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OBJECTIVES

Alkylphenols are essential chemicals and interntediavhich are used in a wide
range of applications such as agrochemical, phautmal, polymer industries and
other. Cresols and xylenols are fundamentally aseditermediates in the manufacturing
of a multiple products such as pharmaceuticaldnfeédstants, dye stuffs, antioxidants,
pesticides, phenolic resins and others.

Nowadays synthetic cresols and xylenols could lelyred by methylation of
phenol with methanol in the presence of catalySte process consists of only one
reaction step, but is relatively expensive, duedstly separation of products from the
reaction mixture.

Therefore, one of the central problems is seldgti@nd conversion of catalysts.
Also, according to the literature, for successivethylation of phenol, major role is
assigned to methanol conversion to formaldehyderé'are a lot of discussions on these
themes. Hence, the aim of this research work iseper understanding of the reaction
pathways, activity of catalysts, interaction ofateents with surface of the catalysts, with
all the possible intermediates and products.

The particular interests represent the redox tyelysts, with different ratio of
iron and aluminum in vanadate phase. The list atlisd catalysts include FeV(O
AIVO,4 V205 and FgAl1 VO, (x= 0.2; 0.6; 0.8). The coupling of catalytic gestith
spectroscopic investigations was important for oNerage of the process research.

Uses of spectroscopic techniques were essent@btion information that could
be helpful for understanding the processes on eirtd catalyst, changes concerning
catalysts and reactants from the molecular levetaydiffraction and in-situ Raman
spectroscopy was used in order to investigate bhehad the catalyst while Diffuse
reflectance infrared spectroscopy coupled to mpsstometry (DRIFT-MS) and in-situ
infrared spectroscopy in vacuum were used to sttisy way of adsorption,
transformation of reactants, intermediates and rpéiso of products on the surface of

the catalysts at reaction conditions.
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CHAPTER 1 - INTRODUCTION

1.1 Overview of alkylphenols

1.1.1 Properties of phenol and alkylphenols

Phenol is a white amorphous material at ambienpégatures. It has a melting
point of 40,9C. In the molten state phenol is a clear and aedsrliquid. When exposed
to air, phenol rapidly changes to a pink color tlueertain trace impurities like iron and
copper that are present in its production procesduning storage. The melting and
solidification temperature is lowered considerably traces of water - approximately
0.4°C per 0.1 wt% water. Phenol is soluble in aromhagidrocarbons, alcohols, ketones,
ethers, acids, and halogenated hydrocarbons. [1]

The chemical properties of phenol are unique. Téreydue to the presence of a
hydroxyl group and an aromatic ring which are canpntary to each other in
facilitating both electrophilic and nucleophilicpey of reactions. The unshared electron
pair located on the hydroxyl group is delocalizegrothe aromatic ring leading to an
electron excess at the ortho and para positior3] [2

Phenol’s unique ability to react with formaldehydeder acidic or basic
conditions leading either to novolaks resins (W&l aonditions) or resole resins (basic
conditions), were the resin reactions that fostetexl commercialization of phenolic
resins. [2, 3]

Alkylphenols are phenols with one or more of thenaatic hydrogens being
replaced by an alkyl group. Cresols are monomaethyivatives of phenol. Xylenols are
dimethyl derivatives.

Cresols only slightly less acidic than phenol. Thesols together with phenol are
labeled as hazardous air pollutants (HAPs). Theegoree of the methyl group on the ring
increases the boiling point compared to phenol. Bbiéng points ofm andp-cresols
are very similar which makes separation throughilidison impossible. Due to hydrogen
bonding between the two adjacent functional groopghe ring,0-cresol has a much
lower boiling point at 191.0°C and is readily segtad from the other two isomers and in
high purity. [4]
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Xylenols or dimethylphenols are available as soisric forms, see Table 1.
They are all crystalline materials at room tempeaeatCompared to cresols, xylenols are
less soluble in water, but can still be extractednforganic mixture with aqueous caustic
soda. Xylenols can be recovered from the samealagaurces as cresols and phenol.

In Table 1.1, the main physical properties of thesgious phenols are

summarized.

Table 1.1 Physical properties of selected pherbf [

Name MW | MPIC) [ BPCC) | pKa 25°C
Phenol Hydroxybenzene 94,1 40,9 18118 10,0
o-Cresol 2-methylphenol 108,1 31,0 1910 10,32
m-Cresol 3-methylphenol 108,1 12,2 202,2 10,09
p-Cresol 4-methylphenol 108,1 34,7 201,9 10,27
2,3-xylenol 2,3-dimethylphenol 122,2 72,6 216,9 510,
2,4-xylenol 2,4-dimethylphenol 122,2 24,5 210,9 610,
2,5-xylenol 2,5-dimethylphenol 122,2 74,9 2111 410,
2,6-xylenol 2,6-dimethylphenol 122,2 45,6 201,0 630,
3,4-xylenol 3,4-dimethylphenol 122,2 65,1 227,0 380,
3,5-xylenol 3,5-dimethylphenol 122,2 63,3 2217 190,

1.1.2 Uses and applications of alkylphenols

Alkylphenols are important chemicals and intermeiavhich are used in a wide
range of applications such as agrochemical, phauimal and polymer industries.
Alkylphenols are largely used as intermediateshi@ manufacturing of a variety of
products such as disinfectants, dye stuffs, ardengs, optical brighteners, flavours and

fragrances. [6]
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o-Cresol (ortho-methylpehnol) is processed to epmxyesol novolak resins.
Also it is used to modify phenol-formaldehyde rssji”]. In agricultural chemicals-
Cresol is used for manufacturing pfchloro-o-cresol, which is in turn used in the
production of phenoxyacetic acid (MCPA) and phengxyppionic acid (MCPP)
herbicides. [6]o-Cresol is used in the production of coumarin, Whis used in the
flavour and fragrance industrg-Cresol is used in the production @fcresotinic acid,
which is weighty in the pharmaceutical industry.[4]

m-Cresol could be converted tm-phenoxytoluene, which is oxidized to-
phenoxybenzyl alcohol and traded to manufacturdrspyethoid insecticides. In
fabrication of antioxidantsn-Cresol is used to producetdutyl -m-cresol (TBMC), an
intermediate in the manufacturing of hindered phieremtioxidantsm-Cresol is used to
make several fragrances and flavours. For instartbgmol (5-methyl-2-
isopropropylphenol), which could be synthesizedHriedel -Crafts alkylation ofn
cresol with propylene, is used in some linimentalms and antiseptics, and as a
precursor in the synthesis of L-menthol. One of ldrgest use ofm-cresol is in the
production of vitamin E where it is methylated torh trimethylhydroquinone (TMHQ),
followed by the reaction with isophytol to yieldatbha-tocopherol (synthetic vitamin E).
Synthetic vitamin E also produced from trimethylpblks. Other uses of trimetylphenols
such as 2,3,6- and 2,4,6-trimethylphenol in fie@flantioxidants and plastics. [4]

p-Cresol (para-methylphenol) is a significant intediate in the production of
antioxidants and preservers for plastics, foodsraatbr oil. [7]p-Cresol, pure or mixed
with m-cresol, is used to produce 2,6tebutyl-p-cresol (BHT), a non-staining and light-
resistant antioxidant with a wide range of applaad. p-Cresol is used as an
intermediate to mak@-methylanisole (p-cresol methyl ether), for the darction p-
anisaldehyde, which is used in the fragrance imgutmethylcoumarin, another flavour
and fragrance chemical, could be manufactured byatidition of fumaric acid tp-
cresol. [4]

2,6-xylenol 2,6-dimethylphenol) is used largely as monomer foryfuitenylene
oxide) (PPO) which is used to make Noryl - thernaspit resin distinguished by high
impact resistance, thermal stability, fire resisggnand dimensional stability. Oxidation
of 2,6-xylenol gives2,6-xylenol dimer, a specialty monomer to produce gp@sins for
encapsulating advanced semiconductors. Other apipls are mainly as phenolic

resins, disinfectants and antioxidants. [4]
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1.1.3 Sources of Alkylphenols

The oldest source of alkylphenols is a coal tarictvhis obtained during the
production of metallurgical coke by the coking afuminous coal between 900 and
1300°C. The crude coal tar is distilled into fogpes of oil and in the light and middle oil
fractions cresylic acid is primarily present. Washof these fractions with caustic soda
solution removes the sodium cresylates, from whiddesirable components can be
removed by steam distillation. Cresylic acid recedefrom coal tar contains usually
45% phenol, 35% cresols, 15% xylenols, and 5% qihenolic homologues. [8]

Refinery spent caustic method of alkylphenol separas mostly employed in
the United States. The cresols and xylenols araimdd from the naphtha fraction
produced in catalytic and thermal cracking processehe petrochemical industry. The
phenolic compounds are extracted during the rem@fabulphur compounds that
contained in these fractions, by scrubbing with cemtrated alkaline solutions. The
phenols are then precipitated from the alkalinesphan a packed column with a
countercurrent stream of carbon dioxide and dedametypical composition of the
phenol mixture obtained is approximately 20% pheh&%o0-cresol, 22%m-cresol, 9%
p-cresol, 28% xylenols and 3% higher phenols. [8]

Specific cresol and xylenol isomers have been predsynthetically since 1965.
These processes are based on either phenol onéoaural are, therefore, more expensive
compared to the isolation of cresol and xylenol casproducts. The synthesis of
methylated phenols offer some control over regexgelity and can lead to the synthesis
of high purity products.

Sulfonation of toluene, followed by neutralizati@gdium hydroxide fusion and
hydrolysis, is used to produce mainpscresol. This process is analogous to the
production of phenol from benzene through sulfmrgtiexcept that the rate of toluene
conversion is far greater. A typical isomer digitibn of 80- 85%p-cresol, 6-12%o-
cresol, and 6-12%n-cresol is obtained. Milder reaction conditions caduce than
cresol content, while-cresol is easily separated by distillation. Gelgrg-cresol of up
to 90% purity can be produced in this manner. $afion processes had been operated
in the USA, Japan and the United Kingdom. Over@ldg are typically around 80% and
can be improved by altering the temperature and attength during the sulfonation

step, and by using a higher concentration of bida®H) in the fusion step. [4, 8, 9]
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A mixture of cresol isomers can be obtained bydhkerination of toluene and
subsequent hydrolysis in the presence of sodiunnolde at elevated temperature and
pressure. The basic reaction is analogous to theduption of phenol from
chlorobenzene. This process results in larger atsoohbyproducts compared to the
previous processes, including such compounds asridimmnd polymeric ethers, small
amounts of toluene, phenol, benzoic acid, and methad hydrogen gas. Here yields are
not higher than 70%. The resulting cresol mixtuessically contains 60% of-cresol,
the rest being- ando-cresol in an approximate 1:1 ratio. Different olemixtures had
been produced according to this process in theedrBtates, Japan, India and the United
Kingdom. [4, 8, 9]

Commercial processes based on the acid cleavagg/méne hydroperoxide
produce cresol mixtures containing approximateBoé-cresol and 40%cresol.

3,5-Xylenol is produced in the United Kingdom byrithylation of isophorane.
The reaction can yield up to 80% 3,5-xylenol, dejieg on the catalyst used. Side
products include toluene, 1,3-xylene, mesitylemegresol, 2,4- and 2,5-xylenol, and
2,4,6-trimethylphenol. After work-up, 3,5-xylenal obtained in 99% purity. [4, 8, 9]

Analogous to the large-scale industrial processtlier direct hydroxylation of
benzene to form phenol, toluene can be hydroxylatigd hydrogen peroxide to form
cresols. Acid and transition metal catalysts cdudused for this transformation. Side-
chain oxidation occurs in competition with ring hgelylation. However, the use of
shape selective microporous catalysts like claysl @tanium zeolites can result in
largely controlled ring-hydroxylation reactions. cAholic media tend to favopara-
selectivity. Although not yet optimized for largeage application, this reaction can yield
cresols with 80% selectivity (typically 1.33pt0-isomers) at 58% conversion of toluene
in butanol. [10-17]

The use of Vanadium-based catalysts in acidic méatighe hydroxylation of
aromatics had been reported. [18] In this systeydrdgen peroxide is generatedsitu
by the air oxidation of hydroquinone. The hydrogemoxide subsequently oxidizes the

vanadium species to an active oxide, which actee@bydroxylating agent.

10
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1.2 Gas phase methylation of phenol

The alkylation of phenols is a very important inulia$ reaction. Olefins, alcohols
and alkyls halides might be used as alkylating egelreferred alkylating agents for
industrial purposes are methanol and dimethylcatsnMore conventional reactants,
such as methylchloride and dimethylsulphate, alghostill employed industrially, are
less attractive nowadays due to environmental cosdé9].

Phenol methylation process is alkylation of phewidh methanol. It is used to
produce mainlyo-cresol, 2,6-xylenol and trace amounts of 2,4 @thylphenol.
Reaction conditions can, in some cases, be adjustpbmote the selectivity for one of
the products.

Industrially the phenol methylation process is iearout by means of three main
types of processes: i) liquid-phase methylationfixed-bed liquid-phase methylation;
iii) gas-phase methylation. When the reaction isied out in the liquid phase it gives
numerous products and their separation is verycdlffand complicated. In opposite
gas-phase alkylation is simpler, more selective auésn’t require complicated
separation of products.

