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Synopsis

Alkylphenols are intermediates used in the synthesis of many important substances. The most sig-
nificant of the commercially important lower alkylphenols are cresols (methyl phenols) and xvlenols
(dimethyl phenols). The main markets for alkylphenol products are nonionic detergents, phenolic
resins, polymer additives and agrochemicals [Weissermel and Arpe, 1997]. Of the western world
cresol market, 55% originates from synthetic cresols whereas 45% originates from so-called “natural”
cresols obtained from coal tars and refinery caustics [Fiege and Bayer AG, 2001].

The methylation of phenol is the only process specifically developed to produce cresols and
xylenols. There are three cresol isomers, namely ortho, para and meta. It is possible to produce
a high selectivity to o-cresol by alkylation of phenol with methanol over a basic or a AlpO3 catalyst or
a Fe/V catalyst. A mixture of the cresol isomers can be obtained over aluminium oxides with strong
acid sites, silica alumina, zeolites, aluminium phosphates and phosphoric acid-Kieselguhr catalysts.
However, direct synthesis of high purity m-cresol and p-cresol is desirable due to the high costs of
separating these two isomers [Parton et al., 1989a]. Thus to synthesize p-cresol, a m-cresol free or very
low m-cresol concentration in the product is desirable for purification reasons and a high p/o-cresol
ratio is also desirable in the product for yield reasons since separation of the p- and the o-cresols is
economically possible.

Various zeolites have been studied for the phenol methylation reaction, viz. H-Y, H-ZSM-5, H-
Mordenite, H-Beta, H-X, H-ZSM-11 and various modification of these zeolites. However, most of the
zeolites investigated to date have shown poor para-selectivity in the cresol fraction with p/o-cresol
ratios between 0.4 to 0.5 which, given the o- and p-directing properties of the phenolic —OH group,
is close to the statistically expected ratio of 0.5. These values are also close to the thermodynamic
equilibrium p/o-cresol ratio in the temperature range studied, which is 0.43 [BShringer and Fletcher,
2003]. There are only two reports in literature in which p/o-cresol is observed to be greater than 1
and these are over H-USY [Parton et al., 1989a] and over a sodium or potassium exchanged zeolite
Y [Namba ef al., 1980]. Unfortunately, the former did not provide any characterization information
on the catalyst used and therefore it is difficult to draw any conclusions. The sodium or potassium
exchanged zeolite Y samples had a very short lifetime and so are probably not economically viable as
a catalyst.

It was found from literature that zeolite Y produced a higher p/o-cresol ratic than zeolite ZSM-5
[Marczewski et al., 1988; Parton et al., 1989a,b]. This is surprising since, as ZSM-5 has narrower
channels than Y, it was expected that ZSM-5 would produce more of the shape-selective product
p-cresol as found in the case of toluene methylation where p- xylene is favoured. Parton et al. [1989a]
suggested that o-cresol formed directly from anisole as there is a suppression of bimolecular reactions
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involving aromatic rings i.e. a suppression of transalkylation reactions in the pores of ZSM-5, whereas
in H-Y, the bimolecular reactions may occur in the supercages. This would result in a higher p/o-cresol
ratio in H-Y than in H-ZSM-5.

The primary objective of this thesis was to investigate the activity and selectivities of a range
of zeolites under different reaction conditions with a view to determine those catalysts and reaction
conditions which optimized the production of p-cresol in the alkylation of phenol with methanol.
Zeolites were investigated due to their known shape-selective properties which arise from the channels
having similar dimensions to the hydrocarbon molecules. The procedure followed in addressing this

objective was as follows:

o Investigation of a zeolite which contained both 10 membered and 12 membered channels, namely
zeolite MCM-22. Zeolite MCM-22’s pore system consists of two independent channe] systems.
One comprises of large supercages whose inner free diameter is defined by 12 membered rings
but importantly, these supercages can only be accessed through 10 membered ring openings on
the side. The second channel is a two-dimensionally interlinked 10-membered ring sinusoidal
channel. The pore openings to the supercage are slightly smaller than the pores of ZSM-5
therefore allowing for the bulky bimolecular reactions (which is claimed/proposed to result in
a high p/o-cresol ratio over H-Y) to occur in the supercages and shape-selective properties are
provided by the supercage openings;

o Comparison of MCM-22 with zeolites with different channel dimensions i.e. H-ZSM-5, H-Beta,
H-Mordenite, H-USY and amorphous silica alumina;

o Determination of the effect of different zeolite characteristics on the O/C-alkylation and p/o-
cresol ratios, i.e. SiOy/Al;O3 ratio, crystal size, BET surface area, microporous volume and
acid site strength;

e Determination of the effect of different reaction conditions on the O/C-alkylation and p/o-
cresol ratios, i.e. reaction temperature, methanol : phenol ratio, weight hourly space velocity or
reaction time, and partial pressure. The effect of reaction pressure was evaluated by studying
the phenol methylation reaction in the gas and liquid phases;

e Derivation of the overall reaction mechanism.,
The key findings in the liquid phase alkylation of phenol with methanol are:

¢ Anisole, o-cresol and p-cresol are the major products. No m-cresol was formed under the liquid
phase reaction conditions studied,;

e H-ZSM-5 and H-Mordenite produced the highest cresol selectivity;
o Zeolite H-MCM-22 (UCT) produced a high p/o-cresol ratio of greater than 1;

e Internally selective sodium exchanged ZSM-5 and MCM-22, showed a lower activity and a lower
p/o-cresol ratio than the unmodified, acid samples;

The key findings in the gas phase alkylation of phenol with methanol are:



e Anisole, o-cresol and p-cresol were also the major products. m-Cresol was formed but at low
concentrations (less than 5 % of the cresol fraction);

e H-ZSM-5 and H-MCM-22 (UCT) produced similar p/o-cresol ratios;

e O-alkylation was favoured over C-alkylation, at 300°C, over all the catalysts studied except for
H-MCM-22 (DE1);

e p/o-Cresol ratios were between 0.37 (amorphous silica-alumina) and 0.97 over H-MCM-22
(DE2);

e Increasing the crystal size of MCM-22 increased the p/o-cresol ratio;

e Steaming enhanced the activity by approximately 3 times and resulted in a reversal in the
0/C-alkylation ratio but hardly effected the cresol isomer distribution;

In conclusion, the alkylation of phenol with methanol was found to be kinetically controlled under
the reaction conditions investigated. High para-selectivity from the alkylation of phenol with methanol
was obtained over zeolite MCM-22 at high pressure and low temperatures as well as when under low
reactants partial pressure where the crystal size of MCM-22 was sufficiently large such that the p/o-
cresol ratio increased due to the effective increase in diffusional pathway. The cresols fraction under
these conditions also contained little or no m-cresol. The O/C-alkylation ratio was found to be related
to the p/o-cresol ratio in that anisole and p-cresol are both the slimmest molecules thereby under
shape-selective conditions these two molecules will be preferentially formed.
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Chapter 1

Introduction

Alkylphenols are intermediates used in many important syntheses. The most significant of the com-
mercially important lower alkylphenols are cresols (methyl phenols) and xylenols (dimethyl phenols).
They are used in the manufacture of plastics (for example, heat resistant polydimethylphenylene oxide
resin) as well as important plant protection agents - hormone-type herbicides and carvacrol that is
used as an antiseptic. The main markets for alkylphenol products are nonionic detergents, phenolic
resins, polymer additives and agrochemicals [Weissermel and Arpe, 1997]. Table 1.1 shows a more
detailed list of the uses of the cresol isomers.

Cresols were originally only obtained from coal tar produced by the gasification of coal and coking
of coal. After World War II cresols were also obtained from refinery caustics and from the mid-1960s
cresols have be produced synthetically on an increasingly large scale as the cresol recovery from coal
tar and refinery caustics had become insufficient to meet the demand [Fiege and Bayer AG, 2001].
The total production of cresols in the United States, Western Europe, Japan and South Africa was
estimated at approximately 175 000 tons in 1989, of which 105 000 tons was from synthetic cresols
and 70 000 tons was from “natural” cresols [Fiege and Bayer AG, 2001]. An estimated 45% of the
total cresols output is used as pure o- or p-cresol, the rest as a mixture of the cresol isomers [Fiege
and Bayer AG, 2001].

Synthetic cresols are mainly produced from the following processes: alkali fusion of toluene-
sulphonates; alkaline chlorotoluene hydrolysis; splitting of cymene hydrolysis and methylation of
phenol in the vapour phase. Each of the processes produce a different isomer distribution. Alkali
fusion of toluenesulphonates produces mainly p-cresol however the primary drawback of this process
is the unavoidable formation of sodium sulphite in aqueous solution. Alkaline chlorotoluene hydrolysis
produces a. cresol fraction with a high m-cresol content. Cymene hydroperoxide cleavage produces p-
and m-cresol but is unsuitable for the formation of o-cresol. This process also has a significantly lower
yield that the other processes. The methylation of phenol is the only process specifically developed
to produce cresols and xylenols [Fiege and Bayer AG, 2001].

Vapour phase methylation of phenol over a metal catalyst namely, silica-supported Fe-V oxide,
magnesium oxide, manganese oxide, chromium oxide, iron oxide or a v-aluminium oxide catalyst, was
mostly used to produce pure o-cresol and 2,6-xylenol [Marczewski et al., 1988; Santacesaria et al.,
1990b; Beck and Haag, 1997; Lee et al., 1998; Choi et al., 2000; Fiege and Bayer AG, 2001]. Over
aluminium oxides with strong acid sites, silica-alumina, zeolites, aluminium phosphates and phos-
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Table 1.1: Uses of the cresol isomers [Fiege and Bayer AG, 2001].

| Cresol isomer | Compound made from cresol isomer

Use

nitropheynyl)-thionophosphoric acid

0-Cresol Chlorophenoxyalkanoic acids Selective herbicides
4,6-Nitro-o-cresol Herbicidal and insecticidal properties
Polymerization inhibitor for
the production of styrene
Epoxy-o-cresol novolak resins Sealing material for integrated circuits
o-Cresotinic acid Dye intermediate
Pharmaceuticals
2-Methylcyclohexanol Solvent
2-Methylcyclohexanone
Carvacrol Antiseptic and in fragrances
- Antioxidants, Pharmaceuticals
p-Cresol 2,6-Di-tert-butyl-p-cresol Antioxidants
2,2-Methylene- / 2,2-thiodiphenols
2,6-Dicyclopentyl-p-cresol
Tinuvin 326 Absorber of UV light
2,6-Nitro-p-cresol Polymerization inhibitor for
the production of styrene
p-Cresolcarboxylic acid esters Fragrance industry
2-Ethylhexyl-p-methoxycinnamate UV absorber in sunscreens
Pharmaceuticals
2-Nitro-p-cresol Dyes intermediate
m-Cresol 0,0-dimethyl-O-(3-methyl-4- Contact insecticides

m-Phenoxybenzaldehyde

Building block for insecticide of
the pyrethroid type

2,3,6-Trimethylphenol

Starting block for synthesis

of vitamin E
Thymol Fragrances
6-Tert-butyl-m-cresol Fragrances
Antioxidant

4-Chloro-m-cresol

Disinfectant and preservative

2,4,6-Trinitro-m-cresol

Explosive
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phoric acid-Kieselguhr catalysts, due to their enhanced isomerization and transalkylation properties,
mixtures of o-, p- and m-cresol were produced [Fiege and Bayer AG, 2001].

Highly selective synthesis of m-cresol and p-cresol respectively is desirable due to the high cost of
separating these isomers. m-Cresol and p-cresol have very close boiling points (202.2 and 201.9°C,
respectively) which means that the two isomers cannot be separated by distillation economically
but need fractionated crystallization, adsorption separation (Cresex process) or derivatisation by
butylation with isobutene before being separated by distillation [Fiege and Bayer AG, 2001]. However,
a mixture of o- and p-cresol without m-cresol could easily be separated by distillation as their boiling
points differ by 10.9°C. Such a process may be of economic interest if the p/o-cresol yields and ratios
are sufficiently high.

Zeolites are crystalline aluminosilicate materials with a uniform channel/pore system. Zeolites
have pore sizes ranging from 4 to 13 A, which are similar dimensions to those of hydrocarbons
molecules found in petroleum chemistry. Zeolites can therefore influence the product distribution
by shape-selective catalysis. For example, in toluene alkylation with methanol, it is known that the
product o-xylene diffuses more than three orders of magnitude slower than p-xylene in ZSM-5 [Nagy
et al., 1998b]. Therefore, the product spectrum shows a high para-selectivity in the reaction of toluene
with methanol over ZSM-5.

Zeolites have been studied in the methylation of phenol. As mentioned above zeolites were found
to produce a mixture of cresol isomers. However, it is possible to produce only the o- and p-cresol
at low temperatures and conversions (< 14%) over H-ZSM-5 and H-USY [Parton et al., 1989a], as
the hydroxyl group on the phenol is ortho- and para-directing. At higher conversions m-cresol was
found to formed. Over the different zeolites, p/o-cresol ratios of between 0 and 1.85 are reported
in literature. Most of the p/o-cresol ratios obtained over the zeolites fall in the range of 0.4 - 0.5
which corresponds to thermodynamic equilibrium (0.43 as obtained experimentally by Bohringer and
Fletcher [2003] at 350°C) and to the statistical ratio (0.5 due to two ortho positions and one para
position on the phenol).

Most of the literature has concentrated on obtaining a high o-cresol yield and therefore there are
different explanations which relate to the low p/o-cresol ratio in zeolites. For example, Marczewski
et al. [1988] observed exclusive o-cresol formation over H-Mordenite. This was explained in terms of
the orientation of the phenol in the narrow pores of Mordenite which would favour ortho substitution.
However, Landau et al. [1997] who also studied H-Mordenite and obtained a p/o-cresol ratio of 0.77.
The difference between these Mordenite samples was their Si02/AlyO3 ratios.

Another explanation given for the low p/o-cresol ratio was the intramolecular rearrangement of
the product anisole to o-cresol [Venuto et al., 1966; Beltrame et al., 1987; Jacobs et al., 1988; Parton
et al., 1989a]. This was used in particular to explain the “low” p/o-cresol ratio obtained over H-ZSM-5
compared to H-Y. As ZSM-5 has narrower pores than Y it was expected that ZSM-5 would produce
the shape-selective product p-cresol as it has done in the toluene methylation in the xylene isomers.
Parton et al. [1989a] suggested that o-cresol forms directly from anisole as there is a suppression of
bimolecular reactions involving aromatic rings i.e. a suppression of transalkylation reactions in the
pores of ZSM-5. Whereas in H-Y, the bimolecular reactions may occur in the supercages. This would
result in a higher p/o-cresol ratio in H-Y than in H-ZSM-5.

High p/o-cresol ratios of above 1 were found by Namba et al. [1980] and Parton et al. [1989a]
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over sodium or potassium exchanged H-Y and H-USY, respectively. Namba et al. [1980] concluded
that moderate acid sites (-3.0 > Hy > -8.2) on zeolite H-Y are advantageous to produce p-cresol
{weaker acid sites produce anisole and stronger acid sites allow secondary reactions). Namba ef al.
[1980] did not explain why the moderate acid sites preferentially produced p-cresol and not o-cresol.
However, these catalysts are not economically viable due to their very short lifetimes. Over H-USY
quite different p/o-cresol ratios were obtained by various researchers [Balsama et al., 1984; Marczewski
et al., 1988; Parton et al., 1989a; Landau et al., 1997] ranging from 0.33 to 1.54. Parton et al. [1989a)
attributed the high p/o-cresol ratioc obtained over the H-USY to the effect of acid site strength.
However, this does not agree the findings of Marczewski et al. [1988] and Parton et al. [1989a] did
not describe the catalysts that were investigated and therefore it was not possible to extract any
meaningful conclusions.

Jacobs et al. [1988] concluded that it may be necessary to use a 10 membered ring zeolite with
a channel size smaller than ZSM-5 (5.1 x 5.5 A and 5.3 x 5.6 A) to achieve a higher p/o-cresol ratio
than over H-ZSM-5. Jacobs et al. [1988] used H-ZSM-22 (4.6 x 5.7 A) and H-Ferrierite (4.2 x 5.4 A)
in the self alkylation of anisole and obtained p/o-cresol ratios which were lower over H-ZSM-22 and
H-Ferrierite than over H-ZSM-5. It was concluded that the reaction was occurring on the external
surface of the catalysts resulting in a higher ortho-selectivity. However, the high ortho-selectivity could
be due to the intramolecular rearrangement of anisole to o-cresol as Parton et al. [1989a] explained
for the low p/o-cresol ratio over H-ZSM-5. A zeolite with a larger internal space than ZSM-5 may
be required to allow for bimolecular reactions to occur but with narrow pore opening to promote the
formation of the slimmest molecule.

Zeolite MCM-22 has a structure containing both 10 and 12 membered ring pores. Zeolite MCM-
22’s pore system consists of two independent channel systems. One comprises of large supercages
whose inner free diameter is defined by 12 membered rings (7.1 A) and the inner height is 18.2
A |[Leonowicz et al., 1994]. But importantly, these supercages can only be accessed through 10
membered ring openings on the side. The supercages are separated lengthwise through a “neck”,
made by a 6 membered ring prism. This second channel is a two-dimensionally interlinked 10-
membered ring sinusoidal channel with dimensions of 4.1 x 5.1 A [Baerlocher et al., 2001; IZA,
2002a]. Both types of channels are interlinked with themselves but not with each other. Therefore,
the combined channel/supercage systems in zeolite MCM-22 only allows diffusion in two directions
but not perpendicular to them. The pore openings to the supercage are slightly smaller than the
pores of ZSM-5 therefore allowing for the bulky bimolecular reactions to occur in the supercages and
shape-selective properties are given by the supercage openings. Zeolite MCM-22 has not previously
been studied in the methylation of phenol reaction.

This thesis follows the following structure:

e A detailed description of literature on zeolites in terms of their structure, synthesis, acidity and
post-synthesis modification of zeolites;

e An analysis of the literature on the alkylation of phenol with methanol;
e The objectives of this research are defined;

e A description of the experimental procedures used in this thesis;
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» The characterization of the catalysts used in this thesis;
e The results obtained in the liquid and gas phases studies of the methylation of phenol;

The discussion of the results obtained in this thesis;

The conclusions and recommendations for further studies.






Chapter 2

Literature Review

2.1 Zeolites

Zeolites were first recognised by Swedish mineralogist Cronstedt in 1756, who derived the namne from
the Greek words “zeo” and “lithos” meaning “I am boiling” and “stone” due to the observed intu-
mescence of the mineral when it was heated [Flanigen, 1991]. Zeolites are crystalline aluminceilicate
materials which have unique properties, namely [Moscou, 199_1; Maxwell and Stork, 2001):

e microporous character with uniform pore dimensions;
e ion-exchange properties;

¢ ability to possess acidity;

e high thermal stability;

e high hydrothermal stability;

These properties make zeolites suitable for a wide range of industrial processes. They are widely used
in the industrialised countries of North America, Western and Eastern Europe and Japan, which had
a combined estimated total usage of approximately 1.4 - 1.6 million tons per annum at the turn of
the century |Maesen and Marcus, 2001].

The application of zeolites can be divided into four main areas according to their main application
[Mascou, 1991]:

s Adsorbents and separation agents: as drying agents, in gas purification and in separation pro-
cesses, which utilise zeclite’s shape selectivity properties;

e Catalysts: mainly in petroleum refining, synfuels production and petrochemicals production;
e Detergents: as a substitute for phosphates (mainly zeolite A);

o Natural zeolites: waste water treatment, nuclear effluent treatment, animal feed supplements
and soil improvement.
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Natural zeolites (11%)

Adsorbents (8%)

Detergents (70%) Catalysis (9%)

Figure 2.1: Estimated annual zeolite consumption (wt-% of total) by the major individual applica-
tions at the turn of the century [Maesen and Marcus, 2001].

In terms of mass, detergents are by far the largest application (¢f. Figure 2.1) but in terms of
financial market size, catalysts form the largest application of zeolites. For example, the market
volume i USH/anmum of zeolite catalysts constituted 60% of the total zeolite market (based on 1994
figures) [Blauwhoff et al., 1999]. The total zeolite consumption in catalytic processes at the turn of
the century was approximately 120 000 tons per annum [Maxwell and Stork, 2001).

Zeolite Y is the main zeolite used in catalysts application (approximately 90% of the total zeolite
consumption for catalytic purposes by mass), mostly consumed in catalytic cracking |Maxwell and
Stork, 2001]. ZSM-5, Mordenite and other zeolites also have important comumercial applications as
catalysts. New applications for zeolites as eatalysts are being developed, or existing applications
are being fine-tuned, by making use of the many opportunities zeolites offer for tailoring a catalyst
[Moscou, 1991].

Zeolites are crystalline aluminosilicate materials with the general unit cell formula [Martens et al,
1997] given by
7[(AlO7 )<(Si02)y] - nH20

where z is the valence of the charge compensating cation M (which is typically HY, Na*, K+, Mg**,
Ca?t, Ba?* or La*"). The ratio of x/y is smaller than or equal to 1 as there are no linking Al-O-Al
bridges in aluminogilicate frameworks (Lowenstein rule) |Lowenstein, 1954,

Zeolites' framework structures are based on an infinitely extending three-dimensional network of
Si0y and AlOy tetrahedra (primary building units) thereby sharing all the oxygen atoms. Each shared
Al()y tetrahedron in the framework bears a negative charge, which is balanced by a positive charge
from a cation (see unit cell formula). In most zeolite structures the primary structural units are
assembled into secondary building units, which are simple polyhedra such as cubes, hexagonal prisms
or octahedra. The final zealite structure consists of an assembly of these secondary bullding units.
The zeolite formed has a well defined, regular void or chaimel structure of molecular dimensions, The
channels and interconnecting voids contain cations and water molecules. The cations are mobile and
can undergo ion-exchange. The water can be removed reversibly by heat, which leaves the framework
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Table 2.1: Structure of the channel system for selected zeolites [Breck, 1974a; Venuto, 1994; Baer-
locher et al., 2001; McCusker and Baerlocher, 2001; [ZA, 2002a).

Structure Ring size Channel Intersecting Chanuel Supercages
type of dimensionality channels system present
Ehnnnela dimensionality
ZSM-5 1 1 Yes 3 No
10 1
Beta 12 2 Yes 3 No
12 1
Mordenite 12 1 Yes* 2* No*
8 1
-. 8 1
" Faujasite (X,Y) 12 3 Yes 3 Yes
MCM-22 10 2 No 2 Yes
10 2

* The lining of the 12 membered ring channels contains 8 membered rings (which form the crossing
channel), but the 8 membered ring openings of adjacent 12 membered ring channels are displaced
with respect to one another, so only very limited access from one 12 membered ring channel to the
next is possible. Consequently, the channel system is effectively rendered one-dimensional [McCusker
and Baelocher, 2001, These 8 membered ring openings in the lining of the 12 membered ring
chaunels appear as “side pockets™ [Breck, 1974a; Venuto; 1904],

structure intact with micropores and voids, which eauld account for up to 50% of the crystal’s volume
|Flunigen, 1991]. The silicon and aluminium atéms in the zeolite framework are referred to as T atoms
and the framework density of the zeolite, usually expressed as T atoms per 1000 AY, is a measure for
the void volume. The lower the framewotk density, the higher the void volume (e.g. zeolite Y - 12.7
T atoms per 1000 A?® and zeolite ZSM-5 - 17.9 T atoms per 1000 A? [IZA, 2002a)).

Zeolites are frequently classified according to the number of T atoms in the rings that form the
structure of the chammels of ‘of the windows between the voids. These may range from very small
(8 T atoms, 3 - 4 A ehannel diameter viz. Linde A) to very large pore zeolites with up to 20 T
atoms in the ring (viz. Cloverite - 13.2 A channel diameter). The channel system of zeolites may
be one-dimensional (non-connecting parallel pores eg. ZSM-12), two-dimensional (e.g. MCM-22)
or three dimensional (e.g. Beta). These channels may interconnect (e.g. Beta) or be independent
of each other (e.g. MCM-22). ZSM-5 contains two one-dimensional channel systems which have
different orientation. They are interconnected in a way that the total channel system is effectively
three dimensional |Baerlocher ef al., 2001; 1ZA, 2002a|. Table 2.1 shows the zeolites used in this study
with special regard to the structure of their channel systems.

Zeolites with 10 membered ring or 12 membered ring channel size are the most commonly syn-
thesized for catalytic purposes. Zeolite structures containing 10 or 12 membered ring channels and
supercages have also been synthesized. Examples of these are Boggsite, CIT-1, MCM-22 and zeolite
Y. These zeolites can thus be used in reactions where the desired reactants and the products can
diffuse through the channels but when the transition states required for the formation of these prod-
ucts are relatively bulky, they can only be accommodated in larger void spaces i.e. in the supercages.
Zeolites, whose channels are intersecting with a certain offset (e.g. ZSM-5) can accommodate mod-
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erately expanded transition states or intermediates at their channel intersections [Glaser ef al., 1998;
Baerlocher ef al., 2001; IZA, 2002a).

In zeolites where supercages are present or where the channels intersect, the primary products can
be determined by the void space left in the supercage or the intersection of the channels. The diffusion
of these primary products and consecutive reactions then depend on the dimensions of the channels.
For example, ZSM-5 has 10 membered ring channels (5.3 x 5.6 A and 5.1 x 5.5 A} intersecting with
some offset and giving rise to a void space at the intersection with a diameter of 9 A [Meier ef al.,
1978; Derouane, 1980]. This void allows the formation of bulkier molecules than what was possible
in the 10 membered ring channels. The diffusion of these “bulkier” molecules in the pore system, is
then dependent on the size of the channels.

Zeolite Y has supercages (11.4 A [Venuto, 1994]) as does MCM-22 (7.1 x 7.1 x 18.2 A [Leonowicz
et al., 1994]). The windows to the cages of zeolites Y and MCM-22 are 12 membered rings (7.4 A)
and 10 membered rings (4.0 x 5.5 A), respectively [1ZA, 2002a], and as such influence the product
distribution. Bulky molecules, which form inside these supercages are unable to diffuse out. If
they aren’t transformed into less bulky molecules but accumulate, they will eventually plug the pore
systom.

[n zeolites with different channels but where the channels do not intersect, the final behaviour
ohserved appears to be an average of the primary processes occurring in the different channels [Corma,
1998,

2.1.1 Structures of zeolites studied

The zeolites studied in this research were H-Z8M-5, H-Beta, H-Mordenite, H-MCM-22 and ultrastable
zealite H-Y (H-USY). The pore structures of these zeolites can play large roles in determining the
selectivity of the reaction investigated. Silica-alumina was also studied as a comparative amorphous
catalyst that does nat show any shape-selectivity as expected from zeolites. In the following sections,
each zeolite will be described indetail. All zeolite diagrams shown in these sections were obtained from
the International Zeolite Association (IZA) website [IZA, 2002a] and [Meier et al., 1978; Augustine,
1995; Lawton et al., 1998, Juttu and Lobo, 2000, Baerlocher et al., 2001]. Dimensions of these zeolite
structures are smmmarised in Table 2.2,

2.1.1.1 Zeolite ZSM-5

Zeolite Z5M-5 has a three-dimensional pore structure as shown in Figure 2.2, The pore system
consists of two intersecting, slightly ellipsoidal channels of similar size with 10 membered rings, one
sinusoidal and the other straight. The sinusoidal channels intersect with the straight channels. A
sinusoidal channel connects the straight channels of two adjacent layers. The next sinusoidal channel
links the straight chanmels in one of these layers to the straight channels in the next layer and so
on, effectively building a three dimensiomally interconnecting channel system (cf. Figure 2.2 (b))
Therefare, diffusion in the third dimension requires constant manoeuvring between the two types of
channels.
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ZSM-5 is a medium pore zeolite with free apertures of 5.1 x 5.5 A for the straight channel and 5.3
x 5.6 A for the sinusoidal channel [Baerlocher et al,, 2001; 1ZA, 2002a]. The intersection is slightly
offset resulting in a comparably spacious cavity with a free diameter of = 9 A [Meier et al., 1978;
Derouane, 1980].

The crystal structure is orthorhombic with a unit cell of dimensions: a= 20.1 Ab=199Aandc=
13.4 A [Szostak, 1992]. The chemical composition of the sodium form is given by Na, [Sigg_nAlaO1g]
(n < 8) i.e. Si02/Al;03 molar ratios > 22. ZSM-5 has a framework density of 17.9 T atoms per 1000
Ad,

2.1.1.2 Zeolite Beta

Zeolite Beta has a three-dimensional pore structure and large pore openings counsisting of 12 membered
rings (Figure 2.3) [Haggin, 20 June 1988]. The framework of zeolite Beta consist of an intergrown
hybrid of three distinct but closely related structures that are arranged in layers [Treacy and Newsam,
1988]. These layers can connect to each ather in three different ways resulting in three different
structures (Polymorphs A, B and C). Zeolite Beta's framework structure is obtained from a near
randomly connected sequence of these layers in the direction of the c-axis [Treacy and Newsam,
1088].

Zeolite Beta's pore system consists of three intersecting 12 membered ring channels. Two of
these channels are identical and linear of 6.6 x 6.7 A dimensions. They are mutually orthogonal
and perpendicular to the c axis. These two channels slightly overlap forming a 12 membered ring
window between the channels. These windows effectively form the third channel. The third channel
is nonlinear and parallel to the ¢ axis-with dimensions of 5.6 x 5.6 A [Higgins ef al., 1988]. The
tortuosity of the third channel is determined by the stacking sequence of the different kinds of layers
forming in the zeolite.

The crystal structure of zeolite Beta is tetragonal with a unit cell of dimensions: a = 126 A, b
= 126 A and ¢ = 26.2 A [Szostak, 1992]. The chemical composition of the sodium form is given
by Nag[Sigi—qAlyOjgs] (o < 7), Le. Si0p/Al;0y molar ratios > 16, Zeolite Beta has a framework
density of 15.1 T atoms per 1000 A%,

2.1.1.3 Zeolite Mordenite

The pores of zeolite Mordenite consist of two types of parallel elliptical channels (a “"bunch of straws”)
with free apertures of 6,5 x 7.0 A (defined hy 12 membered rings) and 2.6 x 5.7 A (defined by 8
membered rings) [Meier and Olson, 1996). These two channels are interlinked by a small transversal
sinusoidal channel of 3.4 x 4.8 A (defined by 8 membered rings). This crossing channel forms 8
membered ring openings in the lining of the 12 membered ring channels, but the corresponding
openings in adjacent 12 membered ring channels are displaced with respect to one another. So only
very limited access from one 12 membered ring channel to the next is possible as these openings are
too small to allow passage to most molecules. Consequently, the channel system is effectively rendered
one-dimensional [McCusker and Baerlocher, 2001]. Effectively, these 8 membered ring openings in
the lining of the 12 membered ring channels appear as “side pockets” [Breck, 1974a; Venuto, 1994].
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{a) Framework view along [010) (L) Schematic representation of the pore system

{¢) Channel along (010) (5.3 x 5.6 A) (d) Channel along (100) {5.1 x 5.5 A)

Fizure 2.2: The framewark structure and pore openings of zeolite ZSM-5 (MFI) (large black spheres
= oxygen, small grey spheres = T atom) [IZA, 20024 (a), (¢) and (d); [Meier et al.,
1978] (b)
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{a)} Framework wiew along (100)

{b} Channels along (100}, (010) (6.6 x 6.7 A) {¢) Channel along (001) (5.6 x 5.6 A)

Figure 2.3: The framework structure and pore openings of zeolite Beta (BEA) (large black spheres
= oxygen, small grev spheres = T atom) [IZA, 2002a].
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(a) Framework view along (001)

{b) Channel along (001) (6.5 x 7.0 A) (¢) 8-Ring chapnel along (010],
which forms the "side pockets"
(34x48A)

Figure 2.4: The framework structure and pore openings of zeolite Mordenite (MOR) (large black
spheres = oxygen, small grey spheres = T atom) [[ZA, 2002a).
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The dimensions of these “side pockets” are 2.9 x 5.7 A and they are separated by restrictions of 2.8
A |Breck, 1974a]. Figure 2.4 shows the framework structure of Mordenite.

Mordenite has a crystal structure that is orthorhombic with a umit cell of the dimensions: 2 =
183 A, b =205A, ¢ =75 A [Szostak, 1992|. The general chemical composition of the sodium form
is given by Nag|Sis—nAl,Og) (n € 8), i.e. 5i0,/Al03 molar ratios > 10. Zeolite Mordenite has a
framework density of 17.2 T atoms per 1000 A3,

2.1.1.4 Zeolite Y

Zeolite Y has a channel system consisting of a very open, three dimensional network of sodalite cages
that are linked together via their hexagonal faces by hexagonal prisms (Figure 2.5). This produces
the so-called supercages of roughly spherical dimensions with a diameter of 11.4 A [Venuto, 1994] with
four 12 membered ring openings (“windows”) of 7.4 A |Baerlocher et al., 2001], which are orientated
in tetrahedral directions. Thus, the channel system is three dimensional and three dimensionally
interconnected. The sodalite cages and the hexagonal prisms make up a small channel system (6
membered ring windows) that gives access to only very small ' moleciiles such as water and ammonia
and is irrelevant for catalytic conversions of organic molecules.

The crystal structure is cubic with a unit cell of the dimensions: a =243 A b=243 Aandc=
24.3 A |Szostak, 1992]|. The chemical composition of the sodium form is given by Nag[Siyg2—nAlnOasi
(n < 5B), i.e. 85i0,/Al;03 molar ratios > 4.6. Zeolite'Y has a framework density of 12.7 T atoms per
1000 A3,

Zeolite Y is often subjected to post-synthesis hydrothermal modification, particularly for industrial
applications (catalytic cracking) [Flapigen, 1991]. The modification gives rise to a reduced framework
aluminium content, a mesopore system and,/or non-framework aluminium species [Naber et al., 1994].
This modified zeolite Y is termed “uitra-stable® (USY). Details of this zeolite Y modification are
described in Section 2.1.4

2.1.1.5 Zeolite MCM-22

Zeolite MCM-22’s pore system consists of two independent channel systems (Figure 2.6). One com-
prises of large supercages whose inner free diameter is defined by 12 membered rings (7.1 A) and the
inner height is 18.2 A [Leonowicz ef ol., 1994]. But importantly, these supercages can only be accessed
through 10 membered ring openings on the side (Figure 2.6 (b), (d) and (e}). The dimensions of these
10 membered ring openings (“windows") are 4.0 x 3.5 A [Baerlocher et al., 2001; 1ZA, 2002a]. The
supercages are separated lengthwise through a “neck”, made by a 6 membered ring prism.

The smaller, straight channels (4.0 x 5.5 A) extend in three directions in a plane with 60° angles
between each other. These channels cross at the supercages. The wider, sinusoidal channels also
extenid in three directions in a plans, which is parallel to the [ormer and are interlinked as well.

This second channel is a two-dimensionally interlinked 10-membered ring sinusoidal channel with

dimensions of 4.1 x 5.1 A [Baerlocher ef al., 2001; IZA, 2002a). This channel system extends planar
like & honeycomb structure as shown in Figure 2.6 (f) |[Lawton et al., 1998]. The “neck” between the
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fa) Framework view

(b) Pore openings (74 x 7.4 A)

Figure 2.5: The framework structure and pore openings of zeolite Y (FAU) (large black spheres
oxygen, small grey spheres = T atom) |Augustine, 1995; IZA, 2002a.
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supercages extends in the third dimension through the center of these honeycombs without intercon-
necting with the sinusoidal channels.

Both types of channels are interinked with themselves but not with each other. Therefore, the
combined channel/supercage systems in zeolite MCM-22 only allows diffusion in two directions but
not perpendicular to them.

The seguences of leuglliwiss linked supaicages extend pependicular to the plane in which the
channel systems extend. The links, consisting of hexagonal prisms, make up a system of small channels
with very narrow § membered ring “windows"” analogous to the interconnections of the sodalite units
in zeolite Y (cf. section 2.1.1.4). These small “windows" only allow the passage of very small molecules
such as water and ammonia and are irrelevant for catalytic conversions of organic molecules.

Zeolite MCM-22 erystallizes in very thin platelets. These platelets exhibit hexagonal morphology
[Lawton et al., 1998]. Access from the crystal exterior to the internal channels is only possible through
the 10 membered ring openings of the two pore systems located af the perimeter of the thin edges of
the crystals.

On the face of the thin platelets, there exists a high concentration of zeolitic pockets (often referred
to as “cups’ [Corma et al., 2000]), with 12 membered ring openings, having a diameter of 7.1 x 7.1 A
and an approximate depth of 7 A [Lawton et al., 1998]. These “cups” are made up of half a supercage
(ef. top edge of Figure 2.6 (b)). There is no access-from the bottom of s “cup” to the adjacent
supercage and correspondingly there is no accesg to the pore system through the top and bottom
surface of the crystal platelets [Lawton et al, 1998]. However, the “cups” can accommodate quite
bulky malecules which are not able to penctrate the pore system.

The erystal structure is hexagonal withunit cell dimensions of: a = 144 A, b= 144 A, ¢ =
25.2 A |Szostak, 1992]. The chemicel composition of the sodium form is given by Nag[Sirs- , Al Oy44)
(n € 5.5), i.e. Si0a/Al;04 molar ratios > 24. Zeolite MCM-22 has & framework density of 165 T
atoms per 1000 A3, Zeolites S82-25, ERB-1, PSH-3 and ITQ-1 are isostructures of zeolite MCM-22
|Baerlocher et al., 2001).

2.1.1.6 Comparison of the zeolite structures studied

The structural parameters of the zeolites studied in this thesis are compared in Table 2.2,

2.1.2 Zeolite synthesis

Natural zeolites are found in cavities in basic voleanic or metamorphic rocks, Although natural
zeolites have many applications they are not suited for catalysts as they contain impurities and
are too scattered in location for any large scale exploitation [Barrer, 1982a). Inconsistent quality is
another decisive shorteoming of such natural materials [Barrer, 1982h).

Synthetic acolites are made hydrothermally under sutogenecus preasure. The hydrothermal syn-
thesis of aluminosilicate zeolites corresponds to the conversion of a mixture of silicon and aluminium
compounds, alkali metal cations, organic molecules and water via an alkaline supersaturated solution
into & microporous crystalline aluminesilicate as depicted in Figure 2.7 [Feijenet al,, 1997]. Common
silica, sources are colloidal silica, waterglass, pyrogenic silica or silicon alkoxides (such as tetramethyl
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Figure 2.7: Schematic representation of the zeolite formation process (SDA = structure directing
agent, otherwise known as the template) [Feijen et al., 1997].

or tetraethyl orthosilicate). These silica sources differ in the degree of polymerization of the silicon
dioxide. Alumininm sources are gibbsite, pseudo-boehmite, aluminate salts or the metal powder.
Cationic or neutral organic molecules are added to the synthesis gel as solvents or structure directing
agents (commonly known as a template), Examples of templates are hexamethyleneimine {or zeolite
MOM-22, tetraethylammonium hydroxide for zeolite Beta and tetrapropyl ammonium hydraxide for
[ZA, 2002b]. The alkalinity of the synthesis gel may be controlled by addition

of a mineralizing agent, for example sodium hydroxide.

zeolite ZSM-5 synthesis

A mixture of the silica source, aluminium source, template and mineralizing agent rapidly forms
a hydrogel or precipitate, Often the hydrogel must be aged, at room temperature or slightly higher
temperatures, to increase the concentration of precursor species in the hydrogel. This aging of the gel
is often crucial to obtaining the desired crystalline phase and to improve or accelerate crystallization
[Jansen and Wilson, 2001].

The crystallization process consists of the dissolution of the hydrogel, mediated by a mineraliz-
ing agent, which provides the solution with silicate and aluminate monomers and oligomers. These
monomers and oligomers condense nto specific precursor structures, which are then organised into
more extended structures and finally into the crystalline phase |Feijen ef al, 1997). To start the
synthesis, the hydrogel is brought to crystallization temperature, between 60 and 200°C (under au-
togeneous pressure), and left for a period of time to achieve an acceptable yield of crystals [Jansen
and Wilson, 2001].

After a sufficient yield of the crystals is ebtained, they are separated from the mother liquor by

filtration or centrifugation. The zeolite crystals are then washed to remove excess unreacted reagents
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and dried at around 100 - 120°C. This form of the zeolite is know as the “as-synthesized" zeolite,
The zeolite contains hoth cations and the organic template, which are blocking the zeolite pores.
The orgame template is removed from the zeolite by thermal treatment in air, typically at around
500°C. The cations are then removed by repeated jon-exchange by a mineral acid or an ammonium
salt solution (most commonly used 15 ammonium hydrexide). This salt replaces the cations with
ammonium jons. Under thermal treatment, typically around 500°C, ammonia is released from the
zeolite leaving a proton. The zeolite is now active for acid catalysed reaction and is commonly written
as “H-zeolite”,

2.1.2.1 Factors influencing zeolite erystallization

Factors that can influence zeolite crystallization are;
o Composition of the synthesis gel. Namely,

— the 8105 and AlsOy sources, ratios and concentrations;
- OH™ concentration;

— cations or anjons present in the gel;

— water concentration;

— type of organic template.

= Synthesis time.
e Synthesis temperature,

o History of the synthegis gel, for example,

— order of adding the synthesis reagents to the synthesis mixture;

— gel aging;

— stirring.

The influence of the synthesis gel composition varies according to the zeolite structure. For
example, zeolite A and high Al faujasite only crystallize in a very narrow range of 8i0y/Als0y
ratio, whereas zeolite ZSM-5 is known to crystallize over a very broad 5i0;/Alz0n range including
aluminium free synthesis (silicalite) [Szostak, 1992, Nagy ef al., 1998¢|. The alkalinity of the synthesis
zel is also of key importance in the zeolite synthesis. The role of the OH™ ions is to depolymerize the
amorphous aluminosilicate particulates at an appropriate rate. The alkalinity has an impact on the
crystallization process, on the §i02/AlzO; ratio of the zeolite phase and also on the size of the final
zeolite crystals [Feijen et al,, 1997],

The roles of the organic templates are [Nagy ef al., 1998¢|:



22 CHAPTER 2. LITERATURE REVIEW

e structure-directing - defining the zeolite phase formed;

» gel modifier - could allow the formation of structures with higher 5i0;/AlO5 ratio than could
be obtained without such additives;

e interact chemically with the gel - altering the character of the gel (for example alkalinity);

e interact physically with the gel - modifyving the solubility of various species, the transport
properties ete;

o void fller,

The erystallization of a zeolite usnally follows a crystallization curve (crystallinity as defined by
powder X-ray diffraction). A desired zeolitic species is often a metastable product, that can undergo
re-dissolution, while a more stable species is formed. Therefore, synthesis times are important criteria
to obtain a pure crystalline phase [Nagy et al,, 1998¢|.

The synthesis temperature can determine the zeolite phase formed. A higher synthesis temperature
may favour a more dense zeolitic phase. Synthesis temperature also affects the crystallization kinetics.
Higher température may result in shorter induction periods or a metastable species may decompose
faster ot a higher temperature [Nagy et al., 1998¢|.

The history of the zeolite synthesis mixture (order of adding of the synthesis reagents, gel aging,
stirring, etc.) can result in different crystallization kinetics, modification of erystal compasitions or
even the formation of a completely different zeolitic phase [Nagy et al., 1998¢|.

2.1.2.2 Synthesis of zeolites MCM-22, ZSM-5, Beta, Mordenite and USY

Commercial samples of zeolites ZSM-5, Beta, Mordenite and USY were used in this research whereas
several samples of zeolite MCM-22 were synthesized by the author. Therefore, the synthesis of zeolite
MCM-22 is described in detail in the following section whereas the syntheses of zeolites ZSM-5, Beta,
Y and Mordenite are only briefly described.

2.1.2.2.1 Synthesis of zeolite MCM-22 Table 2.3 shows the different reagents used in the
synthesis of zeolite MCM-22. Hexamethyleneimine (shown in Figure 2.8 (a)) is used as the template
in most synthesis mixtures for the formation of zeolite MCM-22 as it is a readily commercially
available organic compound [Ernst, 1998]. NN N-trimethyl-1-adamantammomium hydroxide (shown
in Figure 2.8 (b)) Is used as the template for the 85Z-25, which is an isostructure of MCM-22. Table
2.4 gives the molar regimes from which zeolite MCM-22 has been synthesized as well as the synthesis
temperatures and synthesis times,

Typically, MCM-22 crystals are disk shaped with diameters around 1 pm and @ thickness which
is somewhat less or far less than the diameter (cf. Table 2.5), These disk-like crystals are frequently
intergrown with each other [Ernst, 1998]. No comprehensive study of the effect of different synthesis
conditions and gel molar regimes has been carried out in terms of crystal size of zeolite MCM-22.
However, Giray et al. [1999] found that the crystallization rate was higher and the final crystal size
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Table 2.3: Typical synthesis reagents ysed in the synthesis of zeolite MCM-22. The template used
throughout was hexamethyleneimine.

Silica Alumina Mineralizing
source solrce agent
Juttu and Lobo [2000] Ultrasil Sodium Sodium
aluminate hydroxide
Giiray et al. [1999] Silicie acid, Sodium Sodium
silica gel aluminate hydroxide
Ultrasil
Corma el al. [1995] Aerosil 200 Sodium Sodium
aluminate hydroxide
Hunger et al. [1995] Fumed Sodium Sodium hydroxide/
_dilica aluminate Sulphuric acid
Ravishankar ef al. [1995] Colloidal Aluminium Sulphuric acid
silica sulphate
Rubin and Chu [1990] Ultrasil, Sodium Sodium
precipitated silica | aluminate hydroxide
CH—=CH, cHy OM°
\- la
CH CH
{"N f 2
'
H
(&) Hexamethylensimine (bs) NN N-trimethyl-
Tadamantammonium
hydroxide

Figure 2.8: Organic templates used in the synthesis of zeolite MCM-22 (a) and isostructural zeolite
S§Z-25 (b) [Ernst, 1998].



2

CHAPTER 2. LITERATURE REVIEW

Table 2.4: Molar regimes of the synthesis mixtures and synthesis conditions used for the synthesis

of zeolite MCM-22 (silicon and aluminium sources, cf. Table 2.3).

Si0y/ | Na¥/ |[HMI***/ | H;O/ | Synthesis | Synthesis
AlOy | SiO; Si0y §i0; | temperature time
(°C) (days
Guray et al. [1999] [ 15-80 [ 0.18 0.35 19.5 150 7-20
Corma et al. [1995] [ 30-200 | 0.14-03 [ 035-05[35-45| 135- 150 7-28
Hunger et ol. [1995]* | 322 0.41 0.32 10.3 150 12
Ravishankar 29.8 0.17 0.5 45.9 150 3.3
et al. [1995]**
| Rubin and Chu [1990] [ 30 0.18 0.35 44.9 150 )
250)4/510; = 0.007

** H;80,4/510; = (.18
*** Hexamethyleneimine

Table 2.5: Crystal sizes obtained from zeolite MCOM-22 syntheses.

Agitation | Crystal diameter (um) | Crystal thickness (pm) |
Giiray et al, ilﬂﬂﬂi Yes 1-2 <1
No 3-5 1-15
Hunger ef al, [1995] Yes <1 ca, 0.1
" Ravishankar ef ol. [1995] Yes 1-2 0.1-02
Lawton ef al, [1998]" Yes 1 (.01

* Lawton et al. [1998] using Rubin and Chu's [1990] synthesis method.

was smaller in syntheses carried out under stirred synthesis conditions, viz. crystal diameters of 1 -
2 pm and thickness < 1 jun for stirred synthesis and crystal diameters of 3 - 5 um with thickness of
1 - 1.5 pm for static synthesis (cf. Table 2.5).

The X-ray diffraction pattérns.of pure, as synthesized and calcined Na-MCM-22 obtained from
Ernst [1998] are shown in Figure 2.9. The recorded X-ray diffraction patterns show both sharp and
broad peaks, that indicates structural disorder [Ernst, 1998},

2.1.2.2.2 Synthesis of zeolite ZSM-5 A recent review of zeolite ZSM-5 synthesis procedures
can be found in Guth and Kessler [1999]. Zeolite ZSM-5 has been synthesized over a wide range of
5i03/A1;0;4 ratios starting from 22, which is the minimum molar ratio to that of pure silica “silicalite”
|Szostak, 1992]. Zeolite ZSM-5 can be synthesized using a wide range of templates as well as without
any template [Narayanan et al, 1998]. Templates used are, for example, tetrapropylammonium hy-
droxide, tetraproplyammonium bromide [Narayanan et al., 1998], dipropylenetriamine and hexanediol
[Barrer, 1985]. Zeolite ZSM-5 can crystallize from batch compositions (NaA10;), [Nag, Hy- (. Si0y4] - pH20
typically in the range n = 20 to 50, m = (.1 to 0.2 and p = 400 to 500 [IZA, 2002b]. For good yields
of ZSM-5 crystal the synthesis temperature should be between 145 and 190°C [IZA, 2002b|.

2.1.2.2.3 Synthesis of zeolite Beta The most comumon template used in the synthesis of 2e-
olite Beta is tetraethylanunonivm hydroxide (TEAOH) |Zaiku ef al, 2001). Zeolite Beta is claimed
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Figure 2.9; X-ray diffraction pattern of as-synthesized Na/HMI-MCM-22 (contains both cations and
template) and calcined Na-MCM-22 [Ernst, 1998).
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to crystallize from batch compaositions in the range of molar ratios of §i0;/Al;0y from 10 to 200,
NazQ/TEAOH from 0 to 1.0, TEAOH/SiOz from (.1 to 1.0 and HyO/TEAOH from 20 to 75. Crys-
tallization occurs between 100 and 150°C [Szostak, 1992]. Zeclite Beta can be synthesized over a wide
range of Si0s/AkO; ratios starting from the minimum molar ratio of 16.

2.1.2.2.4 Synthesis of zeolite Mordenite A recent review of zeolite Mordenite synthesis pro-
cedures can be found in Guth and Kessler [1999]. A range of templates was also used in the syn-
thesis of zeolite Mordenite. For example, benzene-1,2-diol [Shao et al.,, 2002], I-butanol [Sano ef al.,
2001}, hexamethyleneimine [Jongkind et al., 1997], tetracthylammonium bromide [Coker et al., 1995],
benzyltrimethylammonium salts, alkyl phenols, alky! sulfonates, N-ethylpyridinium salts and triocty-
lamine [Szostak, 1992]. Catalytically active zeolite Mordenite is synthesized in the range of batch
molar compositions of 10 NapO : 0.075 - 0.4 AlOy : 28 - 40 SiOy : 360 H;0. Mordenite erystallizes
between 100 and 260°C [Breck, 1974b; Szostak, 1992]. High Si02/Ak0s ratio Mordenite is obtained
via post-synthesis dealumination, as described in Section 2.1.4.

