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SYNOPSIS

South Africa has large coal gasification capacities and thus the country is one of
the largest producers of ‘natural’ phenolics. However, the phenolics stream
derived from their coal gasification plants does not only contain much sought
after phenol, cresols and xylenols but is also rich in a multitude of higher
polymethylated phenol isomers, which are of comparatively low economic value.
At present it is only the phenolic compounds, which are contained in the aqueous
by-product stream from the gasifier, which are extracted and worked up.
Nonetheless, it has recently been announced that in the near future the raw
naphtha by-product stream from the gasifier, which also contains phenolics, will
be processed to extract these compounds. This will further increase the
availability of higher phenolics. However, the low value mixtures of
Co.-polymethylphenols obtained from this work-up still carry the potential for
subsequent value enhancement.

The idea behind this research was to add value to such Cg.-polymethylphenol
isomer mixtures by converting them into high value cresols and xylenols via
transalkylation with phenol over acid zeolite catalysts. This would comprise
recovery of the valuable aromatic (phenolic) OH-groups present in the
constituents of the Co-phenolics fraction and also make use of the
Co+-polymethylphenols as an active — and cheap — reagent for the methylation of
the phenol, due to the activation of their aromatic rings by the OH-group.

Transalkylation reactions were carried out in liquid phase at 60 bar in a
continuously operated, isothermal, tubular laboratory scale reactor over 6 g of
acid zeolite catalyst in crystal powder or extruded form. Three commercially
available acid zeolite catalysts were screened, H-MF|, H-MOR and H-BEA.
Of the three, the latter with a molar SiO; / Al,O; ratio of 25 was chosen for most
of the subsequent optimisation studies due to its generally better performance.



Investigations into the effects of reaction conditions were carried out by using a
phenol : 2,5-xylenol feed mixture. Reaction temperature, weight hourly space
velocity and feed ratio were varied from 250 to 450°C, 0.113to 0.45 h™ and 1 : 1
to 20 : 1, respectively. Additional investigations at 350°C, varying space velocity
in the same range and with a molar feed ratio of 1 : 1 were performed using a
phenol : 2,3,6-trimethylphenol feed mixture. In order to simulate a technical
Cos-phenolics feed stream, a mixture of polymethylated phenols was produced
via alkylation of lower methylphenols with methanol over an acid catalyst. This
simulated technical mixture was applied with excess phenol in a 20 : 1 molar ratio
feed mixture and transalkylated at 350°C, varying space velocity as above.

Isomerisation of individual higher methylated feed compounds (2,5-xylenol and
2,3,6-trimethylphenol) via a 1,2-methyl shift reaction was found to be rather rapid
compared to the actual transalkylation step and thus, to some extend, preceding
transalkylation.

Significant yields and selectivities of the most desired cresols were obtained
when converting the binary mixtures as well as a feed comprising phenol and the
simulated technical mixture. For instance, transalkylation of a 1 : 1 molar ratio
mixture of 2,3,6-trimethylphenol with phenol at 350°C and a weight hourly space
velocity of 0.113 h™, at about 40 % phenol conversion (i.e. with the reaction
mixture not vet close to the thermodynamic equilibrium carbon number
distribution) effects cresol and xylenol vields of about 15 mol% each. From the 20
: 1 molar ratio feed of phenol and the simulated technical mixture, at the same
conditions and with not yet equilibrated carbon number distribution, about 10
mol% cresols were obtained.

It appeared that the isomer distribution in the cresol fraction is kinetically
controlled with the transfer of the methyl group onto the phenol molecule
following basic chemical rules, namely, preferred alkylation in the o- and
p-positions. This results in a comparably high percentage of rather low market
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value o-cresol and a low percentage of high market value m-cresol. Significantly
less m-cresol is forming than in thermodynamic equilibrium and apparently most
of it is only forming as a secondary product via isomerisation of o- and p-cresol.
Even so, experimental results as well as theoretical calculations suggest that a
large phenol excess is not required to achieve a product carbon number
distribution dominated by cresols as well as satisfactory cresol yields and

selectivities.

Significant selectivities to cresols and xylenols were also obtained when
converting the phenol-with-2,3,6-trimethylphenol and the phenol-with-simulated
technical feed mixtures, always forming a mixture of cresol and xylenol isomers.
However, a conclusive interpretation of the obtained xylene isomer distributions
and a conclusion on the reaction pathways was not possible. Nonetheless,
experimental results as well as thermodynamic equilibrium calculations confirm
that the ratio of cresols to xylenols is eventually determined by the excess of
phenol applied.

Some less favourable aspects of the suggested process were identified, for
example (i) the carbon number distribution and thus cresol selectivity is limited by
thermodynamic equilibrium, corresponding to the given excess of phenol, and will
limit the maximum once through yield of cresol, (ii) between half and two thirds,
depending on conditions, of the converted phenol in the 20 : 1 molar
phenol : simulated technical mixture feed reacted to diphenylether (this would
represent a significant loss of valuable OH-groups and aromatic rings if it was not
recycled or its formation suppressed by e.g. applying a lower phenol excess or
co-feeding water), (iii) significant percentages of heavy compounds build-up
when operating at too high a reaction temperature (above about 375°C) and
(iv) recycling of unconverted feed and certain products or product fractions (in the
first instance diphenyieth@'rs) appears to be unavoidable.
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With respect to a final judgement of the suggested process it should be noted
that the alternative ‘direct’ routes to cresols, namely, the alkylation of phenol with
methanol, are not ‘clean’ at all, also requiring rather severe conditions. In
particular when high selectivity towards m-cresol is the goal, a mixture of
compounds is produced which requires costly separation, and of which much is
undesired and of low value.
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Chapter 1

INTRODUCTION

As a result of political issues the country faced in the 70's and early 80’s, South
Africa has large coal gasification capacities and thus the country is one of the
largest producers of natural phenolics. However, the phenolics stream derived
from their coal gasification plants does not only contain much sought after
phenol, cresols and xylenols but it is also rich in higher phenols (see table 1-1)
which are of low economic value as compared to phenol, cresols and xylenols.

Table 1-1: Yield and distribution of phenolic compounds in coal gasifier tar from water-
free bituminous coal (800 — 900°C, 20 bar) [Fiege, 2003]

Yield Distribution
Constituent
(kg/ton of coal) (wt % phenolics)
Phenol 0.14 4
Cresols 0.63 20
Xylenols 0.78 24
Higher phenols 1.67 52

From lignite, as gasified by Dakota Gasification company in the united states,
higher vields of ca. 6.1, 5 and 3 kg/ton of coal of phenol, cresols and xylenols,

respectively, are reported [Fiege, 2003].

Phenol, cresols and xylenols have a wide range of applications as starting
materials for various products. These include use for making herbicides,
insecticides, disinfectants, preservatives, antioxidants, perfumes and fragrances,
and various pharmaceuticals, for example, chemotherapeutics like trimethoprim
which can be used for treatment of “travelers” diarrhea. The most important field



of application for phenol, the individual cresol isomers, technical mixtures of
cresols isomers and certain xylenols (on the first hand 2,6-xylenol) is the
production of various modifications of phenolic resins by condensation with
formaldehyde, for example, for making engineering plastics [Fiege, 2003]. Higher
polyalkylated, in particular polymethylated phenols such as the constituents of
“creosote” have limited applications and these mixtures are usually used in
formulations of impregnating oil, used for wood protection [Fiege, 2003]. Hence
the reason why cresols and xylenols have a higher market value than the higher
phenols. Consequently, routes to conversion of low value, higher phenolic
compounds into the high value cresol/xylenol pool are of potential commercial
interest.

1.1 Cresols and xylenols from coal tars and refinery caustics

Traditionally cresols and xylenols were obtained from high temperature coke
oven tar. In the UK cresols are also produced from low temperature coal tars
obtained in the production of smokeless solid fuels from coal (Coalite process).
By the 1890s all of these tars had become far less abundantly available. In recent
years the largest single source of “natural” cresols and xylenols has been Sasol
(35 000 — 55 000 t/a). Their cresols and xylenols are produced in the pressure
gasification of bituminous coal by Lurgi gasifiers to produce syngas for their
Fischer-Tropsch synthesis facilities [Fiege, 2003]. Another important source of
phenolics from coal gasification is Dakota Gasification Inc. in the United States,
who are gasifying lignite in Lurgi gasifiers. Cresols and xylenols are also
recovered from spent refinery caustics from naphtha sweetening process.
However, this has so far been confined to the United States. In other places, the
potential yield of cresols from spent refinery caustics is insufficient for economical
processing or no such caustics are produced at all [Fiege, 2003].



1.2 Synthetic production of cresols

Cresols and xylenols have been increasingly produced synthetically since 1965
when the recovery from coal tar and spent refinery caustics had become
insufficient to meet the increasing demand. The synthetic processes that are now
in use for commercial cresol manufacturing are (i) alkali fusion of
toluenesulphonates, (ii) alkaline chlorotoluene hydrolysis, (iii) splitting of cymene
hydroperoxide and (iv) methylation of phenol. These processes produce different
isomer distributions and hence are all of individual importance [Fiege, 2003].

1.2.1 Alkali fusion of toluenesulphonates

Toluene is sulphonated with concentrated sulphuric acid and the resulting
sulphonates are hydrolysed to cresol. This process is mainly used to produce
p-cresol. Normally a mixture of the following composition is obtained: 6 -12 %
o-cresol, 6 -12 % m-cresol and 80 - 85 % p-cresol. The high p-selectivity results
from the toluene sulphonation reaction being sterically hindered in the o-position
and the m-position being less reactive. The principal disadvantage of this
method is the unavoidable production of sodium suiphite as a co-product in
aqueous solution [Fiege, 2003].

1.2.2 Alkaline chlorotoluene hydrolysis

This process produces cresols with high m-cresol content. With a
1:1 o/p-chlorotoluene mixture (which is obtained when a 1:1 molar mixture of
toluene and chlorine are reacted over an iron (lll) chloride catalyst), the
o-, m- and p-cresol isomers are produced in the ratio 1:2:1, i.e. close to
thermodynamic equilibrium distribution [Fiege, 2003].



1.2.3 Cymene hydroperoxide cleavage

The process is analogous to the cumol (Hock) process for phenol manufacture,
just using cymene isomers (isoprdpyl-toluenes) oxidising them and hydrolysing
the resulting peroxides to cresols. This process allows the production of m- or
p-cresol or a mixture of both from the corresponding individual cymene isomers
or mixtures thereof. It is not suitable for the production of o-cresol. This is
because the corresponding cymene isomer (o-cymene) can hardly be oxidized
to cymene hydroperoxide. The o-isomer also inhibits the oxidation of the other
cymene isomers [Fiege, 2003].

1.2.4 Methylation of phenol

This process can be carried out at various temperatures in either the liquid
phase or the vapour phase and over a variety of different types of catalysts.
Processes, over basic catalysts such as MgO or FeV/SiO,, also amphoteric
Al,O3 at low temperature, produce pure o-cresol / 2,6-xylenol mixtures. 2,6-
Xylenol is almost entirely produced by this process. The main product over acid
catalysts such as SiO,/Al;O3, acid zeolites or Al,O3 at high temperature, is m-
cresol with some o- and p-cresol, also 26-, 24- and
2,5-xylenol [Fiege, 2003} .

1.2.5 Other synthetic processes

The increase in demand for cresols led to the development of several other
synthetic processes. However these processes are not or not yet being used
industrially. Examples of such processes are the Gulf Oxychlorination, Oxidative
Decarboxylation of Methylbenzoic Acids, Hydroxylation of the aromatic ring (direct
hydroxylation of toluene) and Oxidative Methylation of Toluene to cresols [Fiege,
2003].



1.3 Synthetic production of xylenols

Synthetic processes that are now in use for xylenols manufacture are (i) Phenol
methylation, (ii) Demethanisation of Isophorone, (iii) Dimethylcumene
Hydroperoxide Cleavage, (iv) Alkaline Chloroxylene Hydrolysis and (v) Alkali
Fusion of Xylenesulphonates.

1.3.1 Phenol methylation
See section 1.2.4.
1.3.2 Demethanisation of isophorone

3,5-Xylenol is normally not a product of methylation processes and it is only
isolated in limited amounts from natural xylenol mixtures. This xylenol isomer is
produced by demethanisation of isophorone, which is the product of cyclic aldol
condensation of acetone. The reaction is carried out in the vapour phase in a
multitubular reactor at 600 °C and 0.1 kPa and space velocities around 0.5 h™'
(LHSV). Toluene, xylene, mesitylene, dihydroisophorone, m-cresol, 2,4- and
2,5-xylenol and 2,3,5-trimethylphenol are formed as by-products [Fiege, 2003].

1.3.3 Dimethylcumene hydroperoxide cleavage

3,5-xylenol is produced from this process by oxidation of 3,5-dimethylcumene to
3,5-dimethylcumene hydroperoxide which is then cleaved. This method is more
expensive than the analogous cymene-cresol process (section 1.2.3) because of
the additional methyl group, which leads to more side reactions [Fiege, 2003].

1.3.4 Alkaline chloroxylene hydrolysis

In this process, chloroxylenes are hydrolysed to xylenols. Mixtures of 2,4- and
3,5-xylenol are obtained from 2,4- or 3,5-dimethylchlorobenzene. These can then



be separated by distillation. 2,3- and 3,4-xylenols can be obtained from the
alkaline hydrolysis of 2,3- and 3,4-dimethyichlorobenzene [Fiege, 2003].

1.3.5 Alkali fusion of xylenesulphonates

In this process 2,4-xylenol is produced from the sulphonation of m-xylene with
sulphuric acid or chlorosulphuric acid followed by hydrolysis. From this,
3,5-xylenol can also be obtained by changing operating conditions and using
excess alkali. Sulphonation of p-xylene leads to production of 2,5-xylenol.
3,4-xylenol is obtained from sulphonation of o-xylene. Under mild sulphonation
conditions, it is possible to produce 2,3-xylenol from o-xylene as well [Fiege, 2003].

1.3.6 Other synthetic processes

Other synthetic processes for the production of xylenols have also been
developed but are not or not yet used industrially. These processes include the
Gulf Oxychlorination process from which 2,6- and 2,4-xylenols can be obtained
[Fiege, 2003].

1.4 Lurgi coal gasification process

South Africa’s source of phenolics is Sasol's Lurgi coal gasification process. In
this process, coal is contacted in the gasification reactor with a gasification agent
(a mixture of superheated steam and pure oxygen) in countercurrent mode. In
this way, coal pyrolysis products are driven from the coal by the hot, raw syngas
and obtained together with the syngas over the top [Schilling et al., 1981]. The
major product streams obtained in this process are shown in figure 1-1.

It is from the aqueous condensate stream, the “gasification liquor” (figure 1-1)
that phenolics are currently obtained. The recovery of phenolics from this stream
is done by the Phenosolvan process (see section 1.4.1). Sasol has announced



that it is planning to also extract the phenolics fraction from the raw naphtha

stream in the near future [du Preez, 2003].
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Figure 1-1: Schematic diagram of the Lurgl coal gasification and phenolics recovery
process [adapted from Schilling et al., 1881]

1.4.1 Phenosolvan process

In the Phenosolvan process, the aqueous stream from the gasification process is
passed through a multistage countercurrent extractor. In the extractor, phenols
are extracted with an immiscible polar organic solvent, usually butylacetate or
diisopropylether. The extract, containing phenols and the solvent, is then distilled
to remove the solvent. Remaining solvent, contained in the raw phenol fraction
after distillation, is recovered by steam stripping [Duncan, 1998].

A typical raw Phenosolvan extract in addition to the phenolic compounds
contains approximately 20% to 30% pitch, neutral oils (1% to 4%), tar bases (1%
to 3%) and water (2% to 6%). This raw phenolics mixture is further purified



{Duncan, 1998]. Table 1-2 gives the relative weight percentage distribution of the
phenols in a depitched Phenosolvan extract.

Table 1-2: Typlcal composition of a depitched Phenosocivan extract from the liguors from
steam gasification of coal [StSnner, 1888]

Compound Weight Percentage

Phenol 45

Cresols 30

Xylenols 6

Polyhydric and other phenols 10
Pyridine bases

Neutral oil, pitch 5

Water

1.4.2 A new process of phenolics recovery from coal pyrolysis naphthas

In addition to the quantities dissolved in the gasification liquor (the aqueous
phase) a part of the total phenolic compounds produced by the coal gasifier is
contained in the liquid organic by-products fractions, e.g., the raw naphtha.
Venter and Nieuwoudt [2002] have developed a process for the recovery of
phenolics from such coal pyrolysis naphthas. This process comprises a solvent-
solvent extraction with a solvent system consisting of a phenolics selective
solvent mixture and hexane as a countersolvent. It was discovered that phenolics
selective solvents are those that contain hydroxyl groups positioned on the
molecules’ backbones in such a way as to facilitate hydrogen bonding with more
than one phenoclic molecule at a time. The best commercially available solvent
identified was friethylene glycol mixed with water.

However, it is not known yet whether Sasol’'s naphtha extraction process will be
identical with or similar to the Venter / Nieuwoudt process or not.



Chapter 2

LITERATURE REVIEW

2.1 Phenol

Phenol (figure 2-1) occurs as a free component or as an addition product in many
natural products. For example, it is a component of lignin.

Figure 2-1: Chemical structure of phenol

In industrial production, phenol was initially extracted exclusively from hard coal
tar. Following the rise in the phenol consumption, synthetic production routes
were introduced during the 1960’s. A number of processes for the synthetic
production of phenol have been developed. Of all these processes, the most
important, industrially, are (i) alkylation of benzene with propene to
isopropylbenzene (cumene), oxidation of the cumene to the corresponding tert.-
hydroperoxide, and hydrogenolytic cleavage to phenol and acetone (Hock
process) and (ii) toluene oxidation to benzoic acid and subsequent oxidising
decarboxylation to phenol (Dow process). Other processes were abandoned for
environmental or economic reasons or have never been implemented industrially
[Fiege, 2003].

Phenol has achieved considerable importance as a starting material for
numerous intermediates and finished products. Most of it is processed further to
give phenol-formaldehyde resins [Fiege, 2003]. Its major physical properties are
given in appendix A.
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2.2Cresols

Cresols, or methylphenols, occur in three isomeric forms (figure 2-2).

H H H
CH,
CH,
CH,
ortho-cresol meta-cresol para-cresol

Figure 2-2: Chemical structures of the cresol isomers

Cresols are widely distributed in nature. They are formed as metabolites of
various organisms including the human body, e.g., contained in urine. Cresols
are also found in extracts and vapour distillates of many plants, e.g., jasmine
flower oil. Small amounts of cresols are found in certain foods and drinks, e.g., in
tomatoes [Fiege, 2003].

Cresols are important chemical raw materials. Originally they were obtained only
from coal tar. After World War 1l they were also obtained from spent refinery
caustics. Cresols have been produced synthetically on an increasing scale since
the 1960s. Today the largest amount of “natural” cresols, i.e., those derived
directly from processing natural feed stocks such as coal, is obtained by Sasol in
South Africa (35 000 — 55 000 t/a) from liquid by-product streams of the pressure
gasification of bituminous coal by the Lurgi process [Fiege, 2003]. The major
physical properties of the cresols are given in appendix A.
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2.3 Xylenols

Xylenols, or dimethylphenols, occur in six isomeric forms, as shown in figure 2-3.

H H H
CH, CH, /é/CH,
CH, H,C
CH,

2,3-Xylenol 2,4-Xylenol 2,8-Xylenol
H H H
H,C CH,
CH,  HC CH,
CH,
2,6-Xylenol 3,4-Xylenol 3,5-%ylencl

Figure 2-3: Chemical structures of the xylenol isomers

Xylenols are present in natural products such as essential oils of conifers, tea,
tobacco smoke and in various smoked foods [Fiege, 2003].

Xylenol mixtures are obtained mainly in the United States, South Africa and
Europe from spent refinery caustics and coal tars. The most important isomer,
economically, is 2,6-xylenol of which, however, only relatively small amounts are
obtained from coal tars. 2,6-Xylenol is therefore almost entirely produced
synthetically by phenol methylation [Fiege, 2003]. The major physical properties
of the xylenols are given in appendix A.
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2.4 Trimethylphenols

Trimethylphenols occur in six isomeric forms, as shown in figure 2-4.

CH, CH, H,C CH,

CH, H,C CH, CH,
CH,
2,3,4-Trimethyiphenol 2,3,5-Trimethylphenol  2,3,6-Trimethylphenol

CH, H,C CH,

H,C H,C CH,
CH, CH, CH,

2,4,5-Trimethylphenol 2.4.8-Trimethyiphenol 3.4,5-Trimethyiphenol
Figure 2-4: Chemical structures of the trimethyiphenol isomers

Trimethylphenols are found in natural products such as wood creosote derived
from beechwood and the resin from leaves of the creosote bush (Larrea).
Trimethylphenols are also found in coal tar derived creosote. Trimethylphenols
are not separated from these creosotes. The creosote is usually marketed for
wood protection [Gerberding, 2002].

Individual trimethylphenol isomers are produced synthetically.
2,3,6-Trimethylphenol and 2,4,6-trimethylphenol are produced in small amounts as
by-products during the synthesis of cresols and xylenols by methylation of phenol.
2,3,6-trimethylphenol can also be produced synthetically by selective methylation
of m-cresol with methanol. 2,3,5-Trimethylphenol can be obtained by methylation
of 3,5-xylenol in the presence of ortho-selective catalysts [Fiege, 2003]. The
major physical properties of the trimethylphenols are given in appendix A
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2.5 Chemistry of phenols
2.5.1 Reactivity of phenols

Alkylation of phenol proceeds via an electrophilic attack by the alkylating agent.
This attack can either be on the ring (C-alkylation to cresol (assumes alkylating
agent is methanol)) or on the hydroxyl group (O-alkylation to anisole, the methyl-
phenyl ether (assumes alkylating agent is methanol)). On less acidic catalysts O-
alkylation dominates [Parton et al., 1989]. In reaction between phenol and
methanol over an alumina catalyst at 200 °C, the attack on the hydroxyl group
was found to be 2 times faster than the attack on the ring [Santacesaria et al.,
1990a]. This ratio was found to decrease with increasing temperature because
the carbon in the ring is alkylated over alumina with a higher activation energy of
134 kJ / mol compared to 67 kJ / mol for oxygen alkylation. On the other hand,
for the alkylation of phenol with methanol at 300 °C, Pierantozzi and Nordquist
[1986] calculated that at thermodynamic equilibrium, cresol formation is favoured
over anisole by a factor 10*.

A hydroxyl group on a benzene ring is activating the ring for electrophilic attack,
e.g., by a carbenium ion, compared to benzene [Morrison and Boyd, 1987, and
Sykes, 1986a]. The hydroxyl group ‘pumps’ negative charge into the ring, by
mesomeric effect, stabilising the carbenium ion intermediate that forms, in
addition to just the spreading of the positive charge over the ring as in benzene
(figures 2-5 (a) to (c)). Additional alkyl groups on the ring, by electron donating
inductive effects, reinforce activation, though their contribution is weak compared
to that of the hydroxyl group.

2.5.2 Selectivity of ortho-, oara- and meta-substitution of the phenol ring
under kinetic control

An electrophilic attack on the phenol ring shows a kinetic preference for the ortho
and para positions [Morrison and Boyd, 1987, and Sykes, 1986a). This is
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because of the o/p-directing behaviour of the hydroxyl group. Mesomeric /
resonance / limiting structures of the carbenium ions that result from the
electrophilic attack on the phenol ring and whose relative stabilities determine the
orientation of attack, are shown in figures 2-5 (a), (b) and (c).

Electrophilic attack on the para position

IOH IOH (1 H +0H
r—  — B
H Y M Y H Y H Y
Additionally
stabilised

(a)

Elactrophille attack on the ortho position

IOH IOH q‘u +0H
H H H H
é‘~* éé—-" é‘*i—' "

Additlonally
stabllised
(b)
Electrophilic attack on the meta poslition
IOH IOH IOH
A,
i e
S TH H i
Y Y Y
No additional
stabllisation

(c)

Flgures 2-§ (a), (b} and {c): Transition state resonance structures from electrophilic attack
on the phenol ring [Morrison and Boyd, 1987, and Sykes, 1986a]
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As shown in figures 2-5 (a) and (b), an electrophilic attack at the ortho and the
para positions of the phenol ring results in a cationic intermediate whose positive
charge can be stabilised by the lone electron pairs of the oxygen atom in the
hydroxyl group. An attack at the meta positions results in an intermediate with a
charge at a position which cannot be stabilised by the lone electron pairs of the
oxygen atom, see figure 2-5 (c). Thus o- and p- attack is kinetically favoured.

The alkyl groups in alkylated phenols, due to their inductive effects, induce some
weak ortho and para selective preferences (relative to their own position) which
adds favourably or not to the effect of the hydroxyl group.

A statistical ratio of 2:1 of ortho : para substitution of the phenol ring is expected.
This is because of the fact that there are two ortho positions to one para position
per phenol ring. However, this does not necessarily hold. Based on resonance
considerations, the attack on the para position should be slightly favoured
[O'Connor et al., 1996]. This would result in an o- : p- ratio of > 2:1.

As the attacking electrophile increases in size there will be increasing interaction
(steric hindrance) between the electrophile and the hydroxyl group on the phenol
molecule in the transition state for attack at the ortho position. This lowers the
relative proportion of the o-product and would therefore result in an o- : p- ratio < 2:1
[Sykes, 1986a].

Another reason why the 2:1 ratio does not hold is the fact that primary alkylation
of phenol proceeds via both O-alkylation and C-alkylation routes with subsequent
internal rearrangement of the O-alkylation products to ortho substituted phenol
products in secondary reactions. This would result in an o- : p- ratio > 2:1 [Sykes,
1986a, and Xu et al., 1997].

With increasing conversion, the distribution of the o-, p- m-substituted products
does no longer only depend on the relative rates at which they are initially formed
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(kinetics), since due to secondary reactions (e.g. isomerisation), the
thermodynamic stability of the products forming plays an increasing role in
determining the proportions [Sykes, 1986a]. This would eventually result in an
o- : p- ratio slightly higher than 2:1 and an increasing percentage of m-cresol, see
section 2.7.1.

2.5.3 Transformation of cresols and xylenols

Cresols and xylenols are transformed through two main routes, a unimolecular
isomerisation via a 1,2-methyl shift mechanism and a bimolecular
disproportionation or transalkylation [Parton et al., 1989). The mechanism of the
acid catalysed 1,2-methyt shift goes probably through a transition state involving
a protonated cyclopropane ring (figure 2-6) analogous to the carbocation
transition state for paraffins skeleton isomerisation [Sykes, 1986b].

ortho cresol
transition state

H . H
%
CH, CH,
meta cresol

Figure 2-8: 1,2-methyi shift mechanism for cresols and xyienols lsomerisation
[adapted from Sykes, 1986b, and Bbhringer, 2008]
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2.5.4 Phenolics transalkylation

Transalkylation of higher methylphenols with phenol has been reported to occur
in the presence of acid alkylating catalysts to give a product consisting mainiy of
o-cresol, together with small amounts of m- and p-cresol. This reaction is
reported to proceed either in the liquid or in the vapour phase and in a
temperature range of 400 — 500 °C. The catalysts mentioned are aluminium
oxide, chromium oxide and silica-alumina. In the case of 2,6-xylenol,
transalkylation with phenol, followed by isomerisation, can also be accomplished
without a catalyst in the vapour phase at 550 — 600 °C or, batchwise, in the liquid
phase at 420 - 470 °C [Fiege, 2003].

Tiwari and Mukherjee [1984] studied the effect of the ratio of phenol to higher
methyiphenols on transalkylation over a chromia-alumina catalyst. At a phenol :
2,6-xylenol molar ratio of 1:1, considerable amounts of trimethylphenols and
isomerisation products were formed apart from cresols. At phenol : 2,6-xyienol
molar ratios of 2:1 and 3:1 no trimethylphenols were formed but the formation of
cresols and isomerisation still occurred. At a phenol : 2,6-xylenol molar ratio of
4.9:1, only cresols formed, while isomerisation did not occur anymore at all.

Tiwari and Mukherjee's results also showed increasing conversion of xylenols to
cresols with increasing phenol : 2,6-xylenol ratio. From this it can be seen that
increasing the ratio of phenol : higher methylphenols shifts the product
distribution to smaller carbon numbers (lower methylphenols). This product
distribution, while kinetically controlled, was explained by simple statistical
reasons assuming that the extent of coverage of the catalyst surface by each of
the individual reactants is proportional to the relative concentrations of the
reactants (phenol and higher methyiphenol) in the feed and that way determines
the chance of a higher phenol molecule reacting with a phenol molecule or
another methylphenol molecule.
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At high conversion, the product mixture approaches thermodynamic equilibrium,
with only the average number of side chains in the reaction mixture determining
its equilibriun carbon number distribution.

2.5.4.1 Mechanism of phenols transalkylation

A broad spectrum of products, consisting mainly of cresols, xylenols, anisoles,
methylanisoles and diphenyl ethers is obtained when phenol is methylated using
zeolites [Holderich and van Bekkum, 1991].

The same spectrum of products but without anisoles and methylanisoles can be
expected in the case of transalkylation of phenol with higher methyiphenols.
Pierantozzi and Nordquist [1986] calculated that C-alkylation s
thermodynamically favoured 10 times over O-alkylation (at 300°C), so no methyl
ethers can form.

The transalkylation of phenol with higher methylphenols proceeds via a second
order reaction. The mechanism shown in figure 2-7 is proposed for the
transalkylation of phenol with higher methylphenols on acidic zeolite catalysts. It
is based on a Rideal mechanism suggested by Santacesaria et al. [1990b] for
phenol methylation, in which the one molecule is protonated and adsorbs on the
Bronsted acid site as a carbenium ion while the second molecule approaches
from the fluid phase.
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Figure 2-7: Mechanism of phenol transalkylation with a higher methyiphenol on a zeolite
Bronsted acid site [from Santacesaria’s et al. Rideal mechanism of phenol methylation,
1990b, adapted, and Bdhringer, 2008}
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2.5.5 Selectivity of isomerisation and transalkylation

Selectivity of isomerisation and transalkylation is determined by various factors
such as reaction conditions and catalyst activity and structure. Results obtained
from preliminary experiments at UCT [Nyoni and Molefe, 2002] show that with
increasing conversion there is an increase in the selectivity of transalkylation
accompanied by a decreasing selectivity in isomerisation. These results are
summarised in table 2-1.