Classically gas phase methylations produce mainsxglenol, while liquid
phase methylations yielotcresol as the main product, The other productsgqecresol,
2,4- and 2,6- xylenols in a typical 7:5:2 raticspectively. Yields of up to 98% (based on
phenol) have been reported for the gas phase seac@iommon side products include
water, methane gas, carbon monoxide and carbomddioXhis process is currently used
worldwide to produce almost the entire supply @&2ylenol. [4,8,9]

General Electric of USA had been producing 10,@@20d-cresol and 70,000 tpa
2,6-xylenols, in USA, and in Holland further, 4088 o-cresol and 16,000 tpa 2,6-
xylenols. Synthetic Chemicals, UK (later on takerroby Inspec and now Laporte) had
been producing 8000 tpa o-cresol and 2,6-xylenoldK. There has been production of

o-cresol and 2,6-xylenols in Japan, Russia, an@lCRepublic. [20]

11
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1.3 General types of catalysts in a gas phase mefgtyon of phenol

Generally and historically it is accepted that ¢éhare two types of catalysts for
phenol methylation process.

Depending on the catalysts and on the reaction itonsl the process can be
chemoselective to C-methylated (ring methylatedDemethylated (ether) phenols and

regioselective to ortho-methylated or para-mettegaihenols.

1.3.1 Catalysts possessing acid characteristics

Among catalysts having Bronsted-type acid charesties, the most studied are
() phosphates (e.g., AIRORe phosphates, BRJO[21-33], (ii) y-Al,O3; or doped with
alkali or alkaline earth metal ions, to possessesbasic-type characteristics [34-41], and
(i) zeolites, similarly in this case sometimescbanged with alkali or alkaline earth
metal ions [42-52].

Catalysts with Bronsted-type acid characteristios lighly active, and great
conversions of the aromatic substrate can be reaaheelatively moderate temperatures
(300-350°C). The main characteristics of theselystt are preferred formation of the
product of O-methylation (etherification), espelgialor less acid catalysts. It is in
general accepted that C-alkylation requires strorgédic sites than for O-alkylation
[25,31,53-55], and without a doubt less acid zesldre more selective to anisole than to
cresols [42,56,57]. With relatively weak acidicesitanisole itself may then act as a
methylating agent at higher reaction temperatund, support the formation of cresols,
which become the dominant products for higher se#ctonversion (and temperature),
together with polymethylated phenols and polymetted anisoles. The direct formation
of cresols may instead occur with more acid catglysn competition with the O-
methylation reaction. [58]

Therefore, the acid strength and control of reactmarameters, especially
temperature, are key parameters to obtain higlctsaty to desired product. Among
cresols, the orthoisomer is the preferred one,nagailassical rules which govern the
electrophilic substitution in aromatics. A slighhbeancement of the para/ortho-C-
alkylated selectivity ratio can be obtained throwdploitation of the shape-selectivity

effects in zeolites, but nevertheless this ratinams lower than the expected one.

12
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1.3.2 Catalysts possessing basic characteristics

With catalysts having basic characteristics andgugsiethanol as alkylating agent
the ortho-C-methylation reaction is preferred. Istially these catalysts are used for the
production of o-cresol and 2,6-xylenol. Catalyste made of either (i) supported and
unsupported alkali and alkaline-earth metal oxides(ii) transition or post-transition
mixed metal oxides, or (iii) mixed oxides contampiboth alkaline-earth metals and
transition metal ions. [19]

The basicity of catalysts is fundamentally relatethe properties of the’@nion,
and therefore to the covalent character of the M@ in the oxide. The strongest ones
are alkali and alkaline-earth metal oxides, whidwéver may deactivate by some
interaction with acid molecules such as carbon ideand water. For that reason from
the industrial point of view, preferred catalyste ¢hose based on either supported V/Fe
mixed oxides [59], or Mn oxide-based systems [60Joped MgO [61].

These catalysts may also possess Lewis-type a@daderistics towards the
aromatic ring; this interaction further enhancess gblectivity to the products of ortho-C-
methylation, with negligible formation of the praduf O-methylation and of that of
para-C-methylation [62-65]. Therefore, general ahtaristics of catalysts possessing
basic features are: (i) the very high regiosel@gtim C-methylation, where the ortho- to
para-C-methylation ratio, though being in all calsegely higher than 2, is yet affected
by catalyst characteristics, and (i) a O-selettito C-selectivity ratio, which is a
function of the basic strength of catalysts, whitlgeneral is low, and becomes close to

zero for catalysts having bifunctional properties.

1.4 The Mechanism of the methylation of phenol thragh phenol activation

The very high regio-selectivity in basic-catalyzgdhenol methylation, if
compared to acid-catalyzed methylation, is expliititeough the commonly accepted
Tanabe’s model [58,66]. This model describes theica adsorption of the phenate
anion over the oxide surface, because of the rigmutsetween highly nucleophilic O
anions and the aromatic ring. Consequently the pas#&ion becomes less accessible for
attack by adsorbed methanol, while the ortho pmsiti closer to the surface, are readily

available.

13
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A pioneer in the study on the mechanism of alkglatof hydroxyarenes was
Klemm [67-73], who was the first to point out tmeportance of the geometry adsorption
on the regioselectivity of phenol and 1-naphthothykation. In 1-naphthol methylation
catalyzed by alumina [68] the products found weaiphtyl ethers, methylated naphtols
(especially at T lower than 350°C, amongst whiahtiost important one was 2-methyl-
1-naphthol, followed by 4-methyl-1- naphthol; thelg to these compounds fell to zero
at high T), and methylated naphthalenes (the piiegaproducts a t T > 350°C, were
dimethyl, trimethyl and tetramethylnaphthalene)] amall amounts of 1-oxo-2-methyl-
1,2- dihydronaphthalene and 1-oxo-2,2-dimethyldifdronaphthalene at Ilow
temperature. The necessary presence of the argrolip for effective ring methylation
was established, which also oriented the regioccteity.

Tanabe [58,66,74] demonstrated that in solids lpwdnid characteristics, an
interaction also develops between the aromatic ohdghe phenolate anion and the
catalyst surface, while the same did not occurh tase of catalysts having basic
characteristics, such as MgO. As a consequendeiyfih the former case, the plane of
the benzene ring is close to the surface, and asy§ign can be methylated, while in the
latter case only the ortho position is close to theface, and can be methylated.
Therefore, the model attributes to a geometricofattie high regioselectivity typical of
the basic catalysis. This model has been invokethéyast majority of papers dealing
with the reaction of phenol or diphenols methylatiwith catalysts having basic
characteristics, to justify the high regioseledsivio the product of ortho-C-methylation.
An alternative explanation has been provided byo@®nska et al [75,76], to justify the
high ortho-C-methylation selectivity in the basetalyzed reaction between 1-naphthol
and methanol, for the production of 2-methyl-1-rthph intermediate for the synthesis
of vitamin K3 with the Vikasib technology. The aatk hypothesized that the
coordinative properties of Eemight favour the adsorption of both naphthol (afte
abstraction of the proton) and methanol over thmeessite; as a consequence of this, the
ortho position is in close proximity of methanollsé in this case, the model is
essentially adsorbitive/geometric. Gopinath et @8] [also identified by means of IR
study the development of formaldehyde, dioxymethgleformate species by feeding
methanol over Cu/Co/Fe/O catalysts, with decomosit above 300°C, but due to the
competition of phenol for adsorption on the samissiresponsible for methanol
oxidation, the latter did not apparently occurhe tontemporaneous presence of the two

compounds. Therefore, the authors proposed a mischan methanol is adsorbed on

14
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protons released by phenol, and the protonatedametinteracts with the ortho position
of phenol. The same authors obtained spectrosdogiaences about the perpendicular
orientation of phenol and phenolate [77,78], andbaited to this the high selectivity to
the product of ortho methylation. However, while thre alkylation of alkylbenzenes
(e.g., toluene) with methanol it is possible toawmbthigh selectivity to the para-C-
alkylated compound, even in the case of the adiahesed alkylation of activated arenes,
such as phenol and diphenols, and aniline as wlh olefins or with alcohols, the
product of para-electrophilic substitution is obtd with lower selectivity than the
expected one, even with zeolites catalysts [79]. @morphous acid catalysts, the
selectivity to o-cresol can even approach 100% 4R80]. The thermodynamic
equilibrium ratio between para and ortho-cres@&Q2°C is close to 0.43 (the statistical
kinetic ratio is instead 0.5), but experimentalastare usually lower than these values,
and only in a few cases values higher than 0.7 een reported [81] thanks to the
exploitation of shape-selectivity effects, andhie enhancement of diffusional effects in
larger crystalites.

In general, an interaction between the alkylatiggra and the O atom of phenoal,
which favours the alkylation at the ortho positipf4,45,48] Beltrame et al [48]
formulated the hypothesis of a reaction betweerorbe@sl anisole, which acts as the
alkylating agent, and gas-phase phenol, in whiah itlteraction between the two O
atoms puts the methyl group of anisole closer ® dtho position of phenol. It is
relevant the observation that even in homogeneaiss @ectrophilic substitution on
phenols, usually ortho/para ratios higher thanstlad¢istic value 2/1 are found [79]. This
implies that adsorbitive/geometric effects are thet main reason for the regioselectivity
observed. So, the overall mechanism for the acdiaed methylation of phenol [79]
includes direct C alkylation at the ortho and pawaitions (in confined environments the
direct para-C-alkylation can be preferred), andk@aion to yield anisole, the ratio
C/O-alkylation being a function of the catalyst dacstrength. The consecutive
intramolecular rearrangement of anisole to o-cresakes the final ortho/para-C-
alkylation ratio to become very high, especiallyi@éss acid catalysts (i.e., on amorphous
materials).

Most models described in literature refer to thendl®’s one, and thus are
primarily centred on the mode of adsorption of mieRethanol is assumed to adsorb on
surface, develop the methoxy species or simplychigaded by interaction with the acid-

base pairs, but in most cases no specific roldtitbated to methanol concerning the
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reaction pathway or mechanism. Nevertheless, variderature demonstrated that
methanol undergoes different transformations, deipgn on the catalyst surface

properties [82-84].

1.5 The role of methanol in the gas-phase methylat of phenol

One of the major problems of the industrial procafsghenol methylation is that
due to decomposition of methanol there is a lovidyeth respect to it. Consequently a
big excess of methanol is usually fed in orderei@mch satisfactory per-pass conversion of
phenol. Numerous solutions have been proposed tommizie this side reaction [85],
among which the co-feeding of water appears asibst effective [59, 86]. This aspect,
however, is often forgotten in some scientificrtieire, and only few papers take into
consideration the methanol decomposition [87-91d #me transformations that take
place with the alkylating agent. On the other handarious literature demonstrates that
methanol undergoes different transformations orahwtides, depending on the catalyst
surface properties [82-84].

In the 1960’s infrared spectroscopy studies havédie® that the chemisorption
of methanol on alumina leads to the formation othogide in the 35-170 °C range; its
transformation at higher temperatures into formi&ie-surface compound [92, 93] is
supplemented by evolution of,Hwith the likely intermediate formation of formaldyde
[67].

Some reviews have studied the nature of the spéuasievelop by interaction
between methanol and redox-type solid oxides [4], $he interaction with cations
having Lewis-type acid characteristics yields nossdciated CkDOH*ads, bonded
species [94]. Dissociated methoxy species are #phprformed over basic oxides
(Bi20Os3, F&0s, NIiO, Zn0O, ZrQ). The covalent and Lewis-type acid oxides (WOIO;,
V205, Nb,Os, MoO3) and amphotheric oxides (CediO,) produce both non-dissociated
and dissociated terminal methoxy species. [95]

The interaction of methanol with non-reducible metddes has been the object
of some investigations as well. MgO is known toabate the dehydrogenation of
methanol to formaldehyde [96]. Methanol undergaephtysisorption, chemisorption or
heterolytic dissociation [97¥ia acid-base mechanism, with formation of the ;OH
species. [98] The development of the adsorbed fmrnspecies occurs through a

Cannizzaro-type reaction with intermolecular digmndionation. Nucleophilic attack of
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the & surface species to the carbonyl (with developmehtthe formate), is
accompanied by a hydride transfer to a second mie@eof adsorbed formaldehyde,
which is converted to a methoxy species. [99, I0# formate may finally decompose
to CO and H, without any supply of ®from the solid.

