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Abstract. Hydrothermal synthesis was adapted to prepare a series of ruthenium (Ru)-incorporated Mobil Five (MFI)
zeolite materials with silicon (Si) to aluminium (Al) ratio of 100 and with Al to Ru ratios 1:1, 2:1 and 3:1. An X-ray
diffractometer (XRD) and FT-IR were employed to identify the formation of the zeolite phase. A favourable environment
was maintained in the gel to overcome the difficulties of isomorphous substitution of ruthenium into the MFI framework. The
unit cell volume change and the shift in XRD reflection positions showed a positive correlation with increased ruthenium
content in the samples. UV-Vis (DRS) spectra confirmed the position of ruthenium in the T-site in the MFI structure.
Thermogravimetric analysis was carried out for studying water and template removal patterns and also for studying the
thermal stability of the synthesized samples. Formation of uniform rectangle- and twinned-rectangle-shaped MFI particles
with particle size approaching 27 um was confirmed by scanning electron microscopy. Energy-dispersive X-ray analysis was
carried out for quantification of Si, Al and Ru. The catalytic activities of the synthesized samples for the hydroxylation of

phenol was investigated, the major products being catechol and hydroquinone.
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1. Introduction

The possibility of insertion of other metal ions such as Ru®*,
Fet, zr*t, Ti*t, In®t, Ga’t, etc. into zeolite sites leads to
modification of some important properties such as structural
features, surface area, crystallinity, pore size, acidity, shape
selectivity and catalytic properties. Consequently, in recent
times, there has been interest in this area from the perspective
of heterogeneous catalysis. Modified zeolites are finding more
applications as heterogeneous catalysts as compared with the
unmodified ones [1]. Isomorphous substitution of Si atoms
by trivalent atoms from Group 13 (Al, Ga, B) and Group
8 (Fe) into the crystalline framework of MFI-silicalites has
been reported to modify Bronsted acid sites. Such materials
can be effectively used as catalysts applied to different organic
reactions. The migration of heteroatoms into extra framework
positions and dihydroxylation induced by the thermal and
hydrothermal treatment of the zeolites can result in the gen-
eration of Lewis acid sites on the surface of the zeolites in
addition to Bronsted acid sites [2]. If zeolites are modified
by isomorphous replacement of Al or Si with transition met-
als, we can generate redox active sites in the zeolite structure
[3,4]. Literature is available relating to the introduction of Fe
in zeolite at different structural positions [5]. However, very
few reports are available [6] on introduction of ruthenium into
zeolite and only one paper is related to isomorphous substi-
tution of ruthenium [7].

Ruthenium also has, like iron, a tendency to form insoluble
hydroxides in a basic environment. The extraordinarily high
catalytic activity of Ru containing materials has drawn the
attention of the researchers [8—10]. It can efficiently catal-
yse the oxidation of CO with O, below room temperature
[10-12]. The existence of co-ordinatively unsaturated ruthe-
nium species is attributed to the outstanding catalytic activity
of RuO, [8]. Different electronic, magnetic, catalytic, optical
and other properties are observed for nanometre-sized mate-
rials compared with the corresponding bulk materials [13].
The nanomaterials can be used as novel catalysts due to their
large surface area and high density of active sites.

In the present study, ruthenium is introduced into the T-site
of MFI zeolite, at least partially, in slightly alkaline medium
using ruthenium (III) chloride.

The materials have been tested as catalysts for phenol oxi-
dation into catechol (CL) and hydroquinone (HQ), which
are very highly valued phenolic derivatives on the industrial
scale. They are used as starting materials for pharmaceuti-
cals, perfumes and many fine chemicals. CL and HQ are
also used in photography and as antioxidants and polymeriza-
tion inhibitors as well as in pesticides and flavouring agents
[14]. Like other oxidation reactions, phenol hydroxylation has
been usually carried out using stoichiometric oxidants. Due to
problems associated with such previous methodologies, one
of the major goals of current research is the replacement of
processes using wasteful and toxic stoichiometric oxidants
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with routes based upon more environment-friendly technolo-
gies. Therefore, direct phenol hydroxylation with H,O; is of
contemporary interest.

