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1. Introduction

One of the most severe problems confronting people throughout the world is inadequate access to remove
organic and inorganic pollutants from wastewaters [1]. The presence of dyes in wastewaters has been
recognized as one of the most serious environmental dangerous substances, which can cause adverse effects on
the endocrine system [2]. In recent years, with the growing necessity for clean water, many treatment strategies
have been investigated for removing the pollutants of dyes [3]. Among those strategies, photocatalytic
oxidations have attracted extensive attention as emerging successful technologies [4]. Up to now, TiO,
photocatalysts have been widely used as an excellent materiel for the photocatalytic processes, due to its
chemical stabilities, low cost and its high activity [5]. However, one of the main drawbacks is very weak
adsorption ability of TiO, to some dyes [3,6,7] and other organic pollutants [8,9]. Thus, various methods have
been explored to convert the TiO, adsorption from the ultraviolet to the visible region by modification [10,11]
or by doping with several transition metals, such as cerium [12], tungsten [13,14], molybdenum [15-18], gold
[19], nickel [20—22] and platinum [23] ions.

With the growing necessity for biomaterials, hydroxyapatite Ca;o(PO,)s(OH),, abbreviated as HAp has
attracted much attention, due to its excellent biocompatibility and biological similarity of natural bone [24].
HAp is not only a main component of hard tissues, such as bones and teeth, but an excellent adsorbent for
adsorption and separation of biomolecules, pollutants and heavy metal ions [25-27]. It has been reported that
TiO, and HAp represent a good combination to form a composite which has a good mechanical properties [28],
an excellent ability to adsorb and decompose organic dyes and it is considered to be good for both
environmental processes and various industrial purposes including fertilizer production, water purification and
degradation of pollutants [29-32].
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In the present study, TiO,/HAp samples were successfully synthesized using double decomposition and
WI methods. The effect of TiO, additive on the structural, morphological and textural properties has been
investigated. The samples were evaluated for the degradation of MB under UV irradiation.

2. Experimental

2.1. Materials

The reagents used in the experiments are: Calcium nitrate [Ca(NOs),,4H,0], diammonium hydrogenophosphate
[(NH,),HPO,], ammonium hydroxide (25%), MB (A= 664 nm) and titanium tetra isopropoxide (Ti(OC3H-),,
96% purity).

The solutions were prepared by using pure distilled water. All the chemicals were used as received without any
further purification. Characteristics and molecular structures of MB dye are shown in Table 1 and Figure 1,
respectively.

Table 1: Physicochemical properties of methylene bleu

Contaminant name | Linear formula Molecular weight | Contents (%) | Amax (NM) | Class
(g/mol)
Methylene bleu C16H18CIN3S.3H,0 373.90 97 664 Heteropolyaromatic dye
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Figure 1: Molecular structure of MB.

2.2. Synthesis of HAp support

The HAp Cayo(PO4)s(OH), was prepared by double decomposition method. In a typical experiment, a solution
of calcium nitrate and diammonium hydrogenophosphate were used as calcium and phosphate sources
respectively. The HAp was prepared by taking the above compound separately and then mixed with distilled
water with the molar ratio of 1.67 which is the stoichiometric molar ratio of HAp, under vigorous stirring the
calcium solution was added drop wise to the solution of the phosphate over a period of 3 hours. The solution is
carried in a nearby temperature of 80°C. The pH of the solution was increased to 10 by adding ammonium
hydroxide to produce a milky white precipitate, which was then stirred and boiled for 30 min under agitation,
after filtration the precipitate was washed thoroughly, dried at 100°C over night and then calcined at 500°C for
2h with a temperature rise of 5°C min™.

2.3. Synthesis of x% TiO,/HAp photocatalysts

TiO,/HAp catalyst was prepared from HAp and titanium tetra isopropoxide (TTIP) by using a standard WI
method. 1g of HAp carrier and 0.5 ml of distilled water were added in 50ml of absolute alcohol in 250 mi
beaker to get a suspension, which was stirred at room temperature for 2h. After that, the appropriate amount of
TTIP with different TiO, proportion of 0, 10, 20 and 40 wt.% was introduced into the aforementioned dispersive
solution, followed by continuous stirring for 3h. Product was washed several times with distilled water and then
dried at 120 °C over night. The samples were calcined at 500°C for 5h with a temperature rise of 5°C min™".

