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Abstract

A series of silica-titania nanocomposite materials with different silica—titania ratios was prepared in presence of
a novel ethoxylated sulphanilamide of molecular weight 1053 by the sol-gel method. Several characterisation
techniques were adopted such as thermal analysis (differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA)), Nj-adsorption-desorption, X-ray diffraction (XRD), Fourier transform infrared
(FTIR), and transmission electron microscopy (TEM) connected with energy dispersive spectroscopy (EDS).
The surface acidity was investigated by pyridine adsorption using FTIR spectroscopy. The photocatalytic
activity and the adsorptive ability of the composites were evaluated based on the photodegradation of 2, 4, 6-
trichlorophenol (TCP) under UV irradiation with a wavelength of 254 nm. The maximum TCP adsorption onto
the composites was measured in darkness. The results showed that there was no adsorption of TCP on pure SiO,.
The 10% TiO,-SiO, catalyst showed the highest rate of TCP removal among the synthesised composites. The
removal % reached to 87 % after 90 min irradiation time. This activity was caused by the large surface area and
pore volume as well as the formation of a mesoporous structure, as evidenced from the pore size distribution
curve. Finally, the numerical evaluation of the photodegradation of TCP was conducted.

Keywords: Nanocomposite, Ethoxylated sulphanilamide, Photocatalytic degradation, UV irradiation, 2,4,6-TCP,
Numerical evaluation.

1. Introduction

The importance of titania photocatalysis in environmental improvement such as the photodegradation and
complete mineralisation of organic pollutants, has continuously increased (Linsebigler et al. 1995; Fujishima et
al. 2000). TiO, nanoparticles have high catalytic performance and large specific surface areas in which reactions
take place. However, their effective commercial applications are hindered by two serious disadvantages. First,
the agglomeration of ultrafine powders into larger particles, resulting in an adverse effect on the catalyst
performance. Second, the difficult separation and recovery of TiO, powders from waste water (Christophe et al.
1997; Zhu et al. 2000; Yu et al. 2002). Considerable effort has been devoted to developing supported titanic
catalysts that offer high active surface area as well as easy separation and removal from water (Tanev et al.
1994; Walker et al. 1997).

Silica has excellent adsorption properties due to its wide surface area caused by the presence of a network
structure. The photodegradation of pollutant molecules on titania could be improved by an increase in the surface
area. Therefore, the synergistic effects of photodegradation and adsorption on SiO,.TiO, composites have been
investigated (De et al. 2008; Hu et al. 2001). Because sol-gel derived titania is usually less porous, mesoporous
titania has been prepared by introducing the appropriate template, such as a block copolymer (Pan et al. 2011),
as a chelating agent into titania solution. The oxidants generated on titania surfaces barely diffused out of the
mesopore to efficiently attack the substance inside the pores, which resulted in high reactivity (Shiraishi et al.
2005). In addition, the incorporation of silica into mesoporous titania improved its thermal stability (He et al.
2010). However, as far as we could ascertain, the kinetic approach using photodegradation and adsorption with a
Si0, -TiO, composite has not been reported.

In the present study, we aim to use a novel route to prepare the silica—titania nanocomposite catalysts. SiO,—
TiO, composite catalysts were synthesised by the sol-gel method using a new ethoxylated sulphanilamide as a
chelating agent. The simultaneous photodegradation and adsorption behaviours of trichlorophenol (TCP) on a
composite in the liquid phase were investigated under UV irradiation. A numerical evaluation for the
photodegradation of TCP was also conducted.
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2. Experimental
2.1. Synthesis of ethoxylated sulphanilamide oligomer (S)

Sulphanilamide was ethoxylated with 20 ethylene oxide units to give the ethoxylated sulphanilamide (S).
The reaction was performed as follows: sulphanilamide was charged into a closed reaction vessel with 0.3 g
sodium metal (“Na metal”) as a catalyst and heated to 150 — 180 °C with continuous stirring while passing a
stream of nitrogen gas through the system for 2 minutes then replacing the nitrogen with an ethylene oxide
stream. After the reaction was completed, the apparatus was filled with nitrogen and cooled, and the reaction
vessel was weighed. The difference in weight indicated the amount of the ethylene oxide consumed in the
reaction, from which the number of moles of ethylene oxide was calculated (Hreczuch et al. 2001; Al-Sabagh
et al. 2004; Sheu et al. 1995). The product was then neutralised with HCI, dissolved in isopropanol, then salted
out with supersaturated NaCl solution. The organic layer was then separated, and the isopropanol was distilled
off. The obtained ethoxylated product showed a brown viscous liquid appearance. The synthesis, evaluation and
identification of the ethoxylated sulphanilamide have been described elsewhere by Mohamed and his co-workers
(Mohamed et al. 2014).