Table 2-1: Isomerisation and transalkylation (disproportionation) of xylenol isomers under
conditions of changing temperature and conversion over & g of H-ZSMS5 in a fixed bed
reactor at 36 bar and a space velocity of 0.2 h™ [Nyoni and Molefe, 2002]

Foed T | Conversion Selectivity Yield
(°c) (%) (%) (%)
Isom* | Trans* | Isom* | Trans**
2,4-xylenol | 250 2 100 0 2 0
300 30 96 4 29 1
350 74 69 31 51 23
2,6-xylenol | 250 98 2 0
300 75 25
350 44 70 30 31 21
400 76 40 60 30 46

* lsomerisation
"*Transalkylation

Because isomerisation is a far more easy reaction than transalkylation in terms of
activation energy and steric/geometrical requirements [Bdhringer, 2008], it is
expected that this reaction will happen much faster than the transalkylation
reaction and dominate in the beginning. However isomerisation will reach
equilibrium rapidly with increasing conversion. This will lead to more and more
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transalkylation taking place. Isomerisation products will be increasingly
consumed in the process by transalkylation and this leads eventually to
decreasing amounts of the isomerisation products with increasing conversion
[B&hringer, 20086].

It is expected that narrow pore =zeolites will favour isomerisation over
disproportionation because of the bulky intermediates required in the case of
transalkylation. This has been shown by comparing zeolites H-ZSM-5 and H-USY
as catalysts for cresol conversion [Imbert et al., 2000].

Decreasing catalyst activity (through deactivation) affects both isomerisation and
transalkylation; however, transalkylation is affected more than isomerisation.
Transalkylation requires stronger acid sites than isomerisation; hence
deactivation affects the former reaction more than the latter. Coke deposition
(resulting in deactivation) may also narrow pore diameters of the catalyst (or plug
pores). This would also lead to isomerisation products being favoured [Imbert et
al., 2000].

2.8 Ether formation

The formation of diphenylether is a common side reaction of acid catalysed
reactions of phenolic compounds. For instance they form as a by-product during
acid catalysed phenol methylation [Fiege, 2003]

The mechanism shown in figure 2-8 is proposed for the formation of
diphenylethers during the transalkylation of phenol with higher methylphenols on
acid zeolite catalysts.
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Figure 2-8: Possible mechanism for the formation of diphenyiethers during phenol
transalkylation with a higher methylphenol on a zeoclite Brensted acid slte [from
Santacesaria’s ot al. Rideal mechaniem, 1990b, adapted, and Béhringer, 2008]. Possible
alkyi substituents not indicated

2.7 Thermodynamics of phenolics transalkylation

2.7.1 Cresol isomers equilibrium distribution

The gas phase equilibrium distributions of the cresol isomers obtained
experimentally by Imbert et al., at 380 °C over H-Z8M-5 (1997) and over H-USY

(2000) and the liquid phase equilibrium distribution obtained by Fritsch et al.
(2003), are shown in table 2-2.
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Table 2-2: Cresol isomers gas and liquid phase equilibrium distributions (380°C)
determined experimentally by Imbert et al. [1897] and [2000], and Fritsch et al. [2003]

Distribution
Gas phase Liquid phase
Isomer
imbert et al., 1997 | Imbert et al., 2000 | Fritsch et al., 2003
p-Cresol 16 14 16
m-Cresol 48 44 48
o-Cresol 36 42 36

The distributions given in table 2-2 show that m-cresol is the thermodynamically

favoured isomer. Imbert's et al. [1997] results at 380°C were confirmed by Fritsch

et al. [2003] for liquid phase at the same temperature. Gas and liquid phase

equilibrium being identical can be ascribed to the fact that, while not using any

solvents, cresol isomers are surrounded by cresol isomers, i.e. individual activity

coefficients, relative to each other, are very close to 1. Femsby [2006] calculated

the thermodynamic equilibrium distribution of the cresol isomers as a function of

temperature from thermodynamic data from Stull et al. [1969], figure 2-9.

Proportion of cresol isomers in
equilibrium mixture (%)

1.0

0.8

0.6

0.4

g2r

0.0
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0 200 400 600
Temperature {(°C)
= = g-grescl - -G esol °* - p-cresol

Figure 2-9: Thermodynamic equillbrium distribution of cresol lsomers, calculated using
thermodynamic data from Stull et al., 1969 [Fernsby, 20086]. it should be noted that imbert
et al. [1997] claimed that Stull’s data for phenols are not very accurate
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2.7.2 Xylenol isomers equilibrium distribution

The ideal gas phase xylenol isomers thermodynamic equilibrium distribution was
measured by Pigman et al. [1954] and calculated by Fernsby [2006] using
thermodynamic data from Daubert et al. [1999] is shown in table 2-3. Analogous
to cresols equilibrium (section 2.7.1) it can be assumed that liquid phase
equilibrium does not differ from gas phase equilibrium. According to these
measurements and calculations, 2,4-Xylenol is the thermodynamically most
stable isomer.

Table 2-3: Thermodynamic equilibrium distributions of xylenol isomers at different
temperatures in ideal gas phase calculated using data from Daubert ot al., 1999 [Fernsby,
2006] and measured by Plgman et al. [1954]

Xylenol isomers thermodynamic equilibrium distribution (%)
at different temperatures (°C)
Isomer Pigman
Fernsby [2006] ef al.
[1954]
250 | 275 | 300 | 325 | 350 | 375 | 400 344
2,3-Xylenol 291 341 3.2 34 3.6 3.7 3.9 8.9
24-Xylenol | 453 | 44.8 | 443 | 439 | 435 | 431 | 427 29.6
2,5-Xylenol | 175 | 176 | 176 | 176 | 17.7 | 17.7 | 17.7 23.7
2,6-Xylenol | 13.0| 13.0 | 129 | 129 | 129 | 128 | 128 111
3,4-Xylenol 48 | 5.2 5.5 5.8 6.1 6.4 6.7 12.6
3,5-Xylenol | 164 | 164 | 164 | 164 | 163 | 163 | 16.3 14.1

2.8 Uses of phenol, cresols and xylenols

Phenol, cresols and xylenols have wide applications. Some major applications
are summarised in table 2-4.
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Table 2-4: Major uses of phenol, cresols and xvienols [Fiege, 2003]

Phenol / Cresol isomer
Used for production of mainly, e.g.

/ Xylenol Isomer
formaldehyde resins

Phenol bisphenol A which is an important starting material
for polycarbonates and epoxy resins
carvacrol which is used in antiseptics and fragrances
o-crestonic acid which is used in dye intermediates
and pharmaceuticals

o-Cresol 4-chloro-2-methyiphenoxyactic acid, 2-(4-chloro-2-
methylphenoxy)-propionic acid and y-(4-chioro-2-
methylphenoxy)-butyric acid, which are important as
selective herbicides
2,6-di-tert.-butyl-p-cresol (BHT) which is a
nonstaining and light-resistant antioxidant with a

p-Cresol wide range of applications
2,6-nitro-p-cresol which is used as a polymerisation
inhibitor in the production of styrene
thymol, which is used in fragrances

m-Cresol
2,4,6-trinitro-m-cresol which is used in explosives

2,3-Xylenol pesticides

2,4- | 2,5-Xylenol AN

mixture antioxidants

2,6-Xylenol poly(phenyiene oxide) resins

] various pesticides, especially 3,5-dimethyl-4-
3,5-Xylenol methylthiophene
3,4-Xylenol insecticide 3,4-dimethylphenyl methylcarbamate

2.9 Major sources of phenolic compounds

2.9.1 Isolation from coal tars and gasification liquors

A traditional source of phenol, cresols and xylenols is the high-temperature coke

oven tar. This is obtained in the production of metallurgical coke by horizontal

chamber coking of bituminous coal at 900 — 1300 °C. This tar contains, on
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average, about 1.5 — 2 wt % phenol, cresols and xylenols (see table 2-5).
However, coke oven tar has continuously been declining as a source of cresols
and xylenols over the past 40 years [Fiege, 2003].

Cresols are also produced from the low temperature coal tars obtained in the
production of smokeless fuels in the Coalite process that is operated in the UK
[Fiege, 2003]. In these low temperature coal tars, the content of Cg — Cg phenols
is about 10 times higher than in high-temperature tars (table 2-5a). By the 1990s
Coalite tars had also become less abundantly available.

Tars from coal gasification in Lurgi gasifiers, that are produced at somewhat
lower temperatures (by Sasol in South Africa and Dakota Gasification in the US),
contain more phenols. Yields are given in table 2-5. Note the different bases of
quantification in table 2-5.

The largest source of “natural” cresols and xylenols today is Sasol (producing
35 000 — 55 000 tonnes per annum). These cresols and xylenols are obtained
from the liquid by-products of the steam gasification of bituminous coal by the
Lurgi process to produce synthesis gas for the Fischer-Tropsch plants (see
sections 2.9.3 and 2.9.4 for details of the Lurgi process and phenolic by-products
recovery). The composition of the phenol fraction obtained from this process is
similar to the composition obtained from low temperature coal tars [Fiege, 2003].

The largest, by volumes processed, of companies that isolate cresols and
xylenols from coal tars are Sasol Phenolics in South Africa and Merichem in the
United States, since 1997 in joint venture (named Merisol) and also in contract
with Dakota Gasification in the United States for working up their phenolic
streams [Fiege, 2003].
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Table 2-5: Yields and distribution of phenols in tar acids from different processes [Gentry, 1928, and Flege, 2003]. Note the different
bases (either the tars or the coal itself) for calculations

Amount Yield
(wt % of total tar) | (% of total tar)* (wt % of coal)
Constituent High temperature Low temperature Lurgi gasifier tar**
Coalite process
coke oven tar tar acids Bituminous coal Lignite
[Fiege, 2003) (Gentry, 1928] [Fiege, 2003] [Fiege, 2003]
600 — 650°C | 800 —900°C

Phenol 04-06 0.11 0.14 0.014 0.61
Cresols 08-1.0 4.78 0.31 0.063 0.5
Xylenols 02-05 5.88 0.61 0.078 0.3

Higher phenols - 7.07 1.24 0.167 -

Total phenois™ 17.8 - 2.30 0.322 -

*Assumed to be weight percentage
**The remainder is composed of the heavier derivatives of phenol, resins slc.
“**Data given in kg/lon of coal in Fiege [2003] but converted to weight percentage in this table
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2.9.2 Recovery from refinery caustics

“Natural” cresols and xylenols are also obtained from the naphtha fractions
produced by catalytic and thermal cracking in the petroleum industry in the
United States. These naphtha fractions contain on average about 0.1 % Cg — Cs
phenols. The phenols in these naphtha fractions are extracted as a by-product in
a process called sweetening where scrubbing of acid sulphur compounds
(e.g. thiols) is done with concentrated alkaline solutions. This treatment removes
phenols as well. The spent refinery caustics contain on average 20 — 25 %
Cs — Cs phenols and 10 — 15 % sulphur compounds. A typical composition of the
phenols fraction obtained from spent refinery caustics is shown in table 2-6
[Fiege, 2003].

‘Table 2-6: Typical composition (wt %) of the phenols fraction obtained from spent refinery
caustics

. Higher
Phenol o-Cresol | m-Cresol | p-Cresol | Xylenols
phenols
20 % 18 % 22 % 9% 28 % 3%

*Includes sthylphenols

The recovery of cresols and xylenols from spent refinery caustics has so far been
confined to the United States. Recovery from spent refinery caustics is declining
due to the fact that refineries are changing the desulphurisation of their naphtha
fractions to processes like hydrotreating and the Merox process from which
substantial quantities of phenolics remain in the gasoline and considerably
smaller amounts of spent caustics are obtained [Fiege, 2003]. Competition from
synthetic producers of o-cresol, increased environmental restrictions and an
overall lack of raw material, forced competitors to close down their operations so
that since around 1990 Merichem is the only processor of spent refinery caustics
in the United States [Fiege, 2003].
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In 1996, the “cresylics” capacity of Merichem was about 55 000 tonnes per
annum. This quantity includes phenol, xylenols and several other alkyiphenols.
Merichem, now with their phenolics business in joint venture “Merisol” with Sasol
Phenolics isolate cresols not exclusively from spent refinery caustics but also
from a variety of sources such as the coal gasification plants of Dakota
Gasification and Sasol [Fiege, 2003].

2.9.3 The Lurgi coal gasification process

Coal is first washed, crushed, graded and then fed from the top into the gas
producer from where it is slowly gravitating downwards. Gasification is carried out
at about 30 bar with a mixture of oxygen and steam as co-feed which is blown
into the reactor from the bottom, countercurrently to the coal, through a revolving
grate. A bed of ash resting on the grate preheats and distributes the gasifying

medium evenly.

The gasifying medium is heated by combustion of the ungasified rest of the coal
with the oxygen in a shallow combustion zone. This is followed, upwards, by a
zone in which mainly gasification by steam occurs. In the next layer the coal is
devolatised and gasified by hydrogenation. The raw gas leaving the gasifier dries
and preheats the fresh coal. The raw gas produced leaves the gasifier at a
temperature of between 300 — 800 °C depending on the type of coal used. Ash is
periodically removed from the base of the gasifier [Schilling et al., 1981].

The raw gas is then quenched with water to 180 — 200 °C in a scrubber cooler
and eventually cooled to ambient temperature where the gas liquor, raw naphtha,
oil and tars condense out [Schilling et al., 1981], see figure 1-1.
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2.9.4 Recovery of phenolics from Lurgi coal gasification process tars and
liquors

Many processes have been developed for the recovery of phenolic compounds
from aqueous process streams, however, the most widely applied process in
industry is the Phenosolvan process (section 2.9.4.1).

A commercially feasible process is under development (but not yet operating) for
the recovery of phenolic compounds from the naphtha fraction from the organic
phase of the gasifier product condensate and coal tars (section 2.9.4.2).

2.9.4.1 Phenosolvan process

The design of the Phenosolvan process is rather simple. In the Phenosolvan
process, the filtered and neutralised aqueous stream from the Lurgi gasification
process (the gasification liquor) is treated countercurrently with a suitable solvent
in a multistage extractor. The extract is separated in a distillation column into a
pure solvent (overhead product) and a crude phenols (bottoms product) stream.
The solvent is recycled to the extractor. The small amount of solvent that remains
in the phenoilic raffinate is removed by stripping [Sténner, 1989].

Different feedstocks can be treated and different solvents or solvent mixtures can
be used for the Phenosolvan process. Examples of suitable solvents are
butylacetate, diisopropylether (DIPE), mixtures of benzene and DIPE or mixtures
of methyl isobutyl ketone (MIBK) and DIPE [Stonner, 1989].

A typical composition of a (depitched) Phenosolvan extract from steam
gasification of coal is shown in table 2-7 [Sténner, 1989]. It should be noticed that
this extract reflects only a part of the total phenolics produced in the coal
gasification process (see table 2-5 for the total distribution) and is dominated by
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the lower phenolics that appear in the aqueous phase, the liquor, with

preference.

Table 2-7: Typical composition of a depliched Phenosolvan exiract from the liquors from
steam gasification of coal [St8nner, 1989]

Compound Weight Percentage

Phenol 45

Cresols 30

Xylenols 6

Polyhydric and other phenols 10
Pyridine bases
Neutral oil, pitch

Water

2.9.4.2 Separation of phenolic compounds from neutral oils and nitrogen

bases.

Venter and Nieuwoudt (2002) have developed a process (Nieuwoudt and Venter,
1998) for the recovery of phenolics from the naphtha fraction of coal tars
(figure 2-10). Further development of this process is currently taking place in
industry. It is a liguid-liquid extraction process with a solvent stream consisting of
triethylene glycol and water and a countersolvent stream consisting of n-hexane.

The feed to the extractor consists of a mixture of phenolic compounds, neutral
oils and nitrogen bases in the heavy naphtha range. The solvent stream enters
the extraction column at the top together with the feed stream, while the
countersolvent stream enters at the bottom. The constituents of the feed stream
are distributed between the two phases by means of countercurrent extraction,
with the raffinate and extract phases exiting at the top and bottom of the column,
respectively [Venter, 2001].
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Figure 2-10: Process flow dlagram for the recovery of phenolics from the naphtha fraction of coal tars [Venter, 2001), simplified
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The countersolvent phase exiting the column at the top consists of hexane, the
neutral oils, nitrogen bases and traces of phenolic compounds, water and
triethylene glycol. This exiting stream is sent to a hexane recovery unit where
hexane and any water present are removed yielding a high purity hexane with
respect to neutral oils and nitrogen bases. It is not necessary to remove the
residual water in the hexane distillate as both hexane and water are ultimately
recycled to the extraction column [Venter, 2001].

The solvent phase exiting the column at the bottorn consists of triethylene glycol,
water, the bulk of the phenolic compounds from the original feed mixture and
traces of neutral oils, nitrogen bases and hexane. This exiting stream is fed to a
water recovery column where water and any residual hexane are removed.

A number of neutral oils and nitrogen bases form azeotropes with water and a
substantial percentage of the traces that remained in the solvent phase
compounds are thus removed with the water. Azeotropic removal of phenolic
compounds with the distillate is prevented due to the formation of hydrogen
bonding between the phenolic compounds and the triethylene glycol present in
the extract. As a result only a very small fraction of phenolic compounds,
compared to neutral oils and nitrogen bases, is removed azeotropically [Venter,
2001].

The phenolic compounds and triethylene glycol, and the traces of neutral oils and
nifrogen bases that are still present in the extract phase, are recovered as a
bottoms product of the water recovery column. This product is fed to a solvent
recovery column from which the phenolic compounds, along with any residual
neufral oils, nitrogen bases and water are removed as distiliates. This distillate
stream is the final (raw) phenolic product stream. Triethylene glycol is recovered
as the bottoms product and is recycled to the extraction column [Venter, 2001].
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The process was found to be capable of processing a raw heavy naphtha feed
with a boiling range of 160 to 220 "C and a phenolic product purity in excess of
99.5% being obtained. The author claims that separation is achieved with
reasonable solvent to feed ratios and in few separation steps with low solvent
losses [Venter, 2001].

No data are published yet about the composition of the phenolics fraction
obtained from the heavy naphtha stream of a Lurgi coal gasifier using the new
process. However, given the proportions of a gasifier naphtha (organic)
compared to the gasifier liquor (aqueous), with the former being non-protonic and
less polar, it can be assumed that the carbon number distribution of the phenolic
extract from the naphtha tends significantly to the phenolic compounds with more
and longer alkyl side chains, i.e. the higher phenols, though limited to ca. Cg,
corresponding to the higher boiling end of the naphtha.

With Sasol's plannings to extract the phenolic fraction from the raw gasifier
naphtha (du Preez, 2003) not only more phenol, cresols and xylenols, but also
significantly more of the low value higher phenols (particularly Cg phenols) will
thus be available.

However, it is not known yet whether Sasol's process will be identical with or
similar to the Venter / Nieuwoudt process or not.

2.10 Zeolites
2.10.1 What are zeolites?
Zeolites are microporous crystalline solids with well defined pore structures. They

generally contaln silicon, aluminum, oxygen, cations, water and/or other
molecules in their framework [Bell, 2001]. They occur naturally and are also
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synthetically produced. Typically, a =zeolite framework is composed of
tetrahedrally co-ordinated silicon atoms (T-atoms) joined by oxygen atoms.

Substitution of some of the T-atoms with other atoms (e.g. Al, P etc.) is common
and desired. The main feature of a zeolite framework is the presence of micro
pores. Some frameworks have one-dimensional pores; some have pores
extending in two or three dimensions which can join at pore crossings or even
cage-like intersections. Substitution into the framework, Al for Si for example,
creates areas of excess negative charge where non-framework species can bind
[Deem, no year).

2.10.2 What makes zeolites special?

What makes zeolites special is (i) the microporous pore character with uniform
pore dimensions, allowing certain hydrocarbon molecules to enter the crystals
while rejecting others, based on foo large a molecular size, (ii) the ion exchange
properties which allow to perform many different ion exchange reactions, (jii) the
ability to develop internal acidity which enables zeolites to catalyse organic
reactions and (iv) the high thermal stability [Moscou, 1991].

Zeolites can be used to directly synthesize compounds that are essentially free
from unwanted by-products. As heterogeneous catalysts, they posses the usual
advantages over homogeneous catalysts i.e. they are easy to separate from
products, easy to handle and easy to regenerate. Zeolites offer an ability to
control catalytic properties by a variety of synthetic and post synthetic methods.
Pore size and shape can be influenced by choosing the appropriate organic
template and synthesis conditions i.e. making different types of zeolites. Acidity
of zeolites can be also be controlled by various methods such as the degree of
substitution of the silicon by e.g. aluminium atoms, i.e., the silica/alumina ratio,
ion exchange and calcinations conditions [Davis et al., 1994].
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Most of the important reactions carried out over zeolites are acid-catalyzed.
However there is an increasing interest in zeolite catalysis by basic sites [Karge,
1991].

2.10.3 Generation of acid sites

Acidity of zeolites could mean (i) the nature of acidic sites (Brensted sites or
Lewis sites), (ii) number or density of the sites or, finally (iii) their strength [Karge,
1991]. As mentioned above, the substitution of Si in the zeolite lattice with Al
results in excess negative charge. This excess negative charge is compensated
for by cations. Brensted acid sites (proton donors) are formed when the charge
compensating cation is a proton. This can be achieved by one of the following
processes, (i) ion exchange of the charge compensating cations with protons in a
liquid Brensted acidic medium, (ii) ion exchange with ammonium ions, followed
by an activation step (usually thermal) whereby ammonia is expelled, (iii)
calcination whereby organic structuring cations are thermally decomposed, (iv)
hydrolysis of hydration water by polyvalent cations and (v) reduction of cations to
a lower valence state. These processes lead to formation of bridging hydroxyls
(proton donor sites) which are the locus of Brensted acidity and catalytic activity
in proton aluminosilicate zeolites (see figure 2-11). Theoretically, one Bransted
acid site can be generated for each aluminum in the framework, hence the larger
the aluminum content or the lower the Si:Al ratio of a zeolite, the larger the
potential number of Bransted acid sites [Martens et al., 1997].

o
o---:

/‘{>

???

Figure 2-11: Bridging hydroxy! group in aluminosiiicate zeolite generating Brensted acidity
[Martens et al., 1887]
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The free electron pairs on the oxygen on the opposite site of the aluminium atom
act as an electron donor site, i.e., a Lewis base [Martens et al., 1997], thus
contributing to the acid catalysed reactions in a concerted manner as shown, for
example, in figures 2-7 and 2-8.

A Lewis acid site (electron pair acceptor) is generated upon dehydroxylation of
two Brensted acid sites (figure 2-12(a)). Lewis acid sites in the form of extra-
framework AlO" species can be formed during dehydroxylation of two adjacent
Brensted acid sites (see figure 2-12(b)) [Jacobs et al., 1979].

H
i
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B lg %+ %
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(b)

Figures 2-12(a) and (b): Formation of a Lewis acid site from two Brensted acid sites
[Jacobs et al., 1879]

For the majority of the acid-catalyzed reactions, the relevant acid sites are the
Brensted acid sites [Karge, 1991].

2.10.4 Acld site sensity

The overall density of Bronsted and Lewis acid sites in a zeolite can be
determined by chemisorption of basic probe molecules and quantification of the
adsorbed molecules. This is done by saturating a zeolite sample with a strong
basic molecule and then evacuating the physisorbed molecules after which the



38

chemisorbed molecules are removed with a flow of an inert carrier gas during a
temperature programmed desorption process [Martens et al., 1997].

It is usually observed that with carefully prepared, high Si : Al ratio zeolites, the
number of acid sites is proportional to the aluminum content [Herreros, 1996].

2.10.5 Acid site strength

Acid site strength distribution in zeolites can be determined by indirect methods,
also using probe molecules. A few examples of these methods are (i) calorimetry,
where the heat of adsorption of basic probe molecules is measured,
(ii) temperature programmed desorption combined with selective spectroscopy, a
method where pyridine is used as the spectroscopic probe, and
(iii) IR spectroscopy where weaker bases such as benzene, ethylene and carbon
monoxide are used as spectroscopic probes [Martens et al., 1997]. The stronger
acid sites are usually observed in high Si : Al ratio zeolites.

2.11 Shape selectivity in zeolites

Almost any thermodynamically possible chemical reaction may occur to some
extent at a sufficiently high temperature. It follows that the most unique role and
purpose of a catalyst is to provide a selectivity to direct the transformation along
a very specific, desired path [Weisz, 1980]. There are various methods of
achieving certain selectivities in zeolites, some of which depend on the relative
rate of intracrystalline diffusion, while others do not. The most common types of
shape selectivity are termed reactant, product and transition state shape
selectivity. A first basic description of these effects was given by Csicsery [1984].
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2.11.1 Reactant shape selectivity

This type of shape selectivity occurs when the feedstock consists of two types of
molecules, those that are too big to enter the zeolite channel system and those
that can enter the channel system. Reactant shape selectivity (figure 2-13) has
been demonstrated, for instance, by the selective dehydration of n-butanol in a
Cs-alcohol mixture over a calcium exchanged zeolite A (5A molecular sieve)

without reacting isobutanol or secondary butanol [Weisz et al., 1962].

—_— AN T HO

H,0

Figure 2-13: Reactant selectivity

2.11.2 Product shape selectivity

This type of shape selectivity takes place when the feed molecules can enter the
pores of a zeolite and are converted into products, but when only some of the
products formed are able to leave the zeolite cavities while others are trapped in
the zeolite cavities due to them not fitting in the channels. These larger molecules
remain in the pores getting accumulated or undergo secondary reactions like
isomerisation into smaller products which then escape the zeolite cavities [Chen
et al., 1994]. When approaching chemical equilibrium with the smaller ones, the
larger molecules may slow down the reaction or sometimes, if not readily
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converted into smaller molecules, deactivate the zeolite by fouling [Chen et al.,
1994].

This type of shape selectivity was shown in the hydrogenation of an ethene and
propene mixture over a platinum catalyst encapsulated in a small pore Na-
mordenite. Both reactants can pass through the zeolite, but one of the products,
propane, cannot get out again. As the result of this product selectivity only ethene
was hydrogenated [Chen et al., 1994]. Product shape selectivity was also shown
in shape selective toluene disproportionation to benzene and mainly p-xylene,
the slimmest xylene isomer, over medium pore size zeolite H-ZSM-5 [Olson and
Haag, 1984]. An illustration of product shape selectivity is given in figure 2-14.

Figure 2-14: Product selectivity

2.11.3 Transition state selectivity

This type of selectivity takes place when both the reactant and the product
molecules are small enough to travel through the zeolite channels, but the
reaction intermediates or transition states of the reaction are spatially constrained
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within the zeolite pores either by size or orientation [Chen et al., 1984]. This type
of shape selectivity was alsc described by Csicsery [1971]. Csicsery observed
the absence of symmetrical trialkylbenzenes in disproportionation product
mixtures of dialkylbenzenas over H-mordenite (see figure 2-15). His reasoning for
this was that some of the bimolecular disproporticonation reactions would be
inhibited due to them involving bigger diphenylmethane-type intermediates than

athers. which require more space than is available in the mordenite channels.

>

i e
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Figure 2-15: Transition state selectivity
2.12 Physical properties of the applied zectites

2.12.1 Zeolite Beta (BEA)

Zeolito Beta has a three-dimensional pore system thal consists of 12-membered
rings [Treacy and Mewsam, 1988, and |ZA, 2002]. The framework of zeolite Beta
is a randomly intergrown hybrid of two distinct but closely related structures

[Treacy and Nowsam, 1988].

Zeolite Beta's pore syslem consists of twio perpendicular systems of
12-membered ring straight channels of 6.6 x 6.7 A {tigure 2-16} that intersect with
gach other and also intersect, at the intersection ot the two other channets, at
right angles, with 12-membered ring sinuseidal channels of 5.6 x 56 A that
extend into lhe third dimension. Tho chemical formula of the sodium form of

zeolite Beta is given by: Ma, [Al:Siss, O] where n £ 7. The Si0x/al.0; molar
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ratios are = 16. The framework density is 15.1 T atoms per 1000 A” [Baerlocher
et al,, 2001].

Figures 2-16: Framework structiure of zeolite Beta (BEA) shawing the straight channal
[IZA, 2002]

2.12.2 Zeolite Z5M-5 (MFI}

The framework of zecilte ZSM-5 has a twodimensiconal pore system consisting of
10-membered rings that form straight channels of 5.3 x 5.8 A {see figure 2-17)
intersecting at right angles with sinusoidal channels of 5.1 x 5.6 A. Since the
intersecting sinusoidal channels connect between neighboring straight channels,
the pore system, with respect to motecular diffusion, is effectively three

dimensional.

The chemical formula of the sodium form of zeolite Z5M-5 is given by: Nap
{H2Q)1s {Al;Siss., Oqez] where n = B. The Si0xAl:04 maolar ratics are z 22, The
framework density is 17.9 T atoms per 1000 A” [Baertocher et al., 2001].
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Figure 2-17: Framework structure of zealite ZSM-5 {MFI} showing the straight channel
[1ZA, 2002]

2.12.3 Zeolite Mordenite (MOR,)

The pore system in zeolite mordenite consists of two types of parallet channels.
These are 8-membered ring channels of 2.6 x 5.7 A and 12 membered ring
channels of 6.5 x 7.0 A diameter. These parallel channels are interlinked by
8-membered ring sinusoidal channals of 3.4 x 4.8 A At least for the diffusion of
large molecules e.g. aromatics, mordenite has effectively only a single cne-
dimensional channeal system, namely, the one made up of the 12 ring channels
{see figure 2-18),

Mordenite occcurs as a natural or synthetic zeolite and it is one of the most
siliceous natural zeolites, the chemical formula of the sodium form is given by:
Nan (HzO)z4 [AlSiapn Ogs] where n = 8. The Si0x/Al:04 molar ratios are = 10. The
framework density of zeolite mordenite is 17.2 T atoms per 1000 A 3 [Bagrlocher
et al., 2001].