An overview of the interactions that formaldehydaynbe developed by metal
oxides has been described in the review of Barf84ls Over redox-type oxides (ZnO,
CuO, etc.), formaldehyde gives rise to adsorbethdtes, with incorporation of the®0
species. The nucleophilic attack on the carbonyletgchappens with the concomitant
abstraction of an Hby a second ®species. A nucleophilic attack of surfacg& &t the
carbonyl produces a dioxymethylene complex, furnslved to the formate species.
Desorption of HCOOH, or its decomposition, leadghe reduction of the metal ion.
Formic acid on alumina may decompose either thraugbhydrative path to 8 + CO,
or through a dehydrogenative path tg H CO2 [100-102],via intermediate surface
formate species [103]. The formation of methylfotendrom methanol may occur
through different mechanisms, depending on thereatf the oxide (either easily
reducible or non-reducible), the conditions (tenajpe, pressure, presence ofh and
the surface concentration of formaldehyde, theddieing predominantly a function of
the dehydrogenative properties of the oxide. Métihgiate decomposes to yield either
CH4 + CQ, or CH;OH + CO, or gives back formaldehyde through a e érischenko
reaction [90]. In the presence of water, methylfatendecomposes to formic acid and
methanol. Concluding, some examples exist in liteeadescribing that methanol go
through several transformations on metal oxidepedding on redox characteristics of
the cation and on the “basicity” of the oxygen anio

Concerning acid catalysts, one of the main paegsrding methanol mechanism
was discovered by feeding formaldehyde to differacid catalysts and obtaining the
same products with similar yield as feeding methanopresence of basic catalysts.
Thus, the role of formaldehyde as real active allyt agent was proved. [19]

1.6Redox type catalysts

Since activation of alkylating agent plays hugeerol methylation of phenol
some search on methanol to formaldehyde transfaymditerature was done. From
previous sections it could be obvious that someoxetype catalysts activate both

methanol and phenol.
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In the area of alternative catalysts that are u$md the production of
formaldehyde from methanol and air, several stuti@#e been reported on vanadia-
based catalysts including pure vanadia, mixed @xidad supported vanadia. [104-107]
In particular, vanadates with Ni, Fe, Co, Mg, Cm,MAl, Ag, Cu, and Zn have been
found to have selectivities90% to formaldehyde at high methanol conversio8{1
112] According to Wachs et al. [111], the vanadiumbulk metal vanadates is not
volatile in methanol oxidation, although XPS anaysefore and after use of the samples
in methanol oxidation indicated some structuralngjes in the surface and near surface
layers during catalysis. Besides the surface stractsuch changes may involve the
formation of new phases; in oxidation catalysis ik metal oxides, not only the
surface, but also the catalyst bulk structure mhasinge under the influence of the
catalytic reaction until steady state is reach&i3]

Consequently, in the work of Haggblad et al. [114], more detail the
performance and the stability of a;5Al\VO4 series of catalysts withivarying from O
to 1 was investigated. Their findings indicate tbaialysts prepared in the form of phase
pure triclinic Fe_Al,VO4 phases with 0 x -1 were active and selective for methanol
oxidation to produce formaldehyde. Compared witlhepuanadia, the vanadates were
less active per vanadium atom and per unit surfaeE, but more selective to
formaldehyde £90% vs 87%). Substituting Al for Fe gave slightlyproved activity but
had no notable effect on the selectivity to fornealgde. The activity data indicate that
the electron density on a bridging V-O-M (M = V,, Ae) oxygen determined the
activity, with increasing activity expressed peaddm decreasing the electronegativity of
the M metal. The improved selectivity to formalddbyof the vanadates compared with
pure vanadia suggests that the Al and Fe in thetsire create isolation of V and
decrease the number of less-selective V-O-V siB® and XANES showed that the
triclinic FeVO, phase was unstable under the reaction conditiok farmed a
cationvacant spinel-type F¢/; 50, phase. Substituting Al for Fe in the catalyst gave
more stable bulk structures. [114]

FeVQ, is known not only as methanol oxidation catalyst &lso as catalyst for
the alkylation of phenols. Redox catalysts that aleady available for gas phase
methylation of phenol are described in some JaBatish and US patents. Inventions
refer basic and redox type oxides of the metal kntmwexist such asXDs, V204, V203,
VO, Fe0s Fg0, FeO, MgO, TiQ, MnG,, MnO, MO, and to mixtures of these
various oxides. [59-61, 115]
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1.7 Introduction to Infrared and Raman spectroscopytechniques

One of the first modern spectroscopic techniques fitund its wide application
in catalysis is infrared spectroscopy. The furthestand contemporary use of the
technique in heterogeneous catalysis is to ideatifyorbed species on the surface of the
catalyst. Additionally, the procedure is useful famderstanding the way of
chemisorption and identifying phases that are prtese the precursor stages of the
catalyst. Infrared spectra of known adsorbed mddsceould offer important information
about the adsorption sites of the catalyst. [116f@dver, one of the foremost benefits of
infrared spectroscopy is that the technique coeldfiplied to study catalysts in-situ.

Infrared spectroscopy exploits the fact that mdiezabsorb specific frequencies
that are characteristic of theitructure These absorptions amresonant frequencigese.
the frequency of the absorbed radiation matchesdimsition energy of the bond or
group that vibrates. The energies are determingtidoghape of the moleculaotential
energy surfaceshe masses of the atoms, and the associatechighroupling. In order
for a vibrational mode in a molecule to be “infrduactive”, it must be associated with
changes in the dipole. A permanent dipole is noesgary, as the rule requires only a
change in dipole moment. A molecule can vibratmany ways, and each way is called
avibrational modeFor molecules with N number of atoms in them,dinmolecules
have 3N — 5 degrees of vibrational modes, whereabnear molecules have 3N — 6
degrees of vibrational modes. [117]

The infrared spectrum of a sample is recorded Isgipg a beam of infrared light
through the sample. When the frequency of the ifRessame as the vibrational
frequency of a bond, absorption occurs. Examinatiche transmitted light reveals how
much energy was absorbed at each frequency (orevegth). [117]

Diffuse Reflectance IR Spectroscopy (DRIFTS), whiah be used in this work,
is very important tool to investigate adsorbateshensurface of the catalysts. In external
reflectance, the energy that penetrates one or panteeles is reflected in all directions
and this component is called diffuse reflectanicethe diffuse reflectance (infrared)
technique, commonly called DRIFT, a powdered sangphaixed with KBr powder. The
DRIFT cell reflects radiation to the powder andledtis the energy reflected back over a
large angle. Diffusely scattered light can be aid directly from material in a
sampling cup or, alternatively, from material coted by using an abrasive sampling
pad. [118]

19



Investigation of the reactivity of metal oxide dgtas for the gas-phase phenol methylation

In diffuse reflectance spectroscopy, there is needr relation between the
reflected light intensity (band intensity) and centation, in contrast to traditional
transmission spectroscopy in which the band intgn& directly proportional to
concentration. Therefore, quantitative analyze DRIFTS are rather complicated. The
empirical Kubelka-Munk equation relates the intgnsif the reflected radiation to the
concentration that can be used for quantitativéuesi@n. To obtain reproducible results,
particle size, sample packing and dilution showgdcharefully controlled, especially for

quantitative analysis. [119]

Raman spectroscopy is a spectroscopic techniqud teseobserve vibrational,
rotational, and other low-frequency modes in aeystlt relies on inelastic scattering,
or Raman scattering, of monochromatic light, ugudtbm a laser in the visible, near
infrared, or near ultraviolet range. Light from tileiminated spot is collected with
alens and sent through a monochromator. Wavelengjtise to the laser line due to
elastic Rayleigh scattering are filtered out witile rest of the collected light is dispersed
onto a detector. [120]

The Raman effect occurs when light impinges on keoute and interacts with
the electron cloud and the bonds of that moleckite. the spontaneous Raman effect,
which is a form of light scattering, a photon egsithe molecule from the ground state to
a virtual energy state. When the molecule relakesnits a photon and it returns to a
different rotational or vibrational state. The diftnce in energy between the original
state and this new state leads to a shift in thétesinphoton's frequency away from the
excitation wavelength. The Raman effect, which iglat scattering phenomenon, should
not be confused with absorption (as with fluoreseg¢nvhere the molecule is excited to a

discrete (not virtual) energy level. [120]
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CHAPTER 2 — EXPERIMENTAL PART

2.1 Catalysts preparation

FeVO, catalyst were prepared by co-precipitation from agueous solution
containing the corresponding metal nitrates.

In order to obtain atomic ratio of iron to vanadiimthe catalyst 1:1 appropriate
calculating were done. To obtain 20 g of Fey@7,32 g of Fe(Ng3*9H,O (Sigma
Aldrich, 99% purity), 13,70 g of Nl¥O3 (Sigma Aldrich, 99% purity), 105 ml *2 =310
ml of distilled water were prepared.

Ferric nitrate (Fe(Ngs*9H,0O) was dissolved in distilled water. Aqueous
solution of ammonium metavanadate (W@3) dropwise and under stirring was added
to the solution. To the resulting solution dropwised under stirring a solution of
ammonia 14% was added, following the change of yoiiil it reaches pH 6,8. Under
these conditions the precipitation of FeM@curred. After 1h of stirring the precipitate
was separated by filtration, washed with excessuamof water and dried overnight at
110°C. The dried mass is crushed to powder and heateli® at 658 under passing
air. Catalyst particles were prepared by presdmegdalcined powder to obtain pellets

that were then broken into smaller granules angedi¢o average 30-60 mesh size.

FeAl1.xVO, catalysts, where x=0.2, 0.6, 0.8, were suppliethbgratory of prof.
Trovarelli. To prepare the metal vanadates of teegal formula F&l;.xVO4 (with x=
0.8, 0.6, 0.2) the calculated stoichiometric amaoaiiron(lll) nitrate nonahydrate and
aluminium nitrate nonahydrate (both Aldrich ACS geat, 98+%) were dissolved in
deionized water to yield a mixed nitrate solutigh.second aqueous solution was
prepared by dissolving ammonium metavanadate (NHBW\AMrich ACS reagent,
99+9%) in deionized water at 80°C. The two solutiarege then mixed under continuous
stirring and the pH value was adjusted to 4 by mgldimmonia solution. The precipitate
so formed was stirred, filtered, washed with deiedi water and dried at 120°C
overnight. The samples were thermally treated & ®&320h in a muffle furnace under
static air atmosphere. The calcined powder wasfetid and sieved between 30 and 60

mesh sieves.
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AIVO 4 catalyst was prepared by similar method to FeMOwas prepared by
precipitation from a homogeneous water solutiont@iomg dissolved V and Al. The
homogeneous solution was prepared from two sepastr solutions, NEVO3 (Sigma
Aldrich 99% purity) solution and a solution of AlQ¥)s-9HO (Sigma Aldrich 99%
purity). Ammonium metavanadate was dropwise addeférric nitrate under vigorous
stirring. At the same time 3M HNQwas added dropwise in order to achieve pH1.0. By
these procedures solution was mixed together ambgenised. A solid precipitate then
was obtained when the pH was rapidly raised tob4.6he addition of 3 M NH3. The
particles were separated by vacuum filtration amehtwashed to remove excess of
anions with 3 | of water. Finally, the samples wedreed for 16 h at 11T and then
calcined for 3 h at 65C. The calcined powder was pelletized and sieveahtaverage

particle size of 30-60 mesh.

As V,0s5 catalyst was used industriab®s bought in (Sigma Aldrich with 98%

purity). Powder samples were pelletized and sieggahrticles 30-60 mesh.

2.2 Catalytic tests

2.2.1 Characteristics of the plant

The plant on which the experiments were carriedcould be divided into three
zones: i. feeding area of the reactants; ii. reacone; iii. sampling zone (Figure 2.1).

In the feeding zone there are devices able tohgetonditions of control supply
as the input flow rate of reagents and the flowneft gas. The elements constituting this
area are listed below. Mass flow meter, which ratpd and maintains a constant flow
rate of the carrier gas. The inert nitrogen is usethe system. Bubble flowmeter, in
order to control the flow of inert pre-set to matitte flow actually delivered. High
precision infusion pump, Kd Scientific 100, usedaidjust the input flow rate to the
reactor of the reaction mixture placed in the yeitiixed appropriately on that pump.
Pressure gauge, can detect any increase in presghie the system. Line thermostat
consists of a steel tube that connects the pointixihg of the reagents with the inert gas
to the input line of the reactor, maintained abastant temperature of 250°C by means

of heating bands.
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The reaction zone is constituted by a glass reagitbra diameter of 1.5cm and
46.5cm long; inside the reactor is inserted a tloeouple door glass reveals that the
temperature of the catalytic bed; the catalytic isezbnstituted by 1ciof catalyst in the
form of pellets of particle size from 30 to 60 meahd is positioned approximately 20cm
from the reactor bottom. The reactor is in turrentesd inside a tubular heating furnace,
model of Carbolite MTF 12/25/250.

The output from the reactor is maintained at a tmapre of 250 ° C by a band
heater to prevent condensation of high boiling potsl prior to the collection area and
sampling. The sampling area is constituted by a&sglaubbler containing iso-propyl
alcohol (2-propanol) in which the reaction produate solubilize, which can then be
periodically analyzed by gas chromatography.

The temperature control of the heating bands placedifferent zones of the
system is done through a temperature controller chyhiwhen connected to
thermocouples inserted between the bands, regulsesutput current and maintains the

set temperature.

JX
©- C

2 ‘
>
®
. Camier gas supply (N7) ‘

- Reagents supply, syringe on infusion pump ‘

. Reactor

e

. Oven heating

_Bubbler @ alsla

FC1 flow controller, mass flow meter

L4

FC2 flow controller, flow meter bubble

PS: Pressure indicator system i 3
Vent
TL Temperature Indicator of the catalytic bed -

TIC1 and 2: Temperature Indicator and Controller of inlet and outlst 5

TIC3: Temperature Indicator and Controller of the oven

Figure 2.1 Scheme of the plant
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2.2.2 Catalytic test procedure

For each catalytic test data collection is perfatras described below.

