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Cﬁaracterization
Physicochemical characterization of the prepared catalysts is usually done to ensure
the purity of the systems and to get an insight to the nature of the active sites on the catalyst

surface. Characterization of the prepared catalysts were done by different techniques such

as X-ray diffraction analysis, energy dispersive X-ray analysis, surface area and pore

volume measurements, scanning electron spectroscopy, infrared spectroscopy,
thennogravimetry. UV-Vis diffuse reflectance spectroscopy and ‘H NMR spectroscopy.
Strength and distribution of acid site were detennined by three independent methods viz.
ammonia TPD, perylene adsorption and thermodesorption of 2.6-dimethylpyridine. Cumene
conversion reaction was employed to quantify the various types of acid sites on the surface

of the catalysts. Acid base property of the catalysts was evaluated by cyclohexanol
decomposition reaction.

3.1 INTRODUCTION

In heterogeneous catalysis, the reaction occurs at the surface. Catalysts

and catalytic surfaces, hence, need to be characterized by reference to their
physical properties and by their actual performance as a catalyst. The most
important physical properties are those relating to the surface because catalyst

performance is determined by surface parameters‘. Atoms on surfaces are
distinctly different from those in the bulk in terms of unsaturated coordination,
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electronic properties and crystallographic arrangements. It is essential to know

the exact structure of surface including defects as well as exact location of
active sites. We present a brief discussion on characterization of surfaces of
the catalysts since they are primarily responsible for catalytic activity of
substances. Since solid supported catalysts and the sulfated metal oxides are
well known for its surface acidity, a more detailed investigation of the acidity of

the prepared systems are also discussed.
3.2 PHYSICAL CHARACTERIZATION

The catalyst systems synthesized were characterized by adopting
various physical methods. The results are discussed in the following sections.
I. X-RAY DIFFRACTION ANALYSIS (XRD)

XRD profiles of titania and sulfated titania calcined at 500°C is given in

figure 3.1. After calcination at 500°C, anatase appears as a crystalline phase

manifested by its 101 peak (26 = 25.5“). The anatase-rutile transformation
takes place at this temperature and is confirmed by the occurrence of the 110

peak of rutile at 29 = 27.5°). The sulfated titania possesses only diffraction

lines, such as at 20 = 25.5, 37.4, 48 and 53° simply indicating the anatase
type of TiO2. Diffraction lines for the rutile type of TiO2 are observed at
26 = 27, 36, 41 and 54° in the case of pure titania. The peaks corresponding

to the rutile phase is completely eliminated in the case of sulfated samples.
This indicates that sulfation retards the transformation from anatase to rutile

in comparison with the sample without sulfation. The powder X-ray
diffractograms of metal incorporated sulfated titania systems are shown in
figures 3.2 and 3.3. The transition of amorphous TiO2 to crystalline anatase

TiO2 takes place at 350 and 500°C for pure titania and sulfated titania
respectivelyz. The intensity of XRD characteristic peaks of anatase TiO2 for

sulfated titania samples were lower and broader than those for the pure
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titania. These observations are in support of the generally recognized
viewpoint that sulfation inhibits the sintering of titania and stabilizes the
surface area of sulfated titania catalysta.
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Figure 3.1 XRD profile of (a) T (b) ST

It is reported that ZrO2 notably delay the anatase to rutile transformation,

stabilizing the anatase phase“. In addition to stabilizing anatase TiO2
crystallites, sulfate surface species inhibit sintering of TiO2 crystallites leading
to lower crystallites than in pure TiO2. Low peak intensity, in the case of sulfate

treated samples, indicates low crystallinity. It has been reported that the degree

of crystallization of the sulfated oxides is much lower than that of the oxides
without sulfation“. Dispersion of S042‘ species hinders agglomerization of the

titania particles indicating delayed crystallization. The absence of any change
in the peak intensity after sulfate treatment indicates that the amount of sulfate

retained on the surface is insufficient to cause any change in the diffraction
pattern and it is well dispersed on the surface.
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Figure 3.2:- XFlD profiles of (a) STCr(3) (b) STMn(3) (c) STFe(3) (d) STCO(3)

(e) STNi(3) (f) STCu(3) (f) STZn(3)

The average crystallite size is calculated using Scherrer equation‘ from
the 101 reflection of anatase is given in table 3.1. The average crystallite size

of titania decreases in presence of sulfate ion. The crystallite size decrease in

presence of sulfate ions as SO42‘ species could possibly interact with TiO2
network and thus, hinder the growth of the particle. Even a very small amount
of S042‘ species can be responsible for this effect. This type of effect is also
observed in PO43‘ °"° and WO3“"2. From our earlier studies” it is noted that,
crystallite size of titania decreases in the presence of sulfate ion, irrespective of

the percentage of sulfate loading. This indicates that the crystallinity is more or

less dependent on the presence of sulfate ion, but not on the percentage of
sulfate loading. Among the different metal incorporated systems, chromia
loaded systems show the lowest crystallite size. In the case of iron and nickel
loaded samples there is an increase in the crystallite size than sulfated titania
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due to the formation of bulk metal oxide rather than the dispersed form on the
surface of titania. As the metal content increases the crystallite size increases.
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Figure 3.3 xnp profiles of (a) STCr(9) (b) STMn(9) (c) STFe(9)
(d) STCo(9) (e) STNi(9) (r) STCu(9) (f) STZn(9)

Since no titanium sulfate is detected by XRD for the catalysts examined

in the present study, the sulfur may exist in a form of sulfate on the surface of
TiO2. Choo et al.“ reported that there was no formation of titanium sulfate for
the ST calcined even at 900°C. In order to identify the state of sulfur species on

the surface of TiO2, they examined the sulfated supports by XPS and found

that the sulfur compound exists in a form of sulfate (SO42) on the catalyst
surface. The bulk structure of titania remains virtually unchanged by the
incorporation of metal ions, except for a lowering in crystallinity. The absence

of any characteristic peaks of the metal oxides, suggest that these oxides are
present in the form of dispersed oxide species, since the total content of them

is rather small and may be below the limits of detection with the XRD
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technique. The bulk structure remains virtually unchanged by the incorporation
of transition metals, except for a lowering in crystallinity.
II. SURFACE AREA AND PORE VOLUME MEASUREMENTS

The surface areas and pore volumes of the prepared catalysts are given
in tables 3.1 and 3.2 measured using BET method by nitrogen adsorption at
liquid nitrogen temperature. From the tables it is observed that pure titania has

a BET surface area of 35 m2 g" and Langmuir surface area of 45 m2 g". The

surface area and pore volume of the sullated samples are invariably higher

than pure titania. Superacidity is created by adsorbing sulfate ions into
amorphous metal oxides followed by calcination in air to convert to the
crystalline forms. Specific surface areas of the sulfated catalysts are much
larger than those of the oxides without the sulfate treatment. The main reason

of surface area increment is due to the retardation of crystallization of the
support oxides by the sulfate groups present on the surface”. The lowering of
degree of crystallinity. as evident from the XRD patterns, supports the increase
in the surface area by sulfate treatment.

It has been noted by Ma ef aI.‘° that the crystalline grain and specific

surface area of the oxide precursor exert a significant influence on the
properties of the catalyst. Since sulfation of the oxide is carried out by SO42‘
adsorption onto the precursor, a small crystalline grain and higher surface area

of the precursor enhance the adsorption and, hence, increase the sulfate
content of the final catalyst, even if a part of sulfate is lost during thermal
activation of the catalyst. Upon calcination, there is no phase transition and the
presence of S042‘ species stabilizes the surface area, thus the final SO42‘/TiOg
catalysts retain higher surface areas and higher catalytic activities.
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Table 3.1 Surface area, pore volume and crystallite size of the prepared systems

Surfage -yea Pore volume Crysftalme .P°re

Catalyst (m 9 ) (X 10;, mg 9.1) size diameter

BET Langmuir (""9 W“)

T 35 46 0.09 12.71 102.8
ST 91 138 0.21 9.62 92.3

STCr(3) 100 152 0.18 5.90 72.0
STMn(3) 87 134 0.15 7.09 69.0
STFe(3) 104 160 0.17 10.40 65.4
STCo(3) 90 137 0.14 1 1.99 62.2
STNi(3) 63 131 0.15 12.62 72.3
STCu(3) 70 106 0.15 16.06 65.7
STZn(3) 92 139 0.14 5.92 60.1
STCr(9) 128 226 0.17 6.36 53.1
STMn(9) 98 205 0.14 19.39 57.1
STFe(9) 138 250 0.17 13.56 49.3
STCO(9) 98 206 0.11 15.07 44.9
STNi(9) 95 201 0.11 18.14 46.3
STCu(9) 80 191 0.11 16.57 55.0
STZn(9) 96 216 0.11 14.86 44.9

