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amounts adsorbed at saturation are obtained for non-stoichiometric hydroxyapatite, containing
more HPO4* ions and having a high specific surface area. The good agreement of the
experimental data with kinetic models confirms that the mechanism can be perfectly described

Keywords: by pseudo-second-order kinetics. Adsorption isotherm models show that Langmuir's model gives
Hydroxyapatite . . . ..

Methionine a better fit of experimental data compared to that of Freundlich, Temkin and Dubinin-Kaganer-
Kinetic Radushkevich. Fourier transform infrared spectroscopy confirmed the interaction between the -
Isotherm COO ions of methionine and the Ca* ions of hydroxyapatite. The thermodynamic parameters,
Thermodynamic the isoelectric point of methionine and the point of zero charge of hydroxyapatite with different

Ca/P ratios show that the adsorption process is considered spontaneous, exothermic and often
controlled by physisorption with interactions electrostatic.
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1. Introduction

The phenomena that occur at the interface between apatitic calcium phosphates and the surrounding environment have
been the subject of many studies in reason of the biological properties of these biomaterials, and also their involvement in
diverse fields (medicine, biotechnology, biology, environment, etc.).'* These compounds, especially hydroxyapatite which
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has been widely studied and used clinically, can bind biological molecules and macromolecules such as amino acids,*
proteins,’ etc. This is due to its excellent biocompatibility, bioactivity and osteoconductivity and its chemical and structural
similarity with natural bone minerals. Nowadays, these phosphates are also used for drug delivery applications and
controlled antibiotic release for treating, for example, fracture-related infections in osteoporotic bone, and bone defects.®’

One of the most interesting properties of apatites is their ability of the lattice to accept ionic substituents and vacancies.
Due to this property, non-stoichiometric apatites are quite easy to synthesize.® Most exchange reactions between adsorbate
and adsorbent are related to the exchange of surface ions. These exchanges are made possible because of the high specific
surface area of the apatites used but also, essentially, because of the existence of a hydrated layer on the apatite surface
containing loosely bound ions.’

Because of a lower Ca/P ratio than stoichiometric hydroxyapatite, calcium-deficient hydroxyapatite benefits from a
higher solubility and consequently, it biologically appears more bioactive than stoichiometric hydroxyapatite.!®!! Therefore
calcium-deficient hydroxyapatite, whose composition and structure are very close to the natural bone mineral,'? is of greater
biological interest than stoichiometric hydroxyapatite and is a suitable candidate for bone regeneration. '

Despite research on the surface properties of apatites, their mode of interaction with the surrounding environment
remains poorly understood (adsorption, desorption, etc.), due to the complexity of the adsorbate-adsorbent system, on the
one hand, and poorly controlled conditions, on the other hand.

This work contributes to investigating the parameters involved in the adsorption of the amino acid L-methionine on
synthetic hydroxyapatites, which are well characterized. These parameters which are related to isotherm models, kinetic
models and thermodynamic properties can help to understand the mechanisms which govern the phenomena at the interface
between hydroxyapatite of various compositions and L-methionine of character hydrophobic, and also to determine the
nature of the adsorption process. For this reason, the chemical composition of the adsorbents was taken as an experimental
variable.

In this work, we are interested in testing two types of poorly crystalline hydroxyapatites of different compositions, which
are prepared by chemical precipitation technique at pH~7.4 and at 298 K. They are (1) stoichiometric hydroxyapatite with
Ca/P =1.67 of formula Ca;o(PO4)s(OH), and (2) non-stoichiometric calcium-deficient hydroxyapatites of 1.5< Ca/P <1.67
can be described by the following formula Cajox(POs)sx (HPO4)x(OH),.« with 0 < x <1.'* The amount of HPO4> ions in
these compounds will be considered as variable experimental towards the methionine reactivity and for the adsorption

process under physiological conditions of pH~7 and T= 310K.

In this paper, hydroxyapatite samples were prepared by varying the Ca/P ratio. As a consequence, samples with different
stoichiometries were obtained and characterized.

2. Material and methods
2.1 Adsorbate

L-Methionine is one of nine essential amino acids that cannot be made by the human body, it must be obtained from
dietary sources. it contains sulfur and is found in many proteins, including dietary proteins. The properties of L-Methionine

are illustrated in Table 1,'>'¢ its infrared spectrum is shown in Fig 1.

Table 1. Properties of L-Methionine.'>!¢

Amino acid L-Methionine

. NH,
Chemical structure HaCo g /\/‘YOH

o

Chemical formula CsHiiNO,S
TUPAC Name 2-Amino-4-(methylthio)butanoic acid
Hydrophobicity hydrophobic (non-polar)
Acidity (pKa) at 298 K 2.28 (carboxyl), 9.21 (amino)
Isoelectric point (pI) at 298 K 5.74
Molecular weight (g/mol) 149.21
Density at 293 K (g/cm?) 1.34
Appearance White crystalline powder

Solubility in water at 298 K (g/L) 56.6




A. El Rhilassi et al. / Current Chemistry Letters 12 (2023) 783

The infrared spectrum of methionine shows strong bands located between 1000 and 1350 cm! attributed to the C-N

bond of the primary amine.!” The shoulder between 2500 and 3000 cm! corresponds to the O-H bond.!” There are also two

bands observed at 1580 and 1607 cm™! characteristic of the C=0 bond as well as at 3300 cm™ a band corresponding to the

