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In the present study, titanium dioxide nanoparticles (TiO,NPs) were immobilized on Algerian diatomite surface by simple sol-
gel method for improving the photocatalytic efficiency of TiO,. A series of composites TiO,/Diatomite (TiD) was synthesized
with different amounts of diatomite and TiO, NPs composed of mixed rutile/anatase phase for the photodegradation under
UV- irradiation of 3,4-methylenedioxymethamphetamine (MDMA), otherwise known as Ecstasy. This illicit drug is the most
consumed among adolescents and identified in wastewater effluents. The effect of diatomite addition on formation of
crystalline phase, crystallite size and porosity was investigated. The results showed that the rutile/anatase phase ratio in
TiO2NPs can be controlled through the diatomite addition. Morphological and structural characterizations of the prepared
composites have been carried out by using X-ray diffraction (XRD), X-ray Fluorescence (XRF), Nitrogen sorption at 77K,
scanning and transmission electron microscopy (SEM and TEM, respectively), energy dispersive X-ray spectroscopy (EDS) and
Ultra-Violet reflectance diffuse spectroscopy. All prepared composites TiD displayed a remarkable enhancement of the
photocatalytic activity compared to pure commercial and synthesized TiO,. The composite which contains a mixed phase
rutile/anatase (at 42:58 weight or molar ratio) and SiO, content of 20 wt.% exhibits the best and the highest photocatalytic
activity in the degradation of MDMA.

Introduction

The consumption of illicit drugs has been sharp increasing in worldwide [1], hence recently several studies focused
on the quantification of these important contaminants in wastewater effluents and showed that amphetamine, cocaine,
MDMA (commonly called Ecstasy) and methamphetamine [2] are the most abused and detected illegal drugs. According to
wastewater analysis there is an increase of MDMA in residues compared to previous years [3].

The majority of this emerging pollutant cannot be completely removed in wastewater treatment plants. Thus, most of the
analysis wastewater showed that removal efficiency of MDMA was about 32-50 % [4] due to its stability in wastewater [5-8].
This confirms what has already been pointed out that illicit drugs and in particular MDMA are able to get in the groundwater
and surface water and can pose a risk to the animal and human health, environmental quality and ecosystems [9-11]. Until
now, very few studies have investigated the removal and degradation of illicit drugs [12].

In the present work, heterogeneous photocatalysis technology is used for the photodegradation of MDMA. This technique is
widely employed for wastewater treatment, air purification and decomposition of emerging contaminants resistant to
conventional treatment technique [13-16]. Some of these authors made detailed mechanism of the photocatalysis reaction
by exploring the species implicated in the photocatalytic act and which are responsible of either oxidation or reduction of the
pollutant [14-16].

It is based on the excitation of semiconductor by light, forming the pair electron (e-)/hole (h+), which can directly
photodegrade and mineralize organic compounds or produce free radicals (hydroxyl OH- and peroxide radicals (027)) with
high oxidizing properties [17,18].

Actually, titanium dioxide (TiO;) has been widely studied and used as an excellent photocatalyst due its high photocatalytic
performance, chemical and biological stability, non-toxicity, inertness and low cost [19-20]. It is also used in various
applications [21] such as anticorrosion and self-cleaning surfaces [22]. TiO; has three polymorphs: anatase, rutile (tetragonal
system) and brookite (orthorhombic system) [23]. The rutile crystalline phase is the most common and most
thermodynamically stable phase [24]. For many authors, anatase phase is more photocatalytically active than rutile and
brookite due to its lower crystallite size and wider band gap energy. The electronic band gap between conduction and valence
bands is reported at 3,0 eV for rutile and 3,2 eV for anatase [25].

On the other hand, the agglomeration of TiO2Nps in suspension and their low surface area [23] decreases significantly its
photocatalytic performance; hence the immobilization of TiO, particles on porous materials was the best solution to this
problem. Variety of supports have been used such as silica mesoporous SBA-15 [26], diatomite [27, 28], montmorillonites
[29], zeolite [30], kaolinite [31] and perlite [3].

Mesoporous Silica (SiO;) has attracted much attention as a catalyst support due to its high specific surface area (SSA)
which improved the adsorption capacity of pollutants [33,34] . Previous studies have proved that silica plays an
active role in the TiO; photocatalytic efficiency compared to pure TiO; by providing and increasing hydroxyl groups



on the surface of TiO; [35]. Others recent studies [36-38] revealed that SiO; addition delayed the anatase to rutile
transformation in TiO; and contributed to stabilize the anatase phase [39].

In this study, Algerian diatomite was chosen as natural and porous mineral support for TiO;Nps, due to its abundance and
low cost, high porosity, low density, low thermal conductivity and chemical inertness [40,41]. Besides it is a fine porous and
siliceous rock consisting mainly of amorphous silica (SiO,, nH;0).