2.2. Synthesis of Silica and Silica-Titania catalysts

Si0,-TiO, nanocomposites were synthesised by the sol-gel method using tetraethyl orthosilicate (TEOS, 98%
Aldrich) and titanium isopropoxide (TIP, 97% Aldrich) as the SiO, and TiO, sources, respectively, in acidic
solution (pH=2). Herein, a novel ethoxylated sulphanilamide of molecular weight 1053 was used for the first
time to prepare nanocomposite catalysts. In a typical synthesis, 4 g of the prepared ethoxylated sulphanilamide
was added to 30 ml of water. After stirring for a few minutes at room temperature, a clear solution was obtained.
The required amount of HCl was then added, and the solution was stirred for another 2 h. Then, 9 g of tetraethyl
orthosilicate and titanium isopropoxide was added, according to the calculated molar ratios, to obtain 5, 10, 15
and 20 % Ti. The resulting mixture was stirred for 24 h at room temperature. The solid product was recovered by
filtration, washed several times with water, and dried overnight at 100 °C. The sample was calcined at 540 °C
with a heating ramp of 1°C to remove the organic template. Pure SiO, was synthesised using the same procedure
mentioned above without adding titanium isopropoxide.

2.3. Characterisation

The materials were characterised by N, adsorption-desorption isotherms at -196 °C, which were obtained
with a (NOVA 3200 apparatus, Quantachrome Corporation, Boynton Beach, Florida, USA). The samples were
previously outgassed under vacuum at 300 °C overnight. The surface areas (Sggr) were calculated from multi-
point at relative pressure (P/Po) ranging from 0.05 to 0.30. The particle size distribution was calculated by the
Barrett, Joyner and Halenda (BJH) method using the adsorption branch of the isotherms. VI-t plot was
constructed using the adsorption branches according to the de Boer method. X-ray diffraction was recorded on a
Brucker D8 Advance X-ray Diffractometer with Cu Ka radiation (A = 1.5418 A).

The FTIR studies were performed using AT1 Mattson model Genesis Series (USA) infrared
spectrophotometer adopting the KBr technique. For all samples, the KBr technique was performed
approximately in a quantitative manner because the weight of the sample and that of KBr were always kept
constant. The Bronsted and Lewis acidity of all catalyst samples were analysed by infrared spectroscopy using
pyridine as the basic probe molecule on self-support wafers with a density of 7 mg/ cm’. The samples were
activated at 300°C for 3 h under a vacuum of 10* Pa. Pyridine was adsorbed for 30 minutes at a room
temperature after desorption at 150°C for 30 minutes under a vacuum of 10™ Pa. The FTIR spectra of the
adsorbed pyridine were recorded in the range of 1450-1550 cm™.

The '"H-NMR spectra were measured in CDCl; using a Jeol ECA 500 MHz NMR spectrometer at 500 MHz.
The measurements were performed at the National Research Centre. The DSC-TGA analyses were conducted for
all samples using a simultaneous DSC-TGA SDTQ 600, USA under N, atmosphere, with a heating rate of 10°C
min™. The morphology of the samples was studied with a Jeol TEM -1230 transmission electron microscope, 120
kW, 600,000 magnification, Japan.

2.4. Photolysis and photocatalysis experiments

A 500 cm’ volume of an aqueous solution containing 100 ppm of high purity 2, 4, 6-TCP was subjected to
UV irradiation using a 6 watt lamp at a wavelength of 254 nm. All photodegradation experiments were
conducted in a batch reactor at pH 5.3. The UV lamp was placed in a cooling silica jacket and placed in a jar
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containing polluted water. A 0.1 g/L concentration of catalyst was suspended in the solution with a magnetic
stirrer at a controlled reaction temperature of 25°C during the experimental period. In all cases, air was bubbled
through the reaction mixture to ensure a constant dissolved O, concentration. At different irradiation time
intervals, samples of the irradiated water were withdrawn for analysis using a Perkin Elmer high performance
liquid chromatograph (series 200) with a photodiode array UV detector and a C;g column. The mobile phase was
acetonitrile/water (60:40) injected at a rate of 1.0 ml min™".

The concentration of the ClI' and acetate ions produced in the solution during the photodegradation was
determined by ion chromatography (IC Dionex-pac) using an AS14 column with an eluent of a 2:7 sodium
carbonate:sodium bicarbonate mixture and a flow rate of 1.2 ml min™.

3. Results and Discussion

3.1. Characterisation of the synthesised ethoxylated sulphanilamide (S)

The chemical structure and the molecular weight of the prepared sulphanilamide are shown in Figure 1 and are
confirmed by the FTIR and '"H NMR spectra.