2.1.2.2.5 Synthesis of zeolite Y A recent review of zeolite Y synthesis procedures can be found
in Guth and Kessler [1999], Zeolite Y s claimed to crystallize from bateh compositions in the ranges of
Si02/Al; 03 from 15 to 25, NagO/H,0 from 20 to 50, NazO/Si0y from 0.4 to 0.6. Tetramethylammo-
nium hydroxide and sodium salts are used as the template for zeolite Y [IZA, 2002b]. Crystallization
oceurs between 80 and 125°C [Szostak, 1992]. Zeolite Y can only be directly synthesized with a low
Si0/ Al Oy ratio around 5 and is therefore often subjected to post-synthesis dealumination |[Flanigen,
1991; Naber et al., 1994]. Procedures for post-synthesis dealumination are described in Section 2.1.4,

2.1.3 Acidity of zeolites

Zeolite framework structures are based on an infinitely extending three-dimensional network of Si0y
and AlQ4 tetrahedra (primary building units) thereby sharing all the oxygen atoms. The charge
imbalance of the tetrahedrally coordinated. trivalent aluminium atoms (AP*) results in a net negative
charge on the zeolite framework. This is compensated by a charge balancing cation or proton. The
proton constitutes an acid site in the zeolite framework. The acidity of a zeolite is a function of the
nature, strength and density of the acid sites respectively. The nature of the acid sites in zeolites is
either Bronsted or Lewis acid sites. Such an acid site is able to either transfer a proton from the salid
to the adsorbed molecule (Brensted acidity) or an electron pair from the adsorbed molecule to the
solid surface (Lewis acidity) [Nagy ef al., 1998a].

A Bronsted acid site is formed when the charge compensating cation s a proton (cof. Figure
2.10). Brensted acidity Is most often generated from ion-exchanging the as-synthesized zeolite, in
the sodium form with ammonium after the removal of the template. The acid site can then be
formed by removing ammonia via thermal treatment of the ammeonium zeolite (shown in Figure
2.11). Theoretically therefore, each aluminium in the framework can generate a Bronsted acid site,
However the strength of the Bronsted acid sites is dependent on a number of factors namely, aluminium
cancentration (i.e. SiOg/Al Oy ratio) and location and distribution of the aluminium in the overall
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Figure 2.10: The structure of the Bronsted acid site in zeolites [Martens ef ol., 1997].
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Figure 2.11: Formation of Bronsted acid sites from thermal treatment of the anmonium exchanged
zeolite [Nagy et al., 1998a).

zeolite framework. In terms of aluminium concentration, as the zeolites framework 5i0,/AlO; ratio
increases, the deprotonation energy decreases, and thus the strength of the Brousted acid site s
seen to increase, High silica zeolites hiave fewer but stronger acid sites. In terms of aluminium
distribution, the strongest acid sites are those associated with the absence of aluminium atoms in
the second coordination sphere (next-nearcst-neighbour theory) [Mikovsky and Marshall, 1976]. This
condition is met for virtually all Bransted sites in Mordenite with a SiOy/Al; O3 molar ratio larger
than 18.4 [Stach and Jinchen, 1992] and zeolite Y with a 8iO2/Al303 molar ratio larger than 11.2
[Stach et al., 1992].

Lewis acid sites in zeolites can be formed upon dehydroxylation of Brensted acid sites at elevated
temperatures of 500°C and higher, as shown in Figure 2.12 |[Nagy et ol.,, 1998a]. In zeolites, Lewis
acidity may generally also originate from the presence of extra-framework cations, such as extra-
framework aluminium [Karge et al., 1999|, charge compensating alkali metal jons, or tricoordinated
aluminium and silicon occurring at defect sites in the zeolite [Venuto, 1994; Brunner, 1997|. Strong
Lewis acidity appears to be associated with extra-framework alumina, although there is no consensus
on the catalytic activity of these acid sites. Weak Lewis acidity appears to originate from charge
compensating alkali metal ions (particularly sodium) but does not appear to contribute to the catalytic
activity in the catalysis of hydrocarbon reactions |0'Donovan, 1995).

WA RN

Figure 2.12: Formation of a Lewis acid site from two Bronsted acid sites [Nagy et al., 1998a].
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Figure 2.13: ?7TA] MAS NMR spectrum of steamed H-Beta [Kuehl and Timken, 2000).

2.1.4 Post-synthesis modification of zeolites

Post-synthesis modifications of zeolites are done to improve the activity or stability of a zeolite catalyst
or to improve the desired selectivity of a reaction. Special modifications allow one to distinguish
between and understand the effects of the intarnal and external surface on the product selectivity. In
the following sections, modifications addressed are steaming and the internally selective ion-exchange
of zeolites.

2.1.4.1  Steaming of zeolites

2.1.4.1.1 Procedure for steaming zeolites Dealumination of the zeolite framework usually
occurs when the zeolite is subjected to steaming at high temperatures (> 450°C, Pyeam typically
around 0.3 - 0.7 bar for several hours). The degree af dealumination is usually determined by the use
of 7 Al MAS NMR and 'H MAS NMR (magic angle spinning nuclear magnetic resonance), Framework
tetrahedrally coordinated aluminium resinance is in the region of 54 - 68 ppm on a TAl MAS NMR
spectrum [Kennedy et el., 1999). Steaming the zeolite causes a decrease in the concentration of
framework aluminium and an increase in concentration of extra-framework aluminium [Debras ef al,,
1986]. Different kinds of extra-framework aluminium species were found to correspond to broad
peaks around 0 ppm and 30 ppm on a 2" Al MAS NMR spectrum namely octahedrally, pentahedrally
and tetrahedrally coordinated aluminium, respectively [Gibson et al., 1987, Fernandes ef al, 1998;
Kuehl and Timken, 2000]. Figure 2.13 shows the Al NMR spectrum of steamed H-Beta which
illustrates all the aluminium species discussed above. Kuehl and Timken [2000] identified three peaks,
namely at 54.4 ppm for tetrahedrally coordinated aluminium, -0.1 ppm for octahedrally coordinated
aluminium and a third broad peak with a peak maximum at approximately 30 ppm, which is labelled
39 Al". These 3™ aluminium species are poorly ordered giving rise to & broad peak and may
represent alumininm oxide clusters of variable coordination symmetry |Kuehl and Timken, 2000|.
The extra-framework aluminium can be removed from the framework by washing with dilute acids
[Szostak, 2001]. Progressive steaming and calcination results in the extra-framework aluminium
migrating to the crystal surface as octahedral alumina [Szostak, 2001). Mesopores are formed during
the dealumination process, with diameters ranging from 20 to 250 A [Nagy et af., 1998d].

2.1.4.1.2 Reactions over steamed zeolites Dealuminated zeolite Y (called ultra-stable zealite
Y, USY) is widely used as a catalytic cracking catalyst [Nagy ef al., 1998d). In fluidized catalytic
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Figure 2.14: Enhanced activity for n-hexane cracking ovep H-ZSM-5 with steaming (steaming con-
ditions: 2.5 hours at 540°C; n-hexane cracking at 538°C) |Lago et al., 1986].

cracking (FCC), the activity of the catalyst declines during multiple reaction /regeneration cvcles. In
order to establish unvarying activity, a small percentage of the circulating “equilibrium” catalyst is
constantly withdrawn and replaced by fresh catalyst. Therefore, a fluidized catalytic cracker catalyst
requires high stability as the long termn'decline of its activity influences both the activity level of
the equilibrium catalyst and the amount of fresh catalyst constantly needed |Haldsz et ol, 1985].
Dealumination leads to zeolite Y being ultra-stable to thermal and hydrothermal strains and also
more active towards cracking balkier molecules, which are larger than Y's channel diameter, in the
mesopores formed through steaming.

Mild steaming was often found to increase the catalytic activity of varions types of zeclites for
hydrocarbon reactions such as isomerization |Haag and Lago, 1983; Nayak and Choudhary, 1984; Hong
et al , 1994], alkvlation [Corma ef al, 1996] and eracking [Haag and Lago, 1983; Lago et al., 1986;
Nayak and Choudhary, 1984; Wang et al., 1991; Williams et ol., 2000]. However, the activating effect
of mild steaming was only observed with carefully made laboratory samples. Commercial samples
have undergone such a lot of steaming during manufacturing, that they are already mildly steamed
and additional mild steaming has little effect |[O'Connor and Haag, 1996).

The enhancement effect of mild steaming of a H-ZSM-5 catalyst on the activity for n-hexane
cracking (e-test) is shown in Figure 2.14 [Lago et ol, 1986]. Optimum mild steaming resulted in
an almost fourfold increase of activity, whereas severe steaming eventually resulted in a decline of
activity.

2.1.4.2  Internally sclective ion-exchange of zeolites

2.1.4.2.1 Procedure for making internally selective ion-exchanged zeolites Chester ¢f ol
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[1998] describe a multi-stage technique of internally selective ion-exchanging the internal acid sites of
zealite MCM-56 crystals with sodium, Firstly, a calcined (i.e. detemplated), as-synthesized Na-zeolite
is taken and ion-exchanged with a bulky organic cation (namely, tetrapropylammonium bromide),
which 1 prevented from entering the zeolite pore system due to steric hindrance and therefore only
exchanges the Na* cations on the external surface sites. The zeolite is then calcined in air, which
destroys the organic cation, leaving a proton (analogous to calcining a NHy-zeolite). Therefore, the
crystals have acids sites predominately on the external surface, If Na-zeolite is not available, H-zeolite
can be taken, which however, first needs to be ion-exchanged with a sufficiently small cation (namely,
a sodium, potassium or cesium cation) which is capable of occupying all the exchangeable sites both
internally and externally on the zeolite crystal, Thereafter, the selective ion-exchange is carried out
as described above.

2.1.4.2.2 Reactions over selectively ion-exchanged zeolites Juttu and Lebo [2000] applied
this internally selective ion-exchange method oo zeolites MCM-22 and MCM-56 to determine the
reaction pathway of toluene disproportionation over these zeolites. That s, to exclusively study the
effect of the zeolite crystal's extemal acid sites on the reaction pathway and be able to distinguish
between internal and external reactions.

2.1.5 Shape-selectivity in zeolites

Controlling the selectivity of a chemical reaction is one of the primary tasks of catalysis. Of increasing
importance is shape-selective catalysis. Shape-selectivity effects can occur when the shape and size
of the reactants, or products, or transition states or reaction intermediates is similar in dimensions
to the pores and cavities of a zeolite [Weitkamp ef al., 1999], Non-shape selective catalysis occurs
on the external surface of the zeolite crystallites. There are different classes of shape-selectivity, the
most common types are reactant, product and transitions state shape-selectivity. Examples of each
of these types of shape selectivity are shown in Figure 2.15.

Reactunt shape selectivity is illustrated in Figure 2.15 (a) by the competitive cracking of n-octane
and 2,2 4-trimethylpentane {isooctane). 2,2 4-Trimethylpentane is too bulky to enter the pores of
the zeolite and is, therefore, hindered from reaching the catalytically active sites inside the pores.
However, n-octane can enter the pores and so have access to the acid sites, where it is catalytically
converted. Thus the net effect that is measured at the reactor exit is the selective or preferential
conversion of the small or slim reactant molecule [Weitkamp and Ernst, 1994].

Product shape selectwity is demonstrated by the ethylation of toluene in Figure 2,15 (h). Here
both the reactants are small enough to enter the zeolite pores, but only para-ethyltoluene, out of the
potential products (ortho-, meta- and para-ethyltoluene), is small enough to leave the pore system.
The bulkier product molecules, although possibly formed in relatively spacious intracrystalline cages
or at channel intersections, are either unable to escape from the pores and therefore do not oceur
in the reactor effluent at all or their diffusion is significantly hindered in the pore system and are
therefore present in the reactor effluent with very low selectivity. Ultimately, the bulkier products
may be transformed into smaller ones, which are able to escape from the pores, or convert into coke
deposits [Weitksmp and Ernst, 1994].
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Figure 2.15: Shape selectivity in microporous materials [Weisz, 1880; Csicsery, 1984] (a) Reactant
selectivity (e.g selective cracking of n-parathios in a n/iso-paraffin mixture) (b) Product
selectivity {p-selective toluene ethylation) (e) Restricted transition state selectivity (e.g.
selective xylene somerization with simultaneous transalkylation suppressed).
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Restricled transition state shape selectivity is llustrated by meta-xylene isomerization into orthe-
and para-xylene and transalkylation into toluene and trimethylbenzenes (Figure 2.15 (¢)). Isomeriza-
tion can occur as a monomolecular reaction via 1,2-shift. Transalkylation of the methyl substituted
aromatics is a bimolecular reaction and as such it necessarily proceeds via transition states which are
bulkier than with monomolecular isomerization. In & zeolite with the appropriate pore width or void
space respectively, there will be just enough space for the accommodation of the transition states
for the monomolecular 1,2-shift isomerization reaction, but insufficient space for the formation of the
bulky transition states of the bimolecular transalkylation reaction. The net effect is a suppression of
the latter reaction [Weitkamp and Ernst, 1994|,

feactanl and product shape selectinty is based on the hindered diffusion of bulky reactant or
product molecules in the zeolite pores. In many instances, the hindered diffusion just results in a
rate of adsorption or desorption and consequently an effective rate of formation of & product which
15 lower than it wonld be in the absence of this mass transfer limitation, but which is nol zero. In
these cases, the observed rates of reaction are limited by diffusional effects; and hence the observed
selectivities will depend, under otherwise constant conditions, on the length of the intracrystalline
diffusion paths, i.e., the gize of the zeolite crystals. By contrast, restricted (ransition slate shape
selectunty is due to intrinsic effects emerging from the limited space around the intracrystalline active
sites and hence the resulting selectivities will not depend on the erystal size [Weitkamp and Ernst,
1994|. The last statement, however, does not consider the possible occurrence of this reaction on
active sites on the external surface of the zeolite crystals (cf. Section 2.1.5.1), where space is not
limited so that transitional state selectivity won't peeur. Since the surface/volume ratio of a crystal
depends on its size, size effects on product distributions resulting from restricted transitional state
selectivity may still be observed.

In fact, reactant and product shape selectivity are determined by the parameters of the Thiele
Modulus, These are the rate constants, the crystal size and the diffusion coefficients of the different
molecules. The diffusion coefficients reflect the relationship between the pore size and the critical
dimensions of the molecules,

2.1.5.1 Effect of the external surface acid sites

Non-shape selective catalysis occurs on the acid sites situated on the external surface of the zeolite
crystals. In all of the above types of shape-selective catalvsis, the reactants as well as the products
leaving the zeolite pore may react with the acid sites on the external surface therefore reducing the
concentration of the shape selective product in the reactor effluent.
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2.2 Alkylation of phenol with methanol

The major producers of cresols are the United States, Western Europe, Japan and South Africa. In
the United States, Western Europe and Japan, 60% of the cresols produced are synthetic. One of the
major routes for the synthetic cresol formation is the alkylation of phenol with methanol [Fiege and
Bayer AG, 2001).

Common catalysts used for the alkylation of phenols are H280,, BF3, MgO, ¥-Al:O4 and silica-
supported Fe-V [Chakraburty ef al., 1997; Beck and Haag, 1997; Fiege and Bayer AG, 2001]. Zeolites
have been investigated for the alkylation of phenols for two reasons. Firstly, they are an environmental
friendly alternative to the HySOy4 and BFy catalysts and secondly, their shape-selective properties can
potentially be used to obtain an ephanced selectivity towards a certain product.

The alkylation of phenols is complicated, however, since hoth C-alkylation (alkylation at the
ring carbon atoms) and O-alkylation (alkylation at the oxygen of the hydroxyl group) can occur. A
possible reaction scheme of the methylation of phenol is given in Figure 2.16. C-alkylation leads to the
formation of cresols (methylphenols) (reaction 1) and O-alkylation leads to the formation of anisole
(methoxybenzene or methyl phenyl ether) (reaction 11), The anisale and cresols formed can also react
further. Anisole can be methylated on the ring to from methylanisoles (reaction II1), can undergo
disproportionation to form methylanisoles and phenol (reaction 1V), can be converted to cresols
though & reaction with phenol (reaction V) and can undergo internal rearrangement to form o-cresol
(reaction V1). Cresols can also undergo C-alkylation to form xylenols (dimethyl phenols) (reaction
VII) or undergo O-alkylation to form methylanisoles (reaction VIIT). Xylenols and methylanisoles
may undergo further alkylation to produce higher alkylated products. Phenol and methanol can also
undergo reaction with themselves, formiing diphenyl ether (reaction IX) and dimethyl ether (reaction
X), respectively. Dimethyl ether, kowever, is still available as a reactive alkylation agent and thus
does not affect praduct yields (as long as the dimethyl ether does not convert into hydrocarbons).

2.2.1 Chemistry of phenols, alcohols and ethers

An aleohol is an organic compound with a carbon bound to a hydroxyl group for example methanol
(C'Hs = OH). A phenol is an alcohol consisting of a benzene ring with one of the ring's hydrogens
replaced with a hydroxyl group (CgHz — OH). The chemistry of alcohols and phenols is determined
by the hydroxyl group (—OH group). An ether is a compound in which an oxygen atom is honded to
two alkyl or two aryl groups or one of each (i.e. dimethyl ether, diphenyl ether, anisole. respectively).

Alcohols and phenols are polar molecules as a more electronegative oxygen atom is attached. With
alcohols and phenols, intermolecular hydrogen bonding is possible between the positively charged
hydrogen on one molecule and the negatively charged oxygen on a neighbouring molecule. This
results in higher boiling and melting temperatures for these compounds compared their hydrocarbon
equivalents (Table 2.6).

Anisole has a significantly lower melting and boiling point than cresols as no hydrogen bonding
is possible between anisole molecules. Minor polarity is introduced due to the non-symmetrical
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Table 2.6: The physical properties of methanol, phenol, cresols and anisole and their hydrocarbon
an [Weast, 1991],

_ ! Melting point {“E_! I Boiling point (°C)
Methanol -03.9 65.0
Ethane -182 -164
Phenol 43.0 181.7
Toluene -95 110,6
o-Cresol 30.9 101.0
p-Cresol I8 201.9
m-Cresol 11.5 202.2
o-xylene -25.2 144.4
m-xylene -47.9 139.1
p-xylene 13.3 138.3
Anisole -37.5 155.0
| Ethylbenzene -95.0 136.2

Table 2.7: The pKa values for methanol, phenol, cresols and anistle compared to benzoic acid and
water [Sykes, 1986a].

pKa
Methanol 16
Phenal 9.95
o-Cresol 10.28
p-Cresol 10.19
m-Cresol 10.08
Anisole -
Benzoic acid | 4.20
Water 14

substituents and the bond anglé an the oxygen. This results in melting and boiling points, which are
still higher than those of its livdrocarbon equivalent ethylbenzene (Table 2.6).

2.2.1.1 Acidity of alcohols and phenols

Like water, aleohols and phenols are weak acids. The pKa gives an indication of the aciditr strength
of the molecule (Table 2.7). Aliphatic alcohols are about 100 times weaker acids than water, whereas
phenols are 10 000 times more acidic than water. Phenols, however, relative to aromatic carboxylic
acids (e.g. benzoic acid), are weak acids

Dissociation of an alechol or phenol produces a proton and an alkoxide or phenoxide anion,
respectively. The reason for the large difference in acidity between alcohols and phencls can be
found in the delocalisation of the negative charge on the anion. The phenoxide anion is stabilised by
delocalisation of its negative charge via the delocalised = orbitals of the aromatic nuclens (mesomeric
effect) as shown in Figure 2.17. Therefore, the negative charge on a phenoxide ion can be spread over
to the ortho and para positions of the benzene ring throngh resonance. Such delocalisation can also
occur in the nndissociated phenol molecule involving the lone or free electron pairs on the oxygen
but this results in a charge separation so that delocalisation is far less effective (Figure 218). The
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Figure 2.17: The stabilisation of the phenoxide anion [Sykes, 1986a].
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Figure 2.18: The stabilisation of phenol [Sykes, 1986a).
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net effect of resonance is therefore to stabilise the phenoxide ion to a much greater extent than the
phenol,

In contrast, the dissociation of an alcohol will form an aliphatic alkoxide in which the negative
charge is fixed on the oxygen atom and cannot delocalise over the molecule, Therefore, alkoxide lons
are not stablized and hence the acidity of alcohols is lower than the acidity of phenols (Table 2.7).

Water Is amphoteric, i.e, it has both acid and base properties. Like water (hydroxonium lon,
H3;0%), alcohols and phenols can react with a strong acid to form oxonium ions as illustrated in
Figure 2.19.

2.2.1.2 Activating effect of a substituent on the benzene ring

Apart from the acidity, the most striking cdiemical property of a phenol is the extremely high reactivity
of its ring towards electrophilic substitution. A substituent on the benzene ring generally influences
its reactivityy. —CHs, —OCH3 and —OH substituents are electron-donating and this activates the
benzene ring for electrophilic substitution. That is, toluene, anisole and phenol will react faster than
benzene in electrophilic substitution reactions. The activating effect increases from —CHjy (weak) <
~OCH; (moderate) < —OH (strong) [Sykes, 1986h; Morrison and Boyd, 1987).

The strong effect of an —OH group on the electrophilic aromatic substitution ean be accounted
for by assuming that the exygen can share more than one pair of electrons with the ring (i.e. can form
@& bond of higher order than a single bond) and can accommodate u positive partial charge which has
the effect of producing a partial negative charge on the ring (¢f. Figure 2.18).

2.2.1.3 Ortho and para directing

In terms of ring substitution, —CHj3, —~OCH; and —OH are ortho and para directing in electrophilic
aromatic substitution. This is again due to the effect of the electron donating groups [Morrison and
Boyd, 1987). The ortho and para directing effect increases in the same order as the effect of reactivity
namely, —CHy < —OCH;3 < —OH. The strang effect of an —OH group on the direction of electrophilic
aromatic substitution can be accounted for by assuming that the oxygen can share more than one
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Figure 2.19: Alcohol and phenol reacting as a hm-{Hart and Schuetz, 1972a].

pair of electrons with the ring (i.e. can form a bond of higher order than a single bond) and can thus
accommodate the positive charge introduced through the electrophilic attack by a carbeninm jon.

The carbocation formed by electrophilic attack on the ring of a phenol is considered to stabilize
this transitional state via delocalisation of the positive charge over the ring, resulting in resonance
structures I - 11, TV - VI and VTI - X, respectively (c¢f. Figure 2.20), where the positive charge is
located on carbon atoms. In case of para- or ortho-attack, the possible resonance structurss include
an additional one, structures VI and X1, respectively, in which the positive charge is carried by the
oxygen. Resonance structures Viland X1 are especially favoured, since in these structures every atom
(except hydrogen) has a complete octet of electrons [Morrison and Boyd, 1987, In the carbocation
resulting from meta subgtitution (resonance structures I - I1T), no resonance structure is found where
the positive charge can he carried by the oxygen. Therefore the hydroxyl group on the pheno. activates
the ring for substitution particularly in the ortho and para positions. Kinetically controlled, ortho-
and para-cresol will dominate over m-cresal even though thermodynamically m-cresol is the most
stable isomer (Section 2.2.2.6). Similarly —OCH;3 and —CHj; substituents on the benzene ring are
ortho and para directing but weaker [Sykes, 1986h|.

The effect of the hydraxyl group decreases going from the ortho to the para position [Sykes, 1986b].
Also, as there are two ortho positions, the ortho position will be statistically favoured over the para
position (in the absence of any steric constraints) [Venuto, 1994]. Therefore the expected Finetically
controlled cresol isomer distribution is ortho > para > meta.

Temperature will have an effect on the kinetically controlled cresol isomer distribution. ncreasing
the temperature has two main effects. Firstly, the less stablized transition state to m-cresol (Figure
2.20 1 - TII resonance structures) can be assumed to result in a higher activation energy for the
formation of m-cresol than the highly stabilized transition states to o- and p-cresol. Secandly, m-
cresol concentration will increase due to the conversion of the primary products o- and p-cresol by
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Figure 2.20: Transition state resonance structures from electrophilic aromatic substitution of phenol
[Morrison and Boyd, 1987).
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Figure 2.21: Formation of a phenyl cation |Hart and Schuetz, 1972a] (electron shifts indicated ad-
ditionally).
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Figure 2.22: Secondary and primary carbenium ions formed from secondary and primary alcohols,
respectively [Hart and Schuetz, 1972a] (electron shifts indicated additionally).

isamerization and transalkylation. Therefore, increasing the temperature will allow the m-cresol to
increasingly be formed as a primary product as well as a secondary product.

2.2.1.4 Mechanism of reactions of the hydroxyl group on alcohols and phenols

The major difference of alcohols and phenols is in reactions involving the breaking of the C — O bond.
It is relative easy with an acid catalyst to break the ' — O bond in secondary and tertiary aleohals
whereas this bond is very difficult to break in primary alcohols, particular methanol and even more
in phenols. Protonation of the hydroxyl group and loss of a water molecule would give a carbocation
(Figures 2.21 and 2.22). Secoudary and tertiary alcohols form stable secondary or tertiary carbenium
ions, respectively (Figure 2.22, top scheme). For substitution reactions on the alcohol, this allows
both Sx1 and Sy2 mechanisms to occur. A primary alcohol, methanaol in particular, would form
an unstable primary carbenium jon (Figure 2.22, bottom scheme). Therefore no Syl mechanism
is possible with primary alcohols but an Sx2 mechanism (i.e the simultaneous replacement of the
protonated —OH group by the incoming group) is still possible (¢f. for instance Figures 2.35 and
2.36) [Hart and Schuetz, 1972a).

With only two attached groups, the positively charged carbon in a phenyl cation would want to
be sp-hybridized and have bonds arranged linearly. Dut this geometry is prevented by the benzene
ring. Therefore phenyl cations are extremely difficult to form (cf Figure 2.21). This also tells us that
phenols cannot undergo replacement of the hydroxyl group neither by an Syl mechanism nor by an
Sn2 mechanism [Hart and Schuetz, 1972a).

Phenols are also ambident nucleophiles in that they quite readily form phenolic ethers [Venuto,
1994] or mixed phenolic/aliphatic ethers with alcohals.
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Figure 2.23: Alkyl phenyl ether undergoing acid catalysed cleavage reaction (redrawn from Hart
and Schuetz [1972b]) (electron shifts indicated additionally).

2.2.1.5 Auisole chemistry

Anisole is a mixed aromatic and aliphatic ether (Ar — O — R) and is almost non-polar. Minor polarity
is introduced due to the non-symmetrical substituents and the bond angle'on the oxygen. Ethers are
weak bases, by virtue of the unshared electron pairs on the oxygen.

Aromatic ethers, like phenyl ethers, can undergo electrophilic substitution reactions on the ring.
While alkoxy groups are activating and ortho, para directing in electrophilic substitution (cf. Section
2.2.1.3), they are considerably less so than a hydroxyl group, as discussed in Section 2.2.1.2,

Ethers can also undergo cleavage reaction by acids if water is present. Because of the low reactivity
of the bond between the oxygen and the aromatic ring, an Ar— O — R ether undergoes cleavage of
the O — R bond and yields a phenol and an alkyl cation (Figure 2.23). If the alcohol is primary (e.g.
anisole), this cleavage reaction occurs by firstly the protonation of the oxygen, necessarily followed
by Sx2 displacement with the water [Hart and Schuetz, 1972b).

2.2.1.6 Cresol chemistry

The effect of addition of a —CHjz group to the ring on the chemical properties of phenol is small
compared to the effect of the —OH group even though the —CHz group is electron donating (Table
2.7). As seen from Table 2.7, the electron donating methyl group has a lower effect when located on
the meta position than on the ortho and para position of the cresol. This is due to the hydroxyl group
being electron donating most dominant to the ortho and para position relative to it, as discussed in
Section 2.2.1.3. Therefore, an electron donating methyl group in the orthe or para position will
compete with the hydroxyl group and therefore reduce the electron donating effect of this group to
the ring L.e. reduce acidity more than a methyl group positioned in the meta position.

2.2.2 Thermodynamic Equilibria
2.2.2.1 Methanol to dimethyl ether

Methanol converts to form dimethyl ether and water as shown in Figure 2.24 [Chang, 1983; Maéller
et al., 1999], In the temperature range of 200 - 400°C, which was investigated in this thegis for phenal



CHAPTER 2. LITERATURE REVIEW 41

2 CHyOH = CH30CH3 + H0

Figure 2.24: Conversion of methanol to dimethyl ether.
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Figure 2.25: Thermodynamic equilibrium_ distribution of species in the conversion of me:hanol to
dimethy! ether and water [_Dauhm't and Danner, 1989].

methylation, the formation of dimethy] ether is thermodynamically favoured as shown in Figure 2.25,
with methanel equilibrium conversion > S0%.

2.2.2.2 Phenol methylation to anisole
For the methylation of phenol to anisale [Parton ef al., 1989a] (Figure 2.26) the thermodynamic equi-

librium is shown in Figure 2.27 from an equimolar methanal/phenol mixture. Over the temrperature
range studied in this thesis (200 - 400°C), the equilibrium conversion (ca. 90%) does not change

significantly.
- cHoM — 6 *  HO

Figure 2.26: Formation of anisole from the methylation of phenol with methanal.
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Figure 2.27: Thermodynamic equilibrium of anisole formation from an equimelar phenol and
methanol mixture [Daubert and Danner, 1989],
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Figure 2.28: Diphenyl ether formation for phenol.

2.2.2.3 Phenol to dipheny! ether

Diphenyl ether can be formed from phenol similar to the formation of dimethyl ether from methanol
(Figure 2.28) [Venuto, 1994]. There is no thermodynamic data available for this reaction. Applica-
tion of several incremental estimation methods based on group combination factors produced quite
inconsistent and contradictory results [Ntshabele, in preparation]. Comparison with dimethyl ether
and anizole formation equilibria (ef. Sections 2.2.2.1 and 2,2.2.2) suggests equilibrium limitations for
diphenyl ether formation with significantly or noticeably less than 100% phenol conversion in the
temperature range (200 - 400°C) investigated for phenol cooversion in this thesis.

2.2.2.4 Phenol methylation to cresaols
The methylation of phenol on the ring forms eresols (Figure 2.29) [Parton ef al., 1989a]. In the

temperature range studied in this thesis (200 to 400°C), the thermodynamic equilibrium lies far an
the side of the product (cresols). That is; the thermodynamic equilibrium is > 99.9% to the cresols.
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Figure 2.30: O-alkylation vs C-alkylation.

2,2.2,5 O-alkylation versus C-alkylation

The methyl group from the methanol can alkylate the phenol either on the oxygen of the hydroxyl
group (O-alkylation) or on the ring (C-alkylation) (Figure 2.30). Thermodynamically, eresols forma-
tion (C-alkvlation) is largely favoured over anisole formation (O-alkylation) (cf, individual equilibria,
Sections 2.2.2.4 and 2.2.2.2, respectively), Pierantozzi and Nordquist [1986] found that at taermody-
pamic equilibrium, under the reaction conditions used by these authors (300°C), cresols formation is
favoured 10* times over that of anisole formation. This is because a C — C bond is more stable (has a
higher energy of formation) than an O — C bond and the number of molecules is unchanged. Anisole
is, however, the kinetically preferred product under mild reaction conditions.
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Figure 2.32: Cresol isomer equilibrium in the gas phase (lines caleulated from data by Green [1962];
Stull et al. [1969]; Chang et al. [1989], data points measured by Imbert ef al. [1997a]
and Imbert et al. {2000] and Béhringer and Fletcher [2003] (preliminary data)).

2.2.2.6 Cresol isomer distributions

There are three cresol isomers (. Figure 2.31), namely o-, m- and p-cresol. Cresols can isomerize as
shown in Section 2.2.4.3. The thermodynamic equilibrinm distribution of the cresol isomers is shown
in Figure 2.32 over the range of temperatures studied in this thesis (from 200 to 400°C). m-Cresol
is the thermodynamically favoured isomer whereas the content of p-cresal is low, according to this
data.

Lines in Figure 2.32 are based on thermodynamic data obtained from Green [1962], Stull et al
[1969] and Chang et al. [1980]. [mbert ef al [1997a] disagreed with the cresol isomer equilibrium
calculated from Stull's data [Stull ef al, 1969]. Imbert et ol. [1997a] obtained experimental isomer
equilibrium distributions at 380°C of 0 : p: m-cresol of 36 : 16 : 48 over H-Z5M-5 but reported
44 : 14 : 42 from more recent work over H-USY (cf. Figure 2.32), Recently Bohringer and Fletcher
[2003] has confirmed Imbert's et al. [1997a] results and disagreed with the cresol isomer distribution
calenlated from Stull's et al. [19608] data.
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Figure 2.33: Thermodynamic equilibrium p/o-cresol ratio (line calculated from data by Green [1962];
Stull et al. [1969]; Chang et al. [1989], data points measured by Imbert et ol. [1997a,
2000] and Bohringer and Fletcher [2003} (preliminary data)).

According to data given by Stull et ol [1969] the equilibrium p/o-cresol ratio changes with de-
creasing temperature in favour of o-cresol (ef, Figure 2.33). This is expected, From Figure 2.33 it
is clearly seen that the ratios measured by Imbert ef al. [1997a, 2000] and Bbhringer and Fletcher
[2003] are much higher that those caleulated from Stull’s ef al. [1969] data.

2.2.3 Methylation of phenol with methanol over acid zeolites, Al,O,, amorphous
silica-alumina and MgO

Table 2.8 gives a listof authors that have studied the alkylation of phenol with methanol over zeolites.
The reaction has been studied to date over zeolites ZSM-5, ZSM-11, X, Y. Beta and Mordenite as
well as amorphous catalysis, mineral acids and ion-exchange resins. The zeolites represent a range of
channel sizes and dimensionalities.

2.2.3.1 Reaction mechanisms for the alkylation of phenol with methanol

By studying the literature, Parton et al. [1989a] proposed an overall reaction network for the alkylation
of phenol over acid and basic catalysts, including zeolites and amorphous solids (such as Al,O4, Mg0O,
AIPOy4 and silica-alumina). The overall reaction network proposed is in agreement with the mechanism
Marczewski ef al. [1988] developed from studies on phenol methylation over various acid zeolites and
AlzO3. Figure 2.34 gives the overall reaction pathways [Marczewski et al,, 1988]. However, the scheme
appears quite inconsistent. m-Substitution in the cresol and methylanisole fraction has been ignored
by Marczewski 2 al. [1988] but apparently not in the xylenol and dimethylanisole fraction (otherwise
there would be two precisely defined isomers in each fraction only, namely 2,4- and 2,6-xylenol and
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Table 2.8: Acid zeolites and other acid catalysts applied on the gas phase alkylation of phenol with

methanal.
Catalysts Temperature Reactants
(°C) partial pressure
Balasubramaman ef al, izuun] Zn-, Ga-, La-, Ce-, H-Beta 250 - 420 0.2
Landau et al. [1997] H-, La-, Ca-Y 300 0.1
H-ZSM-5
H-Beta
1-Mordenite
Xu ef al [1997] H-Beta 200 0.17
Garcia el al, |1996] HY 200 0.2
Marczewskl et al. [1996] 1-AlL Oy 200- 0.2
Bautista et al. [1993 AIPO, — AlLOy 250 « 400 Not given
Santacesaria ef al. [1990b] Amorphous silica-alumina 200 - 400 Not
1-ALOy given
Nafion-H
Phospharic acid
Sautacesaria ef al. [1990a] H-ZSM-5 260 - 350 Not gi
Chang et al. [1980] Na-, B-ZSM-5 400 Not
H-Beta given
1AL Oy
Parton ef al. [1980a) H,PZSM 5 200 0.2
H-, H/Na-, H/La-, H/K-Y 0.17
 H-USY 0.026
Parton et al. [19589b| H-ZSM-5 200 0.026
H-ZSM-11
H-USY 1
Marczewski et al. |19 H-USY 200 0.2
Marezewski et al. 1;3 H-Y 200 0.2
H-USY
H-Mordenite
H-ZSM-5
Al Oy
Pierantazzi and Nordquist |1985] H-ZSM5 =400 0,86
Al2Oy
Renaud et al [1986 H-, Na-ZSM-5 200 - 250 - Not given
Chantal et al. [1985] H-ZSM-5 - 400 Not given
Balsama ef al, [1984] Na-, La-, H-X 250 0.2
Na-, La/Na-, H-Y
H-ZSM-5
H-ZSM-11 X
Namba ef al. [1980] H/K-, H/Na-Y 350 0.17
Tanabe and Nishizaki [1977)] MgO 250 - 500 Not
Amorphous silica-alumina glven
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Figure 2.34: Reaction mechanism of the methylation of phenol with methanol [Marczewski et al.
1988]

24 and 2 6-dimethylanisole). Phenal involved with transalkylation reactions has been considered
as a reactant but ignored as a product, Diphenyl ether formation is not considered either. What is
missing in this scheme in particular, is the important secondary reaction of internal rearrangement of
anisole to o-cresol (cf, Section 2.2.4.1.2).

2.2.3.1.1 Mechanism for the acid catalysed formation of anisole and cresols The major
primary products formed by phenol methylation are anisole and cresols. As discussed in Section
2.2.1.4, cresols and anisole are formed by a 552 mechanism from phenaol and methanol, as shown in
Figures 2.35 and 2.36. Figure 2.35 only shows the formation of o-cresol but an analogous mechanism
can be drawn for the formation of m- and p-cresol.

Methanal can react over acid catalysts to form dimethyl ether (Figure 2.24). Dimethyl ether
can analogously act as the alkvlating agent and as an example the reaction mechanism for o-cresol
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Figure 2.35: Methylation of phenol with methanol in the formation of o-cresol via Sx2 mechanism.
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Figure 2.36: Methylation of phenol with methanol in the formation of anisole via Sy2 mechanism.
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Figure 2.37: Methylation of phenol with dimethyl ether in the formation of o-cresol via 542 mech-
anism.
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Figure 2.38: Anisole rearrangement to o-cresol on a geolite Bronsted acid site [Vemito, 1994).

formation with dimethyl ether as the alkylating agent is shown in Figure 2.37.

Over acid catalysts, O-alkylation is kinetically preferred under mild conditions so that a high
selectivity to anisole is obtained (of. Table 2.9), despite its unfavourable thermodynamic stability in
comparison with cresols (¢f. Seetion 2.2.2.5).

2.2.3.1.2 Mechanism for the formation of o-cresol from anisole o-Cresol can bz formed
from the monomolecular rearrangement of anisole [Vemito, 1994). Figure 2.38 shows the reaction
mechanism for the anisole rearrangement to o-cresol.

2.2.3.1.3 Mechanism for the isomerization of m-cresol to o-cresol and p-cresol via 1,2-
methyl shift A cresol isomer may isomerize to the other isomers as shown in Figure 231, The
reaction mechanism for isomerization via a 1,2-methyl shift is shown in Figure 2.39 for the isameriza-
tion of m-cresol to o- and p-cresol. Similar mechanisms can be drawn for the isomerization of o-cresol
and p-cresol.

2.2.3.1.4 Mechanism for the secondary alkylation of anisole and cresols Anisole and
cresols are partially transformed into secondary products via further alkylation, which can be cither
C-alkylation (anisole to methylanigoles, eresols to xylenols) or O-alkylation (cresols to methylaisoles).
Reaction mechanisms are analogous to the primary steps.
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Table 2.9: Typical O/C-alkylation ratios obtained in the methylation of phenol over different acid
catalysts under mild reaction conditions,

Catalyst Temperature Reactants )/ C-alkylation
(° Q) partial pressure ratio
(bar) -
Landaa b al. [1997] H-Y 180 0.1 23 |
H-ZSM-5 1801 29
H-Beta 150} 21
H-Mordenlte 180 1.3
Garcia et al. [1996] H-Y 200 017 3
Santacesarin ef ol [1990b] | Silica-alumina 200 Naot 2
4-Ala (g 2010 given i
Nafion-H 200 ]
Phosphoric acid 200 ]
Marczewski ef al. [1988] H-USY 204 0.2 3.2
H-Mordenite 200 23
H-Z5M-5 200} f)
AlO5 200y 1.5
H
Y "
sople
Gy
H
H H
il
o~ Q- :
Ca,
H
G

Figure 2.39: Isomenzation of m-cresol to o-cresol (1) and p-cresol (2) via 1,2-methyl shift [Tmbert
et al., 1997a] (electron shifts indicated additionally).
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2.2.3.1.5 Side reactions of reactants The alkylating agent can also react with itself over the
acid zeolite. For example, methanol is well known to react over acid zeolites [Chang, 1983; Laan and
Ward, 1987; Maller ef al, 1999). The presence of methanol side-reactions in phenol alkylation can
bé seen by the higher conversion of methanol compared to that corresponding to the conversion of
phenol [Balsama ef al, 1984). At first, methanol can undergo etherification to form dimethyl etber
[Chang, 1983; Laan and Ward, 1987; Méller ef al, 1999]. The resulting dimethy! ether, however,
is still available for alkylation reactions, cf. Sections 2.2.2.1 and 2.2.3.1 and Figures 2.25 and 2.37.
Methanol and dimethyl ether react also to form hydrocarbons [Chang, 1983; Moller et al, 1999].
In addition, phenal can react with another phenol molecule and form diphenyl ether and water (cf.
Section 2.2.2.3 and Figure 2.28) [Venuto, 1994],

2.2.3.2 Role of Bronsted acid sites and Lewis acid and basic sites in the methylation of
phenol with methanol

For the alkylation of phenol both Brensted and Lewis acid sites are claimed to participate in the
catalytic activation. Santacesarin ef al. [1990b] studied the different types of acid sites by using
+-AlpOj3 (strong Lewis acid and basic sites), Nafion-H (strong Bronsted acid sites), silica-alumina
(contains strong Bronsted acid sites as well as Lewis acid and basic sites) and Kieselguhr-supported
phosphoric acid (medium to weak Bronsted acid sites). Reactions were carried out at comparably
low temperatures of 200 and 225°C, respectively. Tabla 2.10 gives the O/C-alkylation and p/o-cresol
ratios found on the different catalysts.

Ower all the catalysts studied by Santacesaria ef al. [1990b], at low reaction temperatures, anisole
was the major reaction product but the selectivity to anisole decreases with increasing reaction temper-
ature, Balasubramanian el al. [2000] concluded that the decrease in anisale selectivity with increasing
temperature was due to the conversion of aniscle to o-cresol whereas Santacesaria ef al [19900] as-
signed this to the fact that C-alkylation has a higher activation energy (134 klJ/mol over y-Al;04)
than O-alkylation (67 kJ/mel over 4v-Al;04) and so, higher temperatures will promote C-alkylation.
In terms of cresol isomets, all catalysts studied showed preference for o-cresol,

Over -Al; 04, an O/ C-alkylation ratio of 2 was obtained and in terms of cresol isomers, v-Al;04
is highly ortho selective (cf. Table 2.10). Santacesaria et al. [1990b] concluded that this high ortho-
selectivity is due to the amphoteric character of ¥-Ale03. That is, a Lewis acid site exists adjucent
to a Lewis basic site (Figure 2.40). Phenol moecules will interact with both by giving a phenolate
ion absorbed on the acid site and a hydrogen in bound to the basic one, as shown in Figure 2.41.
The hydrogen ions formed should have sufficient mobility to activate the methyl group of methanol.
Alkylation at the oxygen or at the ring, very selectively in the ortho position, will occur. However,
the authors did not detail the actual substitution steps.

Tanabe [1985]) hypothesised that on a basic surface the phenol is adsorbed perpendicularly to
the catalyst surface. So the ortho-position is closest to the surface and hence alkylation will occur
in this position. Santacesaria's et al. [1990a] conclusions compare to Tanabe's [1985] regarding the
perpendicular orientation of adsarption on a basic site.

Over Nafion-H, which has only Bronsted super-acid sites, anisole was the main product again,
with even higher selectivity, and a p/o-cresol ratio of 0.5 was obtained [Santacesaria et al., 19900],
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Table 2.10: O/C-alkylation ratio obtained from phenal alkylation with methanol over different acid
site types at 200°C and 225°C (phosphoric acid), respectively, and “zero” contact time
(réactants partial pressure not stated) [Santacesaria ef al., 1990h)].

Catalyst Acid site Basic site 0Q/C-alkylation | p/o-cresol
type type ratio ratio®
Al Oy Strong Lewis Etrﬂnﬁi.ewia 2 0
Nufion-H Strong Bronsted - 3 0.5
Silica-alumina | Strong Lewis and Bronsted | Strong Lewis 9 0.5
" Phosphoric acid Medinm to weak . 9 0.6
Bronsted

* No m-cresol formed at the low reaction temperatures,

OH OH o
I | heat ’
—A —0—A — S—— Al —0—Al —
s P .
Bransted acid sites Lewis Lewis

acidsite  basic siles

Figure 2.40: Amphoteric character of 4-Aly03 [Santacesaria et al., 1990b].

At B « CHDH
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Figure 2.41: Formation of anisole or o-cresol over adjacent Lewis acid (A*) and Lewis basic (B™)
sites on 4-AlaO3 [Santacesaria ef al., 1990b).
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Figure 2.42: Possible reaction mechanism between two Bromsted adjacent acid sites Santacesaria
et al. [1990b].

Santacesaria ef al. [1990b] explained the product formation by two possible mechanisms. First, a dual
site mechanism (ef. Figure 2.42), in which the first acid site directly interacta with the arematic ring
while the other acid site strongly binds the oxygen of the methanol. Note that Figure 2.42 only shows
the mechanism for the formation of p-cresol and that similar reaction mechanisms can be drawn for
the formation of aniscle and o-cresol. Secondly, a Rideal mechanism, in which the reaction occurs
between the molecules of alkylating agent adsorbed on the acid site and the aromatic molecule from
the vapour phase.

Over silica-alumina both Brensted and Lewis acid sites are present. Anisole was the predominant
product formed (O/C-alkylation ratio of 9). There was strong deactivation with time-on-stream due
to coke formation over silica-alumina. The p/o-cresol ratio decreases with increasing deactivation
starting at about a ratio of 0.5 at 200°C. Santacesaria ef al. [1990b] explain this decreasing p/o-cresol
ratio by selective deactivation, as the Brensted acid sites are regarded as being respousible for the
deactivation and the Lewis aeid and basic sites become more predominant as a consequence of this
posoning/coking of the Bronsted acid sites, Bronsted acid sites interact strongly with the aromatic
ring (Figure 2.42). Therefore, phenol adsorption is never vertical as is in the case of phenolate ion
adsorption (Figure 2.41). For this reason, ortho selectivity is not promoted over Bronsted acid sites
and coke is easily formed. If the Bronsted acid sites are widely separated from each other (due to the
coking), the reaction could only occur through the Rideal mechanism as described above |Santacesaria
et al., 1990b|. Since there are less Bronsted acid sites due to the coking, the formation of p-cresol
decreases further.

Phosphoric acid has medium and weak Brpnsted acid sites. Over phosphoric acid, ansole was
again the predominant product and a p/o-cresol ratio of 0.58 was obtained at 225°C. Santacesaria et al,
[1990b] attributed this higher p-selectivity to "geometric factors” in adsorption. It was speculated that
phenol adsorption was strongly effected by the presence of many adjacent hydroxyls on the catalyst
surface.

In summary, over Bronsted acid sites, the reaction mechanism involves that the alkylating species
adsorbs on the acid site, which protonates the —OH group. The adsorbed alkylating species can
either react with the oxygen or with a carbon on the aromatic ring. On adjacent Bronsted acid
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sites, the second acid site may interact with the aromatic ring. However, an aromatic compound
adsorbed on a Brensted site will be positively charged and have reduced susceptibility to electrophilic
attack, Therclore, according to Parton ef al. [1989a], the elecirophilic aromatic substitution on the
phenol must be seen as a reaction between the adsorbed alkylating agent and the free aromatic (l.e.
corresponding to the Rideal mechanism). Both mechanisms give rise to anisole, o- and p-cresol.

Lewis acid sites can activate the alkylating agent and the phenol by deprotonation of the phenol
or just by co-ordimation [Feast and Lercher, 1996], Over Lewis acid and basic site pairs, the phemol
adsorbs dissociatively on the acid site and the alkylating species adsorbs on the then protonated basic
site to praduce the protonated alcohol. Lewis acid and basic site pairs give high selectivity to o-cresol
due to the orientation of the adsorbed phenol perpendicular to the catalyst surface.

2.2.3.3 0O/C-alkylation ratio and strength of acid sites

Pierantozzi and Nordquist [1986] explored the formation of anisole via O-alkylation over the following
acid catalysts: AlyOy, H-ZSM-5, Lag(HPOy4 )y and BaSOy at 300°C. They found that Lag(HPO4); and
BaS0y were selective catalysts for O-alkylation (O/C-alkylation ratieg of 17.1 and 9.0, respectively).
AlyOy was found to give O/C-alkylation ratios of 4.3 and zeolite H-ZSM-5 was found to give a lower
0/ C-alkvlation ratio of enly 1.6. Pierantozzi and Nordquist [1986] concluded that weak acidity is
required to prevent ring alkylation from occurring, In other words, ring alkylation requires strong
acid sites,

Work done by Garcia el al. [1996] apparently agrees with Pierantozzi's [1986]. Garcia et al.
[1996] poisoned dealuminated zeolite H-Y (molar 8i02/Al,04 = 40) by partial jon-exchanging of
the acid sites with podium. Varying degrees of ion-exchange were used in an attempt to obtain
different acid strengths since the sodium was assumed to preferentially poison the strongest sites.
Catalysts were compared at short time-oni-stream at the same conversion (10% at 200°C after 15 min
on stream), and it was found that the O/C-alkylation ratio increased with increasing sodium content
(cf. Table 2.11). Garcia et al [1996] concluded from these initial results that in phenol alkylation,
O-alkylation occurs over weaker acidic sites (high sodium content sample) while C-alkylation requires
the presence of stronger acid sites (low sodium content sample), However, these different O/C-
alkylation ratios were only obtained over the very fresh catalysts i.e. only after 15 minutes of reaction.
Drawing conclusions from initial product samples obtained from reactions over heterogeous catalysts
(in particular zeolites), can be deceptive. In fact, over the entire duration of the experiment after
the initial period (experiments lasted up to 6 hours) and over a wide range of conversion (obtained
during catalyst deactivation), there was no difference at all in the product selectivities as the authors
emphasize. So, as soon as the samples are slightly deactivated by coking, the O/C-alkylation ratios
were the same for all the catalysts (ca. 4.5, of. Table 2.11) and even lower than the initial ratio
obtained over the high sodium content sample (ca. 13). This contradicts, in particular, since the
latter meant, in the context of the author's argument, that coling increased the strength of sites and
left the strong sites selectively unaffected. However, Garcia et al. [1996] claimed that coking poisous
the “struonger” acid sites preferentially. Therefore an even higher O/ C-alkylation ratio should be found
over the deactivated catalysts than over the fresh ones but this is not what was observed over the
partially sodium-exchanged samples (cf Table 2.11).
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Table 2.11: The effect of partial sodium exchange of zeolite H-Y (molar SiO3/Al;03 = 40) on
the O/C-alkylation ratio from phenol methylation with methanol at constast phenol
conversion of 10% (via different space velocities) after 15 minutes on stream and over
the partially coked catalysts (reactants partial pressure = 0.2 bar) [Garcia et al, 1996).

[ Catalysts | Na/AlI* Time-on-stream 0/ C-alkylatior ratio I
0.03 Na/H-Y 0.014 15 min 3
(.44 Na/H-Y 0.2 15 min T
0.77 Na/H-Y 0.36 156 min 13
All catalysts, coked** - from initial samples to 6 hours ca. 4.5

* Presumably atomic ratio, anthors don't specify.
** Derived from a graph in Garcia et al [1996].

Table 2.12: The O/C-alkylation ratio from phenol alkylation with methanol over partially dealu-
minated geolite NHy-Y (reaction temperature = 200°C, reactant partial pressure = (.2
bar) |Garcia et al., 1996].