2. Experimental

2.1 Synthesis of MFI zeolites

In this work, Ru-incorporated MFI zeolites were synthesized
with an Si to Al and Ru mole ratio of 100 and Al to Ru
ratios of 1:1, 2:1 and 3:1. The chemicals used in the synthe-
sis procedure were tetrapropylammonium bromide (TPA-Br,
Lancaster), sodium aluminate (Kemphasol), sodium fluoride
(Fluka Chemika 99%), ruthenium chloride (Merck), fumed
silica (BDH) and de-ionized water.

Molar ratios of the components in the gel with other con-
ditions maintained during the synthesis of the MFI zeolite
samples with Si:(Al + Ru) ratio of 100 and Al:Ru ratio of 1:1
are given as follows:

Si:Al = 100:0.5, NaF:SiO, = 1, Si0;:A,03 = 200,
TPA-Br:SiO, = 0.07, H,0:SiO, = 80, Si:Ru = 100:0.5.

For the synthesis of the zeolite samples with the composi-
tions of interest, the required amount of NaF was dissolved
slowly in 23 ml of de-ionized H,O; 1.551 g of TPA-Br (tem-
plate) was added slowly to this solution with continuous
stirring. After stirring the solution for about 15 min, 1.2947 g
of SiO; (source of Si) was added slowly to this mixture. The
resulting mixture (A) was stirred for a further 30 min.

A calculated amount of NaAlO, (source of Al) was
dissolved in 97 mlof de-ionized water slowly. The solution

Table 1.

maintained during the synthesis of the MFI zeolite samples (TPA-Br:SiO, = 0.07, NaF:SiO, =

H,0:Si0, = 80).
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was stirred for a further 10 min after addition of desired
amount of ruthenium chloride (source of Ru). To this solu-
tion, 3.705 g of SiO, was also added slowly with continuous
stirring. The resultant mixture (B) was stirred thoroughly for
a further 30 min. To get a homogeneous gel, the mixture A
was added to mixture B slowly and stirred continuously for
3 h. The pH of the gel was maintained in the range 6-7.

The gel was then placed inside a teflon-lined stainless-steel
autoclave and heated for 25 h at 473 K in an oven. The product
was then cooled, filtered (Whatman Number 42) and washed
with de-ionized water several times. The synthesized sample
was dried at room temperature for about 12 h and at 383 K
for 6 h. The template in the sample was removed by calci-
nation at 753 K. Using a similar procedure, further samples
of Ru-incorporated MFI zeolite with different Al:Ru ratios
were synthesized. The molar ratios of the components in the
gel, the sample designation and other conditions maintained
during the synthesis of the zeolite samples are presented in
table 1. For the synthesis of parent MFI, a similar procedure
was used, except for the use of the ruthenium salt.

2.2 Hydroxylation of phenol with the synthesized catalysts
(catalytic activity)

In this study, reactions between phenol and H,O, were carried
out in the presence of synthesized samples and in the presence
of solvent (scheme 1). CL, HQ and parabenzoquinone are the
possible products. The reaction of phenol hydroxylation is a
liquid-phase reaction and was carried out in a three-necked
round bottom flask equipped with a reflux condenser. The

Designation of the samples and molar ratios of the components in the gel with other conditions

1 and

In the gel In the sample (calculated from EDX)
Sample
designation Si:(Al+Ru) or Si:Al  Al:Ru  pHof the gel ~ Si:(Al+Ru) or Si:Al Al:Ru
S100Rul 100 7.0 136 1.3:1
S100Ru2 100 : 6.9 138 1.5:1
S100Ru3 100 3:1 6.8 142 2.2:1
S100 100 — 6.9 132 —
OH OH OH (@]
talyst o
catalys
+ HO0, —— + +
Solvent
OH o

Catechol (CL)

Scheme 1. Hydroxylation of phenol.

Hydroquinone (HQ) Benzoquinone
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reaction was studied in the temperature range 333-353 K
and in different solvents such as water and acetonitrile. To
maintain the temperature, the reactions were carried out in a
thermostatted oil bath. The catalysts were filtered and dried
after each experiment. The catalysts were reused after cal-
cination in air at 753 K for 6 h. The synthesized catalysts
were found to be effective even after two runs. The reaction
mixtures were analysed by gas chromatography.