R . Molecular
Sulphanilamide Chemical Structure Weight
CH,CH,0)xH
(GH2CH0)x /(CHZCHZO)WH
S /N SO,N 1053
(CH,CH,0)yH \(CHZCHzo)zH

Fig. 1. Designation and molecular weight of the ethoxylated sulphanilamide (S)
Where x +y + w + z = 20 units

3.1.1. FTIR spectrum

The FTIR spectrum of the synthesised ethoxylated sulphanilamide (S) showed absorption bands at 2876
and 1456 cm™, characteristic of stretching and bending vibrations of the methylene groups, respectively. The
peak at 1106 cm™ is due to C-O stretching, indicating the formation of an ether bond due to the condensation of
ethylene oxides. The band at 3384 cm™ is characteristic of the OH group of the ethylene oxide units. These
results, together with the fact that the peak of NH, attached to the benzene ring and that of NH, attached to the
sulphonate group (SO,NH,) disappeared, confirmed the investigated structure (Mohamed et al. 2014).

3.1.2. '"H NMR spectrum

The 'H NMR spectrum of the synthesised compound (S) showed different bands at & (ppm): (4.52-4.53,1H,
OH),(3.17,2H, SO, N CH,CH,0), (3.19-3.27, 2H, SO, N CH,CH,0 CH, CH,), (3.32-3.56, 2H, N CH,CH,O0), (
6.66-6.69, H, Ar) and (7.45-7.48, Hy, Ar). The data confirmed the expected hydrogen proton distribution of the
synthesised compound.

3.2. N, physisorption

N, adsorption-desorption isotherms and surface parameters were conducted to investigate the surface
morphology and physical properties of the composite samples. Figs. 2a and 2b display the N, adsorption-
desorption isotherms and the pore size distribution calculated by the BJH method. Table 1 summarises the
surface area and porosity results of the examined SiO,-TiO,.

The obtained isotherms for the prepared SiO, and SiO,-TiO, nanocomposite samples are type I with H4 type
hysteresis loops, which indicate microporosity. H4 represents an extreme type in the former; the adsorption and
desorption branches are almost parallel over an appreciable range of the gas uptake. The isotherm is nearly
horizontal over a wide range of relative pressure. Such H4 type hystersis loops indicate the presence of slit-
shaped pores according to the IUPAC classification (Sing et al. 1985).

The surface areas of the silica-titania samples increase with the addition of Ti compared with Pure SiO,,

which has a surface area of 289 m® g”'. This may be due to the incorporation of TiO, into the SiO, framework.
The Sggr increases to 10 %Ti-Si, which has a surface area of 374 m’ g'l. The Sggr then slightly decreases to 327
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m® g for the 20 % Ti-Si sample. This may be due to the inclusion of titanium oxide particles in the pore system
of the silica. Additionally, the total pore volume increases from 0.163 to 0.249 cm’ g, indicating the formation
of new porous structures.
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Fig. 2a. N, adsorption-desorption isotherms of SiO, and SiO,-TiO, nanocomposite samples.
Table 1: Surface parameters of the SiO, and Si0,-TiO, nanocomposite samples.

Surface
area Vp St Smicro Smeso Vmicro Vmeso Average pore
CatalystName | g v | cm'gh | g | aleh) | algh | @migh | migh | radiusd)
(m’g™"
SiO, 289 0.163 290 264 26 0.132 0.031 11.27
5 %Ti-Si 313 0.177 311 291 20 0.151 0.026 11.28
10 %Ti-Si 374 0.249 375 287 88 0.136 0.113 13.29
15 %Ti-Si 343 0.199 342 318 24 0.170 0.029 11.57
20 %Ti-Si 327 0.197 328 313 15 0.176 0.021 12.04

The V-t plots were constructed on the basis of the adsorption branches for each of the catalyst samples investigated at
liquid nitrogen temperature and these are shown in Fig. 2b. The nitrogen t-curve used was suggested by de Boer et al.
(Lippens et al. 1964). The total surface area (St m” g') was obtained from the slope of the initial straight line that passes
through the origin, and the values are given in Tablel, column 4. The plots demonstrate that the pore system consists
mainly of micropores with a very minor fraction of mesopores, as indicated by the strong downward deviations from the
initial straight lines passing through the origin, which reflects the predominance of micropores. Therefore, the pore
structure analysis of all samples was performed using the MP-method developed by Mikhail and Brunauer (Mikhail et
al. 1968) to calculate the surface (Smicro) and the volume (Vmicro) of the micropores present, and the values are given in
columns 5 and 7 of Table 1. The fractions of the surface and volume of mesopores (Smeso and Vmeso) were calculated
from the differences between those of the micropores (Smicro and Vmicro) and the total surface area (St), as well as the
total pore volume (Vp), and the values are given in columns 6 and 8, respectively. The 10% Ti/SiO, showed the greatest
mesoporous surface area (Smeso = 88 m*/g) and volume of mesopores (Vmeso) = 0.113 cm’/g.