NHg-desaorption Yield of 0 /C-alkylation ‘Ratio of conversion over th=
temperature (°C)) | anisole and ratio -ammonia poisoned /unpoisonad
(hold for 1 hour) | cresols E%}" zeolite®

200 0.3 oo 0.01

260 1.3 10 0.04

300 13 6.7 0.38

350 22 5.9 (.68

450 30 48 0.9

500 33, o) 3 L0

* Derived from graphs in Gurtia ef al [1996].

Garcia et al. [1996] obtaived further observations by selectively poisoning dealnuminated zeolite
H-Y with ammonia and partially desorbing the ammonia at different temperatures, prior to phenol
alkylation with methanol at 200°C (Table 2.12). The results were interpreted in a way, which supports
their hypothesis that O-alkylation occurs on weaker acid sites namely, that a high degree of poisoning
(the result of low ammonia desorption temperature) preferentially affects the stronger add sites.
Hence, only the weaker acid sites are left and hence O/C-alkylation ratio is increased.

Marcrewskl et al. |1988] dealuminated zeollte H-Y by steaming and acid washing (molar Si0O3/Al;04
ratio between 4 and 29). Product yields were recorded, at a reaction temperature of 200°C, as a func-
tion of phenol conversion (below 15%) either obtained during catalyst deactivation or obtzined by
changing the feed rate, at a rime-on-stream sufficiently long for the rate of catalyst decay to be very
low. It was found with all the catalysts that these two sets of data points were on the same curves
Marczewski et al. [1988] conclude that “since one can expect the acid centers to be elimated by coke
coverage in decreasing order of acid strength, the results indicate that the selectivity of the -eaction
does not depend on the strength of the sites”. This is a clear contradiction to the above, already
questionable statements by Garcia ef al. [1996]. Another conclusion from these results might be that
in H-zeolites, particularly in high silica H-zeolites such as dealuminated H-Y, there are no sites of
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different acid strength or that the differences are marginal and irrelevant.

As mentioned above, Pierantozzi and Nordquist [1986] found different O/C-alkylation ratios,
indeed, over different acid catalysts, but of very different type and very different strength of the acid
sites (ranging from BaSOy to H-ZSM-5). In conirast, the difference in the acid strength of different
and differently pretreated H-zeolites appears noticeably imsufficient to influence the O/C-alkylation
selectivity.

2.2.3.4 Competitive adsorption of phenol and the alkylating agent?

There is also the possible complication that phencl and the alkylating agent may competitively adsorb
on the acid sites. Over Bronsted sites, methanol adsorbs with its oxygen atom, phenol adsorbs with
the ring (cf. Figure 2.42). This possible competitive adsarption is increased by molecular weight, the
presence of polarizable electron-rich n-charge clouds (the aromatic nucleus) or by pelar functional
groups (i.e. the =OH group) [Venuto, 1994].

Parton ef al. [1989a] compared data obtained by Namba ef al. [1980] and Haung et al. [1986] and
stated that the increase of phienol conversion with increasing methanol to phenol ratio, as illustrated by
Figure 2.43, would be evidence of competitive adsorption of the phenol and methanol on the catalyst,
However, at constant pressure, & maximum reaction rate is always achieved with an equimolar mixture
of two reactants which react with the same reaction order. The reaction rate gradually declines with
iucreasing as well as decreasing reactants ratio. In this case, at a methanol to phenol ratio of 4,
the reaction rate is still two-thirds the equimolar cate (assuming for instance first order in each of
the reactants) but the phenal feed concentration is 40% ounly of the equimolar concentration. This
inevitably results in a higher phenol comsumption than for the equimolar mixture. Therefore, the
observed increase in phenol conversion ‘does not indicate an increase in reaction rate so that the
chserved increase in the phenol convesion with increasing methanol to phenol ratic does not give any
preof for competitive adsorption between methanol and phenol, as was concluded by Parton ef al
{1989a].

Pierantozzi and Nordquist [1986] studied the effect of the methanol to phenol ratio (molar ratios
between | and 5) on anisole formation rates. They found that over Al;O3, increasing the met hanol
to phenol ratio had no effect on the anisole formation rate but anisole selectivity increased, whereas
over H-ZSM-5 the anisole selectivity was not effected by the methanol to phenol ratio but the anisole
formation rate decreased significantly with increasing methanol to phenol ratio (from 1.8 mmeol anisole
g/cat - h to (.77 mmol anisole g/cat - h). The latter, ohserved over an acid zeolite, confirms the eritical
address of Parton’s et al. [1989a] conclusions outlined above.

2.2.3.5 Coke formation

In the alkylation of phenol, the catalysts containing Bronsted acid sites always deactivate by coke
deposition. Santacesaria el ol [1990b| determined that coke formation occurs on Bransted acid
sites but not on Lewis acid sites. Marczewski et ol [1088] showed that at a given conversion the
selectivity observed over acid zeolites remained unchanged irrespective of how the conversion was
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Figure 2.43: Phenol conversion versus the methanol/phencl molar ratio in the reaction of phenol
with methanol on H/K-Y at 250°C in the vapour phase after 60 min data from Namba
et al. [1980] and on H-ZSM-5 at 370°C in-the liquid phase after 70 min data fram Haung
et al. [1986]. Solid line represents the modelling of phenol conversion with methanol :
phenol ratio using an overall second order rate expression.

reached (changed by contact time or by catalyst decay), but this did not hold for amerphcus silica-
alumina, where coking was found to change selectivity through changing the ratio of Bronsted to
Lewis acid sites by selectively poisoning the former (cf. Section 2.2.3.2) [Santacesaria et al., 1990b].

It was found that air regeneration (coke burn-off) restores the acid zeolite catalysts to thair initial
activity |Renaud et al., 1986; Chantal et al., 1985; Beltrame et al., 1987].

2.2.4 Cresol isomers formation

It is possible to produce a very high percentage of o-cresol in the eresol fraction over basic catalysts
(such as MgO) or amphoteric catalysts (such as Al,O3) [Marczewski ef al., 1988; Santacesaria et al.,
1990b; Beck and Haag, 1997; Lee ef ol 1998; Choi et al., 2000; Fiege and Bayer AG, 2001). Fe/V
based catalysts exclusively form o-substituted phenols (o-cresol and 2,6-xylenol) and no anisale [Fiege
and Bayer AG, 2001}, but this is a different reaction mechanism. However, the major disadvaniage of
this process is substantial decomposition of methanol (to Hy and CO). Acid catalysts usually produce
both o-cresol and p-cresol as well as m-cresol (under severe reaction conditions in particular).

Highly selective synthesis of m-cresol and p-cresol respectively is desirable due to the high cost of
separating these isomers, m-Cresol and p-cresol have very close boiling points (202.2 and 201.9°C,
respectively) which means that the fwo isomers cannot be separated by distillation ecoromically
but need fractionated crystallization, adsorption separation (Cresex process) or derivatisation by
butylation with isobutene before being separated by distillation [Fiege and Bayer AG, 2001], However,
a mixture of o- and p-cresol without m-cresol could easily be separated by distillation as their boiling
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Table 2.13: Comparison of the distribution of cresol isomers from phenal alkylation with methanol
[Parton et ol., 1989a).

Catalyst Reaction Phenal Cresols Cresols distribution | p/o- | p/(m+p)

temperature | conversion | selectivity o m- p- ratio primary

(*C)* (%) (%) (%) | (%) | (%) p-cresol

purity

(%)
H-Y 250 46.9 64.2 60 | 22 18 | 0.30 45
H-Y 200 6.0 29.0 586 | 0 | 414 | 0.71 100
H-USY 200 20.2 63.9 389 | 1.3 | 59.8 | 1.54 08
H/La-Y 250 49.7 i6.3 52 | 89 | 39.1 | 0.75 81
H/K-Y 250 32.0 57.5 3 | 60 | 61 | 185 91
H/Na-Y 250 66.0 70.2 333 | 91 | 576 | 1.73 86
P-ZSM-5 200 6.0 10.0 65 0 35 | 0.54 100
P-ZSM-5 450 2.6 43.2 609 | 70 | 321 | 0.53 82
- H-ZSM-5 300 135 31.3 68.0 0 314 ] 0.46 100
H-ZSM-5 200 10.2 73.3 653 | 0 | 347 | 0.5 100

* RHeactant partial pressure are given in Table 2.8,

points differ by 10.9°C. Such a process may be of economic interest if p/o-cresol yields and ratios are
sufficiently high.

Exclusively or nearly exclusively ortho-substituted phenols are obtained in a "classical" organic
reaction system (Venuto [1994], without specifying what belassical” refers to but probably meaning
Friedel-Crafts catalysts systems), where the attacking electrophile is complexed or otherwise associ-
ated with the substituent already on the aromatic ring. The electrophile can then easily be guided
into the adjacent ortho position (cf. below),

Zeolites tend to give a mixture of mainly ortho and para-substituted phenols. Over acid catalysts
(silica-alumina, H-ZSM-5 and H-USY for instance), at low temperatures and conversions (< 13.5%),
the meta-isomer of cresol (the thermodynamically favoured isomer) was found to be absent (Table
2.13) |Parton et al., 1989a), meaning that p-cresol is formed directly under electrophilic substitution
in the para positions, rather than by subsequent isomerization of an initially formed ortho-alkylated
product via 1,2-methyl group shift [Beck and Haag, 1997]. This is as expected as the hydroxyl group
of phenal is both o- and p- directing (cf. Section 2.2.1.3). The resulting p-cresol fraction is of high
primary purity (cf. Table 2.13). At higher conversions, m-cresol was obtained (cf. Table 2.13).

Statistically, a p/o-cresol ratio of 0.5 is expected from phenol alkylation, since there is one para
position on the phenal ring but two ortho positions. Slightly lower ratios, around 0.4 or lower, are
obtained at equilibrium between these two isomers in the given temperature range (cf. Figure 2.33).
p/o-Cresol ratios in this range (0.4 - 0.5) are often observed over all kinds of acid catalysts (ef. Table
2.14), Over zeolites, p/o-cresol ratios can occasionally be found lower but more often somewhat
significantly higher. There are various hypotheses for the lower and higher p/o-cresal ratios.

2.2.4.1 Low p/o-cresol ratios from phenol methylation

Marczewski et al. [1988] studied the methylation of phenol over dealuminated H-Y, dealuminated H-
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Table 2.14: p/o-Cresol ratios obtained from phenol methylation over different catalysts.

Catalyst® “Temperature | p/o-Cresol ratio
[ﬁclti*
Landau ef al. [1997] H-Y (7) 180 0.60
H-Y (12) 180 0.32
H-Y (60) 180 0.51
La-Y (5) 180 (.88
Ca-Y (6) 180 0.83
H-Y (60) 300 (.65
H-ZSM-5 (30) 180 0.56
H-ZSM-5 (50) 180 0.61
H-ZSM-5 (90) 180 0,61
H-ZSM-5 (30) 300 0.39
H-Beta (25) 180 0,64
H-Beta (25) 300 0.45
H-Beta (25) 500 0.61
H-Mordenite (17) 180 0.85
H-Mordenite (17) 300 0.77
Santacesaria et ol [1090b] | Silica-alumina 200 0.51
-Ala0y 200 0
Nafion-H 200 0,49
Phosphoric acid 225 .58
Santacesaria ef al. [1990a] H-ZSM-5 (58) 300 0.50
Chang e al. [1980] Na-ZSM-5 (35) 100 0.43
H-ZSM-5 (60) 400 0.43
H-Beta {30) 400 0.33
v=A1,0; 400 0.04
Parton et al, [1989) H-ZSM-5 200 0.33
P-ZSM-3 200 0.54
H-Y 200 0.71
H/Na-Y 250 1.73%*
H/K-Y 250 1.85%*
H-USY {40) 200 1.54
Parton et al. [1989H] H-ZSM-5 (200) 200 01,59
H-ZSM-11 (200) 200 0.53
H-USY (9) 200 0.62
Marczewski et af. [1985] H-Y (R) 200 0.7l
H-Y (9) 200 0.67
H-Y (27) 200 0.67
H-Y (59) 200 0.33
H-Mordenite (136) 200 0
H-ZSM-5 (98) 200 0.54
Al Oy 200 0
Balsama et al. [1084] Na/La-X (1.6) 250 0.50
La-X (1.6) 250 0.75
H-Y (2) 250 0.33
Ca/Na-Y (3.2) 250 0.46
H/Na-Y (3.2) 250 0.80
H/RE/Na-Y (2.9) 250 0.67
H-ZSM-11 250 0.50
Namba ¢t al. [1980] H/K-Y 250 1.3 - 1,85%*
H/Na-Y 250 1.0- 1.73**

* Brackets indicate Si0;/Al;O3 molar ratio of zeolite catalysts;
** These catalysts have very limited lifetimes;
*** Reactant partial préssure are given in Table 2.8,
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Table 2.15: Phenol alkylation with methanal at 200°C (phenol conversion < 20 %, reactants partial
pressure = (.2 bar) [Marczewski et al., 1988].

‘Catalyst Selectivity to* O/C-alkylation | p/o-Cresol
(Si03/AlL 04 anisole | o-cresol | p-cresol ratio ratio
molar ratio) %) (%) (%) i

H-Y (8) 71 17 12 24 0.71

H-Y (9) 76 14.5 9.5 3.2 0.67

H-Y (27) 70 12 8 3.9 0.67
H-Y (59) 84 12 1 5.3 033 |

H-Mordenite (136) 70 60 0 1.2 0.00

H-ZSM-5 (98) 90 6.5 3.5 9.0 0.56

AlgO4 60 40 0 L5 0.00

¥ No m-cresol was formed under these conditions.

Mordenite, H-ZSM-5 and Al;Og at 200°C (cf. Table 2.15). Within the series of H-Y samples studied,
the p/o-cresol ratio decreased over the most dealuminated sample. This decrease was linked to the
number of acid sites in the supercage of H-Y. Marczewski et al. [1988] postulated that para-selectivity
required more than one acid site in the supercage, whereas H-Y (59), which has only one or less acid
sites per supercage on average, would therefore have a decreased p/c-cresol ratio. However, this
contradicts to the data given by Parton ef ol [1989a] and Namba et al. [1980] for ultra-stable and
partially alkali exchanged samples of zeolite Y (cf. Table 2.14) where the low acid site density zeolites
(H-USY, H/Na-Y and H/K-Y) had the highest p/o-cresol ratios, all greater than 1.

Marczewski ef al. [1988] observed that both H-Mbordenite and Al;O5 formed exclusively o-cresol
(ef. Table 2.14). The latter is commonly observed over AlyOy (cf. Table 2.14 and Section 2.2.3.2) but
the exclusive formation of o-cresol over H-Mosdenite is quite unusual (cf Table 2.14). Over Al O;,
the selectivity to ortho-alkylation could e facilitated (at relatively low temperature) if phenol was
weakly adscrbed perpendicularly to the catalyst surface by H-bonding via its OH-group on a site
adjacent to the adsorbed alkylation agent (cf. Section 2.2.3.2 and Figure 2.41). The exclusive ortho
selectivity in H-Mordenite was explained in terms of its “narrow pores” [Marczewski et al., 1988],
which may cause the diffusion of phenol with the long axis paralle] to the channel (Figure 2.44). This
configuration may favour ortho-substitution. Note that approaching with the “rear” end exposes the
m-position to the adsorbed alkylating agent (which is far less reactive), not the p-position. Other
papers, however, describe quite high p/o-cresol ratios over [l-Mordenite (for example 0,77 [Landau
et al, 1997, cf. Table 2.14), which questions this effect of special orientation in the pore system.
Marczewski et al. [1988] also speculated that the high SiO3/Al,04 ratio of the H-Mordenite used
(136) could also effect the p/o-cresol ratio similar to the highly dealuminated H-Y. Landau's ef al
[1997] H-Mordenite, indeed had a SiOy/Ak 0y molar ratio = 17,

Venuto et al. [1966] found low p/o-ratios (below 0.33) for the ethylation of phenol over rare-earth-
exchanged zeolite X at very low temperatures (< 150°C). It was postulated that this may be due to an
initial O-alkylation to form phenylethyl ether, which subsequently rearranges to form o-ethylphenol,
The mechanism suggested for this rearrangement is analogous to the mechanism suggested for the
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Figure 2.44: Hypothesized orientation of a phenol molecule in the H-Mordenite chanuel system
leading to high o-selectivity [Venuto, 1994; Marczewski et al., 1088].

anisole rearrangement to o-cresol (cf. Figure 2.38).

After investigating the alkylation of phenol with anisole, Beltrame et ol [1987] produced an
explanation for the “low" p/o-cresol ratio of 0.33 over H-Y previously obtained by members of the
same research group [Balsama et af,, 1984, Beltrame ef ol [1987] obtained a much lower p/o-cresol
ratio (0.11) from phenol alkylation with anisole than from phenol alkylation with methanaol (0.33).
Beltrame et al. [1987] hypothesised that for acid catalysts strongly adsorbed anisole, which is formed
in the phenol methylation, reacts with phenol from the gas phase by a Rideal mechanism. This would
enable the hydroxyl group of the phenol to interact with the activated oxygen of the absorbed anisole
that wounld bring the ortho position of the phenol closer to the methyl group. Thus the ortho position
on the phenol would be more accessible to an attack by the methyl group from the anisole than the
para position,

Venuto et al [1966], Beltrame et al. [1987] and Jacobs ef al. [1988] hypothesised that anisole is
an intermediate in the formation of o-cresol. Tn ZSM-5, o-cresol is suggested to form directly from
anisole since in pentasils there is a suppression of bimolecular reactions involving aromatic rings i.c.
a suppression of transalkylation reactions [Parton et al., 1989a). Therefore, the transformation of
anisole into o-cresol would occur intramolecnlarly. This hypothesis was stressed to explain the lower
p/ o-cresol ratio in H-ZSM-5 over zeolite H-Y (p/o-cresal ratios of 0.53 for H-ZSM-5 versus 0.71 for
H-Y at 200°C and low conversions (Table 2.13)). However, as discussed above, a p/o-cresol ratio of
0.5 just reflects the statistical probabilities of o- and p-alkylation and is close to the slightly lower
thermodynamic equilibrium ratio too.

Apparently most authors regarded p/o-eresol ratios around 0.5 or somewhat lower as samething
unexpectedly special that required special explanation and this gave rise to a multiplicity of hysotheses
explaining why the selectivity to o-cresol is “so” high, or conversely, why p/o-cresol ratios were often
far below 1. These authors, apparently, have overseen that p/o-cresol ratios around 0.5 correspond
to uothing else but the trivial, statistically expected distribution of these two isomers in a kinetically
controlled phenol methylation reaction, when the reactivity of both the o- and the p-positions is equal.
Somewhat lower values meet the thermodynamic equilibrium ratio of the p- and the o-isamer in the
temperature ranges investigated (cf. Section 2.2.2.6). This individual equilibrium could establish via
transalkvlation with reactant component phenol, except, possibly, in pentasils and Mordenite.

2.2.4.2 High p/o-cresol ratios from phenol methylation

In comparing phenol methylation over the high SiO3/Al; O3 ratio zeolites H-Y (58) and H-ZSM-5 (98)
(cf. Table 2.15), Marczewski et al. [1988] concluded that H-ZSM-5 showed enhanced para-selectivity
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(p/o-cresol ratio of .56 versus 0.33 for the H-Y (59) sample) due to product shape selectivity which
would favour the desorption of the linear molecule, However, the ratio observed over the H-ZSM-5
corresponds almost to the statistical ratio of 0.5 and the low 5105/Al;0;3 ratio samples of wide pore
zeolite H-Y produced an even higher p/o-ratio (cf. Table 2.15).

As can be seen from Table 2.14, there are various catalysts that have a p/o-cresol ratio above
0.7 and even some above L.0. Thig high p/o-cresol ratio has not been discussed in the respective
publications as the main focus in literature has been on the explanation of “high” o-cresol selectivity,
i.e. pfo-cresol ratios < | as discussed in the previous section.

Studying Table 2.14 shows that the highest p/o-cresol ratios (greater than 1.0) were obtained with
the addition of sodium or potassium cations in the zeolite framework [Namba et al., 1980; Parton
et al., 1989a]. Namba et al. [1980] concluded that moderate acid sites (-3.0 = Hp > -8.2) on zeolite
H-Y are advantageous to produce p-cresol (weaker acid sites produce anisole and stronger acid sites
allow socondary reactions). However, Namba et ol. [1980] did not explain why the moderate acid sites
preferentially produced just p-cresol and not o-cresol. Also, these catalyst havea very limited lifetime
as the phenol conversion was found to initially increase reaching a maximum (approximately 22% over
H/Na/K-Y) after 60 minutes thereafter decreasing sharply (te approximately 3% after 120 minutes
over H/Na/K-Y). Correspondingly the vield of p-cresol also reached a maximum and thereafter de-
creased as the conversion decreased. Namba et al. [1980] compared the different degrees of exchanged
at the maximum yield of p-cresol and not at quasi-steady state, These catalysts are not commercially
viable due to their strong deactivation. Similar conversion curves were found for disproportionation of
ethylbenzene which was attributed the formation of higher alkylated aromatics such as polyalkylated
diphenylethanes in the pore system [Mabaso, 2000; De Vos ef al., 2002]. However, Namba et al, [1980]
gave no reference to the material balances they obtained in the phenol methylation reaction, therefore
it can just be speculated that the conversion curves could be due to the formation of higher alkylated
products.

The p/o-ratios obtained over dealuminated H-Y zeclite and H-USY, respectively, are strikingly
inconsistent, Table 2,14, for instance gives 1.54 over H-USY (40) [Parton ef al., 1989a), 0.62 over
H-USY (9) [Parton et af., 1939b] and (.33 over H-Y (59) [Marczewski ef al., 1988], all obtained at
200°C reaction temperature, Parton ef el. [1989a] state that H-USY (40) was a commercially obtained
sample from Toyo Soda and H-USY (9) was steamed but no steaming conditions are given or was
any characterization details on these two zeolites given. Parton et al. [1989a] attributed the high
p/o-cresol ratio on the H-USY (40) due to its higher acid strength, which promotes carbon alkylation
over axygen alkylation giving a higher p/o-cresol ratio. However, Marczewski et al. [1988] used a H-Y
with a even higher Si03/Al;O3 ratio than Parton et al [198%a] and obtained a low p/o-cresol ratio.
It was not possible to compare these catalysts as already mentioned Parton ef al. [1989h] did not give
any details on the zeolites.

Over the H-zeolites listed in Table 2.14 the ranges of p/o-cresol ratios abtained in the temperature
range of 180 - 250°C were as follows:

« H-Y: 0.32 < p/o-cresol ratio < 0.71;

o H-USY and H/alkali-Y:  0.62 < p/o-cresol ratio < 1.85;
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e H-ZSM-5: 0.53 < p/o-cresol ratio < 0.61;
e H-ZSM-11: p/e-cresol ratio = 0.50;

e H-Beta: p/o-cresol ratio = 0.64;

¢ H-Mordenite- 0 < p/o-cresol ratio < 0.85.

As mentioned above there is a large range in p/o-cresol ratio obtained over H-Y zeolites. Shape
selectivity can be excluded as a possible reason with these spacious materials. It was suggested that
the different p/o-ratios obtained could be due to the range of 8103/Al; 04 ratios applied but available
data appears inconsistent. The most remarkable p/o-cresol ratios, with values around 1 and up
to almost 2 were reported, consistently by different research groups, over partially alkali exchanged
zeolite H-Y and some samples of H-USY (Table 2,14, Figures 247 and 2.48). All these samples might
contain Lewis acid sites, be they introduced by the alkali or by the extra-framework aluminium in
the steamed samples (H-USY) (cf. Section 2.1.3).

The differences over the H-Mordenites may be due to the large difference in 5105/ Al O3 ratios
s discussed above in Section 2.2.4.1. p/o-Cresol ratios which are insignificantly higher only than
0.5 were reported from phenol methylation over medium pore size zeolites H-ZSM-5 and H-ZSM-11.
Shape selective effects;, apparently, were weak, if present at all, over the samples used and at the
conditions applied.

2.2.4.3 Cresol isomerizersion and transalkylation

The thermodynamic equilibrium distritnition of the cresol isomers is given in Section 2.2.2.6 and
Figures 2.32 and 2.33. The thermodynamically favoured isomer is m-cresol whereas p-cresol is the
least stable one. It was found that cresols isomerize by two major routes. Firstly, directly by a
unimolecular isomerization via a 1,2-methyl shift (Figures 2.31 and 2.39) as suggested by Parton
et al. [1989a]; Chen et ol [1996]; Imbert et al. [1997h] and Imbert et al. [2000]. A second route is also
possible, that is isomerization can occur via a transalkylation reaction (Figure 2.45) |lmbert et al.,
2000}. This bimolecular reaction may otcur with phenol in a single step as shown in Figure 2.45 (1),
(note that much phenol is present in phenol methylation reaction mixtures as part of the reactauts)
or with another eresol molecnle in a two step reaction (Figures 2.45 (2) and 2.45 (3)). Over H-ZSM-5,
Imbert et al. [2000] and Bohringer and Fletcher [2003] found that isomerization by 1,2-methy] shift is
dominant as transalkylation (a bimolecular reaction) is limited by the space available near the acid
sites and by the acid site density. Over H-USY and other large pore zeolites with a higher acid site
density, the transalkylation reaction was found to be more significant.

2.2.5 Effect of reaction parameters

2.2.5.1 Reaction temperature

The reaction temperature has been shown to have an effect on the O-alkylation : C-alkylation ratio
and on the cresol isomer distribution. Figure 2.46 shows the effect of increasing reaction temperature
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Figure 2.45: Cresol isomerization via transalkylation with phenaol (1) or with another cresol molecule
(2) - (3).

from 200 to 400°C over H/K-Y and H-ZSM-5 [Parton ef al., 1980a). Firstly, it is worth noting that
phenol conversion increases with increasing reaction temperature although only slightly over H/K-Y,
Secondly, increasing the reaction {emperaturé decreases the O/ C-alkylation ratio. At higher reaction
temperatures, the C-alkylation products are favoured over the O-alkylation reaction product, This is
in agreement with Landau et al. [1997] (cf. Table 2.16) who compared O /C-alkylation selectivities at
different temperatures but similar conversions. Pierantozzi and Nordquist [1986]; Santacesaria ef al.
[1900b]; Bautista et al. [1993] also obtained a decrease of the O/C-alkylation ratio with increasing
reaction temperature but compared experimental results at different conversions (cf. Table 2.17),
Balasubramanian et al. [2000] concluded that the decrease in anisole selectivity with increasing reac-
tion temperature was due to the conversion of anisole to o-cresol whereas Santacesaria et ol [1990b)
attributed the increase in the C-alkylation selectivity to the higher activation energy required for C-
alkylation (134 kJ /mol vs 67 kJ/mol for O-alkylation). The latter may haold at least for low reaction
temperatures (around 200°C) since selectivity was found independent from conversion under such
mild conditions [Marczewski et al., 1988; Garcia et al., 1996] (cf. Section 2.2.3.3).

The effect of the reaction temperature on the cresol isomer distribution is that the selectivity of
m- and p-cresol isomers increases with increasing reaction temperature at the same conversion, as
shown in Table 2.16 [Landau et al., 1997).

In some papers, the influence of reaction temperature on the product selectivity is interconnected
with the influence of phenol conversion. Parton et al. [1989a] studied the “effect of temperature”
on the p/o-cresol ratio over different catalysts as shown in Table 2.13. A critical analysis of these
p/o-cresol ratios as a function of phenol conversion and reaction temperature is shown in Figures 2.47
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Figure 2.46: Conversion and anisole/cresol rabio versus reaction temperature for the methylation of
phenol with methanol. (A} H/K-Y in the vapour phase and (B) H-ZSM-5 in the liquid
phase (comparative drawing by Parton et al |1989a] from data reported by Haung
et al. [1986] (A) and Namba ef al. [1980] (B)).

Table 2.16: Temperature effect on product selectivity for the methylation of phenol with methanal
over zeolite H-Beta (reactants partial pressure = 0.1 bar) |Landau et al., 1997].

|_ Temperature (°C) 300 | 500

| Phenol conversion (%)* | 27 [ 3l
Anisole 43 | 32

o= Cresol 32 31
p-Cresol 13 19
m-Cresol ) 14

Other | 4 ;
0/C-Alkylation ratio | 0.8 | 05
p/o-Cresol ratio | 0.45 | 0.61

* Phenol conversions at 300 and 500°C are similar due to extensive
catalyst deactivation at 500°C.
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Table 2.17: The effect of reaction temperature and phenol conversion on the O/C-alkylation ratio
for the methylation of phenol.

Catalyst Temperature | Phenal | O/ C-alkylation | p/o-cresol
(°C)** conversion ratio ratio
= (%) __
[Bautista et ol. [1993] | AIPO.-ALO; | 250 - & | 50 = |
300 - 48 -
a50 - 26 -
400 - 1.4 -
Santancesaria ~-AlyOy 200 12.4 1.5 0
et al, [1990a) 300 35.5 0 0.03
400 4.6 0 (.09
Silica-alumina 200 25 4.9 0.51
250 4.0 3.1 047
300 B.7 2.5 0.44
FPhosphaeric acid 225 7.b 9.5 0.58
300 27.6 1.8 1.08
Pierantozzi and Laz(HPO, )a 300 12.6 17.1 -
Nordquist [1986) 350 423 7.0 -
400 73.0 29 -

* Phenol conversions not given;
** Reactant partial pressure given in Table 2.8,

and 2.48. As can be seen from the figures, there is no trend of the p/o-cresol ratio with cither the
phenal conversion nor with reaction temperature. The only apparent difference is that the low site
density Y-zeolites (H-USY, H/K-Y and H/Na.Y) exhibited a much higher p/c-cresal ratio than the
other zeolites studied, as discussed in Section 2.2.4.2.

2.2.5.2 Methanol : phenol ratio

Pierantozzi and Nordquist [1986] studied the effect of the reactants methanol to phenol ratio on phenol
conversion, reaction rates amd selectivity to anisole over AlpOy and H-ZSM-5. Phenol conversion
generally increased with increasing methanol to phenol ratio but was essentially constant at methanol
to phenol ratios above 4. However, over Al;Oy the methanol to phenel ratio did not influence the
reaction rates significantly but the anisole selectivity increased moderately (from 65.9 to 76.5 %) when
the molar ratio was increased from 1 to 5. The exact opposite was found over H-ZSM-5, i.e. anisole
selectivities were not affected by the methanol to phenol ratio but the anisole formation rates were
significantly ‘ower for the ratio of b than for the ratio 1 (1.8 mmol aunisole /g cat - h compared to 0.77
mmol anisole /g cat - h).

Bautista ef ol. [1993] found that over an AIPO4-AlO; catalysts, between a methanol to phenol
ratio of 4 and 8, the O/C-alkylation ratio remained unchanged. It was also found that decreasing the
rutic below 4 caused the selectivities to anisole, methylanisoles and dimethylamsoles to decrease and
the selectivity to cresols increase.

Landau et al. [1997] studied the effoct of reactants methanol to phenol ratio over zeolites H-Y
and H-Beta with methanaol to phenol molar ratlos ranging from 0.03 to 1.4. Over H-Y, the phenal



CHAPTER 2. LITERATURE REVIEW 67

2
Y
ik
|
15+ =
X=
B
i |
.,gl ® L
05 . & = - Statistically expected ratio
L
u L] 1 : i £ i
0 10 20 ap 40 50 B0 70
Phenol conversion (3:)
H-¥Y, HlLa-Y =+ H-ZSM-E P-ZSM-5 =

H-USY, H/K-Y, HNa-¥Y &
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Table 2.18: The effect of methanol to phenol ratio on the phenol conversion and product selectivity
in phenol methylation with methanol (reactant partial pressures are given in Table 2.8),

Methanol to Catalyst Phenol 0/C- p/o-
phenol Conversion alkylation cresol
molar ratio (%) ratio ratio

0.03 to 1.4 H-Y 19 to 26 1.1 to 0.7 1.3 to 0.5
0.03 to 1.4 ‘H-Beta 22 to 37 0.7 2

less than 4 | AIPOy = Al;O4 increased 49 .
4tos constant at 2.3 | 3.6 to 4.9 -
Al;O4 10.,7t0239 | 204 t0 4.32 -

| Nordquist [1986] | 1to b H-ZSM-5 19.8 to 22.0 1.5 -

conversion increased only slightly with increasing methanol to phenol ratio but the p/o-cresal ratio
decreased from 1.3 to 0.5 with increasing methanol to phenol ratio. Over H-Beta, the phenal conver-
sion was dependent on the methanol to phenol ratio, increasing sharply between molar ratios of 0.03
and 0.1. The p/o-cresol ratio was found to remain constant at approximately 2. Landau ef al. [1997]
did not give an explanation for the differences between the zeolites.

Table 2.18 summaries all the results discussed above. Over all the catalyst, phenol conversion
increases with increasing methanol to phenol ratip except at high ratios. However, since the molar
concentration of phenol in the reactants mixture declined with increasing methanol to phenol ratio,
this does not equal an increase in rates as clearly shown by Pierantozzi and Nordquist [1986] and
also discussed in Section 2.2.3.4. Table 2:18 clearly indicates that there is no consistent trend with
the methanol to phenol ratio neither for the O/C-alkylation ratio nor for the p/o-cresol ratio. The
limited amount of data, however, does not allow to distinguish or group and classify the different
types of catalysts,

2.2.5.3 Reaction pressure

The effect of pressure on the product selectivity and cresol isomer distribution has not yet been
systematically investigated over zeolites, Most research groups have studied the phenol methylation
reaction over zeolites in the gas phase with reactants partial pressures below | bar except for Haung
et al. [1986] who studied the zeolites in the liquid phase.

Pierantozzi and Nordquist [1986] investigated the liquid phase methylation (autogeneous pressure
= B2T bar) versus the gas phase methylation (reactants partial pressure = 0.2 bar) over Lay(HPO, }y
and BaSOy [Table 2.19). Increasing the pressure increased the O/ C-alkylation ratio quite significantly.
At 80 bar in the iquid phase, cresol formation was largely suppressed, Unfortunately, an explanation
for the pressure effect on the O/C-alkylation ratio was not given nor was any data on the influence
of pressure on the cresol isomer distribution presented.
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Table 2.19: The effect of high pressure on the O/C-alkyiation ratio (300°C, methanol : phenol molar
ratio = 5§, reactants partinl pressure = (.86 bar) [Pierantozzi and Nordquist, 1986].

Catalyst | Pressure | Phenol Selectivity (mol%) 0/C-alkylation
(bar) | conversion | Anisole | Cresols | Methylanisoles | Other ratio
(%)
| Tap(HPO,)s | 0.2 12.6 943 | 55 0 0 7
R2.7%* 50.2 096.6 LT 06 0 35.8
BaS0y 0.2* 7.2 90.9 9.1 0 0 9.9
B2.7** 30.3 98.9 1.11 0 0 89.1

* Gas phase - carrier gas = helium, GHSV = 450 - 650 h~!
** Liquid phase - after 4 hours, reactants : catalyst mass ratio = 10.

2.2.6 Phenol methylation products conversion

The conversion of primary phenol methylation products, namely anisole and cresols, has been studied
over different catalysts to help elucidate the reaction mechanism.

2.2.6.1 Anisole conversion

Anisole is one of the primary products and it can rearrange monomolecularly to form o-cresol or it
can react with another anisole molecule, witli @ phenol molecule or with a methanol molecule, The
mechanism of anisole rearrangement is dischesed in Section 2.2,3.1.2 and illustrated in Figure 2,38,

2.2.6.1.1 Self alkylation of anisole The self alkvlation of anisole over medium pore zeolites
(H-ZSM-5, H-Ferrierite, H-ZSNI22) was investigated by Jacobs et al. [1988]. Reaction conditions of
180, 350 and 400°C, an anigole vapour pressure of 0.013 bar and W/F of 864 and 1728 kg-s/mol were
studied. The productsobtained were cresols, xylenols, methylanisoles and phenol (Table 2 20), Phenal
was found to be in large excess of the sum of the molar selectivities of the xylenols and methylanisoles
and this was attributed to dealkylation of the anisole with the formation of hydrocarbons. Namba
el al. [1980] found that when reacting pure anisole, phenol can account for approximately 60 mol%
of the product formed over a H/Na-Y catalyst and this was also attributed to dealkylation. Namba
et al. [1980] found that the phenol formed by transalkylation to xylenols and methylanisoles accounts
to 19 mol% of the product so it follows that 41 mol% of the phenol was formed through deadkylation.
It was not mentioned what species other than phenol were formed by the dealkylation of aniscle.

Jacobs et al. |1988] determined an overall reaction scheme of the conversion of anisole over zeolite
H-ZSM-5, which is shown in Figure 2.49. It was found that methylanisoles and co-product phenol
are primary products (reaction 1) whereas cresols were formed both as primary and secondary prod-
ucts (namely from the intramolecular rearrangement of anisole to o-cresol (reaction 2) or from the
dealkylation of methylanisoles (reaction 5 in Figure 2.49)). Phenol as a primary product also forms
by dealkylation of anisole (reaction 3). Xylenols were found to be secondary products formed by the
intramolecular rearrangement of methylanisoles (reaction 4). Chantal et al. [1985] and Renaud et al



Tl CHAPTER 2, LITERATURE REVIEW

Table 2.20: Product selectivity in anisole conversion over H-ZSM-5 at 400°C after 20 hours on stream
(partial pressure of anisole = 0.013 bar) |[Jacobs ef al., 1988],

W/F (kg s/mol) [ 861 | 1728
Anisole conversion (%) | 30.4 59.0
“Product distribution of oxygenates (mol%) |

Phenol 48.1 47.6
Cresals 28.9 34.6
Xylenals 0.0 6.9
Methylanisoles 23.0 10.9

Table 2,21: Distribution of cresols from anisole conversion on H-ZSM-5 as a function of temperature
(partial pressure of anisole = 0.013 bar, W/F = 1728 kgs/mol ) |Jacobs et al., 1088].

Temperature ("C) | Anisole conversion (%) | Cresol distribution (%) |
o _p- I~
180 25.3 8311 168 | 00 |

350 41.2 726 | 239 | 35

100 574 544 | 192 | 264

[1986] found trace amounts of diphenyl ether formed over H-ZSM-5 presumably by transetherification
of anisole as shown in Figure 2.50. Co-product dimethyl ether could be & major source of hydrocarban
formation [Chang, 1983; Laan and Ward, 1987; Maller ef al., 1999],

In terms of the cresol isomer distribution, Jacobs et al. [1988] found that at the lowest investigated
temperature of 180°C, o-cresol was fohnd, in the cresol fraction, in large excess (83.1 mol% o-cresol,
16.9 mol% p-cresol, no m-cresol), indicating that o-cresal is the only primary cresol formed from
reaction 2 (Figure 249). m-Cresol was not present in the cresol fraction at low conversions but
p-cresol is formed. This indicates that p-cresol is not formed from o-cresol by 1,2-methyl shift (cf.
Figure 2.31) but is formed from the methylanisoles (reaction 5). At higher reaction temperatures,
Jacobs et al. [1988] found that the o-cresol content in the cresols fraction decreased in favour of
m-cresal (Table 2.21).

If high para-selectivity is desired, Jacobs et al. [1988] concluded that it maybe necessary to use
a 10 membered ring zeolite with a channel size smaller than ZSM-5 (5.1 x 5.5 A and 5.3 x 5.6 A).
Jacobs et al. [1988] used H-ZSM-22 (4.6 x 5.7 A) and H-Ferrierite (4.2 x 5.4 A} in the self alkylation
of anisole. However, a p/o-cresol ratio was found which was lower over H-ZSM-22 and H-Ferrierite
than over H-ZSM-5 (cf. Table 2.22), It was concluded that the reaction occurred on the external
surface of H-ZSM-22 and H-Ferrierite, resulting in a higher o-cresal selectivity.

Marczewski el al. [1980] studied the self-alkylation of anisole at 200°C over zeolite H-USY. At
low conversion, the molar ratio of phenol to methylanisoles was close to unity, indicating that methy-
lanisoles and phenol are formed from anisole disproportionation (cf. Figure 2.51). From curves
of product selectivity versus anisole conversion (cf. Figure 2.52), Marczewski ef al. [1989] concluded
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Figure 2.49: Overall reaction mechanism of the self-alkylation of anisole over H-ZSM-5 |Jacobsef al.,
1088]. _
* At low temperatures (180°C) only o-eresol is formed;
** At low temperatures (180°C), this is only o- and p-methylanisale.
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Figure 2.50: Diphenyl ether and hydrocarbon formation from anisole.

Table 2.22: Product-distribution from anisole conversion over H-ZSM-5, H-Z5M-22 and H-Ferrierite
(400°C and reactants partial pressure of 0.013 bar) [Jacobs et al., 1988].

H-ZSM-5 | H-ZSM-22 | H-Ferrierite
L—ﬁ‘l=_vhmi conversion ( 52.0 | _Hn T 595
Product selectivities (mol%)
Phenol 54.6 62.1 60.0
Cresols 26.7 27.6 30.8
“Xylenols 72 6.1 b5
Methylanisoles 115 42 37
Cresol isomer distribution :
o-cresal 60.4 82.5 835
p-cresal 28.1 88 10.8
m-cresol 1.5 87 b7
p/ ratio AT 1.11 (.14 |
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Figure 2.51: Anisole disproportionation to methylanisole and phenol [Marczewski et al , 19589].
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Figure 2.52: Transformation of anisole over H-USY at 20(FC (reactants partial pressure = 0.2 bar,
reactants rate 0.5 - 2 ml/h) [Marczewski ef al., 1989].

that the primary products are only phenol and methylanisoles and that cresols, xylenols and dimethy-
lanisoles were formed in secondacy reactions.

In summary, over zealites H-ZSM-5 and H-Y the primary products are methylanisole and phenol
Over H-ZSM-5, o-cresol was found to be a primary product as well, formed via anisole rearrangement,
whereas over H-Y, ercsols were found to form enly us secondary products, A possible explanation for
the difference may be the high anisole rearrangement over H-ZSM-5 could be due to the low reactants
partial pressure (0.013 bar) which will not favour bimolecular reactions whereas over H-USY the
reactants partial pressure (0.2 bar) was sufficiently high to favour bimolecular reactions.

2.2.6.1.2 Anisole transalkylation with phenol Beltrame ef al |1987) studied the alkylation
of phenol with anisole over zeolites H-X, La/Na-X, La-X, H-Y, La/H/Na-Y, La/Na-Y, H/RE/Na-Y,
Ca/No-Y, H-ZSM-5, H-ZSM-11 and 4-Alz03 at 250°C. Figure 2.53 shows all the reactions that were
postulated to occur to explain their observed product mixture of xylenols, cresols, methylansoles and
phenol, Anisole disproportionation forms methylanisoles and phenol (reaction 1). Transalkylation
hetween anisole and phenol forms cresols and restores the phenol (reaction 2). In secondary reactions,
the cresols can react further with another anisole to form xylenols and phenol (reaction 3). Cresols, as
well as dimethylaniscles could also be formed from disproportionation reactions between methylanisole
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Table 2.23; p/o-Cresol ratios obtained from alkylation of phenol with anisole over different catalysts
(250°C, phenol : anisole maolar ratio = 1, reactants partial pressure = 0.2 bar, after 2
hours on stream) [Beltrame et al., 1987].

I_ Catalyst _J_ p/o-Cresal ratio® |

H-X 0.13
La-X 0.50
H-Y 0.10
La/Na-Y 0.17
H/RE/Na-.Y 0.50
H-ZSM-11 0.43
T-Jﬂhhﬂa .01

* Derived from graphs from Beltrame ef al. [1987].

molecules, which are formed in reaction 1, and reactants compounds phenaol and anisole, respectively,
but this has not been addressed by Beltrame et al. [1987] and not included in Figure 2.53. Beltrame
et al. [1987] could not distinguish between the xylenols formed from transalkylation with anisole
(reaction 3) and from phenol alkylation with amsole (reaction 2), The dealkylation of anisole (reaction
4) was also observed in the alkylation of phenol with anisole gince a higher phenol selectivity was
obtained than what was formed in reactions 1 to 3. Anisole dealkylation was regarded as the source
of the gaseous by-products obtained.

Marczewski ef al. [1989] found that in cenverting an equimolar mixture of phenol and anisole
over zeolite H-USY at 200°C, zhe amount of cresols formed was approximately twice the amount of
methylanisoles formed (for conversions of less than 15%). It was concluded that the alkylation of
phenol by anisole is twice as fast as the disproportionation of anisole i.e. the alkylation of anisole by
anisole. This is not unexpected, since a hydroxyl group (phenol) is a much more effective activator of
the benzene ring for electrophilic substitution than a methoxy group (anisole) [Sykes, 1986h; Morrison
and Boyd, 1987].

H-Y showed the highest selectivity to cresols and xylenols of all the zeolites studied by Beltrame
et al. [1987], In terms of the cresol isomer distribution, Beltrame ef al. [1987] found that the ortho-
selectivity observed in the alkylation of phenol with anisole was higher than that obtained in the
alkylation of phenol with methanol over all the catalyst studied in earlier work by this group (Balsama
et al. [1984]).

Table 2.23 gives the different p/o-cresol ratios obtained by Beltrame ef al. [1987] over different
catalysts., The p/o-cresol ratios were quite low over all the catalysts, La-X, H/RE/Na-Y and ZSM-11
had the highest p/o-cresol ratios of around 0.5. Phenol alkylation with anisole over -Aly04 gave a
cresol fraction consisting of over 99% ortho-cresol. Beltrame et al. [1987] don't explain the different
p/e-eresol ratios obtained over the different catalysts. The high o-cresol content in the cresol fraction
over 1-Alz03 may be due to the internal rearrangement of anisole to o-cresol as described by some
authors such as Jacobs ef al. [1988] (Section 2.2.6.1.1) and Section 2.2.3.1.2 and Figure 2,38,
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Table 2.24: Product selectivity in the alkylation of anisole with methanol at 200°C, anisole to
methanol ratio of 1, reactants partial pressure = 0.013 bar, W/F = 1738 kg-s/mol
and after 3 hours an stream [Parton et al., 1989h]. (Methyl balance calculatec from the
data reported by Parton ef al. [1989b]).

] Catalyst H-USY | H-ZSM-5 |

Anisole conversion (%) 58.4 60.9
Product selectivity of oxygenates (mol%)
Phenol 32.5 79.3
Cresols 23.8 15.3
Avlenols 6.8 0.0
Methylanisoles 36.9 5.4
From these data the following methyl group balance results
Xylenols + methylanisoles - phenol (mol%) | +11.2 [ -739

2.2.6.1.3 Anisole alkylation with methanol The addition of methanol to anisols did not
significantly change the reaction selectivity compared to the ¢onversion of pure anisole. Dispropor-
tionation and the internal rearrangement to o-cresol remained the main anisole reactions [Marczewski
et al., 1989].

Over H-ZSM-5 and H-USY, at 200°C and an anisole to methanol molar ratio of 1, the major
products in the anisole and methanol reaction were still cresols, methylanisoles and pherol (Table
2,24) |Parton et al,, 1989b|. Therefore, it was concluded that anisole alkylation by methano. was very
slow in comparison to anisole disproportionation or dealkylation. Indeed, a methy] groun balance
over the products of anisole methylation with methanol (Table 2.24) indicates an only marzinal gain
of additional methyl groups over H-USY. Over H-ZSM-5, the major reaction is still dealkylation, as
generally obtained in the conversion of pure anisole over medium pore zeolites (Table 2.20 and 2.22).

Figure 2.54 shows the o-cresol content in the cresol fraction against anisole conversisn in the
anisole methylation reaction studied by Parton et al. [1989b]. m-Cresol was not formed at the reaction
conditions applied (200°C), The content of o-cresol at low conversions is 100%, i.e. o-cresol isobviously
a primary product and so it is necessarily formed via the monomolecular internal reaction of anisole.
p-Cresal is clearly of secondary nature and is necessarily obtained by a sequence of bimolecular
(transalkylation ) reactions since m-cresol, which is the intermediate of a possible monomolecular 1,2-
shift reaction sequence starting from o-eresol, was not obtained at all. The bimolecular formation of p-
cresol starting with an anisole disproportionation or o-cresol transalkylation step, is largely sappressed
in a pentasils compared to a Y zeolite [Parton et al., 1989b]. Therefore, at a given medium conversion
of anisole (say 40%) over H-ZSM-3, the o-cresol content in the cresol fraction (o/(0+4 p)-cresol = 98%)
is still lngher in anisole methylation than in phenol methylation with methanol (o/{o+p -cresol =
67%). This confirms that the intramolecular rearrangement of anisole to o-cresol is the major primary
reaction pathway for this reaction [Parton et al., 1989h).

Bautista ef al [1995] also investigated anisole conversion in the presence of methancl over an
AlIPO4-Al; Oy catalyst at 250 - 300°C. It was found that the major primary reactions were the
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Figure 2.54: o-Cresol content in the cresol fraction from the methylation of anisole (200°C, reactants
partial pressure = 0,013 bar and W/F = 1736kg 5/mol) (redrawn graph from [Parton
et al., 1989b)).

Table 2.25: Selectivities (mol%) at different reaction temperatures of conversion of anisole with
methanol over AIPO4-AlyOy (5 wi% AlOy) catalyst (reactants partial pressure not
stated) [Bautista et ol, 1995].

| Temperature | Phenol | Cresols | Methylanisoles | Dimethylanisoles | Cresol distribution (%) | Other
(°*C) 0- p- + m-
250 60.9 | 151 129 20 | s0s8 19.2 9.1
[ 300 6.7 [ 171 12.7 5.5 73.1 26.9 19.1

* Other = pentamethylbenzene and xylenols and trimethylphenols

dealkylation to phenol, the intramolecular rearrangement to o-cresol and alkylation preferentially
to 2-methylanisole as shown in Table 2.25.

2.2.6,1.4 Summary of anisole conversion studies In the conversion of anisole either with
itself, with phenol or with methanol, the major products are cresols, methylanisoles, xylenols and
phenol. With the two former reactions, phenol molar selectivities were found to be higher or even much
higher than the sum of molar selectivities of methylanisole and xylenols except at low conversions.
This was attributed to the dealkylation of anisole to phenol but what the other dealkylation products
are, was not given in detall (“gaseous” products and “hydrocarbons” were mentioned).

Marczewski ef ol [1989] summarized the rates of formation of the major products from the gas
phase alkylation of phenol with methanol, anisole with methanol and phenol with anisole as shown
in Table 2.26. The rate of cresols formation from phenol methylation does not depend on the methy-
lating agent {methanol or anisole) but is at least 4 times the rate of cresol formation via internal
rearrangement of anisole (in the anisole/methanol mixture). The rate of methylanisoles formation
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Table 2.26: Alkylation reactions over H-USY at 200°C in the gas phase and in equimolar amounts
(reactants partial pressure = 0.2 bar) [Marczewski ef al., 1989].

Reaction Total | Reactivities (mmol/h-g)
mixture conversion | reactant transformed into
(%) phenol | anisole I cresols ] methylanisoles |
Phenol /methanal 143 - 154 5.3 1.4
Anisole/methanol 8.6 1.3 - 1.2 48
" Phenol /anisole 12 > - 5.0 29

from disproportionation of anisole is about two times lower with the anisole/phenol mixture than with
the anisole/ methano! mixture (note that anisole alkylation by methanol was found to be very slow in
comparison to anisole disproportionation (ef. Section 2.2.6.1.3) [Marczewski ef al., 1989]). The lower
rate in the presence of phenol indicates that phenol inhibits this reaction [Marczewski ef al., 1989].