2.4. Characterization methods
The catalysts were characterized by:

- X-ray diffraction analysis (XRD) using a Bruker- eco D8 Advance diffractometer with Cu-K, radiation
source (&= 1.5418 A). T h e nBl& thah were scanned ranged from 10 to 70°. Diffraction patterns were
compared to International Center for Diffraction Data (ICCD) for identification of crystalline phases. The

crystallite size of the active phase and the support was estimated using the Scherrer formula:
KA

~ Bcx Coso @
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Where K is the shape factor (k = 0.94) and e-is the wavelength of X-ray; C is the Bragg angle and b, is the
corrected line broadening defined as Full Width at Half Maximum (FWHM).

- Fourier transformation infrared (FT-IR) spectra of samples, on KBr pellets, were recorded by Fourier
transform infrared (Shimadzu. FTIR-8400S) spectrophotometer in the range of 400 —4000cm™.

- The thermal analyses are made with the TA instrument balance, model SDT 2966. It allows realizing
simultaneously differential thermal analysis (ATD) and thermogravimetric analysis (ATG) behavior of the
as-prepared samples under air atmosphere in the temperature range of 25-800 °C and with heating rate of 5
°C/min.

- Morphological characterization and chemical composition of the TiO,/HAp samples were performed using
Scanning Electron Microscopy (SEM) Hitachi S-3400N equipped with an Energy Dispersive X-Ray
Spectroscopy (EDS) (Noran with a silicon drift detector). To get a clear insight into the microstructures,
transmission electron microscopy (TEM) was performed by using a TEM, Detector: SUTW-Sapphire.

2.5. Photocatalytic experiment

The photocatalytic activity was evaluated in a cylindrical metal reactor at room temperature, it is constituted of
six UV lamps; 3 UVA and 3 UVB lamps, each has a low pressure mercury of (8W). The wavelength of
maximum of the light sources of the lamps is 450 nm. 20 ml of MB aqueous solutions (MB concentration 10
ppm (part per million)) and 20 mg of TiO,/HAp catalyst powders were placed in the glass vessel, which formed
a suspension under stirring. For comparison, all the experiments were carried out under the identical conditions.
The mixture was stirred first in dark for 30 min to evaluate the adsorption-desorption equilibrium, UV light
irradiation was turned on. Samples were taken at given time intervals and centrifuged at 4000 round per minute
(rpm) for 3 min. The changes of MB concentration with UV irradiation were analyzed using a V-1200
spectrophotometer.

3. Results and discussion

3.1. X-ray diffraction study

Figure 2 shows the XRD patterns of TiO,/JHAp composites with different amounts of TiO, (0, 10, 20 and 100
wt.%). The XRD pattern (curve a) for pure HAp shows diffraction peaks at 2© = 25.75°, 31.82°, 32.9°, 34.2°,
39.8°, 43.05° and 49.46° are consistent with the (002), (211), (300), (202), (310), (113) and (213) Bragg
reflections of HAp respectively.

2d (Degre

Figure 2: XRD pattern of HAp/TiO, samples: (a) pure HAp, (b) 10% TiO,, (c) 20% TiO,, (d) 40% TiO,, and (e)
pure TiO,.
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All the diffraction peaks could be readily indexed with the pure hexagonal phase [space group: P63m],
which in agreement with the bulk HAp crystals (JCPDS 09-0432) (Joint Committee on powder Diffraction
Standards) [33]. While in pure TiO, (curve e) the XRD peaks at 20 = 25.2°, 37.8°, 48.1°, 54°, 55.1°, 62.7° and
69° can be exactly indexed to the diffraction of (101), (004), (200), (105), (211), (204) and (220) planes of
anatase phase TiO, (JCPDS 21-1272) [34]. The peak intensity of anatase increases with the increase of TiO,
amount in the TiO,/JHAp samples (curves b-d). While the intensity of HAp peak decreases. On the other hand,
no new phase was detected. The absence of additional diffractions in x%TiO,/HAp samples indicated that TiO,
was highly dispersed throughout the surface of HAp phase.