In conclusion, the results of the pore structure characteristics revealed that almost all of the total pore system is
composed of micropores, as indicated from the strong downward deviations in the V-t plots, which specify that the
normal multilayer adsorption is hindered due to the presence of micropores. This hindrance is illustrated by the higher
values of the fraction located in the mesopores (Smeso/St) with a much lower value of the fractions located in mesopores
(Smeso/St) (Hanafi et al. 2014).
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Fig. 2b. V|-t plot for SiO, (A) and SiO,-TiO, nanocomposite samples: 5% (B), 10% (C), 15% (D) and 20 %
TiO, (E).

3.3. XRD analysis

To identify the crystalline phases present in the samples, the X-ray diffraction analyses of the synthesised

pure silica and silica-titania nanocomposite catalysts were performed. The XRD patterns (Fig. 3) showed a broad

diffraction band between 15 and 40° 20 in all samples under study, which is attributed to the amorphous pattern
of the Si0, and TiO,. No diffracted lines corresponding to SiO, and TiO, appeared.
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This indicated that the silica and titania phases in the prepared composites exist as amorphous states. These
results demonstrated the existence of well-dispersed titanium in the amorphous silicate framework (Katsunori et
al. 1999; Viswanath et al. 2001; Hu sing et al. 2002). Additionally, it may be segregated as anamorphous phase
in the silica matrix.

— SiOo2

20% Ti-Si

a4 24 a4 64 84
2 Theata

Fig. 3. X-ray diffraction analysis of the SiO, and SiO,-TiO, nanocomposite samples.
3.4. FT-IR spectroscopy

The FTIR spectra of the silica-titania composites are characterised by a specific band assigning a titanium
or silicon bond in the framework. The peak at the wave number of 800 (Brinker et al. 1990) or 810 cm™!
(Marth et al. 1992) corresponds to the symmetric vibration of Si-O-Si. The peak at 10801105 cm™ (Duran et
al. 1986) is for asymmetric v (Si—O-Si) stretching vibration, and 940-960 cm™ is for the Si—O-Ti vibration
(Dutoit et al. 1995), although the exact positions of the bands indicating symmetric or asymmetric stretching
vibration of Si—O-Si and Si—O-Ti vibration vary slightly in the literature. Fig. 4 shows the FT-IR spectra of pure
and silica-incorporated titania nanoparticles with different Ti percentages. The absorption peaks at 600-900,
1000-1200, and 960 cm™" are attributed to Ti—O, Si—O-Si, and Ti-O-Si, respectively (Rubio et al. 1997; Kim
et al. 2003). The absorption band at 609 cm’!is attributed to the Ti—O stretching vibrations of TiO, (Lee et al.
2003). This peak could be clearly detected in Fig. 5 at 611, 613 and 620 cm™ in all samples, except pure silica,
and its intensity increased with increasing Ti content. When the silicon content was over 30%, the distinct band
for the Ti—O-Si vibration (960 cm™) was observed. The band for the asymmetric v (Si—-O-Si) stretching
vibration was observed for all samples, and its intensity increased with increasing silicon content. From the
results of the XRD and FT-IR, it is clear that the silica exists as an amorphous phase. The peaks observed at
1628 and 3431 cm™ in Fig. 5 could be assigned to bending and stretching of O-H, respectively, (Kang et al.
2003) for the O-H stretching of the defect Si—-OH groups and residual water in pure calcined silica, as well as the
synthesised Ti-silica samples. This water band increased with increasing the Titanium oxide content.
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5% Ti-Si
—10% Ti-Si
——15% Ti-Si
—20% Ti-Si

% Transimittance
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Fig. 4. FT-IR analysis of the SiO, and SiO,-TiO, nanocomposite samples.
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The FTIR-spectra of the adsorbed pyridine on the SiO, and SiO,-TiO, nanocomposite catalysts are shown in
Figure 5. The vibration bands in the 1400-1580 cm™ regions of the IR spectrum of the chemisorbed pyridine
could distinguish between the Brgnsted and Lewis acid sites. The sharp peak at 1530 cm is attributed to the C—
C stretching vibration of the pyridinium ion and indicates the presence of pyridine adsorbed on Brgnsted acid
sites. The pyridine adsorption on Lewis acid sites is indicated by another peak at 1460 cm™', arising from the C—
C stretch of a coordinative bonded pyridine complex (Barzetti et al. 1996). The 10% Ti-Si catalyst showed the
highest acidity of the samples under investigation.
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wavenumber Cm"'

Fig. 5. FTIR-spectra of adsorbed pyridine on the catalysts under investigation.

