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Synopsis

Synopsis

The initial motivation for this study was to identify a suitable window of operation for
thymol synthesis from iso-propanol and m-cresol mediated by a commercially

available H-MFI zeolite catalyst.

A preliminary investigation uncovered seeming anomalies in the course of the
synthesis process, in particular counterintuitive trends with respect to m-cresol
conversion and thymol selectivity at low space velocity. Consequently, the study
sought to establish the reaction pathway responsible for these observations in an

attempt to gain an understnding for future thymol yield optimisation studies.

Under the reaction conditions studied, complete dehydration of iso-propanol was
observed. Further reaction of the propene to olefinic species with carbon numbers

higher than 3 was also seen.

Results showed that the cause of the so-called “volcano curve” in respect of m-cresol
conversion was found in the system’s propensity for the formation of cresylic rings
which were alkylated with side chains consisting of carbon atoms between 4-8,
particularly under severe reaction conditions. This fraction was formed via the

alkylation of the m-cresol with the said olefinic pool.

The thymol synthesis system was also found to be thermodynamically limited at high

reaction temperature and low space velocity.
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Glossary

EXPERIMENTAL
PRODUCT FRACTIONS

Fraction

Description

Lights

Di-and Trimethyl-phenols
Ethyl-methyl-phenols
Isopropyl-phenols
n-Propyl-phenols
Methyl-isopropyl-phenols with the
methyl group not in the 3 position

C-10

Other compounds eluding in the same time frame (11.0-12.4 minutes)

as the mono-isopropylated isomers e.g. n-Propylated m-Cresol

2 Isomers

Isopropylated m-Cresol isomers:
3-Methyl-2-isopropyl-phenol
Thymol
3-Methyl-5-isopropyl-phenol
3-Methyl-4-isopropyl-phenol

Di-propylated

Di-propylated m-Cresol
(with n-Propyl and iso-Propyl)

Heavies

m-Cresol alkylated with side chains consisting of 4-8 carbon atoms (C,.g)

Kinetically favoured

Thymol
3-Methyl-2-isopropyl-phenol
3-Methyl-4-isopropyl-phenol
Di-isopropylated m-Cresol

Secondary products

Heavies

C-10

Lights
3-Methyl-5-isopropyl-phenol

THE FOLLOWING APPLIES TO FRACTIONS SIMULATED IN
THERMODYNAMIC EQUILIBRIUM CALCULATIONS

C4 remaining

n-Butenes (cis-2-, trans-2- and 1-Butene)

C3 remaining

Propene

iso-C4 substituents

n-Butenes which have alkylated m-Cresol to form
secondary butyl substituents

2 x iso-C3 side chains

Propene which has alkylated the m-cresol ring twice
to form Di-isopropylated m-cresol compounds

iso-C3 side chains

Propene which has alkylated the m-Cresol ring
to form Thymol and Thymol position isomers

THE FOLLOWING APPLIES TO ACRONYMS DESIGNATING PRODUCT
COMPOSITION IN THERMODYNAMIC CALCULATIONS

m-Cresol

Propene

Water

Thymol and thymol isomers
Di-isopropylated m-Cresol derivatives
sec. butylated m-Cresol isomers
n-Butenes

ALKYLATING AGENT ABREVIATIONS

IPA
DIPE
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Di-isopropylether
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Chapter 1: Introduction

1 Introduction

Traditionally, thymol (Figure 1-1) has been extracted from plants such as thyme, mint
and eucalyptus but, in more recent times, synthetic synthesis of thymol has

commenced.

OH

Figure 1-1: Chemical structure of thymol

Synthetic thymol is produced industrially by Symrise, in Germany (formed by a
merger of Bayer-AG subsidiary Haarmann & Reimer with the flavour and fragrance
maker Dragoco in 2002). In 2003, the global demand for thymol was estimated at
4,500 metric tons per annum (Marais, 2003). At that stage, thymol production costs
were approximately $ 3.4/kg with a sales price at $ 9/kg. The relatively large
difference between production costs and market price served as an indication of its
considerable market value (Fiege, 2003). Reportedly, half of the total thymol
synthesised was being hydrogenated to menthol, specifically the L-menthol

stereocisomer (Marais, 2003).

Currently Symrise synthesises menthol via this route in collaboration with Lanxess (a
German company spun off from Bayer-AG in 2005). The current capacity of this
plant is estimated at 3 000 — 3 600 metric tons per annum (McCoy, 2010; Leffingwell,
2010). Therefore, Symrise produces at least 3 000 — 3 600 metric tons of thymol per
year and intends to double this amount in response to a recent announcement by
BASF of its intent to enter the menthol market. Given the scale of the production
capacity of only one of the thymol producers, the current global thymol demand is
probably much larger than the previously estimated 4 500 tons per annum and
should Symrise’s expansion plans materialise, the capacity will be far in excess of

6 000 metric tons per annum.

Menthol is considered the world’s top selling aroma chemical on a volume basis
(BASF, 2010; McCoy, 2010). In 1998, the global L-menthol demand was put at

12 000 tons per annum (Clark, 1998). In 2007 the combined global demand for both
L-menthol and its optical isomer (racemic menthol) was estimated to be 32 000

metric tons per annum (Clark, 2007). Currently, the global demand for L-menthol
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alone is estimated to be in excess of 20 000 metric tons per year. With a selling price

of approximately $ 19/kg, this world market is worth $ 380 million (Leffingwell, 2010).

Presently India (with a capacity to meet 80%, or 16 000 metric tons, of this demand
with natural menthol extracted from the Mentha arvensis or Mentha piperita mint
plants) and China are the major producers of menthol. However, India’s dependence
on unreliable Monsoons for its fresh water supply causes shortfalls in menthol
production and this coupled with speculation by traders, results in threefold price

increases at such times (Leffingwell, 2010).

The synthetically produced L-menthol demand is, by most accounts, estimated to
increase and these forecasts are supported by the double digit annual increase in
demand seen in past years. This growth is exemplified by the sharp increase
between 1998 and 2010 described previously (Clark, 1998; Symrise, 2010; McCoy,
2010). In response to this prospect and with the possible aim to replace the
unreliable natural L-menthol supply, Tagasako announced its intent to increase
production capacity of its plant in Japan’s Shizuoka prefecture to 3 000 metric tons
per year in 2007. The first phase of this project was recently completed. This has
been followed by consecutive announcements by BASF (expected to have
production capacity in the range of 3 000 to 5 000 metric tons per year (Leffingwell,
2010; McCoy, 2010) that it would enter the menthol market by constructing the
world’s largest menthol production plant and that of Symrise (currently the largest
menthol producer) of its intent to double its menthol production capacity. Should
these intended expansions and construction projects be finalised the total combined
production capacity of these 3 producers is projected to be between 12 000 and 15

000 tons per year.

Apart from reaction to menthol, thymol may also be hydrogenated to menthone and
converted to chlorothymol and thymol iodide (Ashford, 1994). Other possible
applications resulting from thymol’s antiseptic properties include antimicrobial activity
against bacteria responsible for upper respiratory tract infections, inhibitory activity
against Escherichia coli, Salmonella typhimurium (Helander et al., 1998) and also
oral bacteria (Dirdy et al., 1993; Shapiro, 1996; Botelho, 2000). In addition, thymol
has shown activity in protecting low-density lipoproteins (Teissedre and Waterhouse,
2000) and has been reported to show high efficiency as an anti-oxidant, e.g. the
triacylglycerols found in sunflower oil (Kruase and Ternes, 1999; Yanishlieva and
Marinova, 1999; Milosh et al., 2000). Moreover, thymol is also an important

intermediate in perfumery.
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South Africa is one of the world’s largest phenolics producers owing mainly to the
coal-to-synfuels industries and to a lesser extent, the steel industry. These phenolic
compounds are formed at high temperatures through pyrolysis or cracking of
materials such as coal, petroleum or wood and their production exceeds their market

demand.

Coal gasification in Lurgi gasifiers (part of the Sasol synfuel refineries-situated in
Secunda) is a major phenolics source in South Africa. During this process,
phenolics, together with aromatics and hydrocarbons are driven off during pyrolysis
at temperatures between 500-650C. The total yield of phenolics is about 3.2 kg/ton
of coal, among which, the cresol fractions have a comparatively high economic value.
The market for m-cresol, specifically, is rapidly growing as a result of its use in the
production of vitamin E, thermally sensitive papers, thymol and derivatives such as

menthol, antioxidants, agrochemicals, fragrances etc. (Fiege, 2003).

Reportedly, Sasol is considering to build an additional coal-to-liquids plant in the Free
State or Waterberg (Limpopo). This facility is intended to add an additional 80 000
bbl/day to its current 150 000 bbl/day production capacity and will add a
corresponding 50% to the South African phenolics production capacity (Webb, 2007).

Along with m-cresol, propylating agents such as propene and iso-propanol (IPA) are
also produced by Sasol as products and by-products. Thymol may be synthesised by
alkylation of the m-cresol with the formerly mentioned propylating agents in a process
similar to that of Symrise and the upgrading of this domestically available phenolic
substrate could increase its value by as much as 300% (Isaacs, 2004; Fletcher,
2004).

The dehydration of propyl ethers to propene would produce less water (1 water
molecule per 2 propene molecules) compared to the dehydration of propyl alcohols
(2 water molecules per 2 propene molecules) an advantage both in terms of effluent
and reactor heat duty. Should their use prove more beneficial in terms of thymol
selectivity and m-cresol conversion compared to propyl alcohols, it would be possible
to manufacture these compounds via a condensation reaction of the propyl alcohol

groups for use in the thymol synthesis process (Joseph Antony Raj et al., 2005).
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Since propene is gaseous, denser than air and highly flammable at ambient
conditions, its storage, handling and transportation is costly and requires specific
safety measures. Thus, the use of propene presents difficulties for industries located

at distances which do not allow transportation by pipeline.

Similarly, propene might not be a suitable propylating agent for use by small or
medium sized enterprises which do not have the resources to deal with the aspects
associated with its handling, transportation and storage. The use of propene is also
associated with oligomerisation which results in deactivation of the catalyst and loss

of propene as alkylating agent.

Therefore, to make the thymol syntheses process attractive to small or medium scale
chemical enterprises, alternative alkylating agents, which are liquid and less
flammable, such as propyl alcohols and dipropyl ethers appear attractive. These
compounds offer further advantages as they form water when reacted over an acid
catalyst which in turn serves to suppress polymerisation of propene and thereby

prolongs catalytic activity (Yadav and Pathre, 2005; Harmer and Qun, 2001).

In summary, the major fraction of thymol produced globally is hydrogenated to
menthol. From this menthol raw product stream, L-menthol has to be separated from
its chiral isomers. AECI South Africa was granted a patent to separate (-)-menthol
from its stereo-isomers using a stereospecific enzyme (Chaplin et al., 2002) and
therefore, the technology exists in South Africa that could aid in the purification of a
raw menthol product stream. Consequently, the availability of raw materials, a
growing demand for both thymol and L-menthol and the value addition potential of a
thymol synthesis process appears promising. In addition, the use of m-cresol and
propyl alcohols could be implemented in small-to-medium enterprises as thymol is a
typical small- or medium-volume chemical. Finally, such an enterprise could
contribute to employment opportunities, import replacements, exports and foreign
investment and, consequently, research aimed at a domestic thymol synthesis

process appears attractive.
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2 Literature review

2.1 ldentification of H-MFI as most suitable catalyst

Extensive literature reviews have also been conducted previously by researchers to

identify suitable catalysts for the synthesis of thymol via the alkylation of m-cresol.

Friedel-Crafts type alkylation catalysts and mineral acids employed in acid catalysed
alkylation reactions are synonymous with poor atom efficiency, enhanced tar
formation, generation of waste salts, corrosion and pollution. As a result these
catalytic systems are no longer considered viable process options (Yadav and
Pathre, 2005).

In a literature review conducted by Fletcher and co-workers (2003), several catalytic
routes were considered, including those reported by Fiege (2003), Umamaheswari
(2002), Grabowska et al. (2001a), Grabowska et al. (2001b), Velu et al. (1998),
Wimmer et al. (1991), Yamanaka (1976), Nitta et al. (1974a), Nitta et al. (1974b),
Yamanka et al. (1970b) and Yamanaka et al. (1970a). These catalytic routes
involved a range of catalysts, alkylating agents (propene and iso-propanol), reaction
pressures, temperatures, reagent stoichiometric ratios and space velocities.
Although most of these reaction systems generated high thymol yields, factors such
as severe reaction conditions and lack of catalyst stability, rendered these catalytic
routes not suitable for a modern day thymol synthesis process intended for small

enterprises.

Fletcher et al. (2003) proceeded to evaluate 3 commercial zeolite catalysts
(H-MOR, H-BEA and H-MFI) for m-cresol isopropylation with propene. Under mild
reaction conditions in the vapour phase (~250C and 1-10 bar), MFI with a silica-
alumina (SiO,/Al,O3) ratio of 400 exhibited the best performance with respect to
activity, selectivity and stability. These observations were attributed, inter-alia, to H-

MFI's superior shape selective properties.

Although MCM-22 appears also to be a promising catalyst for thymol synthesis (with
m-cresol and iso-propanol) based on the findings of Moon (2003), in the case of
para-selective phenol alkylation, the commercial availability of H-MFI led to its

selection as the catalyst of choice for this study.




Chapter 2: Literature review

2.2 Zeolite H-MFI

Zeolite MFI (also known as ZSM-5) was first synthesized by scientists at Mobil Oil
Corporation in 1972 and was first employed commercially in 1978 (Eckroth et al.,
1990). Zeolites such as MFI consist of a three dimensional network of primary
building units (SiO,* and AlO,” tetrahedra bridged by oxygen atoms). The charge
imbalance of the AlO,> tetrahedron has to be compensated for by a charge
balancing cation, e.g. a mobile Na* ion. The acid form of MFI is produced by
exchanging the Na" ions present in the MFI structure for NH," cations, after which the
catalyst is calcined and NHs is driven off, forming the protonated MFI zeolite, H-MFI.
The protons associated with the zeolite structure form structural hydroxyl groups

which act as strong Brgnsted acids.

The strength of the Brgnsted acid site depends on the SiO,/Al,O; ratio and the
location and distribution of aluminium in the zeolite framework. The strength of an
individual acid site increases with increasing SiO,/Al,O; ratio, whereas the number of
acid sites decreases with increasing SiO,/Al,O;ratio. Therefore, there is an optimum
SiO,/AlLO; ratio for each type of reaction for which activity is maximised (Mikovsky
and Marshall, 1976). The pore system of MFI consists of channels formed by
puckered 10-membered rings. Straight channels with elliptical openings of 5.1 x 5.5 A
intersect sinusoidal channels (depicted in Figure 2-1) with apertures of 5.4 x 5.6 A
(Weitkamp and Puppe, 1999). In effect the pore system allows three-dimensional

diffusion of molecules.

Figure 2-1: Three-dimensional representation of MFI pore structure with pore
dimensions [adapted by Kukard (2008) from Eckroth et al. (1990)].
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2.3 Shape Selectivity of Zeolites

The intra-crystalline channels (micro-pores) of zeolites form molecular sieves. These
molecular sieves favour the diffusion or formation of molecules which are less bulky
compared to their counterparts within the macro-porous structures of other catalysts.
This characteristic of zeolites is referred to as shape selectivity, of which there are
three major forms, namely reactant-, product- and restricted transition state
selectivity. Shape selective effects in zeolites are usually predominant when
configurational diffusion takes place, i.e. under conditions where kinetic molecular
diameters are similar to the diameters of the intra-crystalline pores of the zeolite
(Derouane, 1980).

The selective process, in which certain reactants are prevented from entering the
pore structure as their effective diameter is larger than the pore openings of the

zeolite, is known as reactant selectivity.

Product selectivity occurs when the formation of certain product species is favoured
above their more bulky counterparts. The less bulky products diffuse out of the pore
structure faster and therefore are less likely to react further in contrast to the more
bulky products which have a greater probability to be further converted. The high
para-xylene selectivity observed during toluene disproportionation or toluene

methylation is an example of product selectivity.

Restricted transition state selectivity occurs as a result of certain reaction
transition states being unable to form for reasons of space restrictions with the

consequence of such products not being formed within the zeolite channel system.

2.4 Zeolite deactivation

Deactivation is a term used to refer to loss of activity of a catalyst with increasing
time-on-stream. There are three main sources of deactivation of catalysts, namely

sintering, poisoning and coking (Fogler, 1999).

Given the relatively low reaction temperatures in addition to the chemical nature of
reagents, sintering and poisoning are the least likely deactivation mechanisms of

concern to this study.
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Coking is the process by which carbonaceous matter ranging from high molecular
mass polymers to hydrogen deficient carbon deposits on the catalyst surface. Hard
coke is defined as (CH,), (where x < 1)(Fogler, 1999). Considering the restricted
transition-state shape-selectivity of the MFI zeolite, the formation of the large
polynuclear aromatics required for the formation of hard coke, is unlikely (Csicery,
1986).

Likewise, O’'Connor et al., (2003) suggested that the formation of so-called “soft
coke” resulting from propene oligomerisation will be the most probable cause of
zeolite deactivation observed in the current study. This notion was supported by
findings of Wichterlova and Cejka (1993).

2.5 Thymol synthesis with iso-propanol at UCT

In a recent study, thymol synthesis from m-cresol and iso-propanol was investigated
employing H-MFI zeolites with a range of different SiO,/Al,O; ratios, crystallite sizes
and reaction conditions (Nagooroo, 2012). One of the study foci was the first step in

the reaction mechanism of m-cresol conversion with iso-propanol.

Two parallel reaction pathways were identified, namely O-alkylation of m-cresol with
iso-propanol to vyield isopropyl-3-tolylether (reaction (a) in Figure 2-2) and
dehydration of iso-propanol to vyield propene (reaction (b)). Rapid internal
rearrangement and transalkylation of the ether with m-cresol, resulted in the
formation of thymol, 2-isopropyl-3-methyl-phenol and 4-isopropyl-3-methyl-phenol.
While the propene formed in reaction (b), almost exclusively alkylated the C-position
on the m-cresol molecule (C-alkylation / reaction (d)) to form thymol, subsequent
conversion to 5-isopropyl-3-methyl-phenol (the thermodynamically favoured isomer)
via a 1,2 shift isomerisation reaction (reaction (e)) and further alkylation of the mono-

isopropylated products occurred with a second propene molecule (reaction (f)).

The increase in thymol selectivity with decreasing space velocity / increasing m-
cresol conversion and reaction temperature was attributed to the reaction system’s
preference for the C-alkylation reaction pathway as opposed to O-alkylation under
these conditions. This preference stems from the differences in activation energy for
the various reaction routes with the energy barrier for the C-alkylation pathway being

the higher of the two routes.
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At higher m-cresol conversions, i.e. conversions obtained with decreasing space
velocity and/or increasing reaction temperature, the selectivity toward the kinetically
favoured thymol position isomers (thymol, 2- and 4-isopropyl-3-methyl-phenol)

proceeded to pass over a maximum.

O-iPr

OH OH
OH @\ @ @\ ©) )
)\ + > -

\(b) () & (f)

OH

Figure 2-2: Proposed reaction mechanism for isopropylation of m-cresol with
iso-propanol over H-MFI zeolites (Nagooroo, 2012).

(d)

Results from this study also suggested that the reaction was most likely first order
with respect to propene and zero order with respect to m-cresol at reaction
temperatures of interest to this study. Analogously, the reaction system with
methanol and phenol over H-ZSM-5 (at 200C and low phenol conversion), showed
reaction orders; first and- zero with regard to methanol and phenol, respectively. This
result was attributed to capillary condensation which caused a high excess of phenol
(constant phenol concentration) in close proximity to the acid sites, irrespective of the

phenol concentration in the gas phase (Marczewski et al., 1996).
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2.6 Influence of thermodynamic equilibrium in thymol
synthesis

2.6.1 m-Cresol conversion limitation during thymol synthesis

In the aforementioned research involving H-MFI mediated m-cresol alkylation with
propene (Fletcher et al. 2001b; Fletcher et al., 2003; O’ Connor et al., 2003),
m-cresol conversion and, consequently, thymol yield (Figure 2-3) was found to be
inhibited in the higher temperature range (above 250<C) investigated. This finding

was attributed to the effect of thermodynamic limitations.

As shown by the upper edge of the data array in Figure 2-3 (obtained at the
lowermost space velocity employed), thymol yield increased with temperature in the
lower temperature range (temperatures below 250C- right branch of the data
series). With a further increase in temperature (left branch of the series), the decline
in thymol yield was interpreted as an indication of thermodynamic limitations
(depicted by the dashed line).

4 4 /l‘ = 90 :
- s ¥
s ~—~ 0
2 - ¢ L 60 & @
w £
7 ™ l
5 D B | i i . : 28 s £
i B 1 [
£21 . [ 5 >
’I ‘ l L 2 g 8
4 - i . . ® 1 &
»~ Approximate thermodynamic e B8 £ g
o equilibrium line e} ' = -
17
° Qo
o =

Figure 2-3: Experimental estimation of thermodynamic equilibrium approach
for an H-ZSM-5 mediated m-cresol/propene alkylation reaction
(Fletcher et al., 2001b).
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2.6.2 Equilibrium distribution of thymol position isomers

Fletcher et al. (2002) investigated the thermodynamic equilibrium distribution of the
thymol position isomers in reactions mediated by H-ZSM-5 over a range of reaction
temperatures. The results of this investigation are shown in Figure 2-4 note that the
fraction of the 2-isopropyl-3-methyl-phenol isomer, although present in the final
product, was negligible which allowed representation of the results in the form of a
ternary diagram. For the purposes of the investigation, two different feed mixtures
were employed in separate experiments. These feed mixtures are represented by the
white circles in the middle of the bottom- and right edge of the aforementioned

ternary diagram, respectively.

In spite of the differences in feed compositions, the resultant product distributions
converged toward the region comprising mostly 5-isopropyl-3-methyl-phenol, some
thymol and a small amount of 4-isopropyl-3-methyl-phenol with traces of 2-isopropyl-
3-methyl-phenol. The approximate equilibrium distribution of the three position
isomers in the temperature range of 200 - 300C was estimated from the
experimental results to be approximately 75% 5-isopropyl-3-methyl-phenol, 20%

thymol and 5% 4-isopropyl-3-methyl-phenol.

Thymol Feed: 4-isomer + 5-isomer

330°C
300°C
280°C
250°C
200°C

/\ /\ Feed: thymol + 5-isomer
-' /

o 300°C

o

0 100
4-1sopropyl-3-methyl phenol 5-Isopropyl-3-methyl phenol

Figure 2-4: Isomerisation of thymol and its major position isomers over H  -ZSM-5
(Fletcher et al., 2002).
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These results can be attributed to the mesomeric effect, by which the lone electron
pairs of the oxygen atom of the m-cresol hydroxyl group are delocalised into the
aromatic nucleus via 1 orbitals, thus activating m-cresol in the para- and ortho
positions (with respect to the hydroxyl group) for electrophilic attack by a carbenium
ion (Sykes, 1986).

The electrophilic attack of the secondary carbenium (propyl) ion (see the reaction
mechanism schematic in Section 2.9) on 3-methyl-phenol in the 2-position and the 4-
position, resulting in the formation of 2-isopropyl-3-methyl-phenol and 4-isopropyl-5-
methyl-phenol, respectively, is more sterically hindered than the attack of the
secondary carbenium ion in the 6-position resulting in the formation of thymol
(2-isopropyl-5-methyl-phenol). Hence, thymol is the kinetically favoured isomer of
m-cresol isopropylation. The miniscule content of 2-isopropyl-3-methyl-phenol in the
final product compared to the other thymol position isomers was attributed to the fact

that it's the most sterically hindered isomer of the four (Fletcher et al., 2002).

3-Isopropyl-5-methylphenol is the thermodynamically favoured isomer as it has
higher stability compared to the other isomers. This increased stability arises from
the fact that the inductive effect of the propyl and methyl groups in the meta-positions
does not prevent delocalisation of the lone pair electrons on the hydroxyl group into
the aromatic system to the same extent as would be the case for these substituents

in the para and ortho-positions.

2.6.3 Thermodynamic equilibrium for iso-propanol dehydration

Nagooroo (2012) simulated the thermodynamic equilibrium for the dehydration of iso-
propanol to form water and propene. The results of this simulation are shown in
Figure 2-5.

The Aspen Plus User Interface, Aspen Technology, Inc. (2006) software package

was employed for the simulation under conditions of 200 - 300C and 1.5 - 10 bar.

A significant thermodynamic driving force for the dehydration of iso-propanol was
revealed by the extent of the iso-propanol equilibrium conversion over the range of

conditions explored.

12
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Figure 2-5: Equilibrium conversion of iso-propanol to water and propene

(Nagooroo, 2012).

2.7 Preliminary experimental results

(0]

Equilibrium Conversion (%)

Preliminary experiments were carried out by Mathews and Tsui (2007), co-

supervised by the author of this study, in an attempt to identify suitable conditions for

the thymol synthesis reaction with iso-propanol and m-cresol.

results are displayed in Figure 2-6.
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Figure 2-6: m-Cresol conversion vs. space velocity obtained during preliminary

experiment (Mathews and Tsui, 2007).
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It should be noted that the results corresponding to 300 T were obtained over a
catalyst that had suffered appreciable deactivation. Hence, the level of activity

observed is somewhat lower than that corresponding to 275 <.

In contrast to the trends observed for 250 and 300 <, the trend shown at 275 C
(viewed in the direction of decreasing space velocity) showed conversion to first
increase and then, counter-intuitively to pass over a maximum and subsequently
decline at the lower most space velocities, thereby forming a so-called “volcano

curve” with respect to space velocity.

The authors concluded that this decline in m-cresol conversion at low space velocity
was due to significant catalyst deactivation and, therefore, did not investigate this
apparent anomaly further. However, no explanation was offered for the
corresponding decrease in thymol selectivity with decreasing space velocity. Should
catalyst deactivation have been the sole cause of the observed decline in m-cresol
conversion, one would have expected a different trend in thymol selectivity.
Consequently, a re-investigation of this anomaly was considered necessary to gain
further insight into the reaction pathway for thymol synthesis from m-cresol and iso-

propanol.

2.8 Equilibrium limitations in phenolic conversions

The findings of the previous studies related to thymol synthesis along with the
preliminary results of this study allude to the complexity of the system with respect to
reaction pathway. These findings also suggest that thermodynamic limitations might
be responsible for the peculiar m-cresol conversion trend at low space velocity
(Figure 2-6).

The absence of measured thymol thermodynamic data frustrated attempts to conduct
a full thermodynamic analysis of the reaction system. Therefore the influence of the
thermodynamic equilibria is sought by comparison to experimental findings of
analogous systems in which phenolic rings/substituted phenolic rings are alkylated

with alcohols/olefins or are converted via transalkylation reactions with xylenols.

14
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2.8.1 Isomerisation of cresol

In the acid catalysed isomerisation of cresols (Béhringer, 2009) the major reaction,
initially, was the 1,2-shift migration of the methyl group around the ring. Side
reactions such as disproportionation, i.e. the transalkylation of a methyl group to form
a phenol and a xylenol molecule were comparatively slow with total selectivity of less
than 5%. However, when approaching the thermodynamic equilibrium distribution of
the cresol isomer and, in particular, after reaching the thermodynamic equilibrium,
the isomerisation reactions effectively came to a halt. Consequently, the former side
reactions dominated the reaction system, consuming the cresols. Evidence of this
was seen in the steep increase of transalkylation product yields and selectivities in
addition to a decline of cresol isomer yields and selectivities once equilibrium

conversion of the feed cresol isomer was reached.