The average crystallite size of the prepared catalysts and support was estimated using the XRD data by
the Scherrer equation. After the addition of 10%, 20% and 40% of TiO,, an increase of the average crystallite
size of the catalysts has been observed, as shown in Figure 3.

Cristallite size (nm)

Figure 3: Estimated average particle sizes of the crystallite with different amounts of TiO..

3.2. DTAI TGA study
The thermal stability of the pre-calcined HAp-based catalysts was examined by TGA-DTA data presented in
Figure 4.

The TGA measurements were conducted on the as synthesized HAp samples after the drying step in furnace.
The slight decrease in weight for all the samples at temperature from 25 to 380 °C is assigned to the evaporation
of water bound to the catalyst surface or decomposition of adsorbed ammonium or nitrate ions used in the
catalyst synthesis. Whereas the second weight loss is noticed in the temperature range of 400—700°C. This is
caused by the structure decomposition such as dehydroxylation given that the temperature approaches the
thermal stability limit of the HAp material which is in agreement with the results reported in literature [35]. The
DTA pattern shows an exothermic band centered around 300°C, which is attributed to the decomposition of
nitrates species. According to TGA curves, the weight deduction of 7.9%, 8.4% and 9.8% were obtained for
HAp, 20%TiO,/HAp and 40%TiO,/HAp catalysts, respectively. These results show a smaller weight loss in
TiO,/HAp. The weight loss values of different catalysts are shown in Table 2.

3.3. FT-IR analysis

Figure 5 illustrates FT-IR results of synthesized HAp and TiO, loading HAp samples (10, 20 and 40 wt. %
TiO,) in the spectral region from 400 to 4000 cm™. The wavenumber of bands and their assignments are
summarized in Table 3.
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Figure 4: TGA-DTA analysis of the samples.
Table 2: Weight loss values of Pure HAp and TiO,/HAp catalysts.
Samples Weight loss (%)
Aml Am2 Am total
HAp 55 2.4 7.9
20%TiO/HAp 6.3 2.1 8.4
40%TiO./HAp 7.6 2.2 9.8
g ]
s ] . 20% TiO,/HAp
€1 || /), |
&L {1 h §O- . (PO 0% TIO/HAP
T 9 (PO:") —o gL (O-H) ’
e ©-H L 92 (POL)
7] BN
_'M// Pure HAp
4000 35|00 3OIOO 25|00 20|00 15|00 10|OO 5(I)O

Figure 5: FT-IR spectra obtained from various TiO,/HAp samples: pure HAp, 10% TiOy/HAp, 20%

-1
Wavenumber cm

TiO,/HApP, 40% TiO,/HAp and pure TiO,.
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The infrared spectra of HAp and TiO,/ HAp catalysts (Figure 5) shows all absorption bands characteristic for
HAp which is in agreement with the results reported in literature [36].

- For PO,* group, the v, vibration (symmetric stretching) occurred at 962 cm™, the v, vibration (asymmetric
stretching) centered at 1034 and 1099 cm™ (symmetric stretching), while v, vibration (asymmetric
bending) located at 563 and (symmetric bending) centered at 602 cm™.

- For the OH" group of HAp, the peaks at 632 and at 3575 cm™ are characteristic of the vibrational mode of
OH" groups, suggesting the presence of hydroxyl groups.

- The bending mode of H,O bond at 1636 cm™ as well as its stretching mode at 3450 cm™.

- Adsorption bands available at 1411 and 1451 cm™ correspond to carbonate adsorption. A possible
explanation for the presence of carbonates ions in the structure of TiO,/HAp catalysts is that atmospheric
CO, might have been adsorbed at ambient temperature.

- The absorption peaks at 746 cm™ are the characteristic vibration peaks of the bond Ti-O, which confirms
the presence of titania phase. The retaining of Ti-O bond increases as the amount of TiO; in the samples
increases.

- Concerning PO,*, It can be seen from this figure that the intensities of (PO,*) adsorption bands at 563 and
1034 cm™ decreases when the amount of TiO, in the samples increases. Also, it can be noticed that the
peaks at 3575 identified as OH™ adsorption bands disappear when the amount of TiO, loading on the
catalyst increased.