Figure 2-18: Framework structure of zeolite mordenite (MOR) showing the wide and {in
between} the narrow straight channels [IZA, 2002]
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Chapter 3

OB.JECTIVE AND MOTIVATION

The objeclive in this rescarch project was to convert polymethylphenals (Cos) to
cresols and xvlenols. This was done by transalkylation of such higher phenols
with excess phenol over acid zeolile calalysis, Initially a Ce-phenal, 2.5-xdenol
was used as a model compound for basic studies and reasons of simplicily.
Higher phenols such as a {rimethylphenol isomer and a mixture of

polymethylphenols G, were also used.

The motivation behind this project is the fact lhat crescls and xylenols have more
applications and the more specific applications and thus significantly higher value
than higher, polyalkylated phenels in particular when they are obtained as isomer
mixtures, Sasol, South Africa’s big producer of natural phenclics recovers such
higher phenol mixlures, unavoidably, as a by-product in the aquecus and raw
naphiha by-product streams of their Lurgi coal gasification process when
applving the Phenosclvan liquor extraction and. as planned, the novel naphtha

extraction processes.

This study was carricd out to investigate a way of extracting additional value oul of
these highor phenols, converting them with phenel to crescls and xylenols. This
would comprise recovery of the valuable aromatic {phenolic} OH-groups present
in the constifuents of the Gag.-phenclics fraclions and also make use of the
Cue-polymethylphenols as an active — and cheap — reagent for the methylation of

the phenol, due to the activation of their aromatic rings by the OH-group.
3.1 Reaction under study

The reaction  under study was the transalkylation of phenol with

polymethylphenols Cse to proeduce lower methylphenols, namely crescls and
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xylenols. This involved transfer of methyl groups from the polymethyliphenol
molecutes to phenol molecules resulting in the production of lower methylphenols
than the fed polymethylphenols and higher ones than the phenol This can be
exemplified with phencl and e.g. a trimsthylphenol in the following reaction

aquation (figure 3-1}

H H H H
-t — -+
Fhenol C,- Phenaol Cresol Xylenol

Figure 3-1; Equatian of an example of the reactions under study

Reactions were carried out over acid zeolite catalysts. Zeclites have been
chosen mainly because of their high and rather stable activity compared to
amorphous materials such as silica-alumina. Medium pore and wide pore zeclites
have been tested, the former in arder to investigats if any shape selective effects

can be introduced.
3.2 Expected product distribution

Transalkylating trimethylphenol with phenol in eg. a 1:1 molar mixture was
expected to lead to a rather symmefric carbon number distribution containing
more cresol and xylenol product than remaining feed compeounds phenol and
timethylphenol such as illustrated in figure 3-2. Note that the average carbon

number, 7.5, does not change.

In fact. since transmethylation reactions between the polymethylated compounds
in the reaction mixture would alse form terlramethylaled compounds and
pentamethyl phencl, the earbon number distnibution would be skew, as illustrated

in figure 3-3. Note thal the average carbon number still remains lo be ¥.5.
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Figure 3-2: Expected carbon number distribution (approximate wvalues] of the

transalkylation product of a 1:1 moalar mixture of phenel and trimethylphenal
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the formation of higher methylated phenols
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Feeding excess phenol e.g. in a 5:1 molar ratio was expected to result in highar
“dilution” of the methyl substituents, i.e. mastly cresels forming, consuming the
most of the trimethylphenol and forming practically no higher methylated
preducts, as illustrated in figure 3-4, which more or less, represents the expected
product mixture, consisting eventually of phenol, crescls and some xylencls. Nate

that the average carbon number in this mixture is 6.5.
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Figure 3-4: Expected carbon number distribution {approximate wvalues) of the

transalkylation product of a 5:1 malar mixture of phenol and trimeathylphenol

3.3 Hypothesis

Low wvalug polymethylated phenclic compounds (Cg. phenels) can be
transalkylated with phenol to produce high value mono- and di-methylated

phenolic compounds (cresols and xylencls).
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3.4 Key questions

*  Are acid Zeolite catalysts suitable?

= Which commercially availabile zeolite catalyst is most suitable?

»  (Can the process be operated at attractively high rates, conversions and space
velocities with low catalyst coking?

= {an the reaction be driven towards thermodynamic equilibrium carbon
number distribution with low selectivity towards undesired by-products?

* Dopes the presence of higher methylated phenaols in the reaction mixture

suppress the net formation of higher transalkylation products?






&l

Chapter 4

EXPERIMENTAL
4.1 Experimental setup

An experimental apparatus was built for the transalkylation reaction of phenol
with 2,5-xylenol and higher phenols at high temperature and pressure in liquid
phase. A flow diagram of the experimental set up is shown in figure 4-1, The
experimental set up consisted of the following major units; feed pot, feed pump,
reactor and product catch pot, Auxiliary parts comprised emergency and guard
catch pots, pressure indicators (Pl} and pressure indicator controllers (PI1C), band
heaters and heating lines, temperature indicators (T|) and temperature indicator
controllers {TIC), mass fiow controllers (FIG), filters {F), valves {V), safety valves
(SV) and check valves {(CV). Connection between the different units was done by
1/8 inch (for liquid carrying lines} and % inch (for gas {/ vapour carrying lines)

stainless steel tubes.
4.1.1 Mass flow controller and gas inlet filter

There was an inlet line to the experimental setup, for high pressure nitrogen gas
{80 bar house-line supply pressure). Connected to this line were a pressure
indicator and controller (PIC-113} and a Brooks thermal mass flow controller
(FIC-122) of a flow range of 0 - 500 scom. The calibration of this mass flow
controller is shown in appendix B. The line to the pressure controller / mass flow
controller set up was fitted with a filter (F-111) to protect the mass flow controller

from dust.
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4.1.2 Pressure requlation parts

For setting and maintaining a constant reaction pressure, the experimental setup
was equipped with pressure indicator contrellers, pressure indicators, pressure
relief valves and a throttle valve, Pressure indicator controllers were used to set
lhe desired gas pressures in the experimental setup. Pressure indicators were
used to measure and indicate pressure at various poeints in the experimental

selup.

Mitrogen was used for pressurising and maintaining the pressure in the
experimentat setup, Pressurising was dong via the by-pass valve (V-121} and
maintaining the reaction pressure was done by means of feeding a pressure
controlled nitregen stream (via PIC-131) to a throtile valve {V-175) which was
open just enough to maintain a sufficient flow of this pressure contrelled nitrogen
stream through the throttle. The ocutlet of the product catch pot led into the
pressurised iine to the throtle valve, That way the nitrogen pressure determined

the pressure in the product catch pot and reactar,

4.1.3 Guard caich pots

Twa 1 liter stainless steel cylinders (each with a drain valve) were panrt of the
experimental setup to act as guard catch pats in the gas supply lines (GCP-142
and -172}. One of the guard catch pois was placed just before the reactor top
gas inlet. The purpose of this guard caich pot was to protect the mass flow
controller (FIC-122) from feed which would have been pumped right through te it
in case of blockage downstream. The other guard catch pot was placed in the
line via which the pressure regulator gas was fed to the throttle valve. The
purpose of this guard calch pot was to pratect the pressure indicator contrallers
{PIC-131 and -161, respectively) fram the reactor proeduct in case of a bleckage
in the throttle line. The two guard catch pots had a cone shaped botiom fo ensure

complete drainage when emptying. Lines leading to bath catch pots from the gas
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inlet side were fitted each with a check valve as an additional measure to prevent
back flow and hence protect the preceding parts {FIC and PICs) from feed or

product, respectively,

4.1.4 Introducing of feed

The feed was introduced into the reactor as a ready made mixture of the two
reactants from & 2 liter glass container (FP-301) which was slightly heated at ali
times to 85°C by means of a hot plate. Heating was done in order o keep the
feed mixture {which was padially solid at room temperaturg} in the liquid phase,
An HPLC pump {PP-155, LabAlliance Series |) was used to pump the feed from
the feed pot to the reacter inlet. The pump head and the line from the feed pot to

the reactor inlet were also heated at ali times to prevent feed from solidifying.

4.1.5 Reactor

The reactor (R-200) was made out of a stainless steel (33 318) tube of length
453 mm and with an infernal diamefer of 19 mm (see figure 4-2). A 50 mm
¥ inch socket Swagelok YCR weld gland was connecled (o the lop end of the
reactor tube, also with an internal diameter of 18 mm. while the boftom end was
closed by a cone shaped welded-in plate. This resulted in a reactor with a {otal
length of 503 mm. A thermowel] made of a 3.2 mm exfernal diameter steal tube
was fitted in the centre of the reactor tube, accessibie from the bottom. The
thermoweli extended throughout the length of the reactor from about 20 mm from
the top end of the reactor {(point A in figure 4-2). A thermoecouple was inserted
into the thermowell. This thermocouple could be moved up and down and
allowed the measursment of temperature at various points throughout the length
of the reactor (T1-218 in figure 4-1). Ancther thermoccuple {TI-211) was fitted to
the top of the reactor extending o 1 om from the top end of the central
thermowell. This thermocouple was in a fixed position and was used {0 measure

the temperature at the reactor inlet.
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Thermocouple
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Figure 4-2: Detailed mechanical design of the reactar
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Thera were four heating zones on the reactor {sce figure 4-1). Each heating zone
comgised of a eylindrical zinc sleeve and a cylindrical heating etement. The zinc
sleeves were put around the reactor tubc nex! to each other. To gach sleeve, a
surrounding cylindrical heating element was connected and the heating elements
were each connected 1o a temperature indicator controfler (TIC-212 to TIC-215)
as shown in figure 4-1. The healing etements on heating zone 1 to 4 were

6.3, 10,12 and 10.3 cm long, respectively.

This arrangement served as a means to achieve an extended isocthermal zone in
approximately the middle the reactor for the catalyst bed (see figure 4-3)
TIC-214. controlling the most central heating sleeve {(heating zone 3,
corresponding to the location of the reactor bed) was programmable. This was

done in order to achieve a more controlled heating rate during catatyst activation.

The temparature profile in the reactor for operation at 300°C is shown in figure 4-3.
It can be seen from the figure that the isothermal region in the reactor where the
temperature was varying by * 1°C was approximately 25 cm long ranging from

arcund 15 to 40 cm from the top of the reactor (Point A in figure 4-2).

The catalyst bed was located approximately in the middle of this zone (see

section 4,3.1 for details of catalyst loading and the total reactor packing).
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4.1.6 Product catch pot

A 500 cm® stainless stael eylinder was installad after the reactor in order to act as
a product catch pot {see figure 4-4). The product catch pot was also cone shaped
at the bottom to allow complete drainage. The connection at the top of the
product catch pot that was coming from the reactor was extended right into the
apen volume of the pot and allowed the liguid component of the product from the
reactor to collect in the catch pot and the traces of gaseous components to be
vented off through the throttle valve. A drain valve for sampling was fitted lo the
hottom end of the product catch pot. The product catch pot was heated to 860°C
{TIC-311) to prevent the liquid reactor product or part of it from solidifying. It was
operated at reaction pressure, 60 bar, to keep low boiling products in liquid

phase.
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4.1.7 Emergency equipment

In case of pressure build up due to downstream blogking, 2 heated pressure
relief valve (SY-154) an the line leading from the feed pump to the reactor inlet
walld have opened to release the pressure by discharging part of the contents of
the apparatus into an emergency catch pet {(CP-158). A second pressure relief

valve {5V-162) was introduced to protect the low pressure controller (P1G-161).
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4.2 Operating conditions

4.2.1 Searching for optimum reaction temperature and pressure

A 121 molar mixture of phenol and 2, 5-xylencl was fed over a zeolite H-Beta
catalyst with a Si0./AlO; molar ratio of 25 (table 4-1). This experiment was used
for determining the operating temperature at which the different candidate
catalysts were to be tested Wide pore zeolite Beta was chosen because
(i) medium pore zeglites such as ZS5M-5 were expected not to catalyse
transalkylation reaclions of alkylaromatic compounds {due to spatial resirictions
within the pore system — fransition state shape selectivity) and i) because
zeolite beta. despite being a wide pore zeolite, is known for its comparatively low

coking tendencies,

Reactions were carried out in liguid phase, Based on experience from previous
work done on phenol alkylation in the research group {(Fletcher and Bahringer,
2004, a pressure of 60 bar was chosen o keep the feed mixture in liquid phase
under reaction conditions (the boiling point of phenol at 60 bar is 419°C (Weast,
19807).

Reactions were carried out over a temperature range of 250 to 450°C at a
constant space velocity of 02258 Oees f Qeaa vt £ hr. From results obtained (section

5.1) a temperature of 350 °C was chosen for catalyst screening experimants,

4.2.2 Catalysts screened

Table 4-1 lists the acid zeolite catalysts that were screened and their
characteristic features, For details such as pore dimensions see section 2,12,
These catalysts were all obtained from the supplier in their acidic form (H-farm)

and were used in this form.
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Table 4-1: Zeolite catalysts that were screened and their characteristic features {supplier:
Sild-Chemie}

! | Molar
I Catalyst Fornt
: SiCyAlO;
- H-ZSM-5 {(H-MFI-90) 90 Crystal powder
H-Mordenite {H-MOR-90) 90 Extrudates (1/16%)
{ca. 20 wit% alumina binder)
H-Beta (H-BEA-25) 25 Crystal powder

4.2.3 Chemicals that were used

Table 4-2 lists lhe chamicals that were used for the reactions under study.

Table 4-2: Chemicals that were used

o Camp;und | Supplier [[F=e Purity (%) ) —‘
Phenol ' Sigma-Aldrich 99 T
2 5-Xylenol Sigma-Aldrich Cog7 T
2.3,6-Trimethylphenol Sigma-Aldrich g5
' NMethanol Sigma-Aldrich 99 .
Silicon carbide” (0.5— 0.7 mm) ~ Colbern ;
Nitrogen AirLiguide C 99.99

“Ma:or impurilies were glher xylenal and rimathylphenal isamers, respectively

“*As catalyst diluent and for inert parts of Lhe reactor packing, sae figure 4-&
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4.3 Experimental procedures

4.3.1 Catalyst loading

The catalyst was lpaded as shown in figure 4-5. A layer of glass wool was placed
at the hottom of the reactor to trap the packing. Inert material (silicon carbide}
was packed up to 16.5 c¢m from the bottom of the reactor. This was to ensure that
the catalyst bed was positioned within the isothermal zone which was starting at
about 10 cm from the bottomn of the reactor (see figures 4-2 and 4-3). 6 g of
catalyst were mixed with 26 g of silicon carbide. Mixing the catalyst with silicon
carbide was done to avoid pressure build up in the reactor bed when the catalyst
was in the form of a crystal powder and to improve hydrodynamic flow patterns

when the catalyst was in the form of extrudates.

The mixture of catalyst and silicon carbide was then loaded into the reactor on
top of the bottom layer of silicon carbide. This occupied an additional length of
ca. 10 cm (SIiC { crystal powder mixture) or 15.5 cm (SiC / extrudates mixture),
respectively. Silicon carbide was then packed on top of the catalyst bed up to the
top of the reactor. The purpose of this top layer of silicon carbide was to preheat
the feed and establish uniform flow of the feed mixture per cross-sectional area.
Another layer of glass wool was put at the top of the reactor packing to prevent
silicon carbide from being pushed back into the reactor inlet lines in case of an

accidental backilow.

The tip of the thermocougle TI-216, which could be moved within the central
thermowell {figures 4-1, 4-2 and 4-5) was adjusted in the middle of the catalyst
bed.
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4.3.2 Catalyst drying and activation

Drying and activation of the catalyst was carried out in situ. Initially all valves
were closed. A 500 sccm stream of nitrogen, supplied through the fully opened
mass flow controller (FIC-122 in figure 4-1), was passed through the reactor at
atmospheric pressure with vaives V-112, V-145, V-175 and V-176 then open.
The temperature in the catalyst bed was increased from room temperature to the
initial reaction temperature, e.g. 350°C, at a rate of 1°C per minute, with periods
of 1 hour each when the temperature was kept constant at 90, 100 and 110°C.
This was in order to remove adsorbed moisture very cautiously. When the
reaction temperature was reached, the nitrogen flow was stopped (V-112 and
V-145 closed and FIC-122 switched off) and the exit valves V-175 and V-176
were closed to isolate the catalyst bed from the atmosphere. The temperature
was kept at reaction temperature until the reaction was started.

4.3.3 Start up

Initially all valves were closed. The nitrogen supply line was opened by opening
valve V-112 and a pressure of about 65 bar was set on PIC-113. Valves V-121
(MFC by-pass) and V-145 were opened to allow gas flow into the reactor. When
a pressure of 60 bar was reached in the reactor (indicated by Pl-144 and PI-174),
valves V-121 and V-145 were closed. A pressure of 60 bar was set on PIC-131
for pressure control purposes. The three way valve V-132 was then turned in the
direction of PIC—131 to allow nitrogen flow through check valve CV-171 and into
the rest of the system. This was meant to control the pressure in the system.
Valve V-176 was opened. The line leading from valve V-176 to the exhaust was
connected to a bubble meter. The throttle valve V-175 was slowly opened slightly
until a gas flow of between 20 and 30 mi/min was measured on the bubble meter.
The pressure on PIC-131 was then accurately adjusted to make sure that the
reading on Pl-174 was exactly 60 bar.
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Valve V-153 was opened for priming the feed inlet line. A transparent plastic
hose tube was connected to the end of the steel line leading from valve V-153.
The feed pump PP-155 was switched on and was set to prime mode. Feed
coming out of the hose tube was collected in a glass beaker. Priming was done
until no bubbles were visible‘ in the transparent hose tube. This was to ensure
that there were no leaks in the line from the feed pot to the pump and in the
pump head itself. Then priming was stopped and valve V-153 was closed.

Valve V-152 was opened. Priming was continued until the temperature at the
reactor inlet, indicated by Ti-211, fell by ca. 10°C. Then the pump was stopped
again. Priming of the reactor top was done to make sure that the hold up volume
of the test unit upstream the reactor was filled, hence ensure a steady flow of
feed from the start of the operation. The pump was set at the initial flow rate for
the experiments, e.g. 0.01 mi/min and was started simultaneously with a
stopwatch used to determine time-on-stream. Valve V-312 on the product catch
pot, CP-300, was opened for a short period of time to ensure that the pot was
empty at the beginning.

4.3.4 On-stream operation

During operation, samples were taken (once a day for a pump rate of 0.01 mi/min
and more often, correspondingly, for higher pump rates) by completely emptying
the contents of the product catch pot CP-300 through valve V-312 into screw lid
glass bottles of between 50 and 150 ml. Empty and full bottles were weighed in
order to check for proper pump operation. The samples were analysed
immediately to check for steady state of the reaction. When steady state was
reached, conditions were changed according to the experimental program. For
each sample, time on the stopwatch, pressure on PIl-174 and the temperature
indicated on TI-216 were recorded and pressure and temperature, if necessary,
were readjusted.
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4.3.5 Shut down

After collection of the last sample, the reaction was stopped by first switching off
the pump and then closing valve V-132 to stop the pressure control gas supply.
The system was then allowed to depressurize to ambient pressure through the
opened throttle valve V-175. Nitrogen was introduced from top (via opening
valves V-145 and, slightly, V-121) to flush the reactor and remove all reactor
contents that were volatile at the reaction temperature. After ca. 1 hour, the
temperature controllers for the reactor heating sleeves were set to zero to allow
the reactor to cool down to room temperature. Then the nitrogen flow was
stopped.

4.4 Production of simulated technical mixture

No tetra- or penta-methyl phenols were commercially available. In order to study
the transalkylation of such compounds with phenol and simulate a possible
technical feed stream, such a feed had to be made in-house. For this purpose,
methanol was reacted with both 2,5-xylenol and 2,3,6-trimethylphenol, in a
10 : 1 molar ratio each, to produce a mixture that simulates an industrial feed
(technical mixture). These reactions were carried out over 20 g H-BEA-25
catalyst mixed with 60 g silicon carbide at 400°C, 60 bar and a space velocity
(WHSV) of the mixture methanol and 2,5-xylenol or 2,3,6-trimethylphenol of
0.2 h™'. A second, similar test unit as in the case of the phenol and 2,5-xylenoi
reactions was used and similar operation procedures were applied.

The full length of the reactor in this unit was packed with the aforementioned
mixture of catalyst and silicon carbide. This was because accurate isothermal
operation was not relevant in this case. The only objective was to produce a
range of methylphenols consisting mainly of the higher ones (Cg.).
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1300 cm?® of raw organic product mixture was collected. The mixture was distilled
under vacuum in order to minimise the amount of low methylphenols (Cs.) and
other low boiling compounds that may have formed from the methanol. A Blchi
rotavapour with a thermostated oil bath (type B-400), a vacuum controller (type
V-800) and a rotavapour (type B-205) was used. The bath was set at its
maximum temperature of 180°C and the pressure was reduced from 1 bar to
250 mbar in steps of 50 mbar at 1 hour intervals. About 500 ml of high boiling
residue was obtained from the distillation.

After analysis, see table 5-2, this residue was mixed with phenol to produce an
approximately 20 : 1 molar ratio of phenol : residue. This mixture was then fed to
the reactor in the regular test unit at 350°C and 60 bar over 6 g of the H-BEA-25
catalyst at changing space velocities.

4.5 2,5-xylenol isomerisation

To determine the distribution of the xylenol isomers without being affected by the
parallel transalkylation reaction with phenol, 2,5-xylenol was isomerised at 350°C
and 60 bar over 6 g of H-BEA-25 catalyst. The feed was highly diluted with
benzene to suppress disproportionation reactions. Benzene acted as an inert
solvent at the reaction conditions applied. The same test unit as mentioned in
section 4.4 and a similar operation procedure was applied. The reaction was
carried out at two different space velocities (WHSV) of 0.225 h™! and 0.90 h™'.
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Product analysis was done by gas chromatography. A gas chromatograph (GC)

with a Flame lonisation Detector (FID) was used. The specifications of the GC

and GC column used are listed in table 4-3.

Table 4-3: Specifications of the GC and GC column used for product analysis

GC Varian 3900
Autosampler Varian CP-8400
Column manufacturer Supelco

Type of column

Fused silica capillary, wall coated

Column length

30m

Column internal diameter

0.25 mm

Stationery phase Alpha Dex 120 (containing 5 % crown ethers)
Film thickness 0.25 ym

Carrier gas Hydrogen

Split ratio 30

Volume injected 10 ul of diluted sample (see below)

Injector temperature 280°C

Column flow 1 mi/min (constant)

Detector FID

Temperature programme

Isothermal at 100 °C for 6 minutes
Ramped at 8 °C / min to 220°C
Isothermal at 220 °C for 20 minutes

From sample bottles, about 0.5 ml of product was transferred into 2 ml

autosampler bottles for GC analysis. This was then diluted with acetone, ca. 3: 1

by volume. A typical chromatogram obtained from the GC analysis of the

transalkylation products from reacting phenol with 2,5-xylenol is shown in figure

4-6. Chromatograms obtained from the simulated technical mixture together with
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co-reactant phenol and from reacting phenol with the simulated technical mixture
and 2,3,6-trimethylphenol are shown in appendix E. The chromatogram obtained
from the simulated technical mixture and added phenol, before reaction, is also

shown in appendix E.
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Figure 4-6: Typical chromatogram as obtained from the GC analysis of the product of
phenol transalkylation with 2,5-xylenol

To identify the peaks on the chromatogram of the product samples, reference
mixtures containing different amounts of the compounds that were expected to
be present in the product samples were prepared. Samples of the product
mixtures, spiked with small amounts of these reference mixtures, were injected.
This enhanced the peak areas of the compounds which were present in both the
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product mixture and in the reference mixtures. This way the different peaks of the
different compounds were identified. A GC-MS (gas chromatograph mass
spectrometer combination) was used for further identification of peaks in
particular of higher compounds of which samples were not commercially
available.

4.7 Data work up

The amounts of the different compounds present in a sample are represented by
the peak areas generated by the GC’s Flame lonization Detector (FID) signal
integrator. The FID responds to the ionization of carbon atoms and hence, the
concentration of carbon in the effluent of the GC column determines the intensity
of the FID signal. However, the contribution of each carbon atom to the intensity
of the FID signal depends also on the nature of other atoms bonded to it. The
FID response of a carbon atom that is only surrounded by carbon — carbon or
carbon — hydrogen bonds is 1, while in case of a carbon — oxygen bond, as in
phenols, it is 0.55 (Callanan, 1999) and in case of a carbon atom bonded to an
oxygen atom with a double bond it is 0. As a result peak areas were converted to
mol proportional values considering the presence of oxygen atoms in the
molecules (section 4.7.1).

4.7.1 Calculation of mol proportional values from peak areas

Mol proportional values, MPV's, were calculated by dividing the peak area by the
sum of the responses of the individual carbon atoms in the compound as shown
in equation 4-1.

.+ N, . x 0.55 Equation 4-1

F esp onse = N C, full response, i C, partial response, i

(with N, = number of carbon atoms)
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Examples of how MPV’s were calculated from peak areas 4, for a cresol and for

diphenylether are shown in equations 4-2 and 4-3.

m-cresol MPV. R Equation 4-2

mecresol = L 1% 0.55
A

A, .
diphenylether MPY ytorer = w_xf’l-‘% Equation 4-3

Normalising all the MPV's results in molar fractions £, of every compound ; in the

product mixture.
4.7.2 Calculation of conversion, yield and selectivity

In order to compare different catalysts, and under changing reaction conditions,
conversions, yields and selectivities were calculated as shown in equations 4-4
to 4-7. These calculations were done on the basis of a phenol ring or mol
balance with the assumption and proof supported by the mass balance of
pumped feed and weighed product, that the number of phenol rings that entered
the reactor was equal to the number of phenol rings that exited the reactor.

Conversions were calculated as follows:

f - .
Xphe,,ol - phenol, feed f phenol, product Equ atl on 4 -4
f phenol, feed
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_ f 2,5-xylenol, feed f 2,5-xylenol, product .
X 5-sytenol = Equation 4-5

f 2,5-xylenol, feed

Yields are equal to the molar percentage of each component in the reactor

product, according to equation 4-6.

Y=/ Equation 4-6

Selectivities were calculated from yields based on the total conversion of phenol

plus 2,5-xylenol as given in equation 4-7.

Equation 4-7

total

The total conversion X, is the weighed average of the individual conversions

of phenol and 2,5-xylenol according to the composition of the feed.

Calculations were analogous for 2,3,6-trimethylphenol co-feed and the simulated

technical co-feed (see section 4.4).
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Chapter 5

RESULTS
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In this chapter, the experimental results are presented that were obtained in the

transalkylation reaction between phenol and 2,5-xylenol over zeolites H-MFI-90,
H-MOR-90 and H-BEA-25 and phenol and 2,3,6-trimethylphenol as well as
phenol and the simulated technical mixture (see section 4.4) over zeolite H-BEA-25

(see appendix F). Experiments that were carried out are listed in table 5-1.

Table 5-1: List of experiments that were carried out {in liquid phase at 60 bar, throughout)

with mixtures of phenol and different co-feeds

Exp | Catalyst | Temperature | WHSViw | Co-feed® | Molar | TOS™*
(°C) (h) ratio** | (hrs)
1 H-BEA-25 250 - 350 0.45 Xyl 1:1 319
2 H-BEA-25 400 - 450 0.45 Xyl 1:1 347
3 H-BEA-25 350 0.113-0.45 Xyl 1:1 299
4 H-MOR-90 350 0.113-0.45 Xyl 1:1 191
5 H-MFI-90 350 0.113-0.45 Xyl 1:1 249
6 H-MOR-90 350 0.113-0.45 Tmp 1:1 349
7 H-BEA-25 350 0.113-0.45 Xyl 5:1 566
8 H-BEA-25 350 0.113-0.45 Xyl 20:1 372
9 H-BEA-25 350 0.113-0.45 Tech 20: 1 359
10 | H-BEA-25 350 0.113 Xyl 1:1 226
11 H-BEA-25 350 0.225-0.90 b - 112

*Xyl = 2,5-xylenol, Tmp = 2,3,6-trimathylphenol, Tech = simulated technical mixture

**Phenol : co-feed, molar ratio

**Time-on-stream

**** Foed was 2,5-xylenol in inert benzene solvent (in approximately 5 : 1 volume feed : solvent ratio)




74

Results are presented in their primary form as conversions, yields and
selectivities versus time-on-stream and versus the conversion of the higher
methylated feed compound (2,5-xylenol or 2,3,6-trimethylphenol respectively).

From the different experiments, average conversion, average selectivity and
average yield were determined by taking an average of the data points generated
with a catalyst under the same conditions after the experimental condition has
settled in, i.e., a kind of steady state was reached. These averages of data are
presented versus the varied reaction conditions.

5.1 Operating temperature for comparing catalysts

To identify an optimum operating temperature for comparing the different
catalysts, two temperature series were carried out with a 1 : 1 molar ratio feed
mixture of phenol and 2,5-xylenol over H-BEA-25 catalyst at a space velocity of
0.45 h™' ranging from 250 — 350°C and 400 — 450°C, respectively. The results
shown in figures 5-1 to 5-5 were obtained.

100
80 -
;? 2,5-Xylenol
©
E 60 -
e
0
4
S 40 - Phenol
&
]
&)
20 -
Excessive prossure
toss In the system
0 ! 1] ] 1] |

0 100 200 300 400 500 600
Time-on-stream [hrs]

Figure 5-1 (Experiment 1): Converslon versus time-on-stream over H-BEA-25 catalyst for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylencl at a space velocity (WHSV) of 0.45 h*
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Figure 5-2 {(Experiment 2): Conversion versus time-on-stream over H-BEA-25 catalyst for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of 0.45 h™
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Figure 5-3 (Experiments 1 and 2): Average conversion versus temperature over H-BEA-25

catalyst for a 1 : 1 molar ratlio fesd mixture of phanol and 2,5-xylenol at a space velocity
(WHSV) of 0.45 h™
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Figure 5-4 {(Experiments 1 and 2): Selectivity versus temperature over H-BEA-25 catalyst

for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylencl at a space velocity (WHSY) of
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Figure 5-8 (Experiments 1 and 2): Yield versus temperature over H-BEA-25 catalystfora 1 :
1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of 0.45 h™
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Figure 5-1 shows that the conversion of both feed components, phenol and
2,5-xylenol, increases with increasing temperature from around 40 mol % for
2,5-xylenol and around 17 mol % for phenol at 250°C to around 80 mol % and
slightly above 40 mol %, respectively, at a temperature of 350°C. The reaction at
400 and 450°C (figure 5-2) had to be done with a fresh load of catalyst due to a
blockage occurring in the test unit while running at a temperature of 350°C. After
initially going through significant fluctuations of the data at 400°C due to
abnormal pressure variations in the system, the conversion settled at around
75 mol % for 2,5-xylenol and less than 50 mol % for phenol (figure 5-2). At
450°C, the conversion of 2,5-xylenol declines rather steeply by around 40 mol %
points during ca. 100 hours on stream, after which the reaction was stopped. The
conversion of phenol remains constant at almost the same level as at 400°C
(figure 5-2). Note that the reaction system may not have been in liquid phase
anymore at 450°C. Unfortunately, no repeat of a lower temperature setting was

carried out after running at 450°C.