N-H bond.!7 Other bands observed between 2500 and 2600 cm™ and between 650 and 750 cm™! are successively attributed
to the S...H and C-S bonds existing in the methionine molecule.'®
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Fig. 1. Infrared spectra of L-Methionine
2.2 Adsorbents

2.2.1 Preparation

The adsorbents are prepared by co-precipitation method between two solution A [calcium nitrate Ca(NO3),,4H,0
(Riedel- de Haén -Germany)] and B [di-ammonium hydrogenphosphate (NH4);HPO4 (Riedel-de Haén, Germany)]. In this
preparation, the Ca/P ratio is varied between 1.50 and 1.67 by varying the amount of phosphorus between 45 and 50 mmoles,
while maintaining the amount of calcium constant and equal to 75 mmoles. The co-precipitation is carried out at T~310 K
by rapidly pouring, with stirring, solution (A) into solution (B). The pH value was adjusted to ~7.4 by adding a few drops
of concentrated ammonia NH4OH. After stirring (500 rpm) for 2 hours, the co-precipitates formed are filtered through
Biichner, then washed with distilled water, dried in an oven at 70°C for 48 hours, ground and sieved (<210 pum).

2.2.2 Characterization of synthesized apatites

The powders obtained are characterized by physicochemical analysis. The calcium content was determined by
complexometry with Ethylene Diamine Tetra Acetic Acid (EDTA) and the phosphate ion content by spectrophotometry of
phospho-vanado-molybdic acid. The values obtained of Ca/P molar ratio of synthetic apatites are between 1.50 and 1.67
(Table 2).

The specific surface area was determined through to the Saers method.!? 0.5 g of adsorbent sample was acidified with
0.1 M HCI at pH between 3 and 3.5, the volume was made up to 50 mL with deionized water after addition of 10.0 g of
NaCl. The solution obtained was titrated with 0.1 M NaOH in a thermostatic bath at 298 + 0.5 K. The specific surface area
is calculated from the following equation:

S (m?/g) = 32V(Naomy — 25 (1)

Where, V naon) is the volume of NaOH required to rise the pH from 4.0 to 9.0 (mL). The specific surface found is between
75 and 157 m%/g (Table 2), it increases when the Ca/P ratio decreases, and it is important for the compound of Ca/P=1.50
which contains more HPO4* ions.

The zero-point charge (pHpcz) of the apatites was determined by a simple technique,?® 0.2 g powder placed in beakers
containing 20 mL of 0.01 M NaCl solution. The initial pH of these solutions is adjusted from 4 to 10 by adding sodium
hydroxide solution (0.1 M) or hydrochloric acid solution (0.1 M). After 48 hours of stirring speed (250 rpm) at ambient
temperature, the final pH is measured. The pHpcz was determined by plotting pH finaty —pHinitiany against the pHinitiay (Fig. 2).
In the present study, the pHp,. of the synthetic apatites is between 6.55 and 6.9 (Table 2). The rapports atomics Ca/P obtained
allows us to calculate the x values by the following relationship:
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x =10 —6(Ca/P)with0 < x <1 2)
The chemical formulas of synthesized apatites are illustrated in Table 2.
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Fig. 2. pHzpc of synthesized hydroxyapatites of Ca/P 1.50, 1.54, 1.58, 1.62 and 1.67

Table 2. Chemical compositions, specific surface areas, pH,.. and chemical formulas of synthetic hydroxyapatites in 0 <
x <l1.

Ca (mmol) P (mmol) Ca/P X specific surface area (m?%g)
+0,01 Chemical formula PHopzc +0,05
10.5 6.30 1.67 0.00 Ca,o(PO4)s(OH), 6.60 75
10.6 6.55 1.62 0.28 Cay72(PO4)s.72(HPO4)o 25(OH); 72 6.55 88
10.7 6.80 1.58 0.52 Cayg 43(PO4)5.45(HPO4)o 52(OH); 45 6.80 101
10.8 7.02 1.54 0.76 Cag24(PO4)5 24(HPO4)0.76(OH); 24 6.90 114
10.9 7.29 1.50 1.00 Cay(PO,)s(HPO4)(OH) 6.70 157

by 1 .50

o 20 40 S 80 100

Fig. 3. XRD patterns of synthesized apatites of Ca/P 1.50, 1.54, 1.58, 1.62 and 1.67

X-ray powder diffraction (XRD) pattern was analyzed using X’Pert PRO (Germany) Xray diffractometer with Cu Ka
radiation. X-ray diffraction of synthesized adsorbents of Ca/p between 1.50 and 1.67 (Fig. 3) shows broad and poorly
resolved lines characteristic of poorly crystallines apatites like the mineral phase of calcified tissue.?!

Infrared spectroscopy (FT-IR) was carried out by using 89 VERTEX 70/70 V FT-IR spectrometers (Bruker Optics). The
spectra of synthesized adsorbents of Ca/p between 1.50 and 1.67 (Fig. 4) reveal broad and poorly resolved bands confirming
the poor crystallinity of these hydroxyapatites. The attributions as well as the relative intensities of the vibration bands
observed are grouped together in Table 3. We noted that the bands corresponding to the OH- and PO4* groups®>?? intensify
when the Ca/P ratio increases from 1.50 to 1.67.