Addition of transition metal species causes a further setback to the
crystallization and sintering process, which is evident from the higher surface
area of the samples in comparison with the simple sulfated system. The metal

oxide species along with the sulfate ions prevent the agglomeration of titania

particles resulting in a higher surface area. Only exception is STCu(3) and

STNi(3) samples for which there was a slight lowering of surface area
compared to ST. Among the different metal incorporated systems, there was
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no significant variation in the surface area value. As the metal content
increases, surface area is found to increase. The dispersed metal oxides
along with the sulfate species prevent the agglomerization of titania particles
leading to an enhanced surface area.
Table 3.2 Surface area, pore volume and crystallite size of the

prepared systems

Catalyst s“”a°e 3'93 (‘"2 9'1) . Poresvolgrme Pore diameter

BET Langmuir (" 10 m 9 ) (nm)

STCr(6) 123 199 0.17 55.3
STMn(6) 99 180 0.12 53.9
STFe(6) 123 221 0.17 53.1
STCo(6) 91 186 0.11 43.4
STNl(6) 85 179 0.13 61.2
STCU(6) 72 170 0.12 66.7
STZn(6) 96 189 0.12 50.0

It has been shown”"° that in sulfated metal oxides, some of the hydroxyl

bridges originally present in dried uncalcined and unsulfated titania are
replaced by the sulfate ions. On calcination, the formation of oxy bonds takes
place, and results in change in the Ti-O-Ti bond strength due to attachment of

the sulfate bridges. Thus the changes in the Ti-O-Ti bond strength may be
responsible for the formation of porous network. Consequently, the increase in

surface area with an increase in sulfate content appears to be due to the
stabilizing effect of the sulfate ions. In general, the pore volume of the samples

is related to their crystallite size. The pore volume is increased as the anatase

crystallite size in the samples becomes finer and more uniform. The pore
volume of the different systems also remained in almost the same range.
Comparatively low pore volume of metal loaded systems may be ascribed to
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the blocking of the pores as the crystallites agglomerize by virtue of sintering.

Assuming the pores are cylindrical, the average pore diameter is calculated
using the formula: d = 4Vp/Sp, where d is the average pore diameter, VP is the

pore volume, and Sp is the surface areas. Decrease in the pore diameter is
observed after sulfation. Metal incorporated samples also show a decrease in
pore diameter. Colon et al.4 reported that when ZrO2 is incorporated into the
titanium oxide, average pore diameter shifts slightly toward lower values, and

the pore volume becomes significantly higher. It is known that the degree of

agglomeration at constant pore diameter can be controlled by the
concentration of the tree hydroxide in the particle without the decrease of the
number of bonds between particles”. Accordingly, this type of agglomeration
occurring in TiO2/SO42" indicates that the free OH bind sites of Ti(OH)4 in the

particle, where the agglomeration/crystallization takes place during calcination,
are consumed by the addition of S042‘ ion.
Ill. ENERGY DISPERSIVE X-RAY FLOURESCENCE ANALYSIS (EDX)

Elemental composition of the prepared catalytic systems is presented in

table 3.3. Sulfated titania shows a sulfate content of 4.66%. while that of
STCr(3) shows 9.16%. The sulfate content of the metal incorporated sample is

considerably higher, when compared with sulfated titania, which indicate that
metal doping brings about a considerable reduction in the extent of sulfate loss

from the catalyst surface. Though the same concentration of sulfuric acid
solution was used for sulfate modification of all the samples, their sulfate
retaining capacity is different. The presence of these metal oxides stabilizes
the sulfate over layers on the catalyst surface, which is apparent from the
increase in the sulfate retaining capacity. The sulfate content for the various
systems remained in the range 7.47 to 12.85%. Chromia loaded sample shows

maximum sulfate retention capacity. The amount of sulfate retained in the
samples shows a gradual increase as the metal content is increased. The
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metal content of different systems clearly indicates that the expected catalyst
profile can be successfully achieved by the present preparation method. From

the results, it is evident that in all the cases, the amount of metal in the
samples is very close to the expected value.
Table 3.3 Elemental composition from EDX (%)

Catalyst TiO2 S04 Metal Catalyst TiO2 S04 Metal

T 100 - - ST 95.34 4.33 

STCr(3) 33.05 9.13 2.73 STCr(6) 33.59 10.52 5.90
STMn(3) 90.49 7.23 2.23 STMn(6) 33.12 3.24 5.34
STFe(3) 39.44 7.33 2.93 STFe(6) 33.32 7.92 5.73
STCo(3) 39.31 7.33 2.33 STCo(6) 37.09 7.99 4.92
STNi(3) 39.43 3.34 2.23 STNi(6) 33.55 3.37 5.03
STCu(3) 39.39 7.47 2.37 STCu(6) 33.35 3.05 5.30
STZn(3) 39.11 3.14 2.75 STZn(6) 37.23 3.37 4.40
STCr(9) 31.30 10.53 7.32 STNi(9) 79.09 12.35 3.03
STMn(9) 33.52 9.34 3.34 STCu(9) 79.42 11.97 3.31
STFe(9) 32.92 10.21 3.31 STZn(9) 32.77 10.13 7.05
STCo(9) 30.13 11.30 3.52
IV. SCANNING ELECTRON MICROSCOPY (SEM)

Regarding the morphology, figure 3.4 present the selected SEM images

of the prepared catalysts. In SEM pictures spherical aggregates of small sub
particles are observed. Particles present homogenous morphology and similar
distribution in size and shape. The particle shape is spherical, but the particles

are coagulated each other, and thus, the size of single particle could not be

calculated accurately. The particles were clustered together due to the
electrostatic effect of very fine particles. This is a very common phenomenon in
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the case of nanoparticles2°. However, it is confirmed that the particle size was
distributed around 10 to 50 nm. Incorporation of transition metals does not alter

the structure of titania. Particle size is observed to be larger in the case of pure

titania. Crystallite size is decreased after sulfate incorporation. Addition of
transition metals again changes the morphology greatly. Comparatively large
particle size is observed in the case of nickel and copper loaded samples.

T ST STCr(3)

STNi(3) STCu(3) STZn(3)
Figure 3.4 Scanning electron micrographs of representative systems
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V. THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric analysis of representative samples heated under a

flow of nitrogen can be seen in figures 3.5 and 3.6. The mathematically
obtained differential curve is also plotted in order to clarify the weight loss
processes. TG/DTG pattern of pure titania indicates a continuous dehydration
over the entire temperature.
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Figure 3.5 TG/DTG profiles of (a) T (b) ST (C) STCr(3) (d) STMn(3) (e) STFe(3)

The first loss of weight associated with hydration water, located between

the particles, occurs in a wide temperature range, i.e.. between room
temperature and 100°C“. Another small dip in the region of 250 to 300°C may

be due to the removal of structural water present in the sample. No additional

weight loss is noticed in the higher temperature region in the case of pure
titania. An additional decomposition in the case of sulfated samples is seen
around 650-700°C and can be ascribed to the decomposition of the sulfate
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species giving rise to evolution of oxides of sulfur”. The decomposition of
surface sulfate groups above 700°C is reported in the case of sulfated metal

oxide23'2“. Here also the initial weight loss corresponds to the removal of
surface adsorbed water of hydration. The metal incorporated samples exhibited

a higher thermal stability. The commencement of decomposition in these cases

occured only above 700°C. It is inferred that besides delaying the
crystallization process, the addition of the metal species also serves to stabilize

the surface sulfate species. In all these thermograms no apparent weight loss

is observed up to 600°C after transformation of metal salts to corresponding
metal oxide.
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Figure 3.6 TG/DTG profiles of (a) STCo(3) (b) STNi(3) (c) STCu(3)(d) STZn(3)
VI. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