In the present study, the formation of parabenzoquinone
was not detected due to the low levels of its production. Phenol
conversion and the selectivities of CL and HQ were calculated
using equations (1), (2) and (3), respectively:

Phenol conversion (%) = [(mole of phenol; .,

—mole of phenol, ) /mole of phenol, ] x 100,

inlet

(D
Selectivity for CL (%)
= [(mole of CL/mole of CL + mole of HQ] x 100,
(2
Selectivity for HQ (%)
= [(mole of HQ/mole of CL 4 mole of HQ] x 100.

3

2.3 Characterization of the materials

A Miniflex Advance X-ray diffractometer (XRD) with Cu-K,
radiation of wavelength 1.5418 A operated at voltage = 30 kV
and current = 15 mA was used for powder XRD measure-
ment. During analysis the XRD data were collected in the
26 range 5-50° with a step size 0.05° and a counting time of
0.5 s per step. The FT-IR spectra of the samples were recorded
using KBr pellets in mid-IR region of 1500—-450cm~! with
resolution 8 cm~! using a Perkin Elmer RX 1 FT-IR spec-
trophotometer. The thermogravimetric analysis (TGA) data
of the samples were recorded using a Mettler Toledo TG anal-
yser (model = TGA/DSC-1). The analysis was carried out at
a heating rate of 10 K min~! in N, flow over the temperature
range of 313-1023 K. A U-4100 spectrophotometer (solid)
was used for the recording of the UV-Vis spectra of the sam-
ples, applying a sampling interval of 2.00 nm and a scan speed
of 600 nm min~"'; the spectra of the samples were recorded in
the wavelength range 200-600 nm. A Micromeritics (Tristar
3000) analyser with N, as adsorbate at —195.85°C was used
for the determination of specific surface area, pore volume
and porosity of the samples. Prior to the measurement by the
BET method (single point, p/py = 0.13) the samples were
degassed at 673 K for 6 h. A Jeol JSM-6390 LV scanning
electron microscope (SEM) was used for the study of mor-
phology of the synthesized samples. For the determination of
elemental composition of calcined sample, energy-dispersive
X-ray analysis (EDX) was carried out at 20 kV. Measurement
was applied to a number of areas and the values were normal-
ized to get average values. Finally, GC—-MS (Perkin Elmer,
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Clarus-500) was used for the identification of the reaction
products of phenol hydroxylation reaction.

3. Results and discussion

Very good agreement was observed when both the d-spacing
and relative intensities in the XRD patterns of the synthesized
Ru-MFI samples were compared to those reported in the liter-
ature [15]. The XRD patterns of Ru—MFI samples synthesized
using different aluminium to ruthenium ratios are presented
in figure 1. The formation of pure phase zeolite was confirmed
by the XRD patterns, which presented prominent peaks in 26
values around 6.5 and 22.5 with a few additional shoulder
peaks in all the ruthenium incorporated MFI samples. More-
over, as the Ru** ion has a larger ionic radius (0.69 A) than
that of A+ (0.57 A), the expansion of the unit cell confirms
the incorporation of ruthenium within the framework. As the
level of metal substitution increases, the unit cell volumes
were also found to increase gradually.

It was further noticed that the major reflections shift
towards lower 26 values with increasing level of metal substi-
tution, indicating the successful incorporation of ruthenium
into the framework of MFI [16]. Table 2 shows the shift in the
(501) reflection 26 value of the Ru—MFI samples with respect
to the parent MFIL.

For a particular crystallographic plane (hkl), the crys-
tallinity of the MFI samples can be calculated using the
following relation:

C (%) = 100 x Iy /Iy + Inir),

where [, is the integral background intensity and Iy, is the
corrected integral XRD peak intensity for the same plane.

Prominent peaks shift to lower
2 theta values with increasing
level of Ru substitution
>
3 | (a)
c
2
= (b)
(c)
(d)
T T T T T T T T T T T
0 10 20 30 40 50

2 Theta

Figure 1. XRD patterns of the synthesized samples: (a) SI00Rul,
(b) S100Ru2, (¢) S100Ru3 and (d) S100.
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Table 2. Shift in 26 value of the (501) reflection of the Ru—MFI
samples with respect to parent MFIL.