The majority of studies dealing with the synthesis of TiO, NPs supported on SiO; for photocatalysis found that only anatase
crystalline phase was formed [42], which has the best photocatalytic activity compared to the others TiO, crystalline phase
[41-44]. Recently, several theoretical [45] and experimental studies [42-45] showed that mixed phases (rutile/anatase) [50]
and (anatase/brookite) [51] exhibit higher photocatalytic activity than pure anatase or rutile phase due to the interface
rutile/anatase heterojunction which reduces the electron (e7)-hole(h*) recombination [52]. Y. Wei [53] proved using ab initio
calculation that the lifetime of charges separation (e, h*) in TiO, mixed phase is longer than in pure rutile and anatase phases.
It was also found that a ternary mixture of anatase, rutile and brookite phase inhibits the recombination of charges pairs by
capturing the electrons [54-55].

Under the same concept, this study aims to prepare different composites materials TiO,/diatomite with different amounts of
Algerian diatomite and TiO,;Nps with different anatase /rutile ratio in order to optimize the photocatalytic performance for
MDMA degradation in water. The effect of diatomite addition on the nature of crystalline phase formed using a simple sol-
gel method was investigated for the first time in order to control the ratio anatase/rutile. Other parameters such as surface
area, TiO; crystallite size and composition of mixed anatase/rutile phase were also studied. The photocatalytic activity of the
obtained composites was evaluated in the degradation of MDMA.

Experimental

Diatomite pretreatment.

The diatomite (denoted as Dt) used in this work was collected from west of Algeria (Sig). The predominant mineralogical
components of Dt are SiO; (63%), CaO (19%), Al,O3 (4%) and other oxides.

The raw diatomite has been milled to grains of less than 0.5 mm and undergoes an acid and thermal pre-treatment to purify
it and remove organic matter and traces of carbonate that block the pores before combined with TiO,.

The acid treatment of diatomite was carried out by different concentrations of sulfuric acid (2M, 3M and 4M) with liquid-to-
solid ratio (ml/g) of (20:1).

10 grams of crude diatomite were mixed with 200 ml of sulfuric acid and heated at 100 ° C for 3 hours with moderate agitation
under reflux conditions. Then, obtained samples were washed several times by deionized water until neutralization and dried
at 100 °Cfor 12 hours. Finally, the thermal treatment was performed at 550 °C in air for 3 hours with heating rate of 5 °C/min.
The samples of treated diatomite were denoted by Dt(;m), Dt;zm) and Dt(am).

Preparation of TiO,/diatomite composites

Titanium (IV) n-butoxide (AlfaAesar, 99%) noted (TBut) was chosen as the TiO; precursor. Nitric acid (HNO3; 65%), ethanol
absolute (99%), sulfuric acid (H,SO4) were purchased from MERCK, while acetonitrile was purchased from VWR Chemicals
PROLABO.

Pure MDMA used for the photocatalytic study was obtained from the Scientific Police Regional Laboratory (Oran) of Algeria.
Different amounts of the purified diatomite were mixed with 20 ml of deionized water and 5 ml of absolute ethanol, and
stirred during 30 min. The pH value of the solution was adjusted at 2 by the addition of nitric acid (HNOs) to obtain the first
solution (S1). Then 5 ml of (TBut) dissolved in 20 ml of absolute ethanol was added drop by drop to the S1 solution under
vigorous stirring at room temperature for 3 hours. The final mixture was aged without stirring for further 96 h. The obtained
white precipitate was recovered by filtration, washed several times with deionized water, and dried at 80°C for 24 h.

Finally, the resulting powders were calcined at 5002C (10 °C/min) for 120 min in muffle furnace (in air).

Based on the results of the X-ray fluorescence technique (XRF), the content of SiO, in prepared composites was estimated to
be 13, 20, 29, 34, 40, 48, 53 and 68 wt.% corresponding at different weight of diatomite (0.2,0.4,0.6,0.8,1,1.2,1.4and 1.6
g, respectively), and the corresponding composites are represented as TiD(x %), where x is the weight percentage of SiO,.
For comparison purposes, pure TiO, was also synthesized in mixed rutile/anatase phase and pure anatase phase with and
without addition of catalyst (HNOs), respectively, by the same process as described above, except that diatomite was not
added.

Characterization techniques and methods

Materials

In order to determine the chemical composition of the crude diatomite, diatomite treated at different concentrations and
the synthesized composites, X-ray fluorescence technique (XRF) analyzes was performed using a PANalytical spectrometer
model Zetium.

The XRD analysis of the prepared samples was done using a Bruker D2 Phaser 2nd Gen diffractometer with Cu anode
(A=1.5406 nm), and data were taken in the 26 range from 10° to 70° with a step of 0.1972°.

The morphology of prepared samples was observed using a Philips model XL30 scanning electron microscope (SEM-FEG)
equipped with an energy dispersive X-ray spectroscopy (EDS) equipment. Transmission Electron Microscopy (TEM)
observations were performed using a Jeol ARM-200F microscope working at 200kV.