3.5. Thermal analysis

In Figs. 6 (a & b), a quantitative estimation of the content losses of the synthesised silica-titania samples are
measured using thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) under N, flow.
With an increase in temperature, the sample gradually loses weight (ca.13-15%) in the temperature range 73-120
°C due to desorption of physisorbed water. The pure silica and silica-titania nanocomposite are thermally stable
up to 800°C. There is no loss in TGA thermogram above 500°C, which can be related to the organic oligomer
template material (S) and indicates that the calcination conditions are optimal to complete the removal of the
oligomer template from the silica and silica-titania pores.

(a) (b)

I~

800 T.°C 1000

Weight %

[

Heat Flow (W/g)

—Si02
——— 5% Ti-Si

——10%Ti-Si
——15%Ti-Si
—20% Ti-Si

0 200 400 600 800 1000
T.°C
Fig. 6. DSC (a) and TGA (b) of the SiO, and SiO,-TiO, nanocomposite samples.

3.6. TEM micrographs

The morphology of the synthesised catalysts was further observed with TEM micrographs, as shown in Fig.
7. Pure SiO, micrographs show uniform distribution of the silica particles, and the average particle size of Si = 8§
nm. For 5% TiO,-Si0,, the network increased due to the incorporation of Ti in the silica framework, as
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evidenced from the surface, X-ray and FT-IR. Additionally, its EDX micrographs showed the presence of Ti, as
well as Si and O. The TEM micrograph of the 10% Ti0O,-SiO, showed scattered black spots, which are presumed
to be the composite of SiO,-TiO,. The TEM image clearly showed spherical nanoparticles with almost uniform
diameter with a narrow range distribution. The average diameter was approximately 20 nm. A composite
microstructure for the catalysts is likely formed with no definite morphology ordering because the TiO, is well-
dispersed titanium in the amorphous silicate framework. After increasing the % Ti to 15 %, a particle growth is
clearly observed in the TEM micrograph (Fig. 7d, e) as a result of composite swelling due to the removal of the
hydroxyl group ’by"“inco poration of TiO,, as clearly observed in the FT-IR section (Fig. 4).

a Wl Scale 1659 cts Cursor 0.000 kel

R e

0| 0 2 4 § 8 10 12 14 16 18 |
C Ful Scale 21735 cts Qursor: 0,000 k|

Fig. 7a. TEM and EDX of (a) SiO, and SiO,-TiO, samples with different Ti percentages
(b) 5%, and (c) 10%.
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Fig. 7b. TEM and EDX of (a) SiO, and SiO,-TiO, samples with different Ti percentages
(d) 15 % and (e) 20 %.

3.7. Photocatalytic activity:

The photodecomposition and the photocatalytic degradation of 100 ppm 2, 4, 6-trichlorophenol (2, 4, 6-TCP)
using a series of mesoporous SiO,-TiO, catalysts with different titania ratios under UV light with A, ,= 254 nm
are shown in Fig. (8).

The removal efficiency after 90 min irradiation time increases according to the order of 10% Ti-SiO, > 5%
Ti-Si0, > 20% Ti-Si0, > SiO, > photolysis > 15% Ti-SiO, Fig. 8. The 10% Ti-Si0, catalyst is generally the most
active catalyst. It exhibits high activity during the initial 20 min of irradiation, beyond which the
photodegradation stays constant until 90 min of irradiation.
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Fig. 8. Photocatalytic degradation of 100 ppm 2,4,6-TCP on different mesoporous SiO,- TiO,catalysts

using UV irradiation at 254 nm.

This activity is also attributed to its high textural properties, as shown in Table 1, as well as its highest
acidity. Overall, based on the previous literature, the degradation of the substance depends on the adsorption of
the substance on the catalyst. Substances that are adsorbed strongly degrade faster (Tanaka et al. 2000). This is
a clear indication that the reaction must occur on the catalyst surface itself. No dark adsorption was observed
using pure silica, which means that silica-loaded titania has increased adsorption capacity and generally a higher
efficiency compared with pure silica. It has been reported that surface bond-conjugated SiO,/TiO, photocatalyst
has higher photoactivity than TiO, powder in eliminating azo dyes (Chun et al. 2004). The incorporation of
TiO, with SiO, is an effective method to improve the photocatalytic activity because the phase transformation
from anatase to rutile is inhibited due to the enhanced thermal stability of the SiO,~TiO, mixed oxide system
(Sayilkan et al. 2007). The 10% Ti-SiO, catalyst acquires the highest surface area, 374 m?/g, and the largest
pore radius, 13.3 A, so it has the highest TCP adsorptive capability of the tested catalysts. The maximum
concentration of adsorbed trichlorophenol reached 60 ppm after 60 min in the dark, as shown in Fig. 9.