Position of the Shift in the 26
Ru** (mol) prominent (501)  value wrt parent
Sample in the gel peak MFI
S100 — 23.36 —
S100Rul 0.50 23.07 0.29
S100Ru2 0.33 23.19 0.17
S100Ru3 0.25 23.22 0.17

Table 3 contains the crystallinity (%) with reference to three
significant peaks (101), (501) and (303) and the average crys-
tallinity (%) of the samples. A high crystallinity of ~91%
was found to be exhibited by all the samples in the present
investigation.

The crystallite dimension (D) of the identified crys-
talline phase was determined by application of the Scherrer
formula [17]:

Dy = K2/ (B cos 0),

where 0y, is the Bragg angle, A is the wavelength (CuK,,
1.5418 A), B is the full-width at half-maximum and K is the
shape factor (taken to be 0.9). For the conversion of 8 from
degrees to radians to obtain Dy in units of nm the factor
5.73 is used. The crystallite sizes of the synthesized sam-
ples are found to be in the range 53-57 nm. Table 3 contains
the change in unit cell volume of the samples with increas-
ing level of ruthenium substitution in the framework of MFL.
With increasing level of ruthenium substitution, the unit cell
volumes are also found to increase, i.e., the volume of the unit
cells of various samples follows the order

MFI < S100Ru3 < S100Ru2 < S100Rul.

FT-1R spectra of synthesized Ru—-MFI samples are shown in
figure 2. Distinct IR bands near 1080 cm™! (internal asymmet-
ric stretch), 790 cm ™! (external symmetric stretch), 540 cm™!
(double-ring vibration) and 450 cm™' (T-O bending) confirm
the formation of MFI zeolite in all cases shown. The presence
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of double five-member rings in the structure is confirmed by
the absorption bands near 550 cm~! [18]. The band around
1225cm™! is assigned to four chains of five-member rings
arranged around a two-fold screw axis. However, in the
present study, the distortion in the spectral pattern with
increasing levels of substitution was not to be found similar to
that reported previously [17]. An additional absorption peak
was observed at 990 cm ™! for Ru-incorporated MFI samples,
which is an indication of successful incorporation of Ru into
the zeolite framework [19]. This peak is missing in case of the
parent non-Ru-containing MFI zeolite. The relative sharpness
of this shoulder increases with increasing ruthenium content
in the gel. Slight shifts are also observed in the asymmetric
and symmetric stretching vibrations and the T-O bending,
which may be due to incorporation of ruthenium into the MFI
framework.

Figure 3 shows the TGA curves of the synthesized Ru—
MFI zeolites. The initial mass loss due to physically adsorbed
water in the porous materials was observed up to 423 K [20].
Table 4 shows the decreasing mass loss in this region with
increasing Ru content. It reflects weaker Ru®* —H,O interac-
tion than AI**—H,O interaction due to lower charge:radius
ratio [7]. With increasing ruthenium concentration in the
gel, the mass loss was found to increase in the tempera-
ture range 423-893 K, while it was found to decrease at
temperatures beyond 893 K. TPA™ cations ion-paired to crys-
tal surface defects and occluded in zeolite channels are less
strongly bound and hence more easily lost in a compara-
tively lower temperature range (423-893 K). On the other
hand, the TPA™ cations that are coordinated to MO, are
lost at high temperature above 893 K as they are strongly
bounded.

There is a distinct effect of ruthenium incorporation into
MEFI structure that is reflected in the increase and decrease of
weight loss as ruthenium content increases in the temperature
range of 423-773 and beyond 893 K, respectively.

Figure 4 shows the UV-Vis DR spectra of the Ru—-MFI
samples. All the spectra of Ru—MFI samples show a band
around 212 nm, which is missing in case of the parent MFI
sample. The band at around 212 nm is an indication of a
heteroatom with tetrahedral coordination [21]. However, an
additional peak around 250 nm is an indication of the presence
of some extra framework Ru.