Figures 3.7 to 3.9 present the NIH spectra of representative systems of

sulfated titania catalysts calcined at 500°C. The IR spectrum of pure titania
shows two strong absorption bands at 3436 and 1626 cm“. Additional bands at
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around 400-500 cm" are also observed. The oxide supports generally
terminate with surface OH groups, which are quite polar and give strong IR

bands in the 3000-4000 cm" and 1600-1700 cm" regions”. The vibration
modes of anatase skeletal O-Ti-O bonds are observed in the range of 400-900
cm" with a maximum at 474 cm" 2°27. In the low energy region of the spectrum

the bands at 595 and 467 cm" are assigned to bending vibrations of Ti-O
bonds“. It was reported” that the bands at 1132, 979. 776and 669 cm" can
be assigned as Ti-O asymmetric and symmetric stretching vibrations. The
sulfate sample show IR spectra which are different from those of metal
sulfates; the material show absorption bands at 980-990, 1040,1130-1150 and
1210-1230 cm", which are assigned to the bidentate sulfate coordinated to the
metaI3°.
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Figure 3.7 FTIR spectra of (a) T (b) ST
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Figure 3.8 I-‘FIR spectra of (c) STCr(3) (d) STMn(3) (e) STFe(3) (f) STCo(3)
(g) STNi(3) (h) STCu(3)(i) STZn(3)

IR spectra of sulfated metal oxides gave a strong absorption band near

1380-1360 cm" and a broad band around 1000-1200 cm". It has been
reported that TiO2/SO42‘ give the bands of S=O at 1375 cm“. The drastic shift

of the IR band indicates a strong interaction between the support and the
surface sulfur complex‘’‘. The band around 1370 cm" arises from the highly

covalent character of the S=O on a highly dehydrated oxide surface“.
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According to Morterra et a/.32 the peaks in this region correspond to isolated

surface sulfates whereas generation of polynuclear sulfates at high sulfate
loadings shifts the peak to around 1400 cm". The absence of peaks around

1400 cm“ suggests the absence of polynuclear species in the samples
irrespective of high sulfate loading.

au'm It'l|I )u'nn uh!
Vinvu Nuvnh¢n(u1:";

Figure 3.9 l-‘FIR spectra of (a) STCr(9) (b) STMn(9) (c) STFe(9) (d) STCo(9)
(e) STNi(9) (f) STCu(9)(g) STZn(9)
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A broad band due to the —OH species appear around 3436 cm" for pure

titania, whereas for the modified samples, the peak maxima is shifted. This

shift in the —OH peak to a lower stretching frequency is suggestive of an
enhancement in acid strength for the sulfated samples. The increase in
Bronsted acidity during sulfation may be ascribed to the generation of S-OH
groups” or to the acidity enhancement of the surface —OH groups“. When
S042‘ is bound to the titania surface, the symmetry can be lowered to either C3V

or Czy. The bands obtained in the 1200-1100 cm" regions are typical of sulfato

complexes in a bidentate configuration with Cgv symmetry”. Thus the IR
spectral bands of the samples closely agree to the bidentate sulfate complex
structure having bands around 1119 and 1129 cm“.

Sulfated titania exhibits a broad IR band at the region of 3470 cm". The
absence of IR peak at 3720 cm“ reveals the absence of basic hydroxyl groups.

This result indicates that the surface sulfates preferentially cover the hydroxyl

sites at the 3720 cm" regions, reducing the number of sites for metal
loadings”. Saur et al.“ using isotope exchange and IR analysis proposed a
(Ti-O)3S=O structure under dry conditions for SO42‘/TiO2. The sulfate type
changes from tridentate species to bidentate species with SO42‘ content on the

metal oxide surface. As the sulfate loading is increased, it is proposed that
S2072’ and S3O1o2' species may also be present32'35‘3°.

VII. UV-Vis DIFFUSE REFLECTANCE SPECTROSCOPY (UV-Vis DRS)

UV-Vis spectroscopy has been utilized to characterize the bulk structure
of crystalline and amorphous titania. TiO2 is a semiconductor oxide with easily

measured optical band gap. UV-Vis DRS is used to probe the band structure,

or molecular energy levels, in the materials since UV-Vis light excitation
creates photogenerated electrons and holes. Information about the absorptive
properties of metal oxides can be obtained from diffuse reflectance UV-Vis
spectroscopy. This is very important for catalysts for photocatalytic applications
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since it gives information about the bad gap of semiconductors. The UV-Vis
absorption band edge is a strong function of tiania cluster size for diameter less

than 10 nm, which can be attributed to the well-known quantum size effect for
semiconductors”.
Table 3.4 km, and band gap energy obtained from UV-Vis DRS analysis

Catalyst km (nm) eﬁzgdygzzg) Catalyst Am. (nm) eﬁggyags)

T 372 3.25 ST 322 3.76

STCr(3) 316 3.83 STCr(6) 314 3.85
STMn(3) 319 3.79 STMn(6) 315 3.84
STFe(3) 324 3.74 STFe(6) 323 3.75
STCo(3) 327 3.70 STCo(6) 325 3.72
STNi(3) 330 3.67 STNi(6) 327 3.70
STCu(3) 335 3.61 STCu(6) 330 3.67
STZn(3) 317 3.82 STZn(6) 316 3.83
STCr(9) 310 3.90 STNi(9) 322 3.76
STMn(9) 314 3.35 STCu(9) 327 3.70
STFe(9) 320 3.73 STZn(9) 312 3.33
STCo(9) 321 3.77
Zhang et aI."° reported the UV-Vis spectra of titania samples calcined at

different temperatures. Blue shift is observed for the absorption spectra as the

calcination temperature is increased. In Table 3.4, we report the calculated
values of band gap energy for all samples. Band gap energy observed for TiO2
Degussa P25 and Hombikat UV-100 reported in the literature“ is about 3.5 eV,

depending on the anatase-rutile fraction present in the oxide. The band gap
energy is found to increase after sulfate modification and metal incorporation.
Figure 3.10 gives the diffuse reflectance spectra of representative samples.
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Characteristic band for tetrahedrally coordinated titanium appear at about
300-400 nm. The absorption is associated to the 02‘ —> Ti“ charge transfer
corresponding to electronic excitation from the valence band to the conduction
band. A progressive shift in the band gap absorption onset to the visible region

and a decrease absorbance in UV region are noticed with increasing metal
content.
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Figure 3.10 UV-Vis DR spectra of (a) T (b) ST (c) STCr(3) (d) STMn(3)

(e)STFe(3) (f) STCo(3) (g)STNi(3) (h) STCu(3) (i)STZn(3)
The presence of the doping ions caused significant absorption shifts into
the lower wavelength region compared to pure titania. In the case of chromium

loaded samples additional band near 600 nm is observed, which is attributed to
‘A29 —> ‘T19 transitions for Cr(lll) ions in an octahedral environment”. However,

Cr(III) —>Ti(lV) charge transfer transitions, which may be alternatively described

as excitation of an electron of Cr(lI|) into the conduction band of TiO2, cannot

be ruled out”. Manganese loaded samples revealed weak absorption bands in

the 600-650 nm, and were assigned to the 6A1g —+ ‘T29 crystal field
transitions’“"5. The absorption spectra of cobalt loaded samples show an
increased absorption in the region of 600 nm, which may arise from charge
transfer and d-d transitions“.
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VIII. SOLID STATE ‘H NUCLEAR MAGNETIC RESONANCE (NMR)
SPECTROSCOPY

‘H MAS (magic angle spinning) NMR spectroscopy has proven to be an

exceedingly useful technique for characterizing the hydroxylated surfaces of

metal oxides. ‘H NMR measurements have been performed with the aim of
measuring the characteristic proton chemical shifts of hydroxy groups bound to

titania. Figures 3.11 and 3.12 gives the ‘H NMR spectra of representative

samples. It is one of the best characterization techniques available for
Bronsted acid amount determination as it directly probes the protons and their
environments. In principle, ‘H MAS-NMR chemical shifts are correlated with the

proton donor ability of Bronsted acid sites and hence can provide straight
information about the Bronsted acidic strength4°‘5‘.

Fraissard and coworkers” studied the distribution of protons between
hydroxyl groups and adsorbed molecular water on different forms of tiania

using a broad-line NMFI technique. Recently, reports have appeared
concerning the identification of hydroxy groups in mixed TiO2-ZrO2 supports53.

Metal oxides have Bronsted acid sites involving oxygens at crystallographically

different positions, i.e., bridging hydroxyls freely vibrating in small cages or

channels“. Since the bridging hydroxyls interact with several other oxygens

large broadening of peaks is observed. Perhaps, ‘H fast MAS-NMR
spectroscopy at very high field is powerful technique for the atoms, their
interactions may give rise to different downfield chemical shift in the ‘H NMR

spectra. mostly reflecting an increase in Bronsted acidic strength5°'5‘. Proton

proton interactions will also cause extreme line broadening and lowered
resolution when the zeolite cages contain a high density of protons”.