The presence of HPO4> ions,?* substituted for the PO4>* groups, attests that the apatite synthesized is non-stoichiometric
(deficient in calcium ions). The intensity of this band decreases when the Ca/P ratio increases from 1.50 to 1.67 and

disappears for the stoichiometric compound of Ca/P ratio=1.67 (Fig. 4(d)).

Table 3. FTIR absorption bands of synthesized hydroxyapatites of Ca/P between 1.50 and 1.67, dried at 80°C.

Absorption bands, (cm™) Chemical groups
630 ; 1630 OH

880 HPO/*

560 ;600 ; 960 ; 1020 ; 1120 PO;*

2600 - 3600 H,O
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Fig. 4. FTIR spectra of synthesized hydroxyapatites of Ca/P 1.54(a), 1.58(b), 1.62(c) and 1.67(d)
2.3 Adsorption studies

The adsorption of methionine was investigated by batch experiments. For preparing the samples, 200 mg of powder
apatite was added to 10 mL of methionine solution. After stirring for 2 min at the speed of 400 rpm, the mixtures of adsorbate
and adsorbent are placed in a thermostatic bath at a physiological temperature of 310 K for different contact times. Solutions
collected were filtered by the fritted glass (Frit Glass N°4), and the solids obtained were dried in the oven at 343 K for 24
h. All solutions were examined by determining the equilibrium concentration using a UV—vis spectrophotometer (Model
3100, Japan) at 400 nm. The amount of adsorbed methionine per unit of apatite mass was calculated using the expression :

q.(mg/g)=V.(C,~C,)/m A3)

where Cj, initial concentration of methionine (mg/ml); C,, concentration of methionine in solution at equilibrium time; V,
solution volume (L) and m, mass of adsorbent (g).

The kinetic experiments were carried out for different contact times (0.5, 1, 3, 5, 8, 18 and 24h) with initial methionine
concentration (C, =14.9 mg/L), at initial solution pH (~7) and at 310 K. Adsorption isotherms were studied on methionine
solutions with varying concentrations from 14.9 to 745mg/L at 310 K and at initial solution pH (~7). The thermodynamic
study was investigated at three different temperatures, 298, 310, and 318K on methionine solutions with initial concentration
Cy =149.2 mg/L and initial solution pH (~7).

3. Results and discussion
3.1 Study of the solutions
3.1.1 Adsorption kinetics

The evolution of the amounts of methionine adsorbed q,45(1mg/g) on hydroxyapatites of Ca/P between 1.50 and 1.67
versus time, t (h) are shown in Fig.5. The adsorbed amount of methionine increases from the beginning of the adsorbent-
adsorbate contact and after five hours of contact, the quantity adsorbed remains constant as a function of time, thus showing

that equilibrium is reached and that the adsorption kinetics is fast. The adsorption kinetics is influenced by the composition
of the hydroxyapatite. Indeed, the calcium-deficient hydroxyapatites of Ca/P ratio between 1.50 and 1.62 are more
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adsorbents than stoichiometric hydroxyapatite of Ca/P=1.67 ; e.g, the maximum amount absorbed at saturation q,(1m)
increases from 6.4 mg/g for non-stoichiometric hydroxyapatite of Ca/p= 1.50 containing more HP04>" ions to 5.44mg/g for

stoichiometric hydroxyapatite of Ca/p= 1.67 exempt of HP04> ions.
6,5

6,0

5,5

q,,.(Mmg/g)

4,0

3T T T T T T T T T T T T T
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Time (h)
Fig. 5. Adsorption kinetics of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67 (solid quantity : 20 mg,
initial methioinine concentration : 149.2 mg/L, initial pH~7, at 310 K)

The kinetics of methionine adsorption onto hydroxyapatite with varying Ca/P ratios have been determined by using four
kinetic models : the pseudo-first order, pseudo-second order, Elovich kinetic, and the Weber-Morris intraparticle diffusion
model.

Pseudo—first order model. This model is given by Lagergren,? and its equation is expressed as ;
dqe/dt = Ki(qe — q¢) 4)

The integration of this equation for the following boundary conditions (t = 0,q; = 0; t = t, q; = q,) leads to the following
linear form :

Ln(q. — q) = Lnq. — Kit 6))

where, q.(mg/g) is the amount of the methionine adsorbed per unit weight of the hydroxyapatite at equilibrium,
q.(mg/g) is the amount adsorbed at time ¢ (h) and K;(h™1) is the rate constant for pseudo—first order rate expression. The
plots between Ln(q, — q;) versus t at 310 K for hydroxyapatites of Ca/P=1.50, 1.54, 1.58, 1.62 and 1.67 are shown in Fig.
6. The values of K; and q, are calculated, respectively, from the slope and intercept derived from these plots Ln(q, — q;) =
f(t) and are given in Table 4. The large difference between experimental q.(exp) and calculated g, (cal) values of the
maximum amount adsorbed and the low values of correlation coefficient R? (Table 4) indicates that pseudo—first order

model is not suitable to explain the reaction mechanisms for the methionine adsorption by these five hydroxyapatites.
14