70

60

50

40 -

30

20 -

10

Concenteration of adsorbed TCP, ppm

5%Ti-Si02

Fig. 9. 2,4,6-TCP adsorbed on different catalysts after 60 min the dark.

10%Ti-5i02

15%Ti-Si02

20%Ti-5i02

However, the total pore volume of the 10 % Ti-SiO, catalyst is 0.249 cm’g™". This has a positive effect on the
diffusion of trichlorophenol through the catalyst pores. Generally, the difference in pore volume and surface area
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in Ti-SiO; catalysts is attributed to the dispersion of TiO, inside the supports, which causes partial blockage of
the pores (Bhattacharyya et al. 2004).

The chloride evolution resulting from TCP degradation after 90 min irradiation time increases according to
the order: SiO, > 15% Ti-SiO, > 5% Ti-Si0, > 20% Ti-SiO, > photolysis > 10% Ti-SiO, (Fig. 10). This higher
chloride concentration most likely inhibits the continuation of the photodegradation of TCP, so the catalyst
becomes ultimately less active than the 10%Ti-SiO, catalyst. In general, chloride has a greater effect on
adsorption of pollutants on the catalyst, causing its poisoning and decreasing the catalytic efficiency. Chloride
ions absorb UV light, and they act as scavengers of hydroxyl radicals (Elsalamony 2010).

w
o
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ia —+—photolysis —8—S5i02 —a— 5%Ti-$i02
——10%Ti-Si02 —+— 15%Ti-5i02 —8—20%Ti-5i02
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0 10 20 30 40 50 60 70 80 0 100

Irradiation time, min

Fig. 10. Variation of [CI"'] in polluted water with the irradiation time.

Again, the photocatalytic activity of the 10%Ti-SiO, catalyst was confirmed from the FTIR spectra, and
the two strong bands observed at 3441 and 1628 cm™ are characteristic for the O—H bending mode of the
hydroxyl groups present on the surface due to moisture. These are crucial to the photocatalytic reactions because
they can react with photoexcited holes generated on the catalyst surface and produce hydroxyl radicals (Ding et
al. 2000), which are powerful oxidants.

3.8. TCP degradation mechanism

To investigate the degradation mechanism, the intermediate products during TCP degradation on mesoporous
catalysts were determined by HPLC. The obtained data allowed for the qualitative and quantitative identification of
these intermediates. Therefore, Fig. 11 showed the variation of intermediate concentrations formed during TCP
degradation on photolysis and Ti-SiO2 catalysts. The concentration of two major compounds increases with irradiation
time, reaching a maximum and then decreasing gradually with a further increase of irradiation time. They were
identified to be 3, 5-dichlorocatechol (3,5DCC) and 2,6-dichlorohydroquinone (2,6DCHQ). Evidently, the 3,5-
dichlorocatechol is produced by replacing one of the ortho-Cl atoms with a hydroxyl radical in the TCP molecule, as
shown in scheme la. A third intermediate, benzoquinone (BQ), appeared with a concentration increasing linearly from
the beginning as a function of irradiation time.
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Fig. 11. Formation of 3,5-dichlorocatechol (3,5DCC), 2,6-dichlorohydroquinone (2,6DCHQ), and
benzoquinone (BQ) during the photodegradation of TCP using UV light (photolysis), Ti-SiO, catalysts at
pH 6 and with 100 ppm as an initial concentration.

In the photocatalytic degradation of TCP using the 10 % Ti-SiO, catalyst, two minor components possessed low
concentrations, as shown in Fig. 12. They were identified as trichlorodihydroxybenzene (TCDHB) and
trihydroxydichlorobenzene (THDCB). The first component is produced via the addition of a hydroxyl radical in
the meta-position in the TCP molecule, whereas the latter component is produced by substitution of a Cl'atom in
the para-position in trichlorodihydroxybenzene (TCDHB) molecule by a new hydroxyl radical as shown in
scheme 1b.

10% Ti-Si02 ——BQ
—=—3,5DCC
2,6DCHQ
—<_THDCB
——TCDHB

Intermediate Concenteration, ppm

- —_—
=

] ZID 4‘0 \ E‘D BID 1I'.IlD 12‘0 14‘;0 160
Irradiation time, min
Fig. 12. Formation of dihydroxytrichlorobenzene (DHTCB), dichlorotrihydroxybenzene (DCTHB), 3,5-
dichlorocatechol (3,5DCC), 2,6-dichlorohydroquinone (2,6DCHQ), and benzoquinone (BQ) during the
photodegradation of TCP using 10 % Ti-SiO, catalyst at pH 6 and with 100 ppm as an initial
concentration.
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The primary reactions of 2,4,6-TCP photodecomposition involve: a) hydroxylation of the aromatic ring, b)
substitution of chlorine by OH and c) oxidation of the chlorinated hydroquinone to the corresponding quinine

(Antonaraki et al. 2002).