2.2.6.2 Cresol conversions

A cresol can isomerize to the other isomers either by a 1,2-methyl shift isomerization, as discussed
in Section 2.2.4.3 or can undergo subsequent disproportinnation reactions to first yield xylenols and
phenol, then the different cresol isomers.

Figure 2.55 shows the possible m-cresol reactions over H-USY zeolites [Imbert et al, 2001]. The
major reactions at 380°C are the cresols jsowerization via 1,2-methyl shift (reaction 1) and cresol
disproportionation to form phenol and xylentls (reaction 2). Minor reactions are the transalkylation
between a reactant cresol and a product xylenol (reaction 3 and 3’), Reaction 3' produces cresol
isomers as well. Another relevant side-reaction is the dealkylation (reaction 4). The snggestion
of methane as the immediate co-product from dealkylation phenol (reaction 4), cannot easily be
understood.

Imbert et al. |2000] studied the cresol transformations over medinm pore zeolite H-Z8M-5 (Si0y/Al; 04
molar ratio = 54) and large pore zeolite, “H-USY" (Si0y/Al;0y molar ratio = 5, which corresponds
to an undealuminated H-Y). Over H-ZSM-5, Imbert of al. [2000] observed that the 1,2-methyl shift
isomerization reaction was dominant (isomerization to disproportionation ratios hetween 10 and 140)
as the disproportionation reaction is limited by the space available near the acid sites and by the acid
site density. Over the spacious H-Y with its higher acid site density, the disproportionation reaction
was more dominant (isomerization to disproportionation ratios between (.5 and 3).

Engel et al. [1985] found that H-ZSM-5 exhibited shape-selective effects in the isomerization of
me-cresol and o-cresol over the temperature range of 250 to 450°C. In the isomerization of m-cresol, the
formation of p-cresol was favoured over the formation of o-cresol. As Parton et al. [1989] derived from
Engel et al. [1985], p/(p+0)-cresol ratios between 0.7 and 0.8 were obtained at m-cresol conversions
between 10 and 20%. This corresponds to a ca. four-fold preference of the slim p-isomer over the
mare hulky o-isomer.

In the isomerization of o-cresol to m-cresol and p-cresol over H-ZSM-5, Parton et al. |1989a] claim
that a definite shape selectivity to p-cresol was found, since p/(p-+m)-ratios, which are higher than
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Figure 2.55: Reaction scheme for (1) 1,2-shift isomerization (2) disproportionation (3) transalky-
lation with primary product xylenols and (4) dealkylation of m-cresol over H-FAU
reolites |lmbert et ol 2001].
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the thermodynamic equilibrium ratio, were observed. For high o-cresol conversions between 30 and
56%, o constant p/(p+m)-cresol ratio of 0.24 was obtained at 380°C. Indeed, the thermodynamic
equilibrium calculated for the p/(p+m)-cresol ratio is 0.08, using only Stull's [1969] data, but using
Imbert’s [1997a] and Bbhringer and Fletcher’'s [2003] data results in a p/(p+m)-cresol equilibrium
ratio around 0.25 (ef. the eritical discussion of Stull's ¢t al. [1969] data in Section 2.2.2.6). Therefore,
it must be assumed that for o-eresol conversion an equilibriuin was reached between p- and m-cresol
under the given reaction conditions, i.e. that no shape selective effect oceurred, whereas for m-cresol
conversion, p-cresol formation indeed is favoured over o-cresol formation.

Steck et al. [1990] studied o-cvesol isomerization over H-ZSM-5 with different erystal sizes. It was
claimed that the zeolite crystal size has a large effect on the p- to m-cresol ratio in the product, in
particular for erystals larger than 3 pm. Steck et al [1990] obtained a 1.54 p/m-cresol ratio at 500°C
over H-ZSM-5 with a crystal size of 9 um.

2.2.7 Kinetics of the alkylation of phenol with methanol

The kinetics of the alkylation of phenol with methanol were studied by Santacesaria et al. [1990a)
and Marczewski et al. [1996]. Santacesaria et al. [1990a] studied the reaction over H-ZSM-5 whereas
Marezewski et al. [1996] carried out a kinetic study over y-Al;Oy.

2.2.7.1 Kinetic studies over H-ZSM-5

Santacesaria ef al. [19904] assumed a Rideal mechanism as the Bronsted acid sites in H-ZSM-5 are
widely separated from one another. This Rideal mechanism occurs between an adsorbed methanol
species and a phenol from the “gas phase™, Santacesaria et al. [1990a] considered the following reaction
scheme:

Alkylation to

(1) phenol + methanol — anisole + water Oxygen
(2) phenol + methanol — eresols + water Ring
(3) -anisole + anisole —+ phenol + methylanisoles Ring
(4) anisole + phenol — phenol + cresols Ring
(5)  anisole + methanol — methylanisoles + water Ring
(6)  cresols + methanol —+ methylanisoles + water Oxygen
(7) cresols + methanol —+ xylenols + water Ring
(8) cresols + anisole — methylanisoles + phenol Oxygen
(9) cresols + anisole — xylenols + phenol Ring
(10) methylanisoles + Ar — OH — 2 cresols Ring
(11) 2 methylanisoles —+ eresols + xylenols Ring
(12) methylanisoles + cresols — cresols + xylenols Ring

Due to the large number of reactions, the reactions were divided into two classes, namely oxygen
(0-) and ring (C-) alkylation. The assumption was made that the same type of kinetic law applies for
the two alkylation reaction classes. Santacesaria ef al. [1990a] thereby obtained the following kinetic
expressions for the O-alkylation reaction and for the C-alkylation reaction:
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where:

® TO—alkylation @0d TR—alkylation are the reaction rates of the O-alkylation and C-alkylation respec-
tively:

e 7o and gy are the catalyst efficiency factors;
e kg and kg are the kinetic constants for O-alkylation and C-alkylation, respectively;
e Y, refers to the mole fraction of the alkylating agent {methanal); -

o Ypopu refers to the mole fraction of components which can be alkylated at the oxygen, namely
phenol and cresols;

 Yp, refers to the mole fraction of all aromatic compounds;

P refers to the reaction pressure;

baa and by are “group deactivating contributions”;

Yaa, refers to the mole fraction of each aromatic component having alkylating properties, that
is anisole and methylanisoles;

¥4 is the mole fraction of water.

At low conversion the methylation of phenol with methanol over H-ZSM-5 at 300°C, 1s first order
with respect to each of the reactants components, methanol and phenol.

At 300°C over H-ZSM-5 (no reactants partial pressure was given), the following kinetic parameters
were obtained:

noko = 4629 mol - h=" - bar=*
nrkp = 2478 mol - k=1 . bar—?
by = 207 bar—!
baa = 1184 bar~!

At low conversions, Ypon, and Yg, refer only to phenol, therefore the difference between ro_axyiation
and ri-—alkylation 8 only in the combined catalyst efficency factor and rate constant (noko and grkg
terms, respectively). The kinetic parameters suggest that O-alkylation is twice as fast as C-alkylatian
at 300°C.
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Marczewski ef al. [1989] found that O-alkylation was three times as fast as C-alkylation at 200°C
over H-USY. This difference between Santacesaria ef al. [1990a] and Marczewski et al. [1989] could be
due to the temperature difference. As already mentioned, C-alkylation has a higher activation energy
[Santacesaria et al., 1990b] and so it was expected and was found that the preference for O-alkylation
will increase with decreasing temperature (ef. Section 2.2.3.2),

Fram equations 2.1 and 2.2, the inhibitory factors for the methylation of phenol with methanol are
the adsorption of anisole, methylanisoles and water on the active sites. This infers that phenol and
cresols are not inhibitory as they are either not adsorbed or very weakly absorbed on the catalyst.

2.2.7.2 Kineties over other H-zeolites at low reaction temperatures

Marczewski ef ol [1996] found that all zeolites investigated in their work showed first order for
methanol but a zero reaction order for phenol when studied at 200°C. This was accounted to the
“capillary condensation” of phenol in the zeulite pores, that is, the pores are completely filled with
(mainly) phenol, resulting in a constant concentration and high surplus of phenol in the vicinity of
the acid sites irrespective of the gas phase phenol concentration.

2.2.7.3 Kinetics over v-Al:0;y

To avoid “capillary condensation” in micropores as-occurg in zeolites, Marczewski et al, [1996] studied
the kineties of the phenol methylation reéaction using v-AlaOy at 200°C and a reactant partial pressure
of 0.2 bar. Phenol conversion was less than 5% and anisole, o-cresol and p-cresol were the only
products. Assuming a simple power rate law:

¥ = kPpsanat Phnethaol (2.3)

Apparent reaction orders for phenol of -0.2 and for methanol of 0.1 were obtained. The opposite
signs for the reaction order of phenol and methanol over -AlyOy, indicate that both reactants adsorb
strongly and competitively on the same kind of active site; These findings suggest a Langmuir type
rate law.

The active sites on 7-Al;O3 are assumed to be Lewis acid-base pairs [Marczewski et al,, 1996,
whereby the phenol interacts with the basic center and the methanol interacts with the acidic center.
If a rate equation is developed where the surface reaction between strongly chemisorbed molecules of
phenol and methanol was the rate-determining step, the following rate expression was obtained:

o (Kphnuulpphnnﬂt + Kinathamal Proet bundi P

where;
e ris the reaction rate of phenol consumption;
e k is the rate ¢constant;

® Poyenol i5 the partial pressure of phenol;
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o Prsihanol is the partial pressure of methanol;
o Kihenol is the equilibrium constants for phenol adsorption;

¢ K ethana is the equilibrium constant of methanol adsorption.

Marczewski et al. [1996] found by doing a least-square fit to the rate equation (Equation 2.4) gave a
0.94 correlation coefficient for the mechanism involving the strongly adsorbed phenol and methanal.

It follows that studying phenol methylation over 4-Ala03 does not provide additional information
for the understanding of phenol methylation kinetics over H-zeolites at low reaction temperatures,

2.2.7.4 Comparison of the two mechanisms and rate laws under discussion

Firstly, Santacesaria et al. [1990a] tried to consider all the possible reactions of reactants (methanol
and phenol) and major primary products (anisole, cresols and methylanisole) but lumped them into
oxygen (0-) and ring (C-) alkylation. Phenol conversions up to 25%. were considered, whereas Mar-
czewski ef al. [1996] only modelled the primary reaction of phenol and methanol forming anisole and
cresols (at phenol conversions less than 3%).

Secondly, at low conversion, Santacesaria et al. [1990a] and Marczewski ef al. [1996] obtain the
same reaction orders over H-ZSM-5 (300°C) and 4-AlgOj3 (200°C), respectively. That is, first order
with respect to each of the reactants components (phenol and methanol). However, Marczewski ef al.
[1996] stated that over H-zeolites at 200°C, zero reaction order was obtained with respect to phenol.

Thirdly, Santacesaria et ol. [1990a] and Marczewski et al. [1996] disagree on the species that
inhibit the alkylation reaction. Santacesaria el ol [1990a] found that anisole and methylanisole
were inhibitory, whereas Marczewski et al. [1996] found that the inhibitory species were the reactants
components. So one of the major differences between Santacesaria et al. [1990a] and Marczewski et al,
[1996] is that the latter found phenol to inhibit the phenol methylation reaction whereas the former
found this not to be the case. A possible reason for this discrepancy is that Santacesaria ef al. [1990a|
studied the reaction at much higher phenol conversion than Marczewski et al. |1996], thereby found
the products to inhibit the reaction. Santacesaria el ol [1990a| considered the reaction at 300°C,
to be between adsorbed methanol and a free phenol whereas Marczewski f al. [L996] considered the
reaction at 200°C, to be between adsorbed methanol and adsorbed phenol melecules.



Chapter 3

Objectives of research

Plietiol alkylation with methanol mainly vields anisole, cressls, methylanisoles and xvlenols. Cresols
are important raw materials in many industrial applications. Of the western world cresol market,
85% originates from synthetic cresols whereas 45% originates from so-called “natural” cresols obtained
from coal tars [Fiege and Bayer AG, 2001]. It is possible to produce a high selectivity to o-cresol
by methylation of phenol with methanol over a basic or AlaOj3 catalyst or Fe/V catalyst, Direct
synthesis of high purity m-cresol and p-cresol is desired due to the high separation costs of these two
isomers [Parton et ol 1989a], A m-cresol free or very low m-cresol concentration in the product is
desired for purification reasons and a high p/o-cresol 18 also desired in the product for yield reasons
since separation of p- and o-cresol is economically possible. Zeolites often lead to a relatively high
m/p-cresol ratio in the gas phase (200 - 450°C) whereas in the liquid phase the p-cresol formed was
mostly free of m-cresol (200 - 240°C) [Fiege and Bayer AG, 2001]. As outlined in the previous chapter,
various zeolites have been studied for this reaction, namely H-Y, H-ZSM-5, H-Mordenite, H-Beta, H-
X, H-Z5M-11 and various modification of these zeolites, However, most of the zeolites investigated
to date have showed poor para-selectivity in the cresol fraction.

The objectives of the research are:

1. To determine the effect of a zeolite containing both 10 and 12 membered ring channels (i.e.
MCM-22) on the product spectrum in the methylation of phenol compared to 10 membered
ring zeolites as typified by zeolite ZSM-5 and 12 membered ring zeolites as typified by zeolites
Beta, Mordenite and USY.

2, To determine the effect of zealite characteristics on the p/o-cresol ratio in the methylation of
phenol, namely zeolite Si/Al and crystal size;

3. To determine the extent of reaction on the external and internal acid sites of the zeolite crystals.
That is, to what extent non-ghape selective reactions occur on the external acid sites versus the
shape-selective reactions oceurring on the internal acid sites of the zeolite;

4. To establish the effect of reaction parameters on the product selectivity of the phenol methy-
lation reaction. These are: reaction temperature, reactants methanol @ phenol ratio, weight
hourly space velocity or reaction time and the influence of waler;
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5. To determine the effect of reaction phases (liquid or gas) on the product selectivity of the phenol

methylation reaction;

6. To determine a reaction mechanism for the alkylation of phenol with methanol over zeolites.

An outline of research is given below:

L.

Investigation of H-ZSM-5, H-Beta, H-Mordenite, H-USY, H-MCM-22 in the phenol alkylation
with methanol in the liquid phase and gas phase in terms of product selectivity and cresol
isomer distribution. The zeolites were also compared with silica-alumina (a non-shape selective
catalyst) to determine the extent of shape selectivity ocourring in the zeolites;

. Different MCM-22 samples were synthesised with different Si/Al ratios and crystal sizes. The

effect of steaming of MCM-22 on the product selectivities and cresol isomer distribution was
also investigated in determining the effect of the extra-framework aluminivum.

. Selective sodium-exchanging of the internal acid sites of Z5M-5 and MCM-22 was done to

determine the extent of reaction on the external and internal acid sites;

Investigation of the effect of reaction parameters on the product selectivity and cresol isomer
distribution, namely reaction temperature, reactunts methanol : phenol ratio, weight hourly
space velocity or reaction time and partial pressure, The effect of reaction pressure was evaluaved
by studying the phenol methylation reaction in the gas and liquid phases;

. Conversion of the major products in the phenol methylation reaction, namely anisole, o-cresol

and p-cresol, was done to help determime the reaction mechanism.



Chapter 4

Experimental

In this chapter the catalysts used in the alkylation of phenol with methanol will be described n
terms of their origin and in the case of H-MCM-22, the synthesis procedures used. The post-synthesis
modifications of H-MCM-22 by internally selective sodium-exchange and steanung is also described.
An overview of the characterization techniques used in the analysis of the catalysts 8 then given.
This is followed by the description of the liquid phase and gas phase experimental apparatus used in
the alkylation of phenol with methanol, Finally, kinetic test reactions to characterize the internally
selective sodium-exchanged samples are described in térms of reaction conditions and experimental
Apparatus.

4.1 Catalysts studied

The catalysts used in this study were zeolites H-ZSM-5, H-Beta, H-Mordenite, H-USY and H-MCM-
22, Amaorphous silica-alumina was used as a comparisan of a non-shape selective catalyst. Zeolites H-
Z5M-5, H-Beta and H-Mordenite were commercial catalysts obtained from Siid-Chemie. The H-USY
sample was obtained from ‘Akzo Nobel and silica-alumina was obtained from Kali-Chemie. Different
H-MCM-22 samples were synthesised by the author locally and in the group of Prof R. Lobo at the
University of Delaware, USA.

4.1.1 Synthesis of zeolite MCNMNI-22
4.1.1.1 Synthesis at the University of Cape Town

The synthesis of the first sample of zeolite MCM-22 was carried out by the author at the University of
Cape Town and followed the synthesis provedure described by Ravishankar ef al. [1995]. The synthesis
gel molar composition was 9.83 Nag( : 29.78 SiOz : Al;O5 : 13.70 R : 1367.9 Hz0 (R = hexam-
ethyleneimine). The synthesis procedure was as follows: 87.17 g sodium silicate (Fluka, NaOH=14
wit%, Si0:=27 wt'l in water) was mixed with 44.46 g distilled water, 17.62 g Hexamethyleneimine
(Sigma, 99% purity) was added to this solution drop-wise over a period of 30 minutes under vigorous
mixing. A second solution of 8.66 g aluminium sulfate-18-hydrate (Riedel-de-Haén, 99.9%) and 7.04
g concentrated sulfuric acid (Continental Laboratory, 98 wit') in 220.5 g de-ionised water was then
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slowly added to the silicate solution over a period of 15 minutes under vigorous stirring. The synthesis
gel was then stirred for 1 hour.

The synthesis gel was then placed in a 250 ml autoclave and heated at 150°C for 80 hours with
agitation. After the synthesis was completed the autoclave was rapidly cocled by quenching with
water, The synthesis mixture was then filtered and washed. The filter cake was dried overnight
in an oven at 100°C. Approximately 30.2 g of dried as-synthesised zeolite was obtained from this
synthesis mixture. The dried zeolite still contained the organic template (hexamethyleneimine) which
was burned off in air in a furnace using the following temperature programme:

s heated to 120°C over 1 hour;
o held for 2 hours;
s heated to 550°C over 3 hours;
s held for 6 hours;

e cooled to 120°C,

After this procedure the zeolite was transferred immediately to & dessicator where it cooled to room
temperature.

This procedure yielded Na-MCM-22. Tb obtain the acid form of the zeolite, Na-MCM-22 was
ion-exchanged twice with aqueous 1| M ammonium acetate solution with stirring for 6 hours at 80°C.
The resulting zeolite was washed with de-ionised water, dried at 120°C and then calcined again as
mentioned above but at a maximun temperature of 500°C. The zeolite produced using this synthesis
method will be referred to as H-MCM-22 (UCT) throughout this thesis.

4.1.1.2  Synthesis at the University of Delaware

The synthesis of the thrée other samples of zeolite MCM-22 was carried out by the author at the
University of Delaware and followed the synthesis procedure described by Corma et al. [1995]. The
synthesis gel molar composition was 4.5 NazO : 30 SiO; : ALO; : 15 R : 1200 H;0 (R = hexam-
ethyleneimine). 0.77 g Sodium hydroxide (Fisher Scientific, 98.1%) was dissolved in 30 ml de-ionised
water, While stirring, 5 g silicic acid (Aldrich, 100 mesh) was added. 4.12 g of hexamethyleneimine
(Aldrich, 99%) was then added to the solution drop-wise and under vigorous stirring. A second solu-
tion of 0.48 g sodium aluminate (EM Science, 35.9% NayO, 59.1% Al;Oy) and 30 g de-ionised water
was prepared and then added to this solution. The synthesis mixture was then stirred for 3 hours.

The synthesis gel was divided into four 75 ml teflon lined Parr autoclaves (Parr Instruments
Co.) and placed in a oven with a rotiserie. The oven was heated to 150°C and autoclaves were
left in the oven for 3 days. After the required synthesis time the autoclaves were removed and cold
quenched. The zeolite samples were washed, filtered and placed in an oven at 80°C to dry overnight.
Approximately 3.4 g of dried as-synthesised zeolite was obtained from this synthesis mixture. The
zeolite samples were then calcined using the following temperature program:
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e heated to 120°C over 1 hour;

¢ held for 2 hours;

o heated to 550°C over 10 hours;
e held for 6 hours;

e cooled to room temperature.

The acid form of the zeolite was obtained by ion-exchanging the zeolite twice with 1 M ammonium
acetate. 2 g zeolites was ion-exchanged in 200 ml ammonium acetate solution for 2 hours with stirring
at room temperature. The zeolite was then calcined again to obtain the acid form of the zeolite. The
zeolite prepared using this procedure will be referred to as H-MCM-22 (DE1) throughout this thesis,

A second batch of MCM-22 was prepared similarly to the procedure mentioned above but with
4 synthesis gel molar composition of 3.5 NayO : 50 Si0y ¢ AlyO4 : 17.5 R : 2250 H30 (R = hex-
amethyleneimine). The silica source was also changed to fumed silica (Carbosil M5). This synthesis
mixture was placed in the oven for 7 days at 150°C. This zeolite sample under went the same calcina-
tion and jon-exchange procedure as H-MCM-22 (DEL). Approximately 4.9 g of dried as-synthesised
zeolite was obtained from this synthesis mixture. The zeolite prepared using this procedure will be
referred to as [I-MCM-22 (DE2) throughout this thesis.

A third batch of MCM-22 was prepared similarly to the procedure as H-MCM-22 (DE1) but with a
synthesis gel composition of 9 NagO+ 100 Si0; : Al,O4: 50 R : 4500 HyO (R = hexamethyleneimine)
and fumed silica (Carbosil M3) as the silica source. This synthesis mixture was placed in the oven
for B days at 135°C. This zeolite sample under went the same calcination and ion-exchange procedure
as H-MCM-22 (DE1). Approximately 3.7 g of dried as-synthesised zeolite was obtained from this
synthesis mixture. The zeolite prepared using this procedure will be referred to as H-MCM-22 (DE3)
throughout this thesis.

4.1.2 Internally selective sodium-exchange of ZSM-5 and MCNM-22

Internally selective sodium-exchange of ZSM-5 and MCM-22 (UCT) is a process whereby protons
internal to the zeolitic structure were selectively exchanged with sodium ions (cf. Section 2.1 4.2),
This was done to determine the effect of the external surface acid sites of the zeolite crystals in
certain catalytic reactions. The method followed was that of Chester et al. [1998]. Since both
the ZSM-5 and MCM-22 (UCT) samples were obtained or prepared in their H-form, respectively, a
sodium jon-exchange was first performed to eliminate all the acid sites. Subsequent ion-exchange with
tetrapropylammaonium bromide (TPABr) followed the sodium exchange. In this way only sodium on
the external surface is exchanged with TPA* jons as TPABr is too bulky a molecule to enter the 10
membered ring pore openings. The procedure is described below:
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Table 4.1: Steaming conditions of H-MCM-22 (DE1).

Steaming temperature 500°C
Steaming time 8 hours
Steam pressure 0.31 bar

Saturator temperature T0°C

Carrier gas nitrogen
Total Pressure 1 bar
Catalyst mass 08 ¢g
Sand to catalyst mass ratio 9
Nitrogen Howrate 60.1 ml/min

e 12 g of the zeolite sample was slurried in 200 ml of 1 M NaCl solution for 2 hours with stirring,
The sample was then filtered and washed with de-ionised water. This was repeated. The filter
cake was then dried at 80°C overnight,

e The tetrapropylammonium bromide (TPABr) exchange was carried out as follows: The sodium
exchanged sample was slurried in 250ml of 1 M TPABr solution for 2 hours with stirring. The
sample was then filtered and washed with de-ionised water. This was repeated twice. The filter
cake was then dried overnight at 80 °C.

e The TPA/Na-sample was then calcined at 500°C for ZSM-5 and 550°C for MCM-22 following
the procedure given in Section 4.1.1.1, to burn off the organic material so that the sample
remained with the external crystal surface activated.

4.1.3 Steaming of H-MCM-22

For certain reaction studies it was decided to steamn H-MCM-22 for reasons which will be explained
later. A sample of H-MCM-22 (DE1) was loaded with diluent into the test reactor (cf. Section 4.3.1)
and steamed in-situ (conditions given in Table 4.1). Nitrogen was saturated with water by passing
through a saturator. This saturated nitrogen stream was then heated In the pre-heater section (cf.
Section 4.3.1) to the steaming temperature before being passed over the catalyst bed (ef. Figure
1.3). After steaming, the reactor was flushed with nitrogen for 3 hours before the phenol alkylation
reaction was performed over the steamed zeolite.

4.1.4 Physical and physico-chemical zeolite characterization
The zeolites were characterized using the following techniques:

e Powder X-ray diffraction (XRD);

e Scanning electron microscopy (SEM);

o Nitrogen physisorption (BET);
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Table 4.2: XRD operating parameters.

Radiation source Cu-Ka
" Radiation wavelength (\) 1.542 A
Range 10
Time constant l s
Preset 1000 counts,'s
Voltage 40 kV
Current 256 mA
20 range "<28<60"°
28 /step 0.1°
Anti-scatter slit 1®

e Atpmic adsorption spectroscopy [AAS);

» Ammonia temperature-programmed desorption (NHy-TPD);

» 2TAl magic angle spinning nuclear magnetic resonance spectroscopy (7 Al MAS NMR).

4.1.4.1 Powder X-ray diffraction (XRD)

X-ray diffraction patterns of zeolites help determine the type of zeolite sample, X-ray diffraction
patterns of all catalysts were obtained using a Phillips X-ray diffractometer with Cu-Ka radiation.
The XRD operating parameters are given in Table 4.2.

4.1.4.2 Scanning electron microscopy (SEM)

Scanning electron microscopy was used to identify the crystal morphology and size. A Leica S440
digital scanning electron microscope was nsed to take electron micrographs of the zeolite samples. The
sawples were wounted on aluminiui stubs, which were covered on top with a mixture of water-based
glue and colloidal carbon. The zeolite samples were placed on the glue/carbon mixture and covered
with a thin layer of Au/Pd.

4.1.4.3 Nitrogen physisorption (BET)

Nitrogen physisorption (BET) was performed on the catalysts using a Micromeriticse ASAP 2000,
which allowed & stepwise scan over the entire P/Pg range. Nitrogen adsorption was done to determine
the “BET" surface area and used to calculate the mesoporous and microporous surface areas and pore
volumes of the catalysts. Before the nitrogen physisorption analysis is performed the samples were
dried overnight under vacuum st 250°C.

4.1.4.4 Elemental analysis using atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) was used to determine the silicon/aluminium ratio and the
sodium content of the zeolites. Analyses were carried out on & Varian Spectra AA 110, The sample
was digested in o teflon lined steel vessel (“Parr bombs”, Parr Instruments Co.) by additions of 40%



90 CHAPTER 4. EXPERIMENTAL

Table 4.3: Experimental conditions for elemental analysis using atomic absorption spectroscopy.

Sample mass 02g
HF concentration 0% |
Volume of HF added to the sample | 5 ml
Oven temperature 100°C
Heating time 35 min
Volume of boric acid added 50 ml
Final volume of solution 500 ml

Table 4.4: Conditions of ammonia temperature-desorption (NH3-TPD.

Mass of sample 0.25 g
Calcination temperature before ammonia adsorption 300°C
Precentage ammonia in Helium W%
Ammonia adsorption time 1 hour
Flowrate of ammonia, helium gas 60 ml/min
Adsorption temperature 150°C
Physi-desorption time & hours
Heating rate 10° /min
Final desarption temperature GO0 C
Sulphuric acid concentration 0.1 N
Sodium hydroxide concentration 01N
Titration indicator Bromo-thymal blue

HF and heated in an oven. After the dissolution of the zeolite boric acid and de-ionised water was
added.

4.1.4.5 Ammonia temperature-programmed desorption (NH;-TPD)

Ammonia temperature-programmed desorption (NH3-TPD) was used to determine the acidity and
the strength of the acid sites in the zeolites. NH3-TPD experiments were carried out in a quartz
reactor and the experimental conditions are given in Table 4.4. The samples were calcined in air
before the ammonia was adsorbed. Ammonia was adsorbed onto the zeolite for 1 hour followed by
desorption of the physically adsorbed ammonia at 150°C for 8 hours under the flow of helium. The
sample was then heated to the final desorption temperature and the quantity of chemisorbed ammonia
was recorded by a thermal conductivity detector (TCD). The total quantity of chemisorbed ammonia
is also determined by back titration. After passing through the sample the ammonia/helinm gas was
bubhled through 20 ml 0.1 N sulphuric acid in 100 ml water. Back titration, using 0.1 N sodium
hydraxide, was able to determine the amount of sulphuric acid remaining after the desorption of the
ammonia. The amount of ammonia desorbed from the sample determined by back titration or by
curve integration must agree within 5% otherwise the experiment was rejected.
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Table 4.5: Operating conditions used in the liquid phase alkylation of phenol with methanol.

Operating conditions Standard conditions J Range studlmlJ
Reaction temperature (°C) 200 180 - 2500
Reaction pressure (bar) antogencois H-04
Reaction time (hours) 3 1-72
Mass of phenol [g} 1473 73 - 200
Mass of methanol (g) 50.1 5-12A4
Methanol : phenol molar ratio 1 0.07 - 5
Mass of catalyst (g) 5 1-10
Reactants : catalysts mass ratio 39.4 20 - 2560
Phenaol : catalyst mass ratio 29.4 14 - 40
Heating up time (min) 15 -

4.1.4.6 “TAl Magic angle spinning nuclear magnetic resonance ( ¥’ Al MAS NMR)

4TAl Magic angle spinning nuclear magnetic resonance ( “7Al MAS NMR) was used to determine the
extent of extra-framework alumininm formed during the synthesis and calcination procedures. *7Al
MAS NMR analyses were done at the Department of Chemistry, University of Delaware, USA. The
Al MAS NMR spectra were recorded using a Bruker MSL 300 spectrometer (Bg = 7.4 T) operating
at a resonance frequency of 78.205 MHz, The samples were spun in zirconia rotors, The ¥ Al MAS
NMR spectra were obtained using a w/12 pulse of 1 us and a recycle delay of 2 s using a 4 mim outside
diameter rotor spinning at a rate of 9 kHa. The chemical shifts were referenced to a 1 M AI(NOg)s
golution.

4.2 Ligyuid-phase alkylation of phenol with methanol

4.2.1 Experimental apparatus

A 600 m! batch autoclave was used. The reactor consisted of a gas inlet line, cooling water loops,
pressure gauge, safety pressure release valve, a gas outlet, & thermowell and a magnetically driven
stirrer as seen in Figure 4.1. The maximum operating temperature of the reactor was 250°C (limited
by the teflon gasket sealing the lid of the autoclave) and the reactor could be pressurised up to 100
bar. Figure 1.2 shows the complete set-up of the liquid phase rig.

4.2.2 Experimental procedure

The batch reactor was typically loaded as given in Table 4.5. The reactor was flushed with nitrogen
to a pressure of 10 bar and then depressurised, repeatedly, to remove all traces of oxygen. The reactor
was then heated to reaction temperature. After the reaction time had elapsed the reactor was cooled
quickly by passing water through the cooling loops inside the autoclave (Figure 4.1). Once cooled
the reactor had & pressure of approximately 2 bar. A sample of the gas phase was collected in a gas
trap via the gas outlet and this was then analysed by gas chromatography. The reactor was then
depressurised and the content of the reactor vessel was removed.
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Figure 4.1: The interior of the batch autoclave used for liquid phase phenol methylation with
methanol.
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Figure 4.2: Set-up of the batch autoclave used for liquid-phase alkylation of phenol with methanol.
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Table 4.6: The GC set-up and conditions for the analysis of the liquid phase products.

l Gas chromotography HP 5890A |

Colomu RH-1
Length and inner diameter 60 m, 0.25 mm
~Stationery phase 100% Dimethylpolysiloxane
Film thickness 0.25um
Carricr gas Hydrogen
Colomn head pressure 1.1 bar
| St S S S—
Injector Split injector
Injector temperature 250°C
Split | 1: 100
- Detector | Flame ionisation detector
 Detector temperature 325°C
Temperature program 5 min isothermal at 50°C,
heat at 10°C/min to 250°C,
hold for 5 min at 250°C.

4.2.3 Product analysis

Four 1.5 ml aliquots were placed in microcentrifuge rubles and centrifuged at 15000 rmp to remove the
catalyst. After centrifugation the liquid product was weighed (ca. 1.5 g) and then a precise weight of
toluene (ca. 0.15 g) was added to the liquid product.as the internal standard. The product was then
analysed by gas chromatography. The GC set-up and conditions are given in Table A.1. Appendix
A shows a typical GC spectrum obtained from a liquid phase phenol alkylation with methanol and
Appendix B shows a typical example of a complete material balance caleulation for the liquid phase
alkylation of phenol with methanol. The reproducibility of the liquid phase system is shown in Section
61.1

4.3 Gas-phase alkylation of phenol with methanol

4.3.1 Experimental apparatus

Gas phase alkylation was done in a flow reactor as illustrated by the flowsheet is shown in Figure
4.3. A feed mixture of phenol and methanol was metered via a HP 1100 series HPLC pump to an
evaporator (Figure 4.4). A carrier gas (nitrogen) was introduced vis a thermal mass flow controller
at the top of the evaporator. There is a renctor bypass line to allow the analysis of the feed before
and after an experiment. The needle valve in this bypass line ensures the same conditions in the
reactor bypass line as in the reactor line. The pre-heat coil and reactor (Figure 4.5) were placed
inside the chamber of & furnace to maintain an isothermal bed temperature. Toluene was used as an
internal standard. The internal standurd was evaporated into a flow controlled nitrogen stream, via
a saturator between the reactor and the GC. After the GC sampling valve the condensable products
were knocked out from the gas stream with an ice-trap. Tuble 4.7 shows the operating conditions of



CHAPTER 4. EXPERIMENTAL 95

{

- { iIII'I'-
h '
wrld
g ]
o—if\ /|
g rwhiy
{H | ® -
1 ac
() Twaanr
e
bus Lo
Logomt ottt

Figure 4.3: Gas-phase apparatus used for the alkylation of phenol with methanol.

the evaporator, the internal standard saturator and the HPLC pump.

4.3.2 Experimental procedure

Table 4.8 shows the operating conditions used in the gas phase alkylation of phenol with methanol.
The catalyst in the reactor was dilutéd with acid washed sand (100 - 500um) in the ratio of 9: 1 to
maintain isothermal conditions (Figure 4.5), The catalyst was calcined before cach experiment in air
at 500°C for approximately 6 hours then cooled to reaction temperature and flushed with nitrogen
for 2 hours to remove all traces of axygen.

At the start of the experiment, the evaporator was allowed to stabilise via the reactor bypass line

Table 4.7: Operating conditions for the evaporator, internal standard saturator and HPLC pump.

| “Operating conditions | Standard conditions | Range studied |
- Evaporator

Temperature at inlet (°C) 32 -
Temperature at outlet (°C) 180 -

Nitogen flowrate to evaporator (ml/min) 284 35 - 284

Internal standard saturator
Temperature of water bath (°C) 28 -
Flowrate of nitrogen (ml/min) 60 :
HPLC Pump
Reactants rate (ml/min) | 0.2 | 01-02
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Figure 4.4: A sketch of the evaporator and temperature profile inside the evaporator.
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Table 4.8: Operating conditions for gas phase alkylation of phenol with methanol.

0 ing conditions Standard conditions | Range studied |
Reaction temperature (°C) 300 200 - 400
Total reaction pressure (bar) 1 1
| Reactants partial pressure (bar) 0.2 0.2- 0.8
Methanol : phenol molar ratio 1 0.3-6
WHSV teactanss (b~ Y) 14 3-23
Catalyst mass (g) 0.8 08-1.9
Sand catalyst mass ratio 9 0
Carrier gas Nitrogen <
Carrier gas : reactants molar ratlo + 4

Table 4.9: The GC set-up and conditions for the analysis of the gas phase products.

Gas chromotography Varian 3100 _
Column CP cresol fused silica WCOT |
Length and inner diameter 50 m, 0.25 mm
Film thickness 0.2pm
Make-up gas Nitrogen
Carrier gas , Hydrogen
Column head pressure 4 bar
Injector Split injector
Injector temperature 200°C
Split 1: 80
| Detector Flame ionisation detector
Detector temperature 200°0
|  Temperature program 50°C for 3 min,
heat to 120°C at 15°C/min,
hold at 120°C for 40 min.

for 4 hours with simultaneous stabilization of the internal standnrd saturator. Reactor bypass samples
were taken in this period to monitor the evaporator and saturator operation. After stabilization of
the evaporator and saturator, the three-way valve was switched from bypass to the reactor, Samples
were taken every 40 minutes until quasi-steady state was reached. Finally, bypass samples were taken
again for a final control sample at the end of the experiment.

4.3.3  Product analysis

The gaseous product analysis was done using an on-line gas chromatograph. The GC set-up and
conditions are given in Table A.2. Appendix A shows a typical GC spectrum obtuined from a gas
phase phenol methylation with methanol and Appendix D shows a typical example of a complete
material balance calculation for the gas phase alkylation of phenol with methanol. The reproducibility
of the liquid phase system is shown in Section 7.1.1.
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Table 4.10: Reaction conditions for 1,3,5-TIPB and n-hexane cracking [Roger et al., 1998|.

n-Hexane | 1,3,5-TIPB |

Troactor (°C) 500 270 |

Preactant (kPa) 4.0 .16
WHSV (h~1) 1.4 0.6
Carrier gas | Nitrogen | Nitrogen

Table 4.11: GC temperature program for 1,3,5-TIPB and n-hexane cracking,

| 1.3,5-TIPB cracking | Isothermal at 120°C |

[ n-Hexane cracking | Tsothermal at 50°C |

4.4 Determination of the external and internal surface activity of
the zeolite crystals

The external surface activity of zeolite crystals was determined by using the test reaction of cracking
1,3, 5-triisopropyl benzene (1,3,5-TIPB). 1,3,5-TIPB is too large to fit through a 10-membered ring
pore and hence can only be cracked on the external surface gites. The total activity of the crystals
was tested using n-hexane cracking (a-test). These two tést reactions were carried out on fresh and
internally selectively sodium-exchanged catalysts ZSM-5 and MCM-22 (UCT).

The gas phase experimental rig set-up (cf. Section 4.3.1) was used for these reactions except that
the evaporator was replaced by saturators containing either 1,3,5-TIPB or n-hexane. The reaction
conditions for the 1, 3,5-TIPB cracking test reaction and the n-hexane cracking test reaction are given
in Tahle 4.10. The experimental procedure was similar to the gas phase phenol alkylation reactions
as described in Section 4.3.2. The reaction was traced by time-on-stream sampling on-line using the
same GC conditions as shown in Table A.2, except for the temperature program which is described
in Table 4.11.



Chapter 5
Catalyst characterization

This chapter presents the results of the physico-chemical characterization of all the catalysts used in
this research, viz. zeolites H-ZSM-5, H-Beta, H-Mordenite, H-USY, different samples of H-MCM-22
and amorphous silica-alumina. All the catalysts were characterized by the following methods: X-
ray diffraction (XRD), scanning electron microscopy (SEM), nitregen physisorption (BET), atomic
adsorption spectroscopy (AAS), ammonia temperature-programmed desorption (NH;-TPD) and 7 Al
magic angle spinning nuclear magnetic resonance (¥ Al MAS NMR).

5.1 X-ray diffraction (XRD)

X-ray diffraction spectra of the zeolites were obtained to determine (and confirm) the zeolite phase
present in the samples, Figure 5.1 shows the powder X-ray diffraction spectra of H-ZSM-5, H-Beta,
H-Mordenite and H-USY, these catalysts were commercial samples obtained from Siid-Chemie and
Akzo Nobel (H-USY), respectively. Comparison of these X-ray difiraction spectra with simulated
spectra given by von Ballmoss and Higgins [1990] confirmed their identification, as shown in Figure
5.2, H-ZSM-5, H-Mordenite and H-USY all have sharp peaks in their X-ray pattern compared to
H-Beta which has broad peaks. H-Beta has broad peaks due to the high degree of stacking disorder
in the framework structure [Newsam ef aol, 1988]. Figure 5.3 shows the X-ray diffraction spectra
obtained for the H-MCM-22 samples made at the University of Cape Town and those made at the
University of Delaware. Comparing these X-ray diffraction spectra with X-ray diffraction pattern
obtained by Ernst [1998] (shown in Figure 2.9) indicated that all the samples were indeed MCM-22.

5.2 Scanning electron microscopy (SEM)

Figures 5.4 to 5.11 show the scanning electron micrographs of the different zeolites used. Table 5.1
summarises the analyses of the micrographs with respect to the morphology and average crystal size of
the different zeolites, All the zeolite crystals except H-MCM-22 have spherical or cubic morphologies.
H-MCM-22 crystals have a platelet morphology and these crystals are intergrown. The MCM-22
crystal's morphology and size is analogous to that found by Ernst [1998]. No amorphous material
wis detected in any of the scanning electron micrographs of the zeolite samples.
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Figure 5.1: X-ray diffraction spectra of H-ZSM-5, H-Beta, Na-Mordenite, H-USY,
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Figure 5.6: Scanring electrcr micrcgrash of zeolite H-Mardenite



104 CHAPTER 5. CATALYST CHARACTERIZATICN

Figure 5.9: Scanning electron micrograph of zeolite H-MCLI-22 (DEL}.
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Figure 5.10: Scanning electron micrograph of zeolite H-MUM-22 (DE2)

Figure 5.11: Scanning electron micrograph of zeolite H-MCM-22 (DE3).
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Table 5.1: The morphology and average crystal size of the different catalysts.

| Catalyst | Morphology | Average crystal size (um)
H-ZSM5 Spherical | 0.2-04
H-Beta Spherical 0.3-06
H-Mordenite Spherical 0.3-05
H-USY Cubic 0.6 - 0.7

H-MCM-22 (UCT) | Platelets | thickness — 0.1, diameter — 0.2
H-MCM-22 (DE1) | Platelets | thickness — 0.1, diameter — 0.8
H-MCM-22 (DE2) | Platelets | thickness — 0.1, diameter = 1
H-MCM-22 (DE3) | Platelets | thickuess — 0.1, diameter = 1

Silica-alumina - particles > 106
Table 5.2: Nitrogen BET areas and pore volumes of catalysis used.
Catalyst Total BET | Microporous | Mesoporous | Micropore | Mesopore
surface area Area area volume volume
(m?/g) (m*/g) (m?/g) | (awd/g) | (cm/g)
H-ZSM-5 425 298 127 010 0.44
H-Beta 3590 340 210 0.17 0.47
H-Mordenite [T 354 20 017 0.02
H-USY 607 556 51 0.25 0.09
H-MCM-22 (UCT) 412 278 134 0.12 0.50
H-MCM-22 (DE1) 436 311 125 0.14 0.31
H-MCM-22 (DE2) 326 107 119 0.18 0.28
H-MCM-22 (DE3) 190 382 108 017 0.25
Silica-alumina 508 0 508 - 0.78

5.3 Nitrogen physisorption (BET)

Table 5.2 gives the BET surface aréas, microporous and mesoporous areas, micropore volume and
mesopore volumes of the catalysts used in this study. All the zeolites had BET surface areas between
404 and 607 w*/g and micrapore volumes between 0.1 and 0.25 cmm®/g. Note no data available for
the steamed H-MCM-22 (DE1) sample, since steaming was carried out in situ.

5.4 Atomic absorption Spectroscopy (AAS)

The bulk Si/Al atomic ratios of the catalysts were determined by atomic absorption spectroscopy.
Table 5.3 gives the aluminium content and the bulk Si/Al ratios for the different catalysts. H-Z5M-5
has the highest Si/Al ratio of 45 whereas H-USY has the lowest ratio of 4. The different H-MCM-22
samples have Si/Al ratios ranging from 11 to 29.

5.5 Ammonia temperature-programmed desorption (NHy-TPD)

Appendix F gives the ammonia temperature-programmed desorption curves ohtained over all the
catalysts. The amount of ammonia desorbed and the temperatures of the maximum of the major
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Table 5.3: The aluminium content and bulk Si/Al atomic ratios of the catalysts.

| Catalysts | Al content (mmol Al/g catalyst) | Bulk Si/Al atomic ratio

H-ZSM-5 0.41

H-Beta 1.08 15
H-Mordenite 1.40 11
H-USY 2.50 4

H-MCM-22 (UCT) 1.06 1
H-MCM-22 (DE1) 1.08 11
H-MCM-22 (DE2) 0.86 19
H-MCM-22 (DE3) 0.75 20
Silica-alumina 2.11 i

desorption peak in the NHs-TPD spectra are given in Table 5.4. The amount of desorbed ammonia
(mmol NHj /g catalyst) is an indication of the number of acid sites available for reaction of molecules
with a size comparable to that of NHs. The catalysts thus arranged in order of decreasing number
of available acid sites are: silica-alumima > H-USY > H-Mordenite-# H-Beta > H-MCM-22 (DE1)
2 H-MCM-22 (UCT) > H-MCM-22 (DE2) > H-MCM-22 (DE3) > H-ZSM-5.

Figure 5.12 shows the relationship between the number of acid sites per gram catalyst determined
by NHs-TPD (Alxj,-71pp) and aluminium atoms per grai catalyst determined by atomic absorption
(Alsas). Generally there is good agreement between the two methods for all zeolite except H-USY.
For the cases where Algas > Alyn,-Tpp, this may be caused by the following:

e Some of the acid sites are not accessible which could be due to structural defects. This may
hold for the Mordenite in particular due to its non-interconnecting pore system;

® Some extra-framework aluminium form weaker sites. The ammonia desorption from these sites
occurs at a lower temperature and thus doesn’t contribute to the major desorption peak. This
may hold in particular for H-USY, since leaching the extra-framework alumina, which was
produced in the steaming step, may be incomplete. This is also confirmed by #7Al MAS NMR
analysis of the H-MCM-22 samples, where H-MCM-22 (DE2) was found to have the lowest
content of extra-framework aluminium (cf. Figures 5.14 to 5.17 and Section 5.6) and the best
correlation;

e Silica-alumina is not expected to match the theoretical line since only part of the aluminium is
exposed to the surface.

The temperature of maximum of major desorption peak gives an indication of the strength of the
acid sites. Thus, in decreasing order of acid strength: H-Mordenite > H-ZSM-5 > MCM-22 (DE2) =
H-MCM-22 (DE3) > H-MCM-22 (DE1) > H-USY > H-Beta > H-MCM-22 (UCT) > silica-alumina.

Figure 5,13 shows the correlation between temperature of maximum of major ammonia desorption
peak and bulk Si/Al atomic ratio. There is a clear and consistent trend showing that the higher Si/Al
ratio catalyst is producing the stronger acid sites. The exception is H-Mordenite which has very strong
sites for its relatively low Si/ Al ratio.
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Table 5.4: Results from NH;-TPD for the different catalysts.

Catalyst mmol NHj/ g catalyst | Temperature of the maximum
of major desorption peak
(°C)
H-ZSM-5 0.38 a2
H-Beta 1.06 299
H-Mordenite 1.10 443
H-USY 1.36 303
H-MCM-22 (UCT) 0.90 282
H-MCM-22 (DE1) 0.92 306
H-MCM-22 (DE2) 0.83 360
H-MCM-22 (DE3) 0.60 32
Silica-alumina 1.62 274
25 | -
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Figure 5.12: The relationship between aluminium content in the different catalysts as determined
by atomic adsorption spectroscopy (Algas) and by ammenia temperature-programmesd
desorption (Alnps—1pn) (Data taken from Tables 5.3 and 5.4).
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5.6 Al Magic angle spinning nuclear magnetic resonance (Al MAS
NMR)

The Al MAS NMR spectra for the H-MCM-22 samples are given in Figures 5.14 to 5.17. All these
zeolites contained some non-tetrahedrally coordinated extra-framework aluminium (0 - 40 ppm).

Figure 5.18 shows the **Al MAS NMR spectrum of the as-synthesized template containing Na-
MCM-22 (DE1) indicating that only tetrahedral aluminium is present in the sample. Figure 5.15
shows the spectrum of the sample after removing the template, jon-exchanging and calcination. It
is clear that the extra-framework aluminium species are formed during calcination of the zeolite.
H-MCM-22 (DE2) clearly showed the lowest amount of extra-framework aluminium in all the H-
MCM-22 samples. H-MCM-22 (DE2) was also found to have almost every aluminium atom converted
to a strong acid site (cf. Figure 5.12).
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Figure 5.14: *"Al MAS NMR spectrum of H-MCM-22 (UCT).

Figure 5.15: 7 Al MAS NMR spectrum of H-MCM-22 (DE1).
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Figure 5.16: 2" Al MAS NMR spectrum of H-MCM-22 (DE2)

Figure 5.17: *"Al MAS NMR spectrum of H-MCM-22 (DE3),
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Figure 5.18: “" Al MAS NMR spectrum of as-synthesised template containing Na-MCM-22 (DE1).



Chapter 6

Liquid phase alkylation of phenol with

methanol

This chapter presents the results obtained in the liquid phase alkylation of phenol with methanol
over zeolites H-ZSM-5, H-Beta, H-Mordenite, H-USY, H-MCM-22 (UCT), H-MCM-22 (DE2) and
amorphous silica-alumina. It begins with the examination of the reproducibility of experiments in
the system used. This is followed by an investigation into the relationship between product selec-
tivity and phenol conversion over all the catalysts. All the catalysts are then compared at the same
reaction condition and at phenol conversions below 10%. This section includes phenol conversion
over internally selective sodium-exchanged ZSM-5 and MCM-22 as well as additional kinetic stud-
ies to characterize the catalytic properties of these materials. The effects of reaction time, reaction
temperature, methanol : phenol ratio and addition of water were also examined. The conversion of
the major primary products, namely anisole, o-cresol and p-cresol, are also examined including an
anisole/phenol mixture. In all cases the catalysts are compared according to the conversion of the
aromatic reactant component, product selectivity, O-alkylation versus C-alkylation and cresol isomer
distribution with special regard to the p/o-cresol ratio. Finally, the isomer distribution obtained in
the methylation of toluene with methanol over H-ZSM-5 and H-MCM-22 (UCT) are compared with
that obtained from phenol methylation. The chapter closes with a summary of all the key results.
Reaction conditions and reaction data for the liquid phase phenol methylation with methanol is given
in Appendix C.

6.1 Liquid phase standard reaction conditions

A standard reaction condition was defined and applied to most of the experiments in the liquid phase
and also taken as the base case for parameter variation studies. These liquid phase standard reaction

conditions are given in Table 6.1.

113



114  CHAPTER 6. LIQUID PHASE ALKYLATION OF PHENOL WITH METHANOL

Table 6.1: Liquid phase standard reaction conditions applied.

Reaction temperature 200°C
Starting reaction pressure 16 bar
Final reaction pressure autogenous (between 18 and 25 bar)*
Reaction time 5 hours
Methanol : phenol molar ratio 1
Reactants : catalyst mass ratio 39.4

* Final reaction pressure is dependent on the conversion and selectivity,
cf. Section 6.4.

6.2 Experimental reproducibility and material balance

6.2.1 Experimental reproducibility

The reproducibility of experiments in the liquid phase reaction system was carried out under the
liquid phase standard reaction conditions (Table 6.1) over four different catalysts. The results are
given in Table 6.2. The criteria used to evaluate reproducibility are:

¢ phenol conversion;

selectivity to anisole;

selectivity to cresol;

distribution of the cresol isomers;

selectivity to other products, which are typically xylenols and methylanisoles.