Ln(qge-qt)
N
1

Time/h

Fig. 6. Pseudo-first-order kinetics for adsorption of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67
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Pseudo— second order model. The kinetic expression of this model is proposed by Ho and McKay,? and its equation is
expressed as ;

dq./dt = K,(qe — q¢)* (6)

After integration and applying boundary conditions, t = 0tot = t and q; = 0 to q; = q,; this equation can be written
as the following linear form :

t/q,=1/kq’+t/q, (M

where K,(g/mg. h) is the rate constant for the pseudo—second order rate expression. The plots of t/q, versus t at 310 K
for different compositions of hydroxyapatites of Ca/P=1.50, 1.54, 1.58, 1.62 and 1.67 are given in Fig. 7. The values of the
amount adsorbed at equilibrium g, (mg/g) according to pseudo—second order model and the values of K, are determined
from the slopes and intercepts of the linear plots, respectively and are shown in Table 4.

The initial rate of adsorption g(mg/g. h), is also calculated by using the relation as follows;
g=Kyq. ®)

The values obtained of g (Table 4), indicate that all hydroxyapatites studied of Ca/P ratio between 1.50 and 1.67 have the
same initial rate of adsorption reaction, these values are between 166 and 170 mg/g. h.

The experimental q,(exp) and calculated g, (cal) values of the maximum amount adsorbed are almost equal to each
adsorbent, and the high values of the correlation coefficient ( R? > 0.99) which are close to unity, indicate that pseudo—
second order model is suitable to explain the reaction mechanisms for the methionine adsorption by these five
hydroxyapatites.

t/qt (min.g/mg)
N
1

10 15 20 25
Time/h

Fig. 7. Pseudo-second-order kinetics for adsorption of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67

Elovich kinetic model. This model is used to verify and describe chemisorption. The following form of Elovich equation
was applied, as suggested by Chien and Clayton ;?’

dq, | dt = aexp(—Pq,) &)
Integrating and applying the limits for £(0, t) and g, (0, g;), the Elovich model can be linearized as;
g, =In(a.p)/ f+Int/ B (10)

where q; is the amount adsorbed at time t (h), a(mg/g.h) is the initial adsorption rate and
B(g/mg) is the desorption constant during the adsorption process. The B and o constants are calculated, respectively, from
the slope and intercept of the linearized plot of g, versus Ln t (Fig.8) and are summarized in Table 4. We have noted that o
and P varied as a function of Ca/P of hydroxyapatite, they increased when Ca/P increased from 1.50 to 1.67. The regression
coefficients R? from the simulated data is between 0.84 and 0.95. The values of o, B and R?> mean that the adsorption rate
of this model could be part of the rate limiting step, and the desorption constant increases from hydroxyapatite containing
more of HPO,> (Ca/P=1.50) to hydroxyapatite exempt of these ions (Ca/P=1.67), this probably suggests a type of
chemisorption confirmed by kinetic model of pseudo second-order, but in overall, the Elovich model could not simulate the
experimental data perfectly well.



788

6,59

6,04

o
3
1

Gy
o
g— 5,0
=
o
n
45 °
A
v
4,0 * 1.67
T T T T T T T T T 1
-1,0 -05 0,0 05 1,0 1,5 2,0 2,5 3,0 35

Lnt
Fig. 8. Plot of Elovich equation for adsorption of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67

Intraparticle diffusion model. This model proposed by Weber and Morris was applied to the kinetic data with the pore
diffusion factor defined by the following equation :2*

q. = K,t*? + C (11

where, g, is the amount of methionine adsorbed at time t (h), Kp(mg. g~ 1. h%%) is the rate constant for intraparticle
diffusion model and the intercept (C) is a constant indicative of the boundary layer thickness effect. The K}, and C constants

are calculated from the plot of g, versus t'/2 (Fig.9) and given in Table 4. The rate constant K is influenced by the
composition of hydroxyapatite, its decreases from 0.516 to 0.045 mg. g~1. h%5 when the Ca/p increases from 1.50 to 1.67
while the C constant is not zero, and it increases when the Ca/P increases. This result indicates that the rate of adsorption is
important for apatite containing more HPO4> ions. The regression coefficient values R? obtained from curves in Fig. 9 are
not satisfactory, they are between 0.614 and 0.809 (Table 4), which indicates that intra-particle diffusion may not be the
controlling factor in determining the kinetics of the process. The plots of g, versus t'/?have shown multi-linearity with
three different adsorption stages (1), (2) and (3); portion (1) is between 0.5 and 3 hours, portion (2) is between 3 and 8 hours
and the portion (3) is between 8 and 24 hours (Fig. 9). Table 5 shows that the intraparticle diffusion rate constants, K,,,
decrease and the C constants increase when going from range (1) to range (3) for all the apatites studied. The calculated
values of the regression coefficient, R?, for all portions (Table 5) show the difficulty of finding the most limiting step to
control and determine the intraarticular diffusion rate. Therefore, the intraparticle diffusion adsorption mechanism appeared
complex for all these apatites.

