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Abstract

Hybrid materials based on hydroxyapatite (HAP) were synthesized by the co-precipitation
method in the presence of citric acid (Cit) at different molar ratios CittHAP (wCit-HAP). By
increasing the quantity of citric acid added, a loss of crystallinity of the grafted materials is
observed and this grafting makes it possible to control the size of their nanoparticles and the
surface characteristics. Their surface properties were tested by adsorption of methylene blue
(MB) as a model dye. Several parameters influencing pollutant removal from aqueous
solutions are discussed. The contact time to reach equilibrium for maximum adsorption does
not exceed 60 min and the kinetic data are well fitted by a pseudo second order model. The
best adsorption capacity was obtained for 0.2Cit-HAP. The calculated thermodynamic
parameters showed that the adsorption was a spontaneous and endothermic process and that
all AH® values are below 20 kJ mol™. This indicates that there are weak electrostatic VVan der
Waals forces as well as the formation of hydrogen bonds. This approach was proven by
guantum chemical calculations performed using the density function theory (DFT) method

which provided new insights into the mechanism of adsorption.
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1. Introduction

The assessment and management of the risk due to the presence of chemical contaminants in
ecosystems is an approach that requires effective approaches integrating different skills in the
field of the environment [1-3]. Toxic species resulting from any human activity (urban,
industrial, agricultural, etc.) are likely to contaminate the environment in the short or medium
term, and are responsible for various alterations to the environment [4, 5]. Thus, the problem
of water pollution is today very worrying for emerging countries [6, 7].

Different porous solids are currently used or in the development phase to stabilize waste from
various origins [8, 9]. Among them, hydroxyapatites have structural, adsorption and ion
exchange properties that can contribute to their valorization [11-13]. There are important
minerals in the field of biology and chemistry, which can be used as biomaterials and
adsorbents. Their solubility and the surface functional groups are in particular the main
factors of the retention of the chemical species. Nevertheless, their adsorption capacity is
limited by the number of sites available for adsorption process [10, 14, 15]. For this, the
possibility of modifying the surface of these materials by organic molecules has been widely
described, reflecting the versatility of derived apatite materials. In hybrid materials, their
inorganic components provide characteristics of thermal stability, structural, mechanical while
the grafted organic matter changes the organofunctionalizations of the solid such as
hydrophilicity, hydrophobicity, reactivity and modification of textural properties. This surface
functionalization undoubtedly brings positive effects on the remediation of most toxic
substances in waters despite the fact that they are widely demonstrated in the literature [16,
17]. From a well-ordered surface, the grafted molecules form covalent or pseudo-covalent
bonds with the constituent ions of the apatitic surface. This grafting must be evenly
distributed while preserving the apatitic structure. Indeed, hydroxyapatite has hydrogenated
active sites and charges on its surface from amphoteric =Ca-OH and/or =P-OH sites capable
to react with organic additives to form hybrid material. The grafting can be carried out in two
(i) post-grafting on a preformed apatite surface and (ii) in-situ grafting by adding the
multifunctional organic functions to the solution of mineral precursors. The first approach has
been used for the incorporation of organophosphates [18, 19]. Other work has been carried
out on the grafting of vinyl phosphonic acid (VPA) within the HAP matrix [20]. In situ
grafting has been studied by several authors using C-POH phosphonates [21, 22], and N-C-
POH aminophosphonates, gelatin [23], alginate [24, 25] on the surface of apatites [26]. The
advantage of this last approach can modify both the size and the surface properties of the
apatite particles and therefore the porosity of the material obtained.



Another strategy simultaneously associates surface functionalization and control of apatite
structure by chelation of Ca®* ions [11]. In this context, carboxylic acids appear as the most
promising surface modifiers due to their strong affinity for the complexation of Ca®* ions
leading to inhibition of apatite crystal growth and have a good chemical affinity with
biological species [27-29]. It should be remembered that the majority of studies carried out on
carboxylate modified hydroxyapatite are oriented towards the biological aspect. Moreover,
these functionalized materials can be good adsorbents for the majority of pollutants in water.
As presented, these features illustrate the great versatility of hybrid hydroxyapatites; in
particular, the present study explores the synthesis and characterization of a series of
inorganic-organic hybrid materials resulting from the reactions of hydroxyapatite and citrates
at varying rates. The adsorptive properties of these organostructured hydroxyapatites in the
removal of methylene blue (MB) as a model for dyes are compared to those of the pure
hydroxyapatite knowing that, to our knowledge, no study has been carried out in this context:
By introducing citrates rich in carboxylate functions within the hydroxyapatite matrix, it is
possible to derive a good efficacy to bind MB molecules. Various experimental parameters
having effects on the adsorption process are discussed (dye concentration, pH, contact time,
adsorbent dose, and temperature) and have been studied in batch experiments. The Kinetics,
isotherms and thermodynamics of MB dye interactions with the developed adsorbents were
discussed. Insights of the adsorption mechanism of methylene blue on the citrate-gradfted
hydroxyapatite, a phenomenological modeling and DFT calculations have also been
established by investigating the main functional groups responsible for MB adsorption.