(a) OoH OH
ClI ClI O o]
‘OH/-CI7 OH/-ci”
—
ClI Cl
2.,4,6-TCP 3.5-DCC
¢-cn
OH O
C1 al
; OI—I/-CI_; "OH/-CT,
OH f'e)
2,6-DCHQ BO
(b)
OH OH
lell cl C1 cl
H2O,
T
oH
Cl Cl
2.4,6-TCP TCDHB
OH OH
O cl C1 Cl
OH/-C1~ _c1”
—_— —
ﬁ
Cl OH
3,5-DCC 2.6-DCHQ

Scheme 1. Photocatalytic degradation of TCP using (a) photolysis and Ti-SiO, catalysts and (b) 10% Ti-

4. Numerical evaluation of TCP degradation

4.1. The Reaction Kinetics.

The photocatalytic degradation of organic pollutants generally follows the Langmuir- Hinshelwood

mechanism (Ilyas et al. 2011; Herrmann 2005):

d I KT
dt 1+ KC

Where k is the true rate constant, which depends on the mass of the catalyst, the flux of efficient photons, and the
surface coverage. K is the adsorption constant, t is the time, and C is the concentration of the organic pollutant.

SiO, catalyst.
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For low initial concentrations of pollutants, the term KC in the denominator can be neglected, and the
photocatalytic oxidation rate approaches first order kinetics described by

dc
yr= ——=kKC=k'C
de

Where k' is the apparent rate constant, which is also known as the pseudo-first order rate constant. The integral

form of the rate equation is
In== —k't or %=kt 1)
Cp C
Where € is the initial concentration.
4.2. Mathematical model for the degradation of TCP with irradiation time
A numerical investigation has been performed to determine the relationship between the degradation of TCP
and the irradiation time. The following second order polynomial (Eq. (2)) is the most suitable formula to
describe the relation between Cy/C and the irradiation time t.

Eﬂfc = B, +B,t + B, t* Q)

4.3. Evaluation of the constants in the above equations

The regression analysis was performed via the least square method, which minimises the variance of the
unbiased estimators of the coefficients to estimate the coefficients of the equations (Hoffmann 2010; Weisberg
2005). Microsoft Excel 2007 was employed to determine the coefficients of the equations along with the
statistical parameters that validate the results.
4.4. Evaluation of the results

e The coefficient results of these relations are depicted in Tables 2 and 3, together with the values of R
squares, the calculated F ratio and the regression significance F, which assess the adequacy of the ‘fitted’
equation. Moreover, the values of the 95% confidence limits and the p-value, which validate the precision
of the predicted regression coefficient, are shown.

e Regarding the R squared, which indicates the goodness of fit between the experimental values and the
corresponding equations, tables 2 and 3 present high values for R? > 0.9 obtained for the above relations
(1 & 2). This proves the adequacy of the corresponding equations for representing the experimental
results. The high values of the calculated F ratio compared to the corresponding tabulated ones and the
very small values of the significance F < (o0 = 0.05) indicate that there is a real relation between the
independent irradiation time variable and the corresponding dependent response variable (LN (Cy/C) or
Cy/C) for all the investigated cases. The low values of p depicted in Tables 2 and 3 indicate that all the
recorded coefficients are significant. This is also manifested in the small values of the coefficients’ limits
in comparison with their corresponding ones, which means that they do not span zero as a value for the
parameter. It could be concluded that the above equations, together with the corresponding recorded
parameters, are statistically significant for all the investigated cases (Hoffmann 2010; Weisberg 2005).

¢ The pseudo-first order rate constants, which reflect the initial degradation rates for the investigated cases,
are in the following order Table (2) & Fig. (13):

10 %Ti O5/Si0, >> 5%Ti0,/Si0, > 20 %Ti O,/Si0, > SiO, > photolysis >
15 %TiO,/ SiO,

e Figs (13) and Table (2) depict a linear relationship between the independent irradiation time variable and
the corresponding dependent response variable (CO/C) for the first three investigated cases. Additionally,
the values of the B1 parameter, which reflect the degradation rate, are in the following order:
5%Ti0,/Si0, > Si0, > photolysis, in agreement with the above obtained results for the pseudo-first order
rate constants.