Catalytic test were carried out in a downstreamuliaub glass reactor. Liquid
reagent solutions were fed using a syringe pumpepnzed and carried by a nitrogen
flow. The reactor temperature was maintained atdésred temperature by an electric
furnace (MFT122525/301 Carbolite) surrounding theactor that directed by a
temperature controller connected to a thermocoplaleed within the catalyst bed. In a
typical reaction, the pelletized catalyst was |@hofeo the reactor tube to form a catalyst
bed in amount of 1 ml. The reactor was purged Wawing N, and then heated to the
reaction temperature after which the liquid orgaieied (mix of methanol and phenol)
was introduced. Condensable downstream were cetlect a bubbler containing pure
iIso-propanol (2-Propanol).

Sampling accumulations are performed every houas€& the accumulation
time, the bubbler is removed and repositioned itmediately to another in order to
immediately restart the reaction. The solution aowd in the flask is poured into a
25mL volumetric flask, brought to volume and fiyakhdding 20ul of decane as an
internal standard. At this point the solution iad for analysis.

Optimal residence time for phenol methylation rieact were assumed as™1s
thus residence time was calculated for each readtmm following: catalyst volume,
temperature, inert flux, syringe flux and weightgantage of phenol. Some values were
maintained constant; syringe flux speed 0,46 mlhoatalyst volume 1cfpand some

values changed as needed.
2.2.3 Products analysis

The compounds accumulated in isopropanol solutiarng the reaction, were
analyzed by a gas chromatograph (GC), Thermo F@&@Dsmodel. When necessary,

recourse was made also to a gas chromatograplattaithed mass detector (GC-MS).

Specifications of Gas chromatograph used for tlugkw
Non-polar column Agilent HP-5 (5% Phenyl - 95% nyitloxane), 320 mM
dimensions 25m X X 1:05 m; Carrier gas, nitrogetgnte ionization detector at a

temperature of 280 ° C; Injector maintained atraperature of 280 ° C in split mode

24



Investigation of the reactivity of metal oxide dgtas for the gas-phase phenol methylation

(30:1); Nitrogen flow 36mL/min dispensed; Volume sblution injected for each
analysis is 0.5L; Programmed temperature (30min): the oven remaitise isotherm at
50 ° C for two minutes, then starts the ramp of XD/ min to reach 280 ° C where it

stays isothermally for five minutes.

GC-MS specifications that were used:
Technoligies Agilent 6890 GC coupled with a massctipmeter Agilent Technologies
5973; Non-polar column (5% Phenyl - 95% methylsgio®), 250 mM dimensions 30m
X X 1:05 m; Helium carrier gas at a flow rate iretbolumn equal to 1ml/min; Injector
maintained at a temperature of 250 ° C in split en¢@D:1); total flow of 23.9 mL / min;
Volume of solution injected 0.pL; Temperature program: isotherm remains in thenove
at 50 ° C for 5 minutes, then starts the ramp of I/ min to reach 250 ° C where it

stays isothermally for 10 minutes.

2.2.4 Yields, conversion and selectivity

Molar yields were calculated as follows {s the molar flow).

I..|.1.'IZ'|.
Yield of phenolic products = prod

where “product” stands fa-cresol, 2,6-xylenol, polyalkylated phenols andeogh

Conversions are expressed as follows:

i1 out
n -n
. phenol hanol
Conversion of phenol: . e

in
Nphenal

Selectivity to product is expressed as the ratiwveen the corresponding yield

and the phenol conversion.

yield of product "x"
conversion of phenol

Selectivity to product "x" =
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2.2.5 Decomposition of Methanol tests

The tests were carried out by feeding on the csitalgly methanol, in order to
obtain information about the decomposition whick thethanol goes to meet on such
catalytic surfaces to the reaction temperature (€90

The plant used for these tests is substantiallylaino the system previously
described (Figure 2.1), with the difference tha¢ tleactor downstream is directly
connected continuously with a micro-GC Agilent 3080 The latter is a system
automated line which picks a defined amount of teacmixture to load a loop and
individually injects the mixture into three differecolumns.

Column A - PlotQ type, carrier N2, separates CH@2CH20, Ethanol

Column B - OV1 type, carrier N2, separates CO2@naenated products C2 and C3
Column C - Molecular sieve 5 A type, carrier Agparating H2, O2, N2, CH4, CO.

Last column also has a pre-column PlotU type wiitves to block compounds such as
CO2 and H20.

2.3 Catalyst characterization

2.3.1 X-ray diffraction

In the present research Powder X-ray diffractionRD¥ analysis of the
synthesized catalysts were determined by perforrNifjltered CuKa radiation (I =
1.54178 A) on a Philips X'Pert vertical diffractoiee equipped with a pulse height

analyser and a secondary curved graphitecrystabowamator.

2.3.2 Raman spectroscopy

Using Raman spectroscopy is possible to observe differences in the
vibrational modes of the samples with respect ® ¢bmposition which causes local
distortions that are not seen by x-ray diffraction.

Laser Raman spectra under static conditions wex@ded at room temperature
using a Renishaw 1000 spectrometer equipped witkiea DLML microscope (50X

lens was used), CCD detector. Samples were exwiitda diod laser beam 782 nm,

26



Investigation of the reactivity of metal oxide dgtas for the gas-phase phenol methylation

with 25 mW power. Spatial resolution is 0,5um, sp#aesolution is 1cf. For each
sample 10 second exposure and 5 accumulationsdeaee

2.3.3 Raman In-Situ analysis

By means of same instrument that was describedeaibesitu Raman analysis for
adsorption of methanol on different catalysts wpesformed. In order to carry out
reaction on higher temperatures Raman cell LINKAMtlument TS1500 was used.

Catalyst was loaded in the cell, heated to°@2and purged with nitrogen and
methanol under calculated speed. While heatingaaisdrbing Raman spectra was taken.

Spectrograph

Laser
Source

] r' 4 / 1

Lo
%-‘”fﬂé
N L

Optical
Microscope
——a

Rarman Beamn

. Sample

Figure 2.2 Scheme of Raman Spectrometer and infagarnan cell for in-situ investigations

2.3.4 Diffuse Reflectance Infrared Fourier Transfom Spectroscopy

(DRIFTS) equipped with Mass spectrometer

The in situ IR spectra were recorded using a Bruik&r 88 FT-IR spectrometer
equipped with an in situ flow cell. Methanol waguwsazed in a He stream and fed to the
cell. Spectra was subtracted from spectra of patalysts taken after heating and while
cooling.

Figure 2.3 demonstrates the apparatus for the DRIR€asurement. The infrared

beam is focused by a series of mirrors on the saréd the sample, which is placed in a
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sample holder. Diffuse radiation through the powdecollected by other mirrors and
sent to the detector. An inlet and outlet are gtedlito send the gasses into the dome and
through the sample. Figure 2.3 shows the path efgtises inside the dome. The gases
pass through the sample from the bottom upwards Thow direction offers the
advantage of thermostatically controlling the gased tracking the surface reactions at
the desired temperatures.

Infrared radiation

%i;i ,Thermocouple
Sample - _-LI ]~

- _/l_'_"\.

Outiet Intlet
Gas

-

X

_ Heating
system

==s]
seese

Fig. 2.3 Apparatus for diffuse reflection measuratag121]

Among the different experimental setups for infdarspectroscopy, diffuse
reflectance is maybe the one giving the easiestsacto the study of the surface of
materials. One of the main advantages of this teclenis an ease of sample preparation
and the ability to analyze nontransparent materialsich could not be analyzed by
transmission infrared spectroscopy. Besides, sineespectra are recordéd situ, one
can “see” the catalyst working by monitoring theamhes of species on its surface.
However, the information that can be obtained lifpge reflection infrared spectroscopy
remains qualitative, because the technique doesalotv high quality quantitative
measurements. But, a number of methods can bedavadi for quantitative analysis of
the gases leaving the DRIFTS cell: gas chromattgyrap permitted by the type and
guantity of the gases to be analyzed, or massrepeetry.

In-situ DRIFT-MASS instrument was used to study timeraction of the
methanol with the different catalysts. The expentaksetup is depicted on Figure 2.4

DRIFT-MASS scheme. First the sample is loaded & dhmple holder and the cell is
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closed and inserted into the DRIFT apparatus. Tretreatment up to 320-4%D were
done, in order to remove molecules eventually dgsbion the material, mainly carbon
dioxide and water. While cooling up to 85 spectra of pure catalysts which were used
later as a background was taken. First experimast done under 86 adsorption. In
order to feed the methanol a system was adaptéuetapparatus where the alcohol is
loaded in a syringe which is pushed by a pumpeattsired constant rate. Subsequently,
methanol is vaporized in the heating jacket andechiwith the carrier gas flow (He);
finally, this gas mixture reaches the inlet of t&usion reflectance cell and passes
through the catalysts. The outlet in this caseimected to a quadrupole mass analyzer.
After adsorption of methanol on the surface of lgata, until saturation was reached (as
seen by IR and MS, around 30 min) desorption asfime temperature was analyzed by
DRIFT and MASS spectra. He flow was left to flowdbgh the sample till the weakly
adsorbed methanol removed. While increasing tenyeraip to 320C step by step at
125°C, 175°C, 225°C, 275°C IR spectra of desorption of physisorbed specizs taken.
Adsorption for 30-40 min and desorption spectra atas taken at 32T.

The adsorption of methanol over mixed metal oxichs lead to different kind of

adsorbed species depending on the surface prapeftiee material under study.

»

Inert feed (He)

Bubble flow meter |
IR beam

DRIFT apparatus

Heating band

ﬁ B

Figure 2.4 Scheme of DRIFT-MASS instrument

Syringe for methanol

D_:lill

Syringe pump
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2.3.5 In situ Infrared spectroscopy in vacuum

The IR range is investigated between 4000 and 2-1 (NIR Near Infra Red’

The IR spectra discussed in this thesis have giediion of having been derive
from a sample of catalyst placed inside an instnintigat seres to maintai the sample
under vacuum in order to first pretreat the sani@ering the desorption of impuritie
and water adsorbed on the sur; subsequently adsorb the reageninterest (phenol ii
our case); and then perfortime desorptio. The instrumentatiothat was used is shov

in Figure 2.5and then followeby the order of operation.

Figure 2.5 Image of plan for in-situ infrared study cddsorption of reactan

on catalysts in vacuum

To perform the IR test described in this th, work wa operated as describ
below:

1) The catalyst to be examined, in powder form, wasembled in a thi
rectangular tablet placed if'slide” of quartz;

2) Such “slide”is situated in a cylindrical tube of quartz, wragpe a heatinc
band to itscentral part and terminating with a window consigtof two tablets of KB
through which pass the beam of incident radiation of th&rumen. The “slide” is
skatedappropriately depending on ‘ereis desired that the catalyst intercepts the op
path, or both at the level of the heating bar

3) Such a cylindrical tube of quartz is an extremehef vacuum line, which b
means of suitable fittings and taps glass seaprivided with ampoules in whic

introduce reagents to be adsorbehere are lso two glass traps immersed in ligt
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nitrogen during the operational phase, which ptatee pump from the diffusive contact
with the chemical species that are progressivetpdeed from the catalyst;

4) The vacuum line as a whole is placed on a tert allows you to place the
sample to be analyzed within the instrument prgpsolas to intercept the optical path of
the IR source. The vacuum line upstream is condeati¢h two vacuum pumps: a
mechanical pump that serves to push the vacuuno walties around I0mbar and a
diffusive pump which allows to reach the high varuup to 16 mbar .

5) After reaching a vacuum of between>18nd 1 mbar, and after suitably
positioning the trolley with the vacuum line on tbptical path, we can start the pre-
treatment of the sample by heating the sample anflyyvia IR, that all the impurities
deposited on the surface are removed.

6) Then we cool the sample and proceed with theratien of the molecule of
interest

7) When the IR spectra confirm the achievement sigaificant evidence of the
presence of reagent adsorbed, we start the demorpért, by heating the sample and
recording the IR spectra at intervals of regulangerature, in order to obtain an

overview of the changes that occur while increasemgperature.
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CHAPTER 3 — RESULTS AND DISCUSSIONS

3.1 Catalytic tests

FeVQ, is a well-studied catalyst of the (oxi)dehydrogeratof methanol to
formaldehyde. As it was described in the introduttpart, the properties of the catalyst
to form formaldehyde plays one of the most impdrtahes of phenol methylation, as
formaldehyde is proved to be the real alkylatingrag

FeVQ, catalyst was obtained as described in Chapterwadtfound in literature
and then experimentally shown that under 320°Cptgature with residence time 1s we
obtain successful results.

In Figure 3.1 results of the experiment carried atusptimal conditions, referring

to the literature, are demonstrated.

