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Abstract. Titanium oxide (TiQ) was impregnated on the surface of
titanosilicate-1 (TiQITS-1) and used as catalyst for hydroxylation afnpdi with
hydrogen peroxide. Calcination was conducted atouartemperatures (400,
500, 600 and 700°C) in order to observe the effattthe structure and
physicochemical properties towards catalytic attivifor producing
hydroquinone. The structure and physicochemicapgnes of the TiQTS-1
catalyst were characterized by several technigeesh as X-ray diffraction
(XRD), infrared spectroscopy, nitrogen adsorpti@yridine adsorption and
hydrophilic measurement. The results show that rizyelasing the calcination
temperature, the surface acidity of the catalyst alao increased. The TiDS-

1 catalyst calcined at 500 °C proved to be optifoahydroquinone production,
in which the anatase-rutile phase may be presespedied on the MFI
framework.
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1 I ntroduction

Catechol and hydroquinone are used in a large numwbapplications in the

modern chemical industry, such as pharmaceutipaigtography and polymer
production [1]. Catechol and hydroquinone are comisnsynthesized by a
phenol hydroxylation reaction using,® as an oxidant [2]. 0, has many

advantages, such as having a high active oxygeterwband being a stable
reagent and a green compound that only resultsatervas waste product from
the reaction [3]. TS-1 was first synthesized byahaassoet al in 1983 [4] and

showed excellent catalytic activities in organicidation reactions using
hydrogen peroxide as oxidant under mild conditigds.the subject of organic
oxidation reactions such as the hydroxylation aérgil, many experiments have
been carried out to enhance phenol selectivitytdulee importance for industry
of producing hydroquinone and cathecol. The abdity'S-1 to catalyze a wide
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variety of oxidation transformations, including ploé hydroxylation with
aqueous hydrogen peroxide, has led to extensiveamgs worldwide on
synthesis related to heterogeneous catalystsofoidliphase oxidation [4-8].

TS-1 has a relatively high phenol conversion atstivdnd it can lessen the
production of tar and other side products that poéential pollutants [2].

However, TS-1 has a low reaction rate and catalgilectivity in oxidation

reactions because of its hydrophobic nature [9]amhile, in the reaction
mechanism of phenol hydroxylation, TS-1 will decarsp HO, (the oxidation

agent), which has a hydrophilic character, to fditanium-peroxo radicals
(initiation step), followed by propagation in sotut [10]. Therefore, one way
to increase the phenol hydroxylation reaction cdt€S-1 catalyst is by making
it more hydrophilic.

Hydrophilic improvement of TS-1 catalyst can berigat out by addition of
metal oxide, which leads to an increase of acidibe existence of metal oxide
in TS-1 catalyst can generate acid sites, whicltcapable of increasing catalyst
hydrophilicity. In earlier research, epoxydation bfoctene with KO, has
shown that the presence of metal oxide in TS-1llysitaan generate acid sites
and thus increase the hydrophilic nature of thalgst, so that the adsorption of
reactants to the catalyst becomes faster [11,1d§ gites can be found in some
metal oxides, such as,®s, Nb,Os, MoOs;, WO;, ReO;, TiO, and CpOs/Al 05
[13]. As for TiO,, many researchers have reported that/Bi®,, TiO./clay and
TiO,/AI-MCM-41 nanocomposites can increase catalytitivdg in many
organic syntheses [14-16]. The activity of Ji@epends on the calcination
temperature, which is correlated to phase transdtiom (anatase to rutile),
surface area, crystallite size, acidity, water Sorpand hydroxyl groups [17-
19].

In this research, TS-1 catalyst was modified byitamd of titanium oxide on
the surface. Also, the effect of the calcinatiomperature of titanium oxide on
the structure and properties of the catalyst wasstigated.

2 Experiment

21  Synthesisof TS1

TS-1 containing 1 mol% of titanium was preparedoaging to the procedure
described by Taramassef al [4], using tetraethyl orthosilicates (TEOS,
Merck, 99%), tetraethyl orthotitanate (TEOT, Mef%3%0), 2-propanol (Merck,
99%), tetrapropylammonium hydroxide (TPAOH, Merd% in water) and
distilled water. The gel was charged into a 150 auitoclave and heated at
175°C under static conditions. The material wavered after 4 days by
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centrifugation at 3000 rpm for 30 min and washethweixcess distilled water.
White powder was obtained after drying in air aD?® overnight. The solid
material was then calcined in air at 550°C for 4 h.