e Figs (14) and Table (3) show the second order polynomial, which represents the relation between the
independent irradiation time variable and the corresponding dependent response variable (Cy/C), for the
last three investigated cases. The recorded values of B1, which reflect the initial degradation rate, are in
the following order: 10 %Ti O,/Si0,>> 20 %Ti 0,/Si0,> 15 %Ti 0,/Si0,, also in agreement with the
above obtained results for the pseudo-first order rate constants.
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Fig. 13. Kinetics of the initial TCP photocatalytic degradation

Table 2. Pseudo-First Order Kinetics for the Degradation of TCP

Regression 15 %Ti
Statistics and | photolysis Si0, 5%Ti0,/Si0, | 10 %Ti 0,/SiO, © 20 %Ti 0,/Si0,
02/ SlOz
Parameters
R Square 0.999 0.996 0.978 0.993 0.999 0.998
Calculated ¥ |, o 672.4 135.2 850.1 2168.7 1888.7
Ratio
Tabl;‘;iitsd ¥ 10.13 10.13 10.13 5.99 10.13 10.13
Significance F | 4.816E-04 | 1.484E-03 | 7.317E-03 8.895E-07 4.608E-04 5.290E-04
Sl‘:fl’i"n_: k1 1439802 | 1.624E-02 | 2.458E-02 1.117E+01 1.260E-02 2.037E-02
k 'Jg‘,’%ver 1.338E-02 | 1.425E-02 | 1.785E-02 1.024E+01 1.173E-02 1.888E-02
k '925’/5’“ 1.539E-02 | 1.823E-02 | 3.131E-02 1.211E+01 1.346E-02 2.186E-02
P-value 2.329E-05 | 1.258E-04 | 1.367E-03 1.079E-07 2.180E-05 2.682E-05

*D %: Degradation % after 90 min of irradiation = 'c"_cﬁ =100

5. Conclusion

A novel route has been introduced to prepare silica—titania nanocomposite catalysts, in which the SiO,-TiO,
catalysts were synthesised by the sol-gel method. The co-hydrolysis and condensation reaction of titanium
isopropoxide (TIP) and tetracthoxysilane (TEOS) in acidic solution were conducted using a novel ethoxylated
sulphanilamide. This synthetic method of silica—titania has resulted in a high degree of homogeneous titanium
dispersion and a high specific surface area. XRD and FT-IR analyses showed that the TiO, can incorporate the
amorphous silicate framework. The results of the activity test indicated that the 10%Ti-SiO, catalyst has the
greatest photocatalytic activity towards 2,4,6- trichlorophenol photodegradation among the x%Ti0O,-SiO, (x= 0,
5, 10, 15, 20) catalysts. Silica—titania prepared in this study had better photocatalytic performance than that of
the commercial pure SiO, nanoparticles for the photodegradation of the 2, 4, 6 trichlorophenol (TCP). The
Langmuir-Hinshelwood kinetic model provided a good fit to the initial photocatalytic degradation of the TCP
compound used in this study. Additionally, the second order equation presented adequate relation between the
amount (C,/C) and the irradiation time. Both relations proved to be significant.
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Table 3. Regression Statistics and Estimated Parameters for equation 2

Regression Statistics and . . 5% Ti0,/SiO 10 %Ti 15 %Ti . .
Parameters photolysis SiO, , 0,/Si0, 0,/Si0, 20 %'Ti 0,/Si0,
R Square | 0.999 0.999 0.985 0.993 0.984 0.997
Caleulated | - ;0045 | 33976 325.5 843.3 1252 597.2
. F Ratio
Regression .\ lated F
Statistics | "0 4. 6.608 6.608 6.608 3.885 6.944 6.944
S‘g‘“f;ca“ce 4.518E-09 | 2.812E-08 | 9.612E-06 | 1.243E-13 | 2.473E-04 | 1.114E-05
Coefficient | 9.863E-01 | 1.005E+00 | 1.135E+00 | 9.708E-01 | 9.391E-01 1.000E+00
B0 C.L. | 2.737E-02 | 4.298E-02 | 1.828E-01 | 2.016E-01 | 1.473E-01 1.076E-01
P-value | 2.779E-09 | 2.416E-08 |1.75644E-05| 2.129E-07 | 5.990E-05 1.340E-05
Coefficient | 1.821E-02 | 1.984E-02 | 2.610E-02 | 1.539E-01 | 2.222E-02 2.734E-02
Bl C.L. | 5.570E-04 | 8.748E-04 | 3.719E-03 | 1.584E-02 | 8.551E-03 6.247E-03
P-value | 4.518E-09 | 2.812E-08 [9.61193E-06] 7.194E-11 | 1.957E-03 2.633E-04
Coefficient -9248E-04 | -1.061E-04 | -7.489E-05
B2 C.L. 1.801E-04 | 9.199E-05 6.720E-05
P-value 1.053E-07 | 3.279E-02 3.643E-02
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