=@—Conversion of phenol =A=2,6 xylenolo =i—o0-cresol
=¥=2,4,6-trimethylphenol —#=2,3,6-trimethylphenol =#=others
100 —o=—=o @ @ @ @ L L @
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Conversion, Selectivity

Time-on-stream (min)

Figure 3.1 Catalytic performance in phenol methglabn FeVQ in function of time-on-stream at 320°C,

residence time 1s; phenol to methanol ratio 1:10
From Figure 3.1 we see that with Fe¥@s a catalyst at 320 °C a principal

product of the reaction between methanol and phessl 2,6-xylenol, with negligible
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Investigation of the reactivity of metal oxide dgtas for the gas-phase phenol methylation

formation of o-cresol at the very beginning of tleaction and disappearance after 2
hours. The selectivity to 2,6 xylenwhs very high during the experiment.

It is worth mentioning that at this conditions minformation of 2,4,6-
trimethylphenol was formed. The very high seletyivo 2,6-xylenol is proving the high
selectivity to C-methylation.

From results obtained (Figure 3.1), interesting avédr of the catalyst was
noticed in the beginning of the reaction. Thera &ightly lower conversion, minor but
noticeable change in selectivity to both mono- afdnethylation. This character
hypothesized to be due to some transformation daifiaation of the catalyst.

In order to prove that methylation of both orthspions are due to high coverage
of the surface by adsorbed methanol species, waishigher phenol to methanol 1/2
ratio was performed. Figure 3.2 demonstrates thiagusame FeVcatalyst with higher
phenol to methanol 1/2 ratio the main product isresol which is a product of
methylation of only one ortho position. Also in tbase when less methanol amount is

fed, lower conversion of phenol and resulting lowietd of products are observed.
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Figure 3.2 Catalytic performance in phenol methgtabn FeVQ in function of time-on-stream at 320°C,

residence time 1s; phenol to methanol ratio 1:2
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Tests at 380°C (Fig. 3.3) and 450°C (Fig. 3.4) wea&ied out to prove that
optimal temperature for Fe\j@nd similar catalysts is 320°C.

In Figure 3.3 there was some significant differenfrem the test at 320°C, with
slight formation of highly alkylated and naphtli&ke products (shown in the figure with

the “others”). Selectivity to main products didditfer much.
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Figure 3.3 Catalytic performance in phenol methglabn FeVQ in function of time-on-stream at 380°C,

residence time 1s; phenol to methanol ratio 1:10
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In case of 450°C the formation of highly alkylatadd naphthol like products
(pointed at figure ‘others’) are much more sigrafit. Same deviations we could notice
in the situation of deactivation of the catalysthaher temperature deactivation of the
catalyst probably due to formation of the coke esauuch more rapidly. Selectivity to
methylation of both ortho position to form 2,6-xyt¢ was much lower than previous test
while selectivity to o-cresol was increasing wittmeé-on-stream constantly; it is also a
prior factor to prove the deactivationiefVO, catalyst.

It is important to note that at higher temperathere is also a minor contribution
of dehydroxilation reaction that leads to the fotioraof xylenes and toluene.
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Figure 3.4 Catalytic performance in phenol methgtabn FeVQ in function of time-on-stream at 450°C,

residence time 1s, phenol to methanol ratio 1:10

The very high regio-selectivity in basic-catalyzgdhenol methylation, if
compared to acid-catalyzed methylation, is exphhitteough the commonly accepted
Tanabe’s model [58,66]. This model describes theica adsorption of the phenate

anion over the oxide surface, because of the rigpulsetween highly nucleophilic O
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anions and the aromatic ring. Consequently the paséion becomes less accessible for
attack by adsorbed methanol, while the ortho pmssti closer to the surface, are readily
available.

High regio-selectivity was observed with redoxeygatalyst FeVQin tests that
are demonstrated above. In order to prove this\behiaof the FeVQcatalyst some tests
were performed.

Figure 3.5 compiles the results of gas-phase @@l methylation with
methanol over the FeVdisplaying the conversion of 2,6-xylenol, yieldnswand the
selectivity to the reaction products. Selectivitylee catalyst to 2,4,6-trimethylphenol are
very high but the yield of this product is the saasethe yield when feeding phenol
instead of 2,6-xylenol. The low conversion of 2y8exiol also shows that the catalyst
favor the ortho-methylation, and if both ortho pisis are occupied there is a low
conversion of the reactant. It worth noticing thia¢re is a slight formation of 2,3,6-
trimethylphenol (both ortho and one meta) with lovgelectivity, and almost same

amount of 2,6 dimethylanisol formed.
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Figure 3.5 Catalytic performance in 2,6-xylenol hyddition on FeVQ in function of time-on-

stream at 320°C, residence time 1s; phenol to methatio 1:10
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In Figure 3.6 results of the catalytic gas-phasehgiation of p-cresol with

methanol are shown. In the case when p-cresol eashdth selectivity and yield of

2,4,6-trimethylphenol are very high because parsitipn is already occupied on the

reactant. There is a slight formation of 2,4-xyleaad others (complex naphtol like

compounds)
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Figure 3.6 Catalytic performance in phenol methgtabn FeVQ in function of time-on-stream at 320°C,

residence time 1s; phenol to methanol ratio 1:10

The catalytic tests confirm the great regio- (oytlamd chemoselectivity

methylation) of the phenol methylation reaction hwkeVQ,. We could assume

(C-
that

phenol adsorbs orthogonally on the surface of #uox catalysts as in catalysts with

basic characteristics.
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With the intention of determining the real activieape of FeV@catalyst in the
gas phase phenol methylation, as a first step & #@ecided to compare FeVO4 with
behavior of individual oxides. In previous worksafr laboratory F£, and \bO3; were
tested in phenol methylation reaction;Gg catalyst shows low yield, low conversion
and low selectivity to di-methylated product, whi\&O3; has a higher conversion,
slightly higher selectivity but deactivates rapidlyn this work catalytic test was
performed using commerciabWs as a catalyst, pelletized and sieved (30-60 mesh).

In Figure 3.7 results of gas phase methylation g@s\&pplying same conditions

of the reaction that were optimal for Fey€atalyst are shown.

=@-Conversion of phenol —=o0-Cresol —&—2,6 xylenolo
==2,4,6-trimethylphenol =#=2,3,6-trimethylphenol =f=Others
100 / @ @ @ @ @ @ o —
90

% I A——————— ——,

o &

60
50
40
30
20
10

O .

Conversion, Selectivity

Time-on-stream (min)

Figure 3.7 Catalytic performance in phenol methglabnV,Os in function of time-on-stream at 320°C,

residence time 1s; phenol to methanol ratio 1:10

As it is demonstrated in Figure 3.7 main behavibew using YOs as a catalyst
is same as with FeVQOSlight differences in results are a bit lowerestlity to 2,6-
xylenol and higher selectivity to formation of @éifent complex heteroaromatics similar

to benzofuran (Figure 3.7 — see “others”).
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Results of the tests carried out shows that in Fedddalyst the main active
catalyzing phase is due to vanadium.

It was demonstrated that the real active speciephenol methylation are
vanadium sites and it was also shown that the tioseof other elements in vanadium
phase improve the catalytic activity. It is knoworh the literature that in one row
together with FeVQ there are AIVQ and mixed FgAl1,VO, also known as very active
catalysts of methanol to formaldehyde conversibrs Wworth mentioning that some acid
character of Al could change the overall catalyshdvior in gas phase phenol
methylation.

Results of the test using AINOn gas phase methylation, under the same

conditions that were optimal féeVO, and \LOs catalysts, are reported in Figure 3.8.
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Figure 3.8 Catalytic performance in phenol methgtabn AIVO, in function of time-on-stream at 320°C,

residence time 1s; phenol to methanol ratio 1:10

The prevailing products of the reaction with Aly@atalytic systems (as shown
in Fig. 3.8) are ortho-C-alkylated compounds, imtipalar high selectivity to o-cresol
which is mono- ortho- methylated compound, and losedectivity to 2,6-xylenol which

is di-methylated. Nevertheless high conversion bérwl and high selectivity to di-
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methylated 2,6-xylenol which were characteristiccevVQ, and \LOs are not the case
with AIVO,as a catalyst. Here the low conversion and selgctivight be due to acidity
of the Al, despite there was only negligible preseaf anisole and methylanisole.

From the previous experiments it is well seen H&tQ, is very active for the gas
phase methylation of phenol with high conversiaeldyand selectivity to di-methylated
products, when the AIVO4 is selective to mono-mkited compounds with low
conversion and yield. To have a complete view it warth to test compositions in the
middle, between Fe and Al: mixed,A&; VO, catalysts, which also show high activity
and selectivity to formaldehyde in different metbkto formaldehyde reactions.

In Figure 3.9 results of gas-phase methylation whi sAlo VO, catalyst
reported. The reaction conditions are same as aptionditions when using catalysts in

previous tests.
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Figure 3.9 Catalytic performance in phenol methgtabn FggAlo VO, in function of time-on-stream at
320°C, , residence time 1s; phenol to methanad ratio

Figure 3.9 shows that 2,6-xylenol is a principadgurct of the reaction between
methanol and phenol with £g\lp2VO, catalyst. Some minor formation of 2,4,6-
trimethylphenoland of 2,3,6-trimethylphenol are noticeable. Thé&edwity to 2,6-
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xylenol is a bit lower, but around 100% conversioh phenol and all the other
characteristics of this catalyst was very simitaFeVvQ,.

Results of gas-phase methylation of phenol witheRk sVO,4 as a catalyst are
shown in Figure 3.10. The reaction conditions ame as optimal conditions with

previous catalysts.
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Figure 3.10 Catalytic performance in phenol mettigtaon Fey gAl 9 42V Oy in function of time-

on-stream at 320°C, , residence time 1s; pheneiditanol ratio 1:10

Slight, almost negligible decrease of selectivity 2,6-xylenol when using
Fey Al 4VO4 comparing with previous (B@Alo2VO,) catalyst is very nearly all the
difference. Also very insignificant decrease ofsélity to 2,4,6-trimethylphenol and to

2,3,6-trimethylphenol.
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The prevailing products of the reaction withy B8l o s8VO, catalytic system (see
Figure 3.11) are ortho-C-alkylated compounds, itipaar 2,6-xylenol and o-cresol.
There was very significant decrease of selectitdy 2,6-xylenol and increase of
selectivity to o-cresol. From the time-on-streansrdase of the conversion and increase
of mono-methylation (o-cresol) while decrease ofmelihylation (2,6-xylenol)
demonstrates deactivation of the catalyst.
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Figure 3.11 Catalytic performance in phenol mettigtaon Fg Al VO,

in function of time-on-stream at 320°C, residenoetls; phenol to methanol ratio 1:10.
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Summarizingthe main effect of iron and aluminum presenAlVO,4, FeVQ)
and its proportion KeygAloVOs, FeAlgaVOs, FeAlpgVO,) in mixed oxides

containing vanadium the behavreported in the Figure 3.12.
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Figure 3.12 Results oftalytic performance in phenol methylationFeVO, FeAl;. VO, AIVO,

comparingconversion of phen, yield sum and selectivity to main produ

As it is seen from the Figure 3.12 there is a trévad the higher is amount of irc
in mixed oxide, the higher are conversion, yielansand selectivity to ~-methylated
product (2,6-xylaol). The opposite is true for aluminum, higher amoof aluminun
leads to lower yield sum and higher selectivityrtonc-methylated produc

This results lead to hypothesis that differencesbath methanol and pher
adsorpton on the catalytic surface is very important frdma mechanism of adsorpti
point of view. Also it isessential to understand high regamd chemoselectivity ¢
catalysts to ortho- and @ethylation respectivel

It is important to mention that in tests performed, in the beginning there
slightly different behavior of the catalyst thamsle after some reaction time. And it v
hypothesized that there is some transformatiorhabty the reduction of the catalyst
the beginning of reactic

To understand differences in behavior of the catalyand mechanism

adsorption on catalystspectroscopic methods were applied. First of central and
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useful technique to understarphases, of which catalystsomprise, X-ray powder
diffraction was applied.

3.2 X+ay diffraction analysis

In order to characterize catalyst-ray powder diffraction analysis were do
Results of FeVO4 freshly prepared, exhausted agenerated samples analyzed k-
ray diffraction werevery important for understanding the ‘r catalyzing agen.

Figure 3.13 shows Xay diffractograms of fresh and exhausted F, catalyst.
Freshly prepared FeV/s a homogeneous phase, which peaks suits theadatadn(
shows the characteristieatures of a triclinicP — 1) type of phase.

As it is seen from figure exhausted catalyst paseses pattern of spinel ty
phase.The resultant diffractogram of exhausted Fiy showssimilarities toFe;O4 and
FeVO, but shifted to the letind to Fe\,O, but shifted to the right.
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Figure 3.13 Xray diffractograms of freshly prepared (top) antasted (bottom) Fe\, catalyst
Additional diffractogram of FgO, (magnetite).
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In Figure 3.14peaks olFeV,0O, and FgVO, diffraction pattern from database ¢
shown. Spent FeVQlocated in between the patternsFeV,0, and Fe,VO,, and also
shifted from pattern of magnetitAlso some peaks with very low intensity that
related to hematite were fou

Since pattern of speFeVQ, located in between the patterns of spinels mendi
before, it could be assumed that exhausted I, possesses characteristics of a sf
phase containing iron and vanadium in unknown ktoroetry. The position of the pea
lead tohypothesis, that during the reaction catalyst meslifc a phase like vanadit-

doped magnetite or well mixeFeV,0,and FgVO,spinel phase.