2.8.2 Transalkylation between phenol and xylenol

Similar limitations to those observed for cresol isomerisation (Section 2.8.1), were
observed in the transalkylation of xylenols with phenol (Moeketsi, 2007). The major
initial reaction in this system was that of methyl group transfer from xylenol to phenol
molecules resulting in cresol formation and, consequently, increasing phenol
conversion with decreasing space velocity. However, at very low space velocities, the
phenol conversion decreased with decreasing space velocity. In the resultant product
mixture, increasing percentages of higher methylated phenols (tri-methyl, tetra-
methyl and penta-methyl phenol) were observed, with decreasing space velocities in
particular, once the xylenol / phenol / cresol system approached thermodynamic
equilibrium. These higher methylated phenols were formed via secondary and
tertiary reactions by, for instance, the transfer of methyl groups from the primary
cresol product onto remaining xylenol molecules, thereby re-forming phenol, such
that the net phenol conversion decreased with decreasing space velocity in the said

low space velocity regime.
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2.8.3 Alkylation of phenol with iso-propanol

Phenol alkylation with iso-propanol catalysed by zeolite Hy gsNag 15Y with a SiO;:Al,O3
ratio of 4.5 has been reported (Areshidze et al., 1974). All experiments were
conducted in the vapour phase at atmospheric pressure and with a phenol-to-alcohol
molar ratio of 1:1. Phenol conversion decreased with increasing temperature in the
range 270 to 300C (at a LHSV of 0.4 hr™), i.e. a maximum phenol conversion was

achieved at 270C.

2.9 Reaction mechanism for m-cresol isopropylation

Figure 2-7 shows the acid catalysed reaction scheme in which iso-propanol alkylates
m-cresol to form thymol over a zeolite catalyst. Iso-propanol is dehydrated to form a
secondary carbenium ion which attacks m-cresol in the least sterically hindered

ortho-position. Finally, a proton is extracted from the thymol intermediate to form

thymol.
|
&5+ —_— :
H - H + H,O
s Si Al Si
/.O.‘\\ /p.\ 5
Si Al Si
6_
OH
o+
o H . H OH
| ot '
E 5 : +
C ST
. ke Si Al Si
/pl\*\\ /IOI\ o
Si Al Si

Figure 2-7: Reaction mechanism for the acid catalysed iso-propylation
of m-cresol with iso-propanol.
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2.10 Acid Catalysed Propylation of Aromatic Compounds

Other than the studies mentioned thus far (Fletcher et al., 2003; O’Connor et al.,
2003; Nagooroo, 2012), literature which alludes to the specific reaction system and
mechanism responsible for the seeming anomaly observed by Mathews and Tsui
(2007) (discussed earlier in Section 2.7) was not found for the specific reaction
system. Therefore, what follows below explores analogous reaction systems, such as
the acid catalysed alkylation of phenols and other aromatic compounds with iso-
propanol and isopropylating agents carrying halides as leaving groups (over Friedel-

Crafts type catalysts, mineral acids, zeolites and various forms of alumina).

In the analogies considered, some as early as 1891 (Heise, 1891), phenolic and
aromatic substrates were mainly mono-, di- and tri-isopropylated (Heise, 1891; Sowa
et al., 1935; Calcott et al., 1939; Stroh et al., 1957; Turova-Pollak et al., 1960; Gakh
et al.,, 1966; Korenskii et al., 1968; Klemm and Taylor, 1980a; Klemm and Taylor,
1980Db; Pillai and Pillai, 1993; Wichterlova and Cejka, 1993; Pillai, 1996). The extent,
to which the multi-propylated compounds formed, depended on the shape selective

constraints offered by the respective catalysts employed.

Oligomerisation of the propene (formed by dehydration of iso-propanol) and
subsequent oligomer cracking resulting in an olefin pool, was observed in reactions
involving conversion of iso-propanol and toluene over H-Mordenite and H-Y
(Wichterlova and Cejka, 1993).

Both Syl and Sy2 reaction mechanisms were observed in these studies. No charge
migration for either of these respective reaction mechanism types was reported along
the backbone of the carbenium ion or skeletal isomerisation of the alkyl group

residing on the ring, under relatively mild reaction conditions.

Formation of n-propylated substrates was only observed at higher temperatures and
n-propyl to iso-propyl ratios increased with increasing temperature in reaction
systems catalysed by alumina (above 300°C) (Klemm and Taylor, 1980b) and with H-
Mordenite and H-Y (Wichterlovd and Cejka, 1993). Klemm and Taylor (1980b)
attributed this to subsiding relative differences in stabilisation energy between the
primary and secondary carbenium ions (formed during an Syl type reaction

mechanism) with increasing temperature.
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3 Objectives of study

3.1 Aim of the study

It will be endeavoured to identify an operating window in which optimal thymol yield

can be achieved.

3.2 Special study objectives

In addressing the study’s aim, the following objectives have been set:

» To establish whether m-cresol conversion and consequently thymol yield are
thermodynamically constrained at elevated temperatures.

= Establishing to what extent the reaction route diverges when thermodynamic

limits are approached.

3.3 Hypothesis

In light of the findings of the literature review, the author hypothesizes as follows:

The reason for the counter intuitive decline in m-cresol conversion with decreasing
space velocity (seen in the “volcano curve” presented in Section 2.7) is the increase
in ratio of the average carbon number of the cresylic-ring- substituents to actual
cresylic rings as residence time in the reactor increases. Therefore the system
becomes irreversibly depleted of iso-propylation agent. This occurs amid a

considerable thermodynamic driving force for the said reaction.

3.4 Key questions

The following questions need to be addressed which have arisen from the review of

literature:

= Wil iso-propanol dehydrate completely under the reaction conditions employed?

=  Will differences in thymol selectivities emanate from differences in reaction
pathways and mechanisms?

= Wil the isopropyl alkylating agents dehydrate rapidly to propene which in turn
alkylates the phenolic ring?

*» |s the m-cresol conversion to thymol thermodynamically limited at elevated

temperatures?
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4 Experimental

4.1 Catalysts

Both acid zeolite catalysts of the MFI (ZSM-5) type employed were obtained from
Clariant (formerly Sud-Chemie) and are commercially available. The properties of

these catalysts are given in Table 4-1.

Table 4-1: H-MFI catalysts tested and their properties

Sample Material Size SiO,/Al,04 Channel Size Channel
Code Form Molar Ratio* (Ayx* Shape**
H-MFI-90 Extrudates*** 1/16" 90 5.1x5.5 Sinusoidal
H-MFI-400  Extrudates™  1/16" 400 53x5.6 Straight

*  As reported by manufacturer (general product designation/sample code)
**  Baerlocher et al., 2001
***  With alumina binder comprising 20% of extrudate mass (Fletcher et al., 2003)

4.2 Feed stocks and other materials used

The feedstocks and other chemicals employed in this study (presented in Table 4-2)

were of commercially available quality and were used without further purification.

Table 4-2: Feedstocks and auxiliary chemicals used and their properties

Material/chemical Purity Manufacturer Use
(%)
m-Cresol >99 Riedel-de Haén Feedstock
iso-Propanol >99.9 Merck Feedstock
Di-isopropylether >99.9% Riedel-de Haén Feedstock
Nitrogen >99.999 Messer Fedgas Catalyst drying, activation and
pressurisation of system
Hydrogen >99.999 Messer Fedgas To pressurise for leak testing
Silicon carbide -- Colbern Packing in the
(930-1035 um) preheater/evaporator zone of the

reactor, diluent in the catalyst
bed and as support packing

* Purity as reported by industrial manufacturer

GC analyses of the m-cresol feedstock showed that it contained small amounts of the

position isomers of which p-cresol comprised the largest portion (Table 4-3).

Table 4-3: Impurities in the m-cresol feedstock

Component Abundance (mol-%)
m-Cresol 99.3
p-Cresol 0.6
o-Cresol 0.1
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4.3 Experimental apparatus

The same catalyst testing equipment and procedures as employed by Nagooroo
(2012) was used for the thymol synthesis experiments conducted in this study. A
schematic layout of this test unit as employed for thymol synthesis reactions is
provided in Figure 4-1. This test unit was adapted for on-line gas chromatography for

use in the dehydration experiments and is shown schematically in Figure 4-2.

Figure 4-1: Schematic of the experimental apparatus employed to conduct the
“thymol synthesis” experiments at ambient and elevated pressure.
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Figure 4-2: Schematic of the modified experimental apparatus employed to
conduct the dehydration experiments at ambient pressure.

4.3.1 Reactor and reactor heating systems

Reactions were carried out in a bench scale, tubular fixed bed plug flow reactor. The
reactor consisted of a 316L grade stainless steel reactor tube with an external and
internal diameter and length of 19 mm, 16 mm and 730 mm respectively. It was
equipped with a central thermo-well with an internal diameter of 1.7 mm allowing a
thermocouple (with an external diameter of 1.6mm) to measure the bed temperature
along the length of the reactor inside this thermo well. The reactor was held in a
brass heating block (650 x 60 x 60 mm) of adequate “thermal mass” to facilitate

isothermal reactor conditions.
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Heating bands (each equipped with a thermocouple) supplied heat to the reactor
indirectly via the heating block. For details on the maintenance of isothermal reactor

conditions, see Section 4.4.10.

A schematic of the reactor system is depicted in Figure 4-3., showing four distinct
zones inside the reactor. Silicon carbide (SiC) is employed as inert packing material
in the preheater or evaporator zone (in the reactor's uppermost section). A
temperature gradient is established (refer to Section 4.4.10 for details), such that the
point of initial contact between the liquid feed and SiC packing is maintained below
the liquid’s boiling point. The temperature reading at the inlet was provided by a

stationary thermocouple.

The catalyst bed was diluted with SiC and resided in the isothermal region of the
system (sandwiched between the inert packing layers). In later experiments, this bed
consisted of two zones instead of one. A higher SiC-to-catalyst dilution ratio was

employed in zone X as compared to zone Y (refer to Section 4.4.10 for details).

The temperature profile along the length of the reactor was obtained with a
thermocouple by insertion into the central thermo-well. Futhermore, the heating-

system was insulated from its surroundings to minimise heat loss.

Feed inlet
Top thermocouple (fixed position)—l /

T | I

Preheater / Evaporator zone \

Inert packing (SiC)

Heating block

= Heating bands: 1-5

Catalyst zone X

|Catalyst zone Y

[0 OJ0
[O]O0JO01I010]

Inert packing
(SiC)
Reactor internal thermowell —¢ }

Reactor thermocouple
Reactor effluent outlet

Figure 4-3: Diagrammatic representation of the reactor system.
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4.3.2 Liquid feed delivery

m-Cresol and the respective alkylating agents were charged to the feed pot, a 5 L
glass bottle (device FP-3.1 in Figure 4-2) and mixed. The feed pot was placed on a
balance from which readings were taken periodically to check the feed mass flow

rate to the system and to confirm accurate operation of the feed pump.

The feed was pumped to the reactor by a metering pump (HPLC pump, Series |,
marketed by Lab Alliance -) which had a flow range of 0.01 to 10 ml/min and could be

adjusted in increments of 0.01 ml/min.

4.3.3 Gas supplies

Gaseous nitrogen and hydrogen was obtained from the reticulated gas supply
system at 80 bar and 60 bar respectively. These gasses were employed to inertise
the experimental apparatus, conduct pressure testing, as carrier and diluent gas, and

for reaction pressure control.

Pressure regulators (PIC-1.1 and PIC-2.1 in Figure 4-2) were used along with bypass
valves (V-1.1 and V-2.3 in Figure 4-2) for pressure testing of the various sections of
the experimental apparatus. Nitrogen was employed for the first round of pressure

tests and subsequently hydrogen for the latter.

Furthermore, nitrogen was metered with mass flow controllers (FIC-1.1 and FIC-1.2
in Figure 4-2) for pre-experimental inertisation of testing apparatus catalyst pre-
treatment / drying, feed dilution and post experimental flushing. FIC-1.2 was
employed for low flow rates and FIC-1.1 for the higher range. Adequate nitrogen flow

rate was established with FIC-2.1 for reactor effluent dilution.

Guard catchpots (CP-1.1 and CP-2.1 in Figure 4-2) were checked daily for liquid

which would have indicated system blockages.

4.3.4 Pressure control

Pressure control was established and maintained with the use of nitrogen gas which
was introduced as a back pressure regulating gas, downstream from the reactor

effluent port and before throttle valve PV-2.1 (Figure 4-1).

The reaction pressure was set by adjustment of pressure regulator PIC-2.1 and

opening valve V-2.3. Throttle valve PV-2.1 (equipped with a regulating stem) was set
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such that the volumetric flow rate of the gas stream being vented through PV-2.1 was
slightly higher than that of reactor effluent and diluent gasses (olefin and water
vapours) from the reactor system. For this purpose, a flow indication device was
fitted after PV-2.1.

4.3.5 Sampling

4.3.5.1 Thymol product sampling (for off-line analysis)

Unconverted feed and product was captured in sample catchpot CP-4.1 (see
Figure 4-1). The product line to CP-4.1 and the catchpot itself were heated to 45T to

prevent the solidification of the higher phenolic derivatives present in the product

stream.

After exiting the reactor, the effluent stream was air cooled and partially condensed.

The condensed fraction contained all of the phenolic compounds.

The sample catchpot also served to separate the gaseous fraction in the reactor
effluent from the liquid. The catchpot had two outlets namely: a constantly open
outlet for the gasses at the top and a drain outlet for the liquid at the bottom
(valve V-4.1).

The effluent gasses and the pressure control gas (Section 4.3.4) were expelled
through the throttle valve, PV-2.1, to the vent vessel from where these gasses were

vented.

Liquid samples were withdrawn from the sample catchpot through valve V-4.1 for off-
line analysis. For sampling, valve V-4.1 was opened only slightly in order to prevent
a pressure drop in the system although care was also taken to drain all the liquid out
of the catchpot. The guard catchpots were checked daily for liquid (which would have

indicated a blockage in the system).
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4.3.5.2 Iso-propanol dehydration product sampling (for on-line analysis)

To ensure analysis of the complete reaction product as a gaseous reactor effluent,
lines and components between the reactor and GC were heated to 120C. In
addition, nitrogen (at a 50:1 volume ratio with respect to reactor effluent gasses) was

introduced as a diluent gas.

Post dilution, the reactor effluent was split into two streams; the Gas Chromatograph
(GC) feed line and the vent line. Throttle valve PV-2.1 was used to establish the flow
of the respective streams. In this mode, PV-2.1 served as a flow control valve instead
of a pressure control valve as all the dehydration experiments were conducted at

ambient pressure.

In the normal position, the stream to sampling valve VS-4.2 passed through a sample
loop present in the valve and thereafter flowed to the vent. In order to analyse this
stream with the GC, VS-4.2 was switched so as to allow the carrier gas of the GC to
entrain the sample present in the sample loop. After 10 seconds of flushing the

sample loop, VS-4.2 was switched back to the normal position.

4.3.5.3 Iso-propanol dehydration product sampling (for off-line analysis)

The following procedure describes the process by which samples were extracted
from the system for offline analysis (Schulz et al., 1984). Evacuated glass ampoules
(with approximately 1.5 ml internal volume) equipped with a capillary extending from
one end (ca. length: 100 mm, outer diameter: 1 mm), were used to encapsulate

these samples.
During sampling, the capillary side was inserted through the ampoule sampler (SP-

2.1) septum and its tip broken off so as to drain a sample into the ampoule.

Subsequently the capillary was sealed using a butane torch.

25




Chapter 4: Experimental

4.4 Procedures

The following gives a brief description of the procedures followed operating the

experimental test unit. A more detailed description was given by Nagooroo (2012).

4.4.1 Loading of the reactor

Table 4-4 provides the details of catalyst charges with which the reactor was loaded

for the respective experiments conducted in this study.

Table 4-4: Details of catalyst charges

Catalyst Shape Catalyst | Zeolite Diluted Total Length of Feed"
type amount | amount | with SiC | volume | Cat bed
() (8 | (volfvol)’| (mL) | (mm)°
H-MFI-400° | Extrudates® 6.0 4.8 1:1 18.7 100 iso-propanol/
m-cresol
H-MFI-90 | Extrudates® 5.8 4.7 1:1 18.7 100 di-isopropylether/
m-cresol
H-MFI-90 | Extrudates® 13.8 11.0 1:1 44.9 240 iso-propanol/
nitrogen
H-MFI-90 | Extrudates® | 5.87 4.70 1:1 18.7 100 iso-propanol/
m-cresol
H-MFI-90 | Extrudates® | 13.42 10.73 1:1 42.1 225 di-isopropylether/
nitrogen
H-MFI-90 | Extrudates® | 17.8' 14.26 1:5' 70.5 377 iso-propanol/
m-cresol
a Assuming 20 wt% binder (Fletcher et al., 2003)
° Size range: 930-1035 pm

Internal diameter of reactor tube - 15.75mm

Results from preliminary experiments (Mathews and Tsui, 2007).
¢ Diameter: 1/16"

Mass contained in zone x - 30% , mass contained in zone y - 70%
g Dilution ratio for zone x given, dilution ratio in zone y, 1:1

Refer to Table 4-5 for feed composition
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4.4.2 Pressure testing

The experimental test unit was pressurised to 16 bar N, (excluding the product line to
the online GC for the iso-propanol dehydration experiments). The isolation of the
experimental apparatus was achieved by closing valves PV-2.1 (thymol synthesis
apparatus, see Figure 4-1) and V-4.1 (iso-propanol dehydration version, see
Figure 4-2). The respective sections of the apparatus (each section equipped with a
pressure gauge) were isolated from the rest of the test unit, by closing valves V-1.3,
V-2.2 and V-3.1. Thereafter, V-1.1 was opened (thereby bypassing mass flow
controllers FIC-1.1 and FIC-1.2) and the pressure was slowly increased by
manipulation of pressure regulator PIC-1.1. For the thymol synthesis experiments,
pressure was increased using PIC-2.1 in addition to PIC-1.1. Care was taken not to
unsettle the catalyst bed with excessively high upward gas flows when PIC-2.1 was

used. The system was isolated from the N, gas supply and monitored for leaks.

For small leaks and when the system was found to be leak tight with N,, the system
was repressurised with H,. A thermal conductivity gas leak detector was used to
locate leaks at the connection points. Leaky fittings were tightened and retested.
Once all connections were examined, H, supply was shut off by closing valve V-1.
The pressure of the apparatus was monitored over a 4 hour period and at the end of
this period, if no pressure decrease occurred, the apparatus was deemed leak tight.
The apparatus was depressurised, H, was vented from the system, the N, supply
was opened (valve V-1) and the catalyst drying-and-activation sequence was

initiated.

4.4.3 Catalyst drying and activation

Prior to the introduction of feed, the catalyst was dried and freed from adsorbed
materials by passing N, over the catalyst bed. This was carried out at atmospheric
pressure and a flow rate of 50 ml-min®, metered by mass flow controller FIC-1.1.
While drying, product catch pot valve V-4.1 was opened and a container was placed
under it to capture any residual liquid from previous experiments. With the iso-
propanol dehydration experiments, throttle valve PV-2.1 was opened fully so as to
allow the N, stream along with the entrained materials to pass directly into the vent

vessel instead of flowing through the GC supply lines.
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The temperature sequence employed during drying and activation of the catalyst is
shown in Appendix | (Figure I-1). Heating occurred at a rate of 1C/min. The
sequence entailed heating the bed up to 90C, 100C and 110%C, respectively, and
pausing for an hour at each of these temperatures in order to slowly remove
absorbed moisture. Thereafter the temperature was elevated to 390C and
maintained for 6 hours before cooling the bed down to standard reaction temperature
(e.g. 250C).

4.4.4 Start-up procedure: thymol synthesis experiments

After the catalyst drying and activation sequence was completed, the following

procedure was followed to commence with catalyst testing:

1. The controller setpoints of the respective heating zones were adjusted to the
values determined with nitrogen flow during the commissioning phase of the
experimental apparatus (see 0, Table B-1).

2. Nitrogen supply to the reactor was stopped by setting the flow through MFC-1.1
to zero and thereafter closing valve V-1.4 and shutting off the nitrogen supply
with pressure regulator PIC-1.1.

Valve V-4.1 was closed.

The moveable thermocouple was positioned at the top end of the catalyst bed.
The apparatus was primed with liquid feed. For this purpose, the liquid feed pump
was run at maximum flow rate (“prime” mode) whilst observing the temperature at
the top end of the catalyst bed.

6. As soon as a sharp increase in the catalyst bed temperature was observed, the
pump rate was adjusted to the “standard condition” flow rate (shown in
Table 4-5).

7. The mass shown on the feed pot balance display was recorded and a stop watch
was started to record time-on-stream.

8. Once the catalyst bed temperature had reached steady state, a temperature
profile was measured.

9. The set points of the controllers were adjusted such that the closest approach to
an isothermal zone was attained over the catalyst bed (see Section 4.4.10 for this
procedure). The temperature profile was continuously monitored and adjustments
were made to counteract the effects of changes in reaction conditions and

catalytic activity due to, for instance, catalyst deactivation.
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4.4.5 Start-up procedure: iso-propanol dehydration experiments

1.

4.

The controller setpoints to the respective heating zones were adjusted to the set
points as determined with nitrogen flow during the commissioning phase of the
experimental apparatus (see 0, Table B-1).

Nitrogen supply to the reactor was set (to a flow rate that corresponded to a 1:1
molar ratio with respect to the intended iso-propanol flow rate, using mass flow
controllers FIC-1.1 or FIC-1.2 (depending on the required flow rate as FIC-1.1
controlled accurately in the range 20 ml-min* — 480 ml/min and FIC-1.2
controlled accurately in the range 1 - 19 ml-min™).

The nitrogen diluent gas flow rate was set 50 times higher (molar) than that of the
nitrogen feed to the reactor using mass flow controller FIC-2.1.

Proceed as per steps: 4 — 9 in the previous start up procedure (Section 4.4.4).

10. The on-line sampling sequence was initiated (Section 1.1.1.1).

11. The off-line sampling sequence was initiated (Section 4.3.5.3).

4.4.6 Increasing system pressure: thymol synthesis experiments

The experimental apparatus was pressurised from ambient pressure (refer to Figure

4-1) as follows:

Pressure regulator PIC-2.1 was closed off.

Throttle valve PV-2.1 was opened.

Valve V-2.3 was opening slowly thereby venting all pressurised nitrogen from the
back pressure gas supply line.

Throttle valve PV-2.1 was closed.

Pressure regulator PIC-2.1 was opened slightly so that there were no rapid
pressure increases in the system.

Once the required pressure was reached, throttle valve PV-2.1 was set such that
the volumetric flow rate of the gas stream being vented through PV-2.1, was
slightly higher than that of product gasses (especially propene and water vapour)

from the reactor system.

When pressure was increased from a pressure higher than ambient, it was done

starting from point 4 in the above sequence.
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4.4.7 Standard conditions employed for experiments

Table 4-5 presents the standard conditions at which experiments were initiated.

Catalyst activity was allowed to reach quasi steady state, which usually was around

50 hrs. on stream, before conditions were altered. Product sample composition was

monitored until constancy was reached, such that samples representative of the

reaction conditions could be attained.

Table 4-5: Standard experimental conditions applied with the respective feeds

Thymol synthesis with Dehydration of

Iso-propanol Di-isopropylether Iso-propanol Di-isopropylether
Temperature (T) 250 250 250 250
Pressure (bar) 1 1 1 1
Phase gaseous gaseous gaseous gaseous
Isopropy! group:m-cresol 1 1
ratio
Molar ratio to m-cresol 11 0.5:1 1:1 0.5:1
Feed partial pressures (bar)
- m-Cresol 0.5 0.5
- alkylating agent 0.5 0.25 0.5 0.25
- Nitrogen 0.5 0.5
WHSV (grm-cresol” Gear - hr*) 1.03 1.03 - -
WHSV(Gaikyiating agent* Geat - hr') 1.03 0.49 0.57 0.49

4.4.8 Shut-down procedure for thymol synthesis experiments

After completion of each set of experiments the following procedure was carried out:

1.

a > WD

The feed pump was switched

The temperature controllers were switched off

Valve V-4.1 was closed

The nitrogen pressure control gas supply to the apparatus was closed off.

In order to completely vent the system of nitrogen, regulating valve PV 2.1 was
opened

Nitrogen flow to the top of the reactor was established by ensuring that valve V-
1.1 was in the correct nitrogen-supply position. PIC-1.1 was adjusted to 5 bar.
N, flow of 20 ml/min was set through mass flow controller FIC-1.2, closing bypass
valve, V-1.2 and also opening valves V-1.3 and V-1.4.

The reactor was then allowed to cool overnight before being dismounted and

unloaded.
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4.4.9 Shut-down procedure dehydration experiments

Once dehydration experiments were completed, the following sequence was initiated:

1. Proceed as per steps 1 & 2 in the previous start up procedure (Section 4.4.8).

3. Nitrogen flow to the top of the reactor was set to 20 ml/min (mass flow controller
FIC-1.2)
The diluent gas flow was set to 20 ml/min (mass flow controller FIC-2.1)

5. The reactor was then allowed to cool overnight before being dismounted and
unloaded.

4.4.10 Setup of an isothermal profile over the catalyst bed

During commissioning under flow of N, over silicon carbide (SiC), the reactor
achieved the long axial isothermal zone shown in Figure 4-4. The plot depicts the
requisite, low temperature at the reactor entrance (see Section 4.3.1) and the
isothermal zone achieved at 250C with optimal temp erature controller settings of the
individual heating bands / heating zones (each equipped with its own thermocouple).
The X-axis depicts the distance from the liquid-feed-introduction point to the end of
the reactor bed.

Table B-1 (0) column “N,;” lists the controller set points required to attain this
temperature profile, along with the set points employed in the generation of the other
profiles also shown in this appendix.

Direction of flow "

Heating bands

Heating block —— \ \2 \ _

Ny

] ) [C)

Inlet b T e STy et cetes
pauil S
Reactor tube _/
300 SiC packing Internal thermocouple
LI Isothermal Zone + 1°C |
) 250 -
L
o 200 -
|-
=
® 150 - - -
@ Achieved with 60ml/min N, at 1 bar,
g‘ 100 silicon carbide packing
e <Zone 1><Zone 2»<Zone 3>»< Zone 4><Zone 5>
50 . i | . |
0
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Distance from liquid feed entry point (mm)

Figure 4-4: Optimised temperature profile generated during commissioning
with a depiction of a 5 heating-zone-reactor system.
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Figure 4-5 shows the optimised temperature profiles obtained during experiments in
which reagents were reacted over the catalyst bed. The beginning of the respective

catalyst beds are indicated by the zero position on the x-axis.

In contrast to the curve shown in Figure 4-4, the latter mentioned plots show a
characteristic temperature depression in the region of initial contact between

reagents and catalyst.

This depression can be attributed to the endothermic dehydration of iso-propanol to
propene and water (see Appendix D, Table D-1 for the calculated heat of reaction).
This depression was observed in all experiments irrespective of reagent feed or
reactor conditions, though the extent of the depression was influenced by these

parameters (refer to Appendix D, Figure D-1).

In an attempt to negate this depression or at least minimise the extent of the effect of
this depression on the experimental results, the temperature controller set points
were adjusted so as to maximise the length of the isothermal zone of the catalyst bed
downstream from the temperature depression zone whilst minimising the
temperature depression in the initial contact zone. This philosophy was adapted as
the dehydration of the alcohol or ether occurs rapidly compared to the cresylic ring
alkylation. Therefore, the cresylic ring alkylation is thought to occur in the isothermal
zone for the greater part. By maximising the length of the isothermal zone
downstream from the temperature depression zone, the effect the temperature

depression has on ring alkylation is minimised.