The concentrations of MDMA were determined by High Performance Liquid Chromatography HPLC 1110 (Agilent
Technologies) with a linear photodiode array detector (HPLC-DAD) at 230 nm, isocratic mode, reversed-phase Zorbax Eclipse
Plus® C18 (4.6 x 150 mm, 5.0 um) column, injected volume 5 pL, column temperature of 30 °C and a flow of mobile phase
Acetonitrile : water (80:20 v/v) at 1.0 mL/min.

Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were also used for determining the specific surface
area (SSA) and the total pore volume distribution from nitrogen adsorption/desorption at 77K on outgassed samples (15 h at
150°C under 103 mbar vacuum) with a Micromeritics sorptometer model Tristar.

Methods

The weight or molar fractions of rutile (%R) and anatase (%A) in prepared composite were determined by XRD analysis
according to the method described by Spurr and Meyer equation [56],

As follows:

1

1+1.26[1Rj
IA

Where, Iz and 4 are the intensities of maximum rutile phase peak (110) and maximum peak of anatase phase (101) observed
at 26= 27.5° and 26=25.39°, respectively. The trace amount of brookite was negligible. The 1.26 value is the scattering
coefficient.

The crystalline sizes of TiO,Nps were determined using the Scherrer equation [57], as follows:

% anatase =

D(nm) =

Pcosb
Where D is the crystalline size (nm), A is the wavelength of the X-ray radiation (CuKa = 0.154056 nm), K is a shape
factor (in this work K = 0.9), @ the Bragg’s angle and B is the peak full width measured at half of the maximum
intensity (FWHM) for the main diffraction peak.
The values of the band gap energy (Eg) were calculated using the Kubelka-Munk method [30], which consists of
graphing the function [F(R-)hv]¥2 versus energy (hu) for an indirect photoatalyst. It was obtained by extrapolating
the linear part of the plots corresponding to the intersection of the vertical parts and photon energy axis (horizontal
part).
F(R) = K/S where K is the absorption coefficient, S is the scattering coefficient, h is Planck’s constant and v is light
frequency.

Photocatalytic experiments

Photocatalytic experiments were performed using an ultraviolet irradiation source (lamp F18 W/T8 black light tube A=368
nm) placed at a distance of approximately 15 cm from the solution. Constant agitation was assured by means of a magnetic
stirrer.

Photocatalytic degradation studies were performed by mixing 1g of all prepared photocatalyst powder dispersed into 1 L of
MDMA aqueous solutions at an initial concentration of
10 mg/L. The mixture was first placed in the dark for 60 min under stirring to reach adsorption equilibrium, and then
irradiated. Aliquots taken at different irradiation times were centrifuged and filtered to remove the particles of photocatalyst.
The concentration of the photodegraded MDMA was determined using HPLC-DAD at the maximum absorption wavelength
of 230 nm.

The MDMA percentage adsorbed on the composite in the dark and the photocatalytic degradation rate of MDMA under UV
illumination were calculated by the following equation:

Co—C
(removal rate %) = (067r) * 100
0

Where Co and Care the initial and the residual concentrations of MDMA separated at different irradiation times, respectively.

Results and discussion
Structural analysis of prepared samples

Diatomite characterizations.

In Fig. 1 are displayed the XRD spectra of raw and acid treated diatomites. XRD analysis of the diatomite before and
after thermal and acid treatment showed that the main chemical composition of the treated diatomites (Dt(zm), Dtzm)
and Dtgawm)) is amorphous silica (XRD halo centered at approximately 26=22°), quartz(Q)[54], and small amount of
muscovite (M)(Fig. 1).showed that the main chemical composition of the treated diatomites (Dtom), Dt(zm)and Dtawm))
is amorphous silica (XRD halo centered at approximately 26=22°), quartz(Q)[54], and small amount of muscovite
(M)(Fig. 1).
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Fig. 1. XRD patterns of raw diatomite (Dt), and treated diatomites with sulfuric acid at different concentration Dtom), Dtsm)
and Dt(am)

After treatment with increased sulfuric acid concentration the intensity of quartz characteristic peaks observed at 21° and
26.7° was decreased, and an amorphous phase of SiO, was observed whereas calcite was eliminated in all cases.

Chemical compositions and textural properties from nitrogen adsorption/desorption analysis of the purified and
raw diatomite are reported in Table 1. It could be deduced that the thermal and acid treatment at different
concentrations lead to an increase in the SSA and silica content of the diatomite with increasing H,SO, acid
concentration. The significant increase from 27 m2/g (crude diatomite) to 71 m2/g Dtiwm) and from 63.7wt.% to 97.3
wt.% of SiO; is due to the elimination of significant amount of carbonates (19%) and some alumina Al,03(4%) that
partially block the pores without modifying its morphology.

