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withirl the zeolite pores either by size or orientation [Chen et ai, 1994] This type 

of shape selectivity was also described by Csicsery [1971]. Csicsery observed 

the absence of symmetrical trialkylberlzenes in dispropotiionation product 

mixtures of dialkylbenzenes over H-mordenite (see figure 2-15). His reaSOrling for 

this was that some of the bimolecular dispropotiiorlation reactions would be 

inhibited due to them involving bigger diphenylmethane-type irltermediates than 

others. which require more space tharl is available irl the mordenite channels. 

Figure 2·15' Transition state selectivity 

2.12 Physical properties of the applied zeolites 

2.12.1 Zeolite Beta (BEA) 

Zeolito Beta has a three-dimellsional pore system lhat consists of 12-membered 

rings [Treacy and Newsam. 1988, and IZA. 2002]. The framework of zeolite Beta 

is a rarldomly irltergrown hybrid of t\',10 distinct but closely related structures 

[Treacy and Nowsam, 1988[ 

Zeolite Beta's pore system consists of two perpendicular systems of 

12-membered ring straight channels of 6.6 x 6.7 A (Iigure 2-16) that intersect wilh 

each other and also irltersect. at the illtersection 01 the two other channels, at 

right angles, with 12-membered ring sinusoidal channels of 5.6 x 5.6 A that 

extend into the third dimension Tho chemical formula of the sodium form of 

zeolite Beta is given by: Nan [AI"Sio'.n Om] where rl S 7. The SiOJAI20 J molar 
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ratfos are <: 16. The framework density is 15.1 T atoms per 1000 A3 [Baertocher 

et aI., 2001]. 

Figure 2·16: Framework structure of >:eolite Beta (BEA) showing the straight channel 

[IZA,2002] 

2.12.2 Zeolite ZSM-5 (MFI) 

The framework of zeoilte ZSM-5 has a two-dimens!onal pore system consisting of 

IO-membered rings that form straight channels of 5.3 x 5.6 A (see ffgure 2-17) 

intersecting at right angles wilh sinusoidal channels of 5.1 x 5.6 A. Since Ihe 

intersecting sinusoidal channels connect between neighboring straight channels, 

the pore system, with respect to molecular diffusion, is effectively three 

dimensional. 

The chemical formula of the sodium form of zeolite Z8M-S is given by: Nan 

(H20),6 [AI.,Si9l\_n Oj~i1 where n :s 8. The SiOjAI20 3 molar ralios are 2: 22. The 

framework density is 17.9 T atoms per 1000 A ~ [Baerlocher et ai" 2001]. 
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Figure 2-17: Framework structure of zeolite ZSM_5 (MFI) showing the straight channel 

[IZA,2002] 

2.12.3 Zeolite Mordenite (MOR) 

43 

The pore system in zeolite mordenite consists of two types of parallel channels. 

These are 8-membered ring channels of 2.6 x 5.7 A and 12 membered ring 

channels of 6.5 x 7.0 A diameter. These parallel channels are interlinked by 

8-membered ring sinusoidal channels of 3.4 x 4.8 A. At leasl for the diffusion of 

large molecules e_g. aromatics, mordenite has effectively ooty a single one­

dimensional channel system, namely. the one made up of the 12 ring channels 

(seefigure2-18). 

Mordenile occurs as a natural or synthetic zeolite and it is one of the mosl 

siliceous natural zeolites, the chemical formula of the sodium form is given by: 

Nan (H20)24 [AlnSi4 l>-n 0 00) where n::; 8. The SiOjAI203 molar ratios are 2: to. The 

framework density of zeolite mordenite is 172 T atoms per 1000 A 3 [Baerlocher 

et al., 2001]. 
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Figur. 2-18: Framework structur. of zeolile mordenil .. (MOR) showing the wid .. and (in 

between) the narrow straight channels [IZA, 2002] 

44 
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Chapter 3 

OBJECTIVE AND MOTIVATION 

The objective in this research project was to convert polymcthylphenols (C\l~) to 

cresols arld xylenols This was done by transalkylation of such higher phenols 

with excess phenol over acid zeolite catalysts. lriilially a Co-phenol, 2,5-xylenol 

was used as a model compound for basic studies and reasons of simplicity. 

Higher phenols such as a lrimelhylphenol isomer and a mixture of 