Table 3: IR bands assignments of HAp and TiO,/HAp catalysts

Mode HAp 10% TiO,/HAp 20% TiO/HAp 40% TiO,/HAp
. (POS) 962 962 - -
U, (PO,) 472 471 - -
s (POS) 1034 1034 1041 1041
s (PO) 1099 1099 1093 1093
0, (POSY) 563 563 563 563
0, (POS) 602 602 602 602
Us (CO5%) 1411 1414 1414 1414
U; (CO5?) 1451 1453 1453 1453
U (O-H) 632 634 634 630
H,O 1636 1636 1636 1636
U (O-H) 3575 3568 - -
H,0 3450 3452 3450 3450
L (O)Ti - 750 746 746

3.4. SEM-EDS analysis

SEM and EDS were used to reveal the morphologies and elemental distribution of different phases. Figure 6
illustrates SEM micrographs and EDX patterns of HAp, 10% TiO,/HAp, 20% TiO,/HAp and 40% TiO,/HAp.
The microstructure of HAp is found to be almost like quasispherical of size ranging from 20 to 40 nm (Figure
6a). Figure 6b shows the microstructure of HAp with 20 wt.% of TiO,. The addition of 20 wt.% of TiO,on HAp
leads to the formation of longer HAp needles due to the heterogeneous nucleation. The size of these needles is
about 50-70 nm. Further increase in the TiO, amount of to 40 wt.% (Figure 6c) resulted the deposition of
spherical TiO, nanoparticles with a diameter of 20-30 nm like pearls densely inlaying in the ravines of HAp
carrier surface.

The elemental composition of the catalysts was examined by SEM-EDS (Figure 6), the analysis revealed the
presence of Ca, P, O of HAp Ti, O of TiO, compounds respectively. TiO, clearly appears in the Figures 6b and
6¢ confirming the incorporation of TiO, on HAp, which is also evident from the XRD analysis.
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Figure 6: SEM micrographs and EDS spectra of the catalysts: (a) Pure HAp, (b) 10%TiO./HAp, ()
20%TiO,/HAp and (d) 40% TiO,/HAp.

3.5. Transmission electron microscopic analysis

To confirm the morphology of the nancomposites, TEM was performed. The TEM micrographs of pure HAp

and TiO,/HAp nancomposites with (10, 20, and 40 wt.% TiO,) are shown in Figure 7. From the TEM
micrographs it can be seen that the amount of TiO, in the samples had an influence on the aspect of crystal

particles in catalysts prepared. The microstructure showed that HAp exists as needles particles in the range of

20-40 nm (Figure 7a). An increase of 10% of the amount of TiO, in the TiO,/HAp catalystd o esn’ t cau s ¢
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change in the morphology of the catalyst. Furthermore, in the case of 20 wt.% TiO,, it seems that increasing in
TiO, amount creates sphere on the surface of HAp needles (Figure 7b). The addition of 40 wt.% of TiO, induces
the growth of HAp needles but with rapid increase in deposition of spherical TiO, nanoparticles on the surface
of HAp, which is in agreement with the results reported in literature [37,38].The impregnation method
maintains the original morphology of HAp with increase in length of the needles during the preparation by
hydrolyzing Ti-complex. During the hydrolysis, The TiO, goes into the HAp and increases the size of the
needles and it is confirmed through our XRD measurements.

Figure 7: TEM image of the catalysts (a) Pure HAp, (b) 10%TiO,/HAp, (c) 20%TiOx/HAp and (d)
40%TiO,/HAP.

3.6. Photocatalytic activity

The photocatalytic activity degradation under UV irradiation of for MB dye from aqueous solutions has been
conducted under HAp, TiO,/HAp and pure TiO,. 10 ppm of MB in 20 ml of agueous solution, initially at
pH=6,91 and at room temperature, irradiated during 30 min without illumination and during 70 min under UV
irradiation. The samples were taken out for every 10 min to determine the rate of degradation. Fig.8 shows that
with the pure HAp no significant degradation of MB is observed under UV irradiation (A=664 nm) because
hydroxyapatite is not an efficient catalyst for photooxidation [38]. However, the increase of TiO, amount
enhances significantly the rate of decomposition, the maximum degradation is observed at 40 wt.% TiO, which
much better than that of pure TiO, powders.