Table 5. Parameters for intraparticle diffusion model in three adsorption stages: (1) for [0.5-3h], (2) for [3-8h] and (3) for
[8-24h] for all the apatites studied.
1.50 1.54 1.58 1.62 1.67
Kp C R? Kp C R? Kp C R? Kp C R2 Kp C R?
(1) 1.281 3.217 0.925 0.352 4.653 0.971 0.121 5.195 0.922 0.226 5.317 0.998 0.151 5.125 0.551
2) 0.747 4.194 0.998 0.213 4,943 0.483 0.125 5.203 0.641 0.072 5.585 0.996 0.044 5.308 0.725
(3) 0.038 6.191 0.991 0.013 5.470 0.698 0.026 5.460 0.698 0.018 5.736 0.914 0.009 5.403 0.914
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Fig. 9. Intra-particle diffusion model plot for adsorption of methionine on hydroxyapatites of Ca/P between 1.50 and
1.67 : (1) for [0.5-3h], (2) for [3-8h] and (3) for [8-24h]

Table 4. Parameters for various kinetic models for methionine adsorption on hyroxyapatites of Ca/P between 1.50 and 1.67
at 310 K, initial methionine concentration 149.2 mg/L, pH ~7 and adsorbent dose 20 mg.

Hyroxyapatites
Kinetic models Parameters 1.50 1.54 1.58 1.62 1.67
Pseudo-first order K (h™Y) 0.252 0.201 0.430 0.156 0.179
q.(cal)(mg/g) 1,874 0.386 0.431 0.229 0.150
q.(exp)(mg/g) 6.380 5.540 5.610 5.720 5.440
R%(%) 0.899 0.713 0.714 0.878 0.736
Pseudo-second order K,(g/mg, h) 4.081 5.522 5.280 4.927 5.581
q.(cal)(mg/g) 6.382 5.555 5.618 5.831 5.464
q.(exp)(mg/g) 6.390 5.540 5.610 5.720 5.440
g(mg/g,h) 166.07 170.03 166.76 167.23 166.35
R%(%) 0.9997 0.9998 0.9998 0.9998 0.9999
Elovich B(g/mg) 1.623 5.618 11.765 10.000 16.470
a(mg/g, h) 1.27.10° 4.24.10" 1.71.10% 1.27.10% 3.92.10%
R%(%) 0.913 0.840 0.960 0.918 0.864
Intra-particle diffusion Kp(mg, g~t, h*%) 0.516 0.144 0.074 0.076 0.045
C(mg/g) 4.264 4.958 5.275 5.509 5.265
R*(%) 0.728 0.654 0.809 0.724 0.614

Among all the four kinetics models applied to the experimental data, the pseudo-second-order model is the best-fitted
model with the higher R? values (R? > 0.99) and a good correlation between the theoretical and experimental qe values.
However, we found that the adsorption process of methionine by hydroxyapatites of Ca/P between 1.50 and 1.67 also
involved the Elovich kinetic model and intraparticle diffusion, indicating a complex adsorption mechanism.

3.1.2 Adsorption isotherms

Adsorption equilibrium is a fundamental property in adsorption studies. Adsorption isotherms are very important in
order to design adsorption processes; they also provide the adsorption capacity of the adsorbent under a given set of
conditions. Therefore, adsorption data were adjusted to four isotherm models : Langmuir,?® Freundlich,*® Temkin,?' and
Dubinin-Raduskevich32. The evolution of the amounts of methionine adsorbed q,(mg/g) on hydroxyapatites of Ca/P
between 1.50 and 1.67 versus its equilibrium concentration C, (mg/L), at the initial pH~7 and at 310 K, are represented in
Fig.10.

The quantity adsorbed increases quickly as the equilibrium methionine concentration increases, this means that the
hydroxyapatites studied could adsorb significant quantities of methionine.

354

304
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204

qe(mglg)
B
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Ce(mg/L)

Fig. 10. Adsorption isotherms of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67
(solid quantity : 20 mg, stirring time : 1 min, T : 310 K)
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Langmuir isotherm. This isotherm is defined by the following equation :

Ge = qm K, Cc/(1 + K, Cp)
(12)

The linear form of this expression is given by equation:

1/q. = 1/qm + 1/K g Ce (13)

where C,(mg/L) is the equilibrium concentration of the methionine, q,(mg/g) is the amount of adsorbate per unit mass
of hydroxyapatite, K; (L/g)and q,,(mg/g) are the Langmuir constants related to free interaction binding energies of the
adsorption capacity and the maximum adsorption capacity, respectively. From the straight lines adjusted to graphs 1/q,
versus 1/C, (Fig. 11), the q,,, and K; values are calculated from the intercept and the slope, respectively, for five isothermal
lines and they are presented in Table 6. It was observed that the maximum adsorption capacity corresponding to complete
monolayer coverage of hydroxyapatite with methionine was found to be between 20.83 and 25.57mg/g and the adsorption
coefficient, K; , value decreased from 15.98 to 7.26 L/g as the Ca/P of hydroxyapatite increased from 1.50 to 1.67. Therefore,
the interaction between adsorbate and adsorbent is very important for hydroxyapatite of Ca/P=1.50, which contains the most
HPO4* ions. The result of high correlation coefficient values (R?>0.98) showed a good fit to the experimental data.