2. Experimental

2.1. Synthesis of citrate-hydroxyapatite (Cit-HAP)

The pure hydroxyapatite (HAP) was prepared by a chemical wet method. Under nitrogen flux,
1.67 moles of Ca (NO3),.4H,0 (99% purity, Sigma-Aldrich) and 1 mole of (NH4),HPO, (99%
purity, Fluka) were independently dissolved in deionized water at room temperature. The
solution containing calcium was added dropwise to that containing phosphate which was
adjusted to pH 11 by addition of ammonia (25%, Prolabo). The mixture was stirred and
heated under reflux at 80°C for 3 hours. After cooling with continuous stirring, the final
suspensions were filtered and thoroughly washed with deionized water. The recovered
precipitate (HAP) was dried overnight at 100°C in an oven. The citrate-modified
hydroxyapatites (Cit-HAP) were obtained by a similar procedure to that of pure HAP, except
for the calcium-containing solution which was prepared by adding a variable amount of citric



acid (99% purity, Sigma-Aldrich) to Ca(NOs), left under agitation during one hour before its
addition to the phosphate solution to better promote the Ca**-Citrate complexation reaction
and subsequently slow down the precipitation with the phosphates. According to the molar

ratio w= niric/Nca>" (0, 0.2, 0.4, 0.8), the resulting powders were termed w-Cit-HAP.

2.2. Techniques

The resulting solids were characterized using X-ray powder diffraction (XRD) (PANalytical
X’Pert PRO powder diffractometer equipped with a fast X’Celerator detector and Cukg
radiation). ATR FT-IR spectra were recorded on a Spectrum Two 104462 IR spectrometer
using a diamond/ZnSe ATR crystal. Thermogravimetry (TG) was carried out in airflow using
a SDT Q600 (TA instruments) apparatus and the thermal measurements were conducted from
25°C to 1000°C with 10°C min™ as heating rate. Chemical analyses were performed by ICP-
OES on a Horiba Jobin Yvon modele activa. Scanning electron microscopy (SEM) images
were taken on the Hitachi S-3400N apparatus Nitrogen adsorption/desorption isotherms were
recorded at 77 K using a Micromeritics TriStar. The specific surface areas (Sger) were
calculated according to the Brunauer-Emmet-Teller (BET) method whereas the porous
volume (V,) and pore size (Dy) distribution were estimated using the Barret-Joyner-Halenda

(BJH) approximation.

2.3. Adsorption experiments

Adsorption experiments were carried out in a series of 250 mL Erlenmeyer flasks containing a
given mass of adsorbent varied from 0.01 to 0.1 g and 100 mL of MB solution with different
initial concentrations (20-200 mg L™). The equilibrium time was determined by preliminary
kinetic measurements. The solution pH was then adjusted than 6 by addition of 0.1 M HCI or
1M NaOH solutions. After centrifugation, the supernatant liquid phase was separated and the
residual MB concentration was determined by UV-visible spectroscopy at A = 662 nm using a
Bk-uv1900/bk-v1900 scanning spectrophotometer. The amount of MB adsorbed, qe, was
calculated as: ge=V.(Co-Ce)/m (Eq.1), where Cy and C; are the MB concentration (mg L™)
before and after adsorption, respectively. V is the volume of the solution (L) and m is the
mass of adsorbent (g). The adsorption process of methylene blue (MB) on wCit-HAP-grafted
materials was studied by modifying various parameters, namely adsorption dose (20-500 mg),
MB-adsorbent contact time, pH solution (4.0 - 12.0), temperature (298-323 K), and initial dye

concentration (10-200 ppm). Each test was repeated in triplicate and averaged in order to



obtain statistically valid results. Various kinetic and isotherm models were applied to fit the
experimental data.

The use of NaOH for the regeneration of wCit-HAp adsorbents is a well-established method
due to its high alkalinity and ability to desorb cationic dyes from the negative adsorbent
surface such as hydroxyapatite and its hybrid materials. Therefore, NaOH is a very effective
desorbent for methylene blue as demonstrated elsewhere [30]. After adsorption test, the
different adsorbents loaded by BM dye were recovered, washed with deionized water to
remove any unabsorbed dye molecules. Then, the adsorbents are kept stirred with 50 mL of a
3 mol L™ NaOH solution at 298 K for 3 hours. Finally, they were washed with deionized
water and dried at 80°C and used for the next cycle adsorption of BM. After adsorption test,
the different adsorbents (HAP and wCit-HAP) loaded by BM dye were recovered, washed

with deionized water to remove any unabsorbed dye molecules.

2.4. Theoretical approach

Theoretical reactivity parameters including Enomo the highest occupied molecular orbital
energy is usually related to the ability of a molecule to lose electrons [31, 32] and E_ymo, the
lowest unoccupied molecular orbital energy, indicates the capacity of the molecule to accept
electrons and it is associated to electron affinity, chemical hardness (1), the electronic
chemical potential (n) and energy gap (AEgs) were calculated for methylene blue and
adsorbent to evaluate their reactivity by using DFT. In addition, theoretical calculation
realized with density function theory DFT/B3LYP method implanted in the GAUSSIAN (09)
program [33, 34], and 6-31G (d, p) basis set were successfully used to correlate the
experimental results. These parameters were calculated as follows:

AEgap = ELumo-Enomo ; N= % (ELumo-Enomo); u = -%2 (ELumo+Eromo)

Y= -U o =1 o = u?2n ANmax = - .