8]

Chapter 3

7.417

6.515)

I I I I 1’ ‘I ‘I I ﬁf I I

(at

IN 30 60 40 20 0 -10 40 -60 -30 -1111 "F"
Figure 3.11 ‘H NMR spectra of (a) T (b) ST

Pure titania contains a major signal at 5=7.417 ppm, which is assigned to

the bridging titanol group. These chemical shifts show good agreement with

those of 8=6.4 ppm reported by Mastikhin, Nosov and co-workers5"5° for

anatase samples prepared by either precipitation from aqueous TiCI4 or
pyrolysis of TiCl4. No signal corresponding to terminal titanol group is observed

in any of the samples, which usually appears at 8:23 ppm”. After sullation,
the signal shift to 8:658 ppm, consistant with the greater acidity expected for

sultated titania and an increase of the OH bond strength. Chemical shifts of
transition metal loaded samples were between -2.23 to 5.45 ppm. The relative

large shift of the signal in the case of metal oxides could be taken as an
indication of high Bronsted acidity5"5°. Low chemical shift can be due to low
acidity of the samples.
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Figure 3.12 ‘H NMR spectra of (a) STCr(6) (b) STMn(3) (c) STFe(3)
(d) STCo(3) (e) STNi(3) (f) STCu(3) (g) STZn(3)

Manganese and iron loaded samples show relatively complex spectrum.

The central Bronsted acid peak becomes oompletely featureless and we
cannot say anything on the trend of Bronsted acid amount of these samples.
We can interpret this in terms of the paramagnetic influence of the metal ions

used while surface modification”. However, we cannot overemphasize on a
one-to-one correlation between chemical shift values and strength of the
Bronsted acid sites. In the case of cobalt loaded sample additional signals
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arise at 8:31.177 and 63.33 ppm; these signals may correspond to hydroxy
groups associated with Cu-OH groups. ‘H NMR of rutile samples contains

signals at 8:69 (weak) and 5.3 ppm and are assigned to bridging hydroxyl

groups. The peak at lower field corresponds to hydrogen bonded hydroxy
groups, i.e., they correspond to bridging hydroxy groups located on different
crystallographic planes“.
3.3 SURFACE ACIDITY MEASUREMENTS

In reactions occurring by acid catalysis, the activity, stability and
selectivity of solid acids are obviously determined to a large extent by their
surface acidity. The acidic properties of the metal oxides are generally thought
to play an important role in determining the adsorptive and catalytic properties

of these materials. Acidity is found be the most important catalytic function of

sulfated oxides. Hence determination of the acid sites exposed on the surface
as well as their distribution is an essential requirement to evaluate the catalytic

properties of acidic solids. The effect of incorporation of various transition

metals on sulfated titania and their disparity in the surface acidity were
investigated in detail by employing different methods.

It is known that the acidic properties of sulfate modified metal oxides are

remarkably higher than that of the pure oxide. The generation of acid sites by
sulfation has been explained by the inductive effect due to the difference in the

electronegativity between metal oxides and sulfate ion. In the sulfate ion the
S=O structure is essential for the generation of acidic sites on sulfate promoted
oxide samples. The strong ability of S=O in sulfate complexes to accommodate

electron from a basic molecule is a driving force in the generation of strong

acid properties. Recent studies of supported sulfate catalyst suggest that the

kind of sulfate species and acidic properties depend on the nature of the
oxide2"5°'6‘. In order to identify the state of the sulfur species on the surface of

TiO2, the sulfated supports were examined by Choo et al.“ by XPS and found
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that the sulfur is existing in a form of sulfate (SO42) on the catalyst surface.
The bidentate sulfate on the surface of TiO2, whether chelating or bridging, has
been generally proposed as the structure of sulfur°2'°3.
I. TEMPERATURE PROGRAMMED DESORPTION (TPD) OF AMMONIA

Temperature programmed desorption of simple bases is a widely used

method to assess the total number and strength of acid sites‘‘‘''‘55 Basic
molecules such as ammonia °°'°7'°°, pyridine“ and n-butylamine are the
generally used probe molecules. Among these molecules ammonia is most
widely used; being a small molecule, it has greater accessibility to almost all
acidic sites including the weak ones. Berteau er al.“ have proposed that the
desorption signals below 200°C correspond to weak acidity, those between

200 and 400°C to medium strength sites, and above 400°C the signal is
associated to strong acidity in the case of NH3-TPD. Tables 3.5 and 3.6 give

the distribution of acid sites of pure titania and sulfated titania systems
determined by ammonia TPD method.

Pure titania possesses comparatively very small amount of acidity. Upon

sulfation, it is observed that, the amount of ammonia desorbed from all the
temperature region is increased considerably. Samantaray et al.5 also reported

the same observation over sulfated titania.It is reported in literature7° that the
maxima in the TPD profile around 535°C is attributed to desorption of NH3 from

the strong acid sites and the peak at 202°C corresponds to the weakly
adsorbed NH3. The plateau area in the temperature region 270-450°C is
attributed to the desorption of NH3 from the medium-strong acid sties in the

case of sulfated titania. Acid sites are the interaction product of TiO2 with
sulfate ions. The S=O structure is essential for the generation of acidic sites on
sulfate promoted oxide samples. The strong ability of S=O in sulfate complexes

to accommodate electrons from a basic molecule is a driving force in the
generation of highly acidic properties7"72.
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Table 3.5 Influence of the type of metal loaded on the acid site
distribution of sulfated titania system
Amount of ammonia desorbed (mmol g")

cata|y3t
Weak Medium Strong Total
(1 00-200°C) (200-400°C) (400-600°C) (100-600°C)

T 0.31 0.20 0.01 0.52

ST 0.50 0.32 0. 09 0.91

STCr(3) 0.56 0.59 0.29 1.44
STMn(3) 0.50 0.41 0.12 1.03
STFe(3) 0.48 0.32 0.15 0.95
STCo(3) 0.49 0.34 0.10 0.93
STNi(3) 0.49 0.39 0.04 0.92
STCu(3) 0.50 0.38 0.06 0.94
STZn(3) 0.50 0.34 0.15 0.99
The total acidity values obtained from ammonia TPD were comparable

for the different metal incorporated systems. In fact, no correlation could be
obtained between the sulfate content of the various samples and their total

acidity values. STCr(6) is the one that has the maximum acidity value
compared to other systems. Among the different metal loadings, 6% loaded

systems show maximum acidity. This can be due to the uneven charge
distribution of Ti-O-M bonds, which can donate electrons to stabilize the S=O

stretching". The acidic properties generated by the inductive effect of S=O
bonds of the complex are strongly affected by the environment of the sulfate

ion. Thus, it can be proposed that acid properties would be modified by both

the type of S=O in the sulfate complex and the coverage of sulfate on the
surface.
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Table 3.6 Influence of the amount of metal loading on the acid site
distribution of sulfated titania system

Amount of ammonia desorbed (mmol g“)

cata|yst(100-200°C)
Weak Medium
Strong Total
(200-400°C) (400-600°C) 1100-600°C)

STCr(6) 0.75 0.67 0.31 1.73
STMn(6) 0.50 0.66 0.28 1.44
STFe(6) 0.44 0.53 0.30 1 .27
STCo(6) 0.51 0.52 0.12 1.15
STNi(6) 0.50 0.55 0.08 1.13
STCu(6) 0.54 0.54 0.09 1.17
STZn(6) 0.50 0.53 0.29 1.32
STCr(9) 0.42 0.47 0.02 0.91
STMn(9) 0.37 0.46 0.01 0.84
STFe(9) 0.36 0.34 0.03 0.73
STCo(9) 0.37 0.35 0.01 0.73
STNi(9) 0.37 0.35 0.00 0.72
STCu(9) 0.38 0.35 0.00 0.73
STZn(9) 0.36 0.35 0.03 0.74

Samantaray et aI.° reported a decrease in surface acidity at high sulfate
concentrations. In our studies, systems that contain high metal content (having

high sulfate amount) decrease the acidity of the system. The increased loading

of sulfate on TiO2, as evident from EDAX, can form the polynuclear type of

sulfate complex and increase the coverage of the Ti metal ion by the sulfate

ion. The polynuclear sulfate cannot extract as many electrons as isolated
sulfate, to generate a strong acidity. It is reported in literature" that the
generation of total and strong acidity is not affected by the type of sulfate