In order to assess the favorability and effectiveness of the Langmuir adsorption process, the dimensionless separation
parameter noted Ry can be determined by the following equation :33

R, =1/1+K,C, (14)

where K; is the Langmuir constant (1/g) and Cj, is the initial methionine concentration (mg/L). The value of Ry, indicates the
type of the isotherm to be either irreversible (RL = 0), linear (Rp = 1), favorable (0 < Ry < 1) or unfavorable (R. > 1). Fig.
12 represents the evolution of the estimated value of Ry as a function of the initial concentration of methionine in the
aqueous solution for different compositions of hydroxyapatite. the Ry values obtained are between 0 and 1, indicating that
the Langmuir isotherm is favorable for the adsorption of methionine on hydroxyapatite at physiological temperature.

From the Langmuir constant K; that is related to free interaction binding energies of the adsorption capacity, it is
possible to prove the nature of the adsorption process by calculating the free energy thermodynamic parameter
AG2,.(J/mol) of adsorption by the following equation :3*

AGY;s = —RTLnkK, 15)

where R(8.314 ] mol~1K 1) is the universal gas constant and T is the absolute temperature in Kelvin. The values of AG°
found at 310 K for different hydroxyapatites (Table 5) are between -4.43 and -7.14 KJ/mol, they are negative and between
-20 KJ/mol and 0 KJ/mol, revealing that the adsorption is a spontaneous process, exothermic and is often as physical type.*’
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Fig. 11. Langmuir isotherm model
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Fig. 12. Evolution of dimensionless separation factor values Ry, for methionine adsorption by hydroxyapatites of Ca/P
between 1.50 and 1.67 at 310 K

Freundlich isotherm. This empirical model can be described by the equation:

1
h (16)
qe = Kp C}
The linear form of this equation is given by the following form:
Ln(q.) = Ln(Kg) + = Ln(C.) an

where C,(mg/L) is the equilibrium concentration of methionine in the bulk solution, q,(mg/g) is the amount of solute
adsorbed per unit weight of adsorbent, Kp(L/mg) is a Freundlich constant relative to the adsorption capacity of the
adsorbent and 1/n is the heterogeneity factor relative to the adsorption intensity, which indicates the adsorption process to
be either favorable (0.1 <1/n < 1) or poor (1/n > 1). Plotting Ln g, versus Ln C, results in a straight line of intercept Ln Ky
and slope 1/n (Fig. 13). The values of Ky, 1/n and R? the regression coefficients are presented in Table 6. We find that
K depends on the composition of the hydroxyapatite, it decreases from 0.395 to 0.110 L/mg when Ca/P increases from
1.50 to 1.67, it is the same remark as for the Langmuir constant K; . The R? values corresponding to all apatites are between
0.91 and 0.99, showing that this model is not as good as Langmuir's isothermal model in describing the experimental data.
It is observed that the values of 1/n are found less than or equal to one (1/n < 1), indicating that the adsorption processes
tend to be favorable.

Lnge

LnCe

Fig. 13. Freundlich isotherm model

Temkin isotherm. This isotherm can be described by the following equation:

qe = (RT/b) Ln (a;Ce) (18)



792

This equation can be expressed in its linear form as :
qe=[RT/b)Lna,+(RT/b,) LnC, (19)

where g, (mg/g) and C,(mg/L) are the amount of adsorbate per unit mass of adsorbent and the equilibrium concentration
of adsorbate, respectively. b;(KJ/mol) and a;(L/mg) are the Temkin isotherm constants associated with the heat of
adsorption and the maximum binding energy, respectively. T(310K) and R(8.314 Jmol™*K™1) are the temperature and
the universal gas constant, respectively. Plotting g, versus Ln C, results in a straight line of intercept (R T/b;) Ln a, and
slope R T /b, (Fig. 14). The values of R?, regression coefficients and the constants are presented in Table 6. The R? values
of the Temkin model are between 0.90 and 0.99, they are almost equal to the values of the Freundlich model but they are
lower than those of the Langmuir model, suggesting that Temkin's model can satisfy the experimental data and similar
results was obtained in the interaction of insulin with synthetic hydroxyapatite.> We find that the Temkin constant a,
depends on the composition of the hydroxyapatite, it decreases from 0.077 to 0.042 L/mg when Ca/P increases from 1.50
to 1.67, it is the same remark as for the Langmuir constant K; and Frundlich constant K. It is interesting to noted that the
values of b, obtained for all hydroxyapatites are between 0.163 and 0.277 KJ /mol . They are weak and positive, indicating
that the adsorption processes are exothermic and can be considered purely electrostatic.
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Fig. 14. Temkin isotherm model

Dubinin— Kaganer—Radushkevich isotherm. This model can be represented by the empirical equation below:

qe = qpexp(—Bp €%) (20)

The linearized form of this equation is given as follows:

Lnq, = Lnqp — By €2 (2D
with
€E=RTIn(1+1/C,) (22)

E=1/2B, (23)

where q,(mg/g) is the amount of methionine per unit mass of hydroxyapatite used, qp(mg/g) is the maximum adsorption
capacity, By, (mol/kJ)? is the model constant related to mean adsorption free energy E(J /mol), e(mol/k])? is the Polanyi
potential, R(8.314 JK ~1mol™?) is the universal gas constant, T(k) is the adsorption temperature. The plot of Ln g, against
€2 (Fig.15) gives the slope and intercept as B, and qj,, respectively (Table 6). The adsorption energy E obtained decreased
from about 95 to 42 ] /mol when the Ca/P atomic ratio increased from 1.50 for the hydroxyapatite containing the maximum
of HPO4* ions to 1.67 for the stoichiometric hydroxyapatite. This energy is less than 8 KJ/mol, indicating that the adsorption
of methionine on hydroxyapatites can be attributed to the physical mechanisms of adsorption at 310 K, which is in agreement
with the above study. The g, value found is between 20.2 and 28.1 mg/g and is important for hydroxyapatite of Ca/P=1.50.
The values of the regression coefficient found are between 0.80 and 0.97, they are lower than the values corresponding to
Temkin, Freundlich, and Langmuir models, which means that the D-R model does not simulate the data experimental well.
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Table 6. Values of the parameters of Langmuir, Freundlich, Temkin and Dubinin—Kaganer—Radushkevich models for the
adsorption of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67 at 310 K.