3. Results and discussion

3.1. Characterization of samples

XRD patterns of HAP and wCit-HAP materials are given in Figure 1, illustrating
characteristic peaks of apatite structure without any secondary phase. By increasing the
quantity of citric acid added, a loss of crystallinity is observed, indicating a decrease in the
size of the crystallites estimated by the Scherer formula [35]: Dn = KA/ B12€0s 6, where 0 is
the diffraction angle, A the wavelength, K is a constant depending on the crystal (0.89 for
apatite crystallites) and Py, is full width at half maximum (FWHM). The crystallinity (xc) is



calculated using an empirical relation as: y_ = 3/;—‘* , Where Ka is a constant (Ka=0.24) and
1/2

Y2 is the FWHM of the (002) reflection. The obtained values are reported in Table 1.

0.8Cit-HAP

0.4Cit-HAP

0.2Cit-HAP

HAP

25 30 35 40 45 50 55 60
20(°)

Figure 1. X-ray diffractograms of the wCit-HAP (x=0, 0.2, 0.4, 0.8).

Table 1. Particle size, parameters and crystallinity for HAP and wCit-HAP
B12(002) Doy (A) B12(310) Do (A) xc

HAP 0.212 383 0.391 216 1.437
0.2Cit-HAP  0.215 379 0.395 214 1.385
0.4 Cit-HAP 0.232 350 0.430 206 1.095
0.8 Cit-HAP 0.272 299 0.433 205 0.680

Note that the diffraction lines become broad when citric acid content is high offering a
significant reduction in crystallinity compared to that of the HAP. This suggests a preferential
interaction of the citrate (COO") groups with Ca®* ions of HAP such as demonstrated
elsewhere [36]. This structural change is explained by the complexation of Ca®*" ions by
citrates which are more favorable than for the other carboxylic acids [37, 10].

Infrared spectra of the grafted materials are shown in Figure 2. For pure HAP, sharp peaks at
ca. 1090, 1033, 960, 605, 565 and 470 cm™ are attributed to PO, vibrations while the bands of
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very low vibratory intensities around 3563 cm™ and 630 cm™ are attributed to OH groups.
Other bands in the 1400-1450 cm™ range correspond to carbonate groups, which could come
from the dissolution of the surrounding CO; during an aqueous precipitation. Their relative
intensities decrease as a function of acid citric content. In the presence of citric acid,
additional bands at 1380 cm™ and 1610 cm™ relating to the vibrations of citrates (COO")
around 1380 cm™ and 1610 cm™, but they are located in the same range of carbonaceous
vibrations (COs*). Another vibrational band around 1720 cm™ of citric acid and that of
hydroxyl OH at 3265 cm™ are not detected here or of very low intensity showing that the
three -COOH functions of citric acid have been deprotonated during their functionalization on
the HAP matrix [11]. This result is in agreement with the hypothesis of an important

interaction of the carboxylic functions of citric acid with the HAP surface.
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Figure 2. IR spectra of pure and citrate-modified apatites.

The thermal stability of the materials was studied by TG analysis (Figure 3). All materials
have similar profiles with a first step in the range 25- 200°C corresponding to the desorption
of water, and a second step between 200- 800°C related to the decomposition of organic
matter embedded in layered hydroxyapatite. In this last step, weight loss increases with graft
content, this is consistent with the increase in total organic carbon determined by the CHONS
elemental microanalysis technique. The molar Ca/P ratio of the citrate-modified
hydroxyapatite materials varies from 1.63 to 1.66 (Table 2). It should be noted that the Ca/P
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molar ratio of wCit-HAP is lower than that of HAP (Ca/P=1.66). This variation is linked to
the reactivity of the carboxylic acid with the constituent ions of apatite, mainly Ca®" ions,
which complex COQO™ groups before reacting with the phosphate precursor. This is consistent

with the formation of hybrid apatite materials.
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Figure 3. TG curves of pure and citrate-grafted apatites.

Table 2. Chemical composition of porous citrate-modified HAP: organic matter (%org.) Total
organic carbon (%C), specific surface area Sger, porous volume V,, pore size D, and Cger

constant.
Ca/P®* %org” %C® Sger/m’g’t  Vylcmg? Do/nm  Cger
HAP 1.66 2.40 0.12 57 0.31 24.5 316
0.2Cit-HAP 1.65 2.70 124 71 0.38 23.8 287
0.4Cit-HAP 1.64 2.90 159 90 0.43 21.1 257
0.8Cit-HAP 1.63 3.10 193 103 0.48 15.3 301

 From ICP-OES, "from TG analysis in the 200-600°C range, ¢ from CHONS analysis, ° from N,-isothrms using BET model, ¢ from N,-
isotherms using BJH model.