In a further attempt to alleviate the extent of the depression, the SiC:catalyst dilution
ratio was increased five fold to 5:1 (vol.) in the initial section (2.5 g) of the catalyst
bed (17.8 g total mass). The position of this bed is demarcated by the red dotted

lines in Figure 4-5.

Considering that a 3 fold increase in reactant feed rate was used (as compared to the
lower catalyst loading experiment — 5.9 g), the increased dilution served to alleviate
the magnitude of the temperature depression resulting from the iso-propanol
dehydration reaction. This conclusion was drawn as a similar extent of temperature
depression was observed as with the lower catalyst loading. In addition, the
temperature profile prior to the bed was not depressed as with the lower catalyst

loading experiment.
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Figure 4-5: Catalyst bed temperature profiles obtained during experiments.

4.5 Product analysis

All product analysis was conducted via Gas Chromatography (GC) for purposes of
both quantitative and qualitative interpretation. Table K-1 (Appendix K, pg. A-35)
lists the details of the GC methods and apparatus employed in the respective sets of
experiments. Gas Chromatography Mass Spectral (GC/MS) analysis was employed
for identification of compounds formed during thymol synthesis and iso-propanol
dehydration reactions.

Sample chromatograms for qualitative and quantitative analyses are presented in
Appendix N (pg. A-40).

4.5.1 Identification of compounds

Model compounds (if available) for the various products expected to be present in the
reactor effluent, were used for peak identification in gas chromatograms. Both

individual compounds and spiked product samples were injected.

In cases where the model compounds were not available, peak identification was
performed using GC/MS. The mass spectra of these unidentified compounds were

compared to the NIST mass spectrum data bank. If a close matching mass spectrum
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was not found in this data bank, the spectrum of the unidentified compound was
interpreted. For examples of how the mass spectra of compounds were interpreted,

please refer to Appendix L and Appendix M (pg. A-36 and A-38 respectively).

It should be noted that throughout this study IUPAC rules were not strictly followed in
the naming of compounds. Instead, phenolic compounds were named such that the
methyl group of the original m-cresol molecule is always in the 3-position on the

phenolic ring.

4.5.2 Groupings of fractions for thymol synthesis experiments

Thymol synthesis reactor effluents obtained at severe conditions (temperatures >
275 C, low space velocities at < 0.5 g m_c,esorgca{l-hr'l) yielded product fractions not
seen under milder conditions. Compounds found in the reactor effluent were grouped
together as fractions as shown in Figure 4-6. For the full chromatogram, showing the
compounds preceding the fractions shown here, refer to Figure N-4 and Figure N-5
(Appendix N, pg. A-43 and A-44).

Table 4-6 provides a list of types of compounds identified in each of these fractions
(refer to a sample GC/MS chromatograms in Figure N-1 and Figure N-2, Appendix N,
pg. A-40).

H-MFI-90, HLights
iso- propanol:m-cresol L BC-10
1mslar ratio: 1:1, 325°C, B Isomers
ar, gas phase, ;
o i B Di-propylated
1.03 gm-cresolBeat “hr .
M Heavies

Intensity
L 17

o
N
I

Figure 4-6: Chromatogram with reactor effluent compound groupings.
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Table 4-6: Thymol synthesis product fractions seen at severe conditions

Peak No. Fraction Description Ncin side chains

Di-and Trimethyl-phenols
Ethyl-methyl-phenols

17 Lights Isopropyl-phenols 2
n-Propyl-phenols
Methyl-isopropyl-phenols with the
methyl group not in the 3 position
Other compounds eluding in the

18 C-10 same time frame (ca,11-12.4 min) 3
as the mono-isopropylated isomers
e.g. n-Propylated m-Cresol
Isopropylated m-cresol isomers:

8 3-Methyl-2-isopropyl-phenol

9 2 Isomers Thymol 3

12 3-Methyl-5-isopropyl-phenol

13 3-Methyl-4-isopropyl-phenol

19 Di-propylated Di-propylated m-cresol 6
(with n-Propyl and iso-Propyl)

20 Heavies m-Cresol alkylated with side chains with 6
total carbon numbers ranging from 4 to 8

*  Total number of carbon atoms residing on the cresylic ring (an avg. estimated for the fraction)

This number was employed in the calculation of the average number of carbon atoms in the side chains

For data analysis, the compounds of a certain fraction were lumped and dealt with as

a single compound. For instance, the “C-10" fraction was treated as a compound with

carbon number of 10. The Lights and Heavies fractions were treated as compounds

with carbon numbers of 9 and 13 respectively. These carbon numbers were assigned

based on the average carbon number of the particular fraction.

A sample chromatogram with identified compounds corresponding to the iso-

propanol dehydration experiments is presented in Appendix O (pg. A-47).
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4.6 Data evaluation

Conversions, yields and selectivities were calculated as measures of catalyst
performance. In the case of thymol synthesis, these parameters were calculated on
molar basis, i.e. on the basis of a phenolic ring balance in which all phenolic
compounds were treated as mono-cyclic species. Olefins and unconverted
alkylating agents were not taken into account. Only isopropyl-3-tolyl ether and
species with retention times higher than that of isopropyl-3-tolyl ether were

considered in these calculations.

4.6.1 Response factors and corrected peak areas for the thymol
synthesis experiments

The CG Flame lonisation Detector (FID) produces a signal that is proportional to the
actual concentration of carbon in the flame. The signal integrator gives raw sample
data reports with individual peak areas (PA;). These peak areas represent the
integral of the intensity of the FID signal as a function of time. Therefore, the peak
area is a measure the amount of carbon which eluted with compound i. However,
each carbon atom will give a response which depends on its environment. For
carbon atoms bonded to other carbon or hydrogen atoms, the FID intensity is
unaffected. However, when a carbon atom is bonded to an oxygen atom with a

single bond, the resultant signal intensity is halved (approximately).

Hence, the peak areas as obtained from the sample data reports are corrected for

the peak areas corresponding to molecules containing oxygen atoms.

If one regards the response of a carbon atom bonded to another carbon or hydrogen
atom as 1, the response given by a carbon atom bonded to an oxygen atom with a
single bond would be 0.55, whereas a carbon atom single bonded to two oxygen
atoms or double bonded to one oxygen atom gives no response i.e. 0 (Callanan and
van Steen, 1999). Consequently, the peak area (PA;) was multiplied by the average
response factor (f;) for a particular molecule to obtain the “corrected peak area”

(PAC)). Corrected peak area was calculated according to Equation 4-2.

Equation 4-1 shows the calculation of the response factor (f;) of compound i. In this
equation C; represents the number of carbon atoms in the molecule / carbon number
species, a the number of carbon atoms bonded only to carbon and/or hydrogen and

b; the number of carbon atoms single bonded to oxygen.
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Equation 4-1: Calculation of response factor ( fj)
fi—ai+bi-0.55

Equation 4-2: Calculation of corrected peak area ( PAC;)
PACL = PA, X fi

4.6.2 Molar calculations

Corrected peak areas (PAC;) were converted to mol proportional peak areas (PAM;)

by division of PAC; by the carbon number of the molecule as shown in

Equation 4-3.
Equation 4-3: Calculation of mol proportional peak area ( PAM)
PAM. — PAC;
i~ Ci

4.6.3 Conversion

For the “thymol synthesis” experiments, two types of conversion were calculated, viz.
“m-cresol conversion” (Xm-cresol - Equation 4-4) and “m-cresol alkylation conversion”
(Xm-cresol, alkylation - Equation 4-5). The m-cresol conversion is calculated by dividing
the mol proportional peak area of m-cresol by the sum of the mol proportional peak
areas in the product (including that of the unconverted m-cresol) and subtracting this

ratio from 1.

Equation 4-4: Calculation of m-cresol conversion ( Xm_cresol)

PAMm—Cresol)

Xm_cresol =100%><(1—
m-Creso n_PAM;

Xm-cresol, alkylation refers to the part of m-cresol which was converted via alkylation
reactions i.e. as shown in Equation 4-5, the segment of m-cresol converted via
isomerisation to position isomers is excluded from this value. This exclusion is
signified by the subtraction of the yields of the m-cresol position isomers (Yq.cresor @and

Yp-cresol — S€€ Equation 4-7 for the calculation of these parameters) from Xm_cresol-

Equation 4-5: Calculation of m-cresol alkylation conversion ( Xm-cresol, alkylation)

Xm—cresol, alkylation = Xm—cresol - (Yo—cresol + Yp—cresol)
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4.6.4 Selectivity

The molar selectivity toward the formation of a specific component (i) was expressed
as the amount of the components formed (PAM;) divided by the total amount of

components formed / m-cresol conversion (X _cresol)-
Equation 4-6: Calculation of molar selectivity (S))

PAM;

*PAM;
§;=2E T L 100%
Xm—Cresol

4.6.5 Yield

The molar yield of a certain product (Y;) is obtained by multiplying the molar m-cresol
conversion (Xm-cresol) @nd the selectivity of the particular product (S;) as shown in

Equation 4-7.

Equation 4-7: Calculation of component yield  (Y))

Yi = Xm—cresol X Si

4.6.6 Average number of carbon atoms in side chains

The average number of carbons in the alkyl substituents of the product compounds
(Navg c in side chains) Was calculated by dividing the sum of the product of the side chain
length, (Ncin side chains, j) @nd the yield of the specific product fraction (Y;) by the sum of
the yields of the various product fractions (as shown in Equation 4-8). Table 4-6
(Section 4.5.2) lists the carbon numbers of the product fractions taken into account.

Note that the original cresylic methyl group was not counted as part of Nc i side chains, -

Equation 4-8: Calculation of average carbon no. in side chains ( Nayg cin side chains)

5
Zj:l(NC in side chains,j X Yj)
5
j=1 Yi

NAvg Cin side chains —

4.6.7 Thymol synthesis thermodynamic equilibrium constant

The thermodynamic equilibrium constant (K,) for the thymol synthesis reaction with
propene and m-cresol (considering water formed by dehydration of iso-propanol as a

diluent), is given by Equation 4-9.
Equation 4-9: Thymol synthesis thermodynamic equilibrium constant ( Ka)

Xm—cresol X Sthymol X (3 —-2Xx Xm—cresol + Xm—cresol X Sthymol)

K, =
“ (1 - Xm—cresol )2
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4.6.8 Selectivity of Alkylating agent dehydration experiment

Selectivities corresponding to the “dehydration experiment” series were calculated on
a carbon weight percentage base and not on a molar basis as with the “thymol
synthesis experiment” series. In all cases these, the alcohol or ether dehydration
reactions went to completion. Therefore, the selectivity of the respective product
fractions was calculated as the peak area of the specific compound/fraction over the

sum of the peak areas of all the product fractions as shown in Equation 4-10

Equation 4-10: Calculation of mass selectivity (  S;) for the dehydration exp.

PA;

S = —
t Xk PA;

4.7 Obtaining thermodynamic data

No measured thermodynamic data was found in the literature for the phenolic
derivatives of m-cresol produced in this study. Therefore, molecular modelling and
group contribution methods were used to generate the required thermodynamic data
for calculating thermodynamic equilibrium product distributions. For details regarding
the use of these respective estimation techniques, refer to Appendix F and
Appendix G (A-11 and A-25).

The thermodynamic and other data generated in this manner (such as standard
enthalpy of formation and Gibbs free energy of formation) together with specific
gravity, molecular weight, structural information, pure component physico-chemical
data (such as normal boiling point, critical temperature and critical pressure) were
used in the Aspen Plus software simulation package (Aspen Technology, Inc. 2006)
to compute the thermodynamic equilibrium distribution of compounds. This software
package offered a variety of group contribution methods which could be employed to
calculate the ideal gas heat capacity of these compounds. As recommended by the
package, the BensonR8 option was used to generate the ideal gas heat capacities.
This method corresponds to that described by Benson and co-workers (Benson and
Buss, 1958; Benson, 1968; Benson et al., 1969) and was released with the 8"
version of Aspen Plus (2006). The UNIFAC and IDEAL property methods were

employed to calculate other parameters required for the simulations.
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5 Results

In the following chapter, iso-propanol and di-isopropylether are usually referred to as
IPA and DIPE, in particular, in figures and tables. A fold-out list of such abbreviations

is given in Appendix A (pg. A-1).

5.1 Theoretical considerations — thermodynamic equilibrium
limitations

No experimentally determined thermodynamic data was available at the outset of this
study for the various isopropylated derivatives of m-cresol formed. These derivatives
include thymol itself, the various position isomers of thymol, the di-isopropylated
isomers, or the m-cresol derived compounds found, with higher alkyl groups.
Therefore, this data was estimated using mathematical simulations. Various methods
were tested against a control group of phenolic compounds for which measured
values were available (see Appendix G, pg. A-25). Based on the accuracy with which
it predicted the parameters for this control group and recommendations from
literature (Daubert and Thomas, 1999), the Constantinou and Gani 2" order group
contribution method was selected as the technique of choice for the estimation of all
the thermodynamic data used in this study. However, the limitation of this technique

is that it does not differentiate between position isomers of the cresol derivatives.

The curves in Figure 5-1 represent m-cresol equilibrium conversions for iso-propanol
as the co-feed (but completely decomposed to propene and water under the
conditions considered and therefore iso-propanol was not included in the reactor
feed). The curves differ according to the specific product distributions considered
(indicated by the acronyms - see the key). Experimental results have shown that a

pool of higher olefins forms from propene at relatively high reaction severity.

Acronyms containing the letters “I-B” indicate that an equilibrium pool of propene and
olefins with higher carbon numbers that had formed from propene were also
considered for this estimation (limited to the form of n-C, olefins together with the
sec. butylated products resulting from the alkylation of m-cresol with these n-C,

olefins in order to indicate trends and orders of magnitude).

In all scenarios, equilibrium conversion declines with increasing temperature (in the
range of interest to this study: 250 - 325C). The start of the downward sloping
branches of the curves (at around 200°C) indicates the transition from trickle phase

to gas phase with increasing temperature. Consequently, in cases where the product
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fraction had a higher average boiling point, this phase transition occurred at slightly

higher temperatures as compared to instances with lower boiling points.

100
—MPW Thymol
—MPWT
80 - —MPWTIB
) . —MPWTD

60 h — — — —

Gani 2™ order group
contribution method

m-Cresol equilibrium conversion (%)

40 4 M - m-Cresol | 1bar,
P - Propene 1:1 iso-propanol:m-cresol
W - Water molar feed ratio
20 - T - Thymol & Thymol isomers
D - Di-isopropylated m-Cresol derivatives
| - sec. butylated m-Cresol isomers
B - n-Butenes
0 v v v T T r
0 50 100 150 200 250 300 350

Temperature (°C)

Figure 5-1: Thermodynamic equilibrium conversion of m-cresol as a function of
temperature.

Refer to Appendix A (blue page) for a fold out detailing the components considered
in the thermodynamic calculations.

Figure 5-1 indicates that 100% conversion of m-cresol (at lower temperatures) is only
possible if di-isopropylation or conversion of propene to higher olefins (simulated as
C,-olefins) and the corresponding higher alkylated and m-cresol derivatives, does not
take place. This is indicated by the curves MPW Thymol and MPWT. Once di-
isopropylation and/or formation of higher olefins and higher m-cresol alkylation
products are taken into account, the maximum m-cresol equilibrium conversion is
significantly below 100%.

At the reaction conditions of 275C and 1 bar (see Figure 5-1) equilibrium conversion
to thymol (MPW Thymol) is 24% and to thymol plus position isomers (MPWT) is 48%.

Figure 5-2 shows the effect of temperature on the distribution of side chains and
remaining olefins for the MPWTDIB mixture. Alkyl substituents considered in the
model are C; side chains (either mono- or di-isopropylated) and C, side chains in the
form of sec. butyl groups (mono-butylated). Unreacted olefins are referred to as Cs
olefins remaining and C, olefins remaining (only n-C 4 olefins) .

According to Figure 5-2, at temperatures below 175°C, there are only trace amounts

of free propene and butenes present in the equilibrated mixture. Under these
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conditions, these compounds are mainly present (in the model) as iso-C; and sec. C,
substituents on the m-cresol rings. With increasing temperature, the amounts of
propene and butenes increase, with the butenes being the major constituents of the
olefin fraction. The change in curve shape at around 200 indicates the transition

from trickle phase to gas phase with increasing temperature.

100 —
d —C4 remaining
Gani 2™ order group —C3 remaining
80 contribution method —is0-C4 side chains
MPWTDIB, 1 bar, —2 X is0-C3 side chains
1:1 iso-propanol:m-cresol —i50-C3 side chains
60 molar feed ratio

NN
o

N
o

Distribution of side chains and
remaining alkylating agent (C-%)

300 325 350

0 b T T T
150 175 200 225 250 275
Temperature (°C)

Figure 5-2: Equilibrium distribution of cresylic side chains and remaining
olefins as a function of temperature.

Refer to Appendix A (blue page) for a fold out detailing the components considered
in the thermodynamic calculations.

5.2 Initial experimental findings

5.2.1 Quasi-steady state data

The hold-up in the experimental apparatus (particularly in the lines downstream from
the reactor where liquid condenses out of the gaseous/vaporous reactor effluent and
also inside the product catchpot) results in back mixing and consequently, delays in
reactor effluent egress. Hence, after changing reaction conditions, samples collected
during the transition state (i.e. samples neither representative for the previous, nor
the actual reactor conditions) were disregarded and only representative samples
obtained during the so called quasi-steady state of practically constant composition
(see Section 1.1.1), were considered for evaluation. Accordingly, only data points

corresponding to these individual quasi-steady state samples were plotted.

42




Chapter 5: Results

5.2.2 Catalyst stability vs. time-on-stream

To monitor and quantify catalyst deactivation, all experiments were initiated at
reference standard reaction conditions (1 bar, 250°C, gas phase, iso-propyl group to
m-cresol molar ratio = 1:1, 1.03 gm_cresopgca{l-hr'l). These conditions were also
reverted back to after a number or series of reaction parameter variations and before

termination of the individual experimental runs.

Examples of such data are presented in Figure 5-3, Figure 5-4 and Figure 5-5 for
systems with co-fed propene, di-isopropylether and iso-propanol, respectively. A
rapid decline of m-cresol conversion was observed for all alkylating agents employed
over an initial ca. 50-100 hour period on stream. The decline was less severe over
the ensuing 50-100 hours on stream, after which the rate of decline became
comparatively low. This period of very slow decline in activity with time-on-stream is
referred to as the ‘quasi-steady state’. The associated rate of deactivation was found
to be slow enough, such that the effects of and trends obtained by variation of
parameters (determined during short periods of time-on-stream of typically around
120 hours) were hardly affected by progressing deactivation. Therefore, parameter
variation was only conducted once product composition had stabilised, which
typically needed about 4 hours on stream. Product composition was monitored until
found steady, such that samples representative of these conditions could be
obtained. Results for propene conversion have been taken from a previous study
(Fletcher et al., 2003).

100
H-MFI-90 APropene (Fletcher et al., 2003)
1 bar, 250°C, gas phase X @ Di-isopropylether (DIPE)
< 80 - 1:1 propyl group: m-cresol molar feed ratio
9; 1.03g g Lhrt ¢Iso-propanol (IPA)
m-cresol ~cat
% @DIPE 'Water-free, First order
E 60 - x.‘ ¢IPA 'Water-free, First order'
= ®e A
8 &) A ®0
a— O
5 40 198 A oo
@ ’0. o.‘ 0. ©®
5 ¢ 4%, & o o o
0 ¢
2 2. ®e * a0 * N
0 L L] L] L] L L]

0 12 24 36 48 60 72 84 96
Time-on-stream (hrs)

Figure 5-3: m-Cresol conversion as a function of time-on-stream at standard
reaction conditions.
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Figure 5-4: m-Cresol conversion with iso-propanol as a function of time-on-
stream and effect of varying reaction conditions on catalyst stability.
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Figure 5-5: m-Cresol conversion with di-isopropylether as a function of time-
on-stream and effect of varying reaction conditions on catalyst stability.

Initially, m-cresol conversion achieved with di-isopropylether and iso-propanol as the
alkylating agents was lower than that achieved with propene. However, the rate of
deactivation was slower. Therefore, m-cresol conversion for the formerly mentioned

alkylating agents surpassed that of propene after around 50 hrs. on stream.

Post-experiment discharged catalyst extrudates, were observed as blackened
compared to the light coloured extrudates initially charged, for all alkylating agents

employed.

44




Chapter 5: Results

5.2.3 Effect of reaction conditions on catalyst stability

The time-on-stream data for experiments with iso-propanol and di-isopropylether are
shown in Figure 5-4 and Figure 5-5, respectively. This data corresponds to that
represented in Figure 5-3 (corresponding to standard conditions only). Data is
presented for 250C and 275<C for standard feed and WHSV. The periods (>100h) in
which no data is presented, correspond to different reaction conditions. Marginal
catalyst deactivation was observed continually (following the initial rapid catalyst
deactivation period) over the time frames presented. The extent of this catalyst
deactivation reflects that observed during previous studies under similar reaction

conditions (Nagooroo, 2012).

A relatively rapid loss of catalyst activity was observed during the 90 -120 and 80 -
110 hours period corresponding to iso-propanol and di-isopropylether co-feeds
(275°C, standard feed and WHSV), respectively. Losses of 3 percentage points and
5 percentage points in m-cresol conversion, within 1 day is attributed to the fast
deactivation of the catalyst at the higher temperatures (300 and 325<C) applied
during this time frame as well as the ‘aggressive’ activity of the fresh catalyst.
Accelerated deactivation at high temperature was also found in former studies
(Nagooroo, 2012; Fletcher et al., 2003).

After 530 and 260 hrs. for the iso-propanol and di-isopropylether runs, respectively,
space velocities were varied (15 bar, 275%C, isopro pyl group to m-cresol molar ratio
= 1:1). The pressure increase caused a phase change from vaporous to trickle
phase. Subsequently, m-cresol conversion (at the standard reference condition) was
found to have recovered by 4 percentage points compared to the activity obtained at

the same condition before the space velocity series was carried out.

5.2.4 Exclusion of external mass transfer limitations

The exclusion of artificial effects, such as external mass transfer limitations is
necessary to prove experimental integrity. These specific limitations are of particular
concern to systems employing low linear velocity (such as laboratory scale reactors).
The variation of catalyst loading with concomitant change in volumetric feed rate
equates to variation of the linear velocity of the reaction mixture over the catalyst
bed.

In this study, the absence of external mass transfer limitations was tested over two

different changes of the H-MFI-90 catalyst (at 275°C, 15 bar, iso-propanol:m-cresol
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molar ratio =1:1 and a range of space velocities). Results are shown in Figure 5-6.
The first was conducted with a catalyst loading of 5.87 g [diluted with SiC 1:1 (vol.
ratio)] and the latter with a catalyst loading of 17.82 g, i.e. at three times the linear
velocity. For the higher catalyst loading, the upper layer of the bed was diluted at a
5:1 SiC:catalyst vol. ratio with the rest of the bed at 1:1 (vol. ratio)

The higher catalyst bed dilution was employed to negate the effect whereby the rapid
initial iso-propanol dehydration influences the temperature profile (see Section
4.4.10).

Over the range of space velocities, the m-cresol conversion data points
corresponding to the respective experiments mimicked one another quite closely.
This applied even at the lower most space velocities, i.e. at the lower most linear
velocity. Therefore, external mass transfer control is not influencing overall
performance for the tests of this study.

100
® 5.87 gcatalyst
— ¢ 17.82 g catalyst (repeat, 3 x higher linear velocity)
S 80 4 s ¢
c
o
2
S 60 - $
5
N
% H H-MFI-90
6 15 bar, 275°C, trickle phase
é 20 1:1 iso-propanol to m-cresol molar feed ratio
1 0.05-2.0 gm-cresol.gcat-l.hr-1
0 L] L} L] L] L} L] L]

00 02 04 06 08 10 12 14 16 18 20 22

WHSV ;. cresol (gm{resol'gcat-1'hr1)
Figure 5-6: m-Cresol conversion as a function of space velocity.

5.2.5 Repeatability and data scatter

Repeatability is equally indispensable in the validation of experimental results. The
outcome of the experiments described in Section 5.2.4 also serves to check for
repeatability. It is evident that the result obtained from the two different experimental
campaigns (see Figure 5-6) are comparable, in terms of repeatability. However, data

scatter appeared to be significant.
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Data points represent the individual samples data during quasi-steady state
operation at the respective reaction condition settings. This was not found to be the
result of catalyst deactivation as data distribution did not show a correlation with
respect to time over the experimental periods employed for variation of the space
velocity. With the return to previously employed condition settings, resultant data
points still lay within the range of standard deviation determined with the said initially

obtained data distribution.

5.3 Thymol synthesis

5.3.1 Alkylating agents vs. reaction rate and catalyst stability

Figure 5-3 to Figure 5-6 show the following ranking for the different alkylation agents
with regard to conversion achieved (which is equivalent to reaction rate), over the

fresh catalyst:

Propene > di-isopropylether > iso-propanol

These figures also show the ranking for the different alkylation agents in terms of
their effect on catalyst deactivation or as follows (propene showing the most adverse

effect on catalyst deactivation):

Propene > di-isopropylether = iso-propanol

5.3.2 Variation of space velocity

Space velocity was varied in a series of experiments (also at different pressures) to

identify suitable conditions for the thymol synthesis reaction.

Figure 5-7 shows conversion vs. space velocity plots obtained in this study together
with the 3 experiments (conducted at 250C, 275T a nd 300C) from Mathews and
Tsui (2007) (presented in Section 2.7). Results correspond to reaction systems
catalysed by H-MFI-90 and H-MFI-400 over a range of reaction conditions. The figure
also shows lines of estimated m-cresol equilibrium conversions for specific reaction
mixtures that comprise propene, m-cresol and thymol (with an equimolar amount of
water present with respect to the original percentage of iso-propanol). These
estimates are presented for a range of temperatures and pressures (see Section 5.7
for details concerning the estimation of these values). Calculations consider that iso-
propanol and di-isopropylether are very rapidly dehydrated in the reaction system, so

that only propene is left as the effective alkylating agent (refer to Section 2.6.3).
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For ease of reference, the conversion - WHSV curve was divided into two branches
(separated by the black dashed lines in the figures) namely: the “high space velocity”
and “low space velocity” branch, respectively. In the “high space velocity branches”
of the curves, m-cresol conversion increased, as expected, with decreasing space

velocity but did not reach equilibrium conversion.

In the “low space velocity branches” of the curves, all curves obtained at 275C
mimicked a peculiar downward slope of m-cresol conversion with further decreasing
space velocity (except for the curve obtained for the partially deactivated H-MFI-90
catalyst at 1 bar). The reaction mechanism responsible for this unusual shape and
counterintuitive decline of conversion and thymol selectivity is discussed in Section
6.4.4.

Equilibrium conversions were calculated as described in Section 5.1 (see dashed line
in Figure 5-1). Please note that the designation “partially deactivated ” refers to
catalyst systems which are considered partially deactivated (as a result of exposure
to severe conditions). These systems still have considerable catalytic activity,
however are deactivated to a greater extent as compared to the preliminary results
corresponding to the *“volcano curve” (Curve “IPA, 275€C, 1 bar, H-MFI-400
(Matthews and Tsui, 2007) ") presented initially in Section 2.7.