87

Chapter 3

species, such as isolated and polynuclear, but by the coverage of the surface

of the Ti by sulfate ions. Accordingly, it is concluded that the free Ti ion
surrounding the sulfate is responsible for the generation of strong acid sites.
with respect to the kind of acid site, it has been reported that both Lewis and
Bronsted acid sites can be generated when a sulfate ion is introduced into
TiO2°"62. The nature of the acid sites is greatly altered by the nature of the ions

incorporated into the lattice. The change in distribution may be a coupled effect

of the crystalline and structural changes. The change in the acid strength
distribution for the different systems may be related to the interaction of the
added metal cations with the titania. According to Clearfieldaa, strong Bronsted

acidity is a result of the interaction between bisulfate groups and adjacent
Lewis acid sites.
ll. PERYLENE ADSOFIPTION STUDIES

The interaction of acid sites and basic probe molecules is studied to
distinguish between Bronsted and Lewis type of acid sites and to determine
their amount and strength. Qualitative information regarding Lewis acidity in the

presence of Bronsted sites is based on the investigation of the ability of the

surface to accept a single electron. Polyaromatic hydrocarbons such as
perylene, pyrene and chrysene have mainly been used as electron donors 7575.

The adsorption of perylene from a solution in benzene was carried out at room
temperature. Perylene being an electron donor can transfer its electron to the

Lewis acid sites and get itself adsorbed as perylene radical cation". As the
concentration of perylene in the solution increases, amount adsorbed also
increases up to a certain limiting value after which it remains constant. The
limiting amount of perylene indicated the surface electron accepting capacity or

the Lewis acidity of the sample. The results of the perylene adsorption studies
on the different systems are presented in figures 3.13 and 3.14.
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Figure 3.14 Variation of Lewis acidity from perylene adsorption studies

The results of adsorption studies clearly show a considerable
enhancement of Lewis acidity on sulfation. The limiting amount of perylene
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adsorbed is very low in the case of pure titania. The amount of electron donor

adsorbed increases gradually when we increase the metal content from 0 to

6% and for the samples containing higher metal content, it decreases. It is
generally agreed that most sulfate groups which form on the exposed patches
of regular crystalline planes can induce protonic acidity, especially if they are in

the form of complex polynuclear sulfates whose formation is favoured at high

loadings". Lewis acidity enhancement upon sulfate doping can be ascribed to
the increase in the electron acceptor properties of the three co-ordinated titania

cations via. the inductive effect of the sulfate anions, which withdraw electron

density from the titanium cations through the bridging oxygen atom7°'°°.
According to the duel Bronsted-Lewis site model proposed by Clearfield”
uncalcined catalyst contains protons as bisulfate and as hydroxyl groups
bridging to metal ions. During calcination, either the bisulfate anion can react

with an adjacent hydroxyl group resulting in a Lewis acid site or adjacent
hydroxyl groups can keep bisulfate ion intact thereby generating Bronsted
acidity. The combination of these Brénsted sites with the adjacent Lewis sites
can also generate strong acidity.

Incorporation of metal ions into the crystal lattice may result in the
formation of some complex structures in some local area on the surface, which

results in an overall increase in the electronegativity of the surface complex“.

Iron and zinc loaded samples show higher Lewis acidity among the metal
loaded systems, where as copper and nickel loaded samples show lower Lewis
acidity. The variation of metal content on Lewis acidity is shown in figure 3.15.

Lewis acidity increases initially. reaches a maximum at 6% loading and
decreases. The reduction in the case of high meal loaded samples may be due

to the high sulfate loading where sulfate groups mostly exist in the form of
polynuclear species".
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Figure 3.15 Variation of metal content on Lewis acidity
Ill. THERMODESORPTION STUDIES OF 2,6-DIMETHYLPYRIDINE

2,6-Dimethylpyridine (2,6-DMP) is a useful probe molecule for the
selective determination of Bronsted acid sites. Corma et al.” reported that the

IR bands corresponding to dimethyl pyridine associated with Lewis acid site

disappeared with an increase in desorption temperature. The selective
adsorption of 2,6-DMP on Bronsted acid sites is attributed to the steric
hindrance of the methyl group. Satsuma er aI.°3 reported a complete elimination

of the co-ordinatively adsorbed 2,6-DMP on Lewis acid sites after purging at an

appropriate temperature (above 300°C). Thus, we presume that the amount of
2,6-DMP desorbed at temperatures above 300°C originates exclusively due to

desorption from Bronsted acid sites. The results of desorption studies are
presented in tables 3.7 and 3.8.

The TG pattern of the samples were recorded after adsorption of
2,6-DMP to have a better understanding of the nature of surface acidity. Upon

thermal treatment, 2,6-DMP gets desorbed at different temperature ranges
depending on the strength of the acidic sites on which they are adsorbed.

Those molecules adsorbed at strong acid sites desorbs only at high
temperatures while those adsorbing on weak and medium acidic sites desorbs
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at relatively low temperatures. Desorption below 300°C was omitted in the
calculation since it contains contribution from Bronsted as well as weak Lewis
acid sites. So as a crude approximation. it may be assumed that the desorption

in the range 300 to 400°C arises from the weak sites and those in the range
400 to 500°C corresponds to medium acid strength while the strong acid sites
give desorption between 500 to 600°C.
Table 3.7 Influence of the type of metal loaded on the Bronsted acid sites
distribution from 2,6-DMP thermodesorption studies
Relative weight (%) loss of 2,6-DMP desorption

Catalyst Weak Medium Strong Total

T 0.13 0.45 0.19 0.77

(300-400°C) (400-500°C) (500-600°C) (300-600°C)

ST 0.74 2.30 2.13 5.17

STCr(3) 1.03 2.61 1.96 5.60
STMn(3) 0.33 1.44 0.76 2.53
STFe(3) 0.51 1.49 0.31 2.31
STCo(3) 1.11 2.72 1.64 5.47
STNi(3) 0.84 2.51 1.78 5.13
STCu(3) 1.85 3.22 0.77 5.84
STZn(3) 0.44 1 .29 1.70 3.43
From the table 3.7 it is clear that pure titania possesses only a very few
Bronsted sites. Sulfated titania shows much higher Bronsted acidity compared

to pure titania. Among the different metal loaded systems, copper loaded
samples show the maximum Bronsted acidity. In the case of iron and zinc
loaded systems the Bronsted acid sites are much less indicating that most of
the acid sites are of Lewis type. Metal content also plays a beneficial role in
determining the Bronsted acidity. 6% loading of the metal shows the maximum
acidity and 3% loading, the minimum.
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Table 3.8 Influence of the amount of metal loading on the Bronsted acid sites
distribution from 2,6-DMP thermodesorption studies
Relative weight (%) loss of 2,6-DMP desorption

Catalyst Weak Medium Strong Total

(300-400°C) (400-500°C) (500-600°C) (300-600°C)

STCr(6) 1.11 3.43 2.56 7.10
STMn(6) 0.33 0.93 2.43 3.32
STFe(6) 0.77 2.24 0.30 3.31
STCO(6) 0.97 2.38 3.23 6.58
STNi(6) 1.02 2.67 2.37 6.06
STCU(6) 1.58 2.71 3.22 7.51
STZn(6) 1.09 1.77 3.05 5.91
STCl'(9) 0.75 3.25 2.04 6.04
STMn(9) 0.55 0.60 2.07 3.22
STFe(9) 0.43 1.35 0.51 2.34
STCO(9) 0.81 1.93 2.86 5.60
STNi(9) 1.00 2.33 2.15 5.48
STCu(9) 1.02 2.54 2.96 6.52
STZn(9) 0.72 1 .84 2.29 4.85
IV. GAS-PHASE CUMENE CONVERSION REACTION

Cumene cracking reaction is generally used as a probe reaction to
characterize the acidic properties of the catalyst. The cumene conversion and
product selectivity could be correlated with the surface acidic properties. The

major reaction occurring during the cumene cracking is dealkylation and
dehydrogenation. Cumene is either dealkylated to benzene, dehydrogenated to
oi-methyl styrene, or the alkyl chain is cracked to produce ethyl benzene, toluene

and styrene as shown in figure 3.15. Cracking of cumene mainly depends on
Bronsted acid sties whereas dehydrogenation occurs on Lewis acid sites“. Thus
it is possible to compare both Brénsted and Lewis acid sites in a catalyst through
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cumene conversion reaction. Recently, Zenon ef aI.“5 published cumene
decomposition over fluoride modified alumina. The cumene decomposition
increases marginally and the selective products are benzene and propylene,
while sodium modified alumina leads the cumene cracking into a-methyl styrene,
which reveals that alumina surface is completely inactive in dealkylation.