A possible explanation is that the illumination of TiO,/HAp by UV light changes the electronic state of the
surface PO,> group and create a vacancy on HAp, and on the other hand when TiO, is irradiated with UV light,
electrons in the valence band (VB) are transferred to the conduction band (CB) leading to the formation of the
same number of holes in the VB (Eq. (2)).

TiO,+ hu O e +h* 2

Superoxide anion radicals O," are formed when the electron in the CB react with O, which oxidize the organic
compounds (Eg. (3)).

e +0,0°0 ©)
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Figure 8: Kinetics of MB dye photodegradation from aqueous solutions with : pure HAp, 10% TiO./HAp, 20%
TiO,/HApP, 40% TiO,/HAp and pure TiO, powder.

The VB hole reacts with the adsorbed water or hydroxyl anions to produce hydrogen peroxide (Egs. (4) and (5)
).

h* + H,00 OH + H* 4
h* + OH © OH )

This further splits and produces hydroxyl radicals, which is a powerful oxidizing agent and attacks organic
molecules adsorbed onto the catalyst present in solution [39]. However, the highest catalytic activity is due in a
large part to the extended near-visible absorption of the anatase phase, followed by a rapid electron transfer
between the two phases, anatase and HAp. Comparative experimental results just indicate that the existence of
HAp with excellent adsorption capacity can help to enhance the photocatalytic activity of TiO..

H,O0

\ N\ N\\/\\\,\

TiO; OH’ 0;" I- H3C‘N"n\/\-s/“\\./’*:N.CHs

[8AY

= CH CI CH:
Uy h* h* h* h* : )
: e. ﬂ
Hydroxyapatite OH- PO
Cay(PO)s(OH), ' = €0, +H,0

Figure 9: The pictorial representation of UV- illuminated Wt% TiO, supported HAp for degradation process of
MB.
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Figure 10: Pseudo-first-order linear plots of Ln (CO/C) vs. irradiation time for the degradation kinetics of
molecule under different TiO, contents and UV irradiation.

In the Figure 10, it can be seen that the photodegradation reactions of MB obeyed to a pseudo-first-order kinetic
model [40]. The results were nearly consistent with the linear equation :

Ln (Co/C) = Kapp.t
where C is the concentration of solution, C, is the initial concentration at t=0 and kg, is the apparent rate
constant. The linear plots of Ln (Co/C) were plotted as a function of the irradiation time t (min) with MB.

Table 4: Apparent constants kapp and linear regression coefficients of samples

Catalysts K app (Min™) R
Pure HAp 0.00136 0.918
10% TiO,/HAp 0.00224 0.966
20% TiO2/HAp 0.00916 0.989
40%TiO02 /HAp 0.01673 0.989
Pure TiO2 0.01452 0.967

The apparent rate constants ks, values calculated from the slopes of the lines and the coefficient of linear
regression were calculated and summarized in the table 4 as a function of the catalyst loading. It can be noticed
that the rate constant of the catalysts is 0.00136, 0.00224, 0.00916, 0.01673 and 0.01452 for pure HAp,
10%TiO,/HAp, 20%TiO,/HAp, 40TiO,/HAp and pure TiO,, respectively, was increased with the increase of
TiO, loading and shows a maximum at 40% TiO,/HAp.

Conclusions

The photocatalysis is one of the most promising routes for the degradation of organic dyes in wastewaters. MB
has been selected as representative model component of organic dyes pollutant. The photocatalytic activity of
titanium oxide supported on hydroxyapatite has been investigated.. The results have shown that the addition of
TiO, on HAp actuates the growth of the nanorods by heterogeneous nucleation. The TiO, doping enhances the
photocatalytic activity. Catalysts with different percentages of TiO, have been explored (0, 10, 20 and 40 wt.%).
40 wt.% TiO,/HAp sample present the optimal photocatalytic activity and allows a better degradation of the
pollutant (MB) under UV irradiation.
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