100 | 5 s quilibrium MPWThymol, DIPE, 275 *C, 15 bar
Low SV : High SV wmsE quilibrium MPWThymol, IPA , 275 °C, 15 bar
* DIPE, 275 °C, 15 bar, H-MFI.90 , partially deactivated
|
(" bran':hl 't branCh‘) @ IPA ,275°C, 15 bar, H-MFI-90 , partially deactivated
hJ I V s quilibrium MPWThymol, 250 °C, 1 bar
80 . s E quilibrium MPWThymol, 275 *C, 1 bar
: s E quilibrium MPWThymeol, 300 “C, 1 bar
_— 1 ¢ IPA ,250°C,1 bar , H-MFI-400 (Mathews and Tsui, 2007)
s ® IPA ,275°C,1bar ,H.MFI.90 , partially deactivated
c | IPA ,275°C,1 bar , H-MFI-400 (Mathews and Tsui, 2007)
) Y A IPA ,300°C, 1 bar , H-MFI-400 (Mathews and Tsui, 2007), partially deactivated
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Figure 5-7: m-Cresol conversion vs. space velocity for a range of reaction
conditions.

Refer to Appendix A (blue page) for a fold out detailing the components considered
in the thermodynamic calculations.

48




Chapter 5: Results

Figure 5-8 and Figure 5-9 show how the yields and selectivities of the major
products and lumped product fractions varied when space velocity was reduced for
the reaction of m-cresol with iso-propanol mediated by H-MFI-90. Results show that
space velocity has a substantial effect on the selectivity of these product fractions in
the low space velocity branch of the curves. Similar trends with respect to conversion
and product selectivity were observed in the experiment which employed di-
isopropylether as alkylating agent under the same reaction conditions. Selectivity
results from the reaction of m-cresol with iso-propanol mediated by H-MFI-90 are

shown in Figure 5-10 and Figure 5-11 (selectivities).

A breakdown of each of the components found in the respective lumped fractions is
given in Figure 4-6. For convenience, Appendix A also provides a fold out (blue

page) detailing these product fractions.

It should be noted that equilibrium conversion of m-cresol (to thymol only) is close to
80% at 15 bar and 275 <. In Figure 5-8, the decline in total yields of thymol
(30 mol-%), thymol and thymol position isomers (20 mol-%) and di-propylated
compounds (10 mol-%) with decreasing space velocity, is accompanied by an

increase in the yields of "Heavies” (10 mol-%), “Cy” (3 mol-%) and “Lights”

(2 mol-%) (at WHSV < 05 g g _-t-hri). The difference reflects the ‘loss’ in

m-cresol “cat

m-cresol conversion at low space velocity.

The space velocity series carried out by Mathews and Tsui (2007), yielding the initial
“volcano curve” (Section 2.7) was conducted over H-MFI-400 (see curve:
“IPA, 275C, 1 bar, H-MFI-400 (Matthews and Tsui, 2007) " in Figure 5-7,
corresponding to IPA to m-cresol molar ratio = 1:1, 275C, 1 bar, gas phase), over a
relatively fresh catalyst. Whereas, the series corresponding to results shown in
Figure 5-10 and Figure 5-11 was conducted at the same reaction conditions, but over
a comparatively deactivated H-MFI-90 catalyst (It had been exposed to temperatures
up to 325, pressures up to 15 bar and was on stre am for 14 days as opposed to
the H-MFI-400 system, which had been on stream for 4 days, and had been exposed
mild conditions only). The experiment with H-MFI-90, achieved maximum conversion

at the lower most space velocity.

This conversion was at a similar level as the result obtained by Matthews and Tsui

(2007) at the equal reaction conditions. Yet, it did not show the characteristic decline
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in conversion at the very low space velocities. However, similar trends in selectivities

were observed as with the experiments at higher pressure (Figure 5-9).

60

Low : High | s-mr-e0
: 15 bar, 275°C, trickle phase
SV : SV 1:1 IPA to m-cresol molar feed ratio
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w
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: 30 mol-% thymol
20 - yield decrease

10 -

0 -
0.0 0.5 1.0 15 2.0
WHSV,, cresol (9m.cresot*Gcat ' hrr1)
@I |somers ADi-propylated
A Thymol W Heavies

+ 3-Methyl-4-isopropyl-phenol eC-10
W 3-Methyl-5-isopropyl-phenol @Lights
X 3-Methyl-2-isopropyl-phenol

Figure 5-8: Yields of the various product fractions vs. space velocity.

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.
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Figure 5-9: Selectivity of the various product fractions vs. space velocity.

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.

51




Chapter 5: Results
100 .
—®
80 i ./E‘f .
S . A
S 60 A : Hi A
2 Low : High 3 Isomers
- . AThymol
‘? SV SV W 3-Methyl-5-isopropyl-phenol
5 40 A <:| . |:> @ 3-Methyl-4-isopropyl-phenol
% : % 3-Methyl-2-isopropyl-phenol
n H-MFI-90,1 bar, 275°C,
20 + gas phase, 1:1 IPA to m-cresol molar feed ratio
:>¢ =
O 'l— T ;
0.0 . 0.8 1.0 1.2
WHSVm-cresol (g m-cresol 'gcat_l' hr_l)
Figure 5-10: Thymol and position isomer selectivities vs. space velocity
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Figure 5-11: Additional product fractions selectivities vs. space velocity

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.

Runs at 1 bar over H-MFI-400 (Figure 5-7) and temperatures other than 275, did

also not show the turnaround of conversions with decreasing space velocity within

the range of space velocities covered. Conversion at the high temperature of 300C

was limited by very low m-cresol equilibrium conversion (an estimated value, taking

only the thymol synthesis reaction into account) while at the low temperature of

250T the

catalyst lacked activity.
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5.3.3 Variation of reaction pressure

Figure 5-12 and Figure 5-13 depict the effect of increasing pressure on m-cresol
conversion, product yields and selectivities respectively. m-Cresol conversion,
thymol -and thymol isomer yields showed a logarithmic relationship with respect to
pressure. Thymol selectivity decreased as m-cresol conversion increased and
system selectivity shifted to secondary products like the di-isopropylated m-cresols.
However in contrast to the effect of increasing conversion due to decreasing space
velocity (see Figure 5-9, high space velocity branch), increasing conversion due to
increasing pressure translated into decreased selectivity toward thymol.
Concomitantly, increases in selectivity toward 3-methyl-4-isopropyl-phenol and 3-
methyl-2-isopropyl-phenol with a decrease in the selectivity toward the 3-methyl-5-

isopropyl-phenol isomer were observed.

100 Em-Cresol conversion
¢ I Isomers
90 1 A Di-propylated
A Thymol

o
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@ 3-Methyl-4-isopropyl-phenol
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H-MFI-90

275°C, trickle phase

1:1 IPA to m-cresol molar feed ratio
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Figure 5-12: m-Cresol conversion and yield of various product fractions vs. pressure
(Note the logarithmic scale of the x-axis).

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.
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Figure 5-13: Selectivity of thymol position isomers and di-isopropylated
m-cresol obtained as a function of pressure

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.
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5.3.4 Variation of reaction temperature

Figure 5-14 shows m-cresol conversion as a function of temperature for reaction
systems mediated by H-MFI-90 and H-MFI-400.

The curve shows a moderate increase in m-cresol conversion with increasing
reaction temperature above 275C and Figure 5-15 sh ows an increasing percentage

of the m-cresol undergoing isomerisation to o- and p-cresol.

50
mH-MFI-90 -1PA
== @H-MFI-400 - IPA
;"\?. -
‘: 40 1 bar, trickle phase, 1.03 g,,,_cresorgm{l-hr'1
o 1:1 IPA to m-cresol molar feed ratio
7]
o 30 4
>
=
o
o
o 20 1
@
=
Q
E 10 -
225 250 275 300 325 350

Temperature (°C)

Figure 5-14: m-Cresol conversion with iso-propanol as function of reaction
temperature.

The same types of compounds observed at 275T at th e lowest space velocity (see
yields of the respective product fractions as a function of space velocity in Figure 5-8)
were observed at temperatures above 275C, as depicted by the yields and
selectivities of the respective product fractions in Figure 5-15 and Figure 5-16
respectively. However, the formation of o-cresol, p-cresol and compounds other than

isopropylated m-cresol was not as pronounced in the low reaction temperature/ low
space velocity product.
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Figure 5-15: Yields of the various product fractions vs. reaction temperature.

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.
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Figure 5-16: Selectivity to product fractions vs. reaction temperature.

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.

5.4 Dehydration of iso-propanol

In determining the origin of individual side chains on the alkylated m-cresol species of
carbon numbers >3, iso-propanol was converted over one of the catalysts used for
thymol synthesis. Dehydration of the iso-propanol was rapid and complete under all
the conditions applied, while most of the primarily formed propene reacted further to

higher compounds.
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5.4.1 Variation of space velocity

To simulate an m-cresol containing feed at 1 bar total pressure, iso-propanol (diluted
with nitrogen at a partial pressure of 0.5 bar in order to compensate for the absence
of m-cresol) was converted over zeolite H-MFI-90 at 275°C while varying space
velocity. Figure 5-17 shows the results of this experiment. As indicated by the
secondary x-axis in Figure 5-17, the range of iso-propanol WHSV, was varied
corresponding to the range of m-cresol space velocities employed in the thymol

synthesis experiments.

The vyield of propene is small in comparison to the yield of higher olefins (C,4:) and
other product fractions. The higher olefins dominated the product distribution at the
high space velocities, but the percentage decreased sharply with decreasing space
velocity in favour of the fraction consisting of cyclo-olefins, cyclo-paraffins and
paraffins which increased steadily with decreasing space velocity but which also
started declining at very low space velocities in favour of aromatic compounds.
Aromatics were only observed at very low space velocities below

0.2 giso_propano,-gca{l-hr'l, but yields increased steeply with further decreasing space

velocity.
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Figure 5-17: Conversion of neat iso-propanol and yields of the various product
fractions as a function of space velocity.

H-MFI-90, 1 bar, 275°C, gas phase
1:1 IPA to N, molar feed ratio

Conversion and yields (Carbon wt-%)
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5.4.2 Temperature series

The same feed as charged for the space velocity series was converted at 1 bar total
pressure and a space velocity of 0.57 Qiso-propanol’ gca{l-hr'l whilst varying reaction

temperature.

Figure 5-18 presents the findings of this experiment. Propene yield was small
relative to that of the higher olefins (C4:) and other product fractions. The higher
olefins dominated the product distribution at low temperatures but the yield of this

fraction decreased markedly with increasing temperature.

The fraction consisting of cyclo-olefins, cyclo-paraffins and paraffins increased
distinctly with temperature up to 300 after which it started declining with further
increasing temperature in favour of aromatic compounds. Aromatics were only
observed at temperatures higher than 275C, but yie Ids increased considerably with

increasing temperature.

The composition of the product fraction obtained from converting neat di-
isopropylether showed similar trends (to that presented here for iso-propanol) with

respect to temperature.
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Figure 5-18: Conversion of iso-propanol and yields of the various product
fractions as a function of temperature.
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6 Discussion

6.1 Thermodynamic limitations relevant to this study

Thermodynamic calculations conducted previously (Nagooroo, 2012) essentially
showed that the dehydration of iso-propanol would be completed at reaction
conditions pertinent to this study (Section 2.6.3). Hence, only propene, m-cresol and
thymol were considered in the thermodynamic equilibrium product distribution

simulations presented in Figure 6-1 and water was treated as an inert diluent.

Figure 6-1 shows the Arrhenius plot of equilibrium constants for actual experimental
results obtained by Fletcher et al. (2001b) presented in Figure 2-3, Section 2.6.1
(only the upper edge of the array) and results corresponding to the thermodynamic
calculations conducted in this study. Equilibrium constants were calculated from m-

cresol conversions obtained from results for both cases.

The proximity of the simulated data points to experimental data (left branch), indicate

sufficient accuracy of these thermodynamic calculations.

4 -
® Experiment (Fletcher et al., 2001b)
3 . —Model - MPThymol
2 -
& 14 e
< o
k=
0 b @
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Py 0.43 - 8 propene to m-cresol molar feed ratio,
L5 .’ * 0.21-1.65 gm—crescol'gcat-l'hr-1
P Thermodynamic data:
-3 Gani 2™ order group contribution method
1 bar, 1:1 propene to m-cresol molar feed ratio
-4 . T T
1.50E-03 1.75E-03 2.00E-03 2.25E-03 2.50E-03

1T (K1)
Figure 6-1: Arrhenius plot for the equilibrium constant ( K,) obtained from
simulations.

Refer to Appendix A (blue page) for a fold out detailing the components considered in
the thermodynamic calculations.

Figure 6-2 presents an Arrhenius plot of m-cresol equilibrium conversions (assuming
that Xm.cresol IS proportional to the reaction rate constant — k at the low conversions
presented here) obtained from the said thermodynamic simulations for a range of
product distributions considered. Experimentally obtained data points are also

displayed in this plot.
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Temperature ( °C)

325 300 275 250
O L - L L L
B Experiment
—Model - MPWT
—Model - MPWThymol
1 Model - MPWTDIB
x“é -2 Ea= 45 kJ/mol-K
E Experiment: H-MFI-90, 1 bar, trickle phase,
1:1 iso-propanol to m-cresol molar feed ratio
-3 - 1.03 ngresol'gcat-l'hr-l
Thermodynamic data:
Gani 2™ order group contribution method
4 1 bar. 1:1 iso-pbronanol to m-cresol molar feed
1.65E-03 1.70E-03 1.75E-03 1.80E-03 1.85E-03 1.90E-03 1.95E-03

UT (K1)
Figure 6-2: Arrhenius plot for m-cresol iso-propylation reaction.

Refer to Appendix A (blue page) for a fold out detailing the components considered
in the thermodynamic calculations.

Consider firstly the position of simulated curve: MPWThymol (m-cresol, propene,
water and thymol). This curve only takes into account a single alkylation product,
namely thymol. The reaction system in which the other thymol position isomers are
included in addition- MPWT (m-cresol, propene, water, thymol and thymol isomers),
shows an m-cresol equilibrium conversion higher than that for a single isomer only.
With further inclusion of butenes, secondary butylated m-cresol derivatives and the
di-isopropylated m-cresol isomers (MPWTDIB), there is a reduction in the equilibrium
m-cresol conversion so that the MPWTDIB curve is positioned, below the formerly
mentioned MPWThymol and MPWT curves.

The proximity of the experimental data points obtained at 325 to the equilibrium
conversion curves indicate the approach to thermodynamic equilibrium involving
propene, water, m-cresol and thymol only (MPWThymol ). These data points are
somewhat higher than the said curve as a result of by-product formation. From these
results, one could extrapolate that with inclusion of additional products (i.e. other than
m-cresol mono-iso-propylated compounds present with more than 3 carbon atoms

per m-cresol molecule), the equilibrium conversion decreases.

From the theoretical and experimental results, above the conclusion can be drawn

that m-cresol conversion at elevated temperature (> 275 °C) is subject to
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thermodynamic limitations, and these limitations become increasingly inhibiting when
compounds other than thymol and its position isomers are formed (i.e. higher
alkylated m-cresol derivatives). This reveals a significant thermodynamic driving
force for the depletion of potential alkylating species by increasing average carbon
numbers in the olefin pool, which effectively results in fewer moles of alkylating agent

available for reaction with the unreacted m-cresol (see Figure 5-2 in Section 5.1).

6.2 Integrity of experimental results

Figure 5-6 shows the results of two space velocity series, each over fresh catalyst
charges at equal reaction condition settings and the overlapping data indicates

sufficient reproducibility of the experimental procedures.

Similarly, the equal levels of conversion presented in Figure 5-6 corresponding to a 3
- fold difference in linear velocity, indicate that the system is not governed by external
mass transfer control. This finding is supported by an approximate activation energy
of at least 45 kJ/mol-K, estimated from the experimental data points at 250C and
275 (Figure 6-2).

In a subsequent study, the absence of internal mass transfer limitations for this
particular reaction and catalyst system was verified using the catalyst in extrudate
form as delivered (Table 4-1) and in fine milled form (from the extrudates 0.3 — 1 mm)
(Shakankale and Thompson, 2012).

Time-on-stream performance shows that the water-free, propene system suffers
more rapid deactivation as compared to the systems where water is present. Water
appears to alleviate the effect of catalyst deactivation in m-cresol iso-propylation over
acid zeolite catalysts (see Figure 5-3). Furthermore, recovery in catalytic activity was
observed after experiments had been conducted at elevated pressures of 15 bar,
when the reaction system is in trickle phase, both in the case of iso-propanol and di-
isopropylether (with reference to Section 1.1.1, Figure 5-4 and Figure 5-5). It is
therefore suggested that the higher pressure trickle phase conditions could have
allowed for a washing effect by which components which caused catalyst
deactivation (soft coke) were dissolved and removed, thereby promoting catalyst
regeneration. Indeed, the first samples collected after switching to 15 bar reaction
pressure were dark in colour consistent with the presence of ‘soft-coke’ species.
Samples collected after about 6 hours post-pressure- increase were coloured similar
to pre-pressure-increase samples, suggesting that that ‘soft-coke’ deposited under

gaseous conditions had been mostly removed within this period under trickle phase.
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6.3 Conversion of iso-propanol

The steep temperature decline and equally steep subsequent temperature increase,
right at the beginning of the bed (refer to Section 4.4.10, Figure 4-5) is indicative of a
rapid iso-propanol dehydration reaction. Furthermore, no iso-propanol was seen in
the reactor effluent, even at the least severe conditions applied, i.e. conditions
effecting the lowest m-cresol conversion such as the lowest temperature and highest
space velocity employed. In addition, in previous research involving the same
reaction system at milder conditions, the iso-propanol dehydration reaction was
reported to proceed much faster than the m-cresol alkylation with iso-propanol
(Nagooroo, 2012). Therefore, at the comparatively severe reaction conditions applied
to this study, direct conversion of m-cresol with iso-propanol is unlikely and, the
alkylation system observed in this study is thought to involve only m-cresol, propene

and water.

Both the space velocity (Figure 5-17) and temperature (Figure 5-18) series of
dehydration experiments showed that a pool of higher olefins (C,.) formed from the
initially introduced iso-propanol with only very small yields of propene. This was
observed at reaction conditions equal to those applied for the target reaction
(reaction temperature, iso-propanol feed partial pressure and space velocity) but with
m-cresol substituted by nitrogen. With increasing reaction severity, this olefinic pool
was continually converted to other compound fractions as shown in the aforesaid
figures. The formation of such a ‘pool’ of interconverting olefinic species is a typical
reaction of olefins over acid zeolite and other solid acid catalysts (O’Connor, 2008;
Sealy et al., 1994; van Niekerk, 1996; Garwood, 1983).

In the thymol synthesis experiments at “high” space velocities (above
0.2 Giso-propanoi®Tcat hr - OF 0.3 Gmcreso®Pear -+ 1), Most of the originally formed propene
was present in the reactor effluent either as cresylic ring substituents in the liquid
fraction or propene in the vapour fraction. At lower space velocities, lower propene
yields were observed. Side reactions in which higher olefins (C4.) are formed which
also alkylate m-cresol, were also seen. This result was in contrast to the far lower
propene yields observed in the space velocity experiment at equivalent reaction
conditions shown in Figure 5-17. The reaction pathway for propene suggested by the
dehydration experiments is therefore representative of the side reactions of propene
occurring in alkylation experiments (with m-cresol present), however, these reactions

occur at a slower rate in the alkylation systems.
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6.4 Thymol synthesis

6.4.1 Effect of pressure and water

The logarithmic response m-cresol conversion with increasing pressure
(Figure 5-12), points to a reaction order close to 1 in respect of total pressure, as has
been reported by others for such systems (Nagooroo, 2012). Moreover, at low time-
on-stream, when catalyst deactivation is minimal, systems with iso-propanol and di-
isopropylether as alkylating agents show lower initial m-cresol conversion than is the
case for propene (Figure 5-3), quite possibly reflecting a lower effective reactant
(propene) partial pressure. Upon complete dehydration of iso-propanol and
di-isopropylether, water constitutes 33% and 20% respectively of the propene/water/-
m-cresol reaction mixture, while in the case of a propene feed the reaction mixture is
water-free. To allow for a comparison, the resulting differences in the effective
propene and m-cresol partial pressures (of the said water containing alkylating
agents, reported in Section 4.4.7, Table 4-5) were accounted for by manipulation of
experimental results to simulate the absence of water. The computed results-
‘Water-free, First order ' for both IPA and DIPE closely resemble the propene data
series at low time on stream values (see curves in Figure 5-3). Therefore, the lower
initial m-cresol conversion in the case of IPA and DIPE feeds can be ascribed to an
artificial effect by which the presence of water lowers reactant (propene) partial

pressure, resulting in a reduced reaction rate and conversion.

The above findings seem also to suggest that the presence of water vapour has no
direct effect on catalyst activity, yet extended time-on-stream performance shows
that the water-free propene system suffers more rapid deactivation as compared to
the systems where water is present such that water appears to moderate the extent

of catalyst deactivation in m-cresol iso-propylation over the zeolite catalyst.

Furthermore, a limited recovery in catalytic activity was observed for experiments in
which the system was operated at elevated pressures (15 bar) and where a trickle
phase regime exists for both iso-propanol and di-isopropylether alkylating agents
(Section 1.1.1). Itis likely, therefore, that the higher pressure trickle phase conditions
induce a solvent washing whereby species which caused catalyst deactivation (soft
coke) are removed under purely vapour phase conditions. Indeed, the first liquid

samples collected after the pressure induced trickle-phase, were dark in colour, as
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opposed to the generally straw coloured liquids derived from vapour phase

conditions.

Given that the data presented in Figure 5-12 (Section 5.3.3) is derived from systems
sufficiently far from thermodynamic equilibrium, it appears that the variation of total
pressure and the concomitant change of water vapour pressure, have hardly any
direct effect on thymol selectivity. This is consistent with other claims that pressure
influences thymol selectivity mostly indirectly through its influence on reaction

kinetics and overall m-cresol conversion level (Nagooroo, 2012).

6.4.2 Effect of temperature

It was found that, unlike the effect of pressure, increasing temperature not only
results in increased conversion and thymol yields but also directly influences
selectivity to the various product fractions (in addition to the indirect effect via

changing conversion), in particular at reaction temperatures below 275<C.

Figure 6-3 shows increasing thymol selectivity with respect to increasing reaction
temperature in the range 250C - 275TC, at high spa ce velocity. According to
Nagooroo (2012) this increase in thymol selectivity results from a shift in the reaction
pathway, with a decreasing contribution via the isopropyl-3-tolylether route
(O-alkylation) and an increasing contribution via the m-cresol propylation route (C-

alkylation) - see Section 2.5 for review of reaction mechanisms.
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Figure 6-3: Thymol selectivity as a function of  m-cresol conversion
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With further increasing temperature above 275C, thymol selectivity decreases
sharply whilst a marginal increase in m-cresol conversion was observed. In addition,
under these (severe) conditions, other products including cresol isomers, cresol-
cresol transalkylation products (xylenols and phenol), n-propylated m-cresol and m-

cresol alkylated with higher olefins (C,.), appear increasingly in the reaction product.

To indicate the extent of the m-cresol isomerisation, the m-cresol alkylation
conversion is plotted alongside the m-cresol conversion as a function of temperature
in Figure 6-4. It is seen that negligible m-cresol isomerisation takes place at
temperatures below 275C. Above 275C, even though m-cresol conversion
increases only marginally, a substantial amount of m-cresol is consumed in
isomerisation reactions such that the number of cresol rings alkylated with Ca,

actually decreases with increasing temperature (above 275<C).
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Figure 6-4: m-Cresol conversion and alkylation conversion vs. temperature.

6.4.3 Effect of space velocity

For the sake of clarity, selectivity-conversion data is considered separately
corresponding to the “high space velocity” and the “low space velocity regimes” of the
general m-cresol conversion vs. space velocity plot of Figure 5-7. In addition these
data will be considered in terms of a “kinetically favoured” product fraction (thymol, 3-
methyl-2-isopropyl-phenol, 3-methyl-4-isopropyl-phenol and di-propylated m-cresol)
and a “secondary products” fraction (C-10, lights, 3-methyl-5-isopropyl-phenol and
heavies) for data at 275, below the point where m-cresol isomerisation becomes
significant.
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At high space velocities (Figure 6-5) selectivity to the “kinetically favoured” products
(which form immediately) is high and decreases only slightly with decreasing space
velocity (while conversion increases). This trend was mirrored by an equally marginal

increase in selectivity to the “secondary products” fractions.
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Figure 6-5: Selectivity to “kinetically favoured” and “secondary poducts”
vs. m-cresol conversion in the “high space velocity” regime.

Refer to Appendix A (blue page) for a fold out detailing the various product fractions.

Thymol selectivity (Figure 6-6) increases only marginally with increasing m-cresol
conversion (and corresponding decrease in space velocity). This trend has also
been attributed to a shift of reaction mechanism from O-alkylation to C-alkylation
(Nagooroo, 2012).
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Figure 6-6: Thymol selectivity vs. m-cresol conversion in “high space velocity”
regime.
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In contrast to the trends observed in the “high space velocity” regime, selectivity to
the “kinetically favoured” fraction decreases substantially with decreasing space
velocity (Figure 6-7) and, correspondingly, an equivalent increase in selectivity to
“secondary products” is seen. Similarly, thymol selectivity (achieved at 15 bar)

decreases, as shown in Figure 6-8.
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Figure 6-7: Selectivity to “kinetically favoured” and “secondary poducts” vs.
m-cresol conversion in “low space velocity” regime.

Refer to Appendix A (blue page) for a fold out detailing the product fractions.

100
m Space velocity (1 bar)
3 an # Space velocity (15 bar)
"cI: - o
E -4
%“ 60 - 0.3 g/gca/hr 0.3 g/gca/hr
= oy D gy
S 0.05 g/gco/hr W™ @ e e
B 40 o I ol X
= 013 g/ hr
g H-MFI-90 AV 9/9cal
> 275°C, trickle phase @ 9.7 0.05 g/gcea/hr
|'E 20 1:1 iso-propanol to m-cresol
molar feed ratio
0 10 20 30 40 50 60 70 80

m-Cresol conversion (%)
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The yield curves of Figure 5-8 show that, with decreasing space velocity, the
“kinetically favoured” isomers were converted in favour of the “secondary products”
in the “low space velocity” regime. In this experiment, which employed a
comparatively aged catalyst of lower activity than that used in the preliminary
experiments of Mathews and Tsui (2007) at 1 bar and 275<C,(Figure 5-7) the same
trend with respect to m-cresol conversion was not observed. Even so, the
relationship between thymol selectivity and space velocity in the “low space velocity”
regime was similar (Figure 5-10 and Figure 6-8), and this declining thymol selectivity
is characteristic of an approach to thermodynamic equilibrium as discussed in
Section 2.6.1. At higher temperatures (above 275C), the approach to
thermodynamic equilibrium is more rapid as a consequence of the increased
reaction kinetics and the characteristic decrease in thymol selectivity is observed at

higher space velocities at these temperatures.