Models Hydroxyapatites
Parameters 1.50 1.54 1.58 1.62 1.67
Langmuir K. (L/g) 15.981 10.172 5.593 7.892 7.261
qm(mg/g 22.075 20.830 25.575 22.727 22.187
R%(%) 0.988 0.982 0.990 0.980 0.982
AGY, (K] /mol) -7.143 -5.978 -4.435 -5.324 -5.109
Freundlich Kr(L/mg) 0.395 0.162 0.110 0.135 0.121
1/n 0.933 1.045 1.001 1.057 1.058
n 1.072 0.956 0.998 0.946 0.945
R%*(%) 0.985 0.908 0.977 0.942 0.931
Temkin b (K] /mol) 0.193 0.163 0.277 0.171 0.178
a,(L/mg) 0.077 0.048 0.047 0.044 0.042
R%(%) 0.963 0.904 0.964 0.998 0.988
Dubinin—Kaganer—Radushkevich E(K]J/mol) 95.347 49.925 45.739 44.020 41.810
(D-K-R) By (mol/kJ)? 0.116 0.201 0.239 0.258 0.286
qp(mg/g) 28.106 24.727 20.201 26.894 25.013
R%*(%) 0.954 0.806 0.952 0.975 0.919

Compared to, Freundlich, Temkin, and Dubinin-Radushkevich models, the Langmuir model appears to be the most
appropriate isotherm for the fit of the equilibrium experimental data of adsorption of methionine on the hydroxyapatites of
Ca/P between 1.50 and 1.67 under concentration range studied and at 310K. Indeed, the values of R? for the Langmuir
adsorption isotherm are close to 1, they are larger than those of the Freundlich, Temkin and Dubinin—Kaganer—
Radushkevich (D-K-R) adsorption isotherms. The dominance of the Langmuir model quantitatively describes the formation
of a monolayer of methionine on the outer surface of the hydroxyapatite.

3.2 Study of the solids

Fig. 16 and Fig. 17 present the infrared spectrums of different hydroxyapatites with an atomic ratio Ca/P = 1.50, 1.54,
1.58, 1.62 and 1.67 after adsorption in 149.2 mg/g of the amino acid methionine in 18 h of contact time. In addition to the
bands associated with the PO4* and HPO,* ions of the hydroxyapatite, these spectra reveal the presence of bands
characteristic of methionine. Indeed, the bands attributable to C=0 appear at 1641 and 1730 cm™' due to the carboxyl group
-COO- of the amino acid.?® Other low-intensity bands appear between 1481 and 1550 cm™! which may be due to the NH; or
NH;* groups of methionine attached to the surface of the apatites.3® The band observed at 1340 cm! is due to the vibration
of the C-H bond attributable to the CH group of amino acids.*® All of these FT-IR spectroscopy results confirm the
adsorption of the amino acid used.
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3.3 Temperature effect and thermodynamic parameters

In the present work, the influence of temperature on the adsorption process of methionine on hydroxyapatites was studied
in an interval between 298 and 318 k. The results obtained from the variation of the amount adsorbed as a function of the
temperature for 18 hours and for initial concentration Cy=149.2 mg/L of amino acid are represented in Fig. 18. The increase
in temperature causes a slight decrease in the quantity adsorbed at equilibrium g¢(mg/g) of amino acid, which is in agreement
with the results of previous work.*
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Fig. 18. Evolution of the adsorbed amount of methionine on hydroxyapatites of Ca/P between 1.50 and 1.67 as a function
of temperature

In order to verify and determine the nature and spontaneity of adsorption processes, thermodynamic parameters such as
AG, AH and AS in solution were calculated using the following standard thermodynamic relations :¥7-3#

Ke = (Co— C)/Ce (24)
AG = —RT LnK, (25)
AG = AH — TAS (26)

where K¢ is the thermodynamic equilibrium constant, C, and C.(mg/L) are respectively the initial and equilibrium
concentration of the methionine in solution, AG(J/mol) is the change in Gibbs free energy, AH(J/mol) is the change in
enthalpy, AS(J/mol) is the change in entropy, T is the temperature in Kelvin and R is the universal gas constant (8.314 J
mol™! K1). The values of K are calculated from relation (24), AG parameter is calculated at different temperatures (298k,
310k and 318k) from relation (25), and AH and AS parameters are determined respectively, from the intercept and slope of
a plot of AG against T (Fig. 19). The values of all parameters are presented in Table 7.