Table 1. Chemical composition and physical properties of natural and purified diatomite at different concentration
of sulfuric acid 2M, 3M and 4M

Samples Si0, Al>03 Ca0 Fe,0; Seer (M?/g)
Dt 63.7 4.01 18.2 2.08 27
Dtiom) 915 | 364 | 167 1.48 28
Dt(sm) 94 341 | 022 0.47 67
Dt(am) 97.3 2.12 - - 70

Photocatalysts characterizations.

The XRD diffraction of pure TiO, powders prepared using a strong acid media (pH is about 2) (Fig. 2), showed that
TiO, exhibits a mixture of a predominantly rutile phase (85%) and minor anatase phase (15%), identified by the
presence of intense diffraction peaks of rutile phase (29 = 27.4°, 36°, 39.3°, 41.2°, 44°, 54.3°, 56.8°, 62.9°, 64° and
69°) while the anatase phase is evidenced by only one peak with very low intensity at 25.3°.
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Fig. 2 XRD patterns of prepared pure anatase TiO2 (100 wt. %), mixed phase TiO; (rutile:anatase is 85:15) and composite
containing less than 34 wt.% of SiO,

Whereas, pure anatase TiO, was obtained by the same process without adding the acid catalyst and is
characterized by peaks at 29 = 25.3°, 37.8°, 37.8°, 38.4°, 48°, 53.8°, 55.1°, 62° and 68.8°, due to the hydrolysis pH
value which has an important effect on the crystallographic structure of TiO,. Similar results also showed that at low
pH mixed anatase/rutile phase was formed [50, 59-60]. In addition, Andersson et al reported that the formation of
rutile and anatase NPs depends on the type of acid used and its concentration [61].

For the synthesis of all composites TiD(SiO, %), only the diatomite treated with 3M sulfuric acid was chosen as the support
for the TiO,NPs, because it has a high content of silica (94 wt.% of SiO,) and specific surface area (Sger of 67 m2/g).

X-ray diffraction (XRD) patterns of composites synthesized with small amounts of diatomite (less than 34 wt.% of SiO,) are
presented in Fig. 2. Fig. 3 shows the XRD patterns of other composites containing more than 34 wt. % of SiO,.

It can be seen that when the amount of added diatomite is smaller than 0.8 g (up to 34 wt. % of SiO, content), both anatase
(TiO4, JCPDS card no. 21-1272) and rutile phases (TiO2, JCPDS card no. 21-1276) are formed with different proportions with
the presence of minor trace of brookite phase (TiO,, JCPDS card no. 29-1360). The latter is observed at 31° (very low intensity)
solely for TiD(13%) and TiD(20%) composites (Fig. 3). From Table 2 it can be seen that a mixture of 39 wt. % anatase and 61
wt.% rutile was found for TiD(13%), which contains a lower amount of diatomite, while for TiD(20%), TiD(29%) and TiD(34%)
composites, 54 wt.%, 63 wt.% and 90 wt.% of mass fraction of anatase were obtained, respectively.

It can be seen also from Fig. 2 that the intensity of rutile (at 27.5°) was decreased significantly with increasing diatomite
amount or silica content in composites until 34 wt.% of SiO,. It is deduced that the presence of diatomite in the composite at
low amount (less than 34 wt.% of SiO,) affects the formation of rutile phase and favors the anatase phase formation.
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Fig. 3 XRD patterns of prepared pure anatase TiO, and composite containing more than 34 wt.% of SiO,.

Fig. 3 shows that a pure anatase phase can be observed when the silica content is more than 34 wt.%. The major XRD peaks
can be attributed to anatase (25.4°, 37.8°, 48°, 53.8°, 55.1° and 62°) with two characteristic peaks at 26 = 21.4° and 26.7 °
related to quartz (SiO2). No peaks associated to the brookite phase were detected in this kind of composite.

This result is in agreement with the work of M. Hirano [42], which showed that anatase phase was directly prepared from
solutions of TiOSO4 in the presence of 48.2 mol.% SiO, using tetraethylorthosilicate as silica precursor under hydrothermal
conditions at 200 °C, and that the as-prepared solid displayed more enhanced phase stability and photocatalytic activity than
pure TiO; anatase.

In Fig. 4 is illustrated the relationship between the weight % of rutile / anatase phases and SiO, content in synthesized
composites. It seems that the addition of certain amount of diatomite inhibits the formation of rutile phase and favors the
growth and formation of anatase. When the diatomite SiO, content was more than 34 wt.%, only anatase phase was formed
with small particle size (Fig. 5) but when pure TiO, was synthesized with the same experimental condition rutile phase was
predominantly formed with minor content of anatase (Fig. 2 and Fig. 3). This is in agreement with similar work carried out by
D.M. Tobaldi [62] who obtained mixed phase by thermal treatment of two commercial titania powders and a silica powder,
and reported that silica addition affected crystallite size, SSA and TiO, phase composition.