The system showed equivalent reproducibility characteristics for all the catalysts used in this study
on reproducibility.

6.2.2 Material balance

Appendix A shows a typical GC trace obtained in the liquid phase phenol methylation with methanol.
For material balances, an exact amount of internal standard was added to a known sample mass.
Balances were calculated as molar balances on a ring basis. Ring mole balances between 96 and 100
mol% were found for all the cases studied. A model calculation of a material balance, is shown in
Appendix B.

6.3 Relationship between phenol conversion and product selectivity

As a number of different catalysts of different activity were studied (cf. Section 6.4}, the effect that
phenol conversion has on product selectivity first needed to be evaluated in order to allow a valid
comparison of the different catalysts. Reactions were carried out under the liquid phase standard
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Figure 6.1: Product selectivity versus phenol conversion at liquid phase standard reaction concitions
(200°C, starting pressure = 16 bar, methanol to phenol molar ratio = 1) with varying
reaction time and reactants : catalyst mass ratio.
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Table 6.2: Reproducibility of liquid phase alkylation of phenol with methanol over different catalysts.

Catalyst Phenol Selectivity (mol%) Cresol distribution (%)

conversion | Anisole | Cresols | Other* o- P m-
(%)

H-ZSM-5%* 9.7 7.7 214 0.9 726 | 274 0.0
9.6 79.7 19.7 0.6 733 | 26.7 0.0
H-ZSM-5%*** 0.5 80.7 19.3 0.0 73.5 | 26.5 0.0
0.6 80.2 19.8 0.0 71.3 | 28.7 0.0
H-Beta** 9.1 92.3 7.7 0.0 69.7 | 30.3 0.0
9.3 92.0 8.0 0.0 679 | 32.1 0.0
Silica-alumina** 0.5 93.4 6.6 0.0 69.2 | 308 0.0
1.0 93.3 6.7 0.0 71.3 | 287 0.0

* Other = higher alkylated products, namely methylanisoles and xylenols;
** Liquid phase standard reaction conditions; 200°C, starting pressure = 16 bar, 5 hours,
methanol : phenol molar ratio = 1, reactants : catalyst mass ratio = 39.4;
*** Liquid phase standard reaction conditions except catalyst mass ratio = 250, methanol
: phenol molar ratio = 5.

reaction conditions (cf. Table 6.1) except for reactant to catalyst ratio and reaction time (this was
achieved through individual experiments of different durations), which were varied to achieve different
phenol conversions. Figures 6.1 and 6.2 show the relationship between product selectivity and cresol
isomer distributions and phenol conversion for all types of catalysts applied. Within the conversion
range of up to 16%, product selectivity and cresol isomer distribution were found to be independent of
phenol conversion. This validates the comparison of the product selectivities of the different catalysts
at the different phenol conversions, which were achieved when applied under the liquid phase standard
reaction conditions.

6.4 Comparison of different zeolite catalysts and amorphous silica-

alumina

The zeolites H-ZSM-5, H-Beta, H-Mordenite, H-USY, H-MCM-22 (UCT) and H-MCM-22 (DE2),
amorphous silica-alumina as well as internally selective sodium-exchanged ZSM-5 and MCM-22 (UCT)
were compared in terms of phenol conversion, product selectivity and cresol isomer distribution under
the liquid phase standard reaction conditions (cf. Table 6.1).

6.4.1 Final reaction pressure

The different autogeneous reaction pressures obtained for the different catalysts at these reaction
conditions at the end of the reaction are given in Table 6.3. The differences in the autogeneous
pressures at the end of the reaction may be due to a shift in the average volatility of the molecules
in the reactant/product mixture as the major reactions in phenol methylation result in no change in
the number of molecules:
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Table 6.3: The autogeneous reaction pressure at the end of the reaction obtained for the different
catalysts under liquid phase standard reaction conditions at the end of the experiment.

Catalyst Reaction pressure (bar)*
H-ZSM-5 23
H-Beta 22
H-Mordenite 22
H-USY 20
H-MCM-22 (UCT) 23
H-MCM-22 (DE2) %
Silica~alumina 18
H/Na-ZSM-5 22
H/Na-MCM-22 21

*Starting reaction pressure = 16 bar.

2 Methanol = dimethyl ether + water

Phenol + methanol -+ anisole or cresol + water

Phenol + dimethylether — anisole or cresol + water

Methanol, dimethyl ether and water are mostly in the gas phase. Phenol and the aromatic
products are mostly in the liquid phase but are also present in the vapour phase thereby contributing
to the autogeneous pressure. Anisole is the most volatile of the aromatic compounds, significantly
more than phenol and the cresols (boiling points are given in Table 2.6).

Figure 6.3 shows the relationships between the autogeneous pressure at the end of the reaction
and the phenol conversion, anisole yield and cresol yield. The autogeneous pressure at the end of
the reaction is dependent on the phenol conversion (Figure 6.3 {(a)) but this is due to the formation
of the more volatile anisole and not due to the less volatile cresols as the correlation between the
autogeneous pressures at the end of the reaction with anisole yield (Figure 6.3 (b)) is much steeper
than with cresol yield (Figure 6.3 (c)).

6.4.2 Reactions over H-zeolites and amorphous silica-alumina

Table 6.4 gives the phenol conversions and the product distributions found for all the catalysts studied.
H-ZSM-5, H-Beta, H-Mordenite, H-MCM-22 (UCT) and H-MCM-22 (DE2) were considerably more
active than H-USY and amorphous silica-alumina in terms of phenol conversion. In all the catalysts
studied, anisole was by far the major product formed. Cresols selectivity was much lower. Apparently,,
O-alkylation was also the preferred reaction compared to C-alkylation with O/C-alkylation ratios
between 3.6 and 25.1. H-ZSM-5 and H-Mordenite produced the highest selectivity to cresols. The
other catalysts showed similar, low cresols selectivities. Only trace amounts of higher alkylated
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Figure 6.3: The dependency of the autogeneous pressure at the end of the reaction on the phenol
conversion, anisole yield and cresol yield. Data points represent the results obtained over
the different catalysts, cf. Table 6.3 and 6.4 (liquid phase standard reaction conditions:
200°C, starting pressure = 16 bar, reaction time = 5 hours, methanol : phenol molar
ratio = 1, reactants : catalyst mass ratio = 39.4).
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Table 6.4: Conversion and product selectivities for phenol methylation over the different catalysts
studied under liquid phase standard reaction conditions (200°C, starting pressure =
16 bar, reaction time = 5 hours, methanol : phenol molar ratioc = 1, reactants : cat-
alyst mass ratio = 39.4).

Catalyst Phenol Selectivity (mol%) 0/C-
Conversion | Anisole | Cresols | Methylanisoles Xylenols | alkylation
(%) _ ratio
H-ZSM-5 9.7 77.7 21.4 0.9 0.0 3.6
H-Beta 8.3 91.2 8.3 0.5 0.0 11.0
H-Mordenite 8.0 82.8 16.2 1.0 0.0 5.1
H-USY 1.4 91.9 8.1 0.0 0.0 11.3
H-MCM-22 5.7 93.6 5.4 1.0 0.0 17.3
(CCT)
H-MCM-22 8.6 95.2 38 1.0 0.0 25.1
(DE2)
Silica~alumina 0.5 93.4 6.6 0.0 0.0 14.2

Table 6.5: Distribution of cresol isomers formed in phenol methylation under the liquid phase stan-
dard reaction conditions (200°C, starting pressure = 16 bar, reaction time = 5 hours,
methanol : phenol molar ratio = 1, reactants : catalyst mass ratio = 39.4).

Catalyst 0-Cresol | p-Cresol | m-Cresol | p/o- | Anisole/

(%) (%) (%) Cresol | o-cresol
ratio ratio
H-ZSM-5 72.6 274 0.0 0.38 5.0
H-Beta 67.9 32.1 0.0 0.47 16.2
H-Mordenite 67.6 32.4 0.0 0.48 7.5
H-USY 62.6 374 0.0 0.60 18.1
H-MCM-22 (UCT) 45.5 54.5 0.0 1.20 38.1
H-MCM-22 (DE2) 49.4 50.6 0.0 1.02 50.7
Silica-alumina 69.2 30.8 0.0 0.45 20.5

| Thermodynamic equilibrium* | 37 | 16 47 [ca 0.43 |
* Preliminary data of Bohringer and Fletcher [2003] at 350°C. Note that the effect of reaction

temperature on cresol isomer distribution is minor, cf. Section 2.2.2.6.

products (methylanisoles) were produced.

Table 6.5 shows the distributions of cresol isomers obtained from the different catalysts. H-MCM-
22 (UCT) and H-MCM-22 (DE2) stand out due to their high p/o-cresol ratio. All the other catalysts
favoured the formation of the ortho-isomer producing p/o-cresol ratios close to thermodynamic equi-
librium (0.43) and the statistical ratio (0.50), respectively. In all the catalysts, at 200°C, no m-cresol
was formed.

6.4.3 Reactions over internally selectively sodium-exchanged ZSM-5 and MCM-
22 (UCT)

ZSM-5 and MCM-22 (UCT) were internally selectively sodium-exchanged such that the internal acid
sites within the pores of the zeolite crystals (not the external sites) were removed by sodium-H*-
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exchange as described in Section 2.1.4.2.1. Hence it can be assumed that only external acid sites are
available for reactions.

6.4.3.1 Test reactions to kinetically characterize the internally selectively sodium-exchanged
zeolites ZSM-5 and MCM-22 (UCT)

The external surface activity of the zeolite crystals was determined by using the test reaction of 1,3,5-
triisopropyl benzene (1,3,5-TIPB) cracking and the total activity was tested using n-hexane cracking
(cf. Section 4.4 for the procedures and reaction conditions). The results for the 1,3,5-TIPB cracking
reaction and the n-hexane cracking reaction are given in Table 6.6.

For the 1,3,5-TIPB cracking activity there is a moderate decrease for the internally selective
sodium-exchanged H-ZSM-5 whereas for MCM-22 (UCT) the high conversions did not allow the
determination of a slight or moderate change but clearly there is no significant decrease in activity.
For ZSM-5, the decrease in activity indicates that a small fraction of the external surface sites may
have been removed as well.

The large difference in the 1,3,5-TIPB cracking activity (i.e. the activity of the external surface
of the crystals) between ZSM-5 and MCM-22 (UCT) is noteworthy. Since mesoporous surface areas
are very similar with both the samples (127 and 134 m?/g, respectively), and volume to surface ratios
calculated from the crystal dimensions do not differ much (0.047 and 0.033, respectively, as can be
derived from data given in Table 5.1), the reason for the huge MCM-22 (UCT) activity may be due
to the contribution of the “cups” on the external surface of the MCM-22 crystal platelets (cf. Section
2.1.1.5).

The n-hexane cracking activity decreased, much more than the 1,3,5-TIPB cracking activity, for
both zeolites upon internally selectively sodium-exchanging as expected due to the sodium blocking
the internal acid sites. However, the decrease in the n-hexane cracking activity is much greater for
H-ZSM-5 than for H-MCM-22 (UCT) despite the fact that the ratios of internal to total surface area
in both samples are equal (0.70 and 0.68, respectively, as can be derived from Table 5.2). The activity
changes in n-hexane cracking reflect to some extent the changes observed in TIPB cracking and may
also be explained in terms of the contribution of the “cups” on the external surface of the MCM-22
crystal platelets.

In summary, the decline of the internal activity is significantly higher than the decline of the
external activity (if there is a decline at all), indicating that the internal sites were selectively removed
to a significant extent.

6.4.3.2 Phenol methylation with methanol over internally selectively sodium-exchanged
ZSM-5 and MCM-22 (UCT)

From Table 6.7 it can be seen that the conversion of phenol in the methylation reaction over the
internally selectively sodium-exchanged zeolites decreased by 88% for ZSM-5 and 60% for MCM-
22 (UCT). The declines are correspond to the results from n-hexane cracking, cf. Table 6.6. The
influence on O/C-alkylation ratio is marginal and in the range of scatter. There was also a decrease
of methylanisole formation in both zeolites.
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Table 6.6: Conversions (%) obtained from the 1,3,5-TIPB cracking and the n-hexane cracking test

reactions over the H-zeolite and internally selectively sodium-exchanged H/Na-zeolites.

Zeolite 1,3,5-TIPB* | Relative | n-Hexane** | Relative
cracking decline cracking decline
conversion (%) conversion (%)
(%) (%)
H-ZSM-5 37 35 79 81
H/Na-ZSM-5 24 15
H-MCM.22 (UCT) 99 - 50 2
T/Na-MCM-22 (UCT) 99 39

*1,3,5-TIPB cracking reaction conditions: reaction temperature = 270°C, 1,3,5-TIPB partial
pressure = 0.0016 bar, WHSV = 0.6 h~!, nitrogen carrier gas, cf. Section 4.4;
** n-Hexane cracking reaction conditions: reaction temperature = 500°C, n-hexane partial pressure
= 0.04 bar, WHSV = 1.6 h™}, nitrogen carrier gas; cf. Section 4.4.

Table 6.7: Conversion and product selectivities from phenol alkylation with methanol over acid and
internally selectively sodium-exchanged zeolites ZSM-5 and MCM-22 (UCT) under the
liquid phase standard reaction conditions (200°C, starting pressure = 16 bar, reaction
time = 5 hours, methanol : phenol molar ratio = 1, reactants : catalyst mass ratio =

39.4).
Zeolite Phenol | Relative Selectivity (mol%) 0/C-
conversion | decline | Anisole | Cresols | Methyl- | Xylenols | alkylation
(%) (%) anisoles ratio
H-ZSM-5 9.7 7.7 21.4 0.9 0.0 3.6
H/Na- 1.2 88 81.0 19.0 0.0 0.0 4.3
ZSM-5
H-MCM-22 5.7 93.6 5.4 1.0 0.0 17.3
(UCT) 60
H/Na-~
MCM-22 2.3 93.8 5.7 0.5 0.0 16.5
(UCT)
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Table 6.8: Cresol isomer distribution obtained from phenol methylation with methanol over acid and
internally selectively sodium-exchanged zeolite catalysts under the liquid phase standard
reaction conditions (200°C, starting pressure = 16 bar, reaction time = 5 hours, methanol
: phenol molar ratio = 1, reactants : catalyst mass ratio = 39.4).

Zeolite o-Cresol | p-Cresol | m-Cresol p/o- Anisole/

(%) (%) (%) Cresol | o-cresol
ratio ratio
H-ZSM-5 72.6 274 0.0 0.38 5.0
H/Na-ZSM-5 77.5 22.5 0.0 0.29 5.5
H-MCM-22 (UCT) 455 54.5 0.0 1.20 38.1
H/Na-MCM-22 (UCT) 59.8 40.2 0.0 0.67 27.5

Thermodynamic equilibrium* 37 | 16 47 | ca. 0.43

* Preliminary data of Bohringer and Fletcher [2003] at 350°C. Note that the effect of reaction
temperature on cresol isomer distribution is minor, cf. Section 2.2.2.6.

The effect of internally selectively sodium-exchanged zeolites on the cresol isomer distribution is
shown in Table 6.8. In both zeolites there was an increase in the o-cresol content in the cresol fraction
and a decrease in the p-cresol content in the cresol fraction resulting in a significant decline of the
p/o-cresol ratio. This effect is much more noticeable in MCM-22 (UCT) than ZSM-5. In all cases no
m-cresol was formed.

6.5 Effect of reaction parameters

6.5.1 Effect of reaction time

Figure 6.4 shows the relationship between phenol conversion and reaction time (this was achieved
through individual experiments of different durations) under liquid phase standard reaction conditions
(cf. Table 6.1). Over all the catalysts as reaction time increased so phenol conversion increased, as
expected. The activity of amorphous silica-alumina was comparably low.

Figure 6.5 shows the product selectivity and cresol isomer distribution over time for H-Beta and
H-MCM-22 (UCT). With reaction time selectivities hardly changed. Apparent trends are in the range
of scatter, indicated clearly by Figure 6.5 (c) and (d). Selectivity to methylanisoles was minor and
the selectivity to xylenols remained insignificant.

6.5.2 Reaction temperature

The effect of reaction temperature on phenol conversion was studied over zeolites H-ZSM-5, H-Beta
and H-MCM-22 (UCT). As the temperature increased so did the phenol conversion, as expected
(Figure 6.6).

Over H-ZSM-5 and H-Beta as the temperature increased, so the selectivity to anisole decreased,
the selectivity to cresols increased and relatively, the selectivity to the higher alkylated products
(methylanisoles and xylenols) increased even more (Figure 6.7 (a) and (b)). Over H-MCM-22 (UCT)
selectivities hardly changed over the temperature range applied (Figure 6.7 (c)).
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Figure 6.4: The effect of reaction time on the phenol conversion (200°C, methanol : phenol molar
ratio = 1, reactants to catalyst mass ratio = 39.4).

In terms of the cresol isomer distribution, the distribution of o~ and p-cresol hardly changed with
temperature for the three zeolites (Figure 6.8), apparently not exceeding the range of scatter. Figure
6.9 also shows that the reaction temperature has only a minor effect on the p/o-cresol ratio. At 250°C
very small quantities of m-cresol were formed.

6.5.3 Reaction pressure

The effect of reaction pressure on the phenol alkylation with methanol was not studied in the liquid
phase as the reactions were done at autogeneous pressure. Low pressure experiments were done in
the gas phase to compare with the high pressure liquid phase results. The results of the gas phase
experiments are presented in Chapter 7.

6.5.4 Effect of methanol to phenol ratio

The effect of reactants methanol : phenol ratio was studied on zeolites H-ZSM-5, H-Beta, H-MCM-
22 (UCT) and silica-alumina under liquid phase standard reaction conditions (c¢f. Table 6.1). The
reactants methanol : phenol molar ratio was varied in four steps between 0.07 : 1 and 5 : 1. Figure
6.10 shows the effect of methanol : phenol ratio on phenol conversion.

The relationship between phenol conversion and increasing methanol : phenol ratio over these ze-
olites is quite inconsistent, ranging from a steady increase of conversion (H-MCM-22) passing through
a maximum (H-ZSM-5 and H-Beta) to a steady decline (silica-alumina).

In terms of product selectivities (Figure 6.11), all the catalysts showed similar trends with increas-
ing methanol : phenol ratio. As methanol concentration increased relative to phenol in the reactants,
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Figure 6.5: Effect of reaction time on product selectivities for H-Beta and H-MCM-22 (UCT) (200°C,
methanol : phenol molar ratio = 1, reactants to catalyst mass ratio 39.4).
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Figure 6.6: Effect of reaction temperature on phenol conversion (standard liquid phase reaction
conditions : methanol ;: phenol molar ratio = 1, reaction time = 8 hours, reactants to
catalyst mass ratio = 39.4, except reaction temperature).

anisole was preferentially formed in all cases whereas cresol selectivity declined. Minor inconsistency
was observed over H-ZSM-5, where this common trend appears reversed at ratios < 1, The selectivity
to xylenols and methylanisoles remains insignificant and unchanged with changing methanol : phenol
ratio.

For H-ZS5M-5, H-Beta and silica-alumina the content of o-cresol in the cresol fraction was always
around 70%. This is equivalent to a p/o-cresol ratio of 0.42, which corresponds to the thermodynamic
equilibrium (0.43) between the o- and p-cresol isomers as determined by Bohringer and Fletcher
[2003] at 350°C (cf. Figure 2.33). The content of o-cresol in the cresol fraction increased slightly
with increasing methanol : phenol ratio. At the highest methanol concentration applied, o-cresol was
the only cresol isomer detected {Figure 6.12 (a), (b) and (d)). However, at the highest methanol
concentration, the phenol conversion and the cresol selectivity were very low resulting in a very
low cresol yield. These cresol yields were too low for detection of the p-isomer at the given gas
chromatography conditions.

H-MCM-22 (UCT) showed a very different profile for the cresol distribution as a function of
methanol : phenol reactants ratio (Figure 6.12 (c)), namely a significantly higher content of p-cresol
{43 to 57%), resulting in a p/o-cresol molar ratio between 0.75 and 1.3 (Figure 6.13), almost twice
the thermodynamic equilibrium ratio between the o- and p-cresol isomers as determined by Bohringer
and Fletcher [2003] at 350°C. The percentage of p-cresol slightly declined at methanol : phenol ratios
less than 1. No m-cresol was found in any of these product mixtures.
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Figure 6.7: Effect of reaction temperature on product selectivity (liquid phase standard reaction
conditions: methanol : phenol molar ratio = 1, reaction time = 5 hours, reactants to
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Figure 6.10: Effect of methanol : phenol ratio on the phenol conversion (liquid phase standard

reaction conditions: 200°C, reaction time = 5 hours, reactants to catalyst mass ratio
= 39.4, except for methanol : phenol ratio. Total reactants to catalyst mass ratio kept
constant).
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Figure 6.11: Effect of methanol : phenol ratio on product selectivity under liquid phase standard
reaction conditions (200°C, reaction time = 5 hours, reactants to catalyst mass ratio
= 39.4, except for methanol : phenol ratio).
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Figure 6.12: Effect of methanol : phenol ratio on cresol isomer distribution under liquid phase
standard reaction conditions (200°C, reaction time = 5 hours, reactants to catalyst
mass ratio = 39.4, except for methanol : phenol ratio)

(Values in brackets indicate that cresol selectivity, cf. Figure 6.11, and cresol yields
were too low to detect any p-isomer at the given gas chromatography conditions. Dotted
lines in figure (c) are intended to guide the eye).
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Figure 6.13: Effect of methanol : phenol ratio on the p/o-cresol ratio under liquid phase standard
reaction conditions (200°C, reaction time = 5 hours, reactants to catalyst mass ratio
= 39.4, except for methanol : phenol ratio).

6.5.5 Effect of water

Water is formed during phenol methylation reactions and in the conversion of methanol to dimethyl
ether. Hence it was considered important to investigate the effect of water on conversion and product
selectivities. The molar reactants composition for these experiments was 1 : 1 : 0.8 of methanol :
phenol : water, other conditions were identical with the liquid phase standard reaction conditions (cf.
Table 6.1). Tables 6.9 and 6.10 show the effect of the addition of water.

The presence of water largely affected phenol conversion i.e. the activity of the catalysts, in
particular H-MCM-22 (UCT). The effect of water on selectivity differs. For H-ZSM-5 and H-MCM-22
(UCT) there was an increase in total cresols selectivity as well as p-selectivity with the addition of
water, whereas H-Beta showed a decrease in both the selectivities. However, there is a consistent
trend, namely that the effect of water on anisole selectivity and on p/o-cresol ratio is opposite. The
increase of the selectivity to methylanisoles to 4.4% and increase in the p/o-cresol molar ratio to 1.66
through the addition of water in the case of H-MCM-22 (UCT) is noteworthy.

6.6 Conversion of the major phenol methylation products

The conversion of anisole, o-cresol and p-cresol was studied over the different catalysts studied (H-
ZSM-5, H-Beta, H-Mordenite, H-USY, H-MCM-22 (UCT) and amorphous silica-alumina) to deter-
mine the extent to which secondary reactions occurred at the reaction conditions used. Over H-
MCM-22 (UCT) the effect of the presence of phenol on anisole conversion was also studied. All theses
reactions were carried out under the liquid phase standard reaction conditions (cf. Table 6.1) Auto-
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Table 6.9: Effect of water with the reactants on conversion and product distribution undsr liquid
phase standard reaction conditions (200°C, starting pressure = 16 bar, reaction: time =
5 hours, methanol : phenol : water molar ratio = 1 : 1 : (.8, reactants : catalyst mass

ratio = 39.4).
Zeolites Water | Phenol Selectivity (mol%)
in the | conversion | Anisole | Cresols | Methylanisoles | Xylenols
feed (%)
H-ZSM-5 No 9.7 7.7 21.4 0.9 0.0
Yes 3.0 75.9 23.6 0.5 0.0
H-Beta No 8.3 91.2 8.3 0.5 0.0
Yes 2.9 94.9 5.1 0.0 0.0
H-MCM-22 (UCT) | No 5.7 93.6 5.4 1.0 0.0
Yes 1.1 90.0 5.6 44 0.0

Table 6.10: Effect of water with the reactants on cresol isomers distribution under liquid phase
standard reaction conditions (200°C, starting pressure = 16 bar, reaction time = 3 hours,
methanol : phenol : water molar ratio =1 : 1 : 0.8 , reactants : catalyst mass ratio =

39.4).
Zeolite Water in | o-Cresol | p-Cresol | m-Cresol | p/o-Cresol
the feed (%) (%) (%) ratio
H-ZSM-5 No 72.6 27.4 0.0 0.38
Yes 63.5 36.5 0.0 0.57
H-Beta No 67.9 32.1 0.0 0.47
Yes 74.7 25.3 0.0 0.34
H-MCM-22 (UCT) No 455 54.5 0.0 | 120 |
Yes 37.6 62.4 0.0 1.66
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Table 6.11: Conversion and product selectivities to oxygenates in the anisole conversion over differ-
ent catalysts under liquid phase standard reaction conditions (200°C, reaction time =
5 hours, reactant : catalyst mass ratio = 30).

Catalyst Conversion | Final* Selectivity (mol %)
(%) pressure | Cresols | Methyl- | Xylenols | Phenol | Other
(bar) anisoles ok
H-ZSM.-5 3.2 3 5.2 365 09 | 474 | 00
H-Beta 173 ) 126 | 428 0.0 37 | 00
H-Mordenite | 54.7 ) 08 | 275 2.8 D7 | 62
H-USY 12. 15 6.2 449 50 | 469 | 00
A-MOM-22 51.0 ) 130 | 385 11 418 | 26
(UCT)

Silica-alumina 34 1.5 16.3 39.4 2.5 41.8 0.0

* Autogeneous reaction pressure at the end of the reaction;
** Other are higher products assumed to be dimethylanisoles.

Table 6.12: Distribution of cresol isomers obtained from anisole conversion under liquid phase stan-
dard reaction conditions (200°C, reaction time = 5 hours, reactant to catalyst mass

ratio = 30).

o-Cresol | p-Cresol | m-Cresol | p/o-Cresol

(%) (%) (%) ratio

H-ZSM-5 80.2 19.8 0.0 0.25

H-Beta 53.4 46.6 0.0 0.87

H-Mordenite 70.3 29.7 0.0 0.42

H-USY 75.3 24.7 0.0 0.33

H-MCM-22 (UCT) 47.3 52.7 0.0 1.11

Silica-alumina 7.9 g92.1 0.0 11.7

geneous pressure build-up, however, was low, since there was no highly volatile reactants component
as in the phenol methylation experiments.

§.6.1 Conversion of anisole

The results of anisole conversion over the different catalysts are given in Tables 6.11 and 6.12. H-
Mordenite showed the highest conversion of anisole whereas H-ZSM-5 and silica-alumina showed a
relatively low conversion. Over all the catalysts, the dominant products were the disproportionation
products of anisole, namely methylanisoles and phenol.

In terms of the cresol isomer distribution H-ZSM-5, H-Mordenite and H-USY all produced high
o-cresol selectivity and low para-selectivity. H-Beta, H-MCM-22 (UCT) and silica-alumina on the
other hand, the latter in particular, produced high para-selectivity. No m-cresol was formed.

6.6.1.1 Conversion of an anisole/phenol mixture

Reacting an anisole/phenol mixturein a 1 : 1 molar ratio over H-MCM-22 (UCT) showed a remarkable
difference in conversion and product selectivity compared to the case of pure anisole. Table 6.13 shows
that in the presence of phenol the conversion of anisole decreased substantially. The product spectrum
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Table 6.13: Conversion and product selectivities to oxygenates in the conversion of anisole and an
anisole/phenol mixture over H-MCM-22 (UCT) (200°C, reaction time = 5 hours).

Feed Anisole Selectivity (mol%) Other
conversion | Cresols | Methylanisoles | Xylenols | Phenol | *¥**
(%)
Anisole* 21.0 13.0 38.5 11 44.8 2.6
Anisole/phenol** 1.0 39.5 30.3 0.0 30.5%** -

* Reactants to catalyst mass ratio = 30;
** Anisole : phenol molar ratio = 1, reactant to catalyst mass ratio = 40;
*¥¥ Calculated as 1 : 1 molar co-product of methylanisoles;
¥*** Other are higher products assumed to be dimethylanisoles.

Table 6.14: Cresol distribution for the conversion of anisole and anisole/phenol mixture over H-
MCM-22 (UCT) (200°C, reaction time = 5 hours).

Feed 0-Cresol | p-Cresol | m-Cresol | p/o-Cresol
(%) (%) (%) ratio
Anisole® 47.3 52.7 0.0 1.11
Anisole/phenol** 61.6 38.4 0.0 0.62

* Reactants to catalyst mass ratio = 30;
** Anisole : phenol molar ratio = 1, reactant to catalyst mass ratio = 40.

changed in favour of the formation of cresols. In terms of the cresol isomer distribution, Table 6.14
shows that in the presence of phenol, p-cresol was less favoured as a product but the p/o-cresol ratio
was still significantly higher than the equilibrium ratio of 0.43 as obtained by Bohringer and Fletcher
[2003].

6.6.2 Conversion of cresols

Tables 6.15 and 6.16 show the conversion of pure o-cresol and pure p-cresol respectively over the
different catalysts. It is important to consider that in all cases the conversions were very low (< 1%).

In the conversion of o-cresol, all catalysts produced xylenols and phenol as the major products.
Only in the case of H-MCM-22 (UCT) and H-Mordenite is the formation of p-cresol significant. No
m-cresol was formed.

In the conversion of p-cresol, over all the catalysts except for H-USY, xylenols and phenol are
the major products with anisole and methylanisoles also formed. Anisole is dominant over H-USY.
All the catalysts showed a higher tendency to form o-cresol than that found in the case of p-cresol
formation from o-cresol. No m-cresol was formed.

6.7 Alkylation of toluene with methanol

Over H-ZSM-5 and H-MCM-22 (UCT), the methylation of toluene was compared to the methylation
of phenol in order to investigate the role of the hydroxyl group compared to a methyl group on
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Table 6.15: Conversion and product selectivities to oxygenates in the o-cresol conversion over dif-
ferent catalysts under liquid phase standard reaction conditions (200°C, reaction time
= 5 hours, reactant to catalyst mass ratio = 30).

Catalyst Conversion Selectivity (mol %)
(%) Anisole | p-Cresol | Methyl- | Xylenols | Phenol | Other
* anisoles o
H-ZSM-5 0.4 4.6 0.0 0.0 a77 | 417 | 0.0
H-Beta 05 0.0 0.7 0.0 362 | 541 | 9.0
H-Mordenite 0.6 0.0 102 0.0 449 17449 | 00
H-USY 03 0.0 0.6 0.0 497 | 497 | 00
H-MCM-22 0.9 0.0 22.6 0.0 331 | 406 | 3.7
(UCT)

Silica-alumina, 0.4 0.0 0.0 0.0 43.5 52.6 3.9

* No m-cresol was formed;
** Other are higher products assumed to be dimethylanisoles.

Table 6.16: Conversion and product selectivities to oxygenates in the p-cresol conversion over dif-
ferent catalysts under liquid phase standard reaction conditions (200°C, reaction time
= 5 hours, reactant to catalyst mass ratio = 30).

Catalyst Conversion Selectivity (mol%)
(%) Anisole | 0-Cresol | Methyl- | Xylenols | Phenol | Other
* anisoles
H-ZSM.-5 0.4 6.6 17.3 124 %6 | 381 | 0.0
H-Beta 0.3 133 | 251 ) %6 | 308 | 0.0
H-Mordenite 05 0.0 144 17.6 32 | 428 | 0.0
H-USY 0.6 507 | 112 65 126 | 190 | 00
H-MCM-22 0.6 0.6 %538 18 350 | 368 | 00
(UCT)

Silica~alumina, 0.2 7.5 314 0.0 30.6 30.5 0.0

* No m-cresol was formed;
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Table 6.17: Conversion and product selectivities obtained from alkylation of toluene with methanol
over H-ZSM-5 and H-MCM-22 (UCT) (liquid phase standard reaction conditions: 200°C,
methanol : toluene molar ratio = 1, reaction time = 5 hours, reactants to catalyst mass

ratio = 39.4).
Zeolite Toluene Selectivity (mol%) Methanol*
conversion | Xylenes | Benzene | Ethyl- = Trimethyl- | conversion
(%) benzene = benzenes (%)
H-ZSM-5 0.2 36.2 344 9.2 20.2 0.1
BEMCM-22 | 0.1 109 9.1 0.0 10.0 0.01
(UCT)

* Methanol conversion to alkylbenzenes calculated from side-chain balance.

Table 6.18: Xylene and cresol isomer distributions obtained from methylation of toluene and phenol,
respectively (liquid phase standard reaction conditions: 200°C, methanol : toluene or
phenol molar ratio = 1, reaction time = 5§ hours, reactants to catalyst mass ratio =

39.4).

Zeolite o-Xylene | p-Xylene | m-Xylene | p/o-Xylene

(%) (%) (%) ratio

H-ZSM-5 39.4 24.0 36.6 0.61

H-MCM-22 (UCT) 33.5 29.6 36.9 0.88

Thermodynamic equilibrium* 21 24 55 1.1
T [ o-Cresol | p-Cresol | m-Cresol p/o-Cresol

(%) (%) (%) ratio

H-ZSM-5 72.6 274 0.0 0.38

H-MCM-22 (UCT) 45.5 54.5 0.0 1.20

Thermodynamic equilibrium** 37 16 47 ca. 0.43

* Thermodynamic equilibrium calculated from data from Stull et al. [1969];
** Preliminary data of Bohringer and Fletcher [2003] at 350°C. Note that the effect of
reaction temperature on cresol isomer distribution is minor, cf. Section 2.2.2.6.

the benzene ring. The alkylation of toluene with methanol was carried out under the liquid phase
standard reaction conditions (cf. Table 6.1).

Table 6.17 shows the results of the toluene alkylation over H-ZSM-5 and H-MCM-22 (UCT)
in terms of toluene conversion and product selectivities. Toluene conversion was < 1% in both
cases studied, whereas, phenol conversion was 9.7 and 5.7%, respectively under identical conditions
(cf. Table 6.4). The major products formed from toluene methylation were xylenes, benzene and
trimethylbenzenes. Methanol conversion by alkylation was significantly lower than toluene conversion

(as calculated via side-chain balance).

In terms of the distribution of the xylene isomers (cf. Table 6.18), H-MCM-22 (UCT) produced a
higher p- and lower o-selectivity than H-ZSM-5. The xylene isomer distribution differs substantially
from the cresol isomer distribution obtained by phenol methylation in terms of a high m-isomer
content and lower o-isomer content. However, H-MCM-22 (UCT) produced higher p/o-ratios than
H-ZSM-5 with both the reaction systems under these reaction conditions.
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6.8

Summary

The key results from the study of liquid phase alkylation of phenol with methanol are:

Reproducibility

Experimental results were reproducible with minor scatter;

Material balances

Material balances, based on the aromatic nuclei, were very good;

Influence of conversion on selectivity

Product selectivities, measured at 200°C, were essentially independent of phenol conversion for
all the catalysts i.e. reaction time and reactants to catalyst ratio only influenced conversion,

not selectivity;

Comparison of the catalyst studied

Catalysts studied exhibited very different activities with respect to phenol conversion, corre-
sponding to the following order: H-ZSM-5 > H-MCM-22 (DE2) ~ H-Beta ~ H-Mordenite > >
H-MCM-22 (UCT) > > H-USY > > amorphous silica-alumina. Activity differed by a factor of
7 between the zeolites. Amorphous silica-alumina showed comparably minor activity;

Anisole, o-cresol and p-cresols were the major products formed at 200°C and conversions less
than 10%;

The major by-products at 200°C and conversions less than 10% were methylanisoles. No xylenols
were obtained under these conditions;

No m-cresol is formed over any of the catalysts at 200°C and conversions less than 10%;
H-ZSM-5 and H-Mordenite produced the highest cresol selectivities;
H-MCM-22 (UCT) produced the highest p/o-cresol ratio;

Test reactions, 1,3,5-TIPB and n-hexane cracking, showed that over internally selectively sodium-
exchanged zeolites (ZSM-5 and MCM-22 (UCT)), the total activity was much more affected
than the activity of the external/mesoporous surface indicating that the sodium-exchange was
essentially internal;

Internally selectively sodium-exchanged H/Na-ZSM-5 and H/Na-MCM-22 (UCT) zeolites, in
which the internal acidity of the crystals is essentially inertized, showed a lower activity and a
lower p/o-cresol ratio than the non-modified, acid samples;
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Effect of reaction parameters

e Effect of reaction temperature

— Increasing reaction temperature increased phenol conversion, as expected,;

— Over H-ZSM-5 and H-Beta, increasing reaction temperature decreased the anisole selec-
tivity and increased the cresols selectivity;

— Over H-MCM-22 (UCT), increasing reaction temperature had no effect on the product
selectivities;

— The p/o-cresol ratio over the different zeolites hardly changed with increasing reaction
temperature;

e Effect of methanol : phenol ratio

— The effect of the methanol : phenol ratio on conversion was inconsistent with the four
catalyst samples studied, namely H-ZSM-5, H-Beta, H-MCM-22 (UCT) and amorphous
silica-alumina;

— Increasing the methanol : phenol ratio, resulted in anisole preferentially forming and the
cresol selectivity declining. Minor inconsistency was observed over H-ZSM-5 where the
common trend appears at ratios < 1;

- Increasing the methanol : phenol ratio over H-ZSM-5, H-Beta and amorphous silica-
alumina, had a minor effect on the p/o-cresol ratio which was close to the thermodynamic
equilibrium as determined by Béhringer and Fletcher [2003];

~ Increasing the methanol : phenol ratic increased the p/o-cresol ratio over H-MCM-22
(UCT) to almost double the equilibrium content in a p/o-mixture;

e Effect of the addition of water

— Addition of an equimolar amount of water to the reactants decreased the conversion i.e.
activity of the catalysts, significantly;

— Addition of an equimolar amount of water has less and inconsistent influence on selectivi-
ties;

Conversion of major products of phenol methylation

o Anisole converted readily over the catalysts to methylanisoles, phenol and cresols;

s In presence of phenol in equimolar amounts, anisole does not react under the reaction conditions
applied (200°C);

e Cresols do not readily react over the catalysts under the reaction conditions applied (200°C);
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Alkylation of toluene with methanol compared to phenol alkylation with methanol
o The reactivity of toluene with methanol was poor compared to phenol;

s H-MCM-22 (UCT) produced a higher p/o-ratio than H-ZSM-5 with both reaction systems;

o Meta~isomer formation was significant, i.e. greater when the methyl substituent was present
(toluene) than when the hydroxyl substituent was present (phenol}.



Chapter 7

Gas phase alkylation of phenol with

methanol

This chapter presents the results obtained in the gas phase alkylation of phenol with methanol over
zeolites H-ZSM-5, H-MCM-22 (UCT), H-MCM-22 (DE1), H-MCM-22 (DE2), H-MCM-22 (DE3) and
amorphous silica-alumina. It begins with the examination of the reproducibility of experiments and
verification of material balances in the system used. This is followed by an investigation into the
relationship between phenol conversion, product selectivities, cresol isomer distribution as well as
deactivation with time-on-stream over all the catalysts. All the catalysts are then compared at the
same reaction conditions. This section includes phenol conversion over internally selectively sodium-
exchanged ZSM-5 and MCM-22 (UCT) as well as steamed H-MCM-22 (DE1). The effects of reaction
temperature, methanol : phenol ratio, weight hourly space velocity and the reactants partial pressure
are examined. The conversion of the major primary products, namely anisocle, o-cresol and p-cresol,
over H-MCM-22 (UCT) is examined, also the conversion of m-cresol and an anisole/phenol mixture.
In all cases the comparison is done according to the conversion of the aromatic reactant, product
selectivity, O-alkylation versus C-alkylation and cresol isomer distribution with special regard to the
p/o-cresol ratio. Finally, the isomer distribution obtained in the methylation of toluene with methanol
over H-ZSM-5 and H-MCM-22 (UCT) are compared with those obtained from phenol methylation.
The chapter closes with a summary of all the key results. Reaction conditions and reaction data for
the gas phase phenol methylation with methanol are given in Appendix E.

7.1 Gas phase standard reaction conditions

A standard reaction condition was defined and applied to most of the experiments in the gas phase
and also taken as the base case for parameter variation studies. These gas phase standard reaction
conditions are given in Table 7.1.

141
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Table 7.1: Gas phase standard reaction conditions applied.

Reaction temperature 300°C
Total reaction pressure 1 bar
Reactants partial pressure 0.2 bar
Methanol : phenol molar ratio 1
WHSVreactants 14 g(phenol+methanol)/ (gca.talyst ) h)
Carrier gas Nitrogen

7.2 Experimental reproducibility and material balance

7.2.1 Experimental reproducibility

The reproducibility of experiments in the gas phase reaction system was carried out under the gas
phase standard reaction conditions (Table 7.1) over H-MCM-22 (UCT). Results are given in Figure
7.1. The criteria used to evaluate reproducibility are:

e phenol conversion;
e selectivity to anisole;
e selectivity to cresols and the isomers distribution;

» selectivity to other products, namely xylenols and methylanisoles.

The system showed equivalent reproducibility characteristics for the methylation of phenol in the gas
phase.

7.2.2 Material balance

Appendix A shows a typical GC trace obtained in the gas phase phenol methylation with methanol.
Material balances are calculated on a carbon mole balance including methanol and light by-products.
Carbon balances were found to fall between 95 and 100% in all the cases studied, cf., for instance,
Figures 7.9, 7.11 and 7.13. A model calculation of a material balance is shown in Appendix D.

7.2.3 Considering catalyst deactivation

Since catalysts deactivated with time-on-stream, fresh catalyst was applied for each and every set of
reaction conditions. Experiments continued until a quasi-steady state was reached or up to 10 hours,
respectively. Results from catalyst comparison are given as a function of time-on-stream. Results
from parameter variation compare averaged data obtained in the quasi-steady state.
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Figure 7.1: The reproducibility of results from the gas phase reaction system (catalyst H-MCM-
22 (UCT), open symbols run 1; closed symbols run 2; gas phase standard reaction
conditions: 300°C, total pressure = 1 bar, reactants partial pressure = 0.2 bar, m=thanol
. phenol molar ratio = 1, WHSV = 14 h™1).
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Figure 7.2: The effect of weight hourly space velocity on phenol conversion over H-MCM-22 (UCT).
Data points represent quasi-steady state averages (gas phase standard reaction condi-
tions: 300°C, total pressure = 1 bar, reactants partial pressure = 0.2 bar, methanol :
phenol molar ratio = 1, varying weight hourly space velocity).

7.3 Relationship between phenol conversion, catalyst deactivation
and product selectivity

As different catalysts were studied at different activities, the effect, which phenol conversion has on
product selectivity, first needed to be evaluated in order to allow a valid comparison of the differ-
ent catalysts. This is particularly important since catalysts should only be compared at constant

conversions.

7.3.1 Relationship between phenol conversion and selectivity

Phenol conversion was varied via varying weight hourly space velocity {Figure 7.2) and comparisons
were made at constant activity level of the catalysts, i.e. in quasi-steady state. Figure 7.3 shows the
relationship of phenol conversion and product selectivity. As can be seen from Figure 7.3, phenol
conversion did effect the product selectivities slightly. The selectivity to cresols decreased and the
selectivity to anisole increased moderately as conversion was increased. The cresol isomer distribution
changed as well. The percentage o-cresol declined moderately with increasing conversion, whereas
both the percentages of p- and m-cresol increased correspondingly.

7.3.2 Relationship between catalyst deactivation and selectivity

Reactions were carried out under the gas phase standard reaction conditions (cf. Table 7.1). Figure
7.4 shows that phenol conversion declines with time-on-stream over all the catalysts investigated.
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Figure 7.4: Phenol conversion versus time-on-stream obtained over H-ZSM-5, H-MCM-22 (UCT)
and amorphous silica-alumina at gas phase standard reaction conditions (300°C, total

pressure = 1 bar, reactants partial pressure = (.2 bar, methanol : phenol molar ratio =
1, WHSV = 14 h~1).

The relationship between catalyst deactivation and selectivities is shown in Figure 7.5 for the zeolites
H-ZSM-5, H-MCM-22 (UCT) and amorphous silica-alumina. For H-ZSM-5 and H-MCM-22 (UCT),
there was a noticeable change in product selectivities with deactivation-induced decline of phenol
conversion (Figures 7.5 (a) and (b)). The selectivity to cresols decreased and the selectivity to anisole
increased as deactivation proceeded, i.e. as the conversion decreased. Note the opposite trends of
cresol and anisole selectivities with conversion, dependent on whether conversion was changed through
deactivation/coking or was changed via varying space velocity (Figure 7.5 (b)) Product selectivities
over silica-alumina were found to be hardly influenced by deactivation i.e. almost independent of
phenol conversion at these reaction conditions and at the low conversions studied.

Figure 7.6 shows the relationship between deactivation and the cresol isomer distribution for the
three catalysts. For H-ZSM-5 and H-MCM-22 (UCT) there was a slight but inconsistent influence of
increasing catalyst deactivation, i.e. decreasing phenol conversion on the cresol isomer distribution.
Over silica-alumina the cresol isomer distribution was found to be essentially uninfluenced by deac-
tivation. There is no difference to space-velocity-induced changes to conversion in the cresol isomer
distribution (Figure 7.6 (b)).

7.3.3 Effect of reaction parameters compared at different conversions

As seen in Section 7.3.1, conversion does influence the product selectivities. When studying the effect
of catalyst deactivation (Section 7.3.2) as well as in the parameter variation section (Section 7.5),
comparisons are made at different conversions. However, the effect which space velocity (Section
7.3.1) has on product selectivity is attributed to the change in conversion. Therefore, comparing
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Figure 7.5: Product selectivities versus phenol conversion at gas phase standard reaction conditions.
Phenol conversion varied as a result of deactivation with time-on-stream (open symbols)
or was varied by varying weight hourly space velocity with data points representing
the average of quasi-steady state samples (closed symbols in figure (b)) (300°C, total
pressure = 1 bar, reactants partial pressure = (0.2 bar, methanol : phenol molar ratio
=1, WHSV = 14 h~! for deactivation studies). Horizontal lines indicate the average of
data points {open symbols).
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Figure 7.7: The true effect of deactivation on product selectivity and cresol isomer distribution over
H-MCM-22 (UCT) derived from Figures 7.5 (b) and 7.6 (b) (gas phase standard reaction
conditions: 300°C, total pressure = 1 bar, reactants partial pressure = (.2 bar, methanol
: phenol molar ratio = 1, WHSV = 14 h~!). The horizontal lines indicate the average
of data points.

the effect of deactivation and reaction parameter variation with that of space velocity allows the
determination of any effect of the parameter on the product selectivity in the absence of the effect
of conversion (cf. Figures 7.5 (b) and 7.6(b)). In the case where there is a clear effect of a reaction
parameter on the product selectivity, the conversion effect is eliminated by subtracting the conversion,
i.e. space velocity effect from the total effect thereby obtaining an at least semi-quantitative effect
of the reaction parameter only. This is demonstrated in determining the true effect of deactivation
on product selectivity and cresol isomer distribution (Figure 7.7). Figure 7.7 (a) clearly shows that
anisole selectivity increased and cresol selectivity decreased as deactivation proceeded. Deactivation
hardly effects the cresol isomer distribution (Figures 7.7 (b) and 7.8).

7.4 Comparison of different acid zeolite catalysts and amorphous

silica-alumina
7.4.1 Reactions over different H-zeolites and amorphous silica-alumina

The activities and selectivities of zeolites H-ZSM-5, H-MCM-22 (UCT) and amorphous silica-alumina,
were compared at the gas phase standard reaction conditions (cf. Table 7.1). The catalysts were
compared in terms of phenol conversion, product selectivities and cresol isomer distributions.
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Figure 7.8: The true effect of deactivation on p/o-cresol ratio under gas phase standard reaction
conditions (300°C, total pressure = 1 bar, reactants partial pressure = 0.2 bar, methanol :
phenol molar ratio = 1, WHSV = 14 h~1). The horizontal line represents thermodynamic
equilibrium as obtained by Bohringer and Fletcher [2003] at 350°C.

7.4.1.1 H-ZSM-b

Figures 7.9 and 7.10 show the carbon mass balance, phenol conversion, product selectivity and cresol
isomer distribution over zeolite H-ZSM-5 as a function of time-on-stream at the gas phase standard
reaction conditions (cf. Table 7.1). The carbon balance is very close to 100%, which means that neither
coke or high boiling components nor non-detectable carbon containing compounds were formed. The
phenol conversion decreased with time-on-stream, levelling off at approximately 10% with a product
distribution of mainly anisole (ca. 59 mol%) and cresols (ca. 38 mol%) and minor amounts of
methylanisoles {ca. 2 mol%) and xylenols (ca. 1%) (Figure 7.10 (a})). The product selectivity profile
hardly changed with time-on stream but a slight increase in anisole selectivity at the expense of cresol
selectivity is obvious. In terms of cresol isomer distribution, an almost constant o-cresol : p-cresol :
m-cresol ratio of 62 : 34 : 4 was obtained. This corresponds to an initial p/o-cresol ratio of 0.5 and a
ratio of 0.55 in the quasi-steady state (Figure 7.15), which is above the thermodynamic equilibrium
of ca. 0.43 as obtained by Bohringer and Fletcher [2003] at 350°C but close to the statistical ratio of
0.5. Note that some m-cresol was formed over H-ZSM-5 at 300°C (Figure 7.10 (b)).

7.4.1.2 H-MCM-22 (UCT)

Figures 7.11 and 7.12 show the carbon mass balance, phenol conversion, product selectivities and
cresol isomer distribution produced over H-MCM-22 (UCT) as a function of time-on-stream under
the gas phase standard reaction conditions (cf. Table 7.1). From Figure 7.11 it can be seen that the
conversion decreases rapidly initially, steeper than with H-ZSM-5 (cf. Figure 7.9) and then starts
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Figure 7.9: Phenol conversion and carbon balance obtained over H-ZSM-5 at gas phase standard
reaction conditions (300°C, total pressure = 1 bar, reactants partial pressure = 0.2 bar,
methanol : phenol molar ratio = 1, WHSV = 14 h™!).
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Figure 7.11: Phenol conversion and carbon balance obtained over H-MCM-22 (UCT) at gas phase
standard reaction conditions (300°C, total pressure = 1 bar, reactants partial pressure
= (.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h1).

levelling out at a steady state value below 4 %. The initial activity is higher than that of H-ZSM-5
but the quasi-steady state activity is lower than with H-ZSM-5. For H-MCM-22 (UCT), anisole and
cresols are the dominant products formed (Figure 7.12 (a)), with anisole having the highest selectivity
(ca. 62 mol%). As with H-ZSM-5 the selectivity to anisole increases slightly with time-on-stream
at the expense of cresol selectivity. The cresol isomer distribution (Figure 7.12 (b)) shows that o-
cresol (ca. 63 mol%) is the dominant isomer formed. The p/o-cresol ratio in the quasi-steady state
was 0.50, which is slightly lower than that obtained over H-ZSM-5 but still above equilibrium and
corresponds to the statistical p/o-ratio. Some m-cresol (6% of the cresol fraction) was also produced
over H-MCM-22 (UCT) under these reaction conditions (Figure 7.12 (b}). The cresol distribution is
practically invariant.