Table 3. Crystallite size, percentage of crystallinity Cp; (%) and unit cell volume of the synthesized Ru—MFI sample from

XRD.
C (%) from XRD Unit cell edges A)
Si:Al or Crystallite size Unit cell

Sample  Si:(Al+Ru) AlLRu  from (501) (nm) (101) (501) (303) Average a b c volume (A3)
S100Rul 100 1 53 8790 9247 8954 8997 1398 19.85 14.96 4151.44
S100Ru2 100 2 54 9494 9451 91.08 9351 1391 19.79 1491 4104.41
S100Ru3 100 3 57 90.99 9559 87.02 9120 13.74 19.76 14.79 4015.52
S100 100 — 49 9143 9578 87.65 91.62 1359 19.71 14.64 3921.45
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Figure 5 shows the nitrogen adsorption isotherms of
calcined Ru—MFI samples. H-1-type hysteresis loops are
observed for the ruthenium-incorporated zeolite samples with
adsorption—desorption branches at p/py = 0.12—0.21. It
was observed that with increase in Ru content in the gel
from 0.25 to 0.50 M the specific surface area of the Ru—
MFI samples increased from ~359 to ~364 m?> g~! and the
pore volume increased from 0.179 to 0.188cm?®g~!. The
results reflect that the surface area as well as the pore vol-
ume increased with the increase in the level of substitution
of ruthenium. Specific surface area, pore size and pore vol-
ume of synthesized Ru—MFI samples are presented in table 4.
The pore sizes of the synthesized samples were found to
be in both the microporous as well as in the mesoporous
range.

SEM micrographs of synthesized Ru-MFI samples are
shown in figure 6. The micrographs indicate the formation
of quite uniform rectangle- and twinned-rectangle-shaped
Ru-MFI particles with particle size of nearly 27 um. The

% Transmittance

300

— —
1000 900 700 oo 500 400

Wavenumber (cm)

Figure 2. FT-IR spectra of (a) S100Rul, (b) S100Ru2, (c)
S100Ru3 and (d) S100.
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difference in the metal concentration in the gel is not reflected
in the morphological features of the samples. However, the
shape and size of Ru—MFI samples are markedly different
from those of undoped MFI (figure 6d). Greater agglom-
eration of the particles is noticed for samples containing
lesser Ru, which may be due to residual silica remaining
during the crystallization process. With increase in the metal
concentration in the gel the crystallinity and crystallite size
are also found to increase.

Parent (sample S100) and modified Ru—MFI samples (sam-
ples S100Rul, S100Ru2 and S100Ru3) were used to carry out
the phenol hydroxylation reactions in the temperature range
333-353 K with 30% H,0,, 30% H,0, + additional water
and 30% H,0, + acetonitrile. A phenol to hydrogen peroxide
mole ratio of 1:1 was used. CL was found to be the pre-
dominant product, in the present reaction conditions. When
the progress of the reaction was monitored with time during
the hydroxylation of phenol it was observed that conversion

e (a)
E
E
Lo
[e5)
= (b)
T @
i

Temperature (°C)

Figure 3. TGA curves of (a) S1I00Rul, (b) S100Ru2 and (c)
S100Ru3.

Table 4. Specific surface area, pore size, pore volume and weight loss (%, during TG analysis) of synthesized Ru—MFI samples.

Ru3* (mol) Surface area Pore volume = Mesopore =~ Micropore Weight loss  Total weight
Sample in the gel (BET) (m?g~!) (em? g1 size (nm) size (nm)  Temp. range (%) loss (%)
S100Rul 0.50 364 0.188 23 0.51 313-423 1.06 15.19
423-893 12.67
893-1023 1.46
S100Ru2 0.33 360 0.184 2.1 0.52 313-423 1.32 14.55
423-893 11.69
893-1023 1.54
S100Ru3 0.25 359 0.179 2.2 0.53 313-423 1.37 14.47
423-893 11.54
893-1023 1.56
S100 — 355 0.175 2.1 0.51 — — —
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increased with increase of reaction time (figure 7). This was
true for all the solvents used in the present study, i.e., with 30%
H,0,, 30% H,0, + additional water and with 30% H,0, +
acetonitrile.