D.M.Tobaldi [62] have also found that rutile crystallite size decreases with the increasing amount of SiO, added to P25 heated
at 1000°C. As illustrated in Table 2, the crystallite size of anatase phase remains small and quasi constant (8-9 nm) when small
amount of diatomite was added, but vary slightly when SiO; proportion is more than 34 wt.% to reach the range of 5 -8 nm.
It clearly seems that crystallite size depends on the SiO, content in diatomite (Fig. 5).

The crystallite sizes of anatase and rutile as calculated by the Scherrer equation are reported in Table 2. It is seen that the
crystallite size of TiO, depends strongly on the diatomite content in composites. For pure TiO,, the crystallite size of anatase
phase is about 15 nm and 30.9 nm for rutile phase, when diatomite was added this value decreases with increasing diatomite
amount from 30.9 nm (pure TiO3) to 12 nm for rutile crystalline structure.
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Textural characterization (Nitrogen sorption). Fig. 6 displays the N, adsorption—desorption isotherms of pure TiO; and
composites containing mixed TiO, phases while Fig. 7 shows isotherms of crude diatomite, treated diatomite Dtzw) and
composites prepared with TiO, containing only anatase phase. As seen from the Fig. 6 and 7, the N; adsorption—desorption
isotherm of raw diatomite corresponds to type Il indicating a non porous structure in the limit of technique detection (small
pores with average size < 20 nm). After the removal of impurities and minerals by acid and thermal treatment, treated
diatomite exhibited typical characteristic of type IV with distinct type H1 hysteresis loop, indicating of mesoporous material
(Fig. 7).

The apparition of mesopores can be related to the increase of amorphous SiO, phase as observed by XRD. Acid treatment
has removed mineral impurities and thus opened blocked mesopores [63]. Silicon species could also be leached out from
diatomite surface by acid treatment and precipitate into mesoporous silica gel [64].
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Table 2. Characterization of the synthesized samples

Sample
s SiO, TiO, Rutile Anatase Crystalline SSA BET(® Pore Total pore | Bandgap
TiD(SiO, | wt.%@ wt. %@ (wt.%)®) (Wt.%)®) | size(nm) (m2/g) size(® volume(® | energy(eV
wt.%) (nm) (cm3/g) )
Dtam) 94 - - - Rutile Anatase 67 34 0.123
(R) (A)
Pure 100 85 15 30.9 15 42.4 4.1 0.061 2.88
TiO;
TiD(13 13 85 61 39 17.6 9.8 67.0 6.2 0.122 291
%)
TiD(20 20 77 42 58 13.1 9.3 72.0 5.9 0.137 2.93
%)
TiD(29 29 68 37 63 13.1 8.4 79.2 0.126 2.89
%) 5.8
TiD(34 34 62 10 90 12.2 8.2 82.4 0.145 3.1
%) 4.7
TiD(40 40 56 - 100 - 7.7 81.4 4.6 0.137 2.98
%)
TiD(48 48 42 - 100 - 5.6 133 6.7 0.244 2.96
%)
TiD(54 56 39 - 100 - 6.8 87.8 4.4 0.137 3.04
%)
TiD(68 68 27 - 100 - 8.1 104 5.6 0.169 3.17
%)

a Determined by XRF

b Calculated from the X-ray diffraction peaks
¢ Determined by XRD using the Scherrer equation
dCalculated from nitrogen adsorption—desorption isotherms using BET equation.
e Calculated from the adsorption branch of the isotherm using Barret-Joyner—Halenda (BJH) method calculated from
nitrogen adsorption—desorption isotherms at P/P° = 0.95
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Fig. 7 N, adsorption-desorption isotherms and BJH pore size distribution plots of crude diatomite, treated diatomite Dt(sw)
and composite containing more than 34 wt.% of SiO,

All prepared composites maintain a type IV isotherm according to the IUPACs classification [65] with a hysteresis loop of H2
type in the relative pressure (P/Po) range of 0.4~0.9, indicating the formation of mesoporous structures [66].
The textural properties of all samples given in Table 2 prove that the immobilization of TiO, NPs on the diatomite surface
greatly enhanced both SSA and total pore volume of TiD composites compared to pure TiO, (42.4 m2/g; 0.0607 cm3/g) which
possesses lower SSA and pore volume due to the aggregation of NPs with larger size and to diatomite (SSA of 67 m2/g). The
SSA and total pore volume increase with increasing SiO, content in diatomite, until it reaches a maximum of 133 m%/g and
0.244 cm3/g, respectively, for the composite containing 48 wt.% of SiO,. The latter is characterized by the smallest crystallite




size of TiO; particles (5 nm) uniformly dispersed on diatomite surface and mesoporous structure. The SSA values will decrease
when SiO; content (wt.%) is greater than the TiO, ones.

The pore size distributions were obtained, using the BJH method applied on the desorption branch (Figs 6 and 7). It can be
clearly seen that the prepared samples have large pore size (between 4.5 and 6 nm) with wide pore size distribution.