The negative values of AG indicate the spontaneous nature of the adsorption of the methionine on hydroxyapatites of
Ca/P between 1.50 and 1.67. The AG values decrease weakly with increasing temperature indicating that the adsorption
process is unfavorable at high temperatures. Moreover, the values of AG are between -20 and 0 kJ/mol confirming that the
adsorption processes of methionine on hydroxyapatites can be physical adsorption.?® The negative value of AH showed that
the adsorption process is exothermic in nature, the low values of this parameter suggest that the adsorption process can be
pure physisorption.* This agrees with the values of the parameters obtained from the quantities 4GS, of Langmuir and b,
of Temkin. The negative values of AS revealed an in-order at the solid/solution interface of the methionine molecules
towards the surface of hydroxyapatite during the adsorption process.
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Table 7. Thermodynamic parameters for methionine adsorption onto the hydroxyapatites of Ca/P between 1.50 and 1.67.

Parameters T(Kk) 1.50 1.54 1.58 1.62 1.67

AG (k] /mol) 298 -4.651 -2.857 -2.986 -3.357 -2.695
310 -4.578 -2.731 -2.841 -3.284 -2.570
318 -4.509 -2.612 -2.719 -3.189 -2.448

AH (kj /mol) -6.746 -6.472 -6.938 -5.813 -6.336

AS(J/mol k) -7.022 -12.106 -13.228 -8.165 -12.176

R?(%) 0.998 0.993 0.997 0.985 0.991

4. Conclusion

The apatites used in this work are prepared by co-precipitation at 298k and at pH~7.4. The results obtained from
chemical analysis and characterization techniques indicate that these apatites have a Ca/P ratio of between 1.50 and 1.67;
they are of low crystallinity. Indeed, the apatites of Ca/P=1.50, 1.54, 1.58 and 1.62 are non-stoichiometric hydroxyapatites
and the apatite of Ca/P=1.67 is called stoichiometric hydroxyapatite.

In this paper, we are interested to study the adsorption capacity of L-methionine, an essential amino acid that contains
sulfur and has a character hydrophobic, on hydroxyapatite with Ca/P ratios between 1.50 and 1.67. The results of our
investigation focused on the influence of the chemical composition of the hydroxyapatite used on the specific parameters
of the adsorption process such as the incubation time, the initial methionine concentration and the effect of temperature.
The results found are collected, analyzed and interpreted. The adsorption kinetics are relatively fast and equilibrium was
reached after the first hours of contact, testing the high reactivity of poorly crystalline hydroxyapatites toward the L-
methionine presenting various functional groups. The adsorption process is influenced by the composition of the
hydroxyapatite in HPO4* ions. Indeed, the high amounts adsorbed at saturation are obtained for the compounds, non-
stoichiometric, containing more HPO4?" ions and having a high specific surface area.

The pH of the incubation medium of the adsorption reaction is between 6 and 7, it is higher than that of the isoelectric
point (PI=5.74) of methionine and approximately equal to the point of zero charge (pHy.c) of hydroxyapatites, which shows
that the methionine molecules are negatively charged (CH3S(CH,).CH(NH,)COO"), while the apatites surfaces used are
negatively charged or maybe have the equality between the positive charges and the negative charges. In this case, an ionic
exchange or attraction mechanism is established between the ions of the surface of the apatites and the methionine charge.
Therefore, the interaction between methionine and hydroxyapatites is considered electrostatic interaction.

Modeling of adsorption kinetics shows that the adsorption mechanism is perfectly described by pseudo-second-order
kinetics. Indeed, the regression coefficients are very close to unity (R?>0.999) and the values of experimental and calculated
maximum adsorption capacities are almost the same, indicating that the interactions between group functionals of
methionine and hydroxyapatites may be governed by ionic bindings.

Modeling of adsorption isotherms shows that Langmuir's model gives a better fit of experimental data compared to that
of Freundlich, Temkin and Dubinin-Kaganer-Radushkevich, suggesting that the energetic properties of hydroxyapatites
adsorption sites are uniform with one molecule of methionine per site, which assumes that a monolayer of methionine is
formed. The detailed study of the parameters related to these models can reveal that the adsorption process is spontaneous,
favorable, and often controlled by physisorption.

The results of the Fourier transform infrared spectroscopy after adsorption prove the existence of new bands which did
not exist before adsorption, which confirms the fixation of methionine on the adsorbents. Furthermore, the position of the
bands observed in the 1400-1730 cm™! range and their intensities suggest the cationic form of methionine attached to
hydroxyapatite. Indeed, the presence of bands characteristic of the carboxyl groups -COO™ and the absence of bands
attributed to the -COOH groups (1600 cm™!), indicate that the adsorption is mainly due to the electrostatic interaction
between the -COO" groups methionine and calcium Ca?" hydroxyapatite ions.

The thermodynamic study shows that the methionine adsorption process on the different forms of hydroxyapatite is
considered spontaneous (AG°<0), and exothermic (AH<0) and may be of a physical nature with interactions mainly
electrostatic.

The study of isotherms, kinetics and thermodynamics of the adsorption of L-Methionine on poorly crystalline
hydroxyapatite with different Ca/P ratios can help to understand the properties of the interaction of biomolecules such as
proteins, peptides, antibodies, or drugs, with biological apatites used in several applications and especially in the biomedical
field.
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This work can be considered clear evidence that proves the importance of applied chemistry in various fields, as
previously reported in multiple scientific papers.
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