of cycles

Figure 10. Cycles of desorption-adsorption for sorbents.

4, Conclusions

The sorption of aluminium (III) ions from synthetic
wastewaters onto different type of hydroxyapatite has been
studied as a function of contact time, the initial metal ion
concentration, sorbent mass, pH, sorbent dose and tem-
perature. Equilibrium, kinetic and thermodynamic data
were applied in order to evaluate the efficiency of the in-
vestigated sorbents for the removal of AI(III) ions from
residual waters. The adsorption process of these ions on
the three types of sorbents obeyed of the pseudo-second
order kinetics, supporting that the chemisorption would
be the rate-determining step. The equilibrium data ob-
tained for the adsorption of aluminium ions onto investi-
gated sorbents well fitted in the Langmuir model with a
maximum theoretical adsorption capacity of 104.17 mg
Al(IIT)/g hydroxyapatite, and 109.84 mg Al(III)/g hy-
droxyapatite F127, and 117.65 mg Al(III)/g hydroxyapatite
F127, respectively. The sorption process is endothermic
(AH® > 20 kJ/mol) and spontaneous (the increase of the
negative values of AG® with the increase of temperature).
The uptake of AI(IIT) by these sorbents is a reversible pro-
cess and the sorbents can be used in five desorption/sorp-
tion cycles without significant loss in their adsorption ca-
pacities.

All these experimental results showed that hy-
droxyapatites are suitable adsorbent for removal of alu-
minium ions from residual waters.
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Povzetek

V tem delu predstavljamo rezultate sposobnosti adsorpcije aluminija iz onesnazene vode s hidroksiapatitom pripravljen-
im na razli¢ne nacine. Eksperimenti so bili izvedeni v $arznem nacinu pri razli¢nih pH vrednostih, temperaturi, koli¢ini
adsorbenta, kontaktnem casu in zacetni koncentraciji aluminija. Termodinamska analiza je pokazala, da je proces ad-
sorpcije aluminija na hidroksiapatit spontan in endotermen. Eksperimentalnim podatkom smo prilagajali Langmuir-
jev, Freundlichov, Flory-Hugginsov, Dubinin-Radushkevichov in Temkinov ravnotezni model, pri ¢emer smo najboljse
ujemanje dosegli z Langmuirjevim modelom. Kineti¢ne podatke smo ovrednotili s kineti¢nim modelom psevdo-prvega
in psevdo-drugega reda ter modelom znotrajdel¢ne difuzije. Hitrost adsorpcije aluminija lahko najbolje opiSemo s psev-
do-drugim redom. Rezultati so pokazali, da ima najvi$jo adsorpcijsko kapaciteto aluminija hidroksiapatit pri katerem
smo uporabili surfaktant Pluronic P123 (117.65 mg g™!), sledi mu hidroksiapatit s surfaktantom Pluronic F127, najnizjo
pa hidroksiapatit pripravljen brez uporabe surfaktanta (104.17 mg g™}).
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