FeVO, spent

au
Il

‘ 1
|
M“ N B ] J |
My | L) | | |
(I -
LN * i | . Il Ik I
et Do . | e ™
vt Y ey U | ) { I . Y | uav
W, ! P ! I}
‘ﬂﬂul«'w\'hb'ww H'M'JHMM.."«”;M.WWJ“ o Mgy \,w et ,N A
FeV,0,
Fe,VO,
L 1 L L L | T T v 1T T T v T T T T T | T v r T 1T T ‘ 111 T ‘ T T ‘ T rr T
10 20 30 40

Position [*2Theta] (Copper (Cu))

Figure 3.14 Xray diffractogram of spent Fe\, (top), peaks of FeXD, and FgvVQ, diffraction patterns
from database, additional peale) of hematite.
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Reoxidation of the FeV, catalyst was carried out, by air feed at high teraijppee
in same reactor where reaction tests were made diffnaction pattern of regenerat
FeVO, was similarto fresh catalyst (Figure 3.). This could be evidence that sp

FeVQs is not consisting of R®,, but it has to be mixed Fé,04 spinel.
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Figure 3.15 Xray diffractograms of fresh, spent and reoxidize¥ 8, catalyst
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In order to corroborate the results of XRD and wite aim of determining the
reducing rate of the catalyst, decomposition ofhaetl tests were done in the same
reactor in which experiments were performed. Theeerment was done by feeding only
methanol and analyzing light products by micro-GCitais described in experimental
part. From the results of decomposition test, regabin Figure 3.16 and Figure 3.17, it is
seen that reduction of the catalyst starts fromléginning and stabilizes after 30-35

minutes, with reduction around 25%.
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Figure 3.16 Methanol decomposition test on FgeWluction of the catalyst in function of time
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Figure 3.17 Methanol decomposition test on Fg¢@nversion of methanol
and yields of light compounds produced.
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With the intention of roughly resolving the reducedtalyst composition
respective calculations with oxygen balance to iptesspinels were done (Table 3.1).

Table 3.1 Examples of possible reduction of Fe¢&talyst

Oxygen Reduction

#

Reduction balance grade, %
1 | 15FeVO4— 7Fe\L0O, + FeVO, + 3Fe03 600— 410 | =~=32%
2 | 3FeVO4— FeV,0,4 + FeVO4 120— 80 ~ 33%

3 | 17FeVQ — 8FeV,04 + FeVO4 + FesOs + 2Fe0s | 680— 460 | = 32%

4 | 15FeV0O4— 7FeVoO, + FeVO,4+ 2Fe0, 600— 400 | =33%

5 | 6FeVQ — FeVL,0,4 + FeVO4+ V304 + FeOy 240— 160 ~ 33%

6 | 6FeVQ — 3FeVO, + V30, 240 — 160| =33%
7 | 3FeVQ — Fg04 + V304 120— 80 ~ 33%
8 | 6FeVQ — 3Fe\LO, + FeOy 240 —» 160| =33%
9 | 7TFeVQ — FeVO4+ 2V304+ Fe04 + FeOs 280—- 190 | =32%

In all listed cases in Table 3.1 reduction of tlaatyst were around 32-33%,
which are relatively in respect with experimentalues. But first four examples are most
possible since they in general match with resultX-oay diffraction. Other examples
have much less probability to be correct, due wulte of reoxidation test and X-ray

diffraction analysis.
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Results of Xray diffraction of freshly prepared and spen,Os catalyst are
presented in Figure 3.1&resh catalyst has a very clear pattern ,Os homogeneous
phase. On the other hand diffraction pattern ohspatalyst shows similar pattern
reduced phase of @s, but not spinel phase. Diffraction pattern of speathlyst has nc
match to any pattern from database, thus we caddmae that s|nt catalyst contains ¢

mixed phase of reduced vanadium oxidk
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Figure 3.18 Xray diffractograms of freshly prepared (top) antiasted (bottom) ,O5 catalyst
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Diffraction pattern ofresh AIVQ,show the characteristic features ctriclinic (P
- 1) type of phase (Figurel®) and has a good match with Al\/@attern indatabase.
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Figure 3.19 Xray diffractograms of freshly prepared (top) antansted (bottom) AlVy catalyst

From Figure 3.1% is well seen thespent AIVQ, catalyst segregates to individt
oxide phases. Bad peak from z-40° in the used AIVQ is supposed to be related
amorphous phase of &Az. Very small peaks at © and 31,5 small possibly due t
Al203 presence, and intenpeaks at 4° and 65 are related to Vhase and might t

with additionally small amount of other reduced adinm oxide.
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With the intention of determining reducing ratetloé AIVO, catalyst and to have
a comparison with active Fe\({Odecomposition of methanol tests were done on AIVO
by the same method as with Fe)O

Reduction of the catalyst rapidly starts from tlegibning and then with lower
speed after 50-60 minutes, with reduction aroun@@%, but continues to reduce slowly
even after 3 hours of reaction (Figure 3.20 andifeé@.21).

Interesting observation was made, while perfornthrgytest; together with same

products as in methanol decomposition on Fg\Vi@case of AIVO4 dimethyl ether was

produced.
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Figure 3.20 Methanol decomposition test on AlyYReduction of the catalyst in function of time
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Figure 3.21 Methanol decomposition test on AlV®ields of light compounds produced
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In order to approximately determine the reducedlgst composition and to
compare with FeVQ respective calculations with oxygen balance tespgme spinels

were done (Table 3.2).

Table 3.2 Examples of possible reduction of AlMatalyst

, Reduction
# Reduction Oxygen balance
grade, %
1
12AIVO,4— 6AIV 04 + 3A1L0O3 (480—> 330) ~ 31%
2
3AIVO,— AIV,04 + ALOs;+ VO (120—> 80) ~ 33%
3
2AIVO,4 — Al,O3 + V0, (80 — 70) ~12,5%
4
2AIVO 4 — Al,O3 + V503 (80—> 60) ~ 25%
5
2AIVO,4 — Al,O3 + 2VO (80 — 50) ~ 37,5%
6
6AIVO,4— Al,O3 + V,03+ 4VO (240— 160) ~ 33%
7
6AIVO4— Al,O3 + V,04+ 4VO (240— 170) ~29%

From listed cases (Table 3.2) first two possie#itare assumed not to be true
because there is no presence of this phase in Xd®agction pattern. Examples #3 and
#4 are not coincide with results of methanol decositfpn test, since low maximum
values of reduction. Last three examples of possaadiuction of the catalyst were around
29-37,5%, which are relatively in respect with expental values and could be

explained through X-ray diffraction pattern.
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The catalyst§eVC,, FgAI1 VO, (x=0.2, 0.6, 0.8) and AlVQwere characterized
by XRD both as synthesized and after use in pherathylation. The XRD patterns
the freshly prepared samples displayed in Figure 3.22s it was mentionecFeVQ,
and AIVO, samplesshow the characteristic features of a triclirP — 1) type of phase,
isostructural with FeV@and AIVO,. Freshly prepared GeAl4VO,4 catalyst seems to |
segregated FeVO4 and AIVO4 pha In the other mixed Ral;4VO, catalystswith
increasing amount of aluminum, we witness changeni cell and it is possible 1

observe a shifts.
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Figure 3.22 Xray diffractograms of freshly prepared Fe,; Fey, saio, 2vosF&,6Al 0,4V 04, F& Al VO,
catalysts

53



Investigation of the reactivity of metal oxide dgtds for the ge-phase phenol methylati

The XRD patterns of the used samples are displayFigure 3.2. Comparing
this figure with Figure 3.2Zlearly shows that the used catalysts posspinel-type
phaseswhich are different from fresh cataly:

From FeVQ to AIVO, there is a tendency that peaks possibly relatedixed
spinel phases of FeW,, Fe,VO, are broadened and shifted excepi A& sVO4 which
had a different characterization after prepar:.

In FeVQ, catalyst tlere are not intense peawhich could berelated t hematite
(Fe0s3). These peaks amdso present, but with lower intensity, Fe) gAlo2VO4. Then
with lowering iron in composition of catalystese peak disappear and very broad pe
related to AJO; appears. Diffraction pattern Fey2AlogVO4 more similar to sper
AIVO 4 pattern with segregated oxides of aluminum and diama(ll).

——— FeVO,spent T Fe2v04
FegsAly 2VO,spent ? Fe\204

————  Feg Al VO spent

——  FeysAlysVO spent ® Hematite

——  AVO,spent

Line to show shift
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\\\\‘\\\\\\\;\‘\\I\\\I\IiI\I\I‘\\II‘\III\\I\\\‘\\f\\\\\\‘\\.\\\\\\\‘\\\\\\\\\
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Figure 3.23 Xray diffractograms of spent Fe\, Fey gaio, 2vos, F& 6Al0.4V 04, F& Al VO, catalysts
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From X-Ray powder diffraction analysis we undersitabhat FeVQ catalyst
reduces during the reaction to mixed spinel phasgaming FevVO, and FeO, as
major phases probably with small amount of magmetind hematite. After the
reoxidation the catalyst has a similar pattern att@ristic of FeV@ which is proof of
an almost full evolution of the catalyst back tonier fresh phase and thus spent catalyst

is reversible.

On the other hand AIVO4 catalyst is segregatind\ligD; and VO during the

reaction, which leads to deactivation of it.

Mixed FgAl;1xVO, catalysts have properties similar to either Fg¥OAIVO,

depending on the amount of according element.

Observed high activity of B@Alg4VO, similar to FeVQ might be due to
segregation of FeVand AIVO, during synthesis. Thus, Fe\{@art in this segregated

catalyst mostly played important role in successfattion.

Vanadium (V) oxide reduces during the reactiord dones not form spinel type
phase. The spent catalyst consists of mixed redpteses of vanadium oxides of

different oxidation states.
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3.3Raman Spectroscopic studie

Raman spectroscopy was used to examine the mat# pkases present in
synthesized catalysts. Raman spectra of freshlyapeel and spent Fe\, catalyst are
presented in Figure 3.2Zhe Raman spectrum of the dehydrated F; mixed metal
oxide contains bands at 971, 936, 910, 900, 856, B33, 738, 664, 634, 370, and :
cm-1 characteristic of the bulk Fe\; phase. The absence of Raman bands
crystalline R-FgO3 or V.05 nanophass demonstrate that the bulk FeVO4 mixed
oxide is phase pure.

The spectrum of spent Fe\; appears similar to fresh one, but with poc
resolution and shifted in the regions wel-O bands are present. Bands correspondi
V-O-Fe and Fe& not shifed or shifted not significantly. This could be dum

temperature, since vanadium spe (crystals) increase in volume.

VOx stretching 971
symmetric (terminal 936
V=0 honds)
900
910
VOX stretching 900
FeVO4 fresh 100% green laser asymmetric 850
(asymmetric
NT . stretching of VO4 836
units}
773
738
FeVO4 exhaust under laser -
VOx bending )
) 310
assymmetric
VOx bending
X 327
symmetric
Vox 1030
VOFe stretching 664
asymmetric (bridging
FeVO4 fresh under laser 5 min V-O-febonds) 34
VOFe stretching 500
symmetric
460
VOFe bending 200-300
13000 1200 1100 1000 900 800 700 600 500 400 300 200 96, VOFe [y

Raman Shift / em-1

Figure 3.24Raman analysis of freshly prepared and exhausté®,under green Ar lase
Additionaltable of FeVQvibrational modes
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The reason why spectra of fresh and spent catlalgkt similar possibly due to
reoxidation of spent catalyst because of lasertatken. In order to prove this theory,
analysis with lower laser power was performed. Fegi25 concludes spectra taken with
lower and different laser power. First attempt with laser power was not enough to
resolve peaks successively, but it was enough ticensome broad peak about 660°tm
Therefore same laser power was applied and we \¢dasapectra more typical to spinel
type. For comparison in Figure 3.25 spectra ofdgpspinel freshly prepared &, are
shown.

After applying 5% laser, broad intense peaks sintdafreshly prepared Fe\VO
started to form. Once more spectrum with 5% lases taken, and this time broad peaks
of freshly prepared FeVfwas observed clearly (Figure 3.25).

It is worth mentioning that magnetite under theetesso reoxidize to hematite.