The same deactivated catalyst was subsequently operated at higher pressure (15
bar) and under these conditions the so-called “volcano curve” in respect of m-cresol
conversion was observed (Figure 5-6 and Figure 5-7). As in the preliminary result

(Mathews and Tsui, 2007), declining m-cresol conversion, was accompanied by

declining thymol selectivity at space velocities below 0.5 gm-cresorgca{l- hrt,

The elevated pressure allowed also for a higher equilibrium m-cresol conversion and
the higher pressure also increased reaction rate, consequently, the m-cresol
conversion obtained at higher pressures was at a higher level compared to that
obtained at lower pressure. In all cases where the “volcano curve” was seen within
the range of space velocities investigated, the m-cresol conversion was in close
proximity to the equated thermodynamic equilibrium m-cresol conversion value
(Figure 5-7).
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6.4.4  Origin of the “volcano curve” for m-cresol conversion

Figure 6-9 presents the same m-cresol conversion vs. space velocity data of
Figure 5-6 and Figure 5-7 but plotted in a vertical orientation and representing a
lengthwise section through the catalyst bed of the fixed bed reactor. The primary Y-
axis (left) represents the length of the catalyst bed (from top) while the X-axis
depicts conversion. Space velocities corresponding to the individual groups of data
points are indicated on the secondary Y-axis (right). It should be noted that the bed-
length axis in this figure is linear and consequently, the space velocity axis is
logarithmic and correspondingly, the shape of the conversion curve changes, - it
appears compressed at the high space velocities (top end) and expanded at the low
space velocities (bottom end) - in comparison to the curves in Figure 5-6 and Figure
5-7. Consequently, Figure 6-9 describes the chemical progression of the thymol
synthesis system as the reaction mixture proceeds down the catalyst bed, coming
into contact with more and more catalyst which is equivalent to a constantly
declining space velocity (or increasing reaction / contact time), as indicated on the
secondary Y-axis. The composition of the reaction mixture with position (primary
Y-axis, left) in the reactor is thus given by the product composition for the

experiments of chapter 5 at equivalent space velocity (secondary Y-axis, right).
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Figure 6-9: Lengthwise through the catalyst bed in the fixed bed reactor
employed for thymol synthesis.
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The declining m-cresol conversion with decreasing space velocity seen in the “low
space velocity” regime (space velocity range 0.31 — 0.04 g/g-hr in Figure 6-9)
suggests that the alkylated m-cresol product generated in the “high space velocity”
(space velocity range 1.95 — 0.7 g/g-hr in Figure 6-9) is dealkylated, thereby
reintroducing m-cresol back into the reaction mixture in the “low space velocity”

regime further down the catalyst bed, as described below.

When the feed mixture enters the catalyst bed (from the top of the bed) and passes
through the uppermost layers of catalyst, the co-fed iso-propanol is very rapidly and
almost completely converted mostly to propene and water (as described in Section
5.4) and some isopropyl-3-tolyl-ether. The resulting propene, as the effective
alkylating agent, alkylates m-cresol but at a rate much slower than the iso-propanol
dehydration reaction. Initially this propylation forms mostly thymol and smaller
amounts of its 2- and 4-isopropylated isomers as shown selectivity to the thymol and
the “kinetically favoured” fraction in Figure 6-6 and Figure 6-5, respectively - the
latter isomers being the other, albeit, less reactive positions on the m-cresol ring
which become occupied also when the ether rearranges to thymol and these
isomers in accordance with the mechanism described by Nagooroo (2012).
m-Cresol conversion and, correspondingly, the yields of these isomers increase
with increasing mass or volume of catalyst passed through by the reaction mixture
(as shown in Figure 5-8), i.e. further down the catalyst bed. The comparatively small
increase in conversion observed with decreasing space velocity in the “high space
velocity” regime (top of the catalyst bed), from about 45 to 65 percentage points
when the space velocity was reduced almost four-fold from its initial value, can be
attributed to an approach to the thermodynamic equilibrium conversion as per the

Arrhenius plot in Figure 6-2.

The above trend in conversion with respect to space velocity is as expected.
However, after having passed through about 15% of the catalyst bed (corresponding
to the “high space velocity” regime), m-cresol conversion and thymol formation

cease (effectively) as reflected by the decreasing thymol yield in Figure 5-8.

This decline in thymol content, and also that of its 2- and 4-isopropylated position
isomers, can partly be attributed to their consumption via isomerisation to the 5-
isopropylated isomer and their conversion to other C10 compounds (mostly n-

propylated m-cresol isomers) as can be seen in Figure 5-8 and Figure 5-9.
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Further down the catalyst bed, reactions other than mono- and di-isopropylation of
m-cresol or the isomerisation of the mono-isopropylated m-cresol compounds
dominate, in particular the formation of alkyl-methylphenols with alkyl side chains
longer than C; as reflected in the increasing yield of “Heavies” with decreasing
space velocity (Figure 5-8 and the determination of their nature in Section 4.5.1).
The C,4-Cg side chains found in these “Heavies” may arise from a ‘pool’ of olefins,
higher than propene, that form through propene oligomerisation and subsequent
higher oligomer cracking, the presence of which has been reported in other studies
concerning the reaction of small olefins over acid zeolites and other solid acid
catalysts (O’Connor, 2008; Sealy et al., 1994; van Niekerk, 1996; Wichterlov4d and
Cejka, 1993; Garwood, 1983) and which has also been demonstrated to occur

under the reaction conditions applied in this study (Section 5.4).

Both the aforementioned reactions, namely the formation of a ‘pool’ of higher olefins
and their alkylation of m-cresol eventually consume more propene per ring alkylated
than that provided by the 1:1 molar stoichiometric feed mixture (which is
stoichiometric with respect to mono isopropylation, i.e. the formation of thymol and
its position isomers). They are all secondary or even tertiary reactions, occurring
further down the catalyst bed after thymol formation and only after the olefin pool
has been established and, consequently, these reactions proceed mostly further
down the catalyst bed, only, once thymol formation from propene and m-cresol has
equilibrated in the top (“low space velocity” regime) of the bed. As a result, co-
reactant propene is ‘removed’ from the m-cresol + propene < thymol equilibrium
mixture that has established, via dealkylation of the initially formed compounds
followed by transfer of the resulting propene to the olefinic pool - and consequently,
the m-cresol / propene / thymol equilibrium shifts back to the left, as evidenced by
the declining cresol conversion and thymol yields further down the bed (see Figure
5-9 and Figure 5-8) which show the selectivity and yield of the compounds whose
isopropyl groups are located in reactive position essentially the 2-, 4- and 6-
isopropylated m-cresol isomers and corresponding di-propylated m-cresol
compounds, decreasing with decreasing space velocity in the “low space velocity”

regime of the bed.
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Correspondingly, after the rapid, initial mono-isopropylation phase which takes place
in the top section of the catalyst bed is over, the ratio of the average carbon number
of (combined) new side chains to m-cresol rings increases (whereby ‘combined’
means that, for example, two isopropyl groups count as Cg), from 3.4 after a few
layers of catalyst to beyond 4 further down the catalyst bed as shown in Table 6-1
(see Figure 5-6 for reaction conditions employed and Section 4.6.6 for the

calculations).

Table 6-1: Average side chain length as a function space velocity

Space velocity Average number of total carbon atoms in side chains
(Gm-cresol *Geat +hr™) (in addition to the original methyl group)
of cresylic rings

1.95 3.4

1.01 3.5

0.7 3.7

0.31 3.7

0.13 4.0

0.04 4.1

Similar findings have been reported for the acid catalysed isomerisation of cresols
(Bohringer, 2009) and the transalkylation of xylenols with phenol (Moeketsi, 2007) In
the cresol isomerisation system, the approach to thermodynamic equilibrium
resulted in consumption of the primary product to form transalkylation products via
side reactions (Bohringer, 2009). Similarly, with decreasing space velocity (and the
approach to equilibrium), the phenol/xylenol transalkylation system exhibited
increasing yields of higher methylated phenols and a concomitant re-introduction of
phenol into the reaction product. As a result, the phenol conversion passed through

a maximum with decreasing space velocity (Moeketsi, 2007).
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7 Conclusions and Recommendations

Systems with water present exhibited a slower rate of deactivation as compared to
systems with no water present over H-MFI-90. Moreover, it is postulated that a
solvent mediated washing effect which frees the catalyst of soft coke can be

achieved by means of a pressure-induced liquid or trickle phase over the catalyst.

The depression in the temperature profile seen in the upper zone of the catalyst bed
can be attributed to the endothermic dehydration of the alkylating agent (whether iso-
propanol or di-isopropylether is used). Increased dilution of the catalyst bed with SiC
was effective in reducing the extent of the depression. In separate experiments it is
observed that iso-propanol completely dehydrates at the top of catalyst bed and that

propene is the effective alkylation agent in all experiments.

As per previous studies involving thymol synthesis with propene and m-cresol
(O’ Connor et al., 2003; Nagooroo, 2012), temperature affected thymol selectivity
directly, with thymol selectivity decreasing, with increasing temperature. The

maximum thymol yield also being limited by thermodynamic equilibrium.

It has been established that with the decreasing space velocity, the
thymol / m-cresol / propene reaction system approaches thermodynamic equilibrium.
Effectively, the formation of thymol ceases and competing reactions start to occur.
Under these conditions a fraction of compounds consisting of m-cresol rings with Cy-
Cs side chains (with carbon numbers higher than that of propene) form by alkylation
of m-cresol via a pool of olefins. As a consequence, the system becomes propene
depleted and a driving force for the dealkylation of kinetically favoured isomers (such
as thymol) arises, such that, a decrease in thymol yield is observed with further
decreasing space velocity and the counter- intuitive volcano curve in respect of

cresol conversion arises.

Based on the findings of this study, the following recommendations are made in

respect of future studies aimed at optimising the thymol synthesis process, viz. that:

e amaximum temperature of 275<T is applied;

» the use of higher pressures and mass flows, than those employed in this study,

be considered;
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» the effect of alkylating agent partial pressure in the reactant mixture be

investigated, i.e. that the feed molar ratio be varied,;

» after 72 hours on-stream and before commencing with further experiments, the
system be operated at 325T for 6 hours to obtain quasi steady state catalyst
performance (at higher temperature, the aforesaid quasi steady state will be
obtained more rapidly and it is expected that maintaining this condition for 6

hours only, will not deactivate the catalyst excessively);
» the volumetric dilution of the catalyst bed over the initial region be increased from

1.5 (Catalyst: SiC) to some higher value so as to avoid the depression of the

temperature resulting from iso-propanol dehydration.
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EXPERIMENTAL
PRODUCT FRACTIONS

Fraction Description

Di-and Trimethyl-phenols
Ethyl-methyl-phenols

Lights Isopropyl-phenols
n-Propyl-phenols
Methyl-isopropyl-phenols with the
methyl group not in the 3 position

C-10 Other compounds eluding in the same time frame (11.0-12.4 minutes)
as the mono-isopropylated isomers e.g. n-Propylated m-Cresol

Isopropylated m-Cresol isomers:
3-Methyl-2-isopropyl-phenol

Z Isomers Thymol
3-Methyl-5-isopropyl-phenol
3-Methyl-4-isopropyl-phenol

Di-propylated Di-propylated m-Cresol
(with n-Propyl and iso-Propyl)

Heavies m-Cresol alkylated with side chains consisting of 4-8 carbon atoms (C,.g)
Thymol

Kinetically favoured 3-Methyl-2-isopropyl-phenol

3-Methyl-4-isopropyl-phenol
Di-isopropylated m-Cresol

Heavies

Secondary products C-10

Lights
3-Methyl-5-isopropyl-phenol

THE FOLLOWING APPLIES TO FRACTIONS SIMULATED IN
THERMODYNAMIC EQUILIBRIUM CALCULATIONS

C4 remaining n-Butenes (cis-2-, trans-2- and 1-Butene)

C3 remaining Propene

is0-C4 substituents n-Butenes which have alkylated m-Cresol to form
secondary butyl substituents

2 x iso-C3 side chains Propene which has alkylated the m-cresol ring twice
to form Di-isopropylated m-cresol compounds

iso-C3 side chains Propene which has alkylated the m-Cresol ring
to form Thymol and Thymol position isomers

THE FOLLOWING APPLIES TO ACRONYMS DESIGNATING PRODUCT
COMPOSITION IN THERMODYNAMIC CALCULATIONS

M m-Cresol
P Propene
w Water
T Thymol and thymol isomers
D Di-isopropylated m-Cresol derivatives
| sec. butylated m-Cresol isomers
B n-Butenes
ALKYLATING AGENT ABREVIATIONS
IPA Iso-propanol
DIPE Di-isopropylether
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Appendix B: Temperature profiles

The tips of the thermocouples associated with the controllers which regulated the
heat input to the individual heating bands were located in such a way that they
touched the outer surface of the reactor heating block. The temperatures measured
inside the reactor tube corresponding to the zones regulated by these controllers,

differed significantly (by up to 20C) from the tem peratures measured at the tips of

the heating band thermocouples.

Optimised temperature profiles were generated at the temperatures at which
experiments were intended to be conducted. The initial approximate controller set

points were generated under N, flow and later fine-tuned during the actual

experiments (see Table B-1).

Table B-1: Temperature controller set points to achieve a 250 isothermal zone

Heating Temperature setpoints of heating  zones ()
zone
N, Iso-propanol/ Iso-propanol/ Iso-propanol/
N, ™ m-Cresol ™ m-Cresol,
increased bed dilution ™

Zone 1 243 243 221 243
Zone 2 234 231 235 243
Zone 3 229 223 222 226
Zone 4 231 224 225 231
Zone 5 240 242 " 240

) SiC was employed as reactor packing, N, flow of 60ml-min™ at 1 bar.
) ploy: p g

“) Dilution of catalyst with SiC: 1:1 (by volume), 0.57 is0-propanol® Ca{l-hr'l at 1 bar, 1:1 molar
) Y y Giso-propanol” 9

mixture iso-propanol/N, and iso-propanol/m-cresol respectively
™) Dilution of first section of catalyst bed with SiC (14% of total catalyst packed in this

section): 5:1 (by volume), Dilution in second section: 1:1, 0.57 giso.propanorgca{l-hr'l, 1 bar,

1.03 gm_cresorgca{l- hr?, 1:1 molar mixture iso-propanol/m-cresol.

"™ 4 Zone heating block employed for this experiment instead of the 5-zone heating block

and therefore the setpoints used to achieve the isothermal zone is significantly different to

the 5-Zone systems
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The temperature profiles in question were such that the top of the reactor packing
was maintained at least 10 C below the boiling point of the intended reagent feed
mixture at 1 bar (pressure corresponding to the “standard conditions”), so that this
liquid feed was drawn into the void spaces between the SiC particles above the
reactor bed (see Figure 4-4) at a constant flow rate and slowly heated up and

gradually evaporated as it made its way down the SiC bed.

In order to maintain the inlet temperature of the liquid feed below the normal boiling
point of its lowest boiling constituent (iso-propanol or di-isopropylether), a cooling fan
was used to cool the top end of the reactor system where the liquid feed was

introduced.

Downstream of the feed inlet point, the bed temperature increased with a moderate
gradient, so that the entire volume of liquid feed evaporated before the boiling point
of the highest boiling constituent of the feed mixture (m-cresol) was reached so as to
enable slow and smooth evaporation and thus to eliminate pulsing of the feed.
Finally, the bed temperature increased to that of the reaction, before the catalyst bed

was reached.
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Appendix C: Further dehydration experiments with
n-propanol

Figure C-1 compares the propene selectivity obtained for different alkylating agents
over a range of temperatures. Under all conditions studied total conversion of the
respective alkylating agents was observed. The propene selectivity obtained at 250
T with n-propanol was much higher than that given by the use of iso-propanol and
di-isopropyl-ether. This result suggests that the dehydration of n-propanol proceeds
much slower as opposed to that of iso-propanol and di-isopropylether at 250C. This
observation can be attributed to the difference in stability between the primary
carbenium ion (formed by direct acid catalysed dehydration of n-propanol) which is
much less stable than the secondary carbenium ion (formed by direct acid catalysed

dehydration of iso-propanol) (McMurry, 1994).

100

3 @mn-Propanol
E ¢ Iso-propanol
5 80 4 ADi-isopropylether
o
| =
©
O H-MFI-90
= 60 -
2 1 bar, gas phase,
% 1:1 iso-propyl group to m-cresol molar feed ratio
8 40 o 0.57 8n-propanol’ gcat-:l'hri, 0.-57 8iso-propanol’ gcat-:l'hr-l and
© 0.49 Bdi-isopropylether® 8cat ‘hr,
w
£
o 20 4
a
o
| =
o
0 . ' . —— e -
225 250 275 300 325 350

Temperature (°C)

Figure C-1: Propene selectivity vs. temperature for dehydration experiments.
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Appendix D: Cause of depression in temperature
profiles at catalyst bed inlet

Figure D-1 compares the temperature profiles obtained by reacting different feed
mixtures over a catalytic bed. The red dotted lines mark the beginning and end of the
catalyst bed for the experiment with iso-propanol/N,. The characteristic depression
in temperature profiles shown in Figure D-1 was observed in all experiments
irrespective of reagent feed or conditions, though the extent of the depression

depended on these parameters as will be illustrated in this appendix.

Table D-1 lists the equilibrium conversion, heat of reaction, heat change in the
system and adiabatic temperature drop of the system in which iso-propanol is
dehydrated to propene and water at 250C. The large temperature drop under
adiabatic conditions and the high positive change in enthalpy of the system indicates
the extent of the endothermic nature of this dehydration reaction. Hence the
depression in the temperature profile observed in the experiments with iso-propanol.

Similar to the dehydration of iso-propanol, the experiments with n-propanol/N, and di-
isopropylether/N, also showed a depression which can be attributed to the
dehydration of these components. Although the molar flow rates of the Cs-alcohols
and di-isopropylether were similar, the extent of the depression in the example with
n-propanol/N, was less severe compared to that corresponding to the experiments

with iso-propanol/N, and di-isopropylether/N,.

From the results of the dehydration experiments it is evident that at these conditions,
the rate at which n-propanol was dehydrated is slower as compared to that of iso-
propanol and di-isopropylether at equivalent conditions (see Appendix C). Therefore,
if the rate of the endothermic dehydration reaction of n-propanol is slower compared
to di-isopropylether and iso-propanol, less heat will be consumed and that
corresponds to a lesser depression of the temperature profile - as was observed.
Hence, the differences in the extent of the depression of the temperature profiles
corresponding to the n-propanol/N, and di-isopropylether/N, & iso-propanol/N, at the
conditions in question corroborate the findings pertaining to the rate of the
dehydration of n-propanol compared to that of di-isopropylether and iso-propanol
(discussed in Appendix C).
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Direction of flow  m— ——————)

Catalyst bed end

Catalyst bed beginning \
260 N
255 -

NN
A O
g O

L L

Temperature (° C)
N NN DN

w

(&)

N
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L

220 T T r T T r
-400 -300 -200 -100 0 100 200 300
Distance from beginning of catalyst bed (mm)

=4—250 T n-Propanol/N2 ~&-250 T Di-isopropyl-ether/N2 =#=250 C iso-Propanol/N2

Figure D-1: Temperature profiles obtained at standard reaction conditions

The following table displays the results of a simulation of the adiabatic temperature
drop and heat of reaction corresponding to the equilibrium conversion of iso-propanol
to water and propene. These results correspond to 1 bar, 1:1 molar feed mixture of
iso-propanol/N, fed to the system at a feed rate of 1.0 mol/min iso-propanol and
250C.

Table D-1: Adiabatic temperature drop and heat of IPA dehydration reaction.

Equilibrium conversion of iso-propanol 99.9 %

Enthalpy change 40 KJ- MOkso propanol - Min™
Heat of dehydration reaction at 250C 52 kJ-mol iso_p,opanofl
Initial temperature 250 T

Final temperature (adiabatic) -137 C

Adiabatic temperature drop 387 C

In Figure D-2, temperature profiles obtained during experiments with N, (60 ml-min™)
iso-propanol/N, (0.128 mol-hr*) and iso-propanol/m-cresol (0.056 mol-hr'). These
feed mixtures were reacted at 1 bar over a catalyst bed with a 1:1 (vol.) dilution with
SiC. iso-propnaol/m-cresol (0.17 mol-hr') was also reacted over a bed with
increased dilution- 1:5 (vol.) in the first section and 1:1 (vol.) in the second section.

The 2 red dotted lines in Figure D-2 (at 0 mm and 225 mm) indicate the start and end

A-6
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of the catalyst bed corresponding to the experiment with iso-propanol/N, at ambient

-1 -1
pressure and 0.57 Giso-propanol-Jcat NI

Direction of flow = — ———————)
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Figure D-2: Temperature profiles obtained during experiments

The temperature profiles corresponding to the experiments with iso-propanol/N, iso-
propanol/m-cresol and di-isopropylether/N, (wherein a SiC-to-catalyst dilution ratio of
1:1(vol.) was employed) exhibited a depression before the beginning of the catalyst
bed. In these instances, the extent of the temperature depression increased with

molar flow rate of the propyl groups.

As the dehydration reaction is rapid and reaches completion in the upper most layers
of the catalyst bed (or initial contact zone at the beginning of the catalyst bed), the
more severe temperature depression at higher flow rate shows that at the higher flow
rate, more molecules are converted per time unit in the same volume (initial bed
contact zone) as compared to the lower flow system finally resulting in this increased

temperature depression.

The experiment with n-propanol/N; illustrates that with the lower rate of dehydration
(discussed earlier) the depression is observed from the beginning of the catalyst bed

and not before the catalyst bed as mentioned in the cases above. Similarly, with the
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experiment in which iso-propanol/m-cresol was reacted over the catalyst bed of
which the initial section was diluted to a 5:1 (vol.) SiC:Catalyst ratio and larger molar
flow rate of iso-propanol, a smaller temperature depression which occurred later in
the bed was observed compared to that where iso-propanol/m-cresol was reacted
over a catalyst bed with SiC:Catalyst dilution ratio 1:1 (vol.) (0.17 mol-hr* compared
to 0.056 mol-hr'). This lesser temperature depression can be attributed to the lower

catalyst concentration-which resulted in a less molecules reacting per given volume.

The position of the temperature depression with respect to the catalyst bed, points to
the conductive effect of the system (wherein heat was conducted through the
thermowell and/or SiC), by which the sections upstream from that in which a
relatively high rate of dehydration occurred, was cooled down even though no
dehydration reaction occurred there. The fact that lesser temperature depressions
were observed which only occurred downstream from the beginning of the catalyst
bed in cases where less molecules were dehydrated per unit time in a particular

section of the catalyst bed also point to the said conductive effect.

This finding together with the results of the simulation suggests that the actual
temperature depression in the gas phase may have been more severe than that

measured in these experiments.




Appendix E: Dehydration equilibria and adiabatic temperature drop

Appendix E: Dehydration equilibria and adiabatic
temperature drop

In the modelling of the adiabatic temperature drop during the dehydration of iso-
propanol to propene and water, the equilibrium composition of the reaction system
was equated by minimising the Gibbs free energy of formation. This calculation
showed that the dehydration reaction reaches 100% conversion at 250C and 1 bar.

The results of this simulation is displayed in Table E-1.

Table E-1: Results yielded by the model used to derive the chemical
equilibrium composition of the iso-propanol dehydration system.

Stream Feed Effluent
Mole Flow mol/min

IPA 1 1.35E-03

Propene 0 9.99E-01

Water 0 9.99E-01
Total Flow mol/min 1 2.00E+00
Total Flow kg/min 6.01E-02 6.01E-02
Total Flow I/min 43.49642 86.93411
Temperature (C) 250 250
Pressure (atm) 0.9869233 0.9869233
Vapor Frac 1 1
Liquid Frac 0 0
Solid Frac 0 0
Enthalpy cal/mol -58993.12 -23368.07
Entropy cal/mol-K -64.40973 -13.22058
Density mol/cc 2.30E-05 2.30E-05

To model the decrease in temperature of the system under adiabatic condition the
“Rplug” reaction module within the ASPEN software package. The dehydration
system was simulated at 250C and ambient pressure. Iso-propanol and nitrogen
was fed to the reactor at a 1:1 molar ratio. The reactor length and inner diameter
was specified as 0.5 m and 19 mm, respectively. The ideal gas law equation of state
was used in the simulation. The rest of the parameters were the default values

assigned by the package.

Table E-2: Constants yielding the equilibrium conversion of iso-propanol at
250C and 1 bar, iso-propanol was co-fed with N, at a 1:1 molar ratio.

k 0.417902
n 0.5

E 1 kcal/mol
To 200 C
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Table E-3 shows the results of the model used to calculate the adiabatic temperature

decrease in the dehydration of iso-propanol to water and propene.

Table E-3: Results from the adiabatic model with the feed and product stream

specifications.
Stream Feed | Effluent
Mole Flow mol/min
IPA 1 1.35E-03
Propene 0 0.99865
Water 0 0.99865
Nitrogen 1 1
Total Flow mol/min 2 1.00E+00
Total Flow kg/min 88.1094 88.1094
Total Flow I/min 86.99283 33.85957
Temperature () 250 -137.341
Pressure atm 0.986923 0.986923
Vapor Frac 1 1
Liquid Frac 0 0
Solid Frac 0 0
Enthalpy cal/mol -28708.7 -19147.7
Entropy cal/mol-K -64.4097 -13.2206
Density mol/cc 2.30E-05 2.30E-05
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Appendix F: Thermodynamic data from functional
analysis

The “Dmol” module (a Quantum mechanical molecular model) in the Materials
Studio 4.0 software package (Accelrys, 2005) was employed for the purpose of
generating thermodynamic data which could be used to calculate the theoretical
thermodymic equilibrium distribution of the product pool (or its major constituents

respectively), seen in this study.

Dmol was used to conduct a normal mode analysis on these molecules using Density
Functional Theory (DFT). DFT calculates the total energy of the molecule from the
electron density distribution as the energy of the electron is expressed as a unique

functional of the electron density.

The aforementioned functional is expressed as the sum of the Energy of Interaction

between the Electrons and the Nucleus (given by electron nuclear Coulomb
interaction), Electron Kinetic Energy (calculated directly with Hartree Fock theory),
Hartree Electrostatic Energy (also calculated directly using Hartree Fock theory)

and the Exchange-Correlation Functional energy.

The Exchange-Correlation Functional Energy ~ may either be approximated by the
Liquid Density Approximation (LDA) or by the Generalised Gradient
Approximation (GGA).

The LDA treats the local electron density as constant and therefore is less accurate
than the GGA which does not use this somewhat flawed approximation and therefore
provides a more accurate approximation of the Exchange-Correlation Functional

Energy. Therefore, GGA type functionals were used to approximate the Exchange-

Correlation Functional Energy  in this study.

Structures were generated for each of the compounds considered in the
thermodynamic equilibria. The results of the normal mode analyses were examined
and in cases where negative frequencies were observed, the structures were altered
and the normal mode analyses repeated. This procedure was repeated until no

negative frequencies were observed in the results.
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In this regard, Toma (2011) modelled the thermodynamic xylene isomer equilibrium
with a great deal of accuracy compared to the measured equilibrium composition
over a range of temperatures. This was accomplished by considering all possible

conformational isomers of each of the position isomers.

In the case of this study, the generation of all of the conformation isomers for each of
the molecules considered, would have proven to be too time intensive and therefore
only one of the conformational isomers of each of the compounds was considered in

the calculation of the equilibrium composition.
The following GGA functionals were employed: PW91, RPBE, HCTH and BLYP to

generate this thermodynamic data. The results yielded by the use of these

functionals are displayed in Table F-1 - Table F-12.