Figure 5-3 shows that the average conversions increase simultaneously with
increasing temperature from around 40 mol % for 2,5-xylenol and 15 mol % for
phenol at 250°C, and reach maxima at 80 mol % and 40 mol %, respectively, at
around 350°C. With temperature increasing further, the average conversions
start declining to around 55 mol % for 2,5-xylenol and 35 mol % for phenol at the
final experimental temperature of 450°C.

Figure 5-4 shows that the average selectivity for the cresols, the desired
transalkylation products, increases with increasing temperature from around
22 mol % at 250°C and reaches a maximum at around 42 mol % between 350°C
and 400°C. Beyond 400°C, the selectivity for cresols starts declining to around
40 mol % at 450°C. The average selectivity for other xylenol isomers (i.e. other
than the feed component 2,5-xylenol) is high at low temperature and decreases
steeply with increasing temperature from 60 mol % at 250°C to around 17 mol %
at 450°C. The average selectivity for the heavies increases steeply and more or
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less constantly with increasing temperature from around 7 mol % at 250°C to
around 40 mol % at 450°C. The average selectivities for trimethylphenols and
ethers show a slight decrease with increasing temperature from about 7 mol %
and 4 mol %, respectively, at 250°C to about 5 mol % and 0 mol %, respectively,
at 450°C. The average selectivity for lights is low but shows an increase from
about 1 mol % at 250°C to about 3 mol % at 450°C.

Figure 5-5 shows yields. The average yield of cresols increases with increasing
temperature from 250°C and reaches a maximum of about 25 mol % between
350°C and 400°C but declines to about 18 mol % at 450°C. The average vield of
other xylenol isomers is almost uninfluenced by increasing temperature at about
19 mol % between 250°C and 300°C and then declines to about 7 mol % at
450°C. The average yield of heavies increases steeply with increasing
temperature from about 2 mol % at 250°C to a maximum of about 17 mol % at
450°C. The average yield of trimethylphenols and ethers is very low but
increases slightly with increasing temperature from about 3 mol % and 2 mol %,
respectively, at 250°C to a maximum of about 4 mol % and 3 mol %,
respectively, at a temperature of 350°C and then declines to about 3 mol % and
0 mol %, respectively, at 450°C. The average yield of lights increases with
increasing temperature from about 0 mol % at 250°C to about 2 mol % at 450°C.

From these results a temperature of 350°C was chosen for further experimentation.
5.2 Catalyst deactivation

To study catalyst deactivation or stability, respectively, experiments were run
under constant conditions for more than 200 hours on stream with a feed mixture
of 1 : 1 molar ratio of phenol and 2,5-xylenol over H-BEA-25 catalyst at a
temperature of 350°C with a space velocity of 0.113 h™ in one case and 0.45 h'
in another case. The results obtained are presented as plots of conversion
versus time-on-stream in figures 5-6 and 5-7.
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Figure 5-6 (Experiment 10): Conversion versus time-on-stream over H-BEA-25 catalyst for
a 1 : 1 molar ratio feed mixiure of phenol and 2,5-xylenol at a temperature of 350°C and a

space velocity (WHSV) of 0.113 h™
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Figure 5-7 {(Experiment 2): Conversion versus time-on-stream over H-BEA-25 catalyst for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylenocl at a temperature of 400°C and a

space velocity (WHSV) of 0.45 h™'
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The other stability experiments were carried out by comparing conversion when
an earlier condition was repeated within the same run, i.e., with the same charge
of catalyst, just longer used. This was done with H-BEA-25 catalyst at a
temperature of 350°C for reaction mixtures with molar feed ratios of 1: 1 and 5 : 1
of phenol and 2,5-xylenol at a space velocity of 0.113 h™'. The results obtained
are shown in figures 5-8 and 5-9.

100

80 - r‘d\"ﬁ 2,5-Xylenol

601 ~=°
\Phenol

Conversion [mol %]

40 -
20

0 100 200 300 400 500 600
Time-on-stream [hrs]

Figure 5-8 (Experiment 3); Conversion versus time-on-stream over H-BEA-25 catalyst for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylencl at a temperature of 350°C and a
space velocity (WHSV) of 0.113 h™

5.3 Repeatability

Results of the runs described in section 5.2 also confirm sufficient repeatability of

experiments.
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Figure 5-9 {(Experiment 7): Conversion versus time-on-stream over H-BEA-25 catalyst for a
5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C and a
space velocity (WHSV) of 0.113 h”!

Figures 5-8 and 5-9 show that the conversions at the repeated condition are just
slightly lower than the conversions at the end of the initial settling-in period.

5.3.1 Repeatability of results within an individual run

Two experiments were carried out over H-BEA-25 zeolite with the initially applied
conditions of 350°C, space velocity (WHSV) of 0.113 h™ and the molar ratios of
1:1 and 5 : 1, respectively, of phenol and 2,5-xylenol in the feed mixture repeated
after extended time-on-stream with other condition settings applied in between.

The obtained conversions have already been shown in figures 5-8 and 5-S.
Figures 5-6 and 5-7 show, by the initially fast declining conversion, that the
catalyst deactivates rather fast during the first 100 hours on stream after which
the catalyst exhibits better stability, working in a quasi steady state of activity for
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the rest of the experiment lasting over more than a hundred hours additionally.
Almost the same conversions were achieved in the repeated setting as in the
initial settling in period, the difference essentially reflecting the comparably rapid
decline of activity at the beginning of the runs.

Selectivities repeatability within the runs appears a little worse (see figures 5-10
and 5-11), however, this is mainly due to the initially rather high selectivities to
heavies and lights over the fresh catalyst, which are rapidly declining within a
short period of time-on-stream (see e.g. figure 5-14).
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Figure 5-10 {(Experiment 3): Selectivity versus time-on-stream over H-BEA-25 catalyst for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C and a
space velocity (WHSV) of 0.113 h™

5.3.2 Repeatability of runs
Two runs under identical reaction conditions over catalyst H-BEA-25, 350°C,

space velocity (WHSV) of 0.113 h™', molar ratio of phenol and 2,5-xylenol in the
feed mixture of 1: 1, show the repeatability of runs.
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Figures 5-6 and 5-8 showed conversions in these runs versus time-on-stream

individually. Data points are combined in a single graph in figure 5-12.
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Figure 5-11 (Experiment 7}: Selectivity versus time-on-stream over H-BEA-25 catalyst for a
5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C and a

space velocity (WHSV) of 0.113 h*



84

100
o ® ®

80«4 ©o ° AR 2,5-Xylenol
::;: o000
E 60 - s "
5 | “co
.E40- nunmun".l’henol
S
3
Q
¢

20 -

0 1] B ] ] 1 ]
0 100 200 300 400 500 600

Time-on-stream [hrs]

Full symbols: First run (experiment 3)
Open symbols: Repeat run (experiment 10)

Figure 5-12 (Experiments 3 and 10): Conversion versus time-on-stream over H-BEA-25
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350°C and a space velocity (WHSV) of 0.113 h™

Selectivities obtained from one of the runs have already been shown in figure 5-10.
Data points of the other run are added and the combined data are shown in
figures 5-13 and 5-14.
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Figure 5-13 (Experiments 3 and 10): Selectivity versus time-on-stream over H-BEA-25
catalyst for a 1 : 1 molar ratic feed mixture of phenol and 2,5-xylenol at a temperature of
350°C and a space velocity (WHSV) of 0.113 h"*

it follows from figures 5-12 to 5-14 that, except some deviations during the initial
setting in periods, repeatability of runs is good.
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Figure 5-14 (Experiments 3 and 10): Selectivity versus time-on-stream over H-BEA-25
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylencl at a temperature of
350°C and a space velocity (WHSV) of 0.113 h™

5.3.3 Comparability of resulits

Repeatability studies show that repeating reaction conditions during a run and
repeating runs leads to very similar results, with the effect of catalyst deactivation
with time-on-stream being negligible, provided initial data points (up to ca.
100 hours on stream) are ignored. Repeatability studies indicate also, that results
from runs with different catalysts can be compared.
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5.4 Comparing catalysts

Catalyst screening experiments were carried out over catalysts H-MFI-90,
H-MOR-90 and H-BEA-25 (table 4-1) at a temperature of 350°C with a 1 : 1
molar ratio feed mixture of phenol and 2,5-xylenol over a range of space
velocities. The three catalysts were compared in terms of conversion, selectivity

and yield. The results obtained are presented in figures 5-15 to 5-23.

Figures 5-15 to 5-17 show phenol and 2,5-xylenol conversions versus
time-on-stream. Data indicates that conversion decreases with increasing space
velocity for all the three catalysts tested. Higher conversion at all space velocities
are obtained on both zeolites H-MFI-90 and H-BEA-25 than on zeolite H-MOR-90.
At a weight hourly space velocity (WHSV) of 0.113 h™, 2,5-xylenol conversions of
about 90 mol % are obtained on the former two zeolites, as well as similar phenol
conversions of around 64 mol % and around 60 mol %, respectively.

However, both phenol and 2,5-xylenol conversions at the higher space velocities
of 0.225 and 0.45 h™' are higher for H-BEA-25 than for H-MFI-90, with around
85 mol % 2,5-xylenol and around 50 mol % phenol conversion on H-BEA-25
compared to around 75 mol % 2,5-xylenol and around 33 mol % phenol
conversion on H-MF1-90 at a space velocity of 0.225 h™'. After doubing the space
velocity a second time, to 0.45 h™', around 75 mol % 2,5-xylenol and around
35 mol % phenol conversion is obtained on H-BEA-25 compared to around
70 mol % 2,5-xylenol and around 12 mol % phenol conversion on H-MF1-90.

On zeolite H-MOR-90 conversions are generally lower. Around 60 mol %
2,5-xylenol and around 25 mol % phenol conversion are obtained at a space
velocity of 0.113 h™. Around 55 mol % and 20 mol % 2,5-xylenol and phenol
conversions, respectively, are obtained at a space velocity of 0.225 h™' and
around 50 mol % and around 10 mol % 2,5-xyenol and phenol conversions,
respectively, are obtained at the highest space velocity applied of 0.45 h™'.
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it appears that over all of the catalysts conversion of phenol declines steeper
than conversion of 2,5-xylenol with increasing space velocity.
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Figure 5-15 (Experiment 5): Conversion versus time-on-stream over H-MFI1-80 catalyst for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C
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Figure 5-16 (Experiment 4): Conversion versus time-on-stream over H-MOR-80 catalyst for
a2 1 : 1 molar ratio feed mixture of pheno! and 2,5-xylenol at a temperature of 350°C
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Figure 5-17 (Experiment 3): Conversion versus time-on-stream over H-BEA-25 catalyst for
a 1 : 1 molar ratio feed mixture of phenol and 2,5-xvienol at a temperature of 350°C

Figures 5-18 to 5-20 show that for all of the three catalysts, selectivity increases
with increasing 2,5-xylenol conversion for all product fractions except for the
other xylenol isomers, the trimethylphenols and the ethers. At the same
2,5-xylenol conversion (say 70 mol %, indicated by a dotted vertical line in figures
5-18 to 5-20) similar selectivities for cresols (ca. 50 mol %) and other xylenol
isomers (ca. 30 mol %) are obtained on zeolites H-MOR-90 and zeolite H-BEA-25
while lower cresol (only ca. 30 mol %) and higher other xylenol isomers
(ca. 50 mol %) selectivities are obtained on zeolite H-MFI-90. The three zeolites
show similar selectivities for lights and ethers, which are all below 10 mol % but
differ in trimethylphenols selectivity which is around 10 mol % on H-BEA-25
zeolite and which is significantly higher over H-MOR-90 and H-MFI-90. Catalysts
differ in similar manner in the selectivities of heavies, where zeolite H-MFI-90
shows the highest selectivity of ca. 15 mol % compared to H-BEA-25 and
H-MOR-80 with less than 10 mol %.
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Figure 5-18 (Experiment 5): Selectivity versus 2,5-xvienol conversion over H-MFI-80
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350 °C and varying space velocities between WHSV = 0.113 h"' and 0.45 h™
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Figure 5-19 (Experiment 4): Selectivity versus 2,5-xylenol conversion over H-MOR-90
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350 °C and varying space velocities between WHSV = 0.113 h™ and 0.45 h™
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Figure 5-20 (Experiment 3): Selectivity versus 2,5-xylenol conversion over H-BEA-25
catalyst for a 1 : 1 molar ratlo feed mixture of phenol and 2,5-xylencl at a temperature of
350 °C and varying space velocities between WHSV = 0.113 h™ and 0.45 h™

Figures 5-21 to 5-23 show that yields of cresols, lights and heavies increase
rather steeply with increasing 2,5-xylenol conversion for all of the three zeolites
while the yields of ethers and trimethylphenols increase only slightly (H-MFI-80)
or are almost constant (H-MOR-90 and H-BEA-25). High vields of cresols are
obtained at e.g. 70 mol % 2,5-xylenol conversion on zeolites H-MOR-80
(ca. 30 mol %) and H-BEA-25 (ca. 25 mol %) compared to H-MFI-80 (only
ca. 10 mol %) at the same 2,5-xylenol conversion. Similar vields of other xylenol
isomers (ca. 18 mol %) are obtained at 70 mol % 2,5-xylenol conversion over
zeolites H-MOR-80 and H-BEA-25, while a higher yield (ca. 25 mol %) is
obtained on zeolite H-MFI-90 at the same conversion. Yields of the other
fractions over all catalysts are below 10 mol % at 70 mol % 2,5-xyienol
conversion.



92

60 :

50 4 §
T 40 -
° Other E
£ 30 4 xylenol Isomers ;
2 e, amresols
';-" 20 - Trimethylphenols, ~ \QS;;- -° '(::keavl

Ethers ; ) ¢
10 ; ights
0 Y Y y y : . .
20 30 40 50 60 70 80 90 100

2,5-Xylenol conversion [mol %)}

Figure 5.21 (Experiment 5): Yisld versus 2,5-xylenocl converslon over H-MFI-90 catalyst for
a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350 °C and
varying space velocities between WHSV = 0.113 h™* and 0.45 h™
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Figure 5-22 (Experiment 4): Yield versus 2,5-xylenol conversion over H-MOR-80 catalyst
for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C and
varying space velocities between WHSV = 0.113 h™ and 0.45 h™
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Figure 5-23 (Experiment 3): Yield versus 2,5-xylenol conversion over H-BEA-25 catalyst for
a 1 : 1 molar ratioc feed mixture of phenol and 2,5-xyienol at a temperature of 350°C and
varying space velocities between WHSV = 0.113 h™* and 0.45 h™*

5.4.1 Catalyst of choice

Based on the comparison of catalysts described above, a decision was made
towards the catalyst with which the experimental work had to continue. Of the
three catalysts compared, H-MFI-80 showed the lowest selectivity towards the
desired product, cresol, but the highest towards undesired heavies and lights.

Of the two remaining catalysts, H-BEA-25 and H-MOR-90, the activity of the
latter appeared to continually decline with time-on-stream, while the activity of

H-BEA-25 appeared rather stable.

Consequently, catalyst H-BEA-25 was chosen for further studies.
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5.5 Effect of reaction conditions

The effects of changing the ratio of phenol to 2,5-xylenol in the feed, space
velocity and reaction temperature were studied over catalyst H-BEA-25 on the

basis of conversion, selectivity and vield. The results obtained are presented in
sections 5.4 and 5.5.1 t0 5.5.3.

5.5.1 Effect of phenol to 2,5-xylenol ratio

To study the effect of the phenol to 2,5-xylenol ratio, experiments were carried
out with1:1,5: 1 and 20 : 1 molar ratio feed mixtures of phenol and 2,5-xylenol
at a temperature of 350°C. Figures 5-17, 5-20 and 5-23 show the results
obtained for 1 : 1 molar ratio, figures 5-24 to 5-34 those for the higher ratios and
also the average values versus ratio.
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Figure 5-24 (Experiment 7): Conversion versus time-on-stream over H-BEA-25 catalyst for
a5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C
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Figure 5-25 (Experiment 8): Conversion versus time-on-stream over H-BEA-25 catalyst for
a 20 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C

Figures 5-17, 5-24 and 5-25 compared, show that phenol and 2,5-xylenol
conversions decrease with increasing phenol : 2,5-xyenol molar ratio. This can
be seen at a space velocity of 0.113 h™! (using data from the repeat experiment
at the longest time-on-stream in figure 5-25) where the phenol conversion
declines from ca. 40 mol % for a molar ratio of 1 : 1 through 30 mol % for a molar
ratio of 5 : 1, to some 15 mol % for a molar ratio of 20 : 1. The same trend is
seen at the space velocities of 0.225 and 0.45 h™'. At space velocities of 0.113 h™
(repeat data) and 0.225 h™, 2,5-xylenol conversion is only slightly declining from
ca. 85 mol % for a phenol and 2,5-xylenol molar ratio of 1 : 1 to ca. 75 mol % for
a ratio of 20 : 1. At the highest WHSV of 0.45 h™ rather low values are obtained.

The above is summarised in figures 5-26 and 5-27 where the average
conversions are plotted against the phenol to 2,5-xylenol ratio. Average
conversion was determined by calculating the average of the data points
obtained at each space velocity after stabilization (repeat data for the space
velocity = 0.113 h™).
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Figure 5-26 (Experiments 3, 7 and 8): Average conversion of phenol versus the molar ratio
in feed mixtures of phenol and 2,5-xylenol over H-BEA-25 catalyst at a temperature of

350°C and different space velocities (WHSY)
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Figure 5-27 (Experiments 3, 7 and 8): Average conversion of 2,5-xylenol versus the molar
ratlo in feed mixtures of phenol and 2,5-xylenol over H-BEA-25 catalyst at a temperature of

350°C and different space velocities (WHSV)
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While the conversion of phenol declines from 30 — 40 mol% to almost a quarter
when increasing the molar phenol : 2,5-xylenol ratio from 1 : 1 to 20 : 1, the
response of the conversion of 2,5-xylenol is less pronounced especially at the
low space velocities of 0.113 h™ and 0.225 h™'. The data obtained from the
highest space velocity of 0.45 h™' appear to be flawed by scatter.

Figures 5-20, 5-28 and 5-29 show that similar frends are obtained as a function
of 2,5-xylenol conversion for all phenol to 2,5-xylenol ratios, however, levels of
individual selectivities of product classes are not significantly different. It should
be noted that data from short time-on-stream, i.e. the first period of operating at a

space velocity of 0.113 h™ are included in all of the three figures (highest
conversion data points).
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Figure 5-28 (Experiment 7). Selectivity versus 2,5-xylenol conversion over H-BEA-25
catalyst for a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350°C and varying space velocities between WHSV = 0.113 h™ and 0.45 h™
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Figure 5-29 {Experiment 8): Selectivity versus 2,5-xylenol conversion over H-BEA-25
catalyst for a 20 : 1 molar ratio feed mixture of phenol and 2,5-xylencl at a temperature of
350°C and varying space velocities botween WHSV = 0.113 h™ and 0.45 h™

Figure 5-30 summarises these results in the form of average selectivies. Average
selectivities consider only data that were obtained after stabilisation. Figure 5-30
shows for the medium space velocity of 0.225 h™' as an example that with
increasing phenol to 2,5-xylenol ratio, steeply increasing average selectivities for
ethers and, particularly, constant selectivities for lights and heavies are obtained,
while the average selectivities for cresols, other xylenol isomers and
trimethylphenols decrease.

For the yields similar trends are obtained with increasing phenol to 2,5-xylenol
molar ratio (figures 5-23, 5-31 and 5-32). As a function of 2,5-xylenol conversion
all yields except that of other xylenol isomers at 1 : 1 and 5 : 1 molar phenol to
2,5-xylenol ratio increase or are more or less constant. Figure 5-33, the summary
of these results, shows that on average vyields of all product fractions decrease
with increasing phenol to 2,5-xylenol molar ratio with the only exception of ethers
whose Yields are more or less constant. The average yields considered only data
that were obtained after stabilisation.
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A survey of figures 5-26, 5-27, 5-30 and 5-33 suggests that results for the 5 : 1

molar ratio feed mixture are to some extent outliers.
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Figure 5-30 (Experiments 3, 7 and 8): Average selectivity versus the molar ratio of feed
mixtures of phenol and 2,5-xylenol over H-BEA-25 catalyst at a temperature of 350°C and a

space velocity (WHSV) of 0.225 h”
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Figure 5-31 (Experiment 7): Yield versus 2,5-xylenol conversion over H-BEA-25 catalyst for
a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C and

varying space velocities between WHSV = 0.113 h™' and 0.45 h"
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Figure 5-32 (Experiment 8): Yield versus 2,5-xylenol conversion over H-BEA-25 catalyst for
a 20 : 1 molar ratio feed mixture of phenol and 2,5-xylencl at a temperature of 350°C and
varying space velocities between WHSY = 0.113 h" and 0.45 h™
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Figure 5-33 (Experiments 3, 7 and 8): Average vield versus the molar ratio of feed mixtures
of phenol and 2,5-xylenol over H-BEA-25 catalyst at a temperature of 350°C and a space

velocity (WHSV) of 0.23 h'*
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5.5.2 Effect of space velocity

To study the effect of space velocity, experiments were carried out over all the
three zeolite catalysts of interest (H-MFI-90, H-MOR-90 and H-BEA-25) for a
1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350°C. The primary results obtained have been presented in figures 5-15 to 5-17
as conversion versus time-on-stream plots and in figures 5-18 to 5-23 as
selectivities and vyields, respectively, versus 2,5-xylenol conversion plots. In
figures 5-34 to 5-42 the averages of data points obtained at stabilised operation
at each space velocity are plotted for conversion, selectivity and yield.

Figures 5-34 to 5-36 show that conversions decrease with increasing space
velocity over all the three catalysts. This was also shown in figures 5-15 to 5-17
where individual data points on conversion are plotted against time-on-stream at
different space velocities.

According to both sets of figures 5-15 to 5-17 and 5-34 to 5-36 the effect of
space velocity is stronger on phenol conversion, which declines faster, relatively,

when space velocity increases.

Figures 5-37 to 5-42 show that similar trends are obtained for both selectivity and
yield for each catalyst when space velocity changes. Selectivity and vield for
other xylenol isomers increase with increasing space velocity while the
selectivities and yields for all other product fractions decrease with increasing
space velocity over all the tested catalysts, the only exception being the
trimethylphenols obtained on catalyst H-BEA-25 (see figures 5-39 and 5-42)
whose selectivity and yield are more or less constant with increasing space
velocity.
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Figure 5-34 (Experiment 5): Average phenol and 2,5-xyienol conversion versus space
velocity over H-MFI-80 catalyst for a 1 : 1 molar ratio feed mixture of phenol and
2,5-xyienol at a temperature of 350°C
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Figure 5-35 (Experiment 4): Average phenol and 2,5-xylenol conversion versus space
velocity over H-MOR-80 catalyst for a 1 : 1 molar ratio feed mixture of phenol and
2.5-xylenol at a temperature of 350°C
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Figure 5-36 (Experiment 3): Average phenol and 2,5-xylenol conversion versus space
velocity over H-BEA-25 catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-
xylenol at a temperature of 350°C
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Figure 5-37 (Experiment 5): Average selectivity versus space velocity over H-MFI-90
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of

350°C
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Figure 5-38 (Experiment 4): Average selectivity versus space velocity over H-MOR-80
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenocl at a temperature of
350°C
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Figure 5-39 (Experiment 3): Average selectivity versus space velocity over H-BEA-25
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of

350°C
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Figure 5-40 (Experiment 5): Average yield versus space velocity over H-MFI-90 catalyst for
a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C
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Figure 5-41 (Experiment 4): Average yield versus space velocity over H-MOR-80 catalyst
for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C
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Figure 5-42 (Experiment 3): Average yield versus space velocity over H-BEA-25 catalyst for
a 1: 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350°C

5.5.3 Effect of temperature

To study the effect of temperature, temperature was varied over H-BEA-25
catalyst in 50°C steps between 250°C and 450°C in two of the initial experiments
with 1 : 1 molar ratio feed and in 25°C steps around 350°C, i.e. in the optimum
temperature range (see section 5.1) at the end of a space velocity series
experiment where a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol was
used.

The primarily obtained results, plotted versus time-on-stream are shown in
figures 5-1, 5-2 and 5-43.
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Figure 5-43 (Experiment 7). Conversion versus time-on-stream over H-BEA-25 catalyst for

a 5 : 1 molar ratio feed mixture of phenol and 2,5-xyiencl at a space velocity (WHSV) of
0.113 h™

All figures show that conversion increases with increasing temperature except at
the highest temperature, 450°C (figure 5-2), when catalyst deactivation effects
appear to start playing a significant role.

Average conversions, selectivities and yields for the 250 to 450°C series of
experiments with the 1 : 1 molar phenol : 2,5-xylenol mixture as the feed have
been shown in figures 5-3 to 5-5 and described in section 5.1. For the 325 to
375°C series with the 5 : 1 molar phenol : 2,5-xylenol feed mixture these are
shown in figures 5-44 to 5-46.
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Figure 5-44 (Experiment 7): Average phenol and 2,5-xylenol conversion versus
temperature over H-BEA-25 catalyst for a 5 : 1 molar ratio feed mixture of phenol and
2,5-xylenol at a space velocity (WHSV) of 0.113 h™
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Figure 5-45 (Experiment 7): Average selectivity versus temperature over H-BEA-25 catalyst
for a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of

0.113 h™
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Figure 5-46 (Experiment 7): Average yield versus temperature over H-BEA-25 catalyst for a
5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of 0.113 h”

Results are similar to those obtained for the first series. Conversion increases
with increasing temperature and passes over a maximum at around 375°C as is
showing in figure 5-3. So do the selectivity and yield of cresols, while those for
the other xylenol isomers decline (all corresponding to the results of the first
temperature series as shown in figures 5-4 and 5-5).

5.6 Reactor effluent for the reaction of 2,5-xylenol and phenol

The composition of the reactor effluent from reacting the 1 : 1 molar phenol to
2,5-xylenol feed mixtures on the three zeolite catalysts of interest is shown in
figures 5-47 to 5-49. “Reactor effluent” comprises all products, so that this data is
identical to what has already been shown as “yields” in figures 5-21 to 5-23, but
includes also the unconverted feed compounds, namely phenol and 2,5-xylenol,
whose contents are steeply declining with increasing conversion.
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From these 1 : 1 molar feed mixtures there is always much more phenol
remaining than 2,5-xylenol. For instance at 70 mol % 2,5-xylenol conversion,
when only 15 mol % of feed 2,5-xylenol is left in the reactor effluent (note that the
feed mixture consisted of only 50 mol% 2,5-xylenol), the phenol content is still at
around 35 mol % with H-MFI-80 and around 30 mol % with the other two
catalysts. However, considering the ‘other xylenols isomers’ that have formed,
the total xylenol content in the reactor effluent is almost equal to the phenol
content (on a molar basis).
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Figure 5-47 {Experiment 5): Reactor effluent versus 2,5-xylenol conversion over H-MFI-20
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350°C and changing space velocities between WHSV = 0.413 h™ and 0.45 h*
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Figure 5-48 (Experiment 4): Reactor effiuent versus 2,5-xylenol conversion over H-MOR-50
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of
350°C and changing space velocities between WHSV = 0.113 h™? and 0.45 h™*
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Figure 5-49 (Experiment 3): Reactor effluent versus 2,5-xylenol conversion over H-BEA-25
catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xviencl at a temperature of
350°C and changing space velocities between WHSV = 0.113 h™' and 0.45 h™
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5.7 Reaction of higher methylphenols with phenol

Experiments were carried out where 2,3,6-trimethylphenol and a simulated
technical mixture, containing a multitude of higher methylphenols, were reacted
with phenol.

5.7.1 Reaction of phenol with 2,3,6-trimethylphenol

An experiment was carried out with a 1 : 1 molar ratio feed mixture of
phenol : 2,3,6-trimethylphenol at a temperature of 350°C and different space
velocities. The results obtained are presented in figures 5-50 to 5-53. It should be
noted that this experimental series was carried out over H-MOR-80 catalyst.

It should also be noted that the volume flow rates produced by the metering
pump and, due to the effectively equal densities, the mass flow rates and WHSV
of the phenol-with-2,5-xylenol and phenol-with-2,3,8-trimethylphenol mixtures
were equal but not the molar flow rates, due to the higher molecular mass of the
trimethylphenol. The molar flow rate of the latter, and thus the molar hourly space
velocity was only 94 % of that of the former.

Figures 5-50 and 5-51 show that, as it is the case with the reaction of phenol and
2,5-xylenol under equal conditions (over H-MOR-90, figures 5-16 and 5-35, and,
over the other catalysts tested figures 5-15, 5-17, 5-34 and 5-36) conversion
decreases with increasing space velocity. Unfortunately data from the highest
space velocity applied in this experiment is rather scattering.
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Figure 5-50 (Experiment 8): Conversion versus time-on-stream over H-MOR-90 catalyst for
a 1 : 1 molar ratio feed mixture of phenol : 2,3,6-trimethyiphenol at a temperature of 350°C
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Figure 5-51 (Experiment 6): Average phenol and 2,3,6-trimethylphenol conversion over
H-MOR-80 catalyst for a 1 : 1 molar ratio feed mixture of phenol : 2,3,6-trimethylphenol at a
temperature of 350°C and varying space velocitles between WHSV = 0.113 h™ and 0.45 h™
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Selectivities and yields vary analogously to those obtained from conversion of the
phenol / 2,5-xylenol mixtures when varying space velocity. Figure 5-52 shows
that the selectivity for other trimethylphenol isomers decreases with increasing
2,3,6-trimethylphenol conversion while the selectivities for all other product
fractions increase with increasing 2,3,6-trimethylphenol conversion. Note that
xylenols do appear as a new product fraction.