7.4.1.3 Silica-alumina

Figures 7.13 and 7.14 show the carbon mass balance, phenol conversion, product selectivity and cresol
isomer distribution produced over amorphous silica-alumina as a function of time-on-stream at the
gas phase standard reaction conditions (cf. Table 7.1). Silica-alumina showed similar behaviour to H-
MCM-22 (UCT) and H-ZSM-5 in terms of a decreasing phenol conversion with time-on-stream (Figure
7.13). However, the initial decrease appears less and correspondingly the product selectivity and cresol
isomer distribution were found to be almost constant with time-on-stream. Phenol conversion was
approximately 2.5% and the product selectivity was ca. 62 mol% anisole, ca. 34 mol% cresols, ca.
1 mol% methylanisoles and ca. 3 mol% xylenols. The cresol isomer distribution of 0 : p : m-cresol
was 71 : 26 : 3 with a p/o-cresol ratio of approximately 0.37 (Figure 7.15). This p/o-cresol ratio is
much lower than that obtained over zeolites H-ZSM-5 and H-MCM-22 (UCT) and even below the
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Figure 7.13: Phenol conversion and carbon balance obtained over silica-alumina at gas phase stan-
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Figure 7.14: Product selectivity and cresol isomer distribution obtained over silica-alumina at gas
phase standard reaction conditions (300°C, total pressure = 1 bar, reactants partial
pressure = (.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™1).

thermodynamic equilibrium of ca. 0.43 as obtained by Béhringer and Fletcher [2003] at 350°C.

7.4.1.4 Summary of results obtained from the different catalysts

Figure 7.4 shows that over H-ZSM-5, H-MCM-22 (UCT) and amorphous silica-alumina, phenol con-
version decreased with time-on-stream. The quasi-steady state activity decreased from H-ZSM-5 >
H-MCM-22 (UCT) > silica-alumina. Anisole was the preferred product, as obtained over these cata-
lysts in the liquid phase (cf. Section 6.4.1). Figure 7.15 summarises the p/o-cresol ratios obtained over
the different catalysts. H-ZSM-5 and H-MCM-22 have similar p/o-cresol ratioc around 0.5 whereas
silica-alumina has a lower p/o-cresol ratio of 0.37.

7.4.2 Comparison of the different H-MCM-22 samples

Samples H-MCM-22 (DE1), H-MCM-22 (DE2), H-MCM-22 (DE3) synthesised at the University of
Delaware were compared with H-MCM-22 (UCT) in terms of phenol conversion, product selectivity,
cresol isomer distribution and p/o-cresol ratio (at gas phase standard reaction conditions) as shown
in Figures 7.16 to 7.19, respectively. The results of the physico-chemical characterization of all
these catalysts have been described in Chapter 5. With phenol methylation, H-MCM-22 samples
consistently show a more pronounced initial decline of activity than the other catalysts. H-MCM-22
(DE2) was the most active H-MCM-22 sample in terms of phenol conversion (Figure 7.16). It is
interesting to note that H-MCM-22 (DE1) was the only catalyst of the series and in fact over all the
catalysts studied in the gas phase to favour the formation of cresols over that of anisole (Figure 7.17
(a) compared to Figures 7.17 (b) - (d), 7.10 (a) and 7.14 (a)). In terms of cresol isomer distribution
there were minor changes with time-on-stream over all the H-MCM-22 samples. At quasi-steady state
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Figure 7.16: The effect of using different H-MCM-22 samples on phenol conversion at gas phase
standard reaction conditions {300°C, total pressure = 1 bar, reactants partial pressure
= 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™1).
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Figure 7.19: Comparison of the p/o-cresol ratios obtained over the different H-MCM-22 samples at
gas phase standard reaction conditions (300°C, total pressure = 1 bar, reactants partial
pressure = (.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™1).

(Figure 7.18), H-MCM-22 (DE1) and H-MCM-22 (UCT) showed a lower p-selectivity (with p/o-cresol
ratios around 0.5) than H-MCM-22 (DE2) and H-MCM-22 (DE3). H-MCM-22 (DE2) produced the
highest p/o-cresol ratio of 0.97, closely followed by H-MCM-22 (DE3) with a p/o-cresol ratio of 0.85

(Figure 7.19).

7.4.3 Reactions over internally selectively sodium-exchanged ZSM-5 and MCM-
22 (UCT)

Internal selectively sodium-exchange of ZSM-5 and MCM-22 (UCT) was carried out as described
in Section 4.1.2. Section 6.4.2.1 describes the results of the test reactions, 1,3,5-TIPB cracking (to
probe the activity of the external mesoporous surface of the zeolite crystals) and n-hexane cracking
(to probe the total activity), used to kinetically characterize these catalysts. It was shown that over
internally selectively sodium-exchanged zeolites (ZSM-5 and MCM-22 (UCT)), the total activity was
much more affected than the activity of the external/mesoporous surface indicating that the poisoning

was essentially internal.

7.4.3.1 Internally selectively sodium-exchanged H/Na-ZSM-5 compared to H-ZSM-5

Phenol conversion (Figure 7.20) over H-ZSM-5 and H/Na-ZSM-5 (12% and 3%, respectively, in the
quasi-steady state) was 4 times lower over the internally selectively sodium-exchanged catalysts due to
the poisoning of the internal acid sites. Another major difference in these two catalysts was obtained
in the product selectivity (Figure 7.21). In the quasi-steady state the internally exchanged H/Na-
ZSM-5 produced much less anisole than cresol (O/C-alkylation ratio = 0.41) which is directly the
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Figure 7.20: The effect of internally selectively sodium-exchange of H-ZSM-5 on phenol conversion
at gas phase standard reaction conditions (300°C, total pressure = 1 bar, reactants
partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™1).

opposite for H-ZSM-5 (O/C-alkylation ratio = 1.7). This major difference in selectivity is not due
to different conversions but persists when catalyst are compared at equal conversion (i.e. between
the fresh, selectively sodium-exchanged sample and the pure acid sample in quasi-steady state). The
cresol isomer distribution hardly differed over the H/Na-ZSM-5 and H-ZSM-5 (Figure 7.22). In the
quasi-steady state a p/o-cresol ratio of 0.50 was found for H/Na-ZSM-5 compared to 0.48 for the pure
acid catalyst. Both the values are just slightly higher than the thermodynamic equilibrium ratio of
ca. 0.43 as obtained by Bohringer and Fletcher [2003] but correspond with the statistical p/o-cresol
ratio. Except in the very beginning of the experiments, there were minor changes of selectivities with
time-on-stream.

7.4.3.2 Internally selectively sodium-exchanged H/Na-MCM-22 (UCT) compared to
H-MCM-22 (UCT)

Phenol conversion (Figure 7.23) over H-MCM-22 (UCT) and internally selectively sodium-exchanged
H/Na-MCM-22 (UCT) (13% and 5%, respectively, in the quasi-steady state) was decreased over the
latter by a factor of almost 3. Contrary to what was observed in the case of ZSM-5, the product
selectivities over H-MCM-22 (UCT) and H/Na-MCM-22 were similar (Figure 7.24). In the quasi-
steady state, the O/C-alkylation ratio obtained over the internally exchanged and the pure acid
catalyst was 1.7. At equal conversions (comparing the fresh, selectively sodium-exchanged sample and
the pure acid sample in quasi-steady state) the O/C-alkylation ratio over the internally exchanged
catalyst and the pure acid catalyst was almost as high. In the quasi-steady state the p/o-cresol
ratio was 0.50 with both the selectively exchanged and the pure acid samples (Figure 7.25), again
just slightly higher than the thermodynamic equilibrium of ca. 0.43 as obtained by Béhringer and
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Figure 7.21: The effect of internally selectively sodium-exchange of H-ZSM-5 on product selectivity
at gas phase standard reaction conditions (300°C, total pressure = 1 bar, reactants
partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™1).
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Figure 7.22: The effect of internally selectively sodium-exchange of H-ZSM-5 on cresol isomer dis-
tribution at gas phase standard reaction conditions (300°C, total pressure = 1 bar,
reactants partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV =
14 h~1).
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Figure 7.23: The effect of internally selectively sodium-exchange of H-MCM-22 (UCT) on phenol
conversion at gas phase standard reaction conditions (300°C, total pressure = 1 bar,

reactants partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV =
14 h1).

Fletcher [2003] and corresponding with the statistical p/o-cresol ratio as in the case of H-ZSM-5 and
H/Na-ZSM-5 (cf. Figure 7.22). There was minor changes of selectivities with time-on-stream, except
at very low time-on-stream.

7.44 Steamed H-MCM-22 (DE1)

Sample H-MCM-22 (DE1) was steamed with a view to assessing the effect of extra-framework alu-
minium on the activity and product selectivity. The steaming conditions are described in Section 4.13
and- Table 4.1. The phenol methylation reactions over both the steamed and unsteamed H-MCM-22
(DE1) were done at the gas phase standard reaction conditions (cf. Table 7.1). Figure 7.26 shows
that the steaming enhanced the phenol conversion from 4% to 11%, compared after 300 min time-on-
stream. Such an increase in phenol conversion with mild steaming is expected, of. Section 2.1.4.1.2.
In terms of product selectivity, a major difference was obtained. Steaming the catalysts promoted the
formation of anisole relative to cresols (65 mol% vs 32 mol%) as shown in Figure 7.27. Steaming also
changed the cresol isomer distribution by decreasing the percentage of the o-cresol fraction, increasing
the percentage of the m-cresol fraction and slightly increasing the percentage of the p-cresol fraction
(Figure 7.28). Steaming increased the p/o-cresol ratio slightly from 0.48 to 0.54.

The differences in selectivities due to steaming are not an effect of conversion, as comparing at
equal conversion (fresh unsteamed catalyst versus quasi-steady state steamed catalyst) the differences
persist, slightly reduced in the case of anisole/cresol selectivity.

Comparison with Section 7.3.1 and Figure 7.3 indicates that the observed differences obtained
over the steamed and unsteamed samples essentially reflect the influence of conversion.
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Figure 7.26: The effect of steaming H-MCM-22 (DE1) on phenol conversion at gas phase standard
reaction conditions (300°C, total pressure = 1 bar, reactants partial pressure = 0.2 bar,
methanol : phenol molar ratio = 1, WHSV = 14 h™1). For steaming conditions cf.
Section 4.13 and Table 4.1.
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Figure 7.27: The effect of steaming H-MCM-22 (DE1) on product selectivity at gas phase standard
reaction conditions (300°C, total pressure = 1 bar, reactants partial pressure = 0.2 bar,
methanol : phenol molar ratio = 1, WHSV = 14 h~!). For steaming conditions cf.
Section 4.13 and Table 4.1.
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Figure 7.28: The effect of steaming H-MCM-22 (DE1) on the cresol isomer distribution at gas phase
standard reaction conditions (300°C, total pressure = 1 bar, reactants partial pressure
= 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™!). For steaming
conditions cf. Section 4.13 and Table 4.1.

7.5 Effect of reaction parameters

The data points given in this section represent averaged quasi-steady state data.

7.5.1 Effect of reaction temperature

The effect of reaction temperature on the phenol methylation was studied between 200°C and 400°C
over H-MCM-22 (UCT) under the gas phase standard reaction conditions (cf. Table 7.1). As expected,
the phenol conversion increased exponentially with increasing temperature (Figure 7.29). The effect of
reaction temperature on product selectivity showed a discontinuous profile (Figure 7.30). At 270°C,
the anisole formation passed over a maximum of 63% and correspondingly the cresols formation
passed through a minimum of 36%. Above ca. 360°C, C-alkylation was preferred. The selectivity
to methylanisoles and xylenols increased with reaction temperature, however, on a low level (< 5%).
The cresol isomer distribution (Figure 7.30 (b)) showed a shift towards thermodynamic equilibrium
with increasing reaction temperature. The m-cresol selectivity increased with increasing reaction
temperature and both the o- and p-cresol selectivities decreased, changing from an o : p : m ratio of
67 : 33 : 0 at 200°C to that of 60 : 24 : 16 at 400°C. The p/o-cresol ratio appears to be close to the
statistical p/o-cresol ratio of 0.5 at low temperature and decreased slightly with increasing reaction
temperature as shown in Figure 7.31, eventually reaching thermodynamic equilibrium.

Note that selectivities in the above are not compared at equal conversion. As conversion increases
with reaction temperature and as conversion has an effect on product selectivity as shown in Sec-
tion 7.3.1, the determination of the true temperature effect on product selectivity and cresol isomer
distribution needs to be examined. A comparison of results obtained through varying space velocity
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Figure 7.29: The effect of reaction temperature on the phenol conversion over H-MCM-22 (UCT)
(gas phase standard reaction conditions: total pressure = 1 bar, reactants partial
pressure = (.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™}!, varying
reaction temperature).

and results obtained through varying reaction temperature as a function of conversion (Figure 7.32)
shows that there is a deviation, i.e. a direct effect of reaction temperature on product selectivity
and cresol isomer distribution in addition to the indirect effect by conversion. Separating the indirect
effect of conversion from the direct effect of reaction temperature, as described in Section 7.3.3, shows,
semi-quantitatively, however, the true effect of reaction temperature on product selectivity and cresol
isomer distribution (Figure 7.33). In selectivities, there was still a reversal of the trends at 220°C
(Figure 7.33 (a)) and a major change in product selectivity occurred at higher reaction temperatures
where the increase in cresol selectivity with increasing reaction temperature was pronounced (Figure
7.33 (a)). In the cresol isomer distribution (Figure 7.33 (b)), the fraction of p-cresol appeared to
decrease more steeply with increasing reaction temperature leading to a more pronounced decrease
in the true p/o-cresol ratio with increasing reaction temperature (Figure 7.34), eventually resulting
in p/o-cresol ratios {0.28 at 400°C) far lower than the equilibrium ratio or statistical ratio.

7.5.2 Effect of methanol : phenol ratio

The effect of the reactants methanol : phenol ratio on the product selectivity was studied using H-
MCM-22 (UCT) at the gas phase standard reaction conditions (cf. Table 7.1) with constant weight
hourly space velocity of total feed. The methanol : phenol molar ratios studied were between 0.3 and
6. The phenol conversion increased significantly with increasing methanol : phenol ratio (Figure 7.35).
The product selectivity (Figure 7.36) showed an increase in anisole selectivity and a corresponding
decrease in cresol selectivity with increasing methanol : phenol ratio. Up to a methanol : phenol molar
ratio of 2 the o- and p-cresol fraction in cresols increased whereas the m-cresol fraction decreased. At
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Figure 7.30: The effect of reaction temperature on product selectivity and cresol isomer distribu-
tion over H-MCM-22 (UCT) (open symbols represent thermodynamic equilibrium as
obtained by Bohringer and Fletcher [2003]; gas phase standard reaction conditions:
total pressure = 1 bar, reactants partial pressure = 0.2 bar, methanol : phenol molar
ratio = 1, WHSV = 14 h™!, varying reaction temperature).

p/o-Cresol ratio

0.8 -
0.6 |-
®
® ® N o
®
0.4 ° .
0.2 +
0 i i 1 i 1
1850 200 250 300 350 400 450
Reaction temperature (°C)

Figure 7.31: The effect of reaction temperature on the p/o-cresol ratio over H-MCM-22 (UCT)
(open symbol represent thermodynamic equilibrium ratio as obtained by Béhringer
and Fletcher [2003]; gas phase standard reaction conditions: total pressure = 1 bar,
reactants partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14
h~1, varying reaction temperature).
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Figure 7.33: The true effect of reaction temperature on product selectivity and cresol isomer distri-
bution over H-MCM-22 (UCT) (gas phase standard reaction conditions: total pressure
= 1 bar, reactants partial pressure = 0.2 bar, methanol : phenol molar ratio = 1,
WHSV = 14 h™!, varying reaction temperature). Open symbols in Figure (b) indicate
thermodynamic equilibrium as obtained by Bohringer and Fletcher [2003].
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Figure 7.34: The true effect of reaction temperature on the p/o-cresol ratio over H-MCM-22 (UCT)
(gas phase standard reaction conditions: total pressure = 1 bar, reactant partial pres-
sure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™!, varying reac-
tion temperature). Open symbol indicates thermodynamic equilibrium as obtained by
Bohringer and Fletcher [2003].

higher methanol : phenol ratios this trend appeared reversed. According to Figure 7.37, the p/o-cresol
ratio was above the thermodynamic equilibrium and close to the statistical ratio of 0.5 but appears
slightly increased at the highest methanol : phenol ratio.

Note that selectivities are not compared at equal conversions. As phenol conversion increased
with increasing methanol : phenol ratio, it is necessary to compare and, if necessary, separate the
direct effect of methanol : phenol ratio on product selectivity and cresol isomer distribution from
that of the indirect effect of conversion. Comparison with results obtained through varying weight
hourly space velocity is shown in Figure 7.38. Figure 7.38 shows that in fact there is no direct effect
of methanol : phenol ratio. There is only an effect on conversion which, indirectly, is resulting in the
change in product selectivity and cresol isomer distribution observed.

7.5.3 Effect of weight hourly space velocity

The effect of weight hourly space velocity (WHSV) was studied between 3 and 23 h~! under gas phase
standard reaction conditions. The phenol conversion decreased from 13% to 2% with increasing weight
hourly space velocity (Figure 7.39). The anisole selectivity decreased slightly and correspondingly
the cresol selectivity increased with increasing weight hourly space velocity (Figure 7.40 (a)). With
respect to the cresol isomer distribution, the o-cresol percentage increased whereas p-cresol and m-
cresol percentage decreased with increasing weight hourly space velocity (Figure 7.40 (b)). Plotted
as selectivities, p- and m-cresol showed no effect of space velocity but o-cresol selectivity increased
simultaneously to the decrease in anisole selectivity (Figure 7.40 (c)). The p/o-cresol ratio decreased
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Figure 7.36: The effect of the methanol : phenol ratio on product selectivity and cresol isomer

distribution over H-MCM-22 (UCT) (gas phase standard reaction conditions: 300°C,
total pressure = 1 bar, reactants partial pressure = 0.2 bar, WHSVyeactants = 14 h™1,
varying methanol : phenol ratios).
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Figure 7.38: The effect of the methanol : phenol ratio and conversion on product selectivity and
cresol isomer distribution over H-MCM-22 (UCT). Phenol conversion varied as a result
of varying methanol : phenol ratio (closed symbols) or was varied by varying weight
hourly space velocity (open symbols) with data points in both cases representing the
average of quasi-steady state samples (gas phase standard reaction conditions: 300°C,
total pressure = 1 bar, reactants partial pressure = 0.2 bar, WHSVeactants = 14 h™! at
varying methanol : phenol ratios or varying weight hourly space velocity at methanol

: phenol molar ratio = 1).
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Figure 7.39: The effect of weight hourly space velocity on phenol conversion over H-MCM-22 (UCT)
(gas phase standard reaction conditions: 300°C, total pressure = 1 bar, reactants
partial pressure = 0.2 bar, methanol : phenol ratio = 1, varying weight hourly space
velocity).

from 0.63 to 0.44 with increasing weight hourly space velocity (as shown in Figure 7.41). It appears,
however, that the p/o-cresol ratio is not approaching the equilibrium ratio of ca. 0.43 as obtained by
Bohringer and Fletcher [2003] but crosses the equilibrium line as the trend persists. In Figure 7.3 and
Section 7.3.1, selectivity and cresol isomer distribution were presented as a function of conversion.
Anisole selectivity increased moderately with conversion and in the cresol fraction, the percentage
o-cresol decreased simultaneously.

7.5.4 Effect of reactants partial pressure

The reactants partial pressure was varied between 0.2 and 0.8 bar at gas phase standard reaction
conditions (cf. Table 7.1) over H-MCM-22 (UCT). Initially, between 0.2 and 0.34 bar reactants
partial pressure, the phenol conversion increased from 6% to 9% then levelled off (Figure 7.42).

The product selectivity was slightly affected over the range of reactants partial pressures studied
(Figure 7.43 (a)) with anisole selectivity decreasing slightly and cresol selectivity correspondingly
increasing with increasing reactant partial pressure. Slight trends seem to appear in the cresol isomer
distribution (Figure 7.43 (b)) and in the p/o-cresol ratio (Figure 7.44), however, these trends are in
the range of scatter.

As phenol conversion initially increased with increasing reactant partial pressure, it is necessary
to compare and if necessary, to separate the direct effect of reactant partial pressure on product
selectivity and cresol isomer distribution and the indirect effect of conversion, which is obtained by
varying space velocity. Figure 7.45 shows that the results do not differ so that in fact there was no
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Figure 7.40: The effect of weight hourly space velocity on product selectivity and cresol isomer
distribution over H-MCM-22 (UCT) (gas phase standard reaction conditions: 300°C,
total pressure = 1 bar, reactants partial pressure = 0.2 bar, methanol : phenol ratio =
1, varying weight hourly space velocity).
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Figure 7.41: The effect of weight hourly space velocity on the p/o-cresol ratio obtained over H-
MCM-22 (UCT). Horizontal line indicates thermodynamic equilibrium as obtained by
Bohringer and Fletcher [2003] (gas phase standard reaction conditions: 300°C, total
pressure = 1 bar, reactants partial pressure = 0.2 bar, methanol : phenol ratio = 1,
varying weight hourly space velocity).

direct effect of reactant partial pressure but only an indirect effect of conversion on product selectivity

and cresol isomer distribution.

7.6 Conversion of the major phenol methylation products over H-
MCM-22 (UCT)

Conversion of pure anisole, o-cresol, p-cresol and m-cresol, respectively, over H-MCM-22 (UCT) under
the gas phase standard reaction conditions (cf. Table 7.1, expect the methanol : phenol ratio is replace
by either pure anisole or an anisole : phenol ratio = 1) was studied to determine the extent to which
secondary reactions occurred at the reaction conditions used. The effect of the presence of phenol on
anisole conversion was also studied.

Tables 7.2 and 7.3 show the results of these product conversions over H-MCM-22 (UCT). Anisole
converted mainly to methylanisoles and co-product phenol as expected from transalkylation between
two anisoles. If diluted with phenol, anisole conversion declined. As yields indicate, this is in particular
due to a decline in the transalkylation products, which occurred to a much lower extend. Instead of
phenol and methylanisoles, cresols are then the major products. In terms of cresol isomer distribution,
o-cresol is the major isomer formed in both the pure anisole conversion and the conversion of the
anisole/phenol mixture. Since the percentages of p-cresol differ significantly, the p/o-cresol ratio from
anisole conversion is very low (0.16), whereas a much higher p/o-cresol ratio (0.53), which is somewhat
above equilibrium or statistical ratio, results from converting the anisole/phenol mixture.
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(reaction conditions: 300°C, total pressure = 1 bar, methanol : phenol molar ratio =
1, WHSV = 7.5 h™!, varying reactants partial pressure).
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Figure 7.43: The effect of reactants partial pressure on product selectivity and cresol isomer dis-

tribution over H-MCM-22 (UCT) (reaction conditions: 300°C, total pressure = 1 bar,
methanol : phenol molar ratio = 1, WHSV = 7.5 h™?, varying reactants partial pres-
sure).



CHAPTER 7. GAS PHASE ALKYLATION OF PHENOL WITH METHANOL 175
1
0.8
(=]
T 06
S . ¢ ¢
a ®
3
g 04 +
02}
0 ] i L i
0 0.2 0.4 0.6 0.8 1

Reactants partial pressure (bar)
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Figure 7.45: The effect of reactants partial pressure and conversion on product selectivity and cresol

isomer distribution over H-MCM-22 (UCT). Phenol conversion varied as a result of
varying reactants partial pressure (closed symbols) or was varied by varying weight
hourly space velocity (open symbols) with data points in both cases representing the
average of quasi-steady state samples (reaction conditions: 300°C, total pressure =
1 bar, methanol : phenol molar ratio = 1, WHSV = 7.5 h™!, varying reactants partial
pressure).
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Table 7.2: Conversion, product selectivities and product yields from anisole and cresols conversion
over H-MCM-22 (UCT) at gas phase standard reaction conditions (300°C, total pressure
= 1 bar, reactants partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV

= 14171
Reactants Conversion Selectivity (mol%)
(%) Anisole | Cresols | Methylanisoles | Xylenols | Phenol

Anisole 6.5 - 19.2 37.8 2.1 40.9
Anisole/phenol* 3.7%* - 68.8 12.7 1.5 17.1

o-Cresol 3.9 0.2 68.0 0.0 15.9 15.9

p-Cresol 7.3 0.7 88.2 0.0 5.7 5.4

m-Cresol 3.6 0.0 97.7 0.0 1.2 1.1

* Anisole/phenol 1:1 molar mixture;
** Anisole conversion.

Reactants Yields (mol %)
Anisole [ Cresols I Methylanisoles [ Xylenols I Phenol
Anisole - 1.2 2.5 0.1 2.7
Anisole/phenol* - 2.5 0.5 0.1 0.6
o-Cresol 0.01 2.7 0.0 0.6 0.6
p-Cresol 0.1 6.4 0.0 0.4 0.4
m-Cresol 0.0 3.5 0.0 0.05 0.05

* Anisole/phenol 1:1 molar mixture.

The conversion of the pure cresol isomers over H-MCM-22 (UCT) results mainly in isomerization
products and less in the transalkylation products (xylenols and phenol). With regard to transalkyla-
tion products, o-cresol shows the highest selectivity, whereas m-cresol is almost non-reactive. In the
isomerization of o- and p-cresol, m-cresol is the major product. Isomerizing m-cresol mainly yields
the p-isomer.

Table 7.3: Cresol distribution from the conversion of anisole and cresols over H-MCM-22 (UCT) at
gas phase standard reaction conditions (300°C, total pressure = 1 bar, reactants partial
pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h~1),

Reactants o-Cresol | p-Cresol | m-Cresol | p/o-Cresol
(%) (%) (%) ratio
Anisole 69 11 20 0.16
Anisole/phenol* 53 28 19 0.53
0-Cresol - 15 85 -
p-Cresol 9 - 91 -
m-Cresol 26 74 - 2.85

* Anisole/phenol 1:1 molar mixture.
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Figure 7.46: Toluene conversion for the toluene methylation reaction over H-ZSM-5 and H-MCM-
22 (UCT) at gas phase standard reaction conditions (300°C, total pressure = 1 bar,
reactants partial pressure = 0.2 bar, methanol : toluene molar ratio = 1, WHSV =
14 h~t).

7.7 Alkylation of toluene with methanol over H-ZSM-5 and H-MCM-
22 (UCT)

The alkylation of toluene with methanol was carried out as a test reaction intended to compare the
effect of the hydroxyl group with the effect of a methyl group on a benzene ring on the methylation
reaction. It was hypothesised that the methanol would interact significantly different with the —OH
group of the phenol and the —CHj group of the toluene. The toluene alkylation was carried out at
gas phase standard reaction conditions (cf. Table 7.1, expect that the methanol : phenol ratio is
replace by the methanol : toluene ratio).

Higher conversion was obtained in toluene methylation than in phenol methylation (Figure 7.46)
as well as almost immediate stabilisation of catalyst activity (cf. Figures 7.9 and 7.11). The difference
was more pronounced over H-ZSM-5 (four-fold) than H-MCM-22 (UCT), where it was less than double
in the quasi-steady state. In terms of toluene methylation, H-ZSM-5 was approximately 10 times more
active than H-MCM-22 (UCT) (Figure 7.46).

Over H-ZSM-5, xylenes and trimethylbenzenes were the major products formed from toluene
alkylation with methanol (Figure 7.47 (a)). In terms of the xylene isomer distribution, o-xylene was
slightly favoured over an equal percentage of p- and m-xylene (Figure 7.47 (b)). The equilibrium
distribution of the xylene isomers at 300°C was 0 : p: m = 23 : 22 : 55 calculated from Stull’s et al.
[1969] data. So o- and p-xylene appear equilibrated, not so for m-xylene.

Over H-MCM-22 (UCT), xylenes and trimethylbenzenes were also the major products (Figure
7.48 (a)). But selectivity towards the latter was significantly lower. The cresol isomer distribution
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Figure 7.47: Product selectivity and xylene isomer distribution obtained from toluene methylation
over H-ZSM-5 at gas phase standard reaction conditions (300°C, total pressure = 1
bar, reactants partial pressure = 0.2 bar, methanol : toluene molar ratio = 1, WHSV
= 14 h~!). Horizontal lines in figure (b) represent thermodynamic equilibrium as
calculated using Stull’s et al. [1969] data.
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Figure 7.48: Product selectivity and xylene isomer distribution obtained from toluene methylation
over H-MCM-22 (UCT) at gas phase standard reaction conditions (300°C, total pres-
sure = 1 bar, reactants partial pressure = 0.2 bar, methanol : toluene molar ratio = 1,
WHSV = 14 h~!). Horizontal lines in figure (b) represent thermodynamic equilibrium
as calculated using Stull’s et al. [1969] data.
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differed to that obtained over H-ZSM-5 in that a much lower percentage of m-xylene was found,
whereas equal percentage of o- and p-xylene at steady state indicate equilibrium between these two
isomers again (Figure 7.48 (b)).

Table 7.4 compares the product selectivities obtained from toluene alkylation and phenol alkyla-
tion over both H-ZSM-5 and H-MCM-22 (UCT) in the quasi-steady state and at similar conversions
(as far as possible). As discussed above, conversion were higher for the aromatic hydrocarbon com-
pared to phenol. Di-methylation is more prevalent with toluene than with phenol. The percentage
of the m-isomer is much higher in the xylenes fraction from toluene methylation than in the cresols
fraction from phenol methylation, in particular over H-ZSM-5. The p/o-ratio is around 0.5 in cresols

but around 1 in the xylenes.

7.8 Summary

All results were obtained under the gas phase standard reaction conditions (300°C, total pressure = 1
bar, reactants partial pressure = 0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h™!) with
just one parameter being changed in the parameter variation studies. In summary, the key results for
the low pressure gas phase alkylation of phenol with methanol, carried out in a continuous plug flow

reactor system, are:

Reproducibility

e Experimental results are reproducible with minor scatter;

Material balances

e Material balances based on carbon balances, including methanol and light by-products, came

out even;

Influence of conversion on selectivity
e Phenol conversion, varied via setting different space velocities, moderately influenced selectivity.

e The selectivity to cresols decreased and the selectivity to anisole increased as conversion in-

creased;

e The cresol isomer distribution showed a moderate decrease in o-cresol and a corresponding

increase in both p- and m-cresol;

Influence of deactivation on selectivity

o Besides the indirect effect of declining conversion there was a direct effect, which deactivation
had on selectivity;

e This direct effect was found to be opposite to the indirect effect, i.e. deactivation resulted in
anisole selectivity to increase and cresol selectivity to decrease;

¢ There was no effect of deactivation on the cresol isomer distribution;
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Table 7.4: Comparison of toluene alkylation with phenol alkylation over H-ZSM-5 and H-MCM-22

(UCT) under gas phase standard reaction conditions (300°C, total pressure ==

1 bar,

reactants partial pressure = 0.2 bar, methanol : phenol or methanol : toluene molar ratio

=1, WHSV =

14 h™Y).

H-ZSM-5

Toluene alkylation

H-ZSM-5

Phenol alkylation

steady state steady state | Initial sample
average average
Toluene conversion (%) 414 Phenol conversion (%) 10.2 19.6
Product selectivities (mol%) Product selectivities (mol%)

Ethylbenzene 0.1 Anisole 59.6 49.0
Xylenes 834 Cresols 37.6 47.4
Trimethylbenzenes 16.3 Xylenols 0.7 29
Other 0.2 Other 21 0.7

Xylene isomer distribution (%) Cresol isomer distribution (%)
o- 35.6 0~ 61.8 64.7
P 314 g 34.0 31.6
m- 33.0 m- 4.2 3.7
p/o-Xylene ratio 0.88 p/o-Cresol ratio 0.55 0.49

H-MCM-22 (UCT)

Toluene alkylation

H-MCM-22 (UCT)

Phenol alkylation

p/o-xylene ratio

p/o-cresol ratio

steady state steady state 140 hours
average average sample*
Toluene conversion (%) 4.3 Phenol conversion (%) 3.8 4.3
Product selectivities (mol%) Product selectivities (mol%)
Ethylbenzene 0.0 Anisole 61.9 60.1
Xylenes 92.8 Cresols 36.3 37.9
Trimethylbenzenes 6.0 Xylenols 0.5 1.1
Other 1.2 Other 1.3 0.9
Xylene isomer distribution (%) Cresol isomer distribution (%)
o- 42.7 o- 62.9 61.5
> 423 > 31.3 32.6
m- 15.1 m- 5.8 5.9
p/o-Xylene ratio 0.99 p/o-Cresol ratio 0.50 0.53
Thermodynamic 0.96%* Thermodynamic ca. 0.43***
equilibrium equilibrium

* Time-on-stream;

** Thermodynamic equilibrium calculated using Stull et al. [1969] data at 300°C;

*** Thermodynamic equilibrium as found by Béhringer and Fletcher [2003] at 350°C.
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Comparison of catalysts studied

e The catalysts activities in the quasi-steady state decreased in the following order: H-ZSM-5
> H-MCM-22 (DE2) >> H-MCM-22 {DE3) > H-MCM-22 (DE1) > H-MCM-22 (UCT) >
amorphous silica-alumina;

o H-MCM-22 samples, consistently, showed a more pronounced initial decline of activity than the
other catalysts;

e Anisole, o-cresol and p-cresol were the major products;

e m-Cresol and higher methylated compounds (methylanisoles and xylenols) were obtained in

trace amounts;

e O-alkylation was favoured over C-alkylation, at 300°C, over all the catalysts studied except for
H-MCM-22 (DE1);

e p/o-Cresol ratios were between 0.37 (amorphous silica-alumina) and 0.97 over H-MCM-22
(DE2);

e The percentage of the m-isomer in the cresol fraction was low over all the catalysts studied

(< 5%);

Effect of secondary meodification of zeolite catalysts

e Internally selectively sodium-exchanged H-ZSM-5 and H-MCM-22 (UCT)

— Catalyst activity decreased substantially over the internally selectively sodium-exchanged
zeolites H/Na-ZSM-5 and H/Na-MCM-22 (UCT);

— The only relevant effect on selectivity was obtained over H/Na-ZSM-5, where the O/C-
alkylation of 0.41 was obtained compared to 1.7 over the pure acid zeolite;

e Steaming H-MCM-22 (DE1)

— Steaming resulted in an enhanced activity by approximately 3 times;
— Steaming resulted in a reversal in the O/C-alkylation ratio;
— Steaming hardly effected the cresol isomer distribution;

~ Essentially, the results from steaming reflect the influence of conversion;

Effect of reaction parameters, studied with H-MCM-22 (UCT)

o Reaction temperature

— Phenol conversion increased exponentially with increasing reaction temperature;

— Reaction temperature does directly affect the product selectivity and cresol isomer distri-

bution;
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— The O/C-alkylation ratio passed through a maximum at ca. 270°C;
— Above 360°C, C-alkylation was favoured over O-alkylation;

~ The highest p/o-cresol ratios of 0.5 were obtained at the lowest reaction temperatures
studied, namely 200 - 270°C;

~ Above 270°C, p/o-cresol ratios declined to quite low values (0.28 at 400°C});
¢ Methanol : phenol ratio

— Phenol conversion increased significantly with increasing methanol : phenol ratio;

— There was no direct effect of methanol : phenol ratio on product selectivity and cresol
isomer distribution;

— Observed changes in selectivity were in fact an indirect effect of changing conversion;
s Space velocity

— Phenol conversion decreased with increasing space velocity;
— Space velocity moderately effected product selectivity;
— Increasing space velocity increased the cresols selectivity, decreased the anisole selectivity;

— Increasing space velocity decreased the p/o-cresol ratio;

e Reactants partial pressure

— Phenol conversion increased sharply between 0.2 and 0.34 bar reactant partial pressure
and then levelled out;

— Reactant partial pressure did not directly effect the product selectivity nor the cresol isomer

distribution in the range studied;

— The effect of reactant partial pressure on product selectivity and cresol isomer distribution
was in fact an indirect result of changing conversion;

Conversion of the major products of phenol methylation over H-MCM-22 (UCT)

e Conversion of pure anisole resulted mainly in the formation of methylanisoles and phenol by
transalkylation. Of the cresol fraction formed, the majority was o-cresol;

e Dilution of anisole with phenol resulted in reduced anisole conversion, substantially reduced
formation of transalkylation products and mainly in the formation of cresols, preferentially
o-cresol;

¢ Conversion of pure cresols resulted mainly in the isomerization to the other cresols. m-Cresol
was the favoured isomer from o- and p-cresol, p-cresol was the favoured isomer from m-cresol;
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Alkylation of toluene with methanol over H-ZSM-5 and H-MCM-22 (UCT)

e Both catalysts were more active for toluene methylation than phenol methylation;
o In the toluene methylation, mainly xylenes and trimethylbenzenes were formed;
¢ Di-methylation was more pronounced with the toluene than with the phenol;

e H-ZSM-5 produced almost equal amounts of the three different xylene isomers, whereas over
H-MCM-22 (UCT) the m-isomer was suppressed;

e Over both catalysts, the p- and o-xylene appear to be in equilibrium.

Response of phenol conversion, O/C-alkylation ratio and p/o-cresel ratio on the variation
of reaction parameters and catalyst

e Phenol conversion

— Phenol conversion decreased with time-on-stream but settled on a quasi-steady state level
after 3 - 4 hours;

— Highest quasi-steady state phenol conversion obtained over H-ZSM-5 and steamed H-
MCM-22 (DE1);
~— Sodium-exchanging the internal acid sites, reduced phenol conversion substantially;

— Phenol conversion increased with decreasing space velocity, increasing reaction tempera-
ture, increasing methanol : phenol ratio and increasing reactants partial pressure;

e O/C-alkylation ratio

— O/C-alkylation ratio increased moderately with increasing conversion;

— Highest quasi-steady state O/C-alkylation ratio of 2.7 was observed over H-MCM-22 (DE2)
and lowest ratios of 0.8 and 0.4 were observed over H-MCM-22 (DE1) and internally
selectively sodium-exchanged H/Na-ZSM-5 respectively, which were the only samples with
an O/C-alkylation ratio < 1;

— O/C-alkylation ratio increased with increasing methanol : phenol ratio, increasing reac-
tants partial pressure (initially) and steaming. All these effects, however, are of indirect
nature, only reflecting the effect of increasing conversion;

— O/C-alkylation ratio decreased with increasing temperature above 270°C and increasing
weight hourly space velocity;

— Reaction temperature is the only reaction parameter which produced a direct effect on
product selectivity and cresol isomer distribution;

o p/o-Cresol ratio

— p/o-Cresol ratio increased moderately with increasing conversion;
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— Highest quasi-steady state p/o-cresol ratio of 0.97 was observed over H-MCM-22 (DE2) and
lowest ratio of 0.37 and 0.47 were observed over amorphous silica alumina and H-MCM-22
(DE1), respectively;

Internally selectively sodium-exchange of the internal acid sites had no effect on the p/o-

cresol ratio;

p/o-Cresol ratios over the acid zeolites were around 0.5 or higher;

p/o-Cresol ratio over amorphous silica-alumina was lower than those obtained over zeolites

at approximately 0.38;

—~ p/o-Cresol ratio increased slightly with decreasing space velocity, increasing reactants par-
tial pressure, increasing methanol : phenol ratio and steaming. All these effects, however,
are of indirect nature, only reflecting the effect of increasing conversion;

— p/o-Cresol ratio decreased with increasing reaction temperature in particular above 270°C;

— Reaction temperature is the only reaction parameter which produced a direct effect on

p/o-cresol ratio.



Chapter 8
Discussion

This chapter discusses the results obtained in the thesis in the study of the phenol alkylation with
methanol over the different, mainly zeolites, catalysts. It begins with a discussion on whether the
reaction is thermodynamically or kinetically controlled under the reaction conditions used in this
study (cf. Chapter 4). This is followed by a discussion of the effect of phenol conversion on product
selectivity since in the absence or presence of an effect different catalysts can or cannot be compared
at different conversions. The reaction mechanism is then evaluated by considering the conversion
of the major product species (anisole, o-cresol and p-cresol) and the effect of reaction conditions,
namely reaction temperature, methanol : phenol ratio, space velocity, reactant partial pressure and
influence of water. This is followed by a comparison of the product selectivities obtained over the
different catalysts. The effect of the different reaction phases or reaction pressure on the product
selectivity is then discussed and also the question of possible competitive adsorption between phenol
and methanol. The chapter ends with the comparison of toluene methylation and phencl methylation
in order to probe briefly the extent to which the hydroxyl group on phenol has a different structure
directing influence than the methyl group on toluene.

8.1 Thermodynamic equilibria versus kinetics

Anisole was found to be the preferred product formed over all the catalysts, both in the liquid phase
and gas phase. From a consideration of thermodynamic equilibria, however, it is predicted that cresols
and not anisole will almost exclusively be formed at the temperatures and pressures investigated in
this study (cf. Sections 2.2.2.4 and 2.2.2.5). Also, no m-cresol was formed over any of the catalysts
studied at low temperature (200 - 250°C) in the liquid phase (cf. Table 6.5) and a small amount of
m-cresol was formed at elevated temperatures (300 - 400°C) in the gas phase (less than 5% of the
cresol fraction, cf. Figures 7.10, 7.12 and 7.14) even though m-cresol is thermodynamically the most
stable cresol isomer (cf. Section 2.2.2.6).

Since the hydroxyl group on the benzene ring is known kinetically to be strongly ortho- and para-
directing (cf. Section 2.2.1.3), these product distributions clearly indicate that under the reaction con-
ditions used in this study, the phenol methylation reaction is kinetically and not thermodynamically
controlled.

It was observed that the p/o-cresol ratios obtained over some of the catalysts in the liquid and gas

185
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phases are close to the thermodynamic equilibrium ratio (0.43 reported by Béhringer and Fletcher
[2003] at 350°C (cf. Figure 2.33)). However, this does not infer thermodynamic equilibria between the
two isomers as the p/o-cresol ratio is also close to the statistical ratio, viz 0.5 which is the statistical
ratio expected due to the possibility of methylating the two ortho positions on the phenol compared
to only the one para position which exists).

8.2 Product selectivity as a function of phenol conversion

8.2.1 The direct influence of conversion

In the low temperature, high pressure liquid phase studies (200°C, batchwise), the phenol conversions
for all the catalysts were held less than 16%, i.e. the reaction was operated differentially. Phenol
conversion was varied by a factor of 10, approximately, by varying reaction time and the reactants :
catalyst mass ratio. For all the catalysts studied the product selectivity and cresol isomer distribution
was found to be essentially independent of phenol conversion (as shown in Figures 6.1 and 6.2). This
indicates that no secondary reactions occur under the given reaction conditions and thus allows the
comparison of the product selectivities obtained over the catalysts at different phenol conversions.

In the high temperature, low pressure gas phase studies the effect of changing phenol conversion
on product selectivity was studied by varying the space velocity as shown in Figures 7.2 and 7.3.
Comparison in the quasi-steady state region shows that the phenol conversion, varied by changing
space velocity, influenced the product selectivity significantly. However, this influence was restricted to
increasing the anisole selectivity and correspondingly decreasing the o-cresol selectivity with increasing
phenol conversion. All other selectivities remained unchanged. This is apparent when considering the
effect of conversion on anisole and cresol isomers (Figure 7.3 (c)). The possible reason for this very
specific product change is discussed in Section 8.3.4.

8.2.2 The influence of deactivation

At the low reaction temperatures used in the liquid phase experiments (200°C), the phenol conversion
was varied by both reaction time and reactants : catalyst mass ratio which produced similar results
(cf. Figure 6.1 and 6.2). This indicates that no noticeable deactivation occurred in the liquid phase
under the reaction conditions studied.

At higher reaction temperatures, such as those used in the gas phase studies (300 - 400°C), the
catalysts deactivated rapidly over the first two hours-on-stream and then reached a quasi-steady
state with respect to phenol conversion (cf. Figures 7.4, 7.16, 7.23 and 7.26). Surprisingly, this
was accompanied by little or no change (the former essentially being in the very beginning of the
experiments) in product selectivity with time-on-stream (cf. Figures 7.10, 7.12, 7.14, 7.17 - 7.19,
7.24, 7.25, 7.27 and 7.28) and corresponding with changing of conversion (cf. Figures 7.5 and 7.6).

There are two opposite effects that influence the product selectivity with time-on-stream at ele-
vated temperatures in the gas phase, namely the deactivation by coke deposition and the correspond-
ing change in the phenol conversion. The effect of the latter is discussed in Section 8.2.1.

So why does time-on-stream behaviour i.e. the significant decline of conversion due to deactivation,
have only a minor effect on selectivity despite the major change in conversion? The true effect of
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deactivation on product selectivity has been derived in Section 7.3.2. Figure 7.7 shows that anisole
selectivity increases and at the same time cresol selectivity decreases with decreasing phenol conversion
due to deactivation. This could be due to increasing coke formation which increases the diffusional
resistances in the zeolite pores or at the pore openings on the zeolite cystallite’s surface, respectively,
thereby increasing the preference for the slimmest molecule viz. anisole.

Therefore, the true effect of deactivation and the effect of the corresponding increasing conversion
at elevated temperature in the gas phase counteract against each other resulting in an overall none
or little effect on product selectivity with time-on-stream, the only reasonably relevant effect being
anisole selectivity and - in the opposite direction - cresols selectivity.

In the liquid phase, however, the results discussed in Section 8.2.1 stating that the selectivities
are independent of phenol conversion, give the true effect of conversion and is not countered by
deactivation as was found in the gas phase.

8.3 Reaction mechanism

In the alkylation of phenol with methanol the products observed in this study were anisole, o-, p-
and m-cresol, methylanisoles and xylenols. The proposed overall mechanism for the alkylation of
phenol with methanol was derived from the results obtained by investigating the phenol methylation
reaction, product selectivities, product conversions (namely anisole and cresols), the effect of reaction
temperature, the effect of methanol : phenol ratio, the effect of reactants partial pressure, the effect
of weight hourly space velocity and the influence of water.

8.3.1 Conversion of product species

The conversion of each of the major reaction products (namely, anisole, o-cresol and p-cresol) over the
different catalysts was studied to aid in the understanding of the reaction pathway. These reactions
were carried out in the liquid and gas phase and the results were presented in Tables 6.11 to 6.16, 7.2
and 7.3.

8.3.1.1 Anisole conversion

Anisole converted over the different catalysts to form methylanisoles, cresols, xylenols and phenol
with methylanisoles and phenol as the major products. Methylanisoles are formed from a bimolecular
interaction between two anisole molecules (Figure 8.1) and phenol is a by-product of this reaction.
o-Cresol can be formed via a monomolecular methyl shift from anisole (cf. Figure 2.38) or from
dealkylation of methylanisole (cf. Figure 2.49). p-Cresol can be formed from o-cresol via two successive
1,2-methyl shift reactions (cf. Figure 2.31) or from the dealkylation of methylanisole (cf. Figure 2.49).
m-Cresol can be formed from o- or p-cresol via a single 1,2-methyl shift reaction (cf. Figure 2.31).
p-Cresol and m-cresol were formed in the gas phase anisole conversions over H-MCM-22 (UCT) thus
indicating the existence of the above mentioned reactions. In the liquid phase no m-cresol was found
in the product over any of the catalysts studied and therefore it can be deduced that p-cresol must
be formed by a route other than the 1,2-methyl shift isomerization reactions of o-cresol. Jacobs et al.
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OCH, OCH, OCH, OH
:’L CH, f

Figure 8.1: Bimolecular formation of methylanisoles from anisole.

[1988] also observed that at low temperature of 180°C, p-cresol was not formed from o-cresol via the
1,2-methy] shift reactions.

Anisole was also reacted in the presence of phenol to determine the influence of phenol on the
product selectivities. Cresols were the major product formed from the anisole/phenol mixture. An
anisole molecule reacting with a phenol molecule forms cresol and another phenol as shown in Figure
8.2. As the formation of methylanisoles from two anisole molecules also results in the formation of
a phenol molecule (Figure 8.1), this phenol could in fact react with another anisole to form cresol,

thereby resulting in an autocatalytically reacting system.

The presence of phenol with anisole resulted in the anisole conversion decreasing from 21% (anisole
feed) to 1% (anisole/phenol feed) over H-MCM-22 (UCT) in the liquid phase. This decrease can not
be explained in terms of dilution of the anisole with phenol. It indicates instead that the anisole
is inhibited from reacting further by the presence of phenol. In the gas phase, the decrease in the
conversion (from 6.5% (anisole feed) to 3.6% (anisole/phenol feed)) over H-MCM-22 (UCT') can be
explained by the dilution of anisole with phenol which predicts that the conversion will decrease by
a factor of 2. The measured anisole conversion in fact decreased by factor of 1.8. Therefore, in the
gas phase, the presence of the phenol does not inhibit the anisole from reacting further.

In the gas phase, the cresols yield from the reaction of the anisole/phenol mixture over H-MCM-22
(UCT) was 2.5%. If the co-product phenol formed (shown in Figure 8.2) is included the yield of both
the cresol and phenol was 5.0 %. If it is assumed that the reactivity of the anisole and phenol pair is
the same as the anisole and anisole pair, the yield of cresols and phenol would be expected to be 2.4%
(yield of cresols from reaction of anisole was 1.2%, cf. Table 7.2). But it is in fact double the expected
yield which reflects the higher reactivity of phenol towards ring alkylation. This is consistent with the
findings of Marczewski et al. [1989] that the alkylation of phenol by anisole was twice as fast as the
alkylation of anisole by anisole over H-USY. This is a result of the hydroxyl group (phenol) being a
much more effective activator of the benzene ring for electrophilic substitution than a methoxy group
(anisole) [Sykes, 1986b; Morrison and Boyd, 1987].

The p/o-cresol ratio increased in the presence of phenol from 0.16 (anisole feed) to 0.53 (anisole/phenol
feed) over H-MCM-22 (UCT) in the gas phase indicating that the reaction of anisole with phenol pref-
erentially forms p-cresol. The increase in p/o-cresol may be due to a decrease in the intramolecular
rearrangement of anisole to o-cresol in the presence of phenol in favour of the bimolecular alkylation
of phenol with anisole, which as stated above is a faster reaction than the self-alkylation of anisole.
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OCH, OH OH OH
CH3

Figure 8.2: Cresol formation from anisole and phenol.

8.3.1.2 Cresol conversions

Cresol isomerization can occur via 1,2-methyl shift or via transalkylation reactions (cf. Section 2.2.4.3
and Figures 2.31 and 2.45) or by subsequent disproportionation reactions to first yield xylenols and
phenol and then the different cresol isomers (cf. Section 2.2.6.2 and Figure 2.55). The isomerization
of o-cresol and p-cresol yields the thermodynamically favoured isomer m-cresol as expected via 1,2-
methyl shift in the gas phase.

In the liquid phase experiments, however, no m-cresol was found over any of the catalyst studied.
This indicates that the cresol isomerization reaction via a 1,2-methyl shift does not occur. Also in
the liquid phase, the conversion of the o-cresol and p-cresol are very low (less than 1%) indicating
that conversion of the cresol isomers to the other isomer via isomerization and to xylenols via dispro-
portionation essentially does not occur at the low reaction temperature used in the study (200°C).