FeV Q4 fresh

E ek R A s o
FeVO4 spent 156

FeVO4 spent 1+1%

M FeWVO4 spent 5%

parmiiat”
- "Www e

FelVVO4d spent 5+5%
A N
i f \ o 4 rr
INT - WA = MHP L{ Fe304 1%
_I.I.,'._w'bh"‘”‘r/

ﬂf \\ W nl.l’l‘n!1 1"1'!'1& Tm u'f"h S —_—
r'J '-?‘i" IHMML‘ I WM-W M‘p
f WMW ﬁWLL l,f” Yt w-*" i

: N‘MWIWW

ID[}[} 9[}[} SD[} T00 GO0 500 400 300 200 100
Raman Shift / cm-1

Figure 3.25 Raman spectra of freshly prepared,tdpeM0O, and freshly prepared k@, under different
power of laser
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In Figure 3.26 Raman spectroscopic analysis ohfegsl exhausted @5 catalyst
are demonstrated. In this experiment same behasian FeVQ catalyst’'s analysis was
found. When applying 1% laser power catalyst spegtissess reduced vanadium oxide
characteristic bands. After increasing the lasevgrccatalyst regenerates by laser heat,
however with some shift of the peaks from specfrthe fresh catalyst. Possibly due to

the laser heat, unit cell of vanadium oxide crystatease in volume.

el

V205 exhausted 1%

INT

- V205 exhausted 5%

| V205 fresh Jk

130 180 1000 200 BIO ] S0 500 A0 30 o o6
Famzn Shift /om-1

Figure 3.26 Raman analysis of exhauste®:\1% laser power, 5% laser power,

freshly prepared 305
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Interesting results was obtained when Raman spedtdfaesh and exhauste
AIVO, was taken. Resultant spectriof fresh AIVQ, is matching with literature da
with a small exception of lower resolution peaks thatre characteristic of ~V-O4
(Figure 3.27).

Spectra of exhausted Al\4 look similar to spectra of fresh,Os and with broad
band between 95050cn-1 which could correspond to A)s. Characteristic behavior
vanadium oxidesis that spectra of oxides of vanadium with difféarexidation state
show almost same peaks with some shifts. In otleeds, similarity of the bands prove
that exhausted AlV@segregates tol,0O3 and VO.
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Figure 3.27Raman analysis of freshly prepared and exhausté®, and

freshly prepared ,0Os. Additional table of AIVQ vibrational mode.
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When applying X-ray diffraction on eAlo VO, there was a deviation from a
trend. After applying Raman analysis it was foumak t=¢ Al o 4VO, catalyst consisted of
two segregated phases, dark and bright parts @ig#8). From Raman data attempt

was made in order to assign those phases, reselfsesent on Table 3.3.

AIVOA4 fresh

Fe0,6Al0,4V04(W)fresh

FI ) Fe0,6Al0,4V04(d )fresh
M'J I'IHI *ﬂ"rﬁ\ ,Iﬂ "‘L; wu
M*W Hf‘ﬂi"‘"llﬂﬁ.._.}..dm@ Jw‘brm "!"rw.‘ 't'-ﬂ,.,w-g,f-w.-')'\\i

Tl

ﬂ FeVVO4 fresh

oy
nl | I'“". ||
u'“" |Lf k | II". \ _).-'mrﬁ\‘\v.'ﬂ"'lw ".U_f "

V_J_.}I v, A48 7T A—L_,,‘_ﬂ-,ﬁ’\jf | r q
(1T b 44 2 ] 1% ] =L k] 45 £l 2 L AR & L1 o b ] nj L) g
Romme Fdh on

Figure 3.28 Raman analysis of freshly prepared Al Al VO, bright part (w),
Fey 6AlosVO, dark part (d), FeVexatalysts
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Table 3.3 Assignment of Raman shifts of FayY8IVO, and FgAl VO, catalysts

Raman analysis Fe, (Al ,VO,

Fe0.6Al0.4V04

FevO4 AINO4 Dark Bright
974 969
VOx stretching symmetric  [971m VOx stretching symmetric  |[1020m Vox stretching
(terminal V=0 bonds) 9363 (terminal V=0 honds) 991s symm 936 992
900 954s 900 936
910s 960 915
. . 900s ) ) 944 ago 298
VOx stretlchmg asylmmetrlc 5505 VOx stret.chmg asy.mmetrlc 9755 Vox stretching 225 246
(asymmetric stl.'e‘[chmg of VO4 2365 (asymmetric stretchmg of VO4 907m asymm 335 334
units) units)

773m 858w
738s 822w 746 740

434m

408s N
VOx bending assymmetric 370w VOx bending assymmetric  |405s VOx bending 376 402
asymm

382m 374

360m
329m . 331
VOx bending symmetric 327w VOx bending symmetric 303m VOx bending 331 303
288m symm 282

Vox 1030

VOFe stretching asymmetric 564w VOAI strettfhmg. aslymmetnc 785w
(bridging V-0-Fe bonds) (asymmetric bridging V-0-Al [710w 700

634w bonds) 670w

VOAI stretching symmetric  [569w
VOFe stretching symmetric (symmetric bridging V-0-Al  |521m 481-446 526
bonds) 466m 477
VOAI bending 242m 276 194

VOFe bending 200-300 | (bending modes of bridging V- [226m +174 +172
0-Al bonds) 192m +169 *+167 *+143
VOFe 652

As it is seen from the Table 3.3 bands of the daak of the FgsAlp4VO,

catalyst corresponds to FeY@nd the bright part corresponds mostly to AlMdd VO

(or V205).

61



Investigation of the reactivity of metal oxide dgtas for the gas-phase phenol methylation

3.4 In situ Raman Spectroscopy in the cell

With the purpose of simulating the reaction, sttity catalysts when methanol is
adsorbed on surface, in-situ Raman spectroscoplysian reaction conditions were

performed.

Figure 3.29 demonstrates in situ Raman analysisnefhanol adsorption on
FeVvQ, catalyst carried out by method described in expental part. At room
temperature we see vibration modes of FeVAter increasing the temperature spectra
lowers in intensity and also we observe a shifthef bands of V-O, confirming the
hypothesis that the volume of unit cell of vanadaiestal increase with temperature. On
the other hand bands related to V-O-Fe is noteshiftr negligibly shifted. As it is seen
from the figure, the bands of the catalyst lowershie intensity and shifts a little, due to

the methanol adsorption too.

The interesting observation was made when perfagmihis experiment:
reduction of the catalyst is not observed, butgbimt where laser pointed to the catalyst
sample became black after 1 hour of experimentu@athb-20 min of continuous laser

light), also the whole surface of the catalyst Ipeea bit darker.

Room temp

2000C

INT
3200C +meOH 10min

3200C +meOH 30min WMWMNMMM%
3200C +meOH 60min WMMWW
3200C +meOH 90min MW”MMMMM

3200C +meOH 150min WWW*WWMMWWWWM%
3200C +meQH 180min MWMWWWM

T T T T 1
2000 10 10 10X 1000 W 900 =0 0 T30 OO 630 600 330 00 430 400 ixn 30 10 100 13 985
: Rmran SHA omel

Figure 3.29 In situ Raman analysis of Fex@talyst
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Same experiment in-situ Raman was performed withham®l adsorption on
AIVO 4 catalyst. Figure 3.30 shows results of the ansly&milar behavior to FeVQwas
observed under the laser, temperature increasgraaaf methanol adsorption. Bands of
the catalyst lower in the intensity and shift dlditduring the heat and adsorption. The
difference from previous experiment with Fe)M®that the surface of catalyst became
dark faster; there was no black point were therlgs®nted; intensity of the bands

lowered faster.

Room temp

250

320

20min
INT
30min

70min

110min W

End —rdesorption

A41195:{) 1150 140 1050 1000 o500 00 ] 2D 750 o &0 2] 55 300 450 A0 350 300 250 200 150 o84
xle ;
Raman Shift /co-1

Figure 3.30 In situ Raman analysis of Aly€atalyst
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The in-situ Raman experiment with Js8lo4V/O, was carried out by same
method as previous. When applying X-ray diffractaond conventional Raman analysis
it was found that RgAlg VO, catalyst consisted of two segregated phases, datk a
bright parts.

Since, in-situ Raman investigation for adsorptidnmethanol on ResAlg V04
catalyst was performed twice pointing different gdes

In-situ Raman analysis carried out for dark padvetd almost identically same
behaviour as FeVO4 catalyst, a little shift duehwat and decrease of the intensity
(Figure 3.31).

Room t0C

200

320

INT
320 meoch

90min mech

180min mech

a;}'99.5 100 1800 1500 1400 1300 100 1100 1000 200 800 o0 600 500 400 300 200 oE5
1le B,
RamanShit/cm-1

Figure 3.31 In situ Raman analysis of dark paf&kAly VO, catalyst
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In situ Raman of the bright part of JzAlo sVO, catalyst demonstrated in Figure
3.32 and Figure 3.33 showed more interesting resWhen heating the sample and at
first 20 min of methanol feeding the spectra of tatalyst showed intensity decrease and

a little shift as in previous experiments (Figurg23.

Room t0C 1
150 fouy
i
L]
200
INT '\_\‘
320 L‘
320 meoh
Smin meoh
25min meoh MWWMMMW_W
1200 1100 1000 00 00 0 S0 500 400 30 200 RS
Faman Zhift/ cm-1

Figure 3.32 In situ Raman analysis of bright phfte, Al VO, catalyst until 25 min. feeding methanol
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However, after 20-25 min feeding methanol underrdeetion temperature very
intense bands probably corresponding t@afor V,Oy) decreased in the intensity and
disappeared, while bands most likely corresponthrigeVQ, and AIVO, decrease in the
intensity, but still present (Figure 3.33).

5min meoh

25min meoh
95min meoh

INT

105min meoh

140min meoh

1154190{) 11X 100 1050 1000 950 o200 ] 800 = ke 630 800 350 0 43 200 350 300 i) 200 150 Mmp
" Ramen Shift/ el

Figure 3.33 In situ Raman analysis of bright péffe, Al VO, catalyst, after 25 min feeding methanol
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With the aim of having a full picture for companmsof catalysts behavior same
method of in-situ Raman was performed for methdeeting on \{Os catalyst. Figure
3.34 shows that there is an intensity decreasi pevious catalysts analysis, however
there is almost no or very insignificant shift doghe heat and laser light heat.

Main difference of experiment with X@s from previous catalysts is that when
feeding methanol about 20 min, catalyst becamg hiddick and any signal on the spectra
disappeared.

In order to check if this behavior somehow relatedgkaman cell, the catalyst
sample was taken out of the cell and conventiorah& with low power laser was
done. The resultant spectra was similar to exhdusdgalyst, in other words we observe

reduction of the catalyst.

B \
#JMUUL

1000C IJ\\

2000C

3200C + meOH 10min
3200C + meOH 20min
3200C + meOH 30 min

End Qut of cell

200 0 o &0 50 40 30 0 i

xlal-;g“f 170 180 1500 40 e 1m0 100 1000
- FRamen Shift/ cn-1

Figure 3.34 In situ Raman analysis 0§O¢ catalyst

After performing test with YOs we could hypothesize that reduction of the
catalyst happens on all the catalysts that wertede8ut the reduction of the catalysts
appears on the entire surface except the pointeMaser is directing. In the other words
the point where the laser is focused stays reorildw laser. Therefore with Raman
spectroscopy it is impossible to study the reductibthe catalyst and other changes that

could happen due to methanol adsorption.
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3.5 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

investigations

Another technique to study the reaction of phencéthylation, Diffuse
Reflectance Infrared Fourier Transform Spectrosd®@R®IFTS) was applied in order to
presume the behavior of the catalyst and to idemtifsorbed species on the surface of
the catalysts.

The DRIFTS spectra after methanol adsorption &€& the FeVQcatalyst are
presented in Figure 3.35. The IR spectra prior e CHOH adsorption on the
dehydrated catalyst sample in the He environmene Heeen subtracted from that of
methanol exposed surfaces to isolate the surfdsetions resulting from methanol
adsorption. Both surface GB* and intact surface GJ®H* species, with the molecular
methanol bound to Lewis acid surface sites (L-CH3O#&te observed on catalyst.
Predominantly surface GB* species are observed at 2930 and 2828 cm-1g alith a
smaller signal for the intact surface €M* species at 2956 and 2852 cm-1. The surface
CH3O* vibrations on FeV@match the vibrations of the surface V-OC&ssuming that
bulk FeVQ, phase is surface enriched with Y€pecies.

Mginning of desorption
——

- Beginning of adsorption

A
T T T

Adsorption 10 min

b

Adsorption 20 min

T
Desorption 10 min

T T I
Desorption 20 min

T
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T
Adsorption 40 min Desorption 40 min

- T T T T '—T_'J\ A T
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Figure 3.35 DRIFTS analysis of FeY@Catalyst adsorption (left) and desorption (rigittB5C

As it is shown in the Figure 3.35 adsorption appeapidly after beginning of
feeding methanol. After 40 minutes of feeding therere no significant changes in

spectra. Desorption spectra shows that most ddikeies are physically adsorbed. There
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is also some presence of —OH species identifiedrbgd peak at around 3700 ¢rand
some not significant peak of formate species agsgnt during desorption.

DRIFTS spectra at phenol methylation reaction teatpee (320C) with only
methanol adsorption on the FeyCatalyst are presented in Figure 3.36 and Fig.g@. 3
The spectra after GJOH adsorption were subtracted from the dehydrataidlyst
spectra in the He environment. Both surface@Hand intact surface GJ®H* with the
molecular methanol bound to Lewis acid surfacesgiteCH30OH) species are present as
in spectra of 8% adsorption (CkD* at 2930 and 2828 cm-1, along with gbH* at
2956 and 2852 cm-1).