The N, adsorption-desorption isotherms of all powders dried at 100°C are illustrated in
Figure 4. The mesoporosity of the surface of the studied materials was confirmed by the
presence of hysteresis. The specific surface area increases from 57 m2.g™ for the pure HAP to
103 m*.g™* for 0.8Cit-HAP while V, also increases with the content of citric acid grafted; in
contrast D, decreases (Table 2). The higher values of Cger after citrate-grafting are indicative
of the affinity of the grafted material surface for the adsorption gas and also confirm the

change in texture as a function of grafting rate.

16— HAP
0.06 memmen=== 0.2Cit-HAP |
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Figure 4. Nitrogen adsorption/desorption isotherms (77 K) and pore size distribution for dried

powders

The Cit-grafted HAP powders were difficult to observe by SEM due to the presence of
organic matter (Fig. 5). All the samples consist mainly of granules without relief with

micrometric plates sometimes visible.



Figure 5. SEM images of (a) HAP, (b) 0.4Cit-HAP and (c) 0.8Cit-HAP

3.2. Adsorption properties

The reactivity of wCit-HAP surfaces determines their surface and interface properties. The
adsorption process affects many fields of application, including water treatment, soil
treatment and the environment. The surface/interface plays an important role in understanding
the mechanisms of interactions and exchanges between adsorbent/solute. To control wCit-
HAP surface, MB dye was used as a pollutant model.

The adsorption equilibrium time was determined by putting in contact the MB solutions with
Cit-HAP for different times at room temperature (25°C) (Fig. 6). The MB adsorption rate is
fast in the first 30 min due to the presence active sites available on the grafted materials. After
that, the rate of increase decreased and eventually reaches equilibrium at about 60 min
because the sites tend to be saturated and the removal rate no longer increased. A good MB
removal is observed for 0.2Cit-HAP. The adsorbent surface contains hydroxyl and carboxyl
groups can considerably affect the adsorption mechanisms of the dye on the wCit-HAP

powders [38].
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Figure 6. Kinetics of MB removal (qg;) by HAP and wCit-HAP powders, Plain lines are data

fitting to the pseudo-second order Lagergren model.

To fit the kinetic data, various models, namely: pseudo-first-order (Eq.2); pseudo-second-

order (Eqg.3) and Elovich (Eq.4) and expressed respectively as follows: log (qe — q¢) =
t g, =L 1
+=(Ea3) 5 qr = 5 n(ap) + ( ﬁ) In(t) (Eq.4), where g,

(mg g) and ge (Mg g™) are the adsorption capacities at t time (min) and at equilibrium time,

ki .. e 1
l0gger — 5503t (BA2) | - =
respectively. ky (min™) and k, (mg g*-min™) are the rate constants of adsorption from Egs.1
and 2, respectively and ge; (mg g™) their equilibrium adsorption capacities. o (mg g min™) is

the initial adsorption rate and B (g mg™) the desorption constant. The error functions

employed were as follows [39]: (i) Chi-square test X2 = ’i"zl(qe""";’e% (Eq.5); (ii)

Residual root means square error RMSE = /ﬁﬂv:l(%,exp — qecar)® (Eq.6); and (iii)

deexp—de,cal

Average percentage error APE (%) = 100 x %Z?’zl
deexp

(Eq.7)

For each kinetic model to be the most suitable, it will be necessary that the parameters thus

provide the smallest sum of normalized error. The experimental values and the linear
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adjustment parameters of these models retained with their corresponding error functions are
grouped together in Table 3.

Table 3. Kinetic parameters for BM dye adsorption on HAP and wCit-HAP

HAP 0.2Cit-HAP  0.4Cit-HAP  0.8Cit-HAP

Qeexp (Mg g7) 70.3 175.0 160.0 140.6
Qe1 (Mg g™) 13.2 142.5 125.8 107.6
ki (min™) 0.026  0.036 0.028 0.033
Pseudo first-order R? 0.7262 0.9709 0.966 0.9343
APE (%) 3.31 6.36 1.49 1.58
y 2.84 7.83 2.77 6.07
RMSE 4.46 12.6 6.76 8.88
e2 (Mg ™) 71.9 192.3 181.81 151.5
ka(g mg™min™) 0.0068  0.0005 0.0004 0.0006
Pseudo second-order R? 0.9997  0.9998 0.9990 0.9994
APE (%) 1.69 0.922 0.747 1.29
o 0.835  0.373 0.513 0.731
RMSE 2.6 2.25 2.88 2.67
«.10®(mg g* min?) 1.897  0.058 0.037 2.09
B (gmg™) 0.135  0.027 0.026 0.107
Elovich R? 0.8202  0.9834 0.9804 0.8452
APE (%) 5.56 3.13 1.49 10.10
y2 3.09 1.85 1.54 27.73
RMSE 5.15 6.27 5.34 19.50

According to the correlation coefficients (R?), %%, RMSEE, and APR values of three models
tested, the pseudo- second-order model (k. and ge2) proved to be well suited to reproduce MB
adsorption kinetic data on w-Cit-HAP. Moreover, the theoretical values Qe resulting from
the pseudo-first order equation are far from the geexp Whereas the pseudo-second order model
has well described the MB adsorption on grafted materials. This indicates that the kinetics of
MB adsorption on Cit-HAPs depends on the availability of active sites. Based on the

minimum sum of y2, RMSE and APE errors from a pseudo-second-order model suggest that
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chemical interactions MB////Cit-HAP are dominant [40, 41] despite electrostatic interactions
and that hydrogen bonds may contribute to the adsorption mechanism.