2.2 Preparation of TiO/TS-1

TS-1 sample loaded with titanium oxide (BI0S-1) was prepared using the
impregnation method, where tetraethyl orthotitansitesed as a precursor. The
calcined TS-1 was dried in an oven at 110°C foh2%he necessary amount of
TEOT (0.122 g) was then dissolved in 10 mL of 2gamol to obtain the
desired metal loading; the required quantity of-giried TS-1 (3.612 g) was
immediately added. The obtained mixture was stigtesbom temperature for 3
h, the solid was recovered by evaporation of thgdbanol at 80°C. The acid
hydrolysis was performed by addition of 20 mL s@ntof 0.5 M HNQ in
distilled water and the solution was aged overnigblilowed by heating at
100°C until dry. The solid was then washed threes with distilled water and
finally dried at 110°C for 24 h. The white solid svealcined at 400, 500, 600
and 700°C for 4 h at a heating rate of 2°C/minafiiitm oxide was prepared by
hydrolysis of tetraethyl orthotitanate at room temgture for 24 h. The white
solid was recovered by filtration, washed with watend dried at 100°C
overnight. Finally, the solid produced was calcired550°C for 4 h. The
samples were denoted as xTiO2/TS-1, where x refierghe calcination
temperature.

2.3 Characterization

All samples were characterized by X-ray diffractigith a Bruker Advance D8
diffractometer with Culd (A = 1.5405 A) using a diffracted monochromatic
beam at 40 kV and 30 mA. The pattern was scann&é ianges from 5-50° in
steps of 0.02° and with a step time of 1 s. Theanefl (IR) spectra of the
samples were collected with a Shimadzu Fourier Sfoam Infrared (FTIR)
spectrometer with a spectral resolution of 2'and a scan speed of 10 s, with
the KBr self-supported wafer method. The infrarpdctra of the samples were
recorded at room temperature in the framework regib1400-400 cm. The
acidity of the samples was determined by FTIR ugggdine as the probe
molecule [20]. The wafer of the sample (10-12 mgjsviocked in a cell and
evacuated at 400°C for 4 h, followed by adsorpt@npyridine at room
temperature. After evacuation at 150°C for 3 h, ithfeared spectra of the
samples were recorded at room temperature in tierref 1400-1700 cih In
order to directly compare the surface coveragehef adsorbed species, all
spectra were normalized after activation using dlkertone and combination
vibration of the MFI at around 1800 &nj21]. The number of Brgnsted or
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Lewis acid sites was calculated using the equatioposed by Emeis [20], as
follows:

BxL
kxg

x107

Numberofacidsites(mmov g):

where:

B is peak area of Brgnsted or Lewis acid absorgiard (cni)

L is area of sample disk (én

g is weight of sample disk (g)

k is molar extinction coefficient values of 1.67 gmol™ for the 1545 cr
band characteristic of pyridine on the Brgnsted aities or 2.22 cm pmibifor
the 1455 cri band of pyridine on the Lewis acid sites.

The nitrogen adsorption-desorption isotherms werrfopmed using a
Micromeritics ASAP 2010 instrument. The samplesengreviously outgased
at 200 °C under vacuum. The surface areas of tinplea were determined by
BET equation. The catalyst hydrophilicity was amaly by the sample
dispersion method using a mixture of water andnglbased on the method by
Wang, et al. [22]. In a typical experiment, the catalyst isedriin an oven at
110°C for 24 h to remove all the physically adsdrisater. After dehydration,
the sample is poured into the mixture of xylene watler. The catalyst motion
in each phase is visually monitored.