Figure 5-53 shows that the yields for all product fractions, including the other
trimethylphenols, increase with increasing 2,3,6-tfrimethylphenol conversion.
Compared at 70 mol % 2,3,6-trimethylphenol conversion, other trimethylphenol
isomers are the major product fraction.
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Figure 5-52 (Experiment 6): Selectivity versus 23,6-trimethylphenol conversion over
H-MOR-90 catalyst for a 1 : 1 molar ratio feed mixture of phenol : 2,3,6-trimethylphenci at a
temperature of 350°C and varying space velocitles between WHSV = 0.113 h™ and 0.45 h™
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Figure 5-53 (Experiment 6): Yield versus 2,3,6-trimethylphenol conversion over H-MOR-80
catalyst for a 1 : 1 molar ratio feed mixture of phenol : 2,3,6-trimethyiphenol at a
temperature of 350°C and varying space velocities between WHSV = 0.113 h™ and 0.45 h™

5.7.2 Reaction of phenol with the simulated technical mixture

A simulated technical phenolics mixture was produced by alkylating 2,5-xylenol
and 2,3,6-trimethylphenol with methanol and flashing most of the low boiling
fractions (see section 4.4). This resulted in a product mixture containing a range
of higher methylphenols, mainly trimethylphenols (ca. 43 mol %) and
tetramethylphenols (ca. 16 mol %) and most probably also pentamethylphenol
(as part of ‘others’), see table 5-2, middle column. Phenol was added to this
simulated technical mixture so that a feed with a ca. 20 : 1 molar ratio resulted for
transalkylation studies, see table 5-2, right column. This mixed feed was
converted in liquid phase at 60 bar at a temperature of 350°C over H-BEA-25
catalyst at different space velocities.
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The composition of the transalkylation product obtained is shown in table 5-3.
Tables 5-2 and 5-3, in comparison, show that the amount of cresols and xylenols
in the reactor effluent at the lowest space velocity applied (0.11 Geed / Geatalyst . h)
increased from 0.47 to 9.85 mol % and from 0.85 to 2.39 mol %, respectively,
while the contents of trimethylphenols and tetramethyiphenols have decreased
from 2.51 to 1.05 mol % and from 0.94 to 0.08 mol %, respectively. Table 5-4
compares what was consumed and what was gained during the reaction of the
mixture. It should be noted that between half and two thirds of the consumed
phenol goes into formation of diphenylethers (see table 5-4).

Figures 5-54 to 5-56 show the effect of space velocity on conversion, selectivities
and yields.

Table 5-2: Composition of the simulated technical mixture as it was produced (ignoring
phenol) and of the feed mixture that was transalkylated, including the added phenol

Composition ( mol %) of simulated technical
mixture
Component .
Including phenol
Excluding phenol

(ca. 20 : 1, molar)
Lights 2.16 0.13
Phenol - 94.17
Cresols 8.07 0.47
Xylenols 14.52 0.85
Trimethylphenols 43.04 2.51
Tetramethylphenols 16.15 0.94
Others 16.06 0.93
Total 100 100
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Table 5-3: Composition of the reactor effiluent obtained from reacting the ca. 20 : 1 molar
mixture of phenol and simulated technical mixture {table 5-2) over H-BEA-25 zeolite at a

temperaturse of 350°C
Weight hourly space velocity
Component (Gteed / Geatalyst - h)
0.11 0.23 0.45
Composition [mol %)

Lights 1.88 0.44 0.22
Phenol 52.41 73.61 84.43

Cresols 10.13 5.16 2.72

Xylenols 2.74 2.62 2.25

Trimethylphenols 1.30 0.93 1.27

Tetramethylphenols 0.08 0.14 0.30

Diphenylether* 17.18 11.91 6.09

Phenoxytoluenes™ 2.80 0.72 0.31

Others 11.47 4.49 2.40

Total 100 100 100

*Considered as representing two molecules of phenol or alkylphenol (ring balance)

2 phenol — 1 diphenylether + water
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Table 5-4: Gain/loss of individual compounds and compound fractions through reacting
the ca. 20 : 1 molar mixture of phenol and simulated technical mixture over H-BEA-25
zeolite at a temperature of 350°C (difference of table 5-3 and table 5-2 last column data)

Weight hourly space velocity
Component (Gfeed / Geatayat. )
0.11 0.23 0.45
Differences [ mol %)

Lights +1.75 +0.31 +0.09
Phenol -41.76 -20.56 -9.74
Cresols +0.66 +4.69 +2.25
Xylenols +1.89 +1.77 +1.40
Trimethyiphenols -1.21 -1.658 -1.24
Tetramethylphenols -0.86 -0.80 -0.64
Diphenylether* +17.18 +11.91 +6.09
Phenoxytoluenes* +2.80 +0.72 +0.31
Others +10.54 +3.56 +1.47

Total -0.01 0.00 -0.01

* Considered as representing fwo molecules of phenol or alkylphenol (ring balance)

2 phenol — 1 diphenylether + water
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Figure 5-54 (Experiment 9): Average conversions versus space velocity over H-BEA-25
catalyst for the 20 : 1 molar ratio feed mixture of phenol and simulated technical mixture

{see table 5-2) at a temperature of 350°C and varying space velocities between WHSV = 0.113
h" and 0.45 h™
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Figure 5-55 (Experiment 9): Average selectlvities versus space velocity over H-BEA-25
catalyst for the 20 : 1 molar ratio feed mixture of phenol and simulated technical mixture

{see table 5-2) at a temperature of 350°C and varying space veloclties between WHSV =
0.113 h™ and 0.45 h"'
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Figure 5-56 (Experiment 9): Average yields versus space velocity over H-BEA-25 catalyst
for the 20 : 1 molar ratlo feed mixture of phenol and simulated technical mixture (see table
5-2) at a temperature of 350°C and varying space velocities between WHSV = 0.113 h™ and
0.45n™

Figure 5-54 shows that conversions of trimethylphenols and tetramethyiphenols
are rather high, around 55 and 70 mol % respectively, decreasing with increasing
space velocity. With phenol, conversion is lower but decreasing steeper,
comparatively. Figures 5-55 and 5-56 show that yield of and selectivity towards
xylenols are more or less constant with changing space velocity, while yield and
selectivity for cresols declines significantly with increasing space velocity.

5.8 Distribution of xylenol isomers from isomerising highly diluted 2,5-xylenol
Figure 5-57 shows the experimentally determined xylenol isomers distribution at

350°C. Note that the mixture has completely reacted through, since changing
space velocity to a quarter did not result in any substantial changes anymore .
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Figure 5-37 (Experiment 11): Experimentally determined distribution of the xvlenol isomers
from reacting a highly diluted 2,5-xylenol feed over H-BEA-25 catalyst at 350°C and space
velocities varying between of 0,225 and 0.900 h”'

Mote that the reaction was carfied out with inert solvent, benzene, and the
resulting distribution only comprises 1,2-methyl shift isomerisation reactions and

is not influenced by additional, may be selective, dealkylation reactions,



Chapter 6

DISCUSSION

In this chapter, the results obtained in the transalkylation of phenol with
Z5-xylenol, phenol with 2 3,6-trimethyiphenol and phenol with a simulated
technical mixture of phenolic compounds over zeolites H-BEA-25, H-MOR-25
and H-MFI-90 are discussed.

6.1 Occurrence of the transalkylation reaction and choice of suitable

standard operating conditions.

At B0 bar in liquid phase and space velocities (WHSY i eea) = 0.5 hl a
temperature of 350°C was found to be optimum for the transalkylation reaction of
phenol with 2.5-xylencl, 2,3,6-timethyiphenal and the simulated technical
mixture. This was achieved by carrying out experiments with a phenol [ 2,5-xylenol
feed mixture over H-BEA-25 calalyst in the temperature range of 250 — 450°C
(see section 4.2.1). These experiments also served to test whether
transalkylation between phenclic compounds over an acid zeolite catalyst takes

place to a sufficient extent.

Figures 4-8, 5-4 and 5-5 show that transalkylation was achigved, This is evident
from the formation of cresols, which would result from transfer of a methyl group
from a 2 5-xylenol molecule to 2 molecule of phenol and the formation of
trimethylphenols which would result from methyl group transfer between xylenol

molecules,

In reacting systems the rate of reaction coefficient (reaction rate constant) is
usually a strong function of lemperature i.e. the rate of reaction increases with

increasing temperature [Schmidt, 2005]. Hence, as expected, results presented
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in figures 5-1 to 5-3 show that the conversion of both reactants, phenol and
2,5-xylenol, increased with increasing temperature from 250°C onwards but
appeared to level out at around 350°C. Beyond 400°C the conversion of both
phenol and 2,5-xylenol declined significantly. Selectivity and yield of the desired
product, cresol, also did peak in the 350 — 400°C range,' with less “heavies”
produced at 350°C (figures 5-4 and 5-5). As a consequence, a temperature of
350°C was chosen for further experiments as mentioned before. A detailed
discussion of the temperature effects is given in section 6.4.3, including all

temperature variation experiments.
6.2 Catalyst stability and repeatability of experiments

Catalysts were found to exhibit rather fast deactivation during the first ca.
100 hours of operation, though the total initial loss of activity was moderate, after
which better stability was achieved for the next more than 100 hours on stream
(figures 5-6, 5-7 and 5-12) and sections 5.2 and 5.3.1. Such behaviour is typical
for most heterogeneous catalysts, in particular acid zeolites. Consequently, data
obtained during the initial period was ignored.

Repeatability in experiments was determined by comparing the conversions of
both phenol and 2,5-xylenol at a certain condition with the conversions obtained
at the same condition repeated within the same experiment. It was found (see
section 5.2) that the conversions at the repeated conditions settings were similar
but slightly lower than the conversions at the earlier conditions settings (figures
5-8 and 5-9). Repeatability was also confirmed by results presented in section
5.3.1 and in figures 5-10 and 5-11, where the selectivity is the determining factor.

The repeatability of two identical experiments, done separately, was studied by
comparing the conversions of both phenol and 2,5-xylenol and the selectivities
obtained from two separate, identical experiments (section 5.3.2 and figures 5-12
to 5-14). Closely matching conversion and selectivity data from the two
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experiments gave an indication of good repeatability between experiments and it
was therefore concluded that experiments are repeatable. As described in
section 5.3.2 (figures 5-12 to 5-14) it is mainly changes during the initial period of
runs that causes the moderate differences in conversion and selectivies when
repeating conditions, with in particular the selectivity of “heavies” being initially
rather high and then settling. It was therefore concluded that experiments were
repeatable within the same run provided the very initial data (ca. < 100 hours on
stream) was ignored and only the very last data points of the initial conditions
setting considered for calculating averages etc. It could also be concluded that,
when ignoring short time-on-stream data, results and trends obtained are
comparable and valid when varying conditions within a single run.

6.3 Choosing the most suitable catalyst for transalkytion

Screening experiments were carried out with three commercially available
candidate catalysts with the objective of choosing the most suitable for the
alkylation reaction of phenol with the transalkylating agents 2,5-xylenol,
2,3,6-trimethylphenol and the simulated technical mixture of phenolic
compounds. As mentioned in section 5.4, the three catalysts, H-BEA-25, H-MFI-
90 and H-MOR-90, were compared in terms of conversion, stability, yield and
selectivity.

Figures 5-15 to 5-17 (on the y-axes) and 5-18 to 5-23 (on the x-axes) show that
similar phenol and 2,5-xylenol conversions were obtained on zeolites H-BEA-25
and H-MFI-90 at all space velocities applied but higher than on H-MOR-90.

Since H-MFI-90 and H-MOR-90 had the same and rather high molar SiO2 / Al203
ratio of 90, these two catalysts were expected to have more or less the same
number and strength of Brensted acid sites and hence similar activities [Martens
et al., 1997], see section 2.10.3. However, experimental results showed that
H-MFI-90 was more active than H-MOR-90 at all space velocities applied. A
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possible reason behind this could be the fact that for large molecules such as the
feed molecules H-MOR-90 is effectively one dimensional while H-MFI-90 is three
dimensional (see sections 2.12.3 and 2.12.2, respectively). This means, even
though H-MOR-90 has larger pores than H-MFI-80, that it is apparently easier for
the reactants to enter and the products to leave the channel systems in H-MFI-80
than in H-MOR-80 zeolite crystals. Besides showing the lowest phenol and
2,5-xylenol conversions, zeolite H-MOR-90 also exhibited faster deactivation and
apparently no stabilisation after the initial period of the run, which can also be
ascribed to the effect of the effectively mono-dimensional pore system (figure 5-16).

Zeolite H-BEA-25 was expected to have more acid sites than H-MFI-90 because
of its lower SiO2 / Al,O; ratio of 25 and was therefore expected to be the more
active catalyst. However, though activities of the two for the conversion of the
2,5-xylenol seemed rather equal, this did not hold for the phenol (see figures
5-15 and 5-17). This difference was also reflected in selectivities and yields
(figures 5-18, 5-20, 5-21 and 5-23) where the H-MFI-90’s product was mainly
xylenol isomers, also much heavies, while the H-BEA-25’s product consisted for
the most of the desired product, cresols. Limited pore system spaciousness, i.e.
restricted transition state selectivity, hindering the bulky transalkylation transition
states in H-MFI-90, could be a reason why H-MFI-80 showed significantly lower
phenol conversion and cresol selectivity (= transalkylation activity) than H-BEA-25.

It was concluded that zeolite H-BEA-25 is the most suitable catalyst for the
alkylation reaction of phenol with the transalkylating agents 2,5-xylenol,
2,3,6-trimethylphenol and the simulated technical mixture.

6.4 2,5-Xylenol conversion mechanism

The mechanism shown in figure 6-1 is proposed for the conversion of
2,5-xylenol. |
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2,5-xylenol Xylenol isomer

Transalkylation
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Transalkylation

Crasol

Figure 6-1: The proposed reaction scheme for 2,5-xylenol transformation

At 1 : 1 molar feed ratio of 2,5-xylenol and phenol, 2,5-xylenol conversion is
always significantly higher than phenol conversion (see figures 5-1 to 5-3 and
5-15 to 5-17). This holds throughout all of the different conditions applied (figures
5-24 — 5-27, 5-34 — 5-36, 5-43 and 5-44). This is due to the fact that 2,5-xylenol
is ftransformed through two mechanisms namely isomerisation and
transalkylation while phenol is only transformed through transalkylation. At low
2,5-xylenol conversion, selectivity of other xylenol isomers (other than the
2,5-isomer) is already high and that of cresols is still low, except for the very high
phenol : 2,5-xylenol ratio of 20 : 1 (see figures 5-18 to 520, 5-28 -~ 5-30 and
5-37 — 5-39). This illustrates the fact that isomerisation is fast and thus the
preferred step of 2,5-xylenol conversion (the thick arrow in figure 6-1).

At conversions above 50%, yield of cresols still increases (see figures 5-21 to
5-23, 5-31 — 5-33, 5-40 — 5-42 and 5-46) while the yield of other xylenol isomers
already declines. Apparently all isomers can and do react in transalkylation i.e.
they do not form initially and then go back to 2,5-xylenol through back-
isomerisation. This is proven by the percentage of 2,5-xylenol in the xylenols
fraction, which is always greater than the equilibrium percentage (figure 6-2).
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Figure 6-2 (Experiment 1 — 3 and 7 — 8}): Content of 2,5-xylenol in the xylenol fractions from
reaction over H-BEA-25 at different temperatures, different phenol : 2,5-xylenol feed ratios
and different space velocities, see section 2.7.2 for thermodynamic equilibrium
distributions measured and calculated by Pigman et al. [1954] and Fernsby [2008],
respectively, and section 5.8 for measurements in context of this work

6.5 Isomerisation reaction scheme

The reaction scheme given in figure 6-3 can be proposed for the isomerisation of
2,5-xylenol. It is simply based on the assumption that methyl substituent
isomerisation mainly occurs via 1,2-methyl shift, particularly at low to medium
conversions, since transalkylation products (yield and selectivity) are still low
while isomerisation readily occurs (figures 5-18 — 5-20, 5-28 — 5-33 and 5-37 — 5-42).
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2,6-xylenol 3,5-xylenol 2 4-xylenol
H / %H
3,4-xylenol 2,3-xylenol

Figure 6-3: Proposed reaction scheme for the Isomerisation of 2,5-xylenol by 1,2-methyl shift

According to this mechanism, three isomerisation products form primarily and in
parallel, namely 2,6-, 3,5- and 2,4-xylenol, followed by formation of two
secondary isomerisation products, 3,4- and 2,3-xylenol. Isomer distributions at low
to moderate conversion were expected to reflect the scheme given in figure 6-3.

6.6 Cresol formation reaction scheme

From the transalkylation reaction of phenol and 2,5-xylenol, applying simple
statistical bond cleavage and formation rules, either o-cresol and a second cresol
molecule or m-cresol and a second cresol molecule would form and the second
cresol molecule could be o-, p- or m-cresol (figure 6-4) with o- : m- : p-cresol
distribution in 45 : 45 : 10 percent ratio.

Applying basic chemical kinetic rules, i.e., the m-position being non-reactive,
would also form each of the isomers (figure 6-5), with o- : m- : p-cresol in 33 : 50 : 17
percent ratio.
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Unfortunately, there is not much of a difference between these theoretical cresol
distributions and the thermodynamic equilibrium distribution, see table 6-1, in
particular of the latter, chemically controlled distribution. In section 6.9, cresol

formation and selectivity are discussed in more detail.
sesols

g

o-cresol 45%

/ m-cresol ocmol m-cresol p-cresol H
18 11190
2,8-xylenol phcnol H H m-cresol 45%
12 H
+ + +
m-tdoalkylation

o-cresol o-cresol m-cresol p-cresol
" s 8 1140 pcresol  10%

Figure 6-4: Possible reaction scheme for the formation of cresols from the transalkylation

reaction of 2,5-xylenol and phenol applying statistical rules
siencls

&

o-crnol 33%

m-cresol  50%

5o 556 &

2,5-xylencl  phenol m-cresol  o-Cresol p-cmol
12

p-cresol 17%

Figure 6-5: Possible reaction scheme for the formation of cresols from the transalkylation
reaction of 2,5-xylenol and phenol applylng baslc chemical rules

The cresol selectivity at lowest conversion can be assumed to be closest to the
primary product of phenol and 2,5-xylenol transmethylation i.e. there is less
product from other xylenol isomers and less product from secondary

isomerisation of the initially formed cresols.
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6.7 Effect of reaction conditions

6.7.1 Effect of phenol : 2,5-xylenol ratio

Conversion of phenol and 2,5-xylenol was found to decrease with increasing
phenol : 2,5-xylenol ratio (figures 5-26 and 5-27). The relative decrease of the
conversion of phenol with increasing feed ratio (figure 5-26) is more significant,
simply due to the corresponding increase in the total mol fraction of phenol in the
feed mixture, but there is little decrease only in 2,5-xylenol conversion. Indeed
the conversion of 2,5-xylenol was not expected to decrease with increasing
phenol : 2,5-xylenol ratio. A change of the feed ratio would result in the mol
fraction of 2,5-xylenol being changed compared to its former level. However,
when assuming a first order reaction for isomerisation, this should not affect
isomerisation conversion at all as long as transalkylation does not consume
substantially (in consecutive reaction steps) from the isomers formed (see figure
6-1), i.e. as long as yields of transalkylation and other products are low. As
shown in figures 5-23, 5-31 and 5-32, this does not hold anymore for the low feed
ratios, what may cause the slight decrease in isomers yield with the decline in
feed ratios in figure 6-6.

When assuming a second order transalkylation reaction of 2,5-xylenol with
phenol, which is of first order in each of the reactants, the rate of the
transalkylation reaction would be reduced to just about half in the 5 : 1 molar
mixture and to about 1/5 in the 20 : 1 mixture, while the mol fractions of xylenols
in the feed would be reduced by 1/3 and about 1/10 respectively (Appendix C).
This should even result in a slight increase in the transalkylation conversion of
2,5-xylenol in the 5 : 1 mixture and for the 20 : 1 ratio experiment. The increase
in conversion of 2,5-xylenol in the transalkylation reaction should be almost twice
(Appendix C), which is clearly not the case, even when not considering the ‘other
reactions’ (figure 6-6). Apparently in liquid phase the transalkylation reaction is
closer to first order, than second order.
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Figure 6-6 (Experiments 3, 7 and 8): Direction of 2,5-xylencl transformation versus the

molar ratio of the feed mixture of phenol and 2,5-xylenol over H-BEA-25 at a temperature
of 350°C and space velocity of 0.113 h™'. Note that transalkylation yield refers only to the
2,5-xylenol molecules that have reacted

The evaluation of transalkylation, isomerisation and other reactions in figure 6-6

was based on the following equations.

Isomerisation

Transalkylation

With:

(l) Yieldcresols from transalkylation

Yield of all xylenol isomers excluding 2,5-xylenol

= Sum of yields of (i) cresols from transalkylation of phenol

with 2,5-xylenol and (ii) cresols and trimethylphenols from

disproportionation of 2, 5-xylenol

h ieldTrimethylphenols (Since Yi ieldcresols from disproportionation =

Yieldryimethyiphenols)

Must be divided by 2 since half of the rings is coming from phenol

= Yieldcresors - Yieldcresots from disproportionation = Yieldcresors —
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(i l) Y Cresols and trimethyiphenols from disproportionation = 27 ieldTHmethyIphenols

b ieldeo,, - Yi ield]‘ﬂme{hylphmols

- Transalkylation = 3 + 2Y, Trimethylphenol
. Yield . ! Y ieldTrlmethylphmols
= Transalkylation = ——=2%  + 2Yield,, ..ohenois 2
= Transalkylation = Yieldg, iy + 2(2 Vel maiprencs) _ Vellmmenpeas
2 2 2
1 3Yield
=> Transalkylation = Yield o, + m;e'hy Phenols
Other reactions = 2,5-xylenol consumed - Isomerisation - Transalkylation

It should be noted that these quantities were normalised to a 100 to convert them
to selectivities as presented in figure 6-6.

A steep increase in the selectivity for ethers with increasing phenol : 2,5-xylenol
ratio was obtained (figures 5-20 and 5-28 — 5-30). Increased selectivity towards
ethers was expected because the increasing phenol concentration with
increasing ratio results in an increased chance of an adsorbed phenol molecule
to be approached by another phenol molecule and the only way for the two
reacting with each other is the formation of diphenylether, which is indeed the
most abundant of the ethers obtained. While yields of all product fractions were
found to decrease with increasing phenol : 2,5-xylenol ratio (infact trivial, since all
other products require 2,5-xylenol being involved, whose concentration in the
feed mixture declines), the yield of ethers was found to be more or less constant
(figure 5-33) and eventually dominating the product (figure 5-30). Since each of
the compounds in the feed mixture is phenolic, the concentration of OH-groups
and thus the rate of formation of ethers i.e. the yield of ethers would not be
expected to increase or decrease with increasing phenol : 2,5-xylenol ratio.
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Selectivity towards trimethylphenols was found to decrease steeply
(comparatively) with increasing phenol : 2,5-xylenol ratio. At the highest
phenol : 2,5-xylenol molar ratio of 20 : 1, the selectivity towards trimethylphenols
was found to be virtually zero. This happens because, trimethylphenols would
primarily result from a disproportionation of 2,5-xylenol or other xylenol isomers
and if fewer xylenol molecules are present, it means that the chances of the
bimolecular, i.e. second order disproportionation reaction of xylenols taking place
are very small, hence much less of the trimethylphenols will form.

Tiwari and Mukherjee [1984] also noticed a decrease in the formation of
trimethylphenols and isomerisation products (xylenol isomers) when they were
experimenting with mixtures with increasing ratios of phenol : 2,6-xylenol over a
chromia-alumina catalyst. This was attributed to, analogously, the fact that at
high phenol : 2,6-xylenol ratios, the catalyst surface is extensively covered by
phenol, so that a released methyl group has hardly any chance of reacting with a
xylenol molecule.

The constant selectivities for lights and heavies (figure 5-30) but declining yields
(figure 5-33) indicate towards a complex mechanistic pathway, which may not be
understood since the mechanism of their formation (lights) and the exact nature
of the heavies is unidentified.

6.7.1.1 Effect of phenol : 2,5-xylenol molar ratio on the cresols and xylenols

distribution

Figure 6-7 shows that at all the phenol : 2,5-xylenol ratios investigated a slightly
higher vield of meta-cresol is obtained than that of ortho-cresol and a significantly
higher yield of ortho-cresol is produced than para-cresol.

Table 6-1 shows the distribution of the cresol isomers at different

4

phenol : 2,5-xylenol molar ratios. The distributions obtained at both the 1 : 1 and
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5 : 1 molar ratios are very close to equilibrium distribution and equilibrium
distribution is obtained at a ratio of 20 : 1. However, as discussed in section 6.9,
this is in any case still a kinetically controlled cresol isomer distribution, which, by
chance, is numerically similar to equilibrium distribution.

Table 61 (Experiments 3, 7 and 8): Distribution of the cresol isomers at different
phenol : 2,5-xylenocl feed ratios over H-BEA-25 at a temperature of 350°C, space velocity of
0.113 h™ and distribution in thermodynamic equilibrium

Molar phenol : 2,5-xylenol ratio o
*Equilibrium
2,5-Xylenol 1:1 5:1 20:1 .
Distribution
Conversion (mol %) 84.5 79.7 70.9
at 380°C
Compound Amount (mol %)
o-Cresol 38.2 39.1 36.8 36
p-Cresol 17.3 17.3 156.8 16
m-Cresol 44.5 43.6 47.4 48

* [Imbert et al., 1997, in gas phase and Fritsch et al., 2003, in liquid phase]
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Figure 6-7 {(Experiments 3, 7 and 8): Average vields of cresol isomers (left axis) versus the
molar phenol to 2,5-xylenol ratio in feed mixtures over H-BEA-25 at a temperature of 350°C
and space velocity of 0.113 h™. This graph also compares the actual and theoretical rates
of cresols formation (right axis) versus the ratio

Figure 6-7 also shows that the actual rate (experimental) of cresol formation is
declining relative to the theoretical rate over increasing phenol : 2,5-xylenol ratios
in the feed, with the theoretical rate assuming first order in each of the reactants
in the bimolecular transalkylation between 2,5-xylenol and phenol. This is shown
by the declining uppermost curve, X-shaped symbols, in figure 6-7. See also
corresponding discussion in section 6.7.1.

The declining rate with increasing phenol : 2,5-xylenol ratio is probably (in part)
due to decreasing contribution of formation of cresols via 2,5-xylenol
disproportionation as a result of decreasing 2,5-xylenol concentration.
Decreasing 2,5-xylenol disproportionation rate is confirmed by the decreasing
yield of trimethylphenols (co-product of 2,5-xylenol disproportionation) with
increasing phenol : 2,5-xylenol ratio (figure 5-33).
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Figure 6-8 and table 6-2 show the yields and distributions of the xylenol isomers
in the product and in thermodynamic equilibrium. Note that the isomerisation
reaction is assumed to be of first order, i.e. independent from concentration, and
that, correspondingly, 2,5-xylenol conversions are similar.

At the moment this product distribution cannot be reasonably explained on the
basis of thermodynamics or the mechanism shown in figure 6-3. Aspects such as
the 2,3- / 2,4-xylenol ratio, with the former being formed from the latter (in the
suggested mechanism, figure 6-3) but present at far higher than equilibrium
ratios (see table 6-2), are unresolved questions.

15 "
’,"2,5-Xylanol in feed
= 10 - ‘
P 2.’5-Xylenol
2 2.3-Xylenol
8 /' 2,4Xylenol
@ / 2,6-Xylenol
=) - ’
g 5 3/5 & 3,4-Xylenol
> /
<
o ' 1 ] k] ] 1 ) []
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2,5-xylenol concentration in feed [mol %)}

Figure 6-8 (Experiments 3, 7 and 8): Content of xylenol isomers versus 2,5-xylenol
concentration of feed over H-BEA-25 at a temperature of 350°C and space velocity of 0.113 h™*

The distribution of xylenol isomers at different phenol : 2,5-xylenol ratios in the
feed is shown in table 6-2. It should be noted that the equilibrium distribution of
3.4- and 3,5-xylenols is combined as the peaks of these two isomers were not
separated on the gas chromatogram trace.
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No conclusion can be made with regard to xylenol isomers approach to
equilibrium due to variability in the equilibrium distribution obtained from different
sources (table 6-2) and the apparent fact that several isomer ratios
(e.g 2,6- / 2,5- and 2,3- / 24-xylenol) are exceeding the values that are
thermodynamically possible within a scheme of consecutive reactions as

suggested in figure 6-3..
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Table 6-2 (Experiments 3, 7 and 8): Distribution of the xylenol isomers at different phenol :
2,5-xylenol feed ratios over H-BEA-25 at a temperature of 350°C and a space velocity of
0.113 h! and distribution in thermodynamic equilibrium

Molar phenol : 2,5-xylenol ratio Equilibrium

2,5-Xylenol 1 51 501 Distribution
Conversion (mol %) 845 797 70.9 at 350°C (mol %)
Compound Amount (mol %) * il i
2,6-Xylenol 11.0 10.5 18.6 1291 11.1 1109
2,4-Xylenol 23.9 17.5 7.3 43.5129.6 | 21.1
2,5-Xylenol 38.2 40.9 48.7 17.7 | 23.7| 294
2,3-Xylenol 16.2 12.6 20.4 36| 89]10.2
3,5-Xylenol . _ veny | 16.3114.1115.0
3,4-Xylenol 1067 185 >0 6.1]|12.6| 13.4

*[Fernsby, 2006])

**IPigman et al., 1954]

***1This work (figure 5-57)]
****Peaks not separated in GC trace

6.7.1.2 Effect of phenol : 2,5-xylenol ratio on the carbon number
distribution

Carbon number distributions for the transalkylation product from different
phenol : 2,5-xylenol ratios are given together with the corresponding methyl
group balances in figures 6-9 to 6-11 and tables 6-3 to 6-5. For all the
phenol : 2,5-xylenol ratios applied, the carbon number distributions obtained
seem to approach the calculated equilibrium distribution with decreasing space
velocity. The carbon number equilibrium distribution was calculated using a
method of minimising the total Gibbs energy of a reaction mixture (appendix D).
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Methyl group balances were determined to validate the carbon number
distributions cbtained expenmentally at each phenol | 2,5-xylenol ratic and
different space velocities applied. From tables 6-3 to 6-5, it can be seen that for
some carboen number distributions the methyl groups do not balance very
accurately ie. the content of methyl groups in the product is not equal to the
content in the feed. Mowever, the discrepancy is acceptable and may be

attributed to GG analysis.