The influence of adsorbent weight was studied in the 20-500 mg range (Fig.7). Results show
that a mass of 50 mg of material is capable of fixing the maximum of MB (90%). The
amounts of attached dye must be consistent with the doses of adsorbent in solution to ensure
an equivalent number of adsorption sites. With the further increase in the dose of adsorbent,
there is an agglomeration of the particles which affects the surface via its active sites which
become saturated, hence a low adsorption capacity. It is therefore useful to work with an
adsorbent dose of less than 50 mg and to avoid an ineffective overdose. Thus, 50 mg of

sorbent mass in 100 mL of MB solution was used corresponding to 0.5 g L™ as sorbent dose.
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Figure 7. Effect of adsorbent dose on removal of MB dye from aqueous

The initial pH of MB solutions affects the degree of ionization, adsorption mechanism,
charge, and activity of surface functional groups. Adsorption of MB onto wCit-HAP powders
at different pH are shown in Figure 8a. The MB removal reaches its maximum around pH 8,
and then a slight drop in efficiency is observed with the increase in pH. To elucidate the
nature of the charge carried on the surface of the adsorbent, the determination of the point of
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zero charge or pHpzc was carried out. The determination of pHpzc is very important in the
phenomena of adsorption, in particular when electrostatic forces intervene in the mechanisms,
which is the case of organic pollutants with hybrid apatites. The Figure 8b shows that the
pHpzc of the grafted apatites varies slightly according to the initial pH but it is between 7.5
and 8.

At strongly acidic pH, the surface of the grafted apatite being protonated and positively
charged disadvantages MB-adsorption. This is due to a competitive adsorption between the
MB™ of the MB molecules and the H3O" cations in solution. With pH increasing before
PHpzc, it can decrease of repulsion of charge and then the adsorption capacity increases. At
pH>pHpzc, the surface of the grafted material becomes negatively charged, and the adsorption
is then significant related to the increased electrostatic repulsion between the aromatic cations
MB” from MB molecules and oxygen from hydroxyl OH and carboxylate (COO") at Cit-HAP
surface. This is in good agreement with the increase in negative surface charge. This explains
why the retention is more remarkable when the pH close to 8, but this efficiency, as a function
of pH, is quite complex and far from being a simple electrostatic mechanism between
oppositely charged species. A fall of Methylene blue adsorption on the wCit-HAP at pH
higher than 8 is observed. This is related to the repulsion that occurs between the negatively
charged wCit-HAp surface and the MB dye in the solution also acquired a negative charge.

Similar results were also observed by various authors [42-44].
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Figure 8. (a) pH effect on MB adsorption, and (b) charge surface of HAP, and wCit-HAP
adsorbents. Co(MB) = 100 mL; adsorbent dose=0.5 g L™, room temperature (298 K); contact

time= 3h.

According to the experimental conditions described above, the Figure 9 shows the MB
adsorption isotherms on Cit-HAP adsorbents. The adsorption capacity increases progressively

15



with the initial MB concentration without saturation level; this indicates that the adsorbents
adsorb more if there are more MB molecules. As 0.8Cit-HAP powder has a large specific
surface area but has a low adsorption capacity compared to 0.2Cit-HAP being the good
adsorbent, it should be noted that the specific surface of the adsorbent is not the only
parameter to be considered during the elimination of MB molecules from aqueous solutions.
Therefore, the chemical composition of the adsorbent surface is the main parameter

determining the MB adsorption process.
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Figure.9. Effect of the initial concentration of MB on their adsorption on HAP and wCit-HAP
powders, Plain lines is fitted using the Freundlich-derived equation.

Four models of MB adsorption isotherms on wCit-HAP were discussed [45, 46]: Langmuir
(Eq.8), Freundlich (Eq.9), Dubinin-Radushkevich (Eq.10) and Temkin (Eq.11) (Table 4).

% = ﬁ +§—e (Eq.8); Lng,=LnKy+ 1/nlnC, (Eq.9); Lng, = Lnqp_r — B(RTLn(1 +
e 4L L

Ci)2 (Eq.10); q, = (g—T) In(A;C,) (Eq.11), where g. (mg g) the amount of the adsorbate at
e T

equilibrium, C. (mg L™) equilibrium concentration of the adsorbate on the adsorbent, b (L mg"
1y refers to the Langmuir constant and g, (mg g™*) its maximum adsorbate capacity. K is (L
mg™) Freundlich constant and 1/n is an indicator of surface heterogeneity. S is the Dubinin-
Radushkevich constant and gp.r the theoretical maximum adsorbate capacity (mg g™*) with
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E= % corresponds of adsorption energy. br (J/mol) is the Temkin constant related to the

728

variation of adsorption energy, At (L/mg) is the equilibrium constant of the Temkin model. R

was the gas constant (8.314 J/mol-K), and T was the absolute temperature (K).