24  Catalytic Study

The phenol hydroxylation reactions were carriediow 50 mL round bottom
flask equipped with condenser and magnetic stidrerevery run, 1.3 g of
phenol (Merck, 99%) was mixed with 5 mL of methartblL6 g of catalyst and
0.5 g of HO, (Merck, 30 wt% aqueous). All reactions were rury@tC. The
products were taken out periodically after 1, 2ar@l 4 h reaction time, and
analyzed by gas chromatography with an FID detector

3 Results and Discussion

3.1  Structural Characterization and Properties

The XRD patterns of the TIDTS-1 and xTiQTS-1 samples are shown in
Figure 1. The diffraction patterns for the sampléd a calcination temperature
of 400, 500, 600 and 700°C were found to be sintdahose of the parent TS-
1, as indicated by the diffraction peaks &t =2 7.92°;, 7.94°; 8.80°; 23.06°
23.08°; 23.10°; 23.24°; 23.26°; and 23.28°. Thegmee of all the typical XRD
peaks in the samples containing TS-1 indicatesttieaframework structure was
still retained even after calcination. Meanwhilee tXRD pattern of the Ti©
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sample exhibited a rutile structure of Biln addition, samples xTiDr'S-1 in
Figure 1 show that no diffraction lines for the &@s&-rutile phases of titanium
oxide were observed. This suggests that the, W& highly dispersed on the
surface of TS-1. It was found that the MFI struetaf TS-1 was maintained
after the impregnation of titanium oxide and cadtion preparation.

TS-1

400 TiOy/TS-1

500 TiO,/TS-1

600 TiO,/TS-1

Intensity (a.u

700 TiO,/TS-1

Tio,
Mty L\—JL—H\—-————;
20 25 30 35 40 45 50

20, degree

Figurel Powder X-ray diffraction patterns of TiOTS-1 and TiQTS-1
calcined at different temperatures (400, 500, 620 200°C) for 3 h.
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However, the diffraction peak intensities of TS-&ckased along with the
increase in calcination temperature. This findingoasuggests that either
titanium oxide was located on the surface of T®#lcrystalline phase of TiO
covered the surface of TS-1. Since the source 66 T TEOT, which has a
molecular size (11. ZA) larger than that of the pore entrance of TS- 55(@)
the TiQ, should be attached to the external surface of .TS-1

The infrared spectra of the zeolite lattice vilmas between 1400 and 400 tm
are depicted in Figure 2.

700TiOyTS-1

S500TiOyTS-1

400TiOyTS-1

Transmitance, %

I 1 U U L] 1
1400 1200 1000 800 600 400
Wovenumber, cm

Figure2 Framework infrared spectra of TiOTS-1 and Ti@QTS-1 calcined at
different temperatures (400, 500, 600 and 700°€3}fo.
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The absorption bands at around 1100, 800, and 450/\4&@ of lattice modes
associated to internal linkage in i@ AlO, tetrahedral, and were insensitive
to structural changes, whereas the absorption banhdsound 1230 and 547
cm* were characteristics of the MFI type zeolite stuuetand were sensitive to
structural changes [23]. In addition, all samplegealed a band at around 970
cm®. The vibration modes around this frequency mayteeresult of several
contributions, such as the asymmetric stretchinglencof Si-O-Ti linkages,
terminal Si-O stretching of Si-O-H-(HO)Ti ‘defecéiwsites’ and titanyl (Ti=O)
vibrations [8,24-25]. However, the band at arourtd Tm'" could also be
attributed to the titanium in the framework, sirsiécate, a Ti free zeolite, did
not show any band around this frequency. Furtheemampregnation of
titanium oxide on TS-1 followed by calcination atrious temperatures resulted
in no significant change of the band at around @#®'. Therefore, it is
concluded that the TS-1 sample contained Si-O-Tinections. There was no
band shifting or additional band observed afterragpation of titanium oxide
on TS-1. This finding suggests that both the MFucure and the titanium
framework remained unchanged after both the im@kgm and the calcination.

The surface acidity of the samples was determinedhfvared spectroscopy
after adsorption of pyridine on the samples anaeation at 150°C (Figure 3).
As is shown in Figure 3, only characteristic abtorpbands due to adsorbed
pyridine coordinated to the Lewis acid sites apipgaat 1448 cril were
observed in all samples, while the peak charatieos$ the Brgnsted acid sites
at around 1545 cthwas absent. The acid sites are associated toinatively
unsaturated surface metal ions [26]. The numbershef Lewis acid sites
determined through the integration of the peakaiasd 1448 cii are listed in
Table 1.

Tablel Physical and chemical properties of the Fik3-1 samples.