A-12




IS

Thermodynamic data from functional analys

Appendix F

€265 | 69vS | 6T0S | TLSY | 6T'Ty | 2595 | ¥S'I€ | ST'9Z | 2v0Zz | 66'¥T | S9°OT |+169°9vyS9s- | ¥S.8'607S9E- |ouayd-jAyaw-g-|Adoidosi-Ig-G'y
€65 | T8¥S | 2£0S | 86'Sy | LGT¥ | 20L& | LT'2e | 1892 | 88°0Z | S8+T | 90°0T |9v.Z'8¥vS9E- | 9ZvS TTYSIE- jousyd-jAyaw-g-|Adoidosi-Ig-9's
9/'85 | SZvS | 6.6V | LESY | T6OV | 2€95 | €vTIE | ST'9Z | 90Z | 8¥ST | €2TT |S6S€2SPS9s- | G62€ STYSos- jouayd-jAyaw-g-|Adoidosi-Ig-9'y
958y | 28y | ST'Tv | LS. | L0vE | 290S | 1692 | vT'€C | 26'8T | ¥S¥T | 2€OT | T98L°€STITE- | T990°02TITE- Jouayd-|Ayraw-¢g-(jAdoid-|AydIN-T)-G
so'sy | 9zvy | €50V | 989¢ | ¥zee | 96z | S8GC | /87TZ | ¥9LT | TVET | €/8'6 |92.0°0ST9TE- | 99T LTT9TE- jouayd-jAyraw-g-(jAdosd-JAyaIN-T)-+
gosy | vy vor | 999 | ¥62€ | 8T'6Z | 22SC | ST'TZ | 289T | 62T | 6856 |86€0°9vT9TE- | 86.G°€TTITE- jouayd-jAyraw-g-(jAdoid-|AyIs N-T)-2
€8y | €Svy | €80F | 2LE | 29€e | v00E | 8€9Z | 1G22 | 99'8T | ¥6¥T | 9STT | 6V00'ESTITE- | 6820'6TTITE- jouayd-jAyraw-g-(jAdoid-|AyIs N-T)-9
v8'EY | vrOv | 9026 | ¥L'€€ | €¥°0E | 60°LZ | 29€Z | €6'6T | 86'GT | 90T | €0T'6 | LLYT'€0ST6Z- | LOSO'ZLYT6Z- louayd-|Aylaw-g-jAdoidos|-g
€L'ey | TEOr | 26'9€ | LS€E | ¥Z0E | 889z | Tv'ee | LL6T | 66'ST | G2l | €v6'6 |8E6Z'TOST6Z- | 80S6 697162 jouayd-jAylew-g-jAdoidos|-i
os'ey | ZTovr | L9g eee | 1662 | Lv9Z | 622 | YI'6T | L2ST | €LTT | 8v0'6 |86TZL6VI62Z- | 8.£9°99VT62- jouayd-jAylew-g-jAdoidos|-z
99'cy | ¥ZOr | S8'9¢ | 6v'€E | STOS | S.'92 | €262 | €56T | 89'ST | S02T | ¥YIT'6 |E.G6'T0OST6Z- | £0ZT TLYTI6Z- JoWAYL
6V'T8 | 68L | 629L | ¥Y9'€L | €60L | ST'89 | SZ'S9 | 9129 | 285 | Lvv¥S | Lz'8y |8.0L'6vSLTZ- | 8201 '¥2SLTZ- j0sa1D-d
96, | 90°2L | 6vv. | 6TL | 2269 | 8599 | 8€9 | 9809 | S9'/G | S8'ES | 8T'Sy | 6.£9'6¥5.T2- | 6902'G2SLTZ- 10S319-0
9T'e8 | 9508 | €6'4L | 92SL | €52L | 2,69 | 8,99 | T9€9 | 80009 | ZL'SS | YO'6Y |9026'0SS.LTZ- | 9ST¥'SZSLTZ- 10S310-W
ZseT | vver | LeeT | €2l | ¥eer | 8712l | €12 | 602T | S02T | 202T | 02T |/¥9e'SSeS6l- | L.62'828S6T- Jaypajkdoadosi-iq
9267 | 66T | 89T | 99°'ST | 8Sv¥T | 6V'E€T | TEZT | 96°0T | 296 | 8528 | G6L | G2GL°16G86- | S©789°9.G86- auaINg-suel
G0'6T | SLLT | TS9T | SE'ST | ¥2¥T | ST'ET | 02T | 98°0T | S/G6 | ZTv'8 | SS6'L | T6V'96G86- | TOSE'G.G86- aUBINg-SIo
T6'8T | 89T | €€9T | LT'ST | TT%T | 2T'E€T | ST2T | vI'TT | 200T | 188 | ¥66'L |+00T6'€6586- | ¥0OZEL ZLS86- auaINg-T
100z | SL8T | L¥LT | €29T | 86T | L'€T | €€2T | 98°0T | Tvy'6 | 1968 | LS6'L | vES'TTI6TZI- | LLT'068TZT- jouedoid-os|
vyl | G€T | €92T | €8T | 2T'TT | 8v0T | 1686 | €5€6 | 6..8 | L£2'8 | SS6'L | 2vL60'¥V6EL- | 2vIZT SZ6EL- auadoig
8/6°'L | ¥96'L | SS6°L | TS6'L | 6¥6°L | 6V6L | 6v6'L | 6V6L | 6v6'L | 6¥6°L | 6V6L | TTE9Z'E96LY- | TTV6E 6V6LY- 1ol

spunodwo)
Gl2 0S¢ See 00z GLT 0ST Gzt 00T SL 0S 14 G1°86¢ G1°86¢ — (M) aunyesadwa

Aﬂ.v_ - jlow ‘[e9) (;. 1ow-[eay) | (. jow-ea)
do i\ 2 HY

[euonoun) Vo9 T6Md @41 yum paindwod spunodwod aAndadsal ay) o) sanjea uauodwod aind -4 a|gel

A-13




IS

Thermodynamic data from functional analys

Appendix F

GETT | 90TT | §20T | €¥OT | 6°00T | GE€'/6 | 99€6 | 868 | 8.°G8 | 9718 | 62LL | 182 | 989 | 661°€9 | TOVE€9 [ouayd-jAyaw-¢-jAdoidosi-Iq-§'y
GETT | GOTT | #20T | 2¥OT | 800T | €.6 | T9€6 | GL'68 | €.°G8 | ZST8 | LZlL | S82L | 9789 | €€8'€9 | 86¥°€9 [ouayd-jAypaw-¢-jAdoidosi-Ig-9'G
TEIT | TOTI 10T 8'€0T | ¥'00T | 9896 | ST'€6 | 8268 | G2'S8 | 20T8 | 92°9L | v€eL | ¥819 | L62°€9 | 19629 [ouayd-jAypaw-¢-jAdoidosi-Iq-9'y
99'€6 | v2T6 | 288 | ¥098 | vZ€8 | 1€08 | ¥ZLL | €0VL | 690L | TZ'L9 | T9E9 | 2665 | GT'9S | €5€72S | 220°2S Jouayd-jAyrew-g-(jAdoid-|AaN-T)-§
9€'€6 | €606 | 888 | TLG8 | 628 | 966L | 889L | 99€L | €0L | T899 | 2€9 | 6V6S | LSS | 8/8'TS | G6GTIS jouayd-jJAytaw-g-(|Adoid-|ApaN-T)-+
6V'€6 | 90T6 | S88 | €898 | 20€8 | 8008 | 66'9L | LL€L | vOL 699 | 82€9 | SS65 | SL'GS | 968°TS | T9°IS Jouayd-Aytew-g-(jAdoid-|AyIeN-T)-2
9v'€6 | €0T6 | 8788 | T8G8 | TO'ES | 8008 | TOLL | 6L€L | vPOL | 9699 | LE€9 | 1965 | 6GS 125 | 818'TS jouayd-jAyrew-g-(jAdoid-|AueN-T)-9
96'€8 | 2818 | 856L | 2ZLL | SL¥L | 9TTL | ¥V69 | 999 | €9€9 | ¥S09 | vELS | YOVS | 89°0S | 89Z'Lv | ¥IO'LY jouayd-jAypaw-g-jAdoidos)-g
26'€8 | 8218 | €56L | 8TLL | LvL | TT'2L | 6€69 | ¥S99 | 95€9 | Z¥'09 | 92.S | 96'€S | 6505 | ¥OT'Z¥ | T69¥ [ouayd-jAyaw-g-jAdoidos)-
€8°€8 | 89T8 | ¥r6L | 80°LL | 9VL zL 8269 | €499 | S¥'€9 | S€09 | YI'LS | €8°€S | YOS | TTOLY | 9SL°9¥ jousyd-jAyaw-g-jAdoidos|-g
98'€8 | 2218 | v6L | TTLL | €9%L | Y02, | T€69 | 9799 | 67'€9 | 609 | 6TLS | 68°€S | TS0S | €60°LY | 6€8°9F [owAyL
TGTIT | 62TT | 90TT | ¥'80T | T'90T | 8€0T | ¥'TOT | 66'86 | 9596 | TT'¥6 | €9'T6 | €T68 | 998 | 9S0'v8 | L98°€8 j0sa10-d
62TT | LOTT | §80T | £90T ¥0T 9T0T | 6266 | 1696 | S¥6 | L026 | 1968 | €128 | v9¥8 | 92128 | 6€6°18 |0S810-0
69TT | LVIT | #2IT | 20TT | 820T | GGOT | T'€0OT | L00T | €86 | €8'S6 | ¥E'E6 | €806 | 6288 | GEL'G8 | GVS'G8 |0S8I0-W
eVl €TVT | 86ET | 28ET | 89T | €GET veT 1Z€T | vIET | Z0ST | T'62T 8zt /2T | 60°92T | 20921 JayisjAdoidosi-iq
vS9e | vSSe | sve | cvee | €2e | €TTE | 2662 | 1982 | 8€LZ | S09Z | 69ve | ze€C | v6'TZ | ¥8S5°0Z | ¥8Y 02 suaINg-suen
Zroe | zvse | seve | e€e | 8T2e | TOTE | 862 | ¥982 | velz | 16SZ | vSve | 9U'€Z | LLTZ | ¥6€£0Z | €62°02 ausINg-sio
€99 | €9GE | 6SVE | S€E | L€2€ | 6TTE | 9662 | 898 | GE€LZ | 66'SZ | 85V | 9T€C | 2LTZz | €0 | G6T0Z susaINg-T
vT'L€ | LT9E | 2TSE | 2¢Tve | €0'€e | 68°T€ | 208 | Lv6CZ | 282 | 6892 | ¥S'GC | LTve | 82z | ¢€zviz | zze1e louedoid-os|
20lz | €9z | 956z | 8Lve | 86€Z | vi'ez | 92z | S€T¢ | T¥OZ | W6l | Sv8T | v¥iT | 29T | 9TF'ST | 2vE'ST auadoigd
€69'8 | 1298 | 2998 | L6¥'8 | vev's | z/€8 | 2I€8 | SG¢8 z8 6VT'8 | €0T'8 | 2908 | /208 | 666'L | 866°L oM

spunodwo)
G529 009 G/S 0SS 625 005 Sl¥ 0SP STA7Z 00v Glg 0se Gee 00€ | GT'862 — (M) ainesadwa

(; M- l10w-[ed)
' mb do

[euonoun) YOO Te6Md @Y1 yim paindwod spunodwod aAndadsal ay) 1o} sanfeA jusuodwod aind :Z-4 ajgel

A-14




IS

Thermodynamic data from functional analys

Appendix F

GSPT | 6E€PT | 22vT | SOVT | L8ET | 69T | 6'VET | 62€T | 80T | 2821 | ¥'92T vetT 9'TZT | 66'8TT | TE'OTT [ouayd-jAyaw-¢-jAdoidosi-Iq-§'y
GGPT | 6E€PT | €2vT | SOVT | L8ET | 69T | 6VET | 62€T | 80T | 9821 | ¥'92T vetT G'TZT | L6'8TT | 8C'9TT [ouayd-jAypaw-¢-jAdoidosi-Ig-9'G
€GrT | LEPT rad’ €0orT | G8eT | 99ST | LveT | 22T | SOST | ¥'82T | T92T | L'€2T | 2T2T | €9'81T | 26'STT [ouayd-jAypaw-¢-jAdoidosi-Iq-9'y
86TT | G8TT | 2ZTT | 8GIT | €¥IT | 82IT | 2TIT | 960T | 60T | T'90T | 2¥0OT | €20T | €00T | 8T'86 | T/6'G6 Jouayd-jAyrew-g-(jAdoid-|AaN-T)-§
L'6TT | ¥'8TT ITT 9'GTT | T¥IT | 92IT 171 ¥'60T | LL0T | 6°GOT 70T 1201 00T | S06/6 | 989°G6 jouayd-jJAytaw-g-(|Adoid-|ApaN-T)-+
86TT | G8TT | TZIT | LSTT | €vIT | 22IT | ¢TIT | S60T | 8201 90T TY0T | 2°20T | 200T | 950'86 | ST8'S6 Jouayd-Aytew-g-(jAdoid-|AyIeN-T)-2
86TT | G8TT | TZIT | £SIT | Z¥IT | 22IT | TTIT | S60T | 8201 901 TY0T | 220T | T'00T | ¥00'86 | S8.°G6 jouayd-jAyrew-g-(jAdoid-|AueN-T)-9
T/0T | 6'GOT | 2%0T | S'€0T | 220T | 6°00T | 8v66 | €086 | 2596 | G676 | T€€6 | T9T6 | 2868 | 956728 | 0098 jouayd-jAypaw-g-jAdoidos)-g
10T 6'G0T | L¥0T | #'€0T | 220T | 800T | ¥¥'66 | 66,6 | 8796 | T6¥6 | 22°€6 | LS5T6 | 8268 | 91628 | ¥96'S8 [ouayd-jAyaw-g-jAdoidos)-
6'90T | 8GOT | 9%0T | ¥'€0T | T2OT | L00T | 966 | 1626 | ¥'96 | €8v6 | 61€6 | 8v'T6 | 168 | 828/8 | ¥/8'G8 jousyd-jAyaw-g-jAdoidos|-g
10T 6'G0T | L¥0T | #'€0T | T'20T | 800T | +¥66 | S6.6 | Gv96 | /8%6 | €2€6 | 25716 | €268 | 98728 | 606'G8 [owAyL
TvvT | €2vT | 90vT | 8'8€T LET ZGET | €€eT | ¥IET | S62T | G2l | §S2T | §€2T | v'1I2T | SE6TT | €2°LTT j0sa10-d
6TVT | TOPT | ¥'8ET | 9°9€T | 8VET €eT TTIET | 2621 | €227 | €SeT | €¢€2t | €72l | €617 | 6T°ZIT | L0'STT |0S810-0
6GYT | ZVPT | ¥evT | 90vT | 88ET L€T TGET | Z€ET | €TET | €62T | €L2T | €621 | €€2T | 9T'T2T | €0'6TT |0S8I0-W
8TLT | L69T | §29T | SS9T | v€9T | ¥'T9T | ¥'6ST | ¥ZST | G'GST | 9€ST | L'IGT | 66VT | T'8YT | EEOPT | €9PYT JayisjAdoidosi-iq
8Ly | vZLv | ¥99V | 209V | LESY | TLvy | 2ovy | €e€v | 95¢r | 64Ty | 660V | LTOF | TE6E | TZh'8E | L6V L€ suaINg-suen
€LY | VULV | ¥SOV | 26Sh | LZSv | T9WY | T6E€r | 2ev | Sher | 89Ty | 680F | 90°0F | Z6E | 608 | €8EL€ ausINg-sio
€8y | GZ'Lv | 999V | vYOOF | T¥'SY | SLvv | 90y | SEEr | 292y | 98Ty | L0T¥ | vZOr | 6E6E | 90S'8E | G8GLE susaINg-T
16°Ly | Ty | ¥89v | vZor | 29Sy | 86'vv | 2evy | €9€r | z6Cr | 6TCy | CvIv | €90r | I8'6E | S6'8€ | T90'8E louedoid-os|
TTGE | Lve | 9gve | 18€e | Ge'€E | 182E | 8€2€ | 98°7T€ | €€TE | 8,06 | TZ0E | 2962 62 19€'82 | 90L°12 auadoigd
Zvl'6 | T/96 | 6656 | 8256 | 9Sv'6 | G8€6 | ¥IE6 | €v¢'6 | 2LT6 | 20T6 | €606 | €96'8 | G688 | 2288 | 9.8 oM

spunodwo)
000T Gl6 056 626 006 G/8 058 Gz8 008 G/ 0§52 Gzl 00. G/9 059 — (M) ainesadwa

(; M- l10w-[ed)
' mb do

[euonoun) YOO Te6Md @Y1 yim paindwod spunodwod aandadsal ay) 1o} sanfeA jusuodwod aind :£-4 ajgel

A-15




IS

Thermodynamic data from functional analys

Appendix F

IT9S | €9°TS | 69F | Ggev | §S/€ | TL2E | 6922 | 1622 | S¥LT | ¥O€T | 6EV'6 | 9./9°20SS9E- | 96GT 89VS9€- |ousyd-jAypaw-g-jAdoidosi-ig-9'g
26'GS | SETS | 289 | 6z¢y | 2LlE | €0'€E | €182 €z vLLT | 82T | S8'8 | 985H'€0SS9E- | 9€S0°69759€- |ouayd-jAypaw-g-jAdoidosi-Ig-9‘'y
2€°GS | ¥90S | 96'Gy | LZTv | €5°9€ | TLTE | 2892 | 6T | 2¢ULT | 12T | 8206 |¥TIE6°80SS9E- | #168 v.S9€- Jouayd-jAyrew-g-(jAdoid-|Ay1aN-T)-5
Ly GZey | vS6E | 28GE | z2ZEe | 88z | T9VZ | €502 | €9T | 6T2T | 6288 |LTE966T9TE- | L82L L9TITE- louayd-/Ayrew-g-(jAdoid-|AyraN-T)-¥
€6y | 18TF | €08 | Tgve | 608 | €592 | 1922 | 698T | ¥6¥T | T9OTT | v2L'8 | 8LZT¥6T9TE- | 8TYT €9TITE- Jouayd-jAyrew-g-(jAdoid-|Ay1aN-T)-2
8ZSy | 6€Tr | ¢SLE | 29€€ | 2Z86Z | S6'SZ | 90°2C | 2¢Z8T | ¥9Y¥T | 29TT | 6ET6 | SGPEZBTITE- | GGZS 9STITE- louayd-jAyrew-g-(jAdoid-|Ay1an-T)-9
6Svy | 880F | SZLE | 69°€E | 6T0E | ¥2'9Z | 8z€C | 9L6T | €T'9T | 82T | 666'8 | LZ68'E6TITE- | LE29'ZITITE- [ouayd-jApaw-g-jAdoidos|-g
8Ty | L28c | v.ve | €21€ | Llz | ST¥Z | vS0Z | 169T | 6€€T | 620T | ¥81'8 | €E€2TOTHST6Z- | €€0L TTST6L- [ouayd-|Ayaw-g-jAdoidos|-
9,0y | 62, | 28€E | SE0€ | S8'9Z | 8z€Z | ¥96T | 86ST | ¥S2ZT | 62,6 | 60T'8 | 9TZY 9EST6L- | 9202 L0ST6L- [ouayd-j|Aypaw-¢g-|Adoidos|-z
9607 | T¥'lE€ | 18€E | ¥E0E | €892 | €€€C | 186T | LS9T | €9€T | 2V TT | €26 | 8STIEESI6L- | 8820 VOST6Z- JOWAYL
0Ty | T9LE | LTVE | €106 | lzlz | GL'€C | ¥T0Z | 6v9T €T 80°0T | 98T'8 | TTTE'8EST6Z- | T92E 60ST6Z- |0sa10-d
2508 | 16°LL | 82GL | 292L | 2669 | LT/9 | SEV9 | 8€T9 | ¥I8S | TVS | '8y | 898'89G/12- | VET¥¥SLTZ [0S810-0
188/ | 9€9. | ¥8€L | 62TL | 2,89 | TT'99 | €V€9 | €909 | GGG | ¥8'€S | 8ISy | 9€L€L9S.T2- | 9L9T'€VS.TC- |0S81D-W
68'9. | 9Sv. | 2¢zel | 1869 | S.9 TG9 | G929 | 6009 | €26 | 28€S | ¥e'8y | v60EV9SLTE- | ¥IVL OVSLTZ- JayisjAdoidosi-iq
G6TE | S62 | 6022 | L2 €2z | 786T | 2z’ LT | LSvT | vT2T | TZOT | Z/£8 | 896'906S6T- | T6.088S6T- susINg-suen
¥9'6T | SGE8T | 2¢TLT | 96'ST | €8¥T | €L€T | 852T | €€TT | 6466 | 959'8 | 196 | €/8€+%€986- | £T60°ET986- ausINg-sio
vZ6T | 2627 | 2L°9T | v9'ST | LS¥T | SG€T | €527 | SY'TT | 820T | v00'6 | £T0'8 | S9ES0°E£986- | G999 T1986- auaINg-T
G6'LT | 899T | LZST | SOYT | 62T | 28TT | 920T | 6646 | ¥I88 | 9T8 | TIS6'L | 66T2T'82986- | 66029 L0986- louedoJd-os|
18'8T | 6€LT | 86'GT | 6S¥T | 6T'ET | 8LTT | 6€0T | ¥¥I'6 | 828 16, | 6V6'L |6S2YZr6TIeT- | 6698 TZ6TZT- suadoig
GL'€T | 8L2T | 98°1T 1T TZ0T | €876 | 6v88 | ¥€8 | ¥¥0'8 | €96'L | 6v6'L | T80LL0L6EL- | T89V2 2S6EL- JaTeM
9/6', | €962 | SS6°L | TS6'L | 6¥6L | 6V6°L | 6V6L | 6v6L | 6¥6°L | 6V6L | 676°L | 9G60G°E€L6LY- | 9GGG9 6G6. Y- Jorem

spunodwo)
Gl2 0s2 52z 002 GIT 0ST STA ) 00T 7] 0S 14 S1°862 GT°862 — (M) ainyesadwa |

AH.v_ - jow ‘[e9) (.. low-e2s) | (. [ow-[eay)
do oV 0 JHY

[euonoun) YOO H1DH 8yl yum paindwod spunodwod aAndadsal ay) Joj sanfea Jusuodwod aind -4 ajqel

A-16




IS

Thermodynamic data from functional analys

Appendix F

ans T80T | 6%0T | 2TOT | S2'86 | L9¥6 | €606 | €08 | 16728 | 92'8L | 2vv. | 9669 | T¥'S9 | 20809 | 9¥09 [ouayd-jAyaw-¢-jAdoidosi-Iq-§'y
LOTT | LZ0T | 9%0T | €T0T | 1626 | 2€¥6 | 8506 | 2998 | 928 | 6£8L | SOv. | 969 | L0S9 | 66¥°09 | 9109 [ousyd-jAyaw-¢-jAdoidosi-Iq-9'g
v'0TT | ¥'Z0T | €707 10T GG'/6 | 96'€6 | 206 | 6298 | 22Z8 8. G9'el | 8T'69 | T9V9 | G86'6S5 | V965 [ousyd-jAyaw-¢-jAdoidosi-Iq-9'y
v126 | 168 | €T/8 | Svv8 | €9T8 | 698L | T9G. | 6€2. | v0O'69 | /5G9 | 8619 | 1€8S | 95¥S | ¥82°0S | ¥0S0S jouayd-JAyrew-g-(1Adoid-|ApaiN-T)-S
vr'T6 | 1688 | 8298 | 19°€8 | €808 | 98.L | SLv. | STL | 2ZT'89 | T9V9 | 8609 | SZ'LS | SY'ES | 8656V | ZTE6Y Jouayd-Ayrew-g-(jAdoid-|AeN-T)-¥
80°T6 | T988 | €098 | T€€8 | Lb08 | GLL | 8€EVL | €TTL | ¥2719 | 22¥9 | 6509 | G895 | €0°€S | SOTU6Y | 2/8°8Y Jouayd-jAyrew-g-(jAdoid-|AueN-T)-2
6006 | 65/8 | 16V8 | €228 | Le6L | L€9L | SzE€L | 6669 | T999 | TTE9 | TS6S | 28GS | 6025 | T€€'8Y | €50°8Y jouayd-JAyrew-g-(1Adoid-|ApaN-T)-9
9628 | vO08 | 2I'8L | v.GL | €2€L | T9OL | 9829 | 1679 | 96T9 | €885 | 8G5GS | v22S | 188y | 8IESY | 6S0°GY jouayd-jAypaw-g-jAdoidos)-g
6G°T8 | 6€6L | 80LL | L9V. | €T2L | 8769 | 299 | 18€9 | 6209 | §9/G | TvrvS | 80TS | 891y | €€y | LL6°EY [ousyd-jAy1aw-¢-jAdoidos|-
86'T8 | 6/6L | G/ | 60°GL | 192, | €669 | STL9 | SZv9 | €279 | 8085 | I8VS | SVIS | 108y | TOSVY | vZvv jouayd-jAypaw-g-jAdoidos)-g
V.18 | vS6L | vZzLL | v8vL | T€TL | 1969 | 699 | TOV9 19 88°/S | S9VS | PETS | S6°LP | 8IGVY | £92VY [oWAYL
€vIT | T2ZIT | 660T | 920T | €G0T €01 9°00T | 6186 | ¥.'S6 | 22°€6 | 9206 | ¥2'88 | 69'G8 | vIT'€8 | £26°28 j0sa10-d
6'TTT | L'60T | §20T | €6S0T €01 L'00T | /€86 | TO96 | €9€6 | TZ'T6 | 8,88 | €€98 | 98°€8 | 2/ET8 | 88T'18 |0S819-0
€80T | Z'90T ¥0T 6'T0T | .66 66 | LZS6 | 20€6 | G206 | 9’88 | 9198 | 98'€8 | ¥ST8 | LIZ6L | SVO6L |0S81D-W
90v9 | 229 | 2z09 | Lz8S | 8T'9S | TOVS | 21§ | Svéy | SOZv | 9vy | 602y | SS6E L€ Ve | €LTVE JeyisjAdoidosi-iq
9,9 | 8L°SE | SLvE | 69°€e | 852E | €¥TE | ¥ZOE 62 gLl | P9z | 90Se | L€z | €2z | 2L6°0Z | 21802 suaINg-suen
Sv'9g | Gb'Se | Trve | veee | zgee | SOTE | S862 | 982 | I€LZ | 66SZ | ¥9vZ | 8z€C | I6TZ | L9502 | 8SY0Z ausINg-sid
96'GE | v6'PE | 88°€E | 8L2E | €9TE | €F0E | 8T6Z | 68LC | ¥S9Z | ST'SZ | €L€C | 82CC | €8°0Z | SLE6T | 89Z'6T auaINg-T
1€9g | 6€GE | 9eve | €€€ | 8T'2e | 20TE | 1862 | 9982 | GZ'lZ | T6'SZ | 2¢Sve | 1U'€Z | 89TZ | €v2°0Z | 9102 louedoid-os|
99z | €162 | 86vz | 6Tve | 8e€C | €5¢Z | S9TZ | €02 | 62°6T | T88T | I8LT | 62°9T | LLST | SL¥T | 891 auadoigd
T/9'8 | 9098 | €vs8 | 8r8 | 8I¥'8 | /S8 | 6628 | €v¢'8 | 6818 | ¥I'8 | S60'8 | 9508 | 2208 | 966°L | ¥66'L 1areM

spunodwo)d
529 009 GlS 0SS Gzs 005 Sl¥ (0]14 T4 00¥ Gl€ 0s€ Gze 00€ | ST'862 — (M) ainesadwa L