The validity of models was determined by calculating the standard deviation (SD, %) using

SD(%) = 100 x\/ﬁ gu@y (Eq.12), where the Oeexp and Qe refer to the
- e.exp

experimental and the calculated data, and N is the number of data points. A correct fitting of

the experimental data with Freundlich equation (R*>0.99 and less SD (%)) was obtained for

MB adsorption (Table 4), which describes non-ideal reversible multilayer adsorption with a

heterogeneous distribution of the heat of adsorption on the heterogeneous surface.

Table 4. Calculated adsorption isotherm values using regression analysis for BM removal

HAP
qu(mgg”) 666
Langmuir B 0.0019
R 0.3324
SD (%) 12.0
Kr 1.836
Freundlich 1/n 0.879
R 0.9929
SD (%) 6.2
dm(Mgg™) 66.98
Dubinin- B (mol® kJ?) 13.055
Radushkevich E (kJ mol™) 0.195
R 0.6576
SD (%) 56.95
Ar(L/mg)  0.1341
Temkin br (J/mol) 64.589
R 0.8234
SD (%) 80.80

0.2Cit-HAP 0.4Cit-HAP 0.8Cit-HAP

1000 500 nd
0.002 0.002 n.d
0.9225 0.8224 0.4143
125 27.2 93.30
21.210 12.40 3.24
0.8260 0.8870 1.073
0.9955 0.9932 0.9944
6.45 6.02 6.43
173.5 158.99 669.34
0.846 1.589 4.886
0.768 0.561 0.320
0.7593 0.7369 0.8128
55.95 54.78 50.43
0.7431 0.4144 0.2042
27.811 36.335 29.428
0.896 0.9133 0.8504
26.34 26.60 4211
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The affinity distribution of all synthesized materials, based on the Freundlich isotherm being

the best fitting model was determined according to the following equation: N (Ci) =N(K) =
Qe((’vce)_Qe(%) a [Qe(0‘2Ce)“]e(%)“]e(ace)+Qe(%)] . -1
T ~ a2 2 logw (Eq.13); were ge (Mol g™) and Ce (mol

L) is the adsorption quantities and concentration dye in equilibrium respectively and o is
equal t010°2,

The plotted curves N(K) vs. Ln(K) and Ln(N(K)) vs. Ln(K) curves give a similar affinity
distribution (Figure 10). Given the uncertainty of the graphs (N(K) = £1-5%), the
experimental and calculated distributions are indistinguishable. It shows the binding sites
energy distribution of the HAP and wCit-HAP determined using Freundlich isotherm obtained
from adsorption experiments. This isotherm assumes that the binding affinities of the different
types of adsorption sites are exponential distribution. Moreover, it can be observed that both
graphs suggest that the BM dye molecules are adsorbed on the binding sites with different
binding energies. More specifically, based on N(K) = f(Ln(K)) graphs, the exponential
distribution of the binding site energies suggests that the all materials surface is highly
heterogeneous and that the adsorbing molecules of BM dye are occupied on the binding sites
with high energy. However, the exponential distribution of the binding sites obtained by the
equation 13 follows a similar trend for all materials, suggesting that the difference in
magnitudes is only due to the difference in the terms preceding the exponent in this equation.
This could be confirmed from the parallel lines in an Ln-Ln plot as in Figure 10b. The parallel
lines imply that the underlying exponential functions have the same exponents, indicating the

heterogeneity of the adsorbents.
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Figure 10. Affinity distribution curves calculated using the AS method for HAP and wCit-
HAP plotted in (a) N(K) vs. Ln (K) and (b) Ln(N(K)) vs. Ln (K).

For HAP/MB and wCit-HAP/ MB interactions, the affinity distribution in N(K) vs Ln(K)
format was an exponentially decreasing function. For the highest association constant
(K=1/C¢min) the affinity distribution tends to zero while it tends to infinity for the lowest
association constant (K=1/C¢max). The Ln(N(K)) versus Ln(K) plots are straight lines,
suggesting that the Freundlich model is consistent with the adsorption energy distribution.