Hydr ophilicity

Surface Number of

. . Water
Sample area Lewisacid
: Char acter I ndex submer ged
(m?g)  sites(umol/g) time (g)
TS-1 Partially
431 13 hydrophobic 5 98
TiO @ Partially
? n.d. 8 hydrophilic 5 107
400TIO/TS-1 394 14 Partially 5 66
hydrophilic
500TIOTS-1 407 16 Partially 5 64
hydrophilic
600TIO/TS-1 389 20 Partially 5 89
hydrophilic
700TiG/TS-1 373 35 Part|a||_y_ 5 92
hydrophilic

(a) Not determined
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Thermal treatment has been reported to affect diditya of the material in

which the acidity generally decreases with the e@mse in calcination
temperature [27]. Our finding, however, proved t dontrary to the general
tendency reported by Maldonado-Hédatral. [27].

700TiOTS-1

600TiO/TS-1

500TiOL/TS-1

Absorbance, a.u.

400TiOATS-1

TS1

T | 1

1700 1600 1500 1400
Wavenumber, cm!

Figure 3 Infrared spectra of adsorbed pyridine of the JJi05-1 and TIQTS-1
samples calcined at different temperatures (400, 600 and 700°C) for 3 h.

As is shown in Table 1, the acidity of the catadyistreased with the increase in
calcination temperature. This phenomenon couldtioiated to a polymorphic
transformation of Ti@from anatase phase to rutile phase as the calmmnati
temperature increased from 500 to 700°C. Machadb Santana [17] have
reported that the acidity of the anatase phaseughriower as compared to the
rutile one. In this study, the acidity was correthto the TiQ structure because
the position of TiQwas on the surface of TS-1, whereas the structuieéSel
remained unchanged after calcination up to 700%¥Colesserved by XRD and
infrared spectroscopy.
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The hydrophobicity of the samples was monitoredlispersion of the samples
in a mixture of xylene and water. The powder dittion of both TS-1 and
500TiG/TS-1 suspended in the mixture after stirringlissirated in Figure 4(a)
and Figure 4(b), respectively. In general, all sspthe TiQ, TS-1 and
TiO,/TS-1 catalysts) showed partially hydrophobic bétvavn which each
catalyst was dispersed in the interlayer and swigmbnn the bottom of the
aqueous phase. The rates of sample dispersion,veowgere different, as is
shown in Table 1. The dispersion behavior of JT3-1 shown in Table 1
indicates that there was a correlation between hjdrophilicity and the
calcination temperature. The 400BITS-1 sample took longer to disperse in
the aqueous phase than the 50Q11S-1. This may be due to the low
interaction between titanium oxide and TS-1. Thepdision rate of the
TiO,/TS-1 sample in the aqueous phase decreased wéthinitrease in
calcination temperature from 500 to 700 °C. Thisyrb@ due to the phase
transformation of amorphous titanium oxide to thatase and rutile phase, or
the alteration in the percentage of titanium oxagstalline phase on the
surface of TS-1 [14,26,28].

Xylene

Water and
Xylene Interface

Water

Powder

(a) (b)

Figure4 Hydrophobicity testing results for sample afterrsig: (a) TS-1 and
(b) 500TIG/TS-1.

The calcination at 700°C resulted in a longer disipa rate in the aqueous
phase as compared to the calcinations at 500-6@¢arding to Machado and
Santana [17], this is mainly due to partial transfation of anatase to rutile
phase. In addition, as shown in Figure 4, it carlbarly seen that the amount
of adsorbed water in the TS-1 samples was signifigdower than that of the
400 and 500TigJTS-1 samples. This may indicate the anatase e npihase
transformation in the samples with a higher catiimatemperature. Based on
the infrared data at the absorption band of ar@6@970 crit and by using a
standard curve, it was found that the Si/Ti wa8®[89]. The high rutile phase
of the samples at high calcination temperatures resylt in the agglomeration
of titanium oxide on the surface of TS-1 [8]. Meédne, the TS-1 was not well
dispersed in the water phase, which indicatesttigabehavior of the TS-1 was
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naturally hydrophobic. Impregnation of titanium deion the surface of the TS-
1 enhanced its hydrophilic character.

Textural analysis of the catalysts was carried asing N adsorption—
desorption at 77 K using Quantachrome Nova 1200pewent. Surface area
measurement was made according to the BET methual stirface area of the
samples decreased with the increase in calcinaémperature, as listed in
Table 1. This finding supports the hypothesis thate are sintering phenomena
when samples are calcined at a high temperatugard-b displays the nitrogen
adsorption-desorption isotherms of the catalysts.