In the gas phase over H-MCM-22 (UCT), the cresols conversions are between 4% and 7% with
relatively high m-cresol selectivities indicating that these reactions do occur. The isomerization to
disproportionation ratio was found to be 2.2 for reaction of o-cresol, 7.7 for the reaction of p-cresol and
40.7 for the reaction of m-cresol (isomerization to disproportionation ratio as defined by Imbert et al.
[1997a]). Thus, for the reaction of m-cresol, the major reaction is the isomerization via a 1,2-methyl
shift whereas for o-cresol and p-cresol reactions, isomerization to m-cresol via a 1,2-methyl shift was
also the major reaction but the disproportionation does also occur.

In the reaction of cresols in the gas phase, anisole formed less than 0.7 mol% of the product
distribution and as already stated, the cresols did not react further in the liquid phase. This shows
that the anisole is not formed from cresols in either phase and therefore that anisole is formed only
as a primary product.

8.3.2 Effect of reaction temperature

The effect of reaction temperature on the product selectivities (cf. Figure 7.30 (a)) can be divided into
low temperature and high temperature effects. At the low temperature (200 - 270°C) as used in the
liquid phase experiments, increasing the temperature influences the apparent reaction rate constants
(cf. Section 8.6). At the higher temperatures {300 - 400°C) as used in the gas phase experiments, the
approach to thermodynamic equilibrium influences the product selectivity resulting in an increase in
the cresol selectivity and an increase in the amount of m-cresol in the cresol fraction.

In both phases the O/C-alkylation decreased with increasing reaction temperature and this is
consistent with findings of Pierantozzi and Nordquist [1986]; Parton et al. [1989a]; Santacesaria et al.
[1990b]; Bautista et al. [1993]; Landau et ol. [1997] and Balasubramanian et al. [2000]. Balasubra-
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Figure 8.3: Yields of anisole, o-cresol, p-cresol and m-cresol from the gas phase phenol methylation
reaction as a function of reaction temperature.

manian et al. [2000] and Santacesaria et al. [1990b] disagree on the reason for the decrease in anisole
selectivity with increasing reaction temperature. Balasubramanian et al. [2000] stated that it may be
due to the conversion of anisole to o-cresol whereas Santacesaria et al. [1990b] stated it was due to the
higher activation energy required for C-alkylation which would increase the C-alkylation selectivity
with increasing reaction temperature.

Figure 8.3 shows the yields of anisole, o-cresol, p-cresol and m-cresol for the gas phase phenol
methylation reaction as a function of reaction temperature. The sudden change at 350°C is unexpected
because there was no change in experimental system, procedure or catalyst. As can be seen in Figure
8.3, at the higher temperatures (above 350°C) the yield of anisole only increased slightly whereas the
yield of o-cresol increased sharply. This indicates that increasing the reaction temperature increased
the internal rearrangement of anisole to o-cresol which is in agreement with Balasubramanian et al.
[2000].

The reaction temperature has the largest influence on the primary reactions (cf. Figures 6.7 and
7.30(a)), namely O-alkylation and C-alkylation to anisole and cresols, respectively. The apparent
activation energies for O-alkylation and C-alkylation were determined via the Arrhenius equation
(Equation 8.1).

In(k) = InA — g(%) (8.1)

where:

e k is the reaction rate constant (see below);

® A is the pre-exponential factor or frequency factor;
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e E is the activation energy (J/mol);
e R is the gas constant (8.314 J/mol-K);

e T is the temperature (K).

At differential conversions in a plug flow reactor the mass balance yields the following expression:

W

Fu (—ra) = X4 (8.2)

where:

e W is the weight of catalyst;
e Fjp is the entering molar flowrate of species A;
e (—rp) is the rate of consumption of species A;

e X, is the conversion of species A.

Thus if the space velocity, Fag/W (moles feed/time.weight of catalyst) is kept constant, as was the
case in the present study, it can be assumed that the rate (—r4 ) is proportional to the conversion (X,).
Moreover, since (—r4 ) = f(k, Ca) it can be assumed that if the exit concentration of the reactants are
approximately constant, since Cp = Cao(1 — Xa), then {—ra) is proportional to the rate constant
(k). To distinguish between O-alkylation and the C-alkylation, the rate constant were then taken as
proportional to the anisole yield or cresol yield, respectively.

Figures 8.4 and 8.5 show typical Arrhenius plots obtained and the apparent activation energies
thus obtained for the different catalysts are summarized in Table 8.1. The large difference in the
apparent activation energies between O-alkylation and C-alkylation as found by Santacesaria et al.
[1990b] over y-alumina (67 kJ/mol and 134 kJ/mol, respectively, cf. Section 2.2.3.2) was not obtained
over the different zeolites studied in this present work. Santacesaria et al. [1990a] obtained apparent
activation energies over H-ZSM-5, with overall apparent activation energies between 50 and 70 kJ /mol
and between 29 and 41 kJ/mol for anisole formation. Similar apparent activation energies were
obtained over H-ZSM-5 and the different H-MCM-22 samples (cf. Table 8.1). It is noted that the
activation energy required for C-alkylation was higher than that required for O-alkylation over the
zeolites studied (except over H-MCM-22 (UCT) in the liquid phase where they were equal). Note
that the apparent activation energies were not obtained over zeolite H-Beta in the liquid phase due
to very high conversions obtained over H-Beta indicating that it was not in the differential conversion
regime.

The low apparent activation energies (less than 50 kJ/mol) obtained over H-ZSM-5 and H-MCM-
22 (liquid and gas phase), implies that the reactions are controlled by either diffusion or adsorption.
That is, at low temperature high adsorption leads to high surface coverage which favours a maximum
reaction rate whereas at higher temperatures, low adsorption leads to lower surface coverage and a
decrease in the reaction rate. Santacesaria et al. [1990a] also attributed the low activation energies
over H-ZSM-5 to intracrystalline diffusion which affected the reaction rates.
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Table 8.1: Apparent activation energies over different catalysts.

Catalyst Reaction | Apparent activation energy (kJ/mol)
phase Overall | O-alkylation | C-alkylation
H-ZSM-5 Liquid 38 32 48
H-MCM-22 (UCT) | Liquid 39 39 39
H-MCM-22 (UCT) Gas 45 42 47

8.3.3 Effect of methanol : phenol ratio

The effect of the methanol : phenol ratio on product selectivity was shown in Figure 6.20 - 6.13
and 7.35 - 7.38. In both phases, as the methanol : phenol feed ratio increased the anisole selectivity
increased and the cresol selectivity decreased. Conversely, as the phenol concentration in the feed
increased so the selectivity to cresols increased and anisole selectivity decreased. This indicates that
cresols are formed from the reaction of anisole and phenol, which is also reflected in results obtained
in the reactions of anisole and the anisole/phenol mixture.

In the gas phase (Figure 7.38), changes in the methanol : phenol ratio did not directly zffect the
product selectivity or the cresol isomer distribution. Instead the methanol : phenol ratio only affected
the product selectivity via changing the phenol conversion. As the methanol : phenol ratis has no
direct effect of the product selectivity and anisole and cresols are formed by parallel reactions, this
indicates that the methylation of phenol to either product must have the same reaction orders in the
rate expression with respect to phenol and methanol.

8.3.4 Effect of space velocity

The effect of weight hourly space velocity on the product distribution was studied in the gas phase
and was shown in Figures 7.39 to 7.41. Anisole selectivity decreased with increasing space velocity
whereas cresol selectivity increased. At low residence time, i.e. high weight hourly space velocity,
both anisole and cresol are formed. This indicates that both anisole and cresol are primary products.

In terms of the p/o-cresol ratio, Figure 7.41 shows that the p/o-cresol ratio did not level off at the
equilibrium but crossed the equilibrium line at high space velocity and low conversion. The primary
p/o-cresol ratio, obtained by extrapolating to zero residence time as shown in Figure 8.6, is 0.38. This
implies that the p/o-cresol ratio is not influenced by the approach to equilibrium through secondary
reactions and that the proximity to the equilibrium value, i.e 0.43, and statistical ratio, i€ 0.5, is
coincidental.

As the residence time is increased (Figure 7.40 (b)), i.e. decreasing weight hourly space velocity,
o-cresol selectivity decreased whereas p-cresol and m-cresol selectivities increased. However, studying
the cresol selectivity in comparison to anisole selectivity (as shown in Figure 7.40 (c)), shows that
the selectivity to p-cresol and m-cresol remain essentially constant with varying weight houtly space
velocity whereas with decreasing space velocity the selectivity to o-cresol decreased with a correspond-
ing increase in anisole selectivity. The only explanation for this observation, according to the reaction
mechanism, is that at the low space velocity, i.e. high residence times, the internal rearrangement of
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Figure 8.6: Determination of the primary p/o-cresol ratio at 300°C from phenol alkylation with
methanol.

anisole to o-cresol reaction is reduced. This is not expected as increasing the residence times should
result in an increase in the secondary reactions. The reason for the internal rearrangement of anisole
to o-cresol decreasing at low space velocities is not understood. The formation of by-product water
by phenol methylation is not thought to inhibit the anisole rearrangement as most of the water is
formed rather quickly from the methanol to dimethyl ether reaction. Thus the amount formed by the
phenol methylation does not add significantly to the water already present in the reaction mixture
and so it is unlikely to inhibit the conversion of anisole to o-cresol. A possibility is that the cresols
are inhibiting the rearrangement of anisole to o-cresol as cresols preferentially adsorb on the acid sites
because they are less acidic than anisole [Sykes, 1986a].

8.3.5 Effect of reactants partial pressure

The effect of reactants partial pressure on the product distribution was studied in the gas phase
and was shown in Figures 7.42 to 7.45. As Figure 7.45 indicates the reactants’ partial pressure does
not directly affect the product selectivity or cresol isomer distribution at low total pressure but only
indirectly affects the selectivities through changes in phenol conversion. This indicates that all the
reactions are of the same reaction order as proposed in Section 8.3.3. This is consistent with the
findings of Santacesaria et al. [1990a] at low conversions.

8.3.6 Water

The effect of water on the phenol conversion, product selectivities and cresol isomer distribution
was studied in the liquid phase and the results were shown in Section 6.5.5, Tables 6.9 and 6.10.
Water is formed from the conversion of the methanol to dimethy!l ether (cf. Section 2.2.2.1) and
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in the formation of anisole and cresols. The formation of dimethyl ether is rapid and so it can be
approximated that the reactant mixture also includes water. Therefore, the role of water on the phenol
conversion, product selectivities and cresol isomer distribution needs to be considered although water
formed via a surface reaction and water present in the reactant mixture often behave differently.

From Figure 2.25, the thermodynamic equilibrivmn conversion of methanol to dimethyl ether is
ca. 90% leading to a phenol : water molar ratio of 1 : 0.45. Increasing the water concentration to
a phenol : water molar ratio of 1 : 1.25, resulted in a decrease in the phenol conversion. The effect
of the water on the product selectivities and cresol isomer distribution was inconsistent and minor.
The decrease in the phenol conversion may be due to the dilution effect. If the reaction rate was
assumed to be first order in both methanol and phenol, the expected decrease in activity is 50% and
if the reaction rate is assumed to zero order in phenol and first order in methanol then the expected
decrease in activity would be 30%. The activity, as indicated by phenol conversion, actually decreased
by 69% for H-ZSM-5, 65% for H-Beta and 81% for H-MCM-22. This indicates that the dilution effect
could be influencing the phenol conversion but it does not account for the total loss in the activity.

The activity could be influenced, in addition to the dilution effect, by the competitive adsorption
of the water on the acid sites thereby reducing the number of available acid sites for the phenol
methylation reaction which would in turn decrease the overall phenol conversion.

8.3.7 Summary of the overall reaction mechanism

For the gas phase alkylation of phenol with methanol the proposed overall reaction mechanism is
shown in Figure 8.7. The proposed mechanism is as follows:

e Two parallel reactions occur, namely O-alkylation and C-alkylation;
¢ Both anisole and cresol are primary products;

o Cresols are also formed in a secondary step by either:

— monomolecular methyl shift of the anisole — o-cresol

— bimolecular reaction between anisole and phenol — o-cresol and p-cresol;

Cresols do not react to form anisole;

0-Cresol and p-cresol are primary products from the phenol methylation reaction and secondary

products from the conversion of anisole;

m-Cresol is formed from isomerization of the other cresol isomers;

Methylanisole was formed from anisole transalkylation;

Xylenols are formed from the methylation of the cresols. This was not proved by reacting cresols
with methanol but assumed as methanol is in the reaction mixture and xylenols are not formed

from methylanisoles.
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For the liquid phase, the proposed overall mechanism for the alkylation of phenol with rmethanol
is shown in Figure 8.8. The proposed mechanism is as follows:

o Two parallel reactions occur, namely O-alkylation and C-alkylation;

® Anisole and cresols are primary products;

» Main reaction is the O-alkylation to anisole;

e The conversion of anisole to cresols in the presence of phenol essentially does not occur;
» Cresols are only formed from the alkylation of phenol with methanol;

e Cresols do not react further to form either other cresol isomer, xylenols or anisole;

e No m-cresol was formed;

s Methylanisole was formed form anisole transalkylation.

8.4 Comparison of the different catalysts

Zeolite H-MCM-22 was studied in the alkylation of phenol with methanol because of its unique channel
structure which consists of supercages, which are defined by 12 membered rings but has epenings
defined by 10 membered rings, and a independent 10 membered ring channel (cf. Section 2.1.1.5). In
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Table 8.2: Phenol alkylation with methanol over the different catalysts studied in this thesis.

Catalyst Liquid phase* Gas phase**
Phenol 0/C- p/o- Phenol 0/C- p/o-
conversion | alkylation | Cresol | conversion | alkylation | Cresol
(mol%) ratio ratio (mol%) ratio ratio
H-ZSM-5 9.7 3.6 0.38 10.2 1.7 0.55
H-Beta 8.3 11.1 0.47 - - -
H-Mordenite 8.0 5.0 0.48 - - -
H-USY 1.4 111 0.60 - - -
H-MCM-22 (UCT) 5.7 16.7 1.20 3.8 1.7 0.50
H-MCM-22 (DE1) - - - 3.9 0.8 0.47
H-MCM-22 (DE2) 8.6 25.0 1.02 8.5 2.7 0.97
H-MCM-22 (DE3) - - - 5.2 2.2 0.87
Silica-alumina 0.5 14.3 0.45 2.5 1.8 0.37

* Liquid phase standard conditions: 200°C, starting pressure = 16 bar, reaction time =
5 hours, methanol : phenol molar ratio = 1, reactants : catalyst mass ratio = 39.4;
** (Gas phase standard conditions: 300°C, total pressure = 1 bar, feed partial pressure =
0.2 bar, methanol : phenol molar ratio = 1, WHSV = 14 h~1,

order to characterize the role of the 10 membered ring and the 12 membered ring structures, H-ZSM-5
was used as an example of a 10 membered ring zeolite and H-Beta, H-Mordenite and H-USY were
studied as typical 12 membered ring zeolites although they have different structures. Amorphous
silica-alumina was then studied as a non-shape selective catalyst.

Table 8.2 summarises the phenol conversion, O/C-alkylation ratio and the p/o-cresol ratio for all
the catalysts studied in this thesis. The most striking aspect of Table 8.2 is the high p/o-cresol ratios
obtained over the H-MCM-22 samples in the liquid phase.

This section begins by discussing the characteristics of the catalysts to determine their effect on the
phenol conversion, product selectivities and cresol isomer distribution. Then the phenol conversion
over the different catalysts is discussed. Finally, the high p/o-cresol ratios over the H-MCM-22
samples are considered.

8.4.1 The effect of catalyst parameters on phenol conversion, product selectivi-
ties and cresol isomer distribution

As the different catalysts studied have different zeolite characteristics (cf. Chapter 5), such as bulk
Si/Al ratio, BET surface area, microporous and mesoporous area, microporous and mesoporous vol-
ume and acid site strength, the effect of these parameters need to be considered to determine their
effect on phenol conversion, product selectivity and cresol isomer distribution. The following char-
acteristics of the catalysts were found to have no obvious effect on the phenol conversion, product
selectivity and cresol isomer distribution:

o BET surface area;
» Microporous area;

e Mesoporous area,
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Figure 8.9: The effect of bulk bulk Si/Al ratio on the phenol conversion.

e Microporous volume;

e Mesoporous volume,

The bulk Si/Al ratio and acid strength of the acid site, as determined by the maximum temperature
of the major desorption peak in the NH3-TPD, were found to influence the phenol conversion, product
selectivity and cresol isomer distribution.

8.4.1.1 The effect of bulk Si/Al ratio over the different catalysts

The bulk Si/Al ratio of the different catalysts affected the phenol conversion. As the bulk SifAl ratio
increased there was a general trend that the phenol conversion increased in both the gas and liquid
phase as shown in Figure 8.9. However, there was no clear relationship between the bulk SifAl ratio
and the O/C-alkylation ratio or the p/o-cresol ratio. Therefore, the high p/o-cresol ratios cbtained
in the H-MCM-22 samples cannot be explained in terms of their bulk Si/Al ratio.

8.4.1.2 The effect of acid site strength over the different H-MCM-22 samples

The strength of acid sites can be determined by ammonia temperature programmed desorptioa (NHz-
TPD) (cf. Section 4.1.4.5). The maximum temperature of the major desorption peak (Tmax) cbtained
from the NH3-TPD is an indication of the strength of the acid sites (cf. Section 5.5 and Table 5.4).
Figures 8.10 and 8.11 show the dependence of phenol conversion and product selectivity on maximum
temperature over the different H-MCM-22 samples, respectively. Generally, there is a clear trend that
the phenol conversion increased with increasing maximum temperature (Tpax) and this was ~he case
for both phases.
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Figure 8.10: The effect of maximum temperature (Tmax) on the phenol conversion of the different
H-MCM-22 samples.

Over the different H-MCM-22 samples, the O/C-alkylation ratio showed an increasing trend with
increasing acid site strength (Tax) in the liquid phase while in the gas phase the O/C-alkylation
ratio appears not to depend on the acid site strength (Figure 8.11 (a)). This is inconsistent with
the findings of Garcia et al. [1996] and Pierantozzi and Nordquist [1986] (cf. Section 2.2.3.3). They
found that the O/C-alkylation ratio decreased with increasing acid strength and this was attributed
to cresol formation requiring higher acid strength than anisole formation. Pierantozzi and Nordquist
[1986] studied a wide range of different acid catalysts with different type and strength of acid sites
ranging from BaSOy to zeolite H-ZSM-5. Garcia et al. [1996] made these conclusions from the initial
results (after 15 minutes-on-stream) whereas after the initial results no difference was found between
the sample of different acid site strengths. Marczewski et al. [1988] disagreed with Garcia et al. [1996]
and Pierantozzi and Nordquist [1986] by stating that the product selectivity is independent of the
strength of the acid sites. The large increase in the liguid phase O/C-alkylation ratio with increasing
Tmax may be a result of the high sensitivity of the ratio to small changes in cresol selectivity. When
comparing all the catalysts studied (as shown in Figure 8.12 (a)) there seemed to be no relationship
between O/C-alkylation ratio and Tpax.

In terms of the p/o-cresol ratio, in the gas phase the p/o-cresol ratio showed an increasing trend
with increasing acid strength whereas for the liquid phase the p/o-cresol ratio hardly changed for
H-MCM-22 (Figure 8.11 (b)). In the liquid phase there are only two data points and so it is hardly
possible to draw a conclusion on the relationship between acid site strength and p/o-cresol ratio.
In the gas phase, the presence of stronger acid sites seemed to favour an increase in p-cresol selec-
tivity, however, considering all the catalysts studied in this thesis, there was no clear evidence of a
relationship between p/o-cresol ratios found in these samples and acid strength (Figure 8.12 (b)).
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8.4.1.3 The effect of pore size

Zeolite MCM-22 was studied because of its channel system which is defined by both 10 and 12
membered ring channels. The liquid phase p/o-cresol ratio obtained over H-MCM-22 (UCT) was
then compared with that of H-ZSM-5, H-Beta, H-Mordenite and H-USY as shown in Figure 8.13.
In the liquid phase, it is clearly seen that zeolite H-MCM-22 (UCT) does not behave as a typical
10 membered ring or a 12 membered ring zeolite. In the gas phase, however, Table 8.2 shows that
H-MCM-22 (UCT) behaves similar to that of H-ZSM-5 with respect to O/C-alkylation ratioc and
p/o-cresol ratio. Therefore, the reaction phase affects the p/o-cresol ratio in H-MCM-22 (UCT) quite
significantly and this is further investigated in Section 8.5.

8.4.2 Phenol conversion

In terms of phenol conversion, H-ZSM-5 was the most active catalyst studied. The lower deactivation
rate of phenol conversion in the case of H-ZSM-5 was probably due to it being less susceptible to
coking during the initial reaction period as shown in Figure 7.5. Zeolite ZSM-5 has a three dimensional
channel system with channel intersections in the order of 9 A allowing the products to diffuse out

quickly thereby minimizing coke formation.

The low phenol conversion over H-USY may be due to coke formation by promoting the forma-
tion of polyaromatics or polyalkylated species inside the zeolite pores or supercages. Guisnet et al.
{1991] investigated the coke formation in the phenol alkylation reaction over H-USY. They found
that the deactivation of H-USY occurred by limitation or blockage of the access of the reactant to
the active acid sites. Guisnet et al. [1991] classified the coke compounds into four families, namely
polymethylanisoles, methoxy (or hydroxy) methyldiphenylmethanes, methyldibenzofurans and ben-
zylmethyldibenzofurans. They found that polymethylanisoles first blocked the pores and were later
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Table 8.3: Boiling points of alkylation products.

Compounds Boiling points (°C) |
Anisole 155
Methylanisoles 176 - 176
Dimethylanisoles 182 - 201
Cresols 191 - 203
Xylenols 203 - 227
Trimethylphenols ca. 222

transformed into methoxy (or hydroxy) methyldiphenylmethanes and methyldibenzofurans. After
long reaction times, methoxy (or hydroxy) methyldiphenylmethanes and methyldibenzofurans were
turned into benzylmethyldibenzofurans. The blocking of the pores by the dimethylanisoles is due to
their strong adsorption in the zeolite pores and therefore the diffusion of these compounds is slower
than the alkylation reaction. Therefore, the deactivation of the H-USY is considered to be due to the
formation of compounds that limit or block the diffusion of the reactants to the acid sites or that of
the products from the sites to the outer surface. As a result of the low phenol conversion, H-USY was
not investigated in the gas phase. Zeolite MCM-22 has a structure which consists of two independent
channel systems. One of these channel systems consists of supercages which, like the supercages in
USY, could experience a coke formation phenomena similar to that described above for USY.

Silica~alumina also showed a very low phenol conversion activity (< 1% in the liquid phase and
2.6% in the gas phase). This may also be due to the alkylation products forming compounds that
are less volatile at these reaction temperatures, shown in Table 8.3, than the alkylation products
themselves which then in turn block the active acid sites.

In comparing their liquid and gas phase phenol conversion activities, H-ZSM-5 and H-MCM-22
(DE2) had similar conversions in both phases. Silica-alumina showed a higher phenol conversion in
the gas phase whereas H-MCM-22 (UCT) gave a lower phenol conversion in the gas phase compared
to the liquid phase. The latter was not expected as the gas phase reactions were carried out at a
higher temperature (300°C) than the liquid phase (200°C).

8.4.3 Comparison between zeolites and amorphous silica-alumina

In the liquid phase, in terms of the p/o-cresol ratio, silica-alumina (0.45) behaves similarly to zeolite
H-Beta (0.47) and H-Mordenite {(0.48), i.e. to the large pore zeolites (cf. Table 8.2). The p/o-cresol
ratios obtained over these zeolites corresponded with the statistical p/o-cresol ratio of 0.5. Only
the H-MCM-22 samples indicated any shape selectivity in terms of both the high O/C-alkylation
ratio (16.7) and p/o-cresol ratio (1.20) as both anisole and p-cresol are the slimmest molecules in
the product spectrum. H-ZSM-5 had a comparatively low O/C-alkylation ratio (3.6) and p/o-cresol
ratio (0.38) compared to the other zeolites and silica-alumina. Venuto et al. [1966]; Jacobs et al.
[1988] and Parton et al. [1989a] hypothesised that the low O/C-alkylation ratio and p/o-cresol ratio
over H-ZSM-5 is due to the intermolecular rearrangement of anisole to o-cresol in the zeolite pores or
channel intersections which would suppress the transalkylation reactions for the formation of o-cresol
and p-cresol. In the conversion of anisole over the zeolites, H-ZSM-5 produced the most o-cresol of
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all the zeolites studied which supports the above argument, viz. of anisole undergoing intermolecular
rearrangement to o-cresol.

In the gas phase, the O/C-alkylation ratio obtained over silica-alumina is similar to those obtained
over the zeolites, namely 1.8 versus 1.7 (cf. Table 8.2). However, the p/o-cresol ratio {0.37) was lower
than that found over the zeolites (ca. 0.5, corresponding to the statistical p/o-cresol ratio). Silica-
alumina contains both Bregnsted and Lewis acid sites as well as Lewis basic sites. The Brgnsted acid
sites are selectively poisoned by coking [Santacesaria et al., 1990b] which results in the Lewis acid
and basic sites influencing the product formation. Santacesaria et al. [1990b] showed that the Lewis
acid and basic pair were highly o-selective. This would result in the silica-alumina having a lower
p/o-cresol ratio than that found in the zeolites.

8.4.4 p/o-Cresol ratios over the various H-MCM-22 samples compared to the
other catalysts

The H-MCM-22 samples show the highest p/o-cresol ratio in both the gas and liquid phase alkylation
of phenol with methanol (cf. Table 8.2). An explanation for the high p/o-cresol ratio over the
different H-MCM-22 samples compared to the other catalysts can be found by studying the effect of
phenol conversion on the O/C-alkylation and p/o-cresol ratio, the interrelationship between the rate
of reaction and diffusion resistances as characterized by a modified Thiele Modulus, the internally
selectively sodium-exchange of MCM-22 (UCT) and ZSM-5 and the steaming of H-MCM-22 (DE1).

8.4.4.1 Relationship between O /C-alkylation ratio, p/o-cresol ratio and phenol conver-

sion

The different catalysts were compared at slightly different phenol conversions and therefore the effect
of phenol conversion on the O/C-alkylation ratio and p/o-cresol ratio needs to be determined. Figure
8.14 shows that there is no relationship between phenol conversion and these ratios in the liquid phase.
However, Figure 8.15 shows that there is a trend of increasing O/C-alkylation ratio as p/o-cresol ratio
increases in the liquid phase. Similar relationships were obtained for the gas phase. The reason for
this relationship between O/C-alkylation ratio and p/o-cresol ratio is not conversion as there is no
effect of conversion on these ratios (Figure 8.14). However, anisole and p-cresol are both the slimmest
product molecules and a reason for the relationship could be shape selective effects which would
increase the selectivity to both these molecules.

8.4.4.2 Thiele Modulus

The Thiele Modulus is a dimensionless expression which relates the reaction rate to the diffusional
rate. The Thiele Modulus allows for the effect of catalyst particle size on the p/o-cresol ratio for
the different catalysts to be determined. The Thiele Modulus for a first order reaction is given in
Equation 8.3.
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Figure 8.14: The relationship between O/C-alkylation ratio and p/o-cresol ratio with phenol con-
version in the liquid phase.
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krd
¢ = 1/ e flat plate
¢ = % krj cylinder (8.3)
¢=3 kr: spherical

where:

e ¢ is the Thiele Modulus;

e k is the reaction rate constant;

e 1, is the radius of the catalyst particle;

e D, is the effective diffusional constant.

If the reaction rate has second order kinetics a factor Gy, which corresponds to the concentration on
the surface of the catalyst, is present in the square root as shown in Equation 8.4.

kcgcr2

¢ =1/—p > Hatplate
¢=1 B%":—r?l cylinder (8.4)
¢ = %V‘ FS‘—fi spherical

As discussed in Section 8.3.2, the reaction rate constant (k) can be taken to be proportional to
the phenol conversion in the phenol methylation reaction. If it is assumed that reaction rate depends
on the number of aluminium atoms present, then we can assume that the reaction rate constant (k)
is also proportional to the aluminium on the microporous BET surface area of the zeolite, assuming
the aluminium is evenly distributed between the micropores and mesopores. By substitution in the
Thiele Modulus and assuming a constant Cg, we get Equations 8.5 and 8.6, respectively:

X xr?
é1  factor x P (8.5)
De
Al % Amicrogoms % 1'2
éu1 o factor x J mg"""" 2 » (8.6)
(<]

where:

e ¢ and ¢y are the modified Thiele Modulus values for each case;

e factor = 1, 1/2 or 1/3 depending on the crystal shape as shown in Equation 8.4;

o X is the phenol conversion;
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Figure 8.16: p/o-Cresol ratio in the gas phase as a function of the Modified Thiele Modulus I.

e Al is the total aluminium content of the catalyst;
® Anicropores 18 the BET microporous area of the catalyst (cf. Table 5.2);

® Anesopores 15 the BET mesoporous area of the catalyst (cf. Table 5.2).

Figures 8.16 and 8.17 show the gas phase relationship between the p/o-cresol ratios and the modified
Thiele Modulus I and II, respectively. The Thiele Modulus for H-ZSM-5, H-Beta and H-USY was
based on spherical crystal shape while H-MCM-22 was approximated as a cylinder and H-Mordenite
as a flat plate which is based on the zeolites pore system dimensionality. It can be seen from these two
figures that, in both cases, in the gas phase the p/o-cresol ratios generally increased as the modified
Thiele Modulus increased. This implies that increasing the crystal size of the zeolite, as shown for
H-MCM-22, increases the p/o-cresol ratio. By increasing the crystal size, the diffusional pathway is
increased and this increases the selectivity to the slimmest of the two molecules, namely p-cresol.

8.4.4.3 Internally selectively sodium-exchanged ZSM-5 and MCM-22 (UCT)

Tables 8.4 and 8.5 summarises the effect of internally selectively sodium-exchange for ZSM-5 and
MCM-22, respectively, where H/Na-zeolite represents the activity of the internally sodium-exchanged
zeolite crystals and H-form of the zeolite represents both the activity on the internal surface and
the external surface. The results show an increase in o-cresol and p-cresol yield when comparing
the H-form of the zeolite to the sodium-exchanged sample. However, the increase in the yield of
p-cresol is greater than the increase in the yield of o-cresol. This indicates there is shape selective
internal mass transfer control, which favours the p-isomer, amongst the cresols formed internally. The
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Figure 8.17: p/o-Cresol ratio in the gas phase as a function of the Modified Thiele Modulus II.

effect is much more pronounced over MCM-22 (UCT) than ZSM-5 as seen by the relative increase in

Yp—cresol/ Yo—cresol-

There is a large difference in increase activity between the ZSM-5 (from 1.2 to 9.7%) and MCM-22
(UCT) (from 2.3 to 5.7%) samples, when comparing the selectively sodium-exchanged and the H-form
of the zeolite. Calculation of the volume to surface area ratios of these two catalysts are given in
Table 8.6. As can be seen in Table 8.6, for the ZSM-5 sample this value is twice that of the MCM-22
(UCT) sample. This could explain the higher increase in activity (phenol conversion) with ZSM-5
when the active sites in the internal pore system is included.

8.4.4.4 Steaming of H-MCM-22 (DE1)

The results of steaming H-MCM-22 (DE1) were given in Figures 7.26 to 7.28. Table 8.7 summarises
the results in terms of O/C-alkylation ratio and p/o-cresol ratio.

The phenol conversion increased from 3.9 % to 11.1 % on mild steaming of the zeolite H-MCM-22
(DE1). Mild steaming of a zeolite removes aluminium from the framework and produces extra-
framework aluminium as discussed in Section 2.1.4.1. This process is stepwise with the removal of the
aluminium proceeding bond by bond. This aluminium which is partially bonded to the framework is
regarded as highly active. This may therefore account for the increase in the phenol conversion.

Mild steaming also results in an increase in the O/C-alkylation ratio (from 0.8 to 2.0) due to
the higher formation of anisole. This may be due to two reasons. Firstly, the aluminium partially
bonded to the framework exhibits Lewis acidity which, as described in Section 2.2.3.2, favours the
formation of anisole. Secondly, the extra-framework [Al,Oy] species obstruct the narrow pores, thus
increasing the diffusional resistance in the pores and thereby favouring the formation of the more
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Table 8.4: Internally selectively sodium-exchange over ZSM-5 in the liguid phase.

Sodium- H- H/(H/Na) | (H-H/Na)/(E/Na)
exchanged | ZSM-5* ok ok
H/Na-
ZSM-5*
Phenol conversion (%) 1.2 9.7
Yield of cresols (%) 0.23 2.08
Yield of o-cresol (Yo—cresol, 70) 0.18 1.50
Yield of p-cresol (Yp—cresol; %) 0.05 0.57
Increase Yo_cresol ¥ *** 8.5 74
Increase Yp—cresol™ " 11.2 104
Relative increase in 132 141
Yp-cresal/ Yo—cresol (%)

* Data derived from Tables 6.8 and 6.9;
** H/(H/Na) represents the ratio between the pure acid zeolite and the sodium-exchanged zeolite;
*** (H-H/Na) represents the contribution of the internal acid sites;
**** Increase in yield refers to increase in the yield when investigating the H-zeolite relative
to the sodium-exchanged zeolite.

Table 8.5: Internally selectively sodium-exchange over MCM-22 (UCT) in the liquid phase.

Sodium- H- H/(H/Na) | (H-H/Na)/(H/N2a)
exchanged | MCM-22* ok ok
H/Na-
MCM-22*
Phenol conversion (%) 2.3 5.7
Yield of cresols (%) 0.13 0.31
Yield of o-cresol (%) 0.08 0.14
Yield of p-cresol (%) 0.05 0.17
Increase Y, cresol 1.8 0.8
Increase Y, cresol 3.4 2.4
Relative increase in 189 300
Yp-creml/ Yo-cresol (%)

* Data derived from Tables 6.8 and 6.9;
** H/(H/Na) represents the ratio between the pure acid zeolite and the sodium-exchanged zeolite;
*¥* (H-H/Na) represents the contribution of the internal acid sites;
*¥** Increase in yield refers to increase in the yield when investigating the H-zeolite relative
to the sodium-exchanged zeolite.
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Table 8.6: Volume to surface area ratios for ZSM-5 and MCM-22 (UCT).

] ZSM-5 MCM-22 (UCT)
Crystal morphology Spherical Platelet
Volume 4/3mr? nréd
Surface area 4mr? 2mr° + 2mrd
Radius (pm)* 0.15 0.1
Thickness (um)* - 0.1
Volume (pm®) 0.014 0.003
Surface area (pm?) 0.282 0.126
Volume/surface area (um) 0.050 0.024

* Data from Table 5.1.

Table 8.7: The effect of steaming H-MCM-22 (DE1) on O/C-alkylation ratio and p/o-cresol ratio.

| | H-MCM-22 (DE1)* | Steamed H-MCM-22 (DE1)* |

Phenol conversion (%) 3.9 111
O/ C-alkylation ratio 0.8 2.0
p/o-Cresol ratio 0.47 0.53

* Data derived from Figures 7.26 to 7.28.

linear molecule, anisole.

The increased diffusional resistance in the pores due to the obstruction of the extra-framework
aluminium may also explain the increase in the p/o-cresol ratio (from 0.47 to 0.53).

8.4.4.5 Summary

In summary, it has been proposed that product shape selectivity, which results in the increase of
p-cresols in the H-MCM-22 samples, is a result of increasing the crystal size of the MCM-22 samples
(namely, the MCM-22 (DE1) and MCM-22 {DE2) samples compared to the MCM-22 (UCT) sample),
internally selectively sodium-exchanging the internal active sites of ZSM-5 and MCM-22 (UCT) and
steaming H-MCM-22 (DE1).

8.5 Comparison of liquid phase and gas phase alkylation of phenol
with methanol

8.5.1 Pressure effect on the p/o-cresol ratio over H-MCM-22 (UCT)

The essential difference between results obtained in the gas phase and liquid phase experiments was
considered to be a result of a pressure effect. Figures 8.18 and 8.19 show the p/o-cresol ratio observed
over H-MCM-22 (UCT) in both gas phase and liquid phase at different reaction temperatures and
different pressures, respectively. Figures 8.18 and 8.19 show that a significant difference was obtained
over H-MCM-22 (UCT) in the liquid phase compared to the gas phase.
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Figure 8.18: p/o-Cresol ratios observed over H-MCM-22 (UCT) in the gas and liquid phases as a
function of reaction temperature.

As shown in Figure 8.20, H-MCM-22 (UCT) was found to show no enhanced shape selectivity in
the gas phase when compared to the other zeolites, namely H-ZSM-5 and silica-alumina. As shown
in Section 8.4.4.2, MCM-22 (UCT) has a similar value of the modified Thiele Modulus as H-ZSM-5,
therefore resulting in similar p/o-cresol ratios in the gas phase. Thus in the gas phase over H-MCM-22
(UCT), no enhanced product shape selectivity was evident, whereas increasing the pressure (liquid
phase) resulted in the p/o-cresol increasing quite substantially. A possible explanation could be a
result of the effective increase in the diffusional resistance inside the zeolite pores with increasing
pressure. Marczewski et al. [1996] found that the phenol is strongly adsorbed in the zeolites at low
temperatures of 200°C. Therefore, at the low temperatures, the zeolite’s pores are highly occupied
by phenol molecules. Increasing the pressure will increase the occupancy of the pores and thereby
effectively increase the diffusional resistance inside the pores. Product shape selectivity will therefore
increase with increasing pressure thereby resulting in an increase in the p/o-cresol ratio over H-MCM-
22 (UCT).

Zeolite H-ZSM-5, however, showed no enhanced para-selectivity with increasing pressure compared
to zeolite H-MCM-22 (UCT). This may be due to the channel structure of these two zeolites. MCM-22
can allow bimolecular reaction to occur resulting in the formation of the slimmest isomer (p-cresol) in
the supercages whereas the 10 membered ring channels of ZSM-5 would promote the intramolecular
rearrangement of anisole to o-cresol. This is confirmed by the reaction of anisole over these zeolites
in the liquid phase where H-ZSM-5 had a very low p/o-cresol ratio (0.25) compared to that over
H-MCM-22 (1.1).
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Figure 8.19: p/o-Cresol ratio as a function of reactant partial pressure (in the gas phase) and auto-
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Figure 8.20: p/o-Cresol ratios observed over H-ZSM-5, H-MCM-22 (UCT) and silica-alumina in the
gas and liquid phases as a function of reaction temperature.
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Figure 8.21: O/C-alkylation ratio observed over H-ZSM-5, H-MCM-22 (UCT) and silica-alumina in
the gas and liquid phases as a function of reaction temperature.

8.5.2 Comparison of the O/C-alkylation ratio in the liquid and gas phase

Figure 8.21 shows the O/C-alkylation ratic as a function of reaction temperature in both the liquid
and gas phase. Comparing for example the gas and liquid phase results over H-MCM-22 (UCT) at
250°C, it is seen that in the gas phase a lower O/C-alkylation ratio (0.61) is observed compared to the
liquid phase (11.1). This means that the difference in the different phases is not due to the different
temperatures used in the phases {200°C versus 300°C). The O/C-alkylation ratio was found to be
related to the p/o-cresol ratio (Figure 8.14), and Figures 8.20 and 8.21 shows the same trend. The
higher O/C-alkylation ratio in the liquid phase over H-MCM-22 (UCT) can be explained using to
the same reasoning as the high p/o-cresol ratio (cf. Section 8.6.1). That is, increasing the pressure
(from gas phase to liquid phase), results in an effective increase in the diffusional resistance inside
the zeolite pores thereby increasing the selectivity of the slimmest molecule, namely anisole.

The low O/C-alkylation ratio obtained over H-ZSM-5 may also be the result of intramolecular
rearrangement of anisole to o-cresol which as mentioned in the section above was thought to be the
possible reason for the low p/o-cresol ratio.

Amorphous silica-alumina showed a high O/C-alkylation ratio in the liquid phase even though
silica-alumina is a non-shape selective catalyst (cf. Figure 8.21). Santacesaria et al. [1990b] also
obtained a high O/C-alkylation ratio over silica-alumina although Santacesaria et al. [1990b] do not
state at what pressure phenol methylation over silica-alumina was studied. The phenol conversion
over the silica-alumina in the liquid phase was very low (0.5%). At these low conversions and reaction
temperature, the cresol formed remains on the catalyst surface whereas anisole due to its lower boiling
point may leave the surface of silica-alumina giving an appearance of a high O-alkylated product.
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Figure 8.22: Modelling of the conversion of phenol versus the feed methanol : phenol ratio as an
irreversible second order reaction.

8.6 Competitive adsorption between methanol and phenol

In the literature there is no consensus about whether there is competitive adsorption between the
alkylating agent (methanol) and the aromatic compound (phenol) (cf. Section 2.2.3.4). As discussed
in Section 2.2.1.1, phenol is 1 000 000 times more acidic than methanol [Sykes, 1986b]. Therefore,
from the chemistry of phenol and methanol, methanol is the preferred adsorbed species given that
the adsorption site is an active Brgnsted acid site.

The change in phenol conversion with increasing methanol : phenol ratio was modelled as an
overall irreversible second order reaction (Figure 8.22). The model predicted that phenol conversion
increased sharply at the low methanol : phenol ratio and then started to level off. This trend was
observed in the gas and liquid phase alkylation of phenol with methanol over H-MCM-22 (Figures 6.10
and 7.35). However, in the liquid phase, H-ZSM-5 and H-Beta showed very different trends between
phenol conversion and methanol : phenol ratio (Figure 6.10) and do not fit the above mentioned
model.

The phenol conversion with increasing methanol : phenol ratio was also modelled by irreversible
second order kinetics with adsorption assuming Langmuir adsorption. If the preferred adsorbed species
is methanol then the predicted output of the model is shown in Figure 8.23. If the preferred adsorbed
species is phenol then the predicted model shows that the phenol conversion increases with increasing
methanol : phenol ratio. Over H-ZSM-5 and H-Beta, Figure 6.10 showed that the phenol conversion
increased rapidly, reached a maximum and then decreased slowly with feed methanol : phenol ratio.
This is precisely what is predicted by the second order kinetics with methanol adsorption. Details of
the models are given in Appendix G.

There is arguably a reasonably good correlation between the predicted and experimental values
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Figure 8.23: Modelling of the conversion of phenol versus the feed methanol : phenol ratio as a
second order reaction with Langmuir adsorption of methanol.

obtained in both phases. This indicates that it is reasonable to assume a rate expression of the form:

T = k Prethonot B phenol

No further kinetic analysis was carried out in this present work except for the estimation of the
activation energies (cf. Section 8.3.2).

8.7 Toluene alkylation versus phenol alkylation with methanol

Toluene alkylation was compared with phenol alkylation with methanol in order to investigate the
extent to which the hydroxyl group in phenol has a different influence to the methyl group on the
benzene ring in the case of toluene. The results are shown in Sections 6.7 and 7.6 for the liquid phase
and gas phase, respectively.

In the liquid phase, toluene methylation reaction over H-ZSM-5 resulted in disproportionation
through transalkylation accounted for almost half of the product whereas over H-MCM-22 transalky-
lation accounted for more than 80% of the products. The comparison of phenol alkylation and toluene
alkylation in the liquid phase therefore does not show any useful information.

In the gas phase, the product formed is over 99% from toluene methylation hereby allowing the
comparison of toluene alkylation and phenol alkylation in the gas phase. Table 8.8 shows the com-
parison for H-ZSM-5 and H-MCM-22 for toluene alkylation and phenol alkylation with methanol. In
phenol alkylation with methanol, alkylation can occur at the oxygen and at the benzene ring. Over H-
ZSM-5 and H-MCM-22, in phenol alkylation, alkylation at the oxygen is preferred (anisole/cresol ratio
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Table 8.8: Comparison of toluene alkylation with phenol alkylation over H-ZSM-5 and H-MCM-22

(UCT).
H-ZSM-5 | H-MCM-22 (UCT) |
Ethylbenzene/xylene ratio 0.001 0.0
Anisole/cresol ratio 1.7 1.7
p/o-xylene ratio 0.88 0.99
p/o-cresol ratio 0.55 0.50

= 1.7) whereas in toluene alkylation there is exclusively alkylation on the ring (ethylbenzene/xylene
ratio = 0.001). Therefore, the hydroxyl group on the phenol promotes the O-alkylation.

Over both H-ZSM-5 and H-MCM-22 (UCT), the p/o-xylene ratio is higher than the p/o-cresol
ratio. Xylenes have a larger kinetic molecular diameter than cresols [Imbert et al., 1997a], therefore
the shape selective formation of p-isomer will be higher in toluene alkylation than in phenol alkylation.



Chapter 9
Conclusions

This chapter summarises the finding of the results obtained in the liquid and gas phase alkylation of
phenol with methanol over H-ZSM-5, H-Beta, H-Mordenite, H-USY, H-MCM-22 and silica-alumina
and ends with some recommendations on further investigations into phenol methylation over zeolites.

9.1 Thermodynamics versus kinetics

Alkylation of phenol with methanol, over the reaction conditions studied and over all the different
catalysts used in this thesis, was found to be kinetically and not thermodynamically controlled.
Therefore, it was possible to obtain products containing little or no m-cresol. This is important due
to the high costs of separating the para and meta isomers of cresol.

9.2 Product selectivity as a function of phenol conversion

In the liquid phase, product selectivity and cresol isomer distribution was found to be independent of
phenol conversion. This meant that the studies of the different catalysts and the reaction parameters
investigated could be carried out and comparisons made of the various results.

In the gas phase, however, phenol conversion, as varied by space velocity, did affect the product
selectivity and this may be due to the intramolecular rearrangement of anisole to o-cresol. Therefore,
when comparing different catalysts and reaction parameters it was necessary to first establish if the
parameter or the changing phenol conversion resulted in the change in product selectivity.

Deactivation was found to have an opposite effect on product selectivity when compared to chang-
ing phenol conversion via space velocity. This was attributed to coke formation increasing the diffu-
sional resistance within the zeolite pores thereby increasing the preference for the slimmest molecule,

namely anisole.

9.3 Reaction mechanism

In the alkylation of phenol with methanol the products were anisole, o- and p-cresols, methylanisoles
and xylenols. The overall mechanism for the alkylation of phenol with methanol was derived from the
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results obtained by investigating: phenol methylation reactions, product selectivities, product con-
versions (namely anisole and the isomers of cresol), effect of reaction temperature, effect of methanol
: phenol ratio, effect of reactants partial pressure, effect of weight hourly space velocity and effect of
water. The following proposed mechanism was derived for the liquid and gas phase:

In the liquid phase, viz. high pressure and low temperatures, only the primary parallel reactions
occur i.e. the alkylation of phenol with methanol to produce anisole, o-cresols and p-cresol.
Anisole was the major product formed in the liquid phase over all the different catalysts and
reaction conditions studied in this thesis.

In the gas phase, viz. low pressures and high temperatures, secondary reactions occur as well as
the primary parallel reactions. The secondary reactions are the intramolecular rearrangement of
anisole to o-cresol, alkylation of phenol with anisole to form o-cresol and p-cresol, the conversion
of cresols to xylenols, the self-alkylation of anisole to yield methylanisoles and phenol as well as
the isomerization of o-cresol and p-cresol to m-cresol.

The following additional pointers were also found while investigating the above mentioned parameters:

9.4

Alkylation of phenol with anisole occurred twice as fast as alkylation of anisole with anisole;

Higher p/o-cresol ratio was obtained from the alkylation of phenol with anisole than from the
alkylation of anisole with anisole;

Anisole is only formed as a primary product;

The intramolecular rearrangement of anisole to o-cresol increased with increasing reaction tem-

perature;

Essentially no difference was found between the apparent activation energies of O-alkylation
and C-alkylation (45 kJ/mol for C-alkylation compared to 42 kJ/mol for O-alkylation over
H-MCM-22 (UCT) in the gas phase);

The overall apparent activation energies obtained were low (less than 50 kJ/mol) which implies
that the reactions were controlled by diffusion or adsorption;

In the gas phase, the reactions of phenol and methanol to either anisole or cresols must have
the same reaction order with respect to phenol and methanol;

The primary p/o-cresol ratio obtained in the gas phase was 0.38;

The internal rearrangement of anisole to o-cresol decreased at low space velocities.

Comparison of the different catalysts

9.4.1 Effect of catalyst parameters on phenol conversion, product selectivity and

cresol isomer distribution

The differences in the zeolite characterization could not explain the different O/C-alkylation ratios and
the p/o-cresol ratios obtained over the zeolites and especially not the high p/o-cresol ratios obtained
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over the H-MCM-22 samples. The phenol conversion was found to be affected by the bulk Si/Al ratio
and the acid site strength. These two parameters are dependent on each other as increasing the bulk
Si/Al ratio will increase the acid site strength.

Comparing H-MCM-22 to the other zeolites in terms of pore dimensions indicated different trends
for liquid and gas phase. In the liquid phase MCM-22 did not correlate with either the 10 or 12
membered ring zeolites in terms of p/o-cresol ratio. In the gas phase, however, MCM-22 was found
to be similar to H-ZSM-5 in term of p/o-cresol ratio. This indicates that the reaction phase plays an
important role in the high p/o-cresol ratio over H-MCM-22.

9.4.2 Comparison of the zeolites with amorphous silica-alumina

Product selectivities observed over amorphous silica-alumina represents the non-shape selective prod-
uct spectrum. Over amorphous silica-alumina it was observed that the activity in terms of phenol
conversion was very low (less than 3%) for the phenol methylation reaction in both phases. In the
liquid phase, similar p/o-cresol ratios were obtained over silica-alumina and the 12 membered ring
zeolites, namely H-Beta and H-Mordenite. Zeolite ZSM-5, however, produced a much lower O/C-
alkylation ratio and p/o-cresol ratio than silica-alumina. This is not generally expected as ZSM-5
has shown a high shape selectivity in other reactions, such as toluene alkylation. It was proposed
by Venuto et al. [1966]; Jacobs et al. [1988] and Parton et al. [1989a] that the low O/C-alkylation
ratio and p/o-cresol ratio is due to the intramolecular rearrangement of anisole to o-cresol as the
bimolecular reactions would be suppressed in the ZSM-5 channels.

In the gas phase, the silica-alumina produced a much lower p/o-cresol ratio compared to the
zeolites. This could be due to silica-alumina containing Lewis acid and basic sites besides Brgnsted
acid sites. The Lewis acid and basic pair are ortho-selective as found by Santacesaria et al. [1990b],
therefore resulting in a lower p/o-cresol ratio over silica-alumina compared to that of the zeolites.

9.4.3 Comparison of the different types of zeolites
9.4.3.1 Activity

H-ZSM-5 was the most active zeolite, in terms of phenol conversion, for the phenol methylation
reaction of all the zeolites studied. This could be a result of ZSM-5 being less susceptible to coke
formation due to its three-dimensional channel system and large channel intersections. H-USY has
the lowest phenol conversion probably due to coke formation which limits or blocks access of the
reactant to the active sites.

9.4.3.2 p/o-Cresol ratio

The MCM-22 samples showed the highest p/o-cresol ratios of all the zeolites studied in both reaction
phases. In the gas phase the p/o-cresol ratio was found to be quite stable with time-on-stream.