By varying the temperature of the MB adsorption reaction on wCit-HAP and by calculating
the equilibrium constant Ky=q./C at each temperature from 25-50°C, the thermodynamic

parameters, AS® and AH®, were calculated from the slope and intercept of the linear plot of Ln
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Kq versus 1/T according to the Van’t Hoff equation Ln Kq = AS'/R - AH'/RT (Figure 11). At
given temperature, the free enthalpy (kJ mol™) was then calculated as AG°= AH°-TAS® and

the calculated thermodynamic parameters were given in Table 5.
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2.5 \
o 2
4
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- 15
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Figure. 11. Effect of temperature on the adsorption of MB on wCit-HAP (Adsorbent
dose=0.5 gL, initial MB concentration = 100 mg L™, and pH 7)

As shown in figure 11, the adsorption process is thermally activated. When the temperature of
(MB + wCit-HAp) reaction increases, the MB molecules are therefore more agitated, and they
move more quickly towards the wCit-HAP surface and the adsorption process takes place
more quickly. Endothermic chemical transformations only occur if the system receives
thermal energy from the external environment. The temperature of the chemical system
decreases. All the enthalpies AH™ and AS™ obtained are positive, indicating that the MB
adsorption on HAP and wCit-HAP is an endothermic process. These energies increase with
the grafted citrate content. The positive values of AS® revealed a creation of a random
disorder via an increase in the degrees of freedom of the molecules at “Solution/wCit-HAP”
interface during the transfer of MB" ions towards the active sites of the adsorbent surface. The
negative values of AG calculated at selected temperatures show that the dye adsorption
process on all materials is a favorable and spontaneous process and are between -8.277 and -

26.70 ki mol™. All the AH° values are lower than 20 kJ mol™, indicating that there are weak
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electrostatic Van der Waals forces as well as the formation of hydrogen bonds, whose

mechanism is of the physisorption type. This thermodynamic approach clearly indicates that
the MB desorption from the Cit-HAP surface is easily achievable, requiring only a simple
chemical treatment.

Table 5. Thermodynamic parameters

HAP 0.2Cit-HAP  0.4Cit-HAP 0.8Cit-HAP

AH° (kJ mol™) 8.28 12.64 14.38 16.20
AS° (I mol™ K™ 28.48 64.66 65.70 67.30
AG°505 (kJ mol™) -8.47 -19.25 -20.87 -21.72

3.3. Reuse of adsorbents

Reusing materials is an important feature that should be considered in adsorption process.
Many chemical agents have been applied to regenerate adsorbents such as acids, alkalis, salts
and organic solvents. The reusability of wCit-HAP adsorbents was verified by adsorption-
desorption tests over four cycles for MB. The adsorption efficiency in each cycle was
analyzed (Figure 12). The 0.2Cit-HAP retained good adsorption capacity after repeated
cycles of adsorption-regeneration with little difference, which does not exceed 1-2%. This
indicates that there are almost reversible sites onto adsorbent surfaces. Recyclability studies

suggest that wCit-HAP can be used repeatedly as effective adsorbents in wastewater
treatment.

W HAP f  0.2Cit-HAP W 0.4Cit-HAP #  0.8Cit-HAP
80 _
<
S 60
=
>
o
S 40
x
20
0

Cycle number
Figure 12. Regeneration of materials on the yield of adsorption of the dye.
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After adsorption, the adsorbents (HAP and wCit-HAP) were washed several times with
distilled water and then with 3.0 M NaOH. The regenerated materials were washed with
distilled water, dried at 80°C and subsequently tested in MB adsorption. As shown in Figure
12, the removal yield of the wCit-HAP does not significantly change during the adsorption—
desorption recycling (<5%). This shows that reuse of the wCit-HAP material is a simple

operation and can be used multiple times.

3.4. DFT study

The quantum chemical calculations performed by DFT were carried to investigate the
relationship between the electronic structure and the adsorption process of MB (Figure. 13)
onto the HAP and wCit-HAP materials.

Figure 13. Mulliken atomic charges distribution (e”) of optimized molecular geometries of

methylene blue.

To determine the electrophilic properties and the nucleophilic sites as well as the hydrogen
bonding interactions of the materials studied, an electrostatic potential (ESP) map is
important. Different colors indicate negative and positive sites ranging from red to dark blue.
The color code of the ESP diagrams lies between —7.509¢e? a.u. (Dark red) and 7.509e? a.u.
(Dark blue) for MB, HAP and 0.2Cit-HAP. The dark blue region around nitrogen atoms of
protonated MB molecule represents their negatively charged (nucleophilic). These electron-
rich areas would be the preferred sites for adsorption to the HAP and Cit-HAP surface.

Figure 14 presents the optimized structures, HOMO, LUMO densities and ESP maps of the
studied molecular systems: the red and blue colors indicate the negative and positive phases
of the studied structures respectively. Through computation of electronic charge distribution,
the interactions between phosphate groups (PO4>) and BM dye are considered as background

knowledge due to acid-basic interaction due to hydrogen bonding as well as adsorption by
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dispersion forces as a principal of electrostatic interactions and ion. In Table 6, we presented

all quantum chemical indices of the studied materials.