Photocatalysts morphology.

The SEM images of Dt(3M) reveal that the diatomite has porous structure with various types of morphology (Fig. 8b, f and j)
and different shapes. It has circular morphology (disc-like shape) with round, uniform and regular pores, rectangular shapes
are also observed with pore like honeycomb.

e S 4 g i crude diatomite;(c) : TiD(68%); (d) : TiD(53%); (e):
T (20 wt. %), (i): Pure TiO,

The mains pore structure of Dt is in range of 0.3-1.23 um (macropores). Smaller pores were also observed with small
fragments (broken diatom).

The morphology of pure TiO, containing 85 wt.% rutile and 15 wt.% anatase as characterized by TEM, is shown in Fig. 9.

It can be observed the formation of agglomerated TiO, NPs with irregular shape due to the mixture of major rutile phase and
anatase phase (see Fig. 9). Some particles corresponding to rutile phase have elongated and ovoid shape with a size of about
15-50 nm length and 20-30 nm in width. The smaller particles with an average size less than 10 nm correspond to anatase
phase with spherical form, as it was confirmed from crystalline size using XRD analysis (Table. 2).

Fig. 9 TEM micrograph of pure prepared TiO, containing 85% rutile and 15% anatase

After adding different amount of diatomite (Fig.8 (a, ¢, d, g and e), we can observe uniform dispersion of TiO; particles
on the surface and in pores of diatomite. The SEM images of TiD(29%), TiD(34%), TiD(48%) and TiD(40%) composites
show a weak agglomeration of TiO,NPs which is in agreement with the observed increase of SSA revealed by nitrogen
sorption analysis and the grain size decrease when SiO, content increases. On the other hand, the SEM images of



TiD(13%) and TiD(20%) composites show the formation of agglomerates of TiO,NPs due to the small amount of
diatomite, which covered almost completely the diatomite surface (Fig. 8 (h) and Fig. 10).

In Fig. 10is displayed the EDX elemental mapping images of TiD(20%), TiD(34%), and TiD(48%). One can clearly see the uniform
distribution of Si, Ti and O elements on the surface of prepared composites, indicating a weak agglomeration of TiO,NPs that
could favor a good photocatalytic performance in MDMA photodegradation.

TiD(34%)

Fig. 10 SEM images and corresponding EDX Si, O, Ti element mappings of prepared composites: TiD(20%), TiD(34%) and
TiD(48%)

UV-vis Diffuse Reflectance Specta (DRS) analysis

The optical absorption properties of synthesized photocatalyst was analyzed by using UV-Visible diffuse reflectance spectra
(DRS), as shown in Figure 16, All composite prepared with different amounts of diatomite exhibited strong absorption in the
UV light region in a range between 250-400 nm. It can also be seen that the composites containing up to 54 wt % of SiO, have
stronger absorption intensity than pure TiO, between 250-380 nm. Thus, the TiD(48%) composite which has the best
photocatalytic activity and where only anatase phase was formed showed the highest absorption.

Around 400 nm the composite containing mixed phase and small content of SiO2 exhibited a good light absorption compared
to other composite. On the other hand, pure TiO; prepared without adding diatomite showed a weak absorption intensity in
visible light region (at above 400 nm) and a slight blue shift was observed. This may be attributed to their mixed phase
(anatase-rutile composition) which affect the nanoparticles size (Fig.5) and diatomite content (presence of Ti0,-SiO, mixed
oxide junction). This results were confirmed by band gap energy values calculated according to the Kubelka-Munk method
(Fig.12 and Table.2) which increase from 2.88 eV (pure TiO;) to 3.17 eV (DTi(68%)). In figure 11 it is showed that when the
diatomite is added the band gap energy (Eg) of composite increases with increasing diatomite amount. Thus the composite
containing small amount of diatomite and (anatase-rutile) mixed phase show a higher UV light absorption and low values of
Eg which could produce more photo-generated electron-hole pairs, resulting in high photocatalytic activities.
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Fig. 11 The UV-Vis diffuse absorption spectra of all composite (DTi(SiO2 wt%) and pure TiO>
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Fig. 12 the plots of transformed Kubelka-Munk function versus the energy of light (hv) for composite containing (a)less and
(b)more than 34 wt% SiO, content in diatomite