700TiOTS-1

600TiOTS-1

Relative volume adsorbed, cnm’ g

500TiOTS-1

400TiIOYTS-1, o o

7S-1

-8 des

10

FP/P.

Figure5 Nitrogen adsorption-desorption isotherms of TS-1d aRO,/TS-
1samples calcined at different temperatures (400, 600 and 700°C) for 3 h.
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It can be seen that the T#DS-1 samples calcined at 400 to 700°C exhibited a
type | of nitrogen isotherm with nitrogen uptakeelative pressure P/Po below
0.1 indicative of their microporosity. In additiothe hysteresis loop was
observed at P/Po higher than 0.9. The hysteregisgshenon in the isotherms
is related to capillary condensation ofiN mesoporous structures, in which the
adsorbed volume tends to reach a finite maximunueyatorresponding to a
complete filling of the capillary.

3.2  Catalytic Activity

The catalytic activity of the TS-1 and the TITS-1 samples was evaluated
using hydroxylation of phenol with J, as the oxidizing agent. The products
were analyzed by gas chromatography. In generebrding to the literature,
the main products usually observed in the hydrdighareaction are catechol,
hydroquinone, benzoquinone, and tar [16,28,30}his study, however, apart
from hydroquinone and catechol, no other produ@sevebserved, while in the
reaction without catalyst, no hydroquinone produat obtained. The amounts
of hydroquinone obtained using THOr'S-1, and TiQTS-1 catalysts at various
reaction times are depicted in Figure 6.

Generally, all catalysts exhibited catalytic adtivior the hydroxylation of
phenol. The amount of hydroquinone product was dright longer reaction
times. The TiQ catalyst revealed the lowest amount of hydroquinemeluct
for all reaction times, while the highest amounthgfiroquinone product was
observed when the 500Ti0S-1 catalyst was used. In addition, the TS-1,
400TiG/TS-1 and 700TigTS-1 catalysts produced similar amounts of
hydroquinone, which were lower than those of thedT30,/TS-1 and
600TIO/TS-1 catalysts. Moreover, the 400%iTS-1 catalyst revealed the
lowest activity among the TiDrS-1 catalysts, which may be a result of
incomplete organic removal or deposition of carlmm the surface of the
catalyst due to the lower calcination temperatdrthe catalyst. Consequently,
the amount of reactant accessing the active sisdd the pore system of the
catalyst was limited, because those sites wereredviey the carbon deposit.
Meanwhile, the activity of the TifIS-1 catalysts calcined at temperatures
higher than 500°C decreased. Machado and Sant&hdte reported that a
higher calcination temperature of Tif@sults in the production of a rutile solid
structure in which the TiQs less effective as a catalyst for the oxidatién o
most organic compounds than in that of the anapdsese. Therefore, the
decrease in catalytic activity at the higher caltion temperatures was due to
the TiO, structure. The sintering mechanism of Ti@alcined at high
temperatures, which affects the properties of #ialgst, such as lowering the
crystallinity and the surface area, can also deserd¢lae catalytic activity of the
TiO/TS-1 catalyst. The better properties displayed thg 500TiQ/TS-1
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catalyst were correlated to both the high surfaea and high hydrophilicity,
leading to a high hydroquinone production.

1 7=—TiO2
- TS o
09 1+ 400-T5-1 T
—o— 500TIO2TS-1 -
—x— BOOTIOTS-1
.

|—o—700TO2TS1
| ///

08 1

Hydroquinone, mmaol

Reaction time, h

Figure 6 Catalytic performance of TiQ TS-1, and Ti@TS-1 catalysts for
hydroquinone production from phenol hydroxylatieaction with HO, at 70°C

4 Conclusions

The hydrophylic character of TS-1 catalysts wasessfully improved by the
dispersion of titanium oxide on the surface of TSHie titanium located in the
silicate framework of the catalysts resulted in #xéstence of oxidative sites,
while octahedral titanium played a role as a hyHiapsite. The analysis of the
structure and properties of the BI0S-1 catalysts suggests that there are
correlations between the calcination temperatundstiae anatase to rutile phase
transformation and the sintering behavior thatuiefices the catalytic activity.
The 500TiQ/TS-1 catalyst showed optimum hydroquinone fornmatio
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