Given the above menticned inaccuracics in the methyl group balances, it should
not be speculated if the lower-than-equilibrium levels of phanal in figure 6-3 are

real or not and about the mechanisms behind it,

60 —
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Figurz 6-9 {Experiment 3}. Carbon number distribution over H-BEA-25 catalyst for a
1: 1 molar ratio feed mixture of phenaol and 2,5-xylenal (average carkon number = 7) and

transalkylation product at a temperature of 350°C and varying space velocities

The higher the phenol @ 2.5-xylenol ratio, the slower is the approach of the
reaction mixture to thermodynamic equilibrium distribution. This is not surprising,
since the conversion of xylenol must be higher, increasing from about 80% in the
1: 1 mglar ratio feed to about 90%; in the 20 @ 1 motar ratio feed.
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Table 6-3 | Methyl group balance for the carbon number distribution obtained over H-BEA-25
catalyst for 1 : 1 molar ratic feed mixture of phenol and 2 5-xylenc| at a temperature of

3I50°C and varying space velocities and distribution in thermodynamic equilibrium

- Carbon number : Feed '_Methw Methy! group out
group in  *Sp=0.11 *8p=0.22 | "Sp=0.45 | Eq.*"
6 500 gp . @i " 8h 00 | 00
7 i 14 436 0 367 | 249 77382
B 50.0 | 100.0  44.1 54.9 658 | 408
g =i I 1BE 184 18.5 17.1
10 ; 0.0 | 0.0 00 | 29
11 00 | 00 R
Total 100.0 | 103.0 ‘ 110.9 109.2 1002

*Space velocily (WHSWV h™

**Equilibrium
100 - E—
I BFeed: 5: 1FPhenol : 2,5-Xylencl mixtura {molar}
g0 - O Space veloclty =0.437 h

= ! Ll Space velocity = 0,225/ h
& .:
2 60 - B Space veloclty = 0.113/ h
"E - [ Thermodynamic equillbrium
= 404 @5
=) o]
= at

20 1 | =

D - - T ] L]

& T 3 9 10 11
Carban number

Figure 6-10 (Experiment ¥}, Carbon number distribution over H-BEA-25 catalyst for a
5 : 1 molar ratic feed mixture of phenal and 2,5-xyleno| (average carbon number = 6.3} and

the transalkylation product at a temperature of 330°C and varying space velocities
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Tabkle 6-4 : Methyl group balance for the carbon number distribution obtained over H-BEA-25
catalyst for 5 © 1 molar ratio feed mixture of phenal and 2 5-xylenal at a temperature of

350°C and varying space velocities and distribution in thermodynamic equilibrium

Carbon number | Feed | Methy! " Methyl group out

group in | *Sp=0.11 *8p=0.22 . "Sp=0.45 | Eq.**

5 833 0.0 0.0 00 | 00 | 00

7 15.0 13.0 23 | 242

8 167 | 333 | 21.9 243 32.6 8.0

9 = gg B8 | AZ | B
I 00 00 0.0 0.1 |
11 , 6.0 0.0 50 | 00 |
Totat 333 | 375 38.2 %3 33 |

*Spane volocity {WHSY R

**Equilibrium
100 - :
W Feed: 20 : 1 Phengd @ 2 5-Xylanol mixtura {malar) |
80 - OSpace velocty =0457h
= B Space velocity =0.225 'h
&
= 60 4 B Space velacity = 0113 f h
=)
"g O Thermodynamic equilibrium
=40 4
D
=
20 4

B 7 3 9 10 11
Carkon number

Figure 8-11 {Experiment 8), Carbon number distribution over H-BEA-25 catalyst for a
20 ¢ 1 molar ratio feed mixture of phenol and 2,5-xylencl {average carbon number = 6.1}

and the transalkylation product at a temperature of 3530°C and varying space velocities
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Table &-5 : Methyl group balance for the carban number distribution obtained over H-BEA-25
catalyst for 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperaturs of

350°C and varying space velogities

| Carbon number | Feed | Methy/ Methyl group out
group in | *Sp=0.11 | *Sp=0.22 *Sp=0.45 | Eq.**
& 5.2 0.0 0.0 0.0 0.0 0.0
7 4.2 L, ] 14 8.7
8 | 8e | eb - 82 8.4 0.8
| 7= Tk 06 0.7 | 0.6 0.0 |
10 0.0 0.0 0.0 0.0
11 0.0 k) 0.0 0.0
Total 9.6 11.3 82 . 104 9.5

*Space velocity (WHSVI R

T Equililaritm

Vifith increasing phenol . 2 5-xylenol ratic, a shift of the carbon number
distribution to lower carbon numbers is seen in figures 6-¢ to 6-11. This was

axpected given the declining average carbon number of the feed.

One of the main objectives of this study was to convert polymethylphensls (Cq)
to crescls and xylencls (preducts of lower carbon number). Increasing
phencl : 2 5-xylencl molar ratio seems to achieve this. However very small
amounts of cresols are obtained from the higher phenol @ 2 5-xylencl ratios of
51 and 20 ; 1 compared to the amount obtained from a 1 : 1 ratioc {figures 6-9 to
d-11}. Even though higher phenoi : 2. 5-xylencl ratios lower the carben numbers,
it would be costly (considering the heating and cooling costs for phenol recycling)
to separate the lower boiling excess phenal from the productis of interest
Applying a low molar feed ratio of about 1 @ 1 results in comparably small
amounts of surplus phenol which would be less costly to separate fram the

product. At the low phenol @ 2,5-xylenal ratio of 1 1, relatively targe amounts of
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cresols are already obtained. Even though considerable amounts of higher
phenols still form at low phenol : 2,5-xylenol molar ratios, and also ethers, see
figures 5-52 and 5-53, they may be recycled without the necessity of separating
them from the unconverted feed. This is because these higher phenols can also
still undergo transalkylation with phenol to produce cresols and xylenols, as
discussed in section 6.9.1, and ethers will be cleaved or net formation will be
suppressed, respectively. This then makes operating at around a 1 : 1 molar ratio
the better and promising option for industrial application.

6.7.2 Effect of space velocity

Conversion of phenol and 2,5-xylenol was found to decreases with increasing
space velocity (figures 5-34 to 5-36). The effect of increasing space velocity
(decreasing residence time) is more pronounced with phenol than with
2,5-xylenol. This is due to the fact that isomerisation is a faster reaction than
transalkylation (see section 2.2.5) and thus closer to completion, i.e.
thermodynamic equilibrium, than the transalkylation reaction. However, over the
most acidic catalyst, H-BEA-25, even phenol conversion and thus the cresol
yield, figures 5-36 and 5-42, cannot increase much anymore at the lowest space
velocity. It should also be noted that thermodynamic equilibrium limits phenol
conversion in transalkylation of a 1 : 1 mixture with 2,5-xylenol to 65% (see figure
6-9), not considering possible side reactions.

Phenol can react in two ways, i.e., it can react with xylenols in a transalkylation
reaction or with itself to produce ethers. 2,5-xylenol undergoes similar reactions
and in addition it can also undergo isomerisation and transalkylation with ‘itself

(disproportionation).

Selectivity and yield of ‘other xylenol isomers’ were found to decrease with
decreasing space velocity (figures 5-37 to 5-42). ‘Other xylenol isomers’ result
from the isomerisation of 2,5-xylenol. The isomerisation reaction, in terms of
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activation energy and steric/geometrical requirements [Bohringer, 2006), is an
easy and fast reaction which rapidly achieves high conversion and gets close to
xylenols equilibrium distribution at high conversions. The more demanding,
slower transalkylation reaction, disproportionation to cresols and
trimethylphenols, formation of heavies etc., consume not only 2,5-xylenol but
also its isomerisation products. Low space velocity allows for more
transalkylation to occur which leads to more isomerisation products being
consumed and hence a decrease in yield and selectivity of the xylenol isomers
with decreasing space velocity (figure 5-40 — 5-42).

Selectivity and yield for all other product fractions except ‘other xylenol isomers’
increased with decreasing space velocity. Apparently, reactions leading to the
formation of all the other products require more severe conditions (longer
residence times) due to e.g. higher activation energies, reflecting geometrical
needs etc. The slightly decreasing selectivity and vield for trimethylphenols with
increasing space velocity over H-BEA-25 zeolite, figures 5-39 and 5-42, is not

understood but may just be data scatter (three data points only).

6.7.2.1 Effect of space velocity on the distribution of cresols and xylenols

Figure 6-12 shows that the yield of m-cresol is slightly higher than that of o-cresol
and more than twice as high as the yield of p-cresol at low space velocity
seemingly indicating towards a close approach to thermodynamic equilibrium
distribution (table 6-6). However, it was mentioned above (see section 6-6) and
will be discussed in more detail in section 6.9 that the kinetically controlled
reactions would result in a similar cresols distribution.

At the low space velocity, total cresol yields are higher than 30%, slowly
approaching the thermodynamic limit value of 38% of cresols in the equilibrated
carbon number distribution of 1 : 1 molar feed (see figure 6-9).
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Figure 6-12 (Experiment 3): Average vields of cresol isomers versus space velocity for a
phenol : 2,5-xylenol molar feed ratlo of 1 : 1 over H-BEA-25 at a temperature of 350°C

Table 6-6 (Experiment 3): Distribution of the cresol isomers at different space velocities for
a 1 : 1 molar ratio feed mixture of phenol : 2,5-xylencl over H-BEA-25 at a temperature of
350°C, and distribution in thermodynamic equllibrium

Space velocity (WHSV) h”’
*Equilibrium
2,5-Xylenol 0.113 0.225 0.45
, Distribution
Conversion (mol %) 84.5 85.0 76.5
at 380°C
Compound Amount (mol %)
o-Cresol 38.2 40.6 37.2 36
p-Cresol 17.3 14.8 21.5 16
m-Cresol 44.5 44.6 41.2 48

* [imbert et al., 1997, in gas phase and Fritsch et al., 2003, in liquid phase]
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Figure 6-13 shows that, if ignoring 2,5-xylenol (feed component), the highest
yields are obtained for 2,4-xylenol at all space velocities. Table 6-7 shows the
distribution of the xylenol isomers at different space velocities. Not much can be
derived from this figure and table in terms of the effect of space velocity on

isomer distribution.

20

b
o
i

2,5-Xylenol \
2,4-Xylenol, 4

Average yield [mol %]
P

&
2,3-Xylenol\-’///‘
5 1 2 6-xylenol N2 X »
0 35& 3,4-Xyieno|:
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Space velocity [Greed / Geatatyst - ]

Figure 6-13 (Experiment 3): Average vields of xylenols versus space velocity for a
phenol : 2,5-xylenol molar feed ratio of 1 : 1 over H-BEA-25 at a temperature of 350°C
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Table 6-7 (Experiment 3): Distribution of the xylenol isomers at different space velocities
fora 1: 1 molar ratio feed mixture of phenol : 2,5-xylenol over H-BEA-25 at a temperature
of 350°C, and distribution in thermodynamic equilibrium

Space velocity (WHSV) h”’ Equilibrium
2,5-Xylenol 0.113 0.225 0.45 Distribution
Conversion (mol %) 84.5 85.0 76.5 at 350°C (mol %)
Compound Amount (mol %) * bl B
2,6-Xylenol 11.0 14.6 8.5 12.9 1 11.1 |1 10.9
2,4-Xylenol 23.9 22.7 26.4 43.51 296 | 211
2,5-Xylenol 38.2 31.1 40.1 17.7 | 23.7 | 29.4
2,3-Xylenol 16.2 19.4 15.0 3.6 8.9110.2
3,5-Xylenol 16.3 | 14.1 | 15.0
106 | 12.0%% | 10.q***
3,4-Xylenol 6.11126 134

*[Fernsby, 2006]

**[Pigman et al., 1954]

“**IThis work (figure 5-57))
~+**Paaks not separated in GC trace

6.7.3 Effect of temperature

In both temperature series carried out, average conversion, selectivity to cresols
and cresol yields were found to increase from 250°C, level out at around 375°C,
and decrease rapidly with further increase of temperature (figures 5-3 — 5-5 and
5-44 — 5-46). The rapid decrease with increasing temperature is possibly due to
accelerated catalyst deactivation as indicated in all of the curves showing
conversion as a function of time-on-stream (figure 5-1, 5-2 and 5-43) in particular
at the highest temperature setting of each of the two series (figure 5-2). At 450°C
the reaction system may not have been in liquid phase anymore. Unfortunately,
no repeat of a lower temperature setting was carried out after running at 450°C,
the highest temperature setting of the series. At high temperatures, very high
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yields of heavies are achieved (figures 5-5 and 5-46) i.e. the formation of big
molecules is accelerated. These big molecules are likely to lead to accelerated
coking and plug the pores of the catalyst, this resulting in fast declining catalyst
activity.

6.7.3.1 Effect of temperature on the distribution of cresols and xylenols

Figure 6-14 shows that almost equal yields are obtained for m-cresol and
o-cresol over a wide temperature range and that a slightly higher yield of m-
cresol than o-cresol is only obtained at temperatures of 400 and 450°C. The yield
of both m- and o-cresol is about twice as high as that of p-cresol at all
temperatures. With meta-cresol being the thermodynamically favoured isomer,
this suggests that with increasing temperatures an equilibrium distribution is
approached and is confirmed by the cresol isomers distribution given in table 6-8
which shows an approach to equilibrium distribution with increasing temperature.

To quantify the effect of temperature, it would be desirable to determine
activation energies, however it makes not much sense in this case. This is
because the curves for the three isomers start flattening from 300°C onwards
(figure 6-14) and also distributions are close to equilibrium throughout (table 6-8).
Though the primary, kinetically controlled product distributions are quite similar
(see sections 6.6 and 6.9) it cannot be ruled out that the reaction to the individual
isomers is already influenced by thermodynamics and not only governed by
kinetics.
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Figure 6-14 (Experiments 1 and 2}: Average yield of cresol isomers versus temperature for
a phenol ; 2,5-xylencl feed mixture of molar ratio 1 : 1 over H-BEA-25 at a space velocity of

0.45 h™

Table 6-8 (Experiments 1 and 2): Distribution of the cresol isomers at different
temperatures for a 1 : 1 molar phenol : 2,5-xylenol feed mixture over H-BEA-25 at a space
velocity of 0.45 h™, and distribution In thermodynamic equilibrium

Temperature (°C) .
Equilibrium
2,5-Xylenol 250 | 300 | 350 | 400 | 450 M
. o Distribution
Conversion (mol %) | 40.7 | 71.3 | 78.0 | 74.7 | 55.9
at 380°C
Compound Amount (mol %)
o-Cresol 3531 39.7 | 389 | 37.2 | 358 36
p-Cresol 239 | 208 | 19.0 | 19.7 | 13.2 16
m-Cresol 40.8 | 396 | 411 | 43.2 | 51.0 48

* {imbert et al., 1897, in gas phase and Fritsch et al., 2003, in liquid phase)]
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Figure 6-15 shows the yield of xylenol isomers with 2,4-xylenol being the most
favoured product isomer throughout the range of temperature. A decreasing yield
of 2,4- and a minimum of 2,5-xylenol yield with increasing temperature is seen.
This was expected due to consumption of these isomers by increasing rate of
transalkylation with increasing temperature (see figure 6-20) and the 2,5-xylenol
yield reflects the maximum in conversion at about 350°C. A similar trend was
expected with at least 2,6-xylenol and 3,5-xylenol since these are the other
primary products from 2,5-xylenol isomerisation (figure 6-3). However, according
to table 6-9 the yields of the other xylenol isomers (excluding 2,4- and 2,5-
xylenol) seem to pass over maximums throughout the temperature range of the
experiment mirroring the content of the feed isomer. Similar trends were
observed with an experiment carried out with a different molar ratio of the feed
components (figure 6-16). The reason for the yield of 2,4-xylenol not showing
trends similar to the rest of the xylenol isomers yield with increasing temperature
could possibly be explained by 2,4-xylenol being most easily formed at low
temperatures and the approach to thermodynamic equilibrium (table 6-9).
However, the latter cannot be checked and proofed due to the fact that varying
equilibrium distributions are obtained from different sources as mentioned in
section 6.7.1.1.
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Figure 6-15 (Experiment 1 and 2): Average yields of xylencl isomers versus temperature
for a phenol : 2,5-xylenol feed mixture of molar ratio 1 : 1 over H-BEA-25 at a space

velocity of 0.45 h*
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Figure 6-16 (Experiment 5): Average vields of xylenol isomers versus temperature for a
phenol : 2,5-xylenol feed mixture of molar ratio 5 : 1 over H-BEA-25 at a space velocity of

0.113 h™
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Table 6-9 (Experiments 1 and 2): Distribution of the xylenol isomers at different
temperatures for a 1 : 1 molar ratio phenol : 2,5-xylenol feed mixture over H-BEA-25 at a

space velocity of .45 h"', and distribution In thermodynamic equilibrium.

Temperature (°C) Equilibrium
2,5-Xylenol 250 | 300 | 350 | 400 | 450 Distribution
Conversion (mol %) | 40.7 | 71.3 | 78.0 | 74.7 | 55.9 | at 350°C (mol %)
Compound Amount (mol %) * | e
2,6-Xylenol 38| 87104 | 71| 3.4 1129|11.1]109
2,4-Xylenol 245 1249|244 | 207 | 86 |43.5)296]21.1
2,5-Xylenol 64.1 | 441|382 | 503|759 |17.7|23.7|29.4
2,3-Xyienol 30| 70| 65| 97| 45| 36| 89| 10.2
3,5-Xylenol 13| 43| 58| 59| 3.1|16.3|14.1]15.0
3,4-Xytenol 34110148 | 62| 45| 6.1|126| 134

*[Fernsby, 2006]
*[Pigman et al., 1954]
***IThis work (figure 5-57)]

6.7.4 Ratio of isomerisation to transalkylation with changing conditions

The ratio of isomerisation to transalkylation increases with increasing space
velocity as shown in figure 6-17. Increasing space velocity leads to decreasing
residence time which in turn leads to decreasing conversion. This would affect

transalkylation more than isomerisation since, as mentioned in section 6.7.2,
isomerisation is a far more easy reaction than transalkylation in terms of
activation energy and steric/geometrical requirements. This means that the
thermodynamic equilibrium distribution of the xylenols is more closely
approached, limiting 2,5-xylenol isomerisation conversion, while transalkylation,
i.e. the carbon number distribution (see section 6.7.1.2) is further away from

equilibrium, not yet limiting transalkylation conversion.
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Figure 6-17 (Experiments 3, 7 and 8): Ratio of isomerisation to transalkylation of
2,5-xylenol versus space velocity for phenol : 2,5-xylenol feed mixtures of different molar
ratios over H-BEA-25 at a temperature of 350°C

The ratio of isomerisation to transalkylation conversion decreases constantly with
increasing temperature (figure 6-18). This indicates towards higher activation
energy of the transalkylation reaction and hence makes it comparably easier for
this reaction to take place at elevated temperatures. This trend seems to hold,
regardless of the significant data scatter, over the entire temperature range
studied (250°C — 450°C), as expected, regardless that conversion is passing
over a maximum at 350°C and declining above of this temperature (see figures
5-3 and 5-44).
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Figure 6-18 (Experiments 1 and 2): Ratio of isomerisation to transalkylation of 2,5-xylenocl

versus temperature for a phenol : 2,5-xylenol feed mixture of molar ratio 1 : 1 over H-BEA-25
at a space velocity of 0.45 h™

A slight trend is seen from the plot of ratio of isomerisation to transalkylation
versus changing the phenol : 2,5-xylenol molar ratio (figure 6-19). It would have
been expected that the ratio of isomerisation to transalkylation would decrease
with increasing phenol : 2,5-xylenol ratio for reasons discussed in section 6.7.1.
However, figure 6-6 shows that the yields of isomerisation and transalkylation
products are each almost unaffected by the feed ratio and thus their ratios (figure
6-19) supporting the conclusion drawn in section 6.7.1 that transalkylation in
liquid phase is closer to first than second.
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Figure 6-19 (Experiments 3, 7 and 8): Ratio of isomerisation to transalkylation versus
molar phenol : 2,5-xylenol feed ratio over H-BEA-25 at a temperature of 350°C and a space
velocity of 0.113 h™*

6.8 Reactions of higher methyiphenols with phenol

6.8.1 Reaction of phenol with 2,3,6-trimethylphenol

2,3,6-trimethyiphenol was found to undergo a transalkylation reaction with
phenol. This was shown by the presence of xylenols and cresols in the product
spectrum (see figure E1 in appendix E, and figures 5-52 and 5-53). Yields and
selectivities of cresols and xylenols are more or less parallel in their variation with
changing 2,3,6-trimethylphenol conversion and, on a molar basis, differ only
slightly (figure 5-52 and 5-53). This was expected because each trimethylphenol
molecule reacting with a phenol molecule would yield exactly one molecule of
cresol and another molecule of xylenol as shown in figure 3-1. However, molar
xylenol selectivity, always being somewhat higher than molar cresol selectivity,
indicates towards disproportionation reactions in the trimethylphenol fraction
(with co-product tetramethylphenols as part of the ‘heavies’).
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The conversion of 2,3,6-trimethylphenol was found to be much higher than that of
phenol at all space velocities applied (figure 5-50). This is simply because, as in
the case of phenol and 2,5-xylenol (see section 6.4), 2,3,6-trimethylphenol can
be converted in more ways than phenol. Phenol can essentially only undergo
transalkylation with 2,3,6-trimethylphenol but 2,3,6-trimethylphenol can aiso
undergo isomerisation, which is even the much easier reaction. As a result, a
much higher conversion is obtained with 2,3,6-frimethyiphenol than with phenol.

Selectivities for all product fractions apart from other trimethyiphenol isomers
were found to increase with increasing 2,3,6-trimethylphenol conversion (see
figure 5-52). The reason for the decrease in ‘other 2,3,6-trimethylphenol isomers’
selectivity is the same as discussed in section 6.4.2 for decreasing selectivities of
‘other 2,5-xylenol isomers’ with increasing conversion, namely consumption of all
of the individual isomers in transalkylation reactions.

6.8.1.1 Distribution of cresol and xylenol isomers obtained from reacting
phenol with 2,3,6-trimethylphenol

Reacting phenol and 2,3,6-trimethylphenol at different space velocities over
H-BEA-25 at 350°C resulted in o-cresol being the isomer with the highest yield at
all space velocities applied as shown in figure 6-20, while p-cresol and m-cresol
show rather equal but lower yields. Figure 6-17 and table 6-10 show that the m-
cresol content in the cresol fraction from transalkylating trimethylphenol with
phenol is indeed significantly lower, less than half that obtained from
transalkylating xylenol. This has mechanistic reasons that will be discussed in
detail in section 6.9. The individual yields obtained show clearly that the cresol
distribution is far from thermodynamic equilibrium (see table 6-10) but the yield of
m-cresol increases steepest when space velocity is reduced, indicating
secondary isomerisation.
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Figure 6-20 (Experiment 6): Average yields of cresol isomers versus space velocity for a
phenol : 2,3,6-trimethylphencl feed mixture of molar ratlo of 1 : 1 over H-BEA-25 at a

temperature of 350°C

Table 6-10 (Experiment 6): Distribution of the cresol isomers at different space velocities
for a 1 : 1 molar ratio phenol : 2,3,6-trimethyiphencl feed mixture over H-BEA-25 at a
temperature of 350°C, and distribution In thermodynamic equilibrium.

Space velocity (WHSV) h”
*Equilibrium
2,3,6-Trimethyiphenol 0.113 0.225 0.45
Distribution
Conversion (mol %) 74.6 55.5 69.5
at 380°C
Compound Amount (mol %)
o-Cresol 42.1 47.9 50.6 36
p-Cresol 26.6 29.9 27.6 16
m-Cresol 31.2 22.2 21.5 48

* [imbert et al., 1997, in gas phase and Fritsch et al., 2003, in liquid phase]
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Reacting phenol with 2,3,6-trimethylphenol results in 2,5-xylenol becoming the
xylenol isomer formed with the highest yield at low space velocity as shown in
figure 6-21, for which the trend reflects probably an approach towards
thermodynamic equilibrium distribution. The xylenol isomer distribution is shown
in table 6-11. As In the case of the xylenol distribution obtained from 2,5-xylenol
conversion (section 6.7.1.1) nothing else can be deduced from this distribution
with regard to approach to equilibrium with changing space velocity.
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Figure 6-21 (Experiment 6): Average yields of xylenol isomers versus space velocity for a
phenol : 2,3,6-trimethylphenol feed mixture of molar ratio of 1 : 1 over H-BEA-25 at a
temperature of 350°C
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Table 6-11 (Experiment 6): Distribution of the xylenol isomers at different space velocities
for a 1 : 1 molar ratio phenol : 2,3,6-trimethyiphenol feed mixture over H-BEA-25 at a

temperature of 350°C, and distribution In thermodynamic equilibrium.

Space velocity (WHSV) h”’ Equilibrium
2,5-Xylenol 0.113 0.225 0.45 Distribution
Conversion (mol %) 74.6 55.5 69.5 at 350°C (mol %)
Compound Amount (mol %) * R e
2,6-Xylenol 10.6 13.2 13.1 12.9 | 11.1 | 10.9
2,4-Xylenol 24 1 21.0 19.7 4351 29.6 | 21.1
2,5-Xylenol 30.1 26.9 23.7 17.7 | 23.7 | 29.4
2,3-Xylenol 18.0 13.5 14.0 36| 89102
3,5-Xylenol 16.3 | 14.1 | 15.0
17.2%% | 254+ | 296
3,4-Xylenol 6.1]12.6| 134

*[Fernsby, 2006]
**IPigman et al., 1954]

***IThis work (figure 5-57)]

**Doaks not separated in GC trace

6.8.2 Reaction of phenol with the simulated technical mixture

The ultimate object of this study was to reduce the average carbon number of a

simulated technical mixture of higher methylated phenols by transalkylation with

phenol. The target compounds were essentially tetramethylphenols and

trimethylphenols. The objective would have been achieved if a large amount of

these target compounds could be converted to cresols and xylenols.

Part of the objective was achieved in that most of the tri- and tetramethylphenols

were consumed during reaction (compare tables 5-2 — 5-4). About 60% of the

trimethylphenols and around 80% of the tetramethylphenols were converted

under the conditions applied with conversion still moderately increasing towards
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lower space velocities (figure 5-54). The other part of the objective was achieved
in that significant amounts of cresols and also xylenols were formed (table 5-4
and figures 5-55 and 5-56). Note the high excess of phenol in the reaction and
product mixtures when judging the vields.

Selectivity and yield towards cresols were found to increase significantly with
decreasing space velocity. Given the 20 : 1 molar surplus of phenol over the
simulated technical mixture, cresols represent the major and final product of the
transalkylation reaction sequence, starting from phenol.

The selectivity and yield of xylenols (see figures 5-55 and 5-56) seem to be
unaffected by changing space velocity. This reflects the role of the xylenols as
intermediates in the reaction sequence from tetramethylphenols to cresols. The
same appears to hold for the trimethylphenols, according to data given in tables
5-2 to 5-4.

An OH-group balance over the reaction mixture of phenol and the simulated
technical mixture and the product mixture (reactor effluent) is given in table 6-12.
The result, with a deviation of -2.7% of the OH-group content in the product
compared to the OH-groups that were fed, confirms the product analysis and
also that the assumption is quite right to assign a single OH-group to the
unidentified molecules of ‘others’.

It should be noted that between half and two thirds of the consumed OH-groups
from phenol goes into diphenylethers, mostly from the parent compound itself.
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Table 6-12 (Experiment 9): OH-group balance for the conversion of the phenol : simulated
technical mixture feed of ca. 20 : 1 molar ratio over H-BEA-25 at 350°C and a space velocity
of 0.11 h*

Compound OH (in) mol % | OH (out) mol% Difference
Phenol 9417 54.41 -39.76
Cresols 0.47 10.13 +9.66

Xylenols 0.85 2.74 +1.89
Trimethylphenols 2.51 1.30 -1.21
Tetramethylphenols 0.94 0.08 -0.86
Ethers* - 19.99 +19.99
Others** 0.93 11.47 +7.59
TOTAL 99.87 100.12 2.7

* Considered as representing two moles of phenol or alkyl phenol, i.e., the bridging O in the
ether and an OH in water

2 phenol — 1 diphenylether + water

** Assumed to carry a single OH-group per molecule on average.

6.8.2.1 Distribution of cresol and xylenol isomers obtained from reacting
the simulated technical mixture with phenol

Figure 6-22 and table 6-13 show that a similar trend is obtained as in the case of
2,3,6-trimethylphenol with regard to cresol isomer yields (section 6.6.1.1). Isomer
distribution at high space velocity is dominated by o-cresol, with about half as
much m-cresol and p-cresol forming, and a trend towards higher m-cresol
content, i.e. towards thermodynamic equilibrium, as space velocity decreases.

it should be noted that in this case the conversion was based on
tetramethylphenols. This is because tetramethylphenols are being consumed and
not formed unlike the lower methylphenols which are being consumed and
formed at the same time and hence cannot be used as a measure of conversion.
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Figure 6-22 (Experiment 9): Average yields of cresol isomers versus space velocity for a
phenol : simulated technical mixture feed of molar ratio of ca. 20 : 1 over H-BEA-25 at a
temperature of 350°C

Table 6-13 {Experiment 9): Distribution of the cresol isomers at different space velocities
for a phenol : simulated technical mixture feed of ca. 20 : 1 molar ratio over H-BEA-25 at a
temperature of 350°C, and distribution in thermodynamic equilibrium.