On raising the temperature up to 343 from 333 K, the
conversion was found to increase (figure 8), but on further
raising the temperature up to 353 K, although the conversion
was increased, the rate of increase was less in compari-
son with the rate at 343 K. This observed fact may be

~ 212
< k\ )
T T ) T T T N |(d)
200 300 400 500 600

Wavelength (nm)

Figure 4. UV-Vis DR spectra of (a) SI00Rul, (b) S100Ru2, (c)
S100Ru3 and (d) S100.
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due to the competitive non-selective thermal decomposition
of H,O; at higher temperature [22]; 30% H,O, used with
additional water as solvent was found to be better for phe-
nol conversion in all cases. The conversion of phenol was
found to increase with increase in solvent polarity. Prob-
ably in polar solvents like H,O, phenol and H,O, can
reach the active sites more easily than in organic solvents.
For driving the reaction, the hydroxylating agent and the

600 7
+ (a)

~ . iy

500 o CIOEEIFOOV
& 0,0~°'°,OW ©
2 Py eos” ®)

A g 5

m&” 400 /0 -/‘ o OQ'OWWOW‘}
=] o 8O = (c)
g 0% g o Wwoocoooo‘og
) 7 SRR
S 3 i o’oo’./ f o
= L eI
o S
'3: 200 o e
& =t
=
g 100
=]
o

0

T ¥ T ¥ T ¥ T ¥ T % T
0.0 02 04 0.6 08 10
Relative Pressure (p/po)

Figure 5. Nj adsorption isotherm of (a) SI00Rul, (b) S100Ru2
and (c) ST00Ru3.

Figure 6. SEM images of (a) SI00Rul, (b) SI00Ru2, (¢) S100Ru3 and (d) S100.
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Figure 7. Effect of reaction time on hydroxylation of phenol on SI00Ru3 in H,O, CH3CN and with

no additional solvent.
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Figure 8. Effect of temperature on hydroxylation of phenol on
S100Ru3.

substrate molecule should be near the active site of the
catalyst.

In this water medium, the hydroxyl radicals, which are
thought to be the active species involved in the hydroxylation
reaction, are generated, and both phenol and H,O, approach
the active centre easily. Moreover, in water, an electrophile is
more easily produced and stabilized to a greater degree than in
organic solvents. In some organic solvents, the reaction does
not take place at all, possibly due to the lack of hydroxylated
nature of the organic solvents [23]. In all cases the conver-
sion was found to increase with the increase in the amount

80 7
70

60

50 4

% Conversion/ Selectivity
-
(=3
1

4 6 8
Amount of Catalyst (W/W) %

22 % Conversion % Selectivity of Catechol

= Selectivity of Hydroquinone

Figure 9. Effect of amount of catalyst on hydroxylation of phenol
on S100Ru3.

of catalysts (figure 9). With the increase in the ruthenium
content in the synthesized MFI samples the conversion was
found to increase. As evident from the decrease of CL/HQ
ratio with gradual increase in Ru content, low Ru content in
the zeolite structure favoured CL formation. After each reac-
tion the catalysts were recovered by filtration and were used
for a different set of reactions. It was observed that the per-
formance of the catalyst was not significantly affected even
after two runs. The catalysts were hydroxylated during the
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reaction, which on heating undergo dehydration to generate
the catalysts.

4. Conclusion

Slightly acidic or neutral media were used for the synthe-
sis of ruthenium-incorporated MFI samples using fluoride
gel as a mineralizer. The successful formation of MFI zeo-
lite phase was confirmed by XRD and FT-IR spectra of the
samples. The successful incorporation of Ru in MFI samples
was confirmed by TGA as well as in the DR spectra; ~91%
crystallinity was exhibited for all the synthesized samples of
Ru-MFI. With an increasing level of metal substitution the
unit cell volumes were found to increase. EDX was carried
out for the confirmation of Si, Al and Ru in the synthesized
samples. With the increase of ruthenium in the MFI samples,
the specific surface area as well as pore volume of the syn-
thesized samples were also found to increase. Although the
synthesized samples contain different metal concentrations,
their morphological features are found to be almost the same,
but their shape and size are noticeably different from those of
undoped MFI. Greater agglomeration of the particles is found
for the samples containing lesser ruthenium.

In the present work, CL was found to be the predominant
product of phenol hydroxylation under the investigated reac-
tion conditions. It was observed that conversion increased
with an increase in the amount of Ru in the Ru—-MFI samples.
With increase in the level of metal content in the samples the
CL/HQ ratios were found to decrease. The conversion was
found to increase with increasing temperature. For conversion
of phenol, 30% H,0O, with additional water was favourable.
With increasing amount of catalyst, the conversion was found
to increase in all cases.
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