Photocatalytic activity and adsorption

To evaluate the photocatalytic performance and adsorption capacity of synthesized composites with different diatomite
loading, MDMA solution (10 mg/L) was tested at a dosage of 1g/L of the photocatalyst for a period of 2 hours under UV
irradiation (368 nm) and constant agitation. In parallel, a same experiment was carried out in the absence of light to evaluate
the adsorption capacity of samples during 150 min.
From Figures 13-17, it can be seen that, in the case of no irradiation (dark condition), the rate removal of MDMA is only of 10
% for pure TiO, and increases to 40 % for TiO,/Dt(48%) composite after 60 min, which proves that the composites with higher
TiO; loading (small amount of diatomite) have a lower adsorption capacity for MDMA. These results suggest also that the
MDMA adsorption increases with increasing specific surface area and pore volume (Fig. 12, 14,16, 17 and Table 2). The
adsorption of MDMA with only diatomite was also tested and reached 38% after 120 min which corresponded to the
maximum adsorption capacity of treated diatomite(Fig. 14).
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Fig. 15and Fig. 17 show the photocatalytic activity results obtained using composite prepared with small amount of diatomite
and composite containing more than 34 wt.% of SiO, content respectively, compared to both prepared pure TiO, (85%
rutile/15% anatase) and commercial TiO, Degussa P25 (20% rutile/80% anatase). The latter is taken as references because
various researchers reported that TiO, P25 exhibited an excellent photocatalytic activity better than that of pure anatase
phase [67, 68]. From our results (Figures 13, 14 and 15), it is clearly shown that the composites containing mixed phase and
SiO, content ranging from 13-34 wt. % (Fig. 15 and 16) showed a better photocatalytic efficiency than all composites
containing a single anatase phase (Fig. 14) and both TiO, P25 and prepared pure TiO,, despite their lower surface area and
adsorption capacity which indicates that the higher MDMA removal rate using this composite due mainly to the
photodegradation process. This finding is due to the heterostructure anatase: rutile which inhibits the photogenerated
electron/hole pair recombination and favored their separation [45] and lower and optimum SiO; coating (diatomite) which
avoid the agglomeration of TiO2 NPs and improved the formation of hydroxyl radicals OH?mainly came from the water
adsorbed on the diatomite surface and composite.

Effect of SAA on adsorption/photodegradation

The results displayed on Table.2, Fig. 16 and Fig. 17 show that BET specific surface area (SAA) of prepared composite increased
with increasing SiO; content in diatomite from 67 to 133 m?/g until 48 wt.% of SiO2 which indicated that the adsorption
capacity increased also with increasing SAA from 20 to 44% and achieved a maximum of adsorption after 150 min in dark
condition when SiO, content is 48 wt.% due to its higher SAA, larger pore volume, smaller crystalline size of TiO, NPs and
uniform dispersion of TiO, NPs on the surface of diatomite(fig.10) results the formation of mesopores between the TiO,
nanoparticles and diatomite proved in fig.6 and fig.7, while when SiO; content in composite is more than 50 wt.% the SAA
decreases to 87 and 104 m?/g for TiD(54%) and TiD(68 %), respectively, compared to TiD(48%) probably due to the manner
and the chap of immobilization of TiO, nanoparticles on the surface and in the pore of diatomite.

Among all, TiD(20%) appears to be the best composite for the photodegradation of MDMA with optimum TiO; loading (20%
SiO, content) and anatase/rutile weight ratio of 58/42. The second best photocatalyst TiO,/Dt(13%) is composed of the
highest loading TiO, (39% anatase and 61% rutile). This result in agreement with previous research works in which it is reported
that when the wt.% of SiO, added to TiO, ranged from 5 to 20 wt.%, the mixed oxide TiO,/SiO, exhibited a higher
photocatalytic efficiency compared to pure nano-TiO; prepared with different Ti and Si precursor [36,44,69,70].

Concerning the composite TiD(29%) with 63% of anatase, the photodegradation rate of MDMA is less important compared to
TiD(34%) which contains 90 wt.% of anatase due to its low value of bad gap (2.89 eV) and strong absorption above 400 nm.
After 60 min of irradiation, it can be observed from Fig. 15 that TiD(20%) achieved much higher photodegradation efficiency
(98%). The decomposition rate of MDMA using the TiD(13%) and TiD(48%) composites were 93% and 90%, respectively, while
TiD(29%) showed only 79% of decomposition, this can be explained by the presence of synergetic effect between the
crystalline phase composition i.e. anatase/ rutile ratio and diatomite amount (SiO; content in composite).