Space velocity
*Equilibrium
Tetramethylphenols 0.113 0.225 0.45 .
i Distribution
Conversion (mol %) 91.3 85.4 67.6
at 380°C
Compound Amount (mol %)
o-Cresol 38.7 39.8 45.2 36
p-Cresol 18.1 24.3 26.1 16
m-Cresol 43.2 35.8 28.7 48

* [imbert et al., 1997, in gas phase and Fritsch et al., 2003, in liquid phase]
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From the simulated technical mixture’s reaction with phenol, 2,4-xylenol and
3,4-xylenol are formed with highest yields at high space velocity (figure 6-23).
Towards lower space velocity the xylenol isomer distribution would be expected
to tend towards thermodynamic equilibrium. However, as in the case of the other
co-feeds, no conclusion can be made about the xylenol isomer distribution shown
in the figure and table 6-14 and with regard to approach to equilibrium

(as discussed in section 6.7.1.1).
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Figure 6-23 (Experiment 8): Average vyield of xylenol isomers versus space velocity for a
phenol : simulated technical mixture feed of molar ratio of ca. 20 : 1 over H-BEA-25 at a

temperature of 350°C
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Table 6-14 (Experiment 9): Distribution of the xylenol isomers at different space velocities
for a phenol : simulated technical mixture feed of molar ratio of ca. 20 : 1 over H-BEA-25 at
a temperature of 350°C, and distribution in thermodynamic equilibrium

Space velocity (WHSV) h” Equilibrium

Tetramethylphenols | 0.113 0.225 0.45 Distribution
Conversion (mol %) 91.3 85.4 67.6 | at 350°C (mol %)
Compound Amount (mol %) * w* i
2,6-Xylenol 23.7 13.6 13.6 12911111 10.9
2,4-Xylenol 27.7 20.9 15.7 43.5 | 29.6 | 21.1
2,5-Xylenol 13.4 17.0 27.3 17.7 | 23.7 | 294
2,3-Xylenol 26.1 28.7 16.8 36| 891102
3,5-Xylenol 4.6 16.3 22.3 6.1 | 14.1 | 15.0
3,4-Xylenol 4.6 3.4 4.3 16.3 | 12.6 | 13.4

*[Fernsby, 2006]
“{Pigman et al., 1954]
***IThis work (figure 5-57)]

6.9 Reaction pathways of transalkylation and isomerisation /
transalkylation

The overall reaction network of conversion of the phenol / 2,5-xylenol feed has
been briefly discussed in section 6.4 and is shown in figure 6-1. It was shown in
section 6.4.7 that 2,5-xylenol isomerises rather readily, while the transalkylation
reaction with phenol is slower (figures 6-17 and 6-18). Even more so is the
disproportionation reaction of two xylenol molecules, indicated by the very low
selectivity to trimethylphenols (see for instance figure 5-4).

It was also shown in section 6.4 that not only 2,5-xylenol itself but also the other
xylenol isomers that form undergo transalkylation with phenol (and presumably
also amongst each other) and that way contribute to cresol formation. It can be
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assumed that this holds throughout, i.e., also for the isomers forming from
2,3,6-trimethylphenol during the conversion of the phenol / 2,3,6-trimethylphenol
feed mixture and the polymethylphenols in the feed made up from phenol and the
simulated technical mixture.

With phenol / 2,5-xylenol feeds, cresols are both primary methylation and
demethylation products, i.e. it cannot be distinguished whether an individual
isomer origins from the phenol or a xylenol. However, this is distinguishable in
case of the phenol / 2,3,6-trimethylphenol feed where, at low conversion, the
cresols are the primary methylation products of phenol and the xylenols are the
primary demethylation products of trimethylphenols.

6.9.1 Orientation of transalkylation with 2,3,6-trimethyiphenol

At low conversion demethylation products would mostly originate from the feed
isomer itself, 2,3,6-trimethylphenol, while other trimethyiphenol isomers would
considerably contribute at high conversion. Therefore the transalkylation product
distribution obtained at low conversion should allow of a conclusion on the
preferred positions on the rings for both the methylation and the demethylation
step in the transalkylation mechanism to occur.

Figure 6-24 shows that — in ideal case, that is with kinetic preference for the
o- and p-positions, following basic (chemical) selectivity rules — o- and p-cresol
would be the products expected in 2 : 1 molar ratio from transferring a methyl
group onto the phenol co-feed molecule (the methyl acceptor), regardiess of the
nature of the methyl donor, i.e. the polymethylphenol feed constituent, as long as
the latter was a Cgs-phenol, meaning that it does not itself produce cresols by the
first step of demethylation. It is obvious from figure 6-24 that m-cresol is not a
primary product of transalkylation reactions of Cg.-polymethylphenols with phenol
but would only form secondarily via 1,2-methyl shift isomerisation of the o- and p-
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isomers or in secondary transalkylation steps between phenol and product

xylenols.
Gresols

7%

& &

213 3
33%
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Figure 6-24: Products from phenol methylation via transalkylation with higher methylated
phenols C,. Product distribution reflects basic (chemical) selectivity rules., ‘CH,’ stands
for the transferred methyl group

Table 6-10 shows indeed that at the highest space velocity applied the
percentage of m-cresol in the cresols fraction is low, only 21.5 mol %, which is
less than half of the percentage of o-cresol and its percentage in thermodynamic
equilibrium. The o- / p-cresol ratio is 1.83, indeed close to the expected value of
2 (see figure 6-24).

With decreasing space velocity, i.e. increasing conversion and contribution of
secondary (isomerisation and transalkylation) reactions, the distribution of the
cresols tends towards thermodynamic equilibrium distribution, which results in
increasing m-cresol content in particular (table 6-10). Isomerisation of the
2,3,6-trimethylphenol feed molecule prior to transalkylation should only influence
the xylenol isomers distribution, not that of the cresols (under ‘basic’ selectivity
rules).

Figure 6-25 shows the reaction pathways and the primary products from
transalkylating 2,3,6-trimethylphenol with phenol. Anticipating ‘ideal’ selectivity
following basic (chemical) rules, namely the groups in o-positions being reactive
but not the group in the m-position, the resulting xylenols should only be the
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2,3- and the 2,5-isomer, forming with equal selectivity (see middle column in

table 6-15).
Xylenols

50%

67%

™

0%

-
56

33%

D G

Figure 6-25: Reaction pathways and expected product distribution from transalkylating
2,3,6-trimethylphenol with phenol, applying basic {(chemical) selectivity rules. ‘CH,’ stands
for the transferred methyl group
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Table 6-15: Expected isomer distribution in the xylenol product fraction from
trimethylphenol (TMP) transalkylation with phenol depending on the degree of primary
isomerisation of the fed 2,3,6-trimethylphenol Isomer when applying basic (chemical)

selectivity rules for the demethylation step

Trimethylphenols distribution in reaction mixture (mol %)
Pure 2,3,6-TMP 236-:235:246-TMP=2:1:1
Compound Ideal distribution in product mixture (mol %)
2,6-Xylenol 8
2,4-Xylenol 16
2,5-Xylenol 50 25
2,3-Xylenol 50 25
3,4-Xylenol 0
3,5-Xylenol 25

In figure 6-26 the fransalkylation pathways are illustrated of the primary
1.2-methyl shift isomerisation products of 2,3,6-trimethylphenol, namely
2,3,5- and 2,4,6-trimethyiphenol. This would result in three of the other xylenol
isomers forming additionally, namely 2,4-, 2,6- and 3,5-xylenol but not the
3,4-isomer. Assuming, for instance, a 2 : 1 : 1 contribution of the original and
each of the primarily forming trimethylphenol isomers to the final transalkylation
product would result in a xylenol isomer distribution as given in table 6-15, last
column.
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Figure 6-26: Reaction pathways and expected product distribution from transalkylating the
primarily forming isomers of 2,3,6-trimethyiphenoi with phenol, applying basic (chemicaf)
selectivity rules. ‘CH;’ stands for the transferred methyl group

Indeed, the theoretical xylenol distributions, such as given in table 6-15, are to
some extend reflected in the experimentally obtained xylenol distributions,
particularly at the highest space velocity applied, table 6-11, however, the
observed trends make any sense yet with respect to kinetic control of the isomers
distribution or approach to thermodynamic equilibrium at low space velocities.

6.9.2 Orientation of transalkylation with 2,5-xylenol

The transalkylation reaction between 2,5-xylenol and phenol produces only
cresols, be it by methyl addition to phenol, be it by methyl abstraction from the
2,5-xylenol, see figure 6-27. Following ‘basic’ (chemical) selectivity rules, the
cresol distribution should be as indicated in the figure, namely 33 % o-, 50 %
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m- and 17 % p-cresol. This distribution would be expected at very low
conversion, however, this range was beyond the scope of the experiments.
However, note that this very primary distribution of the cresols, as given in figure
6-27 and table 6-16, is very similar to the distribution in thermodynamic

equilibrium (see for instance table 6-1), though kinetically controlied.

s S &

TS ¢

Figure 6-27: Reaction pathways, products ’and expecied product distribution from
transalkylating 2,5-xylencl with phenol, applying basic (chemical) selectivity rules. ‘CHy’
stands for the transferred methyl group

Including the isomers that origin from initially formed 1,2-shift isomerisation
products of 2,5-xylenol, see figures 6-28 a — ¢, makes the distribution of the
cresols dominated by o-cresol, see table 6-16. Eventually, under severe
conditions, the cresol distribution should approach thermodynamic equilibrium
(table 6-1) with values that are close again to those expected under kinetic
control at very low conversion.
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Figure 6-28: Reaction pathways, products and expected product distribution from
transalkylating the primary 1,2-methyl shift isomers from 2,5-xylenol (a — ¢) with phenol,
applying basic {(chemical) selectivity rules. ‘CH;’ stands for the transferred methyl! group
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Table 6-16: Expected isomer distribution In the cresol product fraction from xylenol
transalkylation with phenol depending on the degree of isomerisation of the fed
2,5-xylenol isomer when applying basic (chemical) selectivity rules for the demethylation

and methylation steps

Xylenol distribution in reaction mixture (mol %)

Pure 2,5-Xylenol 25-:2,6-:24-:35Xylenol=3:1:1:1
Compound Ideal distribution in product mixture {mol %)
o-Cresol 33 46
p-Cresol 17 21
m-Cresol 50 33

Indeed, though not very pronounced and clear, it appears from tables 6-1, 6-3
and 6-5 that the percentages of o-cresol and m-cresol pass through maxima and
minima, respectively, as a function of reaction severity.

As in the case of 2,3,6-trimethylphenol transalkylation, the xylenol product
distribution obtained from 2,5-xylenol isomerisation during transalkylation at high
severity appears to not reflect equilibrium distributions or exhibit any consistent
trend in this direction, see tables 6-2, 6-4 and 6-6.

At the moment selectivities and trends within the xylenol fractions from
transalkylation of phenol with higher methylated phenols are not understood and
can not be explained, with the possible exception of the high space velocity,
medium conversion product from 2,3,6-trimethylphenol transalkylation with
phenol, see section 6.9.1 and table 6-9.

6.9.3 Orientation of transalkylation with the simulated technical mixture

The cresols obtained from transalkylating the simulated technical mixture with
phenol (see table 6-13) are essentially phenol methylation products, given the
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huge increase in cresol content in the product compared to the feed (see tables
5-2 — 5-4).

High o-cresol and low m-cresol contents are found, which, indeed, correspond to
the theoretically derived, kinetically controlled distributions (figure 6-24) and to
the cresol fraction obtained from transalkylation of phenol with trimethyliphenol
(table 6-10).

Again, no conclusive interpretation is possible of the obtained xylenol
distributions (table 6-14).
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

The objective of this research was to demonstrate that the transformation is
possible of low value mixed polymethylphenols (Cg.), which will be produced in
the near future in increasing amounts from extracting the naphtha by-product
stream from Sasol’'s South African coal gasification operations, into high value
cresols and xylenols via transalkylation with phenol over acid zeolite catalysts,
and with commercially attractive selectivity, conversion, rate and catalyst lifetime.

The results of this study, though just marking a first step towards developing
such a process, are very promising, in so far as:
- The transformation works.
- The valuable aromatic (phenolic) OH-groups present in the constituents of a
Cg+phenols fraction can be recovered.
- The Cg+phenols, due to the activation of their aromatic rings by the
OH-group, provide a cheap and active reagent for the methylation of phenol.
~ A commercially available acid zeoclite catalyst was found, of the wide pore
H-BEA type, which shows a reasonable activity, selectivity and life time.
~ Apparently high excess of phenol is not required nor recommended to
achieve a satisfactory product carbon number distribution.

Less favourable aspects of the process that surfaced are the following:
~ The isomers distribution in the cresol fraction is kinetically controlled with a
higher percentage of low market value o-cresol and a lower percentage of
high market value m-cresol than in thermodynamic equilibrium.
- The once through yield of cresol (relative to the Cg. feed component) is
thermodynamically limited by carbon number equilibrium distribution
corresponding to the given excess of phenol.
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- Between half and two third of the converted phenol reacts to diphenylether
which would be a significant loss of OH-groups and aromatic rings.

- Recycling of unconverted feed and certain product compounds is required.

- Significant percentages of heavies build-up when operating at too high a
reaction temperature (above about 375°C).

The aforementioned less favourable aspects should be addressed in a
subsequent study as follows:

- Increasing the once through yield of cresols from the Cg. fraction is an issue
of the phenol content in the feed (paying the price in form of larger volumes
to handle, increased ether formation and increased recycle ratios).

-~ Maximising the cresol yield or the percentage of m-cresol in the cresol
fraction, respectively. This is an issue of reaction severity (paying the price in
form of shorter catalyst lifetime and making more heavies).

- Limiting the high selectivity towards diphenylether through recycling, that
way avoiding net production of diphenylether (paying the price in form of
increased recycle ratios).

- Limiting the high selectivity towards diphenylethers by applying a lower
excess of phenol in order to slow down ether formation (paying the price in
form of lower cresol and xylenol selectivities).

- Limiting the high selectivity towards diphenylethers by addition of water in
order to push back thermodynamic equilibrium ether concentration (paying
the price in form of e.g. lower catalyst activity and larger quantities to
handle).

— Keeping the build-up of heavies at bay through operating at not to high
reaction temperatures, below about 375°C (paying the price in form of low
reaction rates).

With respect to a final judgement of the suggested process it should be noted
that the alternative ‘direct’ routes to cresols, namely, the alkylation of phenol with
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methanol, are not ‘clean’ at all, requiring rather severe conditions, in particular
when high selectivity towards m-cresol is aimed at.
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Appendices

Appendix A: Physical properties of the compounds used in the study

Table A1: Physical properties of phenol [Fiege, 2003]

Molecular weight 94.11 g/mol
Boiling point (101.3 kPa) 181.75°C
Melting point (101.3kPa) 40.9°C
Table A2: Physical properties of cresols [Fiege, 2003]

Molecular weight 108.14 g/mol
Boiling point (101.3 kPa)

o-cresol 191 °C
m-cresol 202.23°C
p-cresol 201.94°C
Meilting point (101.3 kPa)

o-cresol 30.99 °C
m-cresol 12.22 °C
p-cresol 34.69 °C




II

Table A3: Physical properties of xylenols [Fiege, 2003]

Molecular weight 122.16 g/mol
Boiling point (101.3 kPa)

2,3-xylenol 216.87 °C
2,4-xylenol 210.93°C
2,5-xylenol 211.13°C
2,6-xylenol 201.03°C
3,4-xylenol 266.95 °C
3,5-xylenol 221.69 °C
Melting point (101.3 kPa)

2,3-xylenol 75.57°C
2,4-xylenol 25.54 °C
2,5-xylenol 74.85 °C
2,6-xylenol 45.62 °C
3,4-xylenol 65.11°C
3,5-xylenol 63.27 °C




Table Ad: Physical properties of trimethyiphenols [Fiege, 2003]

I

Molecular weight

Boiling point (101.3 kPa)

3,4,5-trimethyiphenol
2,3,4-trimethylphenol
2,4 ,5-trimethylphenol
2,4,6-trimethyiphenol
2,3,5-trimethylphenol
2,3,6-trimethylphenol

Melting point (101.3 kPa)

3,4,5-trimethylphenol
2,3 ,4-trimethylphenol
2,4,5-trimethylphenol
2,4 6-trimethylphenol
2,3,5-trimethyiphenol
2,3,6-trimethylphenol

136.19 g/mol

248 °C
235-237 °C
232°C
220°C
230-231°C
236 °C

109 °C
81°C
72°C

71-74°C

92-95 °C

62-64 °C







Appendix B: Calibration of mass flow controller

The Brooks thermal mass flow controller that was used (FIC-122 in figure 4-1)
needed to be calibrated so as to be able to accurately determine the amount of
nitrogen flowing through it at any time. The flow through the mass flow controller
is measured on a percentage basis, with 100% representing maximum flow. The
calibration is hence needed to be able to set the percentage flow for any flow in
cm®/s that is required. The calibration was done by choosing a number of set
points and measuring the corresponding volumetric flow for each set point, using
a bubble flow meter. From these pairs of values, a graph of volumetric flow
(cm¥/s at 20°C) versus percentage flow (%) was plotted.

10
y = 0.0883x + 0.0243
o 8
£
S,
z 6
[«]
=
82
5 47 :
E
=
S 2+
0 1] [ ] | ] | |
0 20 40 60 80 100

Percentage flow [%]

Figure B1: Volumetric flow (cm’l 8, NPT) versus percentage flow (%) for mass flow
controller calibration

From this plot, the following relationship was obtained.

Set point (%) = (Volumetric flow (cm’/s) — 0.024)/0.088
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Appendix C: Calculation of relative rates and mol fraction for comparison

The relative changes that would be expected from elemental second order rate
laws of transalkylation with changing molar ratios of phenol and 2,5-xylenol in
feed mixtures were determined as follows:

Molar Ratio Mol fractions
(Phenol : 2,5-Xylenol) Phenol x 2,5-Xylenol = Rate
1:1 1« 1 - 1
2 2 4
5:1 3« 1 = S 1
6 6 36 7
21 21 441 22
. 1 1 1
Mol fraction of 2,5-Xylenol - _ —
2 6 21
. . 1 1
Relative mol fraction 1 s ~
3 10
Rate 1 1 1
4 7 22
. 1 1
Relative rate 1 ~— ~—
2 5
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IX

Appendix D: Calculation of the thermodynamic equilibrium carbon number
distribution

A method of minimising the total Gibbs energy of compound mixtures for
determining thermodynamic equilibria of complex chemical reaction systems,
[van Ness and Abbot, 2001] was used for determining the carbon number
distribution in thermodynamic equilibrium distribution for reactions carried out
with different phenol : 2,5-xylenol ratios. In this method the following equations
are solved simultaneously.

AG; .
Aoy ln—ti 4 Z—/lk—axk =0 Equation D1

RT dn, SRT

i

> may, =4, Equation D2
H

Where: i determines a chemical species
AG,° is the Gibbs free enthalpy of formation of the chemical species i
R is the gas constant
T is the temperature (in K)
n; is the number of moles of species i
k identifies a particular atom

a, is the number of atoms of the ¥* element present in each of the

chemical species i

4, is a Lagrange multiplier for

A4, is the total number of atomic masses of the ¥* element in the feed

Equation D1 is based on the assumption that the activity or fugacity coefficients
of all species i in the reaction mixture are all unity and therefore the equation is
only applicable to an ideal gas phase or ideal solution. Because the studied



X

system was a solution of phenolic compounds in phenolic compounds, it could be
assumed as being ideal and hence this equation could be applied

A computer programme [Mdller, 2006] that models the system and solves the set

of equations was used.
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Appendix E: Chromatograms

2.4,6-Trimathyiphenol

Lights
2,3 ,6-Trimethyiphenol 3
2.4 5-Trimethylphenot :
I \ / P 4 yip

'g -
& § +] 2,3,5-Trimethylphenol
4] 1 i d 3 7
e ;} gg 3,5-Xylenol
; o 3.4-Xylenol
o
8 D -g b /
, \ E 4 2,3,4-Trimethyiphenol
3,4,5-Trimethylphenol

Response

Retention time (min)

Figure E1: Product from 2,3,6-Trimethyiphenol / phenol transalkylation (1 : 1 molar
mixturs)
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Appendix E Chromatograms

Response

Lights

3,5-Xylencl

Phenol

m O-cresol

P-cresol

" 24-Xylenol

M-cresol

2,6-Xytenol

.

2,3,6-Trimethyiphenol

2,4 .8-Trimethylphenol

Ethers

S

2.3,5,6-Tetramethylphenol
3,4-Xylenol

Higher Phenols

A

> 2,3,5-Trimethylphenol

£

Retention time (min)

@ & ]

X1

Figure E3: Product from simulated technical mixture / phenol transalkylation {1 : 20 molar

mixture)
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Appendix F: Summary of experimental resuits

Table FO: List of experiments that were carried out {in liquid phase at 60 bar, throughout) with mixtures of phenol and different co-feeds.

Exp | Catalyst | Temperature | WHSViwm | Co-feed* | Molar | TOS*™™*
(°C) (h™) ratio* | (hrs)
1 H-BEA-25 250 - 350 0.45 Xyl 1:1 319
2 H-BEA-25 400 - 450 0.45 Xyl 1:1 347
3 H-BEA-25 350 0.113-045 Xyl 1:1 299
4 | H-MOR-90 350 0.113-0.45 Xyl 1:1 191
5 H-MF1-90 350 0.113-0.45 Xyi 1:1 249
6 | H-MOR-90 350 0.113-0.45 Tmp 1:1 349
7 H-BEA-25 350 0.113-0.45 Xyl 5:1 566
8 H-BEA-25 350 0.113-0.45 Xyt 20:1 372
9 H-BEA-25 350 0.113-0.45 Tech 20:1 359
10 | H-BEA-25 350 0.113 Xyi 1:1 226
11 H-BEA-25 350 0.225- 0.90 i - 112

**yl = 2,5-xylenol, Tmp = 2,3,6-trimethylphencl, Tech = simulated technical mixture
**Phenol : co-feed, molar ratio

**Time-on-stream

**** Feed was 2,5-xylenol in inert benzene solvent (in approximately 5 : 1 volume feed : solvent ratio)
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Table F1: Results from experiment 1




XVl
Appendix F

Table F2: Results from experiment 2

cw {raste %)
Temperature 'C) 480 480 480 00 408 408 48 400 400 400 400 &850 480 408 408 460 450 )
332571 ; : 2.5 7 X 5 (2.5} B : ) 25
Time 5.7
Borzons 00 00 0.0 (] 5.0 0.0 (1] [ 0.0 00 (1) (]
Tolens 00 00 0.0 00 08 08 0.0 0.0 00 00 0.0 00
pryiens 00 00 00 00 00 00 0.0 08 [ 0.0 0.0 00
o-xylene 00 0.0 0.0 0.0 00 00 0.8 0.0 0.0 2.0 00 0.0
Other Eghts 39 27 23 5 18 1.6 08 1.1 03 08 14 0.8
Phanol 204 280 214 2.8 28 242 324 238 7 274 256 284
o-crasol 100 98 2.3 92 128 143 73 122 92 88 10.0 69
2,8 Xytnol 14 13 1.8 15 1.9 1.9 16 18 18 12 1.1 08
pcrasol 38 38 47 38 590 48 3z 439 42 24 a5 20
ores! 100 98 123 9.2 129 113 73 122 92 86 10.0 69
2.4 Xytenol 8.1 19 64 144 77 9.8 158 [ 15 123 1.0 167
25 Xytonol 8.1 19 84 1.4 77 98 15.8 85 15 133 1.0 187
24,6-imethyiphanct 04 02 02 02 0.4 0.1 [+ 0.1 02 03 03 03
2,3 Xylenol 19 18 22 20 28 25 20 25 22 19 18 [X]
2,3 6-rimathyiphenol 03 02 02 02 02 02 02 0.1 02 02 0.3 03
3,4-Xylenol 18 15 20 1.5 23 20 12 19 13 12 1.4 08
3.5-Xylanol 18 15 28 1.7 2.1 20 1.4 20 [ 15 15 12
2,3 S-4rimathyiphenot 08 05 08 07 08 09 07 1.0 09 08 1.0 0.8
3,4,5-wrimathyiphenol 05 04 08 07 07 08 o8 08 19 1.0 08 09
diphsnylether 17 1.4 1.4 1.1 1.7 1.8 1.4 15 15 [ 05 02
3-pienoxyloluene 18 1.0 13 08 14 6.9 03 08 03 04 03 00
&-phenoxylohens 1.0 07 1.0 08 08 0.8 04 08 0.3 05 0.1 00
Unknown 18 1.1 14 10 12 1.0 07 08 1.0 09 08 05
Urdnown 13 14 1.9 15 08 0.7 05 07 0.8 14 1.1 08
Highee phenols 205 123 17.5 143 127 12, 11 1.8 143 13, 18.8 384 |
Total 160.0 100.0 100.0 100.0 T00.0 1000 7000 760.0 1000 $00.0 160.0 100.0
2.5 comversion ¥ B 0. 81, E 7. 7 5
Ehenol conversion ] 47 . L% 3K X 52 . FoX 48 22
otal 7 72 &2, 9. ¥ 52, 68, o1 5 54 5
hve Tkne 3 3 LX) 7 12, X 38 ; 2 X £X] 4. T4 8%
TOS fiws) 249 % 475 3] [y 700.0 1105 X 1458 TRE 718.7 2344 7569
Table F2 (continued)
| e tDOREN (Mol %) e e e e e N
Tesmparature (6C) 450 460 400 480 450 308 4%
%““‘“‘m a2 mal  nse.0-23  xiMa8LE3  xDNd.8124  xiM3 61ab
Time 2809 306,88 32831 35218 358 368.78
Bonrens 0.0 0.1 [X] [X] [X] 0.1 o1
Toksns 00 02 02 o4 o1 01 o1
pxens 0.0 0.1 0z [X] 0.1 01 0.1
o-xyiens 00 0.1 00 0.0 0.0 (1] Y]
Other ghts 08 0.1 01 01 0.1 0.1 0.1
Phanol 268 252 254 243 X 2.4 %8
o-cresch 58 [ [ 62 43 48 47
2,8 Xyheno! 08 08 05 05 03 03 0.3
pcraact 12 11 1.0 o8 0.8 08 05
m-cresol 58 65 86 82 48 48 47
2.4 Xytonol 17 235 241 252 238 78 287
2,5 Xylono! 197 25 241 252 28 218 8.7
2.4 B-trimathwiphenot 03 02 02 02 02 02 02
2,3 Xytenol 14 08 08 08 08 06 04
2,34 03 00 0.0 05 80 08 (Y]
Y 05 05 08 o8 08 08 0.8
3,5-Xylweol 08 07 08 07 07 05 [
2,3 S-triensthviphenot 06 0.1 0.1 02 02 00 02
3,4,5-timatwiphenot 07 62 02 03 02 01 02
diphanyisther 02 0.0 00 0.0 00 00 00
3phsroxyiokiens 0.0 0.0 00 08 20 08 00
4-phanaiyiohsmns 00 0.0 00 8.0 00 L] 0.0
Urdawown 0.4 0.0 0.0 80 8.0 fiX [14]
Urémown 08 0.0 0.0 08 0.0 68 6.0
uy%rm 115 88 86 78 78 7 84
‘otal 108, 000 060, 1800 1600 1000 300.0
52 conversion 2. ®
e Phanol corversion 17 i) [Lx 3 2 s
DR~ MR i B, 1 S 1) [X a7 a7,
T Rre Time 704 KX 83 34 3.
YO8 thra) 7738 2678 FX] 3174 3267 S EX¥Ad




Appendix F

Table F3: Results from experiment 3

Corgonent ol k| -

 Semgle M8 X032 X5 ey ] i8-8 A7 Fx] o r] X610 X1 zE2 X613 x4 xt-16 XtB18

Tima (hre) 19.98 4276 87.48 $3.3 1i5.81 312528 18281 170.18 18262 199.18 2988 218.78 2.8 28201 28248 315.58

Pump Hate 6.01 .01 081 [X3) (X7 6.02 6.02 [13] 6.64 6.04 004 0.04 €51 (X3l 881 [13)
Cyciohaxans .00 055 1.47 1.08 089 000 0.00 0.00 ¢.00 .00 000 .00 .00 0.00 0.35 0.47