Internally sodium-exchanged MCM-22 and ZSM-5 showed that there is shape-selective internal
mass transfer control, which favours the formation of the p-cresol and this effect was more pronounced
over MCM-22 than over ZSM-5. This results in a much higher p/o-cresol ratio for MCM-22 (UCT)
than for ZSM-5.
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The different MCM-22 samples with different particle sizes were compared via a modified Thiele
Modulus to take into account the different crystal morphology. The Thiele Modulus was modified
by assuming that the rate constant was proportional to the phenol conversion and the amount of
aluminium in the micropores. As was seen the p/o-cresol ratio increased with increasing values of
the modified Thiele Modulus. That is, increasing the diffusional pathway in MCM-22 resulted in an
increase in the slimmest of the cresol isomers, namely p-cresol.

9.4.3.3 O/C-alkylation ratio

A direct relationship between the O/C-alkylation ratio and the p/o-cresol ratio was observed. This
relationship was not related to the phenol conversion but due to shape selectivity as anisole and
p-cresol, both which are the slimmest molecules.

Steaming MCM-22 (DE1) resulted in an increase in the O/C-alkylation ratio (from 0.8 to 2.0)
and a mild increase in p/o-cresol ratio from 0.48 to 0.53. Steaming also enhanced the activity of the
zeolite by almost three-fold. The increase in the O/C-alkylation ratio was attributed to either the
increase in Lewis acidity or due to the extra-framework aluminium blocking the pores and thereby
increasing the diffusional resistance in the pores promoting the formation of the slimmest molecules,

namely anisole and p-cresol.

9.5 Comparison between gas and liquid phase

The major difference between the gas and liquid phases was the pressure. In the gas phase the
reactants partial pressure was 0.2 bar whereas in the liquid phase the autogeneous pressure ranged
between 18 and 25 bar. Comparing the p/o-cresol ratio at the same temperature but with different
pressures showed an increase of 2.5 times with increasing pressure. This was attributed to the increase
in occupancy of molecules inside the pores which would effectively increase the diffusional resistance
inside the pore. This would result in an increase in the production of the slimmest molecule, namely
p-cresol. This could also account for the increase in the O/C-alkylation ratio as anisole is also one of

the slimmest molecules.

9.6 Competitive adsorption between phenol and methanol

Over H-MCM-22 (UCT), in both phases, the relationship between phenol conversion and the methanol
: phenol ratio could be modelled using irreversible second order kinetics. Over ZSM-5 and H-Beta in
the liquid phase, however, the relationship between phenol conversion and the methanol : phenol ratio
could be modelled using irreversible second order kinetics with Langmuir adsorption of methanol.

9.7 Toluene methylation versus phenol methylation

Toluene alkylation was compared to phenol alkylation with methanol in order to investigate the
influence of the hydroxyl group in phenol compared to the methyl group in toluene over H-ZSM-5 and
H-MCM-22 (UCT). Studying toluene alkylation in the liquid phase did not yield useful information
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as disproportionation was the major reaction influencing the product spectrum whereas in the gas
phase the products formed are due to toluene methylation.

In the gas phase , the large difference between toluene methylation and phenol methylation is
that in toluene methylation, alkylation only occurred on the ring whereas with phenol methylation
the preferred site for alkylation is the oxygen.

The p/o-xylene ratios were higher than the p/o-cresol ratios over both catalysts. This was at-
tributed to the larger kinetic diameters of the xylenes compared to that of the cresols.

9.8 Recommendations for further investigation into phenol methy-

lation over zeolites

In view of the above conclusions the following recommendations are given for further investigations
into the phenol methylation over zeolites:

e Relative adsorption strengths (AH,s) of phenol and the alkylating agent methanol on different
catalyst surfaces is required to add more information on the competitive adsorption between

these two molecules;

e Diffusional studies are required for the cresol isomers over the different catalysts in order to
provide more information on the diffusional constraints of these molecules;

e Further investigations into MCM-22 are required. MCM-22 has two independent pore systems
and therefore information on which pore system results in the high p/o-cresol ratio may give
further information on other zeolites which could increase the p/o-cresol ratio. Investigating
the phenol methylation reaction over ITQ-2 might also give more information on the reactions
occurring in the different pore systems of MCM-22 as well as on surface “nests”

¢ Investigating larger crystal sizes is an important area for further studies for the different zeolites
to improve the p/o-cresol ratio;

e Detailed kinetic investigations are required for a more comprehensive understanding of this
reaction in zeolites;

e Anisole is always the major product when comparing anisole and cresols selectivity. Further
investigations into ways of suppressing this reaction would be a great value in increasing the
yield of p-cresol.
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Appendix A

Typical GC spectra obtained for the
alkylation of phenol with methanol

Shown in Figure A.1 is a gas chromatograph for the liquid phase taken from the liquid phase phenol
methylation with methanol. The liquid phase was analysed using a HP 5890A gas chromatograph
with a RH-1 column with the GC conditions given in Table A.1.

Figure A.2 shows the gas chromatograph for the gas phase phenol methylation with methanol.
The gaseous products were analysed with on-line sampling using a Varian 3400 GC with a CP-cresol
column. GC set-up and conditions are given in Table A.2.
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Table A.1: The GC set-up and conditions for the analysis of the liquid phase produets.

Table A.2:

Gas chromatography HP 5890A
Column RH-1
Length and inner diameter 60 m, 0.25 mm
Stationary phase 100% Dimethylpolysiloxane
Film thickness 0.25um
Carrier gas Hydrogen
Column head pressure 1.1 bar
Injector Split injector
Injector temperature 250°C
Split 1:100
Detector Flame ionisation detector
Detector temperature 325°C

Temperature program

5 min isothermal at 50°C,
heat at 10°C/min to 250°C,
hold for 5 min at 250°C.

The GC set-up and conditions for the analysis of the gas phase products.

Gas chromatography

Varian 3100

Column

CP cresol fused silica WCOT

Length and inner diameter 50 m, 0.25 mm
Film thickness 0.2pm
Make-up gas Nitrogen
Carrier gas Hydrogen
Column head pressure 4 bar
Injector Split injector
Injector temperature 200°C
Split 1:80
Detector Flame ionisation detector
Detector temperature 200°C

Temperature program

50°C for 3 min,
heat to 120°C at 15°C/min,
hold at 120°C for 40 min.
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Figure A.1: Gas chromatograph of the liquid phase taken from the autoclave of the liquid phase
alkylation of phenol with methanol.
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Figure A.2: Gas chromatograph of the gas phase alkylation of phenol with methanol.



Appendix B

Material balance for the liquid phase
alkylation of phenol with methanol

Firstly, the autoclave was weighed before and after a run to make sure that there were no major leaks
during the run. A overall mass balance was done by:

weight of autoclave after run

x 100
weight of autoclave before run

Mass balance (%) =

Typical values for the weight of the autoclave before and after a run are 3.015kg and 3.010kg,
respectively. This gives an overall mass balance around 99.8%. The difference in weight was attributed
to the loss of methanol and dimethyl ether in the gas phase which did not condense upon cooling
of the autoclave to room temperature as confirmed by analysis of the gas in the autoclave after an
experiment.

Material balances on a ring mole basis was also done. This is because a material balance over the
lighter components (methanol, dimethyl ether and water), which did not completely condense upon
cooling, could not be done.

Material balances were calculated on a ring mole basis with an exact amount of internal standard
added to a known sample mass. Toluene was used as an internal standard as it was not produced
in the phenol methylation reaction. A small sample volume (typically 3 ml) was removed from the
autoclave and centrifuged to remove the catalyst particles. The sample was then weighed and a
known mass of toluene was added to the sample. The sample was then analysed in a GC to obtain
the mass % of the ring compounds in the sample.

The mass percentage of the ring compound in the sample was calculated from:

A;RF,
S(ARF;)

mass % of compound i =
where:
e iis only the ring compounds (namely, phenol, anisole, cresols, methylanisoles and xylenols);

o A; is the area on the GC peak of compound i;
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¢ RF; is the mass response factor of compound i.

The mass of the autoclave with the liquid after the reaction less the actual autoclave mass and the
mass of the catalyst added gives the mass of the liquid in the autoclave. This mass of licuid after
reaction contains methanol, dimethyl ether and water. The total mass of ring compounds in the
sample analysed was then determined by:

mass of internal standard
ring mass% of the internal standand

Mass of ring compounds in sample + toluene (g) =

Mass of ring compounds in sample (g) = (mass of ring compounds in sample + toluene) ~ mass of toluene

Therefore the total mass of ring compounds is therefore:

mass of ring compounds in sample

x mass of liquid in a:toclave
sample mass

Total mass of ring compounds (g) =

Then the mass of ring compounds in the autoclave can be calculated by:

mass % of compound i x total mass of ring compounds
(100 — ring mass% of internal standard in sample)

Mass of ring compound i in autoclave (g) =

The total moles of the ring compounds can then be calculated by:

mass ring compound i in autoclave
molecular weight of ring compound -

Moles of ring compound i in autoclave (moles) =

The ring mole balance can then be calculated as follows:

%) = > lring compounds % 100
Iifeed phenol

Ring mole balance (

where:

® Dring components 18 the number of mole of the ring products;

® DNfeed phenol 18 the number of mole of phenol in the feed.

Phenol conversion, product selectivities and yields are calculated as follows:

total moles of alkylated phenols formed

Phenol conversion (%) = {(moles of alkylated phenols product + moles unconverted phenol) x 100

moles of product i formed %100
total moles of alkylated phenols formed

Selectivity of product i (mol%) =

Yield of product i (%) = mole of product i formed y
P o= {(moles of alkylated phenols products + moles unconverted phenol)
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Table B.1: Response factors used in the calculation of product selectivities.

Compounds | Response Factor {mass %)
Methanol 4.38
Dimethyl ether 3.15
Toluene 1
Phenol 1.28
Anisole 1.33
Cresols 1.26
Methylanisoles 1.31
Xylenols 1.23

Calculated response factors were used in the determination of product selectivities and are shown
in Table B.1.

A model calculation for determination of ring mole balance, phenol conversion, product selectivi-
ties and cresol isomer distribution is shown in Table B.2.

Mass of toluene = 0.0189 g

Mass of product sample = 1.5396 g

Total mass of wet product from autoclave after reaction = 197.11 g

Mass of phenol in reactants = 147.1 g

Total mass of ring compounds from the autoclave = 145.38 g



Compound Reponse | GC Area | Area xRF | Molecular | Mass Mass Mole | Selectivity | Yield
factor (RF) weight % | actual (g) (mol%) (%)
Toluene 1 27354 27354 92 1.64 - - - -
Phenol 1.28 1092996 | 1399035 94 83.73 123.76 1.317 - -
Anisole 1.33 173107 230232.3 108 13.78 20.37 0.189 94.2 12.1
o-Cresol 1.26 4098 5163.5 108 0.31 0.46 0.004 2.1 0.3
p-Cresol 1.26 5112 6441.1 108 0.39 0.57 0.005 2.6 0.3
m-Cresol 1.26 0 0 108 0.0 0.0 0.0 0.0 0.0
2-Methylanisole 1.31 2004 2625.2 122 0.15 0.23 0.002 1.1 0.1
3+4-Methylanisole 1.31 0 0 122 0.0 0.0 0.0 0.0 0.0
2,3-Xylenol 1.23 0 0 122 0.0 0.0 0.0 0.0 0.0
2,4-Xylenol 1.23 0 0 122 0.0 0.0 0.0 0.0 0.0
2,5-Xylenol 1.23 0 0 122 0.0 0.0 0.0 0.0 0.0
Xylenol 1.23 0 0 122 0.0 0.0 0.0 0.0 0.0
Xylenol 1.23 0 0 122 0.0 0.0 0.0 0.0 0.0
Xylenol 1.23 0 0 122 0.0 0.0 0.0 0.0 0.0
Other 1.2 0 0 130 0.0 0.0 0.0 0.0 0.0
Ring mole balance (%) 97.1
Phenol conversion (%) 12.8
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Reaction conditions and data obtained
from liquid phase phenol methylation
with methanol
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Table C.1: Reaction conditions and results obtained from liquid phase phenol methylation with

methanol over H-ZSM-5.

Run Heactants Temperature Reactant Final Methanol Reaction
number {*C) to catalyst | pressure to phenol time

mase ratio (bar} molsr ratio (hours)
LP1 Methanol/phenol 200 250 48 & g
LPq Methanol/phenol 00 250 48 B 5
LES Methanol/phenol 300 350 38 5 %
LP6 Methanol/phenol 200 200 24 1 12
T.P34 Methanol/pheno] 300 36.4 33 [ [
LP3s Methanol/phenol 200 36.4 23 1 5
LPss Methanol/phenol 220 35.4 28 1 5
LPE8 Methanol/ phenck 250 39.4 40 1 3
LF67 Methanol/phenol 200 .4 8 0.2 5
LPgE Methanol/phenol 700 30,4 § .07 5
Methanol /phenol 200 35.4 22 1 3
LPB4 Methanol/ phenol/water 300 30.4 26 1 5

Run Phenol Selectivity (molde) Tresol digtnibution (%)
number | conversion | Anisole | CUresols | Methylanisoles | Xylenols o - me
(%) I

LF1 0.2 79.5 20.5 0.0 0.0 73.6 36.4 0.0
LP4 0.5 80.7 19.3 0.0 0.0 73.4 B 0.0
5 0.6 80.2 18.8 0.0 0.0 71.3 28.7 0.0
6 4.7 78.5 21.5 0.0 0.0 72.6 27.4 4.0
LP34 0.2 84.9 5.1 0.0 0.0 100 0.0 0.0
LF35 9.7 7.7 21.4 0.8 0.0 72.8 274 0.0
LPes 18.9 73.9 23.9 1.9 0.3 70.0 28.6 1.4
LP&s 24.6 67.9 27.3 4.1 0.7 67.6 30.6 1.8
LEGT 11.8 80.4 18.2 1.4 0.0 71.6 28.4 0.0
1Fe8 8.0 B82.6 17.3 0.1 0.0 68.0 32.0 .0
LPre X 9.7 19.7 0.6 0.0 72.6 27.4 0.0
LP84 3.0 75.9 23.6 0.5 0.0 63.5 36,5 0.0

Table C.2: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over H-Beta.

Run Heactants Temperature Reactant Binal Methanol Reaction
number ()] to catalyst | pressure to phenol time

mass ratio {bar) molar ratio {hours}
LPg Methanol/phenol 200 100 52 8 4
LP1g Methanol/phenol 200 59 27 1 8
LPi1 Methanol/ phenol Fo0 T 34 1 B
TFiz Methano! /pheno! 200 59.4 24 1 B
LPi4 Methanol/phenol 00 20 34 1 5
LEIE Methanol/phenol 700 50.4 22 T ]
LP33 Methanol/ phenol 320 39.4 28 1 5
TPZ5 Methanol /phenol %00 39.4 ) 0.2 -
T LP29 Methanol /phenol 760 30.4 5 0.07 5
[ RE] Methanol/phenol 300 30.4 B3 B B
(" LPaT Methanol /phenol F00 30.4 P} 1 7z
LP3g Methanol/phencl 250 38.4 39 1 3
LP&1 Methanol/phenol 200 38.4 23 i 1
LP64 Methanol/phenol 180 39.4 18 ) B
TPBS Methano/phenol/water Fo0 36.4 24 1 5

Hun Phenol Belectivity (mols) Tresol distribuiion () |
number | conversion Anisole | Cresols Methylanisoles | Xylenols o S m-
TED 1.2 93.5 6.5 6.0 0.0 65.1 30.9 0.0
LFi0 %) 51.9 7.7 0.4 0.0 70.3 %0.7 0.0
M TPi1 19 91.4 7.8 0.7 0.0 72.9 F7.1 0.0
LP12 8.2 §1.6 7.8 0.5 .0 69.7 30,5 0.0
~LFiS 9.1 62.3 7.7 0.0 Xi] 80.7 50.4 0.0
TF14 15.4 91.0 8.1 0.9 Ki] B8.5 318 6.0
1.Pik 8.9 61,2 a3 6.5 .0 67.9 33.1 4.0
T3z 28.5 80.9 X 1.3 0.0 68.4 31.8 0.0
T LP3E 158 81.2 16.8 1.8 (%] 68.1 319 6.0
LP38 8.3 §0.6 35.2 1.2 0.0 €7.2 33.8 3.0
133 1.6 57.8 3.5 0.0 0.0 100.0 0.0 4.0
LE37 34.5 87.5 8.1 3.2 .2 65.2 F0.8 0.0
LPa0 4.4 68.8 20.9 5.9 0.8 63.4 34.0 7.6
i 2.8 51.6 5.4 0.0 0.0 66.6 38.4 0.0
.64 T4 $3.0 7.0 0.0 0.0 68.8 31.2 0.0
LT 9.3 52.0 8.0 0.0 0.0 87.0 EEN 0.0
LPed 3.9 94.0 B.1 6.0 6.0 4.7 363 4.0
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Table C.3: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over H-Mordenite.

Run Renctanis Temperat Heactant Final Methanol HReaction
number ) to catalyst | pressure to phenol time
. mosg ratio (bar) molar ratio (hours)
LP18 Methanol/phenol 200 39.4 21 1 &
LP1g Methanol/phenol 200 39.4 23 1 5
LB7s Methanol/phenol 200 39.4 24 1 5
Run Phenol Selectivity (moids) Cresol distribution (7o}
number | conversiom | Anisole | Cresols i Methylanisoles | Xylenols 0~ P m-
this [ 7.8 2.7 6.0 5.0 7.0 | 280 | 0.0
—LPiS 1.0 BBG 18.0 0.0 0.0 €6.2 | 90.8 6.0
LP75 8.0 82.8 16.2 1.0 0.0 67.6 32.4 3.0

Table C.4: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over H-USY.

Run Reactants Temperature Reactant Final Methanol ‘Heaction
number ° to catalyst | pressure to phenol time
mass ratio {bar} molar ratio (houra)
LET Methanol /phenol 200 197 17 1 []
B Methanol /phenol 200 79 40 1 [}
TP Methanol/phenol 200 20 30 1 12
Run Phenol Selactivity (molde) Cresol distribution (J6)
number | conversion | Aniscle | Crescls | Methylaniseles | Xylenols o- P m-
(%)
LP7? 0.8 91.7 8.3 0.0 .0 71.d 28,9 0.0
LP8 1.4 91.8 8.1 0.0 0.0 63.6 7.4 0.0
1.8 §2.6 7.4 0.0 0.0 89.2 | 30.8 0.0

Table C.5: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over H-MCM-22 (UCT).

Hun Heasctante Temperature Feactant Final Methanol Reaction
number (°C) to catalyst | pressure to phenol time
mass ratio (bar) molar ratio {hours)
P23 Methanol/phenol 200 39.4 23 1 []
LP3s Methanol/pheno! 200 29.4 23 1 ]
LPag Methanol/phenol 200 36.4 24 1 12
LP70 Methanol/phenol 200 39.4 22 1 5
LF76 Methanol/phenol 300 35.4 24 1 [
TE7T Methanol/phenol 200 36.4 54 & 8
T¥78 Methanol/phenol 300 36.4 [ .07 B
LE Methanol/phenol 200 $0.4 8 0.2 3
“LPEG Mesthano!/phenol 220 30.4 a1 1 g
LEaT Methanol/phenol 250 39.4 42 1 5
j# LT Methanol /phenol/ water 200 30.4 33 1 5
Run Phenol Selactivity (molls) Cresol distribution (%) |
number | conversion | Anisole | Cresols Methylanigoles | Kylenols o P m-
(%} e
LP33 12.9 81.3 7.3 1.4 9.0 42.4 57.6 0.0
LP38 8.7 83.8 5.4 1.0 0.0 45.5 54.5 0.0
Ll 13.2 94.2 4.7 1.1 0.0 44.4 55.0 0.0
LP70 2.3 $3.5 #.5 .0 0.0 43.2 56.8 0.0
TP76 6.3 20.9 7.7 1.4 0.0 43.7 56.3 0.0
LP77 6.8 B8, 1.4 0.2 0.0 43.0 B7.0 0.0
LPT8 0.4 7. 22,4 0.0 0.0 52.9 47.1 0.0
T LPTe 1.2 3. 17.4 0.9 0.0 56.6 | 43.4 0.0
[A0) 9.8 82.7 [:X¢] 1.3 0.0 41.8 58.2 2.3
LP31 16.3 80.4 7.8 1.5 0.3 43.9 53.4 2.7
TPEE 1.1 90.G 5.8 4.4 0.0 37.6 62.4 0.0
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Table C.6: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over H-MCM-22 (DE2).

Run Resctants Temperature Heactant Final Methanol Hesction
number °C) to catalyst pressure to phenol time
mass ratio {bar} molar ratio (hours}
[LB8s | Msthanol/phenol 360 T 30.4 38 i ] %
Run Phenol Belectivity (molve) Tresol disiribution {p)
number | conversion | Anissls | Cresols | Methylanisoles | Xylenols o pe m-
(%)
LP8% 8.8 85.2 3.8 1.0 0.0 49.4 | 50.8 0.0

Table C.7: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over internally selectively sodium-exchanged ZSM-5.

Hun React perature Reactant Final Methanol Heaction
number (8L} to catalyst | pressure to phenol time
mass ratio {bar} molar ratio (hours)
TPa7 Methanol/phenol 200 39.4 22 | 1 5
Run Pheno! Selectivity (molvn) Cresol distri bution (6]
number | conversion Anisole Cresols Methylanisoles Kylenols o= D i
LPuT 1.2 £1.0 19.0 0.0 0.0 778 1 225 0.0

Table C.8: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over internally selectively sodium-exchanged MCM-22 (UCT).

Hun Heactants Temporature Reactant Final Methano! Reaction
number °C) to catalyst | pressure to phenol time
mass ratic {bar) molsr ratio {bours)
LP88 Methanel/phenol 200 | 39.4 21 1 | 5
Run Phenol Selectivity (molds) Tresol distribution (76)
number | conversion | Anisole | Cresols | Methylanisoles Xylenols o | p- e
(%)
LP&ap 2.3 93.8 | 5.7 0.5 0.0 §6.8 | 40.2 | 0.0

Table C.9: Reaction conditions and results obtained from liquid phase phenol methylation with
methanol over amorphous silica-alumina.

Hun Reactents Temperature Reactant Final Methanol Reaction
number () to catalyst | pressure to phenol time
mass ralic (bac) molar ratio (hours) |
LPi4 Methanol/phencl 200 39.4 "1g T A
P30 Methanol/phenol 200 39.4 [} 0.2 5
LP31 Methanol/phens! 200 39.2 5 0.07 ]
P32 WMethanol/phenol 300 45,4 34 5 5
TP36 Methanol/phenol 60 39.4 15 T 54
Hun Phenol Belectivity (molsh) Cresol disbribution {76) |
number | conversion | Anisole | Cresols | Mathylanisoles | Xylenols o P m-
L% 0.5 58.4 a8 0.0 G.0 66.2 | S0.8 0.0
LP30 0.9 BE.4 11.8 0.0 0.0 70.4 0.8 0.0
LP31 1.0 84.8 15.2 0.0 0.0 £8.0 a2.0 0,0
A 3] [\ %] 94.9 5.1 0.0 0.0 0.2 28.8 0.0
LESR 1.0 83.3 4.7 2.0 0.0 71.3 28.7 0.0
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Table C.10: Reaction conditions and results obtained from the conversion of pure anisole and an
anisole/phenol mixture over different catalysts.

Run Catalyst Reactants Temperatura Reactant Final Reaction
number °0) to catalyst | pressure time
mass ratio {bar) (hours)
LF41 H-Z5M-5 Anisole 300 £ 3 5
LP4Z H-Beta Anisole 200 30 2 5
LPi4 H-Mordenite Anigole 200 30 2 g
LP43 H-USY Anisole 200 30 1.8 5
TPE0 H-MCM-23 (00T} Anisole 200 30 2 3
TED Silica-alumina Anisole 300 50 1.5 3
LF82 H-MCOM-22 {(UCT) | Anisols/phenol 200 30 5 3
Run Convergion Selectivity (mol Jo)
numbar {%) Cresols | Methylanisole | Xylenols | Phenol | Other
LP4l W) EN) 48.5 0.5 474 0.0
LPa2 i7.3 12.6 43.8 0.9 43.7 0.0
LP44 54.7 20.8 27.5 2.8 42.7 [¥]
LP43 12.2 8.2 44.9 2.0 468.9 0.0
LPBD 21.0 13.0 R85 1.1 44.8 2.6
T (X 18.3 5.4 2.5 318 0.0
LPs2 1.0 39.5 30.0 0.0 30.5 0.0
Run o-Creaol p-Creaol l m-Cresol
number (%) (%) (%)
[LPAL 80.2 i8.8 0.0
T LP4z 334 45.5 0.0
T LPa 0.5 29.7 6.0
P43 78,3 24.7 3.0
LPEG 47.3 52.7 0.0
T LPAS 7.8 92.1 0.0
— LPaz 61.6 38.4 0.0

Table C.11: Reaction conditions and results obtained from o-cresol conversion over different cata-

lysts.
Ran Tatalyst HReactants | lemperaiure HReactant Teaction
number °c) to catalyst time
- mass ratio (hours)
LF58 H-2Z5M-5 o-Lrean] 200 30 )
LPEE H-Beta o-Lresol 360 30 E
L8 H-Mordenite o-Uretol 200 30 5
LF57 H-USY GG FEHOL 260 30 3
LPEd | H-MCM-32 {UCT) | o-GCresol 250 a0 5
LPE3 Bilica-aluming O-CTEB0] 200 36 5
Run Conversion Selectivity (mol W)
number (%) Anisole | p-Cresol Methyl- Kylenols | Phenol | Other
anisocles
LP58 0.4 18 6.0 0.0 47.7 47.7 0.0
LP55 0.5 0.0 0.7 0.4 368.2 54.1 9.4
LP58 0.8 0.0 16.4 0.0 44.9 44.9 0.0
LP57 0.3 0.0 0.6 0.0 49.7 48.7 0.0
LP54 0.9 0.0 22.6 0.0 33.1 40.8 3.7
LPhs3 0.4 0.0 0.0 0.0 43.5 52.6 3.9
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lysts.

Run Catalyst Reactants Temperature Beactant Heaction

number *c) to catalyst time

mass ratio {hours)

LP4iE H-Z5M-5 p-C1es0] 300 30 [
TPiE H-Bata p-Lireso] 300 a0 g
LP48 H-Mordenite p-{rescl 200 30 5
TBL7 H-USY p-Loreso] 00 30 §
LPES H-MUM-23 (UCT) p-Crenol 200 a0 5
LPE] Silica-alumins, p-Liresol 300 30 §

Run Conversion Selectivity (mol%)

number (%) Aniscle | o-Cregol Methyl- Xylenols Phenol | Other
anisoles

LP4s 0.4 6.6 17.3 12.4 25.8 38.1 0.0

LPig 6.5 13.3 381 5.2 FEX) 30.8 6.0

L.P48 [X] 0.0 14.4 17.6 25.2 42.8 0.0

LPI7 0.6 €0.7 11.3 6.5 i3.8 16.0 6.6

TPES G.6 0.6 25.8 1.8 35.0 36.8 0.0

LPB1 6.2 T5 31.4 0.0 30.6 30.5 0.0

H-ZSM-5 and H-MCM-22 (UCT).

Hun Catalyst Reactants Temperature Heactant Methanol Heaction
number *C) te catalyst to phenol time
masg ratio molar eatio {hours)
P52 H ZEM-E Methanoljtoluene | 500 30 1 5
90 | H-MCM-22 (OCT] | Meihanol /toluene | 300 a0 1 B
Han Tolaene Belectivity (molve)
number conversion Xylenes | Bensene Ethylbensene | Trimethylbensenes
(%)
LPg2 0.2 36.2 34.4 8.2 i 20.2
TF50 0.1 0.6 40,1 0.0 { 10.0
Run o-Xylene p-Xylens m-Aylene
number (%) (%) (%)
LEO2 30.4 | 24.0 36.8
LP90 33.5 1 29.6 36.9

Table C.12: Reaction conditions and results obtained from p-cresol conversion over different cata-

Table C.13: Reaction conditions and results obtained from alkylation of toluene with methanol over



Appendix D

Material balance for the gas phase
alkylation of phenol with methanol

Toluene was used as an internal standard to calculate a mass balance as toluene was not a product in
the phenol methylation reaction. Toluene was not observed as a product in the phenol methylation
reaction. The internal standard was added via a saturator to the gaseous products after the reactor
and before the GC as described in Section 4.3.1.

Calculation of the mass balance:

¥ (mass of products)

mass flow of feed x 100

Mass balance (%) =

The mass of the products are calculated as follows:

mass of internal standard
mass % of internal stand

¥ (mass of product i) = X( )} x (mass % of compound i)

The mass percentage was calculated from:

A;RFy
Z(ARF))

mass % of compoundi =
where:
e A; is the area on the GC peak of compound i

¢ RF; is the mass response factor of compound i.

A carbon balance was then performed by comparing the flow of carbon in the feed to the reactor to
the carbon in the product stream. That is,

3-(ni % carbon number);
(Dmethanot X 1 + Nphenol X 6)

Carbon balance (%) = x 100

where:

248
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® n; is the moles of product i
® Dpethanol 15 the moles of methanol

® Tpnenol is the moles of phenol.
Phenol conversion was calculated as follows:

Phenol conversion (%) = total moles of alkylated phenols formed % 100
o (moles of alkylated phenols product + moles unconverted phenol})

Product selectivities and yield were calculated as follows:

moles of product i formed

total moles of alkylated phenols formed X 100

Selectivity of product i (mol%) =

. . mole of product i formed
1d duct =
Yield of product (%) (moles of alkylated phenols products + moles unconverted phenol) x 100

Calculated response factors were used in the determination of product selectivities and are shown
in Table B.1. A sample calculation is shown in Table D.1. The flowrate of toluene added via the
saturator was 0.385 g/h, resulting in the total mass flowrate of the stream to be 12.71 g/h.



Compound Response Area | AreaxRF | Molecular | Mass | Mass | Mole Mol% | Carbon | Selectivity | Yield
factors (RF) weight | fraction | (g/h) | (mol/h) (mol/h) | (mol%) (%)
Toluene 1 50965 50965 92 0.0303 | 0.385 | 0.0042 | 2.2711
Methanol 4.38 62527 | 273868.3 32 0.1629 | 2.070 | 0.0647 | 35.0863 | 0.0647
Dimethyl ether 3.15 43358 | 136577.7 46 0.0812 | 1.032 | 0.0224 | 12.1722 | 0.0449
Phenol 1.28 600611 | 768782.1 94 0.4573 | 5.811 | 0.0617 | 33.4899 | 0.3705
Anisole 1.33 176284 | 234457.7 108 0.1395 | 1.772 | 0.0164 | 8.8999 | 0.1149 52.41 18.17
o-cresol 1.26 81673 102908 108 0.0612 | 0.778 | 0.0072 | 3.9064 | 0.0504 23.00 7.98
p-cresol 1.26 50150 63189 108 0.0376 | 0478 | 0.0044 | 2.3986 | 0.0310 14.13 4.90
m-cresol 1.26 14859 18722.3 108 0.0111 | 0.142 | 0.0013 | 0.7107 | 0.0092 4.19 1.45
2-Methylanisole 1.31 2406 3151.9 122 0.0019 | 0.024 | 0.0002 | 0.1059 | 0.0016 0.62 0.22
3-+4-Methylanisole 1.31 10258 13438 122 0.0080 | 0.102 | 0.0008 | 0.4516 | 0.0067 2.66 0.92
2,3-xylenol 1.23 0 0 122 0 0 0 0 0 0 0.00
2 4-xylenol 1.23 4247 5223.8 122 0.0031 | 0.03% | 0.003 0.1755 | 0.0026 1.03 0.36
2,5-xylenol 1.23 2950 3628.5 122 0.0022 | 0.027 | 0.0002 | 0.1219 | 0.0018 0.72 0.25
2,6-xylenol 1.23 2025 2490.8 122 0.0015 | 0.019 | 0.0002 | 0.0837 | 0.0012 0.49 0.17
3,4-xylenol 1.23 1185 1457.6 122 0.0009 | 0.011 | 0.0001 | 0.0490 | 0.0007 0.29 0.10
3,5-xylenol 1.23 1872 2302.6 122 0.0014 | 0.017 | 0.0001 | 0.0774 | 0.0011 0.46 0.16
Other 1.20 0 0 130 0 0 0 0 0 0 0
Carbon balance (%) 98.7
Phenol conversion (%) 34.7
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Data from the gas phase phenol
methylation with methanol
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APPENDIX E. DATA FROM THE GAS PHASE PHENOL METHYLATION WITH
METHANOL

Table E.1: Reaction conditions for gas phase phenol methylation with methanol.

THun Catalyst Reactants Heaction Hotal Heacianis | Methanol to | WHSV |
number temperature | Pressure partial to phenol (I'z"l)
@ {bar} pressure ratio
{bar)
T GP1L | H-28M-5 Methanol/pheno! 00 i 0.2 ™1 14
QP32 H-MCM-22 (UGT) Methano!/phenol 300 i 0.2 i 14
GPE Hica-alumina Methanol/phenol 300 1 0.2 1 14
T GPd H-MCOM-22 (DE] Methanol/phenpl 300 i 6.2 1 14
T GPE TTH-MOM-22 (DE3 Methanol/ pheno] 300 ) 0.2 1 i3
[l H-MCM-22 (DES Methanol/ phenol 300 i 0.2 1 14
GP7 Steamed H-MOM-23 (DKL) | Methanol/phenol 300 1 0.2 1 14
[£33) H/Na-ZSM-5 Methanol/phenol 300 1 0.3 1 14
GPe H/Na-MCM-22 Methanol / phenol 300 1 0.2 1 14
GP10 ~MOM-22 (UOT Methanol /phenol 200 i 0.2 1 14
GP11 H-MCHM-32 (00T Methanol/phenol 250 1 0.2 1 T4
GPFig H-MCM-22 (00T Tethanol/phenol 330 T 0.2 1 14
GPi3 H-MCM-22 (UGCT Methanol / phenol 350 i 0.2 i 14
GPi4 H-MOM-22 {ULT Methano!/ phenol 380 1 0.2 1 14
5 22 {(UCT Methanol/phenol 400 i 0.2 ) 14
GPib H-MOM-22 {UGT Methano!/phenol 270 1 5.2 1 T4
GP17 H-MCM-22 (0CT Methanol/phenol 360 1 0.2 0.3 14
GP1s H-MGM-22 (00T WMethanol/phenol 300 1 0.2 0.5 14
GPle H-MTM-22 (UCT Methanol/phenol 300 1 0.2 2 14
GP20 H-MGM-22 (UCT, Methanol/pheno] 300 1 0.2 3 Y
QP31 H-MCOM-22 (UGT Methanol/ phenol 300 1 0.2 1 7.5
[€3:77] HMOM22(UCT Methanol/ phenol 300 1 [i%] 1 325
GPa3 H-MOM-22 (UOT, Methanol/pheno! 300 T 0.2 1 i
GP2d H-MCM-22 (UCT Methanol /phenol 300 i [i%] 1 [
GP2s H-MCM-32 (00T Met hanol /phenol 300 1 0.5 ] g
H-MCHMZ3 (UTT Methanol/phenc] 300 i 0.8 1 (i)
Table E.2: Results obtained from GP1.
Time-on-stream Carbon Pheno! Helectivity (molve) 1| Cresol distribution (6} |
{min} bal (%) J conversion (% Anisole | Cresols | Methylanisoles | Xylenols a- p-_ | m-
14 96.7 16.6 0.0 | 47.4 0.6 3.0 B4.7 | 31.8 BT
65 §7.0 14.0 £5.9 40.7 @3 1.2 63.3 | 32.8 3.9
108 08.9 13.0 §8.0 40.8 [N 1.0 €4.8 | 33.2 4.0
137 37.8 13.5 B7.7 39.3 3.0 1.0 62.9 | 89.1 40
166 $8.0 12.0 B7.8 40.6 6.6 1.0 €2.6 | 33.8 4.1
194 59.0 13.1 ¥8.5 a8.7 1.9 0.9 63.1 | 38.8 i3
325 09.7 i1.9 BE.7 8.5 1.9 5.8 B3.5 | 33.4 43
252 9.8 11.7 Ba.8 38.8 5.0 0.8 B39 | 43.0 %1
290 99.7 11.6 B8.7 38.5 18 0.8 62.4 | S04 4.2
331 08.8 113 BE.1 3.1 5.0 0.8 B2.4 | 85.4 LW
349 98.6 11.3 58.4 0.3 1.7 0.8 63.9 | 33.7 [N
377 $9.9 1.3 B8.5 37.0 3.7 0.8 62.1 | 84.8 4.5
408 §9.6 11.0 E9.1 8.4 1.8 0.7 61.9 | 33.8 4.3
438 $9.2 10.9 FE.3 38.2 2.8 0.7 62.0 | 3.8 [ %]
463 G6.7 16.5 AN 37.5 3.0 0.8 61.8 X 4.3
453 98.4 10.5 50.4 38.3 18 0.7 Bi.4 | 841 i%
ERE] 58.7 10.5 55.6 38.0 1.7 0.7 82.2 | 84.1 3.7
852 50.9 16.5 897 37.6 1.8 0.5 B1.4 | 94.2 [
99.6 16.6 55,4 36.8 3.1 0.7 61.9 | 34.3 5.8
Table E.3: Results obtained from GP2.
Time-on-siream Carbon Phenol Selectivity (mole) [ Tresol distribution (%) |
{main) balance (%) l conversion (%) | Anisole ] Cresols  Methylanisnles | Xylenols o~ p- Wi~
17 90.2 | 0.4 1 5.1 | 39.8 | a7 3.7 50.5 | 03.6 | 6.9 |
71 99.1 5.6 56.8 30,3 1.9 7.0 61.1 | 38.8 5.6
167 99.8 (X3 B8.1 38,6 1.7 1.5 6i.4 | 82.9 (X
138 $8.3 44 60.0 37.0 0.0 1.2 B1.6 | 82.6 (X
168 38.8 EN) §0.2 37.5 1.6 1.5 61.7 | 32.4 X
167 55.5 5.8 60.4 37,4 1.1 1.1 61.0 | 32.3 5.8
336 59.9 X B0.5 37.2 1.2 1.1 61.8 | 82.1 6.1
255 B84 3.8 80.9 38.7 1.4 T4 61,7 | 382.2 8.1
284 98.8 3.9 61.2 36.8 1.3 0.7 83.4 | B1.7 .9
312 988 ¥ 1.4 30.3 K 1.1 B2. 31,7
342 90.1 i) 2.5 36.0 K 0.2 63, 3L.5 X
373 97.2 b B2.0 6.3 4 0.5 62, 31.3 B,
0% §8.0 7.9 62.3 36.0 1.4 0.3 §4.0 a. 6.0
336 98.5 X 62.8 8.0 14 6.0 B4.7 | 81.2 (%)
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Table E.4: Results obtained from GP3.

Time-on-stream Carbon Phenol Belectivity (molds) I Cresol distribution (7o) |

{min} balance (%) | conversion (%) Anisole | C 1 Methylanisel Xylenols o E - -
[ 06.4 8.4 60.4 33.1 1.8 %] 70.0 | 26.8 | 8.2 |
39 96.5 38 60.6 35.4 1.4 2.6 60.5 | 27.2 X
68 97.9 3.4 61.2 §4.8 ) 2.8 70.3 | 26.7 i)
o1 98.5 3.2 ~60.8 | 84.7 i.8 3.7 ©0.8 | 27.1 1
114 $0.6 3.0 51.0 35.6 0.8 2.8 60.5 | 27.5 3.0
139 07.9 3.8 [FK] 348 0.8 3.4 70.2 | 26.7 3.1
T84 94.4 2.7 62.3 33.8 1.6 3.5 70.8 | 26.5 BT
185 96.8 5.6 63.2 315 0.8 2.5 70.2 | 26.0 3.0
313 98.2 2.6 61.9 33.9 1.7 2.5 70.6 | 26.9 4.8
230 96.9 2.5 §2.4 341 1.1 7.4 707 | 26.2 EX)

Table E.5: Results obtained from GP4.

Aime-on-stream Carbon Fhenol Selectivity (molJ) Tresol distribution 196) |
{min) balance (%) | conversion (%) | Aniscle | Cresols Methylanisoles | Xylenols I o- | p- - |
18 96.1 131 47.3 46,7 7.8 L B8 | a5 | 4.9

70 94.0 6.9 q1.7 B1.1 3.6 2.0 61.6 | 24.9 LS
101 94.7 5.6 1.4 34.8 EN) 1.7 62.3 | 28.4 (%)
187 98.3 3.5 4%.4 54.8 0.5 5.8 84.6 | 34.8 38
168 59.9 (%] 1.8 537 %.4 7.8 %95 | 52.85 30
304 §5.9 4.5 42.2 54.2 1.2 74 63.8 | 32.8 3.7
340 3.7 1.5 41.8 544 i.8 7.8 64.2 | 81.9 3.9
378 7.7 [¥] 43.3 35.0 1.2 1.5 64.5 | 8.7 4.0
306 §5.8 3.1 41.4 §5.2 1.4 7.0 B5.1 | 81.7 3.3
337 6.4 3.0 40.9 55.9 1.7 1.5 B4.6 | 81.4 3.0
568 96.9 3.0 40.8 £6.8 0.8 1.8 64.2 | 1.2 (X
308 98.0 EX) 417 55.4 i 1.8 65.0 | 30.9 [N
Table E.6: Results obtained from GPS.

Time-on-stream Carbon Phenol Belectivity (moldh) I Cresol distribution (%T—I

{min) balance (%) | conversion (%) | Anisole | Crescla | Methylanisoles | Xylenols o- | p- e
4 05,4 30.9 38.6 47.8 6.8 6.7 7.8 | 45,1 7.1
45 $9.7 28.5 %8.3 35.8 4.0 3.4 48.4 | 471 4.5
B8 ~50.0 18.8 61.0 38.7 3.1 1.8 8.1 | 47.7 [ %]
132 56,7 16.4 63.9 32.2 3.8 1.1 47.0 | 48.0 [%)
155 98.6 158 65.6 31.0 2.5 0.9 47.8 | 48.1 4.1
187 08.7 14.3 65.8 31.0 3.8 0.9 477 | 48.2 [N}
214 98.8 13.6 B7.1 30.0 Gl 0.8 47.8 | 48.2 10

330 50.0 128 68.2 20.0 2.0 0.8 472 | 48.9 3.9
266 96.7 12.4 68.5 28.9 1.0 0.7 477 | 48.2 4.1
204 9.6 T1.8 68.4 28.5 1.8 0.3 480 | 48.0 .0
327 99.8 1.2 60.8 28.0 1.7 0.5 8.0 | 47.0 [ %!
ELE] 381 10.9 70.2 378 1.8 0.4 80 | 479 4.1
375 94.7 10.6 70.3 27.8 1.6 0.3 48.0 | 48.0 (%]
302 08.1 5.9 V0.9 37.5 1.8 0.3 385 | 47.7 3.8
430 98.2 0.5 1.2 37.2 1.5 0.1 8.4 | 47.8 (X
358 59.0 5.3 71.9 26.8 1.8 0.0 48.2 | 47.8 4.0
483 98.4 9.2 ¥1.9 96.8 .3 0.0 489 | 47.2 X
K] 98.7 8.5 T34 76.3 1.3 0.0 48,8 | 47.4 X
B35 08,8 8.5 F5.5 56.2 ) 0.0 9.1 | 48.9 3.0
B61 98.1 8.2 71.0 26.9 1.9 0.0 487 | 47.8 X

Table E.7: Results obtained from GP6.

Time-on-stream Carbon Phenol Selectivity (mol%) {E Cresol distribution (56) |

(min) balance (%) | conversion (%) | Aniscle | Cresolz | Methylanisoles | Xylenols 0 p- me
7 98.7 25.4 46.8 241 [X] 1.5 ¥2.2 | 4a.4 ]
54 95.2 i8.0 B8.7 7.3 5.5 1.8 B1.2 | 45.9 PR
88 B7.7 i6.1 &1.4 36.8 2.1 0.6 §0.8 | 46.4 5.8
116 54.3 8.3 63.4 34.4 1.7 0.5 $1.2 | 46.1 3.7
205 §7.6 6.5 0 31.7 ; 0.0 $3.3 | 45.2 5
380 97.6 5.5 ¥ 31,7 . X 516 | 45.9 .5
307 95.7 5.2 K] 31.2 X 0. $2.2 | 48.4 X

~Fa0 $9.1 %.3 67.3 31.7 140 0.0 §1.8 | 45.6 2.6
384 $9.9 B0 7.7 31.3 1.0 0.0 B4.1 | 4.2 3.7
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Table E.8: Quasi-steady state data for the investigation of steamed, internally selectively sodium-
exchanged zeolites, reaction temperature, methanol : phenol ratio, reactants partial pres-
sure, weight hourly space velocity.

Run number Fhenol Belectivity (mol0%) | Creaol distribution (%) |

conversion (%) | Anisole | Crescls | Methylaniscles | Xylenols l o- - m-
TP 11.6 65.2 B34 1.8 0.8 §6.4 | 33.9 8.4
[ 3.8 38.3 65.3 2.4 0.0 64.3 | 818 (%]
[ei ] (%4 63.8 358 1.6 0.3 68.4 | 8.0 5.6
GFio 0.5 Bi.8 48.2 0.0 6.0 67.4 | 35.6 0.0
GPIT 1.0 B5.4 4.7 0.0 5.0 B4.5 | 81.1 4.4
GPis 3] BA.0 403 1.3 0.4 [RW] 99,1 ki
GPia 8.3 15.8 45.5 4.3 7.8 6.4 | #8.3 10.9
TGP 16.0 §4.5 40.5 3.5 3.4 66,2 | 96.1 13.7
GPLE 12.8 50.1 53.3 3.6 (X §9.7 | S4.8 18.7
[¢i3T] 3.0 63.6 36,1 [iXi] 0.3 61.8 | 84.3 5.9
GPiT K [ 43.0 14 0.0 61.3 | 29.7 5.0
P18 1.8 B7.8 39.3 3.9 6.1 62.1 | 30.1 7.5
GPig 4.5 66,1 35.9 1.0 0.0 68.5 | 30.8 B8
[} T 8.4 66.0 50.5 3.0 0.8 £7.8 | 84.5 5.3
[e1 Y 6.0 54.9 35.8 7.4 0.8 60,4 | 82.0 8.7
GPag 3.0 83.1 37.9 0.0 6.0 656 | 28.6 .8
[€13F] 15.5 7.0 30,0 ER] (K] §6.9 | 4B.7 8.0
GP24 5.7 63.6 33,7 1.8 1.8 63.3 | 41.9 6.5
GPas 5.1 B0.5 564 T.5 1.6 B5.4 | 84.8 7.8
P26 1 BL.4 34.9 1.4 3.3 §6.0 | 82.7 7.4

Table E.9: Results obtained from product conversion over H-MCM-22 (UCT) .

Resctants I Conversion Heleciivity (mold l
Anisole | Cresols | Methylanisoles | Xvlenols = Phenol
Anisole 7 - 0.3 378 2.1 46,9
Anisole/ phenol” [ - BE.7 12.7 18 i7.1
o-Cresol 4 0.2 8.0 0.0 150 15.6
p-Cresol 7 0.7 BA.3 0.6 BT B.4
m-~Cresol 4 0.0 7.7 0.0 1.2 1.1

* Anitsole/ phenol molar mixture of 1: 1;
** Anisols conversion.

Heactants o-Ureaol | p-Cresol | m-Cresol | p/o-Cresol
(%) (%) (%) ratio
Anisole 66 11 20 Q.16
Anisole/phenol 53 28 18 .53
o-{ resol - 15 85 -
p-Uresol L] - 81 «
m-Cregol 26 74 - 2.85

Table E.10: Toluene alkylation with methanol over H-ZSM-5 and H-MCM-22 (UCT).

| [THZ5M.3 [ H-MCM-22 (UCT) ]
“Toluene conversion |  41.4 | 4.3
Product selectivities (molJb)
Ethylbenzene 0.1 3
Kylens 83.4 92.8
Trimethylbensenes 18,8 .0
Other 0.2 1.2
Kylene (omer digtribuiion (Jo]

o 35.6 357

[ 31.4 42.2

me- 38.0 18.1
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Ammonia temperature-programmed
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Figure F.1: Temperature program desorption curve for zeolites H-ZSM-5, H-Beta, H-Mordenite,
H-USY and amorphous silica-alumina.
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Figure F.2: Temperature program desorption curve for the different zeolite H-MCM-22 samples.



Appendix G

Modelling of the batch methanol : phenol

ratio data

Assuming irreversible second order with Langmuir adsorption:

KrCaCi—Cas =10
Kg.Cp.Cs ~Cpe =0

Cgs0 —Cs ~Cas —Cps =0

where:

e K, is the equilibrium constant for species A,
o C, is the concentration of species A;

e (g is the concentration of vacant sites;

o Cag is the concentration of species A on the catalyst surface;

Kpg is the equilibrium constant for species B;

Cg is the concentration of species B;

Cgs is the concentration of species B on the catalyst surface;

e Cgo is the initial concentration of vacant sites.

Find (Cas, Cps,Cs) —

Ca
Cso-Ka. (EsiCati+E5.Cn)
C.
KB'CB‘ ER%CA+1+KB.C3§
(B4 Ci¥+14+Kg.Ca)

Rate equation on the surface then become:

258
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RA = kl.CAS.CBS
where

o R, is rate of the formation of species A;

# k; is the rate constant.

Substituting from above yields:

- Ca Cso
Ra(Ca, Cg, ki, Ka, Kg, Cso) = |Cs0.Ka KaCaTir KB»CB)] . [KB'CB'(KA.CA 1 +KB~CB)]

k;1.C%5.K4.Kp.Ca.Cp
(Ka.Ca + 1+ Kp.Cp)?

Ra(Ca, Cg, ki, Ka, Kg, Cso) =

Let A = methanol and B = phenol. For a reaction mixture of methanol : phenol ratio of 1:

_Cpo—-Csn
s = Cro

Cp = Cpo.(1 -~ XB)

C
Ca = Cag — XB.Cpy = Cgo. [ﬁ - XB]

where:

e Xp is the conversion of species B;
e Cgg is the initial concentration of species B;

# Cag is the initial concentration of species A.
Let ratio = Cpg/Cgo, then
CA == CBg. [ratio - X.B]

then the rate equation becomes:

kl.Cgo.KA.KB.(l — Xa).(ratio — Xp)

Ra(Cao, Ceo, ratio, ki, Ka, Kp, Cso) = e o otio —Xp) + 1+ Ks.Coo (1 — X5))°

(G.1)

Batch reactor design equations:
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Figure G.1: Modelling of the conversion of phenol versus the methanol : phenol ratio as an irre-
versible second order reaction.

d

aCB = —Rp
d, _ Ra
I8 = G

Assuming Langmuir model constants of:
Cso = 1, Kp = 0.05, Kap = 10, ky = 20, ratio = 10, N = 10 and tf=1

1

Cpp = ———
B0 ratio+ 1

Cao = ratio.Cpp

The solution assuming second order irreversible kinetics is shown in Figure G.1. The solution to
second order irreversible with Langmuir adsorption of methanol (Equation G.1) is given in Figure
G.2.
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Figure G.2: Modelling of the conversion of phenol versus the methanol : phenol ratio as a second
order irreversible reaction kinetics with Langmuir adsorption of methanol.