Cumene

oéoéé

Benzene Methyl styrene Toluene Ethyl benzene Styrene

Figure 3.15 General scheme of cumene conversion reaction
1. PROCESS OPTIMIZATION

A systematic study of cumene cracking reaction was carried out in a
fixed bed down flow reactor of 1.2 cm ID and 25 cm length in the optimum
temperature under atmospheric pressure. 0.5 g of the catalyst activated at
500°C for 2 h was secured between two plugs of glass wool inside the reactor.

The temperature was controlled by a Cr-Al thermocouple placed inside the

reactor. The reactant was supplied using a syringe pump and the liquid
products were collected using a condenser at required time intervals. The
products were analyzed by Gas Chromatography (Chemito 8610 using SE—3O
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column having FID). The total conversion is defined as the sum of all aromatics

except cumene divided by the sum of all aromatics including cumene. Among

the products of cumene transformation, benzene and a-methyl styrene were
detected as the major products. Small amounts of toluene, ethyl benzene and
styrene are also detected as side products.

I. Effect of temperature

The reaction was done in a temperature range from 300 to 450°C at a
flow rate of 3 mL h". Figure 3.16 shows the influence of reaction temperature

on the conversion and selectivity pattern. As the temperature increases

100 20

cumene conversion also increases. The conversion is very low initially and it
becomes 14.45% at 450°C.
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Figure 3.16 Influence of reaction temperature on cumene conversion.
Amount of catalyst: 0.5 g STMn(6). Flow rate: 3 mL h"_ Reaction time: 2 h.

From the figure, it is clear that or-methyl styrene is produced to a much

higher extent ‘when compared to the formation of benzene. At 400°C, the

selectivity towards a-methyl styrene increases upto 91.87% and that of
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benzene decreases to 5.88%. The catalyst is possessing large number of
Lewis acid sites and hence dehydrogenation was favored more. The selectivity

to on-methyl styrene increases and reaches a maximum at 400°C and then

decreases. As the temperature increased from 350 to 400°C some of the
Bronsted acid sites are converted into Lewis acid sites resulting in the
increased selectivity of on-methyl styrene at 400°C.There is an optimum
temperature at which the selectivity towards on-methyl styrene is maximum. At

higher temperatures the amounts of both benzene and ot-methyl styrene are
low, while the amount of side products are higher.

II. Effect of Flow Rate

A typical activity profile of cumene conversion as a function of flow rate

over STMn(6) is shown in figure 3.17. The conversion decreases as we
increase the flow rate. At higher flow rates, the contact time between the
reactant and the catalyst is less, which results in less conversion. As the feed
rate is increased from 3 to 6 mL h". the conversion decreased from 8.11 to

5.82 %. The contact time between the reactant and the catalyst surface is a
decisive factor in determining the activity of the catalyst. At higher flow rates
the contact time will be less leading to decrease in conversion. At all flow rates

major product was on-methyl styrene with small amounts of benzene, toluene,

ethyl benzene and styrene. The catalyst showed above 80% selectivity to
a-methyl styrene at all flow rates and this indicates that surface acidity of the

system is mainly due to the Lewis acid sites. With increase in flow rate,
decrease in the dehydrogenation activity is observed. Maximum selectivity for
on-methyl styrene is observed at a flow rate of 3 mL h“.
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Figure 3.17 Influence of flow rate on cumene conversion and product selectivity
Amount of catalyst: 0.5 g STMn(6). Reaction temperature: 400°C, Reaction time: 2 h.

Ill. Effect of Time on Stream-Deactivation Study
Performance of the reaction for a continuous 7 hours run was studied to
test the deactivation of the catalyst. The products were collected and analyzed
after every one hour. Figure 3.18 shows that even after 7 h of reaction time, the

selectivities do not vary much. In the case of metal incorporated systems, there

is an increase in the selectivity initially, after that it remains almost constant.

This may be due to the fact that the coke formed during the reaction may not
be bulky to block all the pores of the catalyst“.
2. COMPARISON OF DIFFERENT SYSTEMS

The cumene conversion reactions for the different catalytic systems were

performed under the optimized condition. Reaction temperature-400°C, flow

rate-3 mL h" and time on stream-2 h. The conversion and selectivity for
various products are given in tables 3.9 and 3.10.
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Figure 3.18 Deactivation studies on cumene conversion over different systems
Amount of catalyst: 0.5 g, Reaction temperature: 400°C, Flow rate: 3 mL h".

In all the systems, a-methyl styrene is the predominant product, which
confirms that dehydrogenation of cumene is the main reaction occurring under

the reaction conditions. Compared to pure titania, metal incorporated systems
are showing increased activity and selectivity. Titania possesses as very few
Lewis acid sites and hence exhibits low on-methyl styrene selectivity. Maximum

conversion is shown by STCr(3) while the a-methyl styrene selectivity is high

for STFe(3). From tables 3.9 and 3.10 it is clear that all the systems except T
are showing more than 80% selectivity for a-methyl styrene. Incorporation of

transition metals, increases the Lewis acidity as revealed from perylene
adsorption studies, and hence the a-methyl styrene selectivity. As the metal

loading is increased, the conversion and selectivity increases up to 6% and
then decreases in the case of 9% loading.
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Table 3.9 Influence of the type of metal loaded in the cumene conversion

Systems gﬂgﬁgséaqig Selectivity
(%)
or-methyl styrene
Benzene

T 1 .31 67.93 3.60
ST 2.49 80.85 6.25

STCr(3) 5.22 86.34 7.23
STMn(3) 5.08 37.91 4.57
STFe(3) 4.80 92.44 4.20
STCo(3) 4.20 84.23 6.78
STNi(3) 2.54 81.33 5.38
STCu(3) 4.31 82.54 7.89
STZn(3) 4.36 89.48 4.93
Amount of catalyst: 0.5 g, Flow rate: 3 mL h“_ Reaction time: 2 h, Reaction temperature: 400°C.

Ftana ef al." studied the cumene cracking reaction over sulfided
Co(Ni)Mo/TiO2-SiO2 catalyst and found that 8 wt% loading is optimum for
maximum activity. Supporting evidence for these conclusions is provided by

the ammonia TPD and adsorption studies. Cumene cracking was carried out
over y-alumina impregnated with fluoride, cobalt, molybdena and combination

of these additives by Boorman et aI.°"°°, and catalytic activities of these
systems were correlated with the acidity. In the present case also we can
correlate the cumene conversion with total acidity obtained from ammonia TPD

measurements (figures 3.19 and 3.20).
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Table 3.10 Influence of amount of metal loading in the cumene conversion

--9
Systems :1 (:3 X (3 ;Si( 3:0 oi-methyl
2; Selectivity
(/o)
styrene Benzene

STCr(6) 8.57 91.00 9.88
STMn(6) 8.11 91.87 5.88
STFe(6) 7.92 94.41 5.14
STCo(6) 6.47 99.22 9.95
STNi(6) 5.90 94.26 7.47

STCu(6) 6.92 96.12 12.11
STZn(6) 7.63 92.64 6.93

STCr(9) 2.46 97.94 7.36
STMn(9) 2.39 88.16 4.96
STFe(9) 2.35 93.53 4.50
STCo(9) 2.30 94.14 7.05
STNi(9) 2.29 92.13 6.78
STCu(9) 2.30 83.21 8.09
STZn(9) 2.35 89.08 5.27

Amount of catalyst: 0.5 g, Flow rate: 3 mL h"_ Reaction time: 2 h. Reaction temperature: 400°C.