(-, [ow -[ed)
(D) do

[euonoun) YOO H1OH 8yl yum paindwod spunodwod aAndadsal

ay1 Jo} sanfeA jusuodwod aind :G-4 ajgel

A-17




IS

Thermodynamic data from functional analys

Appendix F

9EVT a4’ €0PT | G8ET | L9ST | 8VET | 6°2ET | 80ST | 2'82T | §92T | Z¥el | 8712l | 26IT | €9°91T | 6°€TT [ouayd-jAyaw-¢-jAdoidosi-Iq-§'y
CEVT | LTI ortT €8ET | ¥OST | SPET | 92ET | GOET | 82T | 292T | 6°€2T | GTZT | 68IT | €€°9TT | 6G€ETT [ouayd-jAypaw-¢-jAdoidosi-Ig-9'G
€eVT | 9TPT | 66ET | T'8ET | €9€T | ¥¥ET | v'2eT | €0ET | 2'82T 9zt 9°€ZT | ZTZT | 2'8IT | SO'OTT | 62€ETT [ouayd-jAypaw-¢-jAdoidosi-Iq-9'y
L8TT | ¥'LT1 9Tt 9VIT | TEIT | 9TIT 0Tt €80T | 990T | 8%0T | 620T | 600T | 98'86 | 12296 | ¥8¥'V6 Jouayd-jAyrew-g-(jAdoid-|AaN-T)-§
Z8TT | 69TT | GGIT | TV¥IT | 92IT Tt ¥'60T | 20T 901 ZY0T | €20T | €00T | 12’86 | £50°96 | 861°€6 Jouayd-jAyrew-g-(jAdoid-|AyeN-T)-¥
6.TT | GOTT | T'STT | L€IT | 22T | 90TT 60T ¥'Z0T | 9GOT | 8€0T | 6TOT | 2666 | G826 | S69'G6 | TWv'E6 Jouayd-Aytew-g-(jAdoid-|AyIeN-T)-2
€LT1 91T 9VIT | TEIT | 9TIT 0Tt €80T | 990T | 60T €01 TTOT | 2066 | 2696 | 92.¥6 | 981'26 jouayd-jAyrew-g-(jAdoid-|AueN-T)-9
901 8Y0T | 9°€0T | €720T 10T 8966 | /286 | 896 | 82G6 | 69€6 | €026 | €06 G'88 | 809'98 | €€9'18 jouayd-jAypaw-g-jAdoidos)-g
v'S0T | 20T €01 LTOT | ¥'00T | €066 | 6526 | T96 | ¥S¥6 | 2626 | €2T6 | L¥'68 | €9/8 | 90.°G8 | 969°€8 [ouayd-jAyaw-g-jAdoidos)-
9'G0T | ¥vOT | 2€0T | 6TOT | 900T | G266 | €826 | GE96 | I8¥6 | TZ'€6 | €5T6 | 6.68 | 9628 | L5098 | ¥90°¥8 jousyd-jAyaw-g-jAdoidos|-g
GGOT | €V0T | T'€0T | 8'TOT | S00T | T66 | 2926 | 8196 | €976 | 20€6 | ¥E'I6 | 8568 | G118 | ¥€8'G8 | Z€8'€8 [owAyL
veEVT | LTPT | 66ET | T'8ET | €9€T | GveT | 92ET | L0ET | 882T | 8927 | 8v2T | 822l | L0ZT | ¥9'8TT | IS9TT j0sa10-d
LOvT | 68T | 2ZET | ¥'SET | 9€€T | 8TET 0€T T82T | 292T | 2¥eT | z2el | zoel | Z8IT | €T9TT | 20¥IT |0S810-0
v'9ET | LYET €et ZTET | G621 | 27221 | 662t et 2zet | €02t | €811 | ¥'9IT | v¥IT | 8€2TT | ¥EOTT |0S8I0-W
G618 | 88°€8 | 2,28 | €918 | vv08 | Tg6L | €62L | T99L | ve'SL | 18€L | vezL | 180L | 1269 | 29529 | ¥¥8'S9 JayisjAdoidosi-iq
26°Ly | vELY | SL9v | €TOV | 6V'SY | €8vy | STy | vvey | TLer | S6Tv | 9TT¥ | SEOF | S6E | T29'8E | 60LLE suaINg-suen
8Ly | Tl 99y | 16SY | 2€Sy | S9OVY | 96°€V | vZEy | Sev | 2LTv | 260V | 600 | €26E | ¥EBE | ¥IVLE ausINg-sio
Ge'LV | LL9v | 9T9V | vS'Sy | 68VY | ZZvy | 2¢Ser | 8¢v | S0Cr | 8TTv | LvOv | v96E | LL'8E | 698°/E | ZE€6'9€ susaINg-T
viv | ¥89v | Sz9ov | voSy | TOSy | 95vv | 69€y | 66Cr | Lzev | 2SIV | vLOv | €66 | 606E | TZZ'8E | STELE louedoid-os|
89VE | GZ¥E | T8€E | 9e€e | 682€ | vZE | 68T | LETE | €805 | LZ0E | 6962 | 6062 | L¥8Z | 2z8lz | 2STlz auadoigd
G696 | G296 | SSG°6 | S8'6 | 9TY'6 | OVE6 | 9/26 | L026 | 6ET6 | L06 | 2006 | GE6'8 | 8988 | 2088 | 9€L'8 oM

spunodwo)
000T Gl6 056 626 006 G/8 058 Gz8 008 G/ 0§52 Gzl 00. G/9 059 — (M) ainesadwa

(; M- l10w-[ed)
' mb do

feuonoun) Vo9 H1DH 8yl yum paindwod spunodwod aAndadsal ay) 10} sanjeA jJusuodwod aind :9-4 a|qel

A-18




IS

Thermodynamic data from functional analys

Appendix F

EV'8S | S8'€S | 826V | 2¢L¥y | TOr | 62SE | 8T0E | L9%Z | S6'8T | LE€T | 6T¢'6 |E€zS€T989¢8- | £6.8'LLSG9¢E- |ouayd-jAyaw-g-|Adoidosi-Ig-G'y
/58S | 86'€S | Tv6vy | S8¥y | ¥Zov | 9v'Se | 6s0c | T6vZ | 2Z6T | vOYT | €0°0T |2888'ST9G9E- | Z8v6'6.5G9¢8- jousyd-jAyaw-g-|Adoidosi-Ig-9's
G0'8S | Lv'ES | €68y | 6S¥y | T86E | 80°'SE | 800¢ | 8L%Z | €v6T | 99YT | €£0T | ST68'02959¢- | S9E8 ¥8SG9E- jouayd-jAyaw-g-|Adoidosi-Ig-9'y
viy | T9Er | 8L'6E 9 vz'ze | ev'se | svvz | veoz | TOT 22T | v8Y'6 | £69'9629T€- | 89S V9Z9TE- Jouayd-|Ayraw-¢g-(jAdoid-|AydIN-T)-G
Z8'lv | 20y | LZOV | 89°9E | 262 | vZ6Z | ¥v'Se | LbTz | 9€LT | TVET | €86 |8ILFY629TE- | 8261 T929TE- jouayd-jAyraw-g-(jAdosd-JAyaIN-T)-+
TL'v | €8°¢€y o 6T'9E | 6828 | 1582 | 8vvgz | 220z | 6'ST T2l | 9826 |8EYz'68291¢- | 8V1E LG29TE- jouayd-jAyraw-g-(jAdoid-|AyIs N-T)-2
16y | 8Tvy | SYOv | 8,95 | LT'€E | 9562 | 68G2 | T2z | ¥I'8T | LOYT | SE'OT |9v0E2629TE- | 9TYO'¥929TE- jouayd-jAyraw-g-(jAdoid-|AyIs N-T)-9
90'ey | 296 | T9¢ | S9'2E | 8T6C | 996z | TOZZ | TZ'8T | 8€¥T | S6°0T | 6.5'8 |8995¥EIT6Z- | 8EVY ¥OIT6Z- louayd-|Aylaw-g-jAdoidos|-g
TT'er | T9%6€ | TT'9€ | 292€ | TT6C | ¥vSSZ | ¥87T¢ | vO'ST | 2€¥T | 22'TT | T16'8 | S60T'2€9T62- | SVS6'T09T6Z- jouayd-jAylew-g-jAdoidos|-i
ve'ey | 9868 | 6£°95 | €6'2€ | 9¥'6Z | 16'GZ | €222 | 8€8T | 95T | €€TT | 266'8 | 62££'829T62- | 6990°865T62- jouayd-jAylew-g-jAdoidos|-z
g8e'ey | 166 | SY'9€ | €0'€e | 962 | 2T9Z | €522 | 28'8T | €I'ST | 96'TT | S¥8'6 |08y ¥E9T6Z- | vr.LS €09T6Z- JoWAYL
96, | SO'ZL | 8yv. | 88TL | ¥Z69 | 9599 | 6L€9 | 609 | SL°LS | L6'€S | €28y | ¥998°€¥9L1Z- | ¥YEY 6TILTZ- j0sa1D-d
€008 | 9v'LL | 88V. | 92ZL | 6569 | 9899 | 209 | vO'T9 | LLLS | 26'ES | TZ'8Y |6LLY¥y9LTZ- | 6STE'6TILTZ- 10S319-0
TLT8 | €16L | TS9L | 98'€L | 9TTL | 8689 | Lv'S9 | L€29 | 16'8S | TLVS | S8y |SS6¥'Sy9.Tz- | G€2v 029LTe- 10S310-W
Sv'ee | 260¢ | 9v'8Z | S0'9Z | 29'€Z | ITTZ | ¥v8T | 29ST | 262T | 88°0T | TT26 |69ve'Sr6S6T- | 68,2 8T6G6T- Jaypajkdoadosi-iq
T¥'8T | 80°LT | 6L°GT | 9S¥T | LE€T | LTl | €60T | 2896 | ¥09'8 | 8208 | 6v6'L |L0Z62°€5986- | LOV9. ZE986- auaINg-suel
96'8T | ¥9'LT | 8€9T | 8T'ST | 20%T | 882l | LTT | v»OT | ¥T6 | v.T'8 | 6v6'L |€E20ST 25986~ | £20TZ T€986- aUBINg-SIo
18'8T | Sv'LT | 9T'9T | S6%T | €8€T | 922T | LTT | 650T | 2I¥'6 | S9€'8 | GG6'L | T2Z8205986- | T2ESE 62986 auaINg-T
98'6T | €9'8T | €24T | 96'ST | 69%T | 8€€T | 86TT | 2S0T | ¥ST'6 | L0Z8 | TS6'L |6.1€'€96T21- | 680T Tv6TICI- jouedoid-os|
GSyT | TOST | €227 | ¥6'TT | €2IT | 90T | €00T | 9056 | €868 | 20v'8 | 896°L | T.v60°886EL- | TL8TO696EL- auadoig
8/6°'L | ¥96'L | SS6°L | TS6'L | 6¥6°L | 6V6L | 6v6'L | 6V6L | 6v6'L | 6¥6L | 6V6'L | 9V6SG 9611~ | 9¥989°296L Y- 1ol

spunodwo)
Glz 0S¢ Sze 00z G/T 0ST Set 00T GL 0S 14 G1°86¢ G1°86¢ — (M) aunyesadwa

Aﬂ.v_ - jlow ‘[e9) (;. 1ow-[eay) | (. jow-ea)
do i\ 2 HY

[euonoun) vo9 3gdy oyl yum paindwod spunodwod aAndadsal ay) 1oj sanjen usuodwod aind /-4 a|qel

A-19




IS

Thermodynamic data from functional analys

Appendix F

62TT | OTT | 6'90T | L'€0T | €00T | TL'96 €6 €T'68 | 6068 | 608 | 859L | ¥T'e. | 19,9 | 820°€9 | 88929 [ouayd-|Ayrow-g-|Adoidosi-Ig-S'y
TEIT | TOTT | 20T | 8€0T | ¥'00T | .8'96 | 9T'€E6 | 8268 | G¢'G8 | 90°T8 | €L'9L | 622L | 9L.9 | LT€9 | €829 [ousyd-|Aylew-g-|Adoidosi-Ia-9's
LZTT | L60T | 9°90T | v'€0T | 9666 | ¥'96 | 1926 | 8188 | vL¥8 | ¥S08 | T9L | 9LTL | 2219 | €v9'29 | €0€29 [ousyd-|Aylew-g-|Adoidosi-Ig-9'y
90'€6 | 2906 | L0'88 | 6€£G8 | 85¢8 | €96L | ¥S9L | TEEL | €669 | TF'99 | 6.79 | SO6S | €SS | GSE'TS | L90°TS [ousyd-|Aurew-g-(1Adoud-|AueN-T)-G
€T'€6 | L06 | GT'88 | L¥'S8 | L9¢8 | €L°6L | G9°9L | E€¥'EL | LOOL | 8599 | L6T9 | 9¢6S | L¥'SS | 6V9'TS | G9ETS Jouayd-|Ayraw-g-(1Adoud-|AuraN-T)-¥
82°€6 | ¥8'06 | 6288 | T9S8 | 6,28 | ¥8'6L | 9.°9L | 2SEL | STOL | ¥9'99 | TOE9 | 8265 | 9¥'SS | T6SIS | ¥OEIS Jousyd-|Ayraw-g-(1Adod-|AyaN-T)-2
/2’6 | €8°06 | 8288 | 9G8 828 | 986L | 8.9L | 95€L | TOL | TL99 | T'€9 v'6S | 29SS | 86L°TS | GTSTS [ousyd-|Ayrew-g-(1Adoud-|Ay1sN-T)-9
€5€8 | 8T8 | ZT6L | 9L°9L | LzvL | 99TL | €6'89 | 9099 | LO'€9 | 9665 | ¥L'9S | TrES 0S | 9vS'ov | 88e'ov [ousyd-jAyisw-g-|Adoidos|-g
65°€8 | vP1I8 | 8T'6L | 289L | €€VL | €LTL 69 v1'99 | ST'€9 | v0'09 | T89S | 8F'€ES | 80°0S | 6099 | TSE'9Y [ousyd-jAyiaw-g-|Adoidos|-
€,°€8 | 8518 | €€6L | L6'9L | 6¥¥L | 68'TL | 9T'69 | TE€99 | 2Z€€9 | 2209 | 6695 | L9ES | LZ0S | LI8'9V | 959 [ouayd-jAyaw-g-|Adoidos|-g
8L°€8 | €918 | 8'6L | TOLL | €S¥L | €6'TL | T69 | ¥E€99 | 9€€9 | G209 | 20LS | L'€S €05 | ¢S8'9¥ | G659 [oWAYL
62TT | LOTT | 980T | €90T | ¥OT | LTOT | 2€66 | ¥6'96 | €S¥6 | 6026 | €968 | ST'.8 | S9¥8 | 2ET'Z8 | Sv6'18 j0sa10-d
vETT | €TTT | 60T | 890T | S¥OT | 220T | 866 | V.6 6 9526 | 6006 | 9.8 168 | T.G528 | €8€¢8 |0S810-0
€GIT | TETT | 60TT | 980T | €90T | ¥OT | 9TOT | €266 | 896 | vEV6 | 98'T6 | SE68 | €898 | 8¢¥8 | T60Y8 |0S8I0-W
65°G9 | LL€9 | L8T9 | 665 | ¥8'.S | 69°SS | 9¥'ES | ST'TS | GL'8y | 829y | GLEY | 8T'Ty | 6S'8E | €66'SE | 208'SE JayisjAdoidosi-iq
ET'9E | TT'SE | 90vE | 9626 | T8'TE | 290€ | 6€62 | TT'8Z | 8L°92 | 2vr'Se | €0vZ | 2922 | TTC | 26L°6T | 889°6T suaINg-suen
9e'9€ | 9g'6E | €eve | 9zEee | vlee | L6'0OE | 9.°62 | TS8C | Telz | L8SC | Sve | TU€Z | 2.2 | Lzeoz | Seeoe ausINg-sio
99g 9GE | 9SYE | 8YEE | ¥EZE | 9T'IE | €662 | S98C | 2¢€LZ | S6'GC | ¥Sve | TIT'€C | 997T¢ | T2e0Z | STT0Z susaINg-T
96'9€ 9 66'VE | v6'€E | S8'CE | TLTE | €50€ | 6262 | 2082 | L92 | 9€G¢ | 86'€Z | 92 | €zeie | 12T louedoid-os|
TT'/Z | 6€°9C | S9GZ | 88¥Z | 80¥Z | vzez | LE€Tz | 9¥'TZ | 250Z | SG'6T | 9S8T | SSLT | ¥SOT | 625'ST | GS¥'ST auadoigd
889'8 | 7298 | 9558 | z6v'8 | 62Zv'8 | L9€'8 | 80€8 | GZ'8 | 9618 | SPI'8 T8 6508 | G208 | 866'L | 966°L oM

spunodwo)
629 009 G/G 0SS T4 005 GlY oSy Gey oor Gl€ 0se Gee 00€ | GT'862 — (M) ainyesadwa |

(-, [ow -[ed)
(1) do

feuonoun) YOO 394y ay1 yum paindwod spunoduwiod aAndadsal

ay1 Jo} sanfeA jusuodwod aind :8-4 ajgel

A-20




IS

Thermodynamic data from functional analys

Appendix F

TGPT | GEPT | 8TPT | TOPT | €8ET | ¥OET | G¥ET | G2ET | ¥'OET | 28¢T | 6'GeT | G€LT | TeT | 9v'8IT | 9L'STT [ouayd-|Ayrow-g-|Adoidosi-Ig-S'y
TSPT | 9C€PT | evT | TOPT | ¥'8ET | 99ET | 9FET | 9CET | GOET | €82l | 92T | L'€2T | ¢T2T | 98IT | 6'GIT [ousyd-|Aylew-g-|Adoidosi-Ia-9's
SPT | PEYT | LTVT | OPT | 28ET | €9€T | €VET | €2¢€T | ¢0€T | 82T | 2'GeT | €€2T | 8021 | ¥2'8IT | 2¢S'STT [ousyd-|Aylew-g-|Adoidosi-Ig-9'y
v'6TT | T8TT | LOTT | €GIT | 8€IT | €2IT | LOTT | T'60T | +'Z0T | 9'SOT | L'€0T | 8TOT | €.°66 | ¥09'26 | ¥8E'S6 [ousyd-|Aurew-g-(1Adoud-|AueN-T)-G
v'6TT | T8TT | 89TT | ¥'SIT | 6'€TT | ¥'2IT | 80TT | T'60T | ¥Z0T | 9'SOT | 8€0T | 8TOT | 6.°66 | 2L9°L6 | EGV'S6 Jouayd-|Ayraw-g-(1Adoud-|AuraN-T)-¥
96TT | €8TT | LIT | 9GIT | T¥#IT | 92IT | TIT | €60T | 90T | 8G0T | 6°€0T | 20T | 96'66 | 9€8'26 | TT9'S6 Jousyd-|Ayraw-g-(1Adod-|AyaN-T)-2
96TT | €8TT | LIT | GGIT | THIT | 92IT | TIT | €60T | 920T | 8GO0T | 6'€0T | <¢OT | G6'66 | 8.6 | 965'G6 [ousyd-|Ayrew-g-(1Adoud-|Ay1sN-T)-9
8'90T | 9°G0T | ¥'¥OT | 2'€0T | 6TOT | S00T | €1'66 | 8926 | 9196 | 85¥6 | ¥6'¢6 | 2C'T6 | €68 | TSS.8 | 685'G8 [ousyd-jAyisw-g-|Adoidos|-g
8'90T | 9°G0T | v'¥OT | 2'€0T | 6TOT | 900T | LT'66 | 2L',6 | 296 | €9v6 | 8626 | LZ'T6 | L¥'68 | 10928 | Tv9'S8 [ousyd-jAyiaw-g-|Adoidos|-
8'90T | L'SOT | S¥0T | €€0T | 20T | 900T | G266 | 8.6 €96 | €L76 | 60€6 | 8E'T6 | 6568 | G218 | ¢LL'S8 [ouayd-jAyaw-g-|Adoidos|-g
6'90T | 8GOT | 9%0T | ¥'€0T | T'20T | L0OT | v€'66 | 6826 | 896 | 8v6 | 9T'€6 | S¥'T6 | 99'68 | L8L'/8 | 628'S8 [oWAYL
8TPT | TOPT | ¥'8ET | 99€T | 8VET | 6°2€T | TTET | 2627 | €427 | €G¢T | €€2T | €TeT | €617 | Z'LIT | 80'STT j0sa10-d
vzl | LOvT | 68T | TLET | €GET | G€ET | 9TET | L'62T | 8227 | 6'GeT | 6'€2T | 6T2T | 86IT | ¢L'LTT | 9'STT |0S810-0
vyvT | 92rT | 60rT | T6ET | €LET | ¥'GET | 9€ET | LTET | L'62T | 8127 | 8GeT | 8€CT | LTCT | ¢9'6TT | 61 LTT |0S8I0-W
96'68 | 2678 | v8'€8 | €,¢8 | LST8 | L£08 | €T6L | ¥8'LL | TS9L | ZTSL | 89°€L | 6T2L | €9°0L | 8T0'69 | 8EE'L9 JayisjAdoidosi-iq
IS’y | 86'9v | 89y | SL'Sv | 60'Sy | Tvvy | TLEV | 66Cy | veey | 9Ty | 990V | 286 | S6'8€ | ¥¥0O'SE | SOT'LE suaINg-suen
95y | 86'9v | 89y | 9L°Sy | TUSY | 9¥vy | 8LE€Ey | LOEY | €€Ty | LSTy | 8.0V | 96'6€ | TI'6E | 922'8E | 60€LE ausINg-sio
1Ly | Tly | T99v | 66'Sy | 9gSy | Ly | 20vy | T€Ey | 8Scy | 28Ty | €0'Ty | TCOv | 9E'6E | GLP'SE | SGGLE susaINg-T
28y | 92'Lv | 899y | 809V | 9¥'Sy | Z8VY | 9Tvy | LvEv | 9L¢y | 20Ty | 9TTv | 9OV | ¥9'6E | 28L'8E | T68LE louedoid-os|
9T'GE | GL¥E | ZEVE | L8€EE | TvEE | €6'CE | vpee | €6'TE | vIE | G8°0€ | 820 | 69'6Z | 806 | 8y¥'8T | 68L°LC auadoigd
vv.6 | 2,96 9'6 8256 | 9Sv'6 | ¥8E6 | €IE6 | T¥Z6 | LI'6 16 €0'6 96'8 | 1688 | €¢88 | SG.'8 oM

spunodwo)
000T GL6 056 Gz6 006 G/8 058 Gz8 008 GLL 0SL gzl 002 G/9 059 — (M) ainyesadwa |

(-, [ow -[ed)
(1) do

feuonoun) YOO 394y ay1 yum paindwod spunoduwiod aAndadsal

ay1 Jo} sanfeA jusuodwod aind :6-4 a|gel

A-21




IS

Thermodynamic data from functional analys

Appendix F

89'65 | ¥I'SS | S90S | 6T9r | LTIvr | 9028 | TT'2e | 6992 | 80Z | vO'ST | ¥OT |/L6TV6TrS9s- | LE6Y Z8ES9E- |ouayd-jAyaw-g-|Adoidosi-Ig-G'y
¥6'6G | 87'SS | 60'TS | 9.9F | vvey | 108 | 62°€S | 8082 | 2222 | €0°9T | 29°0T | T2Z¥T'2ZrSos- | T¥SS8ES9e- jousyd-jAyaw-g-|Adoidosi-Ig-9's
€265 | 2LvS | S20S | 28'Sy | 9Ty | 9295 | 88T€ | 8592 | 960z | €9'ST | S6°0T |STE2'9ZyS9s- | SOZT 68£59¢E- jouayd-jAyaw-g-|Adoidosi-Ig-9'y
€L8y | S6vv | vZTIv | 9.l | Z0vE | €v0E | €292 | 6.22 | 6v'8T | TOYT | 9TOT | E€8v2'9eT9TE- | £269°Z0TITE- Jouayd-|Ayraw-¢g-(jAdoid-|AydIN-T)-G
€T'sy | 62y | 60V | SL9E | ¥O'€E | 6262 | Tv'Se | €€TZ | TT'LT | 9T'ET | Lv6'6 | 980°2ETITE- | Z0OE'6609TE- jouayd-jAyraw-g-(jAdosd-JAyaIN-T)-+
1S58y | 69vv | €60V | €2/ | 9S5°€E | 88'6Z | 8092 | 902z | 98°LT | 6€T 90T | ¥S0€'82T9TE- | Y66 7609TE- jouayd-jAyraw-g-(jAdoid-|AyIs N-T)-2
/S8y | 8Lvy | 90Ty | T¥'lE | 28'€E | €208 | 8592 | 822z | 188T | €8¢T | 8L°0T |T92T'SETITE- | TV6E TOTITE- jouayd-jAyraw-g-(jAdoid-|AyIs N-T)-9
96'cy | €5°0v | ¥T'LE | 6L€E | 90 | 6022 | T9€Z | €6'6T | 909T | 822l | GLZ6 |6896'687162- | 6281 8SHT62- louayd-|Aylaw-g-jAdoidos|-g
96'cy | €5°0v | E€T'LE | 9L'€E | TrOe | €022 | ¥S€C | 98°6T | ¥OOT | 9€2T | 22v6 |ZIev L8¥162- | 2v.l2'9SvT62- jouayd-jAylew-g-jAdoidos|-i
8s'ey | TTOr | L99¢ | Sz'se | €862 | S€9Z | €22 | €6'8T | 20'ST | vw'1IT | SS.'8 | LST8'28¥162- | LSOV 2SPI62- jouayd-jAylew-g-jAdoidos|-z
SOvy | 290r | €2.€ | 88'€E | ¥S0€ | 8T'ZZ | TL€Z | 90°0Z | 829T | 892T | S68'6 | 660687162 | 69 LSYT6Z- JoWAYL
GT8 | 68'8L | 92792 | 85€L | 980L | S0'89 | €T'S9 | 2029 | 1585 | 8€vS | LZ'8v | 692T6VS.T2- | 62TT ¥2SLTLZ- j0sa1D-d
8208 | LlL TGL | Lv2. | 6269 | G029 | 6T%9 | LT'T9 | 982G | S6'€SS | TZ'sy | 96T8'8VSLT2- | 96.T¥2SL12- 10S319-0
T8. | 89S | SzeL | 180L | S€89 | ¥8'S9 | GZ'€9 | €509 | 95/S | 96'€S | 8€'8y | 600T6vS.T2- | 60ST'SCSLTE- 10S310-W
Sve | soze | 2962 | 9.z | 90'SZ | 6922 | STOZ | SE€LT | 8€¥T | LSTT | LST'6 | S2E8'v¥8S6T- | SGTO LT8S6T- Jaypajkdoadosi-iq
L1967 | ¥v'8T | 62LT | 229T | 22ST | vZ¥T | TZ€l | 102l | 950T | €66'8 | ¥I0'8 | v/0T'T6G86- | ¥ZES 69586- auaINg-suel
€6T | €08T | 289T | TZ'ST | 29%T | 69€T | 2.2 | TLTIT | 650T | 6826 | 2608 | £5.5'68586- | £200'89586- aUBINg-SIo
€6'8T | T9'LT | L€9T | 2z'ST | ZTvT | 2€T | 922l | 62TT | €Z0T | 6¥06 | SS0'8 | 988'98586- | 965'G9586- auaINg-T
600z | TL8T | v.T | TTOT | T8%T | 9¥'€T | T02ZT | 9¥'0T | €206 | T2T'8 | 6v6'L |€.85'806T21- | EV.LE L88TCT- jouedoid-os|
6€vT | Ov'ST | 852T | 8LTT | SOTT | ¥OT | 2086 | 9€26 | S89'8 | 8.1'8 | 2S6'L |SEV8SOVEEL- | GEZSI TZHEL- auadoig
8/6°'L | ¥96'L | SS6°L | TS6'L | 6v6°L | 6V6L | 6v6'L | 6V6L | 6v6'L | 6¥6°L | 6V6'L |SSOTT0L6Lv- | SSYEZ 9S6L Y- 1ol

spunodwo)
Gl2 0S¢ See 00z GLT 0ST Gzt 00T SL 0S 14 G1°86¢ G1°86¢ — (M) aunyesadwa