Benzens 048 133 1.85 1.70 0.85 o068 050 043 0.40 445 0.29 028 [ ¥ 0.3 o856 075

Toluane 053 27 278 241 1.03 0.68 0.45 043 .44 037 .18 023 622 047 0.84 0.5

puylene 029 .45 1.33 025 . 3] .48

XVHI



Appendix F

Table F5: Results from experiment 5

Cotmgonerd (i ]
Setvile ot oY) Fe3 X ] B 5 ] W8 X618 X611 Fr 2 H X3 X414 ¥6-18 XB-16
Tome (ws) 41 L Xt 7288 $6.48 11636 12238 138,71 14843 163,93 1688 186.7% 18593 21641 39838 2504 78218
Pumg Rate (3] 5,01 801 8.61 (T3] 6.2 882 [T} 007 (1] (17} 666 [ 004 [T7) 804 |
‘Bergene 6.70 .88 147 T34 6.78 0.66 6.4z 032 027 0.26 .18 020 [Xi} 026 6.45 6.42
Tolusne 226 288 342 3.40 261 227 135 142 102 088 058 048 0.44 090 0.48 038
pryiene 148 194 235 2149 172 148 688 050 0.41 0.8 0.148 0.2 6141 044 0.48 0.08
oxylens 040 052 082 038 047 0.48 048 0.15 012 0.1 0.05 0.0¢ 003 0.13 0.05 003
Other Lights 088 128 214 141 107 082 0.48 0.13 o0 0.08 6.00 8.00 0.09 000 000 000
Phenol 2240 22.44 16.18 5.9 1720 1883 3148 31.85 3174 3488 4079 278 42.93 33.00 41.94 4388
o-cresol 418 7.63 848 9.42 855 821 620 [1) 5.08 47 258 193 1.95 478 220 142
2,6 Xylerol 080 128 128 1.42 150 154 156 168 18 208 182 1.78 188 1.60 179 1898
pcresol 236 373 375 420 445 456 4.81 5.00 468 4.35 3.89 3.8 394 3.85 3.84 3.83
m-creent 544 2.84 10.70 11.90 12.07 EE) 811 7.8 888 818 248 282 257 624 294 160
24 Xylenol 517 440 282 328 385 422 277 798 788 8.81 11.21 11.78 .70 868 1478 1227
2,5 Xylenol 2058 PE 2 a3 470 5142 5.8 11.44 1081 10.68 1198 1558 18.47 1834 12.44 1634 12.73
24, 023 037 041 644 0.41 035 [+ 619 815 8.13 007 005 005 013 0.05 0.03
2,3 Xylenol 148 2145 198 240 273 297 350 407 385 as 303 288 3.08 260 281 258
St 102 184 1.88 193 186 167 0.08 088 0.7 088 034 024 024 0.80 030 0.20
2,34 035 042 285 052 051 054 048 050 0.38 042 0.25 0.18 0.8 031 021 014
3,5 Xyleno! 205 285 211 332 327 293 222 235 214 197 128 1.2 119 169 105 o8
3.4 Xylanol 3.04 297 088 244 2.68 298 495 052 512 870 705 743 743 550 237 760
2,3,5-trkmetnylghanol 040 082 0.37 071 0.81 084 0.80 091 078 o 0.49 5.38 038 0.83 043 0.26
3,4, 5-trmathyiphanol 0.48 058 e 0.78 %24 087 041 042 032 6.30 017 o114 6.42 0.33 0.15 021
dphenyisther 218 243 353 384 283 353 270 348 314 343 210 192 2,00 301 1.83 180
3phenoxyluone 138 343 428 418 403 & 23 228 186 172 o.86 658 057 263 072 038
4phenoxyiohuens 082 087 147 128 112 103 048 044 0.38 037 647 013 060 047 0.15 0.08
Hydroguinons 022 047 0.8 0.8 (35 087 657 070 083 085 051 o498 052 0.8 045 0458
Undenyam 153 23 2z 324 298 278 1.70 170 147 135 0.83 6.8 058 144 064 044
Unknown 1.3 137 203 053 142 138 053 038 051 025 8.10 812 0.05 071 008 0.04
Highar Phensls 839 1125 1678 1428 12 1260 4y F2 i £30 448 237 19 148 740 2.13 17
Todal 3000 105.0 160.0 100.0 100, 100.0 1000 106.0 7000 700.0 100.0 100.0 100.0 100.0 100, 300.0
SorErEn 8. T ’ £ . B3 LA L3 TEE TE. 11 (74 1k 75, .14 L
“%m« 5. L% BT, (X [ [ %] k14 X W5 30 184 135 . KLY EL3 To2
= Faial conversion [ 1A o it A 3 1A L1 378 53 ; . 8. B T, Y .
[ Tve Tiws___ 13205 LX) (X 1108 11 3048 (X 33 315 R (1) 358 B24 FX 7 1642 54
FOX (s 13205 278 X B4.67 (K 119.305 A 74507 18458 766,115 378.43 160,345 2617 313338 2868 24064
Table F6&: Resuits from experiment 6
Compone (Moo
Sampls T} =62 HES Py S Y ST o) ) T XA wEA2 S-13 %815 X818 w818 17 RE1E w18
Tiws (hes] 76 4185 .56 X} 19418 13621 145,68 168 [TY) 186,68 185,64 Hos FIEXD) F1) 5456 8038 3148 7.8 381,59
P Rats 581 6.1 (X3 x5l [X3] 1173 0.02 6.2 662 602 (X} (X7 5.04 0.64 001 501 (3] 0.01 (X3
anzste (X3 650 047 037 6.40 [ 538 [F) (¥ .45 040 [XF] 625 o1 (XK} 650 025 CFij 3.
Tohsens 085 080 038 028 012 000 0.00 0.00 0.00 .00 .00 6.00 0.00 0.03 0.05 0.10 011 0.15 018
pyiens 051 041 024 0.7 614 000 000 0.00 0.00 6.00 .00 0.00 0.00 000 008 613 0.43 0.18 018
osylene o.18 0.44 008 008 000 000 0.00 6.00 0.00 0.00 000 000 0.00 0.00 003 008 008 007 007
Other Lights 0.36 028 017 014 0.08 000 000 0.00 0.00 0.03 0.2 600 0.00 000 003 00 008 006 0.05
Phenol 18.05 2370 2742 2047 2078 2064 4368 41.87 4288 41.78 4387 4308 4348 418 40.42 2068 2783 26.37 26.05
o-crasol 598 882 8.40 815 545 330 208 261 200 220 170 145 0.7 1.08 157 378 454 542 581
2 Xylenod 147 1.74 188 150 153 088 058 061 0.78 0.80 6.62 6.41 0.38 038 038 087 108 121 13¢
p-cresot 35 427 407 390 375 247 1.42 13 147 122 113 063 055 057 0.88 214 252 297 328
m-creeo! 583 5.48 47 438 414 180 o.64 0.88 ose 097 067 0.44 0.44 050 080 255 37 397 430
2,4 Xyienol 360 821 380 255 338 189 698 1.02 1.08 1.09 060 058 654 058 085 208 257 318 a3s
2.5 Xytanol 508 531 a2 439 420 217 1.28 1.30 131 1.7 1.02 073 065 070 0.8 255 315 39 421
2,4 8-4rimethyiphenci 781 a2 83 811 2.49 847 288 1022 1041 1027 934 1109 11.96 11.68 11.07 851 558 9.43 940
2,3-Xybenol 378 3.1 281 285 258 142 4.58 084 088 872 aso 038 038 045 078 228 287 07 397
238 timatiyighencl 784 11.48 1248 1260 13.10 2158 2368 2n 2185 21.08 2502 19.43 13.37 927 0.67 750 814 2.04 978
3,5-Xytanol 301 284 272 254 258 180 141 1.29 1.3 1.08 1.22 084 0.80 096 110 220 245 263 288
2,3 S-rmathylphenct 593 428 463 &7 97 a7 502 572 887 800 521 785 038 0.48 10.49 9.07 7.98 676 6.18
3,4,5-rimathylphenol 6.8 447 490 5.04 £.31 473 487 579 £78 6.09 534 810 0.98 10.15 1128 1039 891 744 672
2,35 8-mrtramathyiphenct 202 114 158 153 158 108 0.8 1.00 0.87 1.01 081 128 153 155 204 228 208 184 1.73
diphenyiether 482 155 134 1.36 1.41 c80 on 1.04 1.14 128 086 183 284 301 396 5.48 455 337 250
3-phenaxyioluens 0.88 044 033 028 028 6.00 ©.00 0.00 000 0.04 0.00 0.00 6.00 0.00 0.08 028 043 057 082
s-phancxyiokiens 095 0.47 0.40 0.35 037 005 007 209 008 0.10 0.00 008 0.00 008 0.15 052 0.80 os8 0.83
Unknown 174 128 1.35 138 148 ca7 075 095 0.8 1.02 075 089 083 068 083 195 2.8 288 193
Unknown 0.85 072 085 0.60 058 825 0.08 013 018 o148 o.61 0.07 0.04 008 008 0.38 055 671 o
Highar Phencis 79¢ 853 370 328 291 116 107 124 122 158 880 1.80 181 183 254 383 450 470 488
Toial 100.00 100,00 60,00 700 00 160,05 760,00 366,60 100,00 00,00 0.00 300.00 160,00 100.00 160.00 60.00 00.00 T00.00 300,00 306,00
.28 ik 75 A ; X ; y L. 114} 0.0 A - 73 B0 1 B, i B
= Whend converaion . <X X [y 0. [L] poxd T80 §LE] LY 1 27 138 £ Lk 58 Ei1) L1y 7. k)
Y ksl comverion 74, [2X] 0. -1 &) RE 27 X £ ; 33 frk] r<¥] 7] 59 7K ] (713 x 2]
e Tima.___ B&3 2.5 T 1190 7300 32018 KXz B44s KX B4 38 1485 (1] 5] 12,88 17.18 T 11865
T68 Gwe) 8825 i1 8375 76.655 30117 120985 161.93 164905 166.178 17824 FEX 301825 213065 32324 343.73 1K 36744 6. 346 585
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Appendix F

Table F7: Results from experiment 7

[Componas (Mol %)

__ Sampin %1161 X102 %183 5104 =108 %168 107 %108 31188 at1640___ xtd0A1 w101z xti043____ atioi4 5t10-18 S10-17
Tine (e} 433 2388 4393 8.1 93.83 11420 43823 148,11 18488 18841 18085 181,68 20721 21383 Y 25258
Pump Rabs 001 (T3] [13] (3] 3] 861 008 (Y] [17] [T (Y] [X7] 604 004 664 604
Cyciohexane 0.60 0.00 6.00 000 6.60 6.60 360 580 0.0 0.00 0.00 6.60 0.60 000 460 0.60

Benzana 141 081 148 135 165 148 141 063 054 0.48 038 031 028 018 042 024
Tolsne 081 047 o2 078 081 088 051 028 o2 020 0.16 0.14 0.13 0.08 o14 007
pxyions 0.18 0.16 025 027 027 02 0.44 0.08 007 607 007 0.08 0.08 003 004 002
cxyene 0.00 0.03 007 007 0.08 007 0.08 0.3 008 002 00 002 0.02 0.0 002 001
Oithar Lights 007 007 022 o27 023 .42 9.03 0.00 0.00 0.80 X0 8.00 0.63 X ] .00 0.00
Phenol 58.41 48.43 4634 4867 §1.12 52.74 55.44 63.26 84.08 s2.4 820 60.91 6877 67.84 7278 73768
o-cresol 491 7.8 728 7.0t 667 6.58 541 o 3.69 P 432 428 288 174 128 119
2,6 Xylarot 085 053 038 039 043 047 0.76 108 1.41 104 108 141 1.18 125 1.1 108
p-cresol 197 274 267 264 253 212 242 198 192 2140 200 263 151 1.08 050 076
m-cresol 599 882 878 827 834 818 8.31 485 43 503 £y 490 3149 215 149 140
2.4 Xyianol 033 051 040 031 oz7 ozr 148 207 199 185 184 180 22 259 238 228
2,5 Xylanot 594 207 126 130 186 163 381 488 481 408 429 434 632 8.98 933 o2
24 000 o 023 039 611 0.04 007 005 0.04 007 008 0.08 0.04 0.00 0.00 0.00
2,3,-Xylonol o 054 084 0.48 043 0.81 173 128 128 3 123 129 128 149 048 048
3,5-Xylanol 154 135 097 084 103 149 244 1.60 157 167 168 1.86 .39 144 063 058
2,25 bimetiviphanol 052 000 0.00 0.00 000 0.00 0.60 6.00 0.00 0.00 0.00 000 000 000 060 0.00
3,45 imetiyiphanol 011 010 0.18 080 052 037 0z 018 0.18 025 047 028 613 048 650 045
diphanylather ; . . ! y 828 573
018 014
018 016
056 053
004 008
141 141
100.00 06,00
(1) X iR
18,87 1267 1148 |
% yre) gk 5000 ¢ y L 33 ; xR ; R - 1750
Ava 65 530 10,028 14 12765 11,78 10.518 604 ¥ 1] 8.625 837 330 085 EE ) 525 5.9
108 (hws) 655 1848 3301 X 7] 7837 a4 2472 94047 14980 16149 17438 18687 %615 31057 534.08 34555 |
Table F (continued)
Compona (Nowk]
Samale w018 xtig18 xt10.20 =521 #1823 a1 mio24 %1628 Xt10-38 =027 wid28 xt10-28 =t16-30
Yiers (s} Fal) 31383 s3.18 YT 384.30 208,41 432.58 45318 4T8.65 502,88 8763 88425 ¥78.36
P Rate 661 €61 [Y3] 0.01 0.01 801 801 801 (T3] 881 [X3] a1 601
Cyclohaxans 000 6.0 6.00 0.00 660 0.60 0.00 0.60 00 666 6.66 6.60 0.60
Benzsns 022 041 043 052 087 053 051 043 0.41 02 0.62 105 0.8
Tokusne 010 0.14 8.18 0z 027 0z 020 018 0.3 otz 028 0.48 0.40
paylens 0.04 008 0.00 010 0.2 0.11 008 007 005 0.08 041 018 0.18
o-nyiens o 003 0.08 0.04 008 0.5 003 003 002 002 0.5 008 0.08
Othor Lights 6.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 800 000 0.00 0.00
Phangt %] az.11 87.77 56.07 55.84 54.31 81.02 83.48 65.97 6423 §8.53 5208 5353
ocresol 181 174 472 835 568 568 415 242 267 285 5.00 834 6.1
2,6 Xytmnol 110 102 056 (3] 074 068 0.80 068 094 097 0.8 044 042
proresol 1.04 163 218 23 244 248 195 1.48 143 145 Py 248 244
m-cresol 268 408 5.31 598 828 847 458 363 m 310 577 728 725
24 Xylerol 222 185 152 130 149 145 1.80 134 1.86 201 120 080 063
25 Xymrol 842 484 387 299 281 2867 8.98 7.44 737 7.08 383 230 249
24.6-bimethyiphanol 600 004 007 0.08 0.08 008 005 0.00 000 000 0.06 0.06 007
2,3, ylenol 1.18 145 108 004 090 0.82 083 .08 142 125 o8 058 0.63
3,5-Xylenol 1.6 140 145 139 1.41 147 12 1.33 114 133 137 135 141
2,35 trimethyiphenoi o0 0.00 000 0.00 6.00 000 000 000 200 0.00 0.00 0.00 0.00
3,45 imetiniphanci 0.15 6.10 0.10 0.10 611 0.10 0.40 023 0.5 025 0.10 010 012

diphenylsthes 743 28 1230 12.87 1282 13.00 1057 0.4 9.8 10.18 1307 1280 12.00

Jphencxyiohssne 024 0.74 110 137 148 152 097 057 052 051 154 248 200

4-phenoxyiolusns 031 078 1.04 120 125 127 091 o7 057 058 128 163 153
Unknown 085 1.88 208 az 237 242 177 138 124 124 245 250 228
Unknown 0.08 020 0.29 033 637 0.39 025 0.15 0.142 012 0.38 050 048

Highat Pharols 1.4 256 Fre 378 337 449 312 268 188 251 380 488 473

__--!!!%’“--I--------- 160.00 100,00 100.00 160.00 100.00 766,00 160.00 160.00 100.00 18000 760,00 10000 100.00
Soversion P oo Vo8 (X} 83,14 831 Shoh 1AL Ve g

= oks] comversion FIK L 1 03¢ ir-s EX - M) ) RaT 7685 pix) W5l ke (X 00N

v Thw___ 268 EL A< S AT 11,88 31 To05s. 1208 163 R MY 265 1361 [PE
TOL (hes) 20537 2590 1 48,07 37205 39636 42050 42,56 [ Y] 481 514, 40,84 61




Appendix F

Table F8: Results from experiment 8

[y 14 w12 193 xtii4 xt118 X118 w117 113 X118 xt11:10 w1141 w1912 w1143 xt11-14 xt14-45 xt11-18 xti1-47
Thne (e} 134 23.38 4383 ) $0.63 14420 138.23 185,11 15488 168,11 180.88 191.08 20721 21383 229.58 ) 25258
Bumgp fsts 001 6.01 (Y]] 0.01 8.01 001 602 0.2 0.02 0.02 0.02 0.02 0.64 0.64 9.08 0.04 0.04
Cyciohaxane 0060 0.00 6.00 0.00 0.00 0.00 0.00 0.60 6.60 0.00 6.60 6.60 6.60 0.60 0.00 0.00 3.00
Berzens 043 1.50 1.82 155 1.35 115 0.67 082 048 0.42 034 0.33 0.18 015 0.15 0.18 028
Toluans 0.18 058 675 042 0.33 028 0.2t 022 008 0.41 0.07 0.10 0.08 0.03 0.04 0.08 0.00
pxylens 0.04 023 021 0.13 0.10 co8 0.08 0.05 002 003 0.00 0.02 0.02 0.00 0.00 001 002
o-xylene 0.02 0.08 0.04 003 0.03 003 0.02 003 000 0.02 0.00 0.02 0.01 0.00 0.00 0.00 0.02
Other Lights 000 019 0.12 0.08 0.08 004 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phenol 8040 4068 4845 5433 50.80 8248 71.50 78.08 80.87 80.26 .74 8320 86.08 87.18 68.16 87.72 87.80
o-cresol 128 237 223 212 207 206 1.70 122 1.42 120 114 075 055 0.42 0.40 0.38 0.38
2.8 Xylenol 0.14 0.03 0.00 0.00 0.00 006 0.12 0.20 020 0.19 0.20 020 020 019 0.18 0.18 017
050 089 082 078 082 078 o7 0.57 054 0.6 0.52 0.39 028 024 0.23 0.23 0.23
t-cresol 174 322 301 282 274 272 2,08 1.55 1.3 1.48 142 1.02 0.75 085 082 088 0.85
2.4 Xytwnol 028 1.76 128 0.81 057 048 0.11 0.30 032 028 0.28 028 029 028 023 0.21 017
2,5 Xylenol 233 043 017 027 0.35 041 078 1.39 1.34 122 132 205 284 310 318 341 29
2,4 8-trimatiwiphenol 0.1 0.27 022 0.18 018 0.13 0.08 0.18 047 0.47 0.7 0.18 0.18 0.18 0.18 0.18 0.18
2,3-Xyleno! 080 1.8 113 1.01 088 083 072 0.8 083 062 0.60 0.48 037 034 0.29 031 0.30
2,3 6-trimathyiphenal 0.00 0.2 011 0.10 0.08 0.08 0.04 0.04 003 0.03 0.03 002 0.02 002 0.02 0.02 0.02
3,5-Xylenol 0.08 0.09 007 0.08 0.10 o 0.1 0.14 0.16 015 0.15 o1 0.08 0.08 0.08 001 0.08
2,3 5-trimathyiphenal 021 052 038 023 0.15 012 0.05 0.03 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00
3,4,5-trimathyiphenol 0.00 0.18 0.5 0.15 0.14 013 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
diphenylether 7.85 19.88 2260 2343 21.51 2018 16.48 10981 073 10.50 1124 9.07 679 6.01 521 6.38 593
3-phanoxytolsens o3 1.68 1.78 147 143 088 054 022 0.14 0.18 0.18 0.08 0.05 0.04 0.03 0.04 0.04
4-phenoxylolusns 0.30 120 1.45 1.00 084 078 051 027 018 0.18 021 0.43 0.08 005 004 0.04 0.04
SH-Xanthene 000 482 408 357 282 280 1.68 1.37 1.08 1.08 1.05 o7 0.44 037 034 031 0.36
Xenihone 0.00 0.68 052 0.37 027 021 0.14 0.10 0.08 0.05 605 0.03 0.01 0.01 a0 0.01 0.01
Higher Phenols 304 844 182 5.08 373 323 228 1.70 150 132 130 0.83 073 068 0.80 070 052
Total 100.00 760,00 760,00 706,00 700.00 306,00 106,00 100,00 160,00 16000 700.00 160.00 700.00 700.00 700.60 100,00 700,00
B8 conversion X : ; 3 ; i .62 B k<N i S35 1 3.5 k1AM
e Phaiol corverajon 1558 .88 49,12 [+1] 3743 34,40 24,63 18.02 T5.08 71, .27 FET) [17] 48 Ll 788 2
" Yotal conversion_ 38 49.60 B1.37 B4l @05 EY ALl 3702 20.54 1779 LX) 1854 275 T1.08 72 X:) [1:3 a8
e hve Tira 85 %] 18028 1, 12265 19985 0615 404 4875 B.625 827 £216 8060 ] 81 4158 550 |
YOS (hrs) &5 1849 3381 5502 78.97 102.42 124 12 140,17 748,96 16748 174.38 18587 169,15 21057 221,74 23408 24558
Table F8 (continued)
[Eeponant Halon;
Sempls X148 xti449 xt11:20 xti1.21 xti122
“Thwe (tws) arse 31383 $36.18 350,88 384.30
Puvg Rats 0.1 081 681 881 [T
Tyclohsxsne 0.00 0.00 0.00 0.00 0.00
Berens 028 038 043 0.38 ¢.38
Tolusne 0.08 0.91 013 0.141 G114
pxviens 0.02 0.03 0.04 0.03 0.03
o-xyiens 0.02 0.02 0.03 002 0.02
Other Lights 0.00 0.00 0.00 0.00 0.00
Phenol 81.76 T7.84 74.73 T8.75 7734
o-crezol 0.82 120 141 140 1.34
2,8 Xytonol 0.19 047 150 015 0.14
041 052 058 050 057
m-cresol 1141 1.54 1.84 141 1.70
2,4 Xylenol (35 021 0.20 0.18 0.19
25 Xyisnol 184 128 088 1.70 123
2,4 6-trimethylphenol 0.7 047 0144 0.15 0143
2,3-Xylonol 048 055 058 0.49 054
3. 0.00 0.02 0.02 0.02 0.00
3,5-Xylonol 0.92 0.94 0.14 0.41 0.4
2,3,5-timetyiphenol 0.00 0.00 0.00 0.00 0.00
3.4 5-trimethyiphenol 0.00 0.00 0.00 0.00 0.00
diphanyiether 1055 13,44 1487 11.33 13.05
3-phanoxylolusne 043 023 0.31 022 0.30
4-phenmxytoluens 0.4 024 0.3 023 028
SH-Xanthene 075 1.08 123 083 112
Xenthore 0.03 005 0.07 0.05 0.08
Higher Phanols 0.80 138 0.8 198 134
;_ 100,60 100.00 160.00 700.00 100.00
CoatEion T5.60 [1¥5] a7
—Hgﬂm 14,18 16.48 2153 ¥ ) 880 |
Yokl converson 241 855 2144
e Te 1568 Tes [ Ti48 (LRI
TO8 {iws). Z65.27 285350 325,00 34802 37208

XX1



Appendix F

Table F9: Results from experiment 9

Cotmponen [RoR]
Sepls TEP-4 TEP2 IFP-3 TFEP-4 TFPA TERS TEP-7 IFPa YFP8 Irp-10 TFP11 TFP-12 rea3 IFRA4 TFP4S TFP-18 TEP-A7
Time (hes) 1853 44.05 €380 887 107.81 14738 13148 13898 4853 16253 17833 181,00 20431 21208 22833 23875 28148
Paag Rals .01 Y] (5] 661 [X5) [X7) 662 (1] [¥5] [X) (X7 5.8 X 0.64 [1) 0.04 604
Tights [XH) 214 FXT] i63 147 102 [x) (3] 647 0.38 (£ 0.33 622 020 625 020 022
Pwnol 08 5200 027 51.98 5838 80.32 71.30 73.26 7386 2 75.31 81.0¢ 833 8410 8452 8570 84.16
ool 303 403 381 389 378 328 228 208 1.82 228 1.95 1.38 121 1.37 135 0.98 .29
2,8 Xylenol 082 097 082 049 o3 o1 c.08 o 033 045 033 028 028 037 035 025 035
147 153 .78 180 181 175 1.41 125 e .51 125 0.8 074 078 o 083 067
f-creeol 342 484 648 428 412 a7 247 205 1.88 .78 .70 142 0.87 077 075 075 674
2,6 Xytenol o7 050 077 ose 087 033 058 087 054 054 083 0.42 038 0.35 0.34 034 034
2,5 Xylenal 058 0.48 038 LE] 030 0.33 042 044 045 044 045 0.5 084 058 083 061 085
2,4,8-trimatiniphanol 030 043 6.3 023 0.8 0.1 005 o3 033 033 035 061 073 073 678 078 0.63
2,38 wimathyiphenol Q82 1.01 Q.90 074 0.84 0.58 032 0.24 020 018 .47 A1 003 003 004 003 003
2,3 Xyhenct 870 075 068 070 078 0.82 0.7 077 075 075 073 050 0.43 0.37 o7 035 0.37
3.4 sbenot 0.15 0.1 0.08 020 0.10 0.03 008 0.08 008 008 003 008 0.1 0.09 0.4 0.03 011
3,5 Xylorol 031 0.15 0.1t 0.11 0.42 0.18 0.38 042 0.43 043 0.42 0.47 082 048 051 0.48 054
2.3 S-srimathwipharol 023 020 Q.98 047 0.18 0.15 Q.32 0.8 0338 0.40 040 043 0.48 044 045 044 048
2358 0326 [+):<3 091 0.08 07 005 .11 0.14 0144 014 0.14 a.28 0.3 0.31 0.3 03¢ 033
diphanylather 187 14.03 1824 18.42 18.00 17.47 11.80 1169 11.66 1228 11.48 8.31 87 8.90 562 569 594
3phencxyolans 083 189 208 173 138 143 059 035 0z 032 027 01§ 008 0.07 608 003 6038
4phenaxyolsne 078 1.03 124 113 095 085 048 0.42 038 048 0.37 oz 028 024 022 023 628
Unknown 0.18 058 0.57 043 033 027 013 0.10 063 008 003 005 0.04 0.04 0.04 003 0.02
Unknown 237 483 522 488 421 384 248 233 205 203 1.81 132 1.03 083 0.80 0.87 0.92
Highsr Phenols 442 7580 877 608 428 268 323 200 280 303 185 142 143 182 1.50 114 174
'—"_h!ﬁu 160,00 106.00 106,00 166.00 300.00 100.00 160,00 300,00 306.00 300.00 106,00 100,00 366,00 306,00 T00.00 00.00 106,00
Vectrameth B B0 2y L1413 (1) 1250 2 BT B740 " 1 x
—mmﬁn pilis] 728 v 75 EL) BT 0 i 1.0 1K) X TE82. 1510 1358 L M T .
T okl comvarsion 041 4764 W LA 58 3663 T.58 36,60 T2 Fik] FIY 8.1 16,30 1655 548 7400 =355 |
e Thns, (3 2.70 5775 1065 11805 487 7415 428 787 3818 X3 B85 8.865 £X7] [¥D) EXi] 5218
708 (s 5.265 3199 5363 74.15 %31 11258 19437 3572 ja763. sew XS] 185,17 157 96 20863 321.04 73504 39387
Table F9 {continued)
Sarpenon (o
[ -y TFP-18 TFP-38 LX) TEPat LX)

27483 28828 32337 347 7288

33 027 0.03 0.04 004 ¢.04

Tinos (hws)
Punep Rato
Lights
Phanol
o-cres!
2,6 Xylanot
p-cresst
mrcrasol
2,4 Xyt
2.5 Xylano!
2.4,6-8imetiniphenct
2.,3,6 trimethyiphsnol
2.3 Xylenol
3.4 xylenol
3,8 Xylsroi
2,3 S-rmealiviphenol
2338
4-phanoxytohsas 0.04 0.08 088 088 0.64
Uniown .
Urniknown
M N—
Totad
e
Yot conversion
e dwelina
(- T -

XXII
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Appendix F

Table F10: Results from experiment 10

Toa-t Toz-2 Tos-3 Tosd You b Tos-8 Tos-7 Tos-8 Tos8 Tea-10
Vierss (hes) 2098 54.38 70.48 948 120.48 14190 166.18 150.08 21628 236.43
Pumg Rats 901 0.0 (X3 [X3) X I Y .01 0.01 (13 [Lil
Banzare [XH] 20 124 068 6.70 081 0.85 6.71 058 0.6
Tolens 084 1.00 088 082 0.88 o8 0.31 075 cs4e 087
pxyiane 025 0.45 0.40 0.41 0.41 0.41 077 0.34 0.31 0.32
o-xylens 0.04 018 0.18 0.8 0.5 0.18 0.38 0.13 011 0.42
Other Lights a08 008 0.05 0.5 028 0.32 032 025 0z0 0.04
Phanol 30.98 20.82 2262 2447 28.70 2805 2834 2778 27.28 27.85
o-cresol 791 12.33 11.84 11.10 10.80 1058 10.28 683 .08 1027
2,8 Xylerot 113 0.13 128 135 1.61 1.38 133 119 1.38 1.41
poresol 388 045 443 468 488 470 460 489 477 487
m-crasol 970 15.75 15.28 14.43 14.40 14.50 1427 13.18 1272 1283
2.4 Xybeno! 237 214 202 255 254 255 238 278 3.08 312
25 Xylenot 2073 8.08 10.18 1074 13.08 14.22 15.35 14.10 1358 1351
2,3 Xylenot 507 8.20 574 522 494 456 443 484 §27 557
2.48-rimethyiphenol 028 450 0.4 0.48 0.47 043 042 042 048 045
3.5 Xylenol 208 324 300 274 268 248 218 248 27 274
2,3 5-rimethyiphenol 027 050 047 051 0.51 047 0.43 0.47 052 050
3,4,5-trimathyiphs [~ 158 150 088 087 068 128 087 001 124
dipharylsther 22 257 242 208 1.89 177 182 184 225 242
3-phenaxyioluens 059 160 17 .89 154 139 1.41 1.48 .58 164
4-phencxioluane 080 147 124 1.3 104 ] o 1.03 191 115
u 155 208 183 185 134 125 1.30 1.35 1.47 148
Unlrown 1.58 280 235 208 164 1.46 1.54 163 1.72 160
Fhenols 540 1421 8.95 10.76 882 572 501 7.80 734 558
¥¢d 100,00 30000 780,00 160,00 166.00 106.00 160.60 160.00 166.00 760.60
N— L K : X .
Convars B4 Ba.07 BIE0 R B0 k] LIx]) (X LIF I
Vel conversl B8 70,02 [1E2] 85,12 8037 L1AK) 5631 B8.15 59.13 2864 |
"~ Bova T 1349 2.8 9385 2508 12,84 3071 12.13 1182 1314 10.07:
TOS (hra) 5349 3057 60.76 ) 107.64 15599 154,03 178.08 300.14 526,38

Table F11: Results from experiment 11

[ Compenant (Mgl %)
25450 25450 2840 23480 25480 2Btan 2fda0 2880
[ ey 18 18 12 13
Pump Rate 8.62 8.02 [ 1] 9.02 .08 .68 6,68 X
2 8-xylenc 20.98 10.22 19.00 1184 1008 10.12 10.16 10.24
2. 4-nfenol 8.1 2048 2523 2154 2182 2189 21.80 21.76
2,8-nyiencl 1850 319 28.33 28.08 247 3153 31.43 3054
2,3yienol 0.2 10.31 10.03 §0.0% 10.97 1027 10.44 1047
3 5-cenol 8.4 382 1877 1548 332 1381 373 4.04
Sh-xfend] 1217 1324 13.58 1338 jz.08 277 288 12.94
Totsl 100.00 100.60 100.00 160.00 100.00 10000 100.00 100.00