Form Figures 12 and 13, it can be seen that when single anatase crystalline structure was formed without any trace of other
crystalline phase (rutile and brookite), the composite TiD(48%) displayed the highest catalytic activity due to its largest surface
area (133 m2/g) and smallest TiO, crystallite size (5.5 nm) this result was confirmed by its highest light absorption in UV region
(250-380nm) (fig.1 in supplementary data). A similar result was also reported by M. Riazian [71] who found that the composite
SiO,/TiO, containing lower than 45% of synthesized SiO, provided the maximum activity for methylene blue
photodegradation. In addition, S. Nabih et al [72] and L. Zhou [73] have reported that the mixed oxide TiO,/SiO, with amount
ratio (1:1 wt ratio) showed the best activity. Moreover, the photodegradation rate reached 83% and 80% using TiDt(54%)and
TiD(40%), respectively (Fig. 15), which proved that when SiO, content is more than 34 wt.% the photocatalytic activity
increased with increasing surface area and pore volume (Table. 2), higher adsorption capacity and surface hydroxyl density
(OH group at the surface of diatomite) [33]. All composites were more active than P25 and pure prepared TiO,, except the
TiD(68%) which showed the lowest activity (63%) but good adsorption capacity, due to the higher amount of diatomite which
covered the surface of TiO, and leads to the decrease of photocatalytic efficiency. It was also found that when SiO, content is
in excess in TiO; film a decrease in photocatalytic activity was observed due to the large band gap energy of SiO; (11 eV) [72].
Our results show clearly that the presence of diatomite (amorphous SiO, and some amount of quartz) improved the
photocatalytic performance of TiO, NPs and adsorption capacity compared to pure TiO; but only until 53 wt.% of SiO, content
in diatomite. This finding is in agreement with several literature studies which found that the addition of low content of
synthesized SiO, to TiO, enhances the efficiency of SiO,/TiO, composite materials [61].
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Fig 15. Effect of SiO, and anatase content on the photodegradation of MDMA after 40 and 60 min of UV irradiation (368 nm)
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Fig. 16. Effect of the specific surface area (SAA) on MDMA adsorption and photodegradation of composite contained less
than 34 wt.% of SiO,
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Fig. 17 Effect of the specific surface area on MDMA adsorption and photodegradation of composite contained more than 34
wt.% of SiO».

The reusability and stability of photocatalyst

The recycling performance of the best three composite DTi(13%), DTi(20%) and DTi(40%) has been evaluated in order to
investigate their reusability and stability. The recycling performance of the best three composite DTi(13%), DTi(20%) and
DTi(40%) has been evaluated in order to investigate their reusability and stability. The photodegradation of MDMA (10 mg/L)
was evaluated for four cycles during 90 min under UV irradiation. After each cycle the composite was filtered and washed by
ethanol and deionized water (3 times) then it was dried at 90 °C for 3 h before reused. As shown in Figure 18, the removal
efficiency of the three composite kept almost constant even after four recycling tests. For the first run, 97% of MDMA
degraded after 90 min using DTi(20%) composite ; subsequently, the rate degradation of second, third, and fourth run was 94
%, 90 %, and 82 %, respectively. In order to confirm the structural stability of the composites, XRD spectra of TDi(20%) and
TDi(48%) solids which exhibited a good photocatalytic activity were recorded before and after four cycles (Fig.19). It can be
observed from this figure that the crystalline structure of composite was maintained with just a slight decrease in intensity
compared to the XRD spectra of starting composite due probably to the weight loss during washing and filtering process.
These results (Fig.18 and 19) demonstrate that DTi(x%) composites have good reusability and stability in photodegrading
MDMA and probably other similar organic pollutants. In addition the immobilization of TiO; NPs on diatomite surface
facilitates and increases yield photocatalyst recovery from solution.



o T [ | DTi(13%)
7 T | | DTi(20%)

DTi(40%)

-4 —~
< S
S

s
degrao’al/an (%)

MDIMA g, e

Fig.18 The reusability experiment results of MDMA degradation using DTi(13 %), DTi(20 %) and DTi(40 %)under UV-light
irradiation.

) Before recycle

—— DTi(20%) Before recycle N

Intensity (a.u.)
_ Intensity au) |

——DTi(48%) Before recycle —— DTi(48%) After four recycles

Intensity (a.u.)

Intensity (a.u.)

20 30 40 50 60 70 20 30 40 50 60 70
2 Theta (Degree) 2 Theta (Degree)

Fig.19 XRD Patterns of DTi(20 %) and DTi(40 %) composite before and after four cycles.

Conclusions

Titanium dioxide NPs were successfully synthesized by a facile sol-gel method on natural porous diatomite surface which has
exceptionally high silica content. The uniform dispersion of TiO, Nps as confirmed by SEM image avoided their agglomeration
and enhanced their photocatalytic activity.

The effect of diatomite on the formation of TiO; crystalline phases (rutile/anatase) was investigated. The results showed that
when the content of SiO, added to TiO, is more than 34 wt % in TiO2/Diatomite composite, the formation of rutile was
inhibited and only anatase phase was formed.

It may be concluded that the addition of diatomite has an important and significant effect on the crystalline phase formation,
particles crystalline size, bad gap and surface area of TiO, which enhanced the adsorption of organic pollutants on its surface
and improve its rate removal from wastewater.

The composite containing small amount of diatomite and mixed rutile/anatase phase exhibited the higher photocatalytic
activity for degradation of Ecstasy due to the separation and lower recombination of photo-generated electron-hole pair
through interface rutile/anatase and TiO,/SiO, hetero-structure. The optimum composite which contains 20 wt. % of mixed
amorphous SiO, and some amount of quartz silica in diatomite with anatase/rutile phase ratio of 58/42 removed 97% of
MDMA in only 50 min.
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