Aﬂ.v_ - jlow ‘[e9) (;. 1ow-[eay) | (. jow-ea)
do i\ 2 HY

feuonaun) Vo9 gA1d ayl yum paindwod spunodwod aAnoadsal

ay1 Jo} sanfeA jusuodwod aind :0T-4 9|qel

A-22




IS

Thermodynamic data from functional analys

Appendix F

6€TT | 60TT | 80T | 9¥OT | €TOT | €/26 | ¥Ov6 | 8106 | LT98 | T028 | 2/L | 62€L | 8189 | ¥EZ¥9 | L68€Y [ouayd-jAyaw-¢-jAdoidosi-Iq-§'y
6€TT | 60TT | 60T | L¥OT | €TOT | 92726 | 80V6 | €206 | €298 | 8028 | 8/2L | TVelL | ¥6'89 | 9€¥¥9 | 0T [ouayd-jAypaw-¢-jAdoidosi-Ig-9'G
GE€TT | 90TT | SZ0T | Z¥OT | 800T | 6226 | 65€6 | 2,68 | LG8 | €518 | €ZLL | 182L | 2€89 | 9/2°€9 | vve9 [ouayd-jAypaw-¢-jAdoidosi-Iq-9'y
€6'€6 | ST6 | 9688 | 6298 | S€8 | 9508 | 6vLL | 8Z¥L | €6°0L | S¥L9 | ¥8E9 | ¥I09 | 979G | 8vSCS | G922 Jouayd-jAyrew-g-(jAdoid-|AaN-T)-§
€9€6 | 6TT6 | #9'88 | 96'G8 | GT'€8 | 208 | TTZL | 68€L | 250L | TOL9 | 6€€9 | 9965 | G8'SS | 966'1G | TL'TS jouayd-jJAytaw-g-(|Adoid-|ApaN-T)-+
¥8'€6 | TF'T6 | 9888 | 6198 | 68€8 | S¥08 | 8€Z. | 9Tv. | 80L | T€L9 | L€9 | 6665 | 295 | 8S€2TS | €202S Jouayd-Aytew-g-(jAdoid-|AyIeN-T)-2
6,°€6 | 9€T6 | 1888 | ¥198 | v€'€8 | v08 | €€L4L | 2TvL | L2°0L | 8219 | 89€9 | 8665 | 295 | 98€72S | €012 jouayd-jAyrew-g-(jAdoid-|AueN-T)-9
IT¥8 | €028 | 8L6L | TviL | v6¥L | v€2L | 2969 | 2299 | 8€9 109 GlS | 6TVS | 280§ | ¥6E€Ly | ¥T'LY jouayd-jAypaw-g-jAdoidos)-g
TZ¥8 | 9028 | 186L | SvlZ | 86%L | 882, | 9969 | 1899 | €8°€9 | ¥209 | €5.S | ZZ¥S | ¥8°0S | 60V Ly | VST LY [ouayd-jAyaw-g-jAdoidos)-
16€8 | 28T8 | 956L | 2TZiL | TL¥L | TT'2L | 8669 | 2599 | ¥S€9 | €r09 | TZ'LS | 68°€S | S0S | 6V0°Lv | €6L9F jousyd-jAyaw-g-jAdoidos|-g
TZ¥8 | L0728 | 286L | 9v'LL | 66%L | vZL | 8969 | ¥899 | /8€9 | 8,09 | 85LS | 82¥S | T60S | 98Y'Lv | 2€T LY [owAyL
€GTT | TETIT | 60TT | 980T | €90T | 6'€0T | 9TOT | ¥I66 | 296 | €Z¥6 | €.T6 | 268 | 9998 | 6078 | 668°€8 j0sa10-d
6€TT | LTTT | ¥60T | 2£0T | 60T | S2OT | 200T | 1226 | v€S6 | 8826 | ¥06 6.8 | 1£G8 | €£8'28 | v¥9Z8 |0S810-0
€0TT | T'80T 901 8'€0T | OTOT | €£66 | SO'L6 | v.'¥6 | T¥'e6 | 9006 | 228 | T1€S8 | 2628 | 1S08 | TEEC08 |0S8I0-W
vE99 | €5%9 | 929 | 8909 | €985 | IS9S | 62%S 2 €96y | 8T'Zv | 89wy | €T2r | LS6E | 8T0°ZE | TE89E JayisjAdoidosi-iq
9,9 | LLSE | vLve | 99°€e | S52E | 6€TE | 6T0E | ¥6'8C | 9922 | S€9Z | TOGZ | S9€C | €22 | 99602 | 69802 suaINg-suen
299 | 296E | 8sve | G€e | 8eCE | TTIE 0g G182 | S¥lz | 2r9z | 9Lve | se€e 2z GE€9°0Z | G€5°02 ausINg-sio
v99g | €9'GE | 6SvE | S€E | 9€2E | 8T'TE | S66Z | 1982 | G€LZ | 86'SZ | 8Sve | 9T'€C | vLTZ | LI€0Z | ¥T2 02 susaINg-T
IT.€ | T9¢ | eTse | vIve | S0'€e | T6'TE | 2,08 | 6v62 | Tg82 | 692 | SSG¢ | 8Tve | 82z |9Iriz | vie1e louedoid-os|
6692 | L29Z | 2¢5Sz | vLve | €6€C | 60€Z | TZZz | €Tz | 9¢0Z | 66T | ¥8T | 6€LT | 89T | €LE'ST | 662°GT auadoigd
1698 | €98 | ¥95°8 | 668 | GE¥'8 | €/€8 | €1€8 | SG¢'8 z8 6vT'8 | 20T'8 | 1908 | /208 | 666, | 1661 oM

spunodwo)
G529 009 G/S 0SS 625 005 Sl¥ 0SP STA7Z 00v Glg 0se Gee 00€ | GT'862 — (M) ainesadwa

(; M- l10w-[ed)
' mb do

[euonoun) YOO gA1d 8yl yum paindwod spunodwod aAinoadsal ayl Jo) sanjea jusuodwod aind :TT-4 9|qel

A-23




IS

Thermodynamic data from functional analys

Appendix F

6GYT | €VPT | 92vT | 60VT | T6ET | €LET | €GET | €€ET | ZTET 621 8921 | ¥¥eT | 6T2T | 9€°6TT | 29°9TT [ouayd-jAyaw-¢-jAdoidosi-Iq-§'y
6GYT | €vPT | L2vT | 6°0VT | T6ET | €LET | ¥'SET | €€ET | ZTET | T'62T | 8'92T | vvet 2T | 6EBTIT | L'OTT [ouayd-jAypaw-¢-jAdoidosi-Ig-9'G
L'SYT | TvpT | Sevl | L0vT | 68€T LET TGET | Teel €T 8'82T | §92T | T¥eT | 9T2T | ¥O'6TT | €E€°9TT [ouayd-jAypaw-¢-jAdoidosi-Iq-9'y
Z20et | 68TT | §ZTT | T9TT | Z¥IT | TEIT | 9TIT | 660T | 280T | #'90T | 9¥OT | 920T | 900T | 99¥'86 | 15296 Jouayd-jAyrew-g-(jAdoid-|AaN-T)-§
0zt L8TT | €LTT | 6'STT | S¥IT | 62TT | €TIT | 2'60T 80T 290T | €¥0T | #20T | €00T | 68186 | £96'S6 Jouayd-jAyrew-g-(jAdoid-|AyeN-T)-¥
T02ZT | 88TT | §Z.TT 9TT 9vTIT | TE€IT | STIT | 860T | T80T | €90T | S¥OT | S2OT | SOOT | ¥.£86 | LST'96 Jouayd-Aytew-g-(jAdoid-|AyIeN-T)-2
T02T | 88IT | ¥2TT 9Tt 9VTT ETT GTTT | 860T | T80T | €90T | v'vOT | G20T | S00T | €€86 | TT'96 jouayd-jAyrew-g-(jAdoid-|AueN-T)-9
€/0T | 2901 S0t 8'€0T | G20T | TTOT | €66 | 8286 | /.96 | 2G6 | GG€6 | ¥8'16 | SO06 | 82188 | 2298 jouayd-jAypaw-g-jAdoidos)-g
€70T | Z'90T S0t 8'€0T | G20T | TTOT | G/66 | €86 | 6,96 | ¢2'S6 | 85€6 | /816 | 8006 | TZ'88 | ¥SZ'98 [ouayd-jAyaw-g-jAdoidos)-
Z.0T 90T 80T | 9€0T | €720T 10T 9566 | TT'86 | 996 | 20S6 | LE€6 | S9T6 | 9868 | ¥86'/8 | £20°98 jousyd-jAyaw-g-jAdoidos|-g
€.0T | 2901 S0t 8'€0T | G20T | TTOT | G/'66 | €86 | 6,96 | 2¢2°G6 | 85°€6 | 98'16 | 8006 | 802'88 | #5298 [oWAYL
SYrT | 82rl T ZT6ET | ¥LET | SSET | L€€T | 8TET | 8627 | 8242 | 8GeT | 8€2T | 2T2T | v9'61T | ISLTT j0sa10-d
eVl ZTIVT | G6ST | 26T | 6°GET veT 22T | €0ST | €827 | ¥'92T | vvel | €221 | €027 | 8T'8IT | SO9TT |0S810-0
G8ET | 89ET | T'GET | €€€T | 9TIET | 8'62T 821 T92T | €vel | €221 | ¥02T | v8IT | GOIT | 2v¥iT | 9€721T |0S8I0-W
1998 | 8568 | TS¥8 | ¥€8 | G228 | 9018 | 2¢86L | ¥vS8L | TgZL | €8SL | 6Ev. | 62L | 9€TL | 6v2°69 | L2089 JayisjAdoidosi-iq
208y | Sy | S89v | €Z9v | 8SSY | Z6Wy | €Tvvy | TSEy | Ll2v | TOCy | TZTIv | 680F | €56E | Tv9'8E | 2LLE suaINg-suen
€6°LV | GELY | GL9V | €TOV | 8VSY | T8WY | ¢Tvy | veEy | 99Cr | 68Ty | 60TF | 920F | v6E | ZIS8E | 98G'L€ ausINg-sio
€6°LV | GELV | SL9v | €T9V | 6V'SY | 28vy | €Tvvy | Zver | 89¢y | T6Ty | TT'TV | 820F | €V6E | 2€S'8E | Y09 LE susaINg-T
608y | €S.v | S69v | ¥YEOV | TLSY | 80SY | Tvvy | 2LE (5% 9zzy | 6TV | 690V | 98°6E | 866'8E | E0T'SE louedoid-os|
9T'GE | vL¥E | €ve | S8'€e | 8e€E | 6¢€ v'ze | 88'T€ | ¥ETE | 6,08 | TZOE | 1962 | 66'82 | TS€'8C | ¥89'/2 auadoigd
116 | 1696 | ¥296 | 1956 | 8/v'6 | SOV'6 | 2€€6 | 6526 | 2816 | SIT6 | v¥0'6 | €/6'8 | €068 | ¥€8'8 | S9.°8 oM

spunodwo)
000T Gl6 056 626 006 G/8 058 Gz8 008 G/ 0§52 Gzl 002 G/9 059 — (M) aunjesadwa |

(M-, low-[ed)
(1) do

[euonoun) VOO gA1d 8yl yum pamndwod spunodwod aAnodadsal

ay1 JoJ sanfeA usuodwod aind :ZT-4 a|qel

A-24




Appendix G: Thermodynamic data from group contribution methods

Appendix G: Thermodynamic data from group
contribution methods

As an alternative to thermodynamic data generated with the use of density functional
theory, the ideal gas Gibbs free energy of formation, enthalpy of formation and gas
heat capacity of the respective compounds was also estimated with group
contribution methods such as that of Joback (1984;1987) and Constantinou and
Gani (1994).

Group contribution methods were also used to estimate pure component properties
such as boiling points and critical properties for the compounds for which no

experimentally measured values were found in literature.

As a means of method validation i.e., to determine which of the group contribution
methods was most likely to predict the pure component properties with the greatest
accuracy, such properties were calculated and compared to the measured values for
a control group of phenolic compounds (for which this data was available literature).

Results for these calculations are presented in Table G-1- Table G-4.

It is evident from Table G-2 that the method of Marrero and Pardillo (1999)
consistently predicted the normal boiling points of thymol and its position isomers
with the greatest degree of accuracy compared to the other methods. Therefore, this
method was used to estimate the normal boiling points for the compounds for which

this data could not be found in literature.

In turn, the method described by Wilson and Jasperson (1996) with the first and
second order group contribution parameters was used to estimate the critical
temperature. Table G-3 shows that although the methods by Gani and Constantinou
(1994) with first and/or second order parameters predict the smaller phenolic
molecules with a fair degree of accuracy, they overpredict this value for thymol by a
much larger margin as compared to that of Wilson and Jasperson (1996) which

predict thymol's critical temperature with the greatest degree of accuracy.
The methods by Ambrose (1978, 1979) and Marrero and Pardillo (1999) predicted

the critical pressures of the control group with the greatest degree of accuracy (see

Table G-4). As the method by Ambrose predicted the Thymol’s critical pressure
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more accurately than that of Marrero and Pardillo (1999), it was used to predict the

critical pressures in this study.

The estimates for the normal boiling points, critical data, ideal gas Gibbs free energy

of formation and enthalpy of formation used in this study, are shown in Table G-1.
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Appendix G: Thermodynamic data from group contribution methods

Figure G-1 compares the results of the different simulations of the system with
MPWTDIB (m-cresol, propene, water, thymol isomers, and di-isopropylated m-cresol)
corresponding to thermodynamic data obtained with Molecular modelling (PW91,
HCTH, RPBE and BLYB) and group contribution methods (Gani and Constantinou
(1st and 2nd order) and Joback (Daubert and Thomas,1999). All cases showed that
the m-cresol equilibrium conversion decreased once the transition from liquid to gas

phase started, with increasing temperature.

The data obtained with molecular modelling showed a transition from gas to liquid
phase at lower temperatures as compared to the thermodynamic data obtained with
the group contribution methods. In contrast to the results obtained with the respective
group contribution method data which showed similar m-cresol conversion, the

results obtained with the different molecular modelling functionals did not correspond.

The results corresponding to the following functionals employed for the molecular
model are shown: PW91, HCTH, RPBE, BLYP. The following Group contribution
methods were used to generate thermodynamic data: Gani and Constantinou with
1st and 2nd order parameters and Joback. These curves model systems at 1 bar and
iso-propanol/m-cresol molar ratio of 1:1. The following components were taken into
account for this model: MPWTDIB - m-cresol, propene, water, thymol isomers,

di-isopropylated m-cresol isomers, sec. butylated m-cresol isomers and butenes.
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Appendix G: Thermodynamic data from group contribution methods
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Figure G-1: m-Cresol conversion at thermodynamic equilibrium as a function
of temperature.

Table G-2: Comparison of the normal boiling points estimated

Compounds Toest (K) Toexp (K)
Joback Gani/Constantinou Gani/Constantinou Marrero/ Experimental
(1st order) (2nd order) Pardillo values
2-Ethyl-phenol 489.7 489.2 489.2 480.7 477.67
3-Ethyl-phenol 489.7 489.2 489.2 482.1 491.58
4-Ethyl-phenol 489.7 489.2 489.2 482.1 491.15
2,4-Dimethyl-phenol 494.7 492.3 492.3 489.4 484.09
3,4-Dimethyl-phenol 494.7 492.3 492.3 489.4 500.11
3,5-Dimethyl-phenol 494.7 492.3 492.3 490.7 494.85
m-Cresol 466.9 472.3 472.3 465.9 475.425
Thymol 540.0 519.1 517.2 514.5 505.7
2-lsopropyl-3-methyl-phenol 540.0 519.1 517.2 513.3 501.65
4-Isopropyl-3-methyl-phenol 540.0 519.1 517.2 512.3 511.15
5-Isopropyl-3-methyl-phenol 540.0 519.1 517.2 513.5 514.2
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Appendix H: Group contribution method sample calculations

Appendix H: Group contribution method sample
calculations

The following equations were employed in the calculation of pure component data

using the method proposed by Lydersen (1955).

Equation H-1: Calculation of critical temperature, T . (Lydersen, 1955)
T,

T. = £
[

Equation H-2: Denominator in critical temperature egn. (Lydersen, 1955)

6=0567+Y 4, - (XA f

Equation H-3: Calculation of critical pressure

M
(o + 034

C

Sample calculation of T.with method proposed by Lydersen for 5-Isopropyl-3-methyl-
phenol:
ZAT 3( )+ 3( )+ 3( ) + I ) +1( )
3(0.011) + 3(0.011) + 3(0.020) + 1( 0.035) + 1(0.012)
0.173

D
|

0567 + $AT - ( TAT)?

0.567 + 0.173 - (0.173)?
0.710

Te

I
@ |

5

o

42

o
\l
[ —

= 724K
Sample calculation of Pc for 5-Isopropyl-3-methyl-phenol

CD 4(:CH'ring) + 2(:C<ring) + 3(‘CH3 ) + 1(‘0theno|) + 1(‘CH<)
3(0.154) + 3(0.154 ) + 3(0.227) + 1(—0.02 ) + 1(0.21)

1.795

M
(®+ 034
152

" (1795 034’
33 atm

Pc =

A-32




Appendix |I: Catalyst drying and activation sequence

Appendix I:  Catalyst drying and activation sequence
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Figure I-1: Catalyst drying and activation sequence (1 bar, 50 ml-min . N>)
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Appendix J:  Phase calculations for thymol synthesis system

Appendix J: Phase calculations for thymol synthesis
system

The Aspen Plus User Interface (Aspen Technology, Inc. 2006) software package was
employed for the simulation of phases in the system under reaction conditions used.
Figure J-1 was employed to verify whether the temperature at the inlet of the reactor

was below the boiling point of the IPA / m-cresol mixture.
240

200 -

160 4

120 4

Temperature (°C)

0 L] L] L] L] L] L] L] L] L]
00 01 02 03 04 05 06 07 08 09 10
Mole fraction (iso-propanol)

Figure J-1: Txy diagrams for IPA/ m-cresol mixture

The dew point pressure curves for various equations of state are displayed in
Figure J-2. In this simulation iso-propanol and m-cresol was fed to the reactor at a
1:1 molar ratio. The dehydration of iso-propanol to propene and water was complete
before m-cresol was alkylated. The results for different equations-of-state are
displayed in this graph.

20
18 4
16
14 4
12 4
10 -

Pressure (bar)

—PR-BM
—RK-Soave
UNIFAC

0 10 20 30 40 50 60 70 80 90 100
m-Cresol conversion (%)
Figure J-2: Dew point pressure of a propene-water-  m-cresol-thymol system as
a function of m-cresol conversion.
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Appendix K: GC methods and apparatus

Table K-1: Gas chromatography equipment and methods

Experiment Thymol Thymol Iso-propanol
synthesis synthesis dehydration
Analysis type o o Quantitative/
Quantitative Qualitative Qualitative
Equipment GC GCMS GC/GCMS
GC manufacturer (product name) Varian (3600) Agilent Varf;”(ggtOO)/
GC column supplier Supelco Varian Varian
Stationary phase a-Dex-120* CP-Sil 5 CB CP-Sil 5 CB
GC column part number 24310 CP7691 CP7692
GC capillary column type Fused silica, Fused silica, Fused silica,
wall coated wall coated wall coated
GC column length (m) 30 25 25
GC column Internal diameter (mm) 0.25 0.15 0.15
GC column film thickness (um) 0.25 2 2
Sample diluent Acetone Acetone N>
Ratio of sample to diluent (vol.) 1:3 1:3 1:50
Mode of sample injection CP-8400 Manual liquid Online analysis

Autosampler
(liquid syringe)

syringe injection

with sample valve /
Ampoule breaker

Initial injector head pressure (bar) 0.23 2 N/A
Carrier gas H> He H>
Mode of carrier gas control Constant flow Constant pressure Constant flow
Carrier gas flow rate (mL/min) 0.5 N/A 0.4
Injector temperature (C) 280 230 250
Volume injected (pL) 5 0.1 0.5 / 15x10°
Split ratio 1:340 1:45 1:50
Split flow 170 mL/min

Initial column temperature (C) 50 40 -20
Holding time at initial temperature None 5 min None
Temperature ramp rate (C/min) 30 10 8
First intermediate temperature (C) 170 130 140
Holding time at 2 min 25 min None
first intermediate temperature (min)

Temperature ramp rate (T/min) 0.5 20 4
Second intermediate temperature (C) 174 C N/A 188° C
Holding time at None N/A None
second intermediate temperature (min)

Temperature ramp rate (T/min) 40 C/min N/A 8 T/m in
Final temperature (C) 200 € 220 C 290C
Holding time at final temperature (min) 3 min 7 min 15.25 min
Detector FID Faraday cup FID
Detector temperature (C) 320 C 250 C 300 C

* stationary phase consisting of 20% permethylated a-cyclodextrin (a crown ether) in 35% diphenyl/

65% dimethyl siloxane (Supelco, 2006)
** 100% dimethylpolysiloxane phase
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Appendix L: Peak identification by means of GC/MS

Mass spectrums of model compounds finally aided in the identification of isopropyl-3-
tolylether [3-methyl-1-(1-methylethoxy)-benzene], 6-n-propyl-3-methyl phenol and m-

cresol rings alkylated with olefins higher than C; are outlined below.

The interpretation of thymol's (6-isopropyl-3-methyl phenol’'s) and 6-n-propyl-3-

methylphenol’ s fragmentation patterns (model compounds) follows in this appendix.

At higher conversions a small peak appeared short after thymol in the chromatogram.
The mass spectra of this peak did not resemble the spectra of iso-propylated

compounds.

Figure L-2 and Figure L-1 show the fragmentation pattern of this compound, which
was finally identified as 6-propyl-3-methylphenol. Figure 4.5.2 shows the
fragmentation pattern of the iso-analog, thymol. In both cases, the structures of the
molecular ions (“molecule peak”) are shown in Frame i of the respective spectrum
whereas the structure of the ion corresponding to the base peak is shown in Frame ii

of the respective spectra.

From the isopropyl group of the thymyl radical cation (with a molecular weight of 150
atomic mass units / m/z) a methyl radical is easily abstracted and a 6-ethyl-3-
methylphenyl cation is formed. This structure has a molecular weight of 135 m/z and

is represented by the base peak (Figure L-2).
In contrast to thymol, an ethyl radical is preferably abstracted from the 6-propyl-3-

methylphenol thus forming a 3,6-dimethylphenyl cation with a molecular weight of

121 m/z, as represented by the base peak (Figure L-1).
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Appendix M: 1-Methylpropyl-3-methylphenol isomers by GC/MS

Appendix M: Identification of
1-methylpropyl-3-methylphenol isomers

The gas chromatograms of the product mixture obtained at severe reaction
conditions showed additional peaks. “Additional” in the sense that these peaks were
left after all of the mono- and di-isopropylated m-cresol derivatives have been
identified.

The MS of the respective peaks showed masses of the parent peak of 164, 178, and
192 atomic mass units / m/z and increase, indicating 4, 5 or 6 etc. carbon atoms in

the additional side chains of m-cresol.

In all instances where the mass spectrum of the particular unidentified compound,
was not found in the MS NIST (version 2.0) database it was assumed that the

compound was m-cresol alkylated with olefins having carbon numbers > 3.

Figure M-1 shows, as an example, the mass spectrum of the compound identified as
a 1-methylpropyl-3-methyl-phenol isomer. The molecular ion peak appears at 164
m/z and the base peak corresponds to 135 m/z i.e. the abstraction of an ethyl group.
The significant peak at 150 m/z indicates the abstraction of a methyl group as from
thymol (Figure L-2). Hence the structure corresponding to the base peak matches up

to that of an ethyl-3-methyl-phenyl cation.
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Appendix N: Thymol synthesis chromatograms

Appendix N: Thymol synthesis chromatograms
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Figure N-2: Sample GCMS Chromatogram for reaction conditions: 300C, 1 bar, gas

—1'hr-1

, H-MFI-400.

phase, IPAto m-cresol molar ratio 1:1, 0.04 g m-cresol * Ocat
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Appendix N: Thymol synthesis chromatograms
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Appendix N: Thymol synthesis chromatograms
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Appendix N: Thymol synthesis chromatograms
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Figure N-5: First section of FID chromatogram showing grouping of peaks to
compound fractions shown in Figure N-4.
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Appendix N: Thymol synthesis chromatograms
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Appendix N: Thymol synthesis chromatograms

H

ic and
unds

Figure N-7: Section of FID chromatogram showing grouping of peaks to
compound fractions shown in Figure N-6.
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Appendix O: Iso-propanol dehydration sample chromatograms

Appendix O: Iso-propanol dehydration sample
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Appendix O: Iso-propanol dehydration sample chromatograms
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Figure O-2: Section of FID sample chromatogram (H-MFI-90 at 1 bar, 250 in the gas phase, IPAto N
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Appendix O: Iso-propanol dehydration sample chromatograms

Table O-1: Sample of compounds identified during dehydration experiment.

# Retention Name Identification by
time (min)

1 3.47 Ethene GC/IMS

2 5.31 Propene GC/IMS

3 5.48 Propane Model compound

4 7.5 Isobutane Model compound

5 8.36 Isobutene + 1-Butene Model compound

6 8.73 Butane Model compound

7 9.1 trans-2-Butene Model compound

8 9.63 cis-2-Butene Model compound

9 10.81 3-Methyl-1-butene GC/IMS

10 11.33 n-Propanol Model compound

11 11.47 2-Methyl-butane GC/MS

12 11.79 Iso-propanol Model compound

13 11.99 1-Pentene GC/IMS

14 12.23 2-Methyl-1-butene GC/IMS

15 12.4 Pentane GC/IMS

16 12.65 trans-2-Pentene GC/MS

17 12.94 cis-2-Pentene GC/MS

18 13.12 2-Methyl-2-butene GC/MS

19 14.41 4-Methyl-1-pentene + Cyclopentene GC/MS

20 14.49 3-Methyl-1-pentene GC/MS

21 14.77 2,3-Dimethyl-1-butene + 2,3-Dimethyl-butane GC/MS

22 14.86 2-Methyl-pentane + 4-Methyl-cis-2-pentene + 4-Methyl-trans-2-pentene GC/MS

23 15.06 Hexadiene GC/IMS

24 15.37 3-Methyl-pentane GC/IMS

25 155 2-Methyl-1-pentene + 1-hexene GC/MS

26 15.87 3-Methylene-pentane GC/IMS

27 15.92 Hexane + 3-trans-Hexene GC/IMS

28 16.03 3-cis-Hexene + 2-trans-Hexene GC/MS

29 16.11 2-Methyl-2-pentene GC/IMS

30 16.27 3-Methyl-trans-2-pentene GC/MS

31 16.37 2-cis-Hexene GC/MS

32 16.56 3-Methyl-cis-2-pentene GC/MS

33 16.7 2,3-Dimethyl-2-pentene GC/IMS

34 16.94 2,3-Dimethyl-2-butene GC/MS

35 17.03 Methyl-cyclopentane GC/MS

36 17.14 Heptene isomer GC/IMS

37 17.26 Heptene isomer GC/MS

38 17.39 Heptene isomer GC/IMS

39 17.47 Heptene isomer GC/MS

40 17.62 3,4-Dimethyl-cis-2-pentene + 1-Methyl-cyclopentene GC/MS

41 17.8 Heptene isomer GC/IMS

42 17.9 Heptene isomer GC/MS

43 18.07 Heptene isomer GC/IMS

44 18.1 2-Methyl-hexane + Cyclohexane GC/MS

45 18.4 3-Methyl-hexane GC/IMS

46 18.52 Heptene isomer GC/MS

47 18.68 Heptene isomer GC/MS

48 18.75 1-Heptene GC/IMS

49 18.78 1-cis-3-Dimethyl-cyclopentane GC/MS

50 18.95 Heptene isomer GC/IMS

51 19 1-trans-2-Dimethyl-cyclopentane GC/MS

52 19.15 3-Methyl-3-hexene GC/IMS

53 19.2 Heptane isomer + Heptene isomer GC/MS

54 19.34 Heptene isomer GC/MS

55 19.41 3-Methyl-2-hexene GC/IMS

56 19.51 Heptene isomer GC/MS

57 19.57 3,4-Dimethyl-2-pentene GC/IMS

58 19.66 Heptane isomer GC/MS
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