Brénsted acidity obtained from the thennodesorption of 2,6-DMP and

benzene selectivity from cumene conversion shows very good correlation
(figures 3.21 and 3.22). Bronsted acidity changes with respect to the metal ions

and the maximum is possessed by STCu(3), and minimum by STFe(3) for 3 %
loading. Benzene selectivity also follows the same trend.
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Figure 3.19 Correlation between cumene conversion and total acidity
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Chromia is reported to be a strong Lewis acid°°. The presence of
chromium in the samples may lead to high Lewis acidity and hence the
dehydrogenation selectivity. The comparatively high value of limiting amount

for perylene adsorption also supports the high Lewis acidity of chromia
containing systems. Change in the metal content also changes the selectivity.
High loading of metals resulted in the decrease of percentage conversion. This

can be attributed to the decrease in the acidity for the high loaded samples due
to the formation of polysulfate species”. The inhibition of Lewis acidity due to

the high loading led to the reduction of percentage selectivity of a-methyl
styrene. In all the cases the selectivity to or-methyl styrene is more than 80%.
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All the systems show very low selectivity for benzene showing less number of
Bronsted acid sites in the samples.
100

&O

5 I I I I I 1 ‘I’

030

s Cr(3)
s Mn(3)

s Fe(3)

s N:(a)
STCo(3)

STCu(3)T

STZn(3)

—-I—a-methyl styrene selectivity (%)

-0- Benzene selectivity (%)
—A—Amount of perylene adsorbed (mol g-1)
—0—Weighl loss (%) from 2,6-DMP adsorption

Figure 3.21 Correlation of a-methyl styrene selectivity with Lewis acidity

and benzene selectivity with Bronsted acidity
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Figure 3.22 Correlation of or-methyl styrene selectivity with Lewis acidity

and benzene selectivity with Bronsted acidity
3. MECHANISAM OF CUMENE CONVERSION REACTION

The major reactions occurring during cumene conversion may be
grouped into dealkylation (cracking) and dehydrogenation. Cracking of cumene

to benzene is generally attributed to the action of Bronsted sites by a
carbonium ion mechanism'7'9°‘9“ , while dehydrogenation of cumene yields

or-methyl styrene as the major product, the formation of which has been
ascribed to the Lewis acid sites”. Corrna er a/.95 reported that dealkylation of

cumene requires the presence of a small number of Bronsted acid sites which

are capable of formation of a cs-complex with cumene molecule.
96,97
Bautista etaI assumed
the mechanism for cumene decomposition on the

basis of Bronsted acid sites which is taking place by the protonation of cumene
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molecule to form 1:-complex and subsequently this complex is transformed into

c-complex. A plausible mechanism of cumene conversion reaction is
represented in figure 3.23.
1. Cracking

,
V

v —/

® + CH,
CH2 +
Cf:E”
/CH’
\CI-//
2. Dehydrogenation
+

\

\

V

+Hz+I_
Figure 3.23 Mechanism of cumene conversion reaction
V. CYCLOHEXANOL DECOMPOSITION REACTION

Alcohol decomposition reaction is widely studied to check the acid-base

property of the catalyst system”. The amphoteric character of the alcohol
permits its interaction with both acidic and basic centers. Decomposition of
ol 99,100
isopropan
and of cyclohexano|‘°"'°2 are the most widely studied

reactions in this category. Dehydrogenation and dehydration can take place
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resulting in the formation of cyclohexanone and cyclohexene'°3 (figure 3.24) in

the case of cyclohexanol decomposition reaction. Dehydration activity is linked

to acidic property and dehydrogenation activity to the combined effect of both

Eli: %

acidic and basic properties.

CV°'0h9X3n0' Cyclohexanone Cyclohexene
Figure 3.24 Scheme of cyclohexanol decomposition reaction

1 . PROCESS OPTIMIZATION

Cyclohexanol decomposition was carried out in a continuous flow fixed

bed reactor. 0.5 g of the preactivated catalyst was placed in the middle of the

reactor and cyclohexanol was fed by a syringe pump at different flow rates.
The temperature is monitored using a Cr/Al thermocouple placed in the middle

of the reactor. The liquid products were analyzed by a Chemifo 8610 Gas
Chromatograph analyzer fitted with FID using Carbowax column (2 m). The
products were identified as cyclohexene, cyclohexanone, benzene, methyl
cyclopentene and cyclohexane. Among these cyclohexene and cyclohexanone

were the major products and the selectivities were calculated accordingly. For

any catalyst system, the activity and selectivity towards a particular reaction

depend on reaction parameters in addition to the physical and chemical
properties of the catalysts. The optimum parameters for cyclohexanol
decomposition were determined by carrying out the reaction at different
temperatures and flow rates.

I05

Chapter 3

I. Effect of temperature
The reaction is carried out at various reaction temperatures in the range

of 200-350°C. Table 3.11 shows the influence of reaction temperature on the

conversion and the product distribution. As the temperature increases the
percentage conversion also increases.
Table 3.11 Effect of reaction temperature on the conversion of cyclohexanol

Temperature Conversion of Se'e°“VitY (%)
(OC) CV°'°h°"a"°' (WP/°) Cyclohexene Cyclohexanone

200 72.95 90.85 8.89
250 89.46 92.24 7.02
300 97.40 93.53 6.34
350 98.58 92.83 6.54
Amount of catalyst: 0.5 g STCr(6). Flow rate: 4 mL h", Reaction time: 2 h.

The conversion reached a maximum of 98.5% at a temperature of
350°C. Cyclohexene is found to be the major product with selectivity more than

90% at all temperatures. Increase in the temperature will decompose surface

hydroxyl ions and subsequently will create more Lewis acid centers.
Cyclohexanone selectivity is less, which was formed by the participation of
both acidic and basic sites‘°“"°"’. Even though there is enough number of acidic

sites, absence of basic sites on the titania surface restricts the formation of

cyclohexene. Cyclohexene selectivity is maximum at 300°C, and then
decreases.
II. Effect of Flow Rate

A series of experiments were conducted at a reaction temperature of
300°C at different flow rates viz. 3, 4, 5 and 6 mL h" to understand the
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influence of flow rate on the reaction. Figure 3.25 shows the effect of flow rate

20 100

on cyclohexanol conversion and selectivity.
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Figure 3.25 Influence of flow rate on cyclohexanol conversion and selectivity
Amount of catalyst: 0.5 g STCr(3). Reaction temperature: 300°C, Reaction time: 2 h.

Conversion increases initially as the flow rate changes from 3 to 4 mL h'1,
however further increase in flow rate decreases the conversion. The conversion

decreases from 97.40 to 78.14%, as the flow rate increases from 4 to 6 mL h".
Decrease in contact time leads to reduction in conversion. Increase in flow rate
did not alter the selectivity of catalyst to a considerable extent. At all flow rates

about 90% selectivity for cyclohexene is observed. Maximum conversion and
maximum selectivity is shown at 4 mL h" and is selected for further studies.

Ill. Effect of Time on Stream-Deactivation Study

Stability studies of different catalysts were performed by observing the
conversion over a period of 7 hours. Reactions were carried at 400°C at a flow

rate of 4 mL h" and the product analysis was done at regular intervals of
1 hour and is given in figures 3.26 . All systems are showing excellent activity
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over a period of 3 hours after that it decreases slowly. The decrease in the
activity indicates that there is some decrease in the acidity of catalyst with time.

Rate of deactivation is more or less same in all the cases. Even after 7 h
reaction time metal incorporated systems show more than 60% conversion.

. 100 a1=a
A60
‘E

(wt°
N b ca 0 O 0

cyclohexanol conversion

Time (h)

—ﬁ— T —D— ST -0- STCl’(6)
100

90

7 so

0O

3 7o

(WI%)

60

1234557

Time (h) Time (h)
Cyclohoxanol conversion

cyclohexanol conversion

—a.— STMn(6) -0- STFe(6) -9- STCo(6 —A— STNi(6) —i:i— STCu(6) -0- STZn(6)

Figure 3.26 Deactivation studies on cyclohexanol decomposition
over different systems
Amount of catalyst: 0.5 g. Reaction temperature: 300°C, Flow rate: 4 mL h".

2. COMPARISON OF DIFFERENT SYSTEMS

In order to compare catalytic performance of different systems for the

cyclohexanol decomposition reaction, we carried out the reaction under
optimized conditions (reaction temperature-300°C, flow rate-4 mL h“ and
reaction time-2 h) over all the prepared systems. The results obtained are
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presented in tables 3.12 and 3.13. From the tables it is obvious that the activity

of the systems is greatly influenced by the presence of metal incorporated as

well as the sulfate ions on the surface. Chromia loaded systems show the
maximum activity. This may be due to the high acidity of these samples as
evident from results of ammonia TPD.

Table 3.12 Influence of the type of metal loaded in the cyclohexanol

decomposition reaction

c.§::::;::r:.:o., ‘°’°’

° Cyclohexene Cyclohexanone

T 31.54 62.45 16.24

ST 85.36 82.36 10.10

STCr(3) 92.20 99.91 7.96
STMn(3) 91.43 87.95 8.40
STFe(3) 84.25 80.40 9.02
STCo(3) 35.54 34.32 9.28
STNi(3) 86.92 34.34 7.68
STCu(3) 87.00 86.08 9.87
STZn(3) 86.32 84.88 7.27

Amount of catalyst: 0.5 g, Flow rate: 4 mL h", Reaction time: 2 h, Reaction temperature: 300°C.

Since pure titania possess very low acidity, its activity is also less.
Depending upon the percentage of metal, selectivity also changes. The metal
content also plays an important role in cyclohexanol decomposition reaction.
All the sulfated systems show more than 70% conversion and high selectivity

towards cyclohexene. Sulfating agents, being acidic species, preferentially
attack the basic sites converting these to acidic sites‘°3. The high activity in the

formation of cyclohexene may be due to the weak and medium acid centers on

the catalyst surface, which is apparent from ammonia TPD measurements‘°6.
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The considerably small amount of other products like benzene, methyl
cyclohpentene and cylohexane points to the absence of strong acid sites on
the catalyst surface.
Table 3.13 Influence of the amount of metal loading in the cyclohexanol

decomposition reaction

c.§::::;$;::.1:.:o,,
‘‘’’°’
° Cyclohexene
Cyclohexanone

STCr(6) 97.40 93.53 6.34
STMn(6) 96.53 90.26 7.76
STFe(6) 85.49 88.00 7.59
STCo(6) 88.48 80.34 9.74
STNi(6) 90.24 81.83 7.68
STCu(6) 95.49 88.46 6.45
STZn(6) 89.24 89.25 9.22
STCr(9) 63.56 65.39 1 1.61
STMn(9) 80.32 63.14 9.71
STFe(9) 72.54 70.49 9.76
STCo(9) 76.21 72.54 7.66
STNi(9) 76.75 78.26 9.69
STCu(9) 76.00 80.75 10.68
STZn(9) 73.62 74.07 6.76

Amount of catalyst: 0.5 g, Flow rate: 4 mL h"_ Reaction time: 2 h. Reaction temperature: 300°C.

Gervasini and Auroax°°"°7 attempted to correlate the dehydration and

dehydrogenation activity of isopropanol decomposition with the acid base
character obtained by the calorimetric investigation of a large series of metal
oxides. Ramankutty et aI.'°5 had studied the cyclohexanol decomposition
H0
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reaction over the ferrospinels and reported that the sulfation had increased the
dehydration activities of all the ferrites. Bezouhanova et aI.‘°3 recommend

i’ :

dehydration activity of cyclohexanol decomposition as a simple method of
determining Bronsted acid sites on a catalyst surface. The same opinion was
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Figure 3.27 Correlation between cyclohexanol conversion and
‘weak + medium‘ acidity from NH3-TPD

The formation of cyclohexanone over any catalyst indicates the presence of

strong and medium basic centers. The formation of cyclohexanone is low at the

optimized reaction temperature indicating the absence of strong basic oenters
though medium and weak basic centers exist in the catalyst. But for high loadings,
selectivity to cyclohexanone is found to be slightly higher. With high loadings, the

basic centers might have increased which accounts for the higher selectivity to
cyclohexanol. It is also continued by the decrease in acidity values from ammonia
TPD. The selectivity in alcohol decomposition is mainly controlled by the acid-base

properties‘°°. Variation in the dehydrogenation and dehydration selectivity for the
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catalyst systems suggests that acidic and basic properties of sulfated titania vary
with incorporation of different transition metal oxides.
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Figure 3.28 Correlation between cyclohexanol conversion and
‘weak + medium’ acidity from NH-3-TPD

Comparing the reaction data with various acidity data, we could find a

direct relationship between the percentage conversion and the sum of weak
and medium acidity obtained from ammonia TPD. Figures 3.27 and 3.28 show
the correlation between the acidity and the conversion of cyclohexanol. As the

percentage loading of metal increases the conversion and cyclohexene
selectivity increase, but for higher loadings both decrease. On modification with

sulfate ions some of the basic sites are converted to acidic sites. The
mechanism of sulfation is an anion exchange between S042‘ and OH‘, which is

already reported"°. During their study of cyclohexanol conversion at 300°C,
Martin and Duprez‘°2 noted that the presence of sulfate on zirconia increased
its protonic acidity as proved by an increase in the cyclohexene selectivity. So

in the case of sulfated titania systems there are enough acidic sites to catalyze
the dehydrogenation giving better cyclohexene selectivity.
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3. MECHANISAM OF CYCLOHEXANOL DECOMPOSITION REACTION

Cyclohexanol dehydration leads to cyclohexene whereas
dehydrogenation gives cyclohexanone. It has been well established that
Brénsted acid sties of the catalyst are directly involved in the alcohol
dehydration mechanism. It is similar to E-1 elimination in which the reaction
proceeds through initial formation of carbocation.

/\\\;:
'1
H

:HH

M:°__M Dehydrogenation M—O—M

T»
T»
HH
\ HHH
-H,o

+H
_H
"‘\o H
0/ ”\o/
0 “\0
0/

:|__; *4; :4;
H O—H

Dehydration

Figure 3.29 Mechanism of dehydrogenation and dehydration
of cyclohexanol on oxide surface

In the case of dehydrogenation, the fission of the 0-H and Ca-H bond is

involved. The metal cation is acting as a Lewis acid site accepting a hydride

ion whereas the oxygen anion of the catalyst is acting as a Brénsted base
accepting the proton of the OH group of the alcohol'“'“2. The mechanism of
dehydration and dehydrogenation of cyclohexanol is given in figure 3.29. In
113
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addition to cyclohexene and cyclohexanone, trace amount of phenol,
benzene and cyclohexane were also detected. Benzene and cyclohexane
were formed via the disproportionation of cyclohexene formed as a result of

dehydration of cyclohexanol “3. It was reported” that cyclohexanone

undergoes further transformation to phenol at high contact times.
Costa ef al.‘ ‘5, by means of deuterium labeling experiments, have shown that

the gas phase dehydration of cyclohexanol over a solid zirconium phosphate

catalyst, involves a long lived carbocation intermediate and that the reaction
proceeds via the E1 mechanistic route.
3.4. CONCLUSIONS

The following conclusions can be drawn from the different physico
chemical characterization techniques as well as acidity determination of the
sulfated titania systems.

gl Nanocrystalline materials of crystallite size upto 5 nm can be easily
prepared by this sol-gel method. Anatase is found to be the major phase

in all the samples as apparent from XHD data. Sulfate ions hinder the
crystallization of titania particles by preventing the agglomerization of
surface particles. Sulfation retards the transformation of anatase to rutile.

9 Surface area and pore volume of sulfated samples are higher than that of
pure titania. The metal oxide species along with the sulfate ions prevent
the agglomeration of titania particles resulting in a higher surface area.

2} EDX results prove that sol-gel method is an efficient method to prepare

supported systems with desired loading of transition metals. The
presence of transition metal oxides stabilizes the sulfate over layers on
the catalyst surface is apparent from the increase in the sulfate retaining
capacity, which is evident from EDX results. SEM pictures clearly give the

surface morphology of these catalysts.
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TG/DTG analysis of the catalysts reveals the higher thermal stability of

metal incorporated sulfated titania systems even after 700°C. Sulfate
incorporation is confirmed by FTIR analysis. Am, and hence band gap
energy is calculated from UV-Vis DR spectra, which again confirms the

anatase phase of these catalysts. ‘H NMH studies give an idea about the
titanol groups present in the catalysis.

Acidities of the systems are measured by different techniques like
NH3-TPD, perylene adsorption and thermodesorption of 2,6-DMP. Among

the different systems 6% metal loaded samples shows the maximum
acidity. Cumene conversion reaction proved to be a satisfactory test

reaction for surface acidity. The percentage conversion could be
correlated with the total acidity of the systems, while the dehydrogenation
and cracking selectivity followed trends in the Lewis and Bronsted acidity

of the samples respectively. Cyclohexanol decomposition reveals the acid

base properties of the prepared catalysts.
&0R£c')(‘a39=)cR9'-‘>33
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