Table 6. Quantum chemical descriptors for MB, HAP and Cit-HAP

Eromo (eV) ELumo (eV) AEgap (EV) I](EV) M(EV) X oo(eV) ANmax

MB -4.162 -0.267 3.894 1157 -2.214 2214 2136 1.930
HAP -4.319 -1.172 3.147 4947 -2.746 2.746 2395 1.744
Cit-HAP -4.670 -1.989 2.680 1.340 -3.329 3.329 4.135 2484

According to the obtained AEg,, values, it can be observed that HAP and Cit-HAP are reactive
in the aqueous phase but Cit-HAP (AEgs = 2.68) is more reactive. The maximum charge
transfer of Cit-HAP (ANmax=2.484) is greater than that of HAP (ANma=1.744). The
electrophilic gap difference between the two reagents MB-HAP (Aw =0.258) is very small.
On the other hand, the difference of global electrophile between MB-Cit-HAP is very
important (Aw =1.998) which indicates an important polar character in this adsorption dye
[47]. Compared by HAP, the lowest hardness value was obtained for Cit-HAP (n=1.340)
which shows the greater reactivity of these molecules compared by those of HAP. The
obtained values of 1 and y emphasize that the dye has a remarkable chemical reactivity and
adsorption affinity for the Cit-HAP surface indicating a higher electrophilicity value [48, 49].

In order to further understand its high MB adsorption capacity on hybrid materials,
electrostatic potential (ESP) proprieties of the MB and wCit-HAP was conducted by the DFT
calculation. Electrostatic attraction with a negatively charged adsorbent surface like phosphate
(PO4>) is well shown: the MB molecules will have a tendency to orient itself preferentially to
the surface by the sides possessing the highest values of positive charge density. The strong
H-bonding interaction between the P-OH groups of wCit-HAP and the nitrogen atom of the
MB molecules was contributed to the adsorption of the dye molecules. The nitrogen atoms of
MB were interacting with Ca** of wCit-HAP via Lewis acid-base interaction. The quantum
chemical calculations were employed to explore the intermolecular interactions involved in
the adsorption MB on HAP and wCit-HAP surface. The frontier molecular orbitals were
investigated to analyze the HOMO and LUMO (Figure 14). It was visualized that both
HOMO and LUMO orbitals were widely distributed on the area of the MB molecules and on
the oxygen atoms of the HAP and wCit-HAP, which indicates that these sites present the
active sites of adsorption. This result was confirmed by the molecular electrostatic potential

maps (MEP). Furthermore, the molecules with small gap energetic explain the reactivity
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performance of these molecules [32]. In our case, it can be noticed that Cit-HAP a small gap
energetic compared to HAP which leads us to suggest that the Cit-HAP had a high reactivity

to remove better the dye.

Optimized
structure

HOMO

LUMO

MET/ESP

Methylene Blue HAP wCit-HAP

Figureld. The optimized structure, HOMO, LUMO and MEP/ESP for methylene blue,
hydroxyapatite and wCit-HAP.

3.5. Comparison of adsorption capacity

A comparative study between the materials synthesized in this work and other
hydroxyapatite-based and activated carbon materials studied to remove MB was performed.
The results have been summarized in Table 7. It was observed from Table 7 that the new
hybrid materials synthesized (wCit-HAp) have a higher monolayer adsorption capacity (gmax,
mg g) for the removal of MB dye.
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Table 7. Comparison of maximum adsorption capacities for MB dyes by other adsorbents.

Adsorbent Adsorption capacity Ref.
Omax (Mg 9™
Silver nanoparticles loaded on activated carbon 75.2 [50]
Activated carbon from mangosteen peels (MSPAC) 163.6 [51]
Banana stem based activated carbon 101.01 [52]
Activated carbon from oak seeds 24 [53]
Hydroxyapatite 50.25 [54]
Activated carbon from stem palm fibres 110.79 [55]
Poorly crystalline HAP 14.27 [56]
Microwave-HAP 33.3 [57]
Nano Hydroxyapatite/Chitosan Composite 30.2 [58]
Magnetic chitosan 60.4 [59]
Alginate—Chitosan—Montmorillonite 137.15 [60]
Activated carbon from sugarcane bagasse waste 136.5 [61]
HAP 70 This work
0.2Cit-HAP 173 This work
0.4Cit-HAP 167 This work
0.8Cit-HAP 140 This work

4. Conclusion
This work provides fundamental data on synthesized hybrid hydroxyapatites and their
adsorption efficiency. The charged state of the hydroxyapatite surface plays an important role
in MB trapping. The grafting of citrate from citric acid makes it possible to anchor to the HAP
surface with the three carboxylate functions, and better promotes the retention of neighboring
species in solution. The results obtained indicate that the in-situ grafting of citrate groups
within HAP matrix is an interesting way for water pollution control. They revealed some
important features:
Q) the amount of citrate fixed on the HAP surface strongly influences the structural
and adsorption properties,
(i) (i1) The adsorption kinetics for the hybrid materials show that the pseudo-second
order provides the best fit to the experimental data, while the Freundlich model fits
the experimental data of the adsorption isotherms,
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(iii) (i) Based on the thermodynamic data, a physisorption mechanism was discussed
through the weak Van de Waals-like electrostatic forces and the formation of
hydrogen bonds between MB and Cit-HAP hybrid materials, indicating that the
MB desorption is easily achievable, requiring only a simple chemical treatment,

(iv)  DFT calculations displayed a clear view of the adsorption sites of the wCit-HAP
indicating the dye adsorption reaction mechanism could be controlled by charge

transfer.
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