The main difference from spectra observed 4C8S that there is a reduction of
catalyst. The proof of reduction is observed withréase of background at 2078 tm
which is V**-O bond vibration, and decrease of V O at 2020 cill (Figure 3.36). Also
very important difference from the spectra obtaiae85°C that methoxy species appear
in the beginning of feeding and then disappear,|evbroad bands related to formate
species remain on the surface and increase insitgenThis observation could be
assumed as one of the evidences of Fe&@ivity in producing formaldehyde and in

methylation of phenol.

I

Kubelka Munk

T T T T T
4000 3500 3000 2500 2000 1500 1000
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Figure 3.36 DRIFTS analysis of methanol adsorpéibB20C on FeVQ catalyst
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From spectra of methanol desorption at°820n FeVQ we observe that broad
bands at 1670-1500 ¢ 1350- 1300 cihand at 1713-1772 cmwhich are correspond
to formate species and C-O vibrations probably fromlecular form of HCO, are
strongly adsorbed and remain unchanged in interSdyne other weak bands attributed
to -CH 1473 and 1454 chrould be present, masked under the broad bandrimiate
species, but we observe a shoulder on broad bagar€=3.37).

A

4000 3500 3000 2500 2000 1500 1000
Wavenurmber crm-1

Figure 3.37 DRIFTS analysis of methanol desorpiib820C on FeVQ catalyst
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DRIFTS at 85C and 328C with methanol adsorption were carried out on the
AIVO, catalyst. Figure 3.38 shows the spectra obtaaint methanol adsorption and

desorption at 8%, both subtracted from dehydrated catalyst speerasame

temperature. As it is demonstrated both surfaceGZHnd intact surface GJOH* with

the molecular methanol bound to Lewis acid surfates (L-CH3OH) species, are
present in spectra of 85 adsorption and desorption (gBf at 2930 and 2828 cm-1,

along with CHOH* at 2956 and 2852 cm-1), similar to FeM@talyst. Likewise FeVQ
spectra there is a presence of —OH bond vibraib8300cr.
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Figure 3.38 DRIFTS analysis of Al\/@atalyst, adsorption and desorption of methan8b4
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In Figure 3.39 DRIFTS spectief adsorption of methanol on Al\VQat 326C,
subtracted from pure AlVEspectra at same temperature are displayed. Aindse of
FeVO, surface CHO* (2930 and 2828 cif) and intact surface GJOH* (2956 and 2852
cm-1) species are present. Also increase of baakgrat 2078 ciwhich is V**-O bond
vibration, and decrease of°¥ O at 2020 cml during the adsorption suggests the
reduction of the catalyst. There are also presariceroad bands at 1500-1600 ¢m
which correspond to formate species and C-O vitmatiprobably from molecular form
of H,CO at 1713-1772 cih
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Figure 3.39 DRIFTS analysis of Al\/@atalyst, adsorption of methanol at 320
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In Figure 3.40 DRIFTSpectra of desorption of methanol on Aly@ 320C
illustrated, spectra of adsorption also subtradedn pure AIVQ, spectra. Surface
CH;0* (2930 and 2828 cil) and intact surface G®H* (2956 and 2852 cm-1) species
are decreasing in intensity very rapidly until abndisappear. On the other hand there
are nearly no changes in intensity of broad peaksesponding to —OH vibration at
about 3700 cr, formate species at 1500-1600 tmnd C-O vibrations probably from
molecular form of HCO at 1713-1772 cih
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Figure 3.40 DRIFTS analysis of Al\/@atalyst, desorption of methanol at 320
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In Figure 3.41 and 3.42 DRIFTS spectra obtaine¢h WiOs in-situ at 85C are
shown. In order to have a better observation ofctienges produced in the catalyst IR
spectra, the adsorption of methanol spectra webtrasied from dehydrated catalyst
spectra. When methanol is introduced in the DRIE@I§ several bands characteristic of
adsorbed methoxy groups appear. Those bands iBOB@-2800 ci region discussed
before (in FeVQ and AIVQy); three observed at 1055, 1030 and 1005 ane due to —
CH, C-O of adsorbed methoxy species; bands bet@#@d and 3600 cthare assigned
to -OH of V-OH groups; some other weak bands atteith to -CH 1473 and 1454 &mn
CH of H CO species at 1278 ¢nand formate species at 1670-1500"crmnd 1350—
1300 cnt are also observed. There is also some reductitimeatatalyst due to decrease
of V-0 at 1971 and 2020 ¢hand increase of ¥-O at 2078 cn.
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Figure 3.41 DRIFTS analysis of methanol adsorpdb85C on \,Os catalyst
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Figure 3.42 DRIFTS analysis of methanol desorpdb85C on \,Os catalyst
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After increase of temperature of the system (FigB&3 and Figure 3.44), a
decrease in the intensity of the bands due to fReOvat 1971 and 2020 c¢hobserved
much more dramatically as in the experiments witkvipus catalysts. Since that and
because of greater increase of background at 2078 (¥**-O), the presence of

reduction of the catalyst is assumed.

Kubelka Munk
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Figure 3.43 DRIFTS analysis of,@; catalyst adsorption at 32D
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Also on raising the temperature there is a muchdrigntensity of weak bands in
the 1650-1500 and 1350-1300 tmegions, which are assigned to formate species;
intense broad bands due to C--O 1772, 1745 and dmit3and C—H species 2803 and
2760 cm® were found (Figure 3.43 and Figure 3.44). On theeohand, bands due to
methoxy species (between 3030—2800"5mwhich were observed at lower temperatures
and at same temperature on previous catalystgpmisa or masked.

Broad bands of C-O (1713-1772¢rassigned to a perturbed molecular form of

HCO, probably coordinated on Lewis acid sites.

J/\ﬂ__«_ﬂ/kw

Kubelka hunk

3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Figure 3.44 DRIFTS analysis ohWs catalyst adsorption at 32D

DRIFTS results show that a large number of OH gsoape formed in this
process at the same time that a reduction of surfanadium atoms is produced*\to
V*. Besides this, molecular water is also producedbably as a result of hydroxyl

condensation.
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The DRIFTS instrument that w used for abovementionddsts equipped wit
MASS spectrometer. The main results taken from MAS& of methanol adsorption
320°C on FeVQ and AIVC;, are shown in Figure 3.45 aiure 3.4 respectively. The
main difference noticed is that on Al\sthere is a high formation of m/z=46 -methyl
ether), which is not produced on Fe,. Both catalysts produce formaldehyde, CO,,
and other species that were also produced durinigamel decomposition tes

100 15,00
£ 29,00
S 80 ’
Z 30,00
2 60
g e—12,00
£
£ 40 7~ 44,00
)
L 128,00
& 20
e 60,00
0 — 18,00
200 250 300 350 400 450 500
Time (cycles) 32,00

Figure 3.45 DRIF-MASS data taken during methanol adsorption andrgésa

on FeVQ catalyst at 32°C. Note: numbers (lines) correspond to m/z vi
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= / —129
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§ 100 / —_ \ —12
::J 80 28
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ﬁ 40 —18
20 — 37
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100 150 200 250 300 350 400
Time (cycles) =46

Figure 3.4@DRIFT-MASS data taken during methanol adsorption andrgéso

on AlVO,catalystat 320C. Note: numberflines) correspond to m/z val
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Concluding DRIFTS part of this work we could hypsdize that one of the
reasons of the high activity of Fey@nd \LOs comparing with AIVQ is because the
spectra demonstrates that the FeVO4 catalyst ig &etive in dehydrogenation of
methanol to produce formaldehyde; the latter m#yeeireact with phenolate or form the
formate species because of the oxidizing propeofi¢lse catalyst. Therefore, in any case
the development of the formate species highligmsréady formation of formaldehyde.

On AIVO, catalyst there is relatively lower formation ofrritate species
comparing with formation of methoxy species. Atatean temperature, relatively strong
adsorption of methoxy species observed only on AlVO

Another reason of lower activity is that AN@ossess some acid characteristics,

which is proved by formation of dimethyl ether inedatively big amount.

We observed how methanol adsorbed on the surfaEe\6d,, AIVO4and \.0Os,
but not only methanol adsorbs on the surface of d¢hawlyst during the phenol
methylation reaction, also the phenol is a subestréinother way to explicate the
reactivity of the catalysts, is a phenol adsorptiarthe surface.

78



Investigation of the reactivity of metal oxide dgtas for the ge-phase phenol methylati

3.6 In-Situ Infrared spectroscopy in Yacuum

In order to perform Infrared spectroscopy analysiswibenol adsorption pla

specially made for isitu Infrared spectroscopy in vacuum was performidte test:

were carried out asis described in experimental p:

Results of insitu Infrared spectroscopy analysis of phenol guogmr and

desorption on FeVgXxatalyst are displayed in Figure 7. Despite that intensities of tl

bands are low, from the spectra of phenol adsm we are able to identify -H, C-H,
C-C, CO stretching band:

“%T
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Figure 3.47 Irsitu IR spectroscopy in vacuum. Spectra of pretneat at 50°C, phenol adsorption ar

desorptiol of phenol on FeVQat increasing temperatures

When start to perform desorption, at room tempeegatuvacuum (-H stretching

band disappear immediately. This is the evidenaé b phenol remains on the surfi

of the catalyst, therefore there is low energydsfaaption, and most amount of phen

physisorbed. But on the same time we observe theepce of -H, C-C and C-O

stretching modes, consequently phenol chemisonodaei form of phenate species-H

and CC modes of aromatic ring are not shifted, that dooé proof of orthogon:
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adsorptio of phenate onto the surface, and explains relgictsaty to ortho positions. |
is noticeable that band of G-is perturbed, because-O band shifts when transform
from —C-O-H form to -C©-surface form (Figure 3.47)The adsorption of phene
speciesis strong, since the presence of mentioned bands efter increasing tf
temperature to 35C. This could be the reason why FeVO4 is seledtivdimethylated
products.

Same experiment, istu IR in vacuum, was done on phenol adsorptiod
desorption on AlVQcatalyst. After adsorption of phenol we observéaisal C-H, broad
band of interacting O-H, €, C-C and CO stretching modes of phenol on the surfac
the catalyst (Figure 3.48).
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Figure 3.48 Irsitu IR spectroscopy in vacut Spectra of pretreatment at 50 phenol adsorption ar

desorptiorof phenol on AIV(, at increasing temperatures.

After the start of desorption at room temperatunel a@uring the increase
temperature until 40C there is a presence of all listed be observedFigure 3.48. It
seems that low amount of phenol remains on thexserrdf the catalyst, because of

presence of isolatedOH band that is present during desorption. Phenislordns
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orthogonally on the surface since C-C and C-H bamdsalmost at the same wavelength
during adsorption and desorption.

Band related to C-O stretching mode is very broddlevadsorption, so it is
difficult to be sure, but it seems that both pheaotl phenate species adsorbed on the
surface.

After desorption at 30C, probably due to some acidity of catalyst, thare
increase of broad bands of surface -@3300cnt), and some increase of intensity in

the area of C-O stretching.

Concerning ¥Os catalyst, it was impossible to perform in-situ &rid
spectroscopy analysis, because catalyst becamie duiging pretreatment and adsorption

of phenol on surface.
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CONCLUSIONS

The aim of this work was to investigate the reatstiof metal oxide catalysts for
the gas-phase phenol methylation with methanol.

Particular attention was devoted to the comprebensf the interaction of
reactant and active phase in order to explicatedleof each character involved in the
reaction.

FeVO, showed the best catalytic performance, leadinthéoformation of 2,6-
xylenol with high selectivity and yield at the apized reaction conditions (320°C and
feed ratio methanol:phenol=10:1).

Bulk V,0s showed a similar reactivity compared to FeVidstead F¢D, is
almost not active. This demonstrated that the aetilve phase for the adsorption and
activation of phenol and methanol by dehydrogemnaiicformaldehyde is a V-containing
phase.

On the other hand, AlVOlead to formation of mono-methylated product with
low yield and low conversion of phenol. Moreoveristrapidly deactivate during the
reaction time.

This behavior of the catalysts was explained bgttKBRD and Raman analysis,
which are evidenced that FeY@duce to a mixed spinel that is the real activasp and
could be easily reoxidated to the original trictinianadate form. In opposite, AINMO
during the reaction segregates to alumina and esduw@nadium oxide, which are
possessing low catalyzing characteristics and coatde reoxidated.

In addition we have found that in the in-situ Ramspactroscopy during methanol
adsorption, reduction of the catalysts appearsierentire surface of the catalyst, but the
area of the catalyst where laser is focused repxitiio the higher oxidation state.

Furthermore, DRIFTS and in-situ IR analysis evidghthe interaction and the
activation respectively of methanol and phenoltendurface of the catalysts. Adsorption
of methanol on FeVQbenefits with high amount of formate species, wluh AIVO,
adsorption appears with low amount of formate gschigh amount of physisorbed
methoxy species and also formation of dimethyl rethe

From in situ IR in vacuum we confirm that phenosaidbs on FeV@orthogonal
and by strongly adsorbed phenate formation, whezd Ito the very active ortho-di-
methylation. In contrast, AlVOhas a low adsorption energy of phenol and phenate,

alumina presence lead to acidity and this helpetsly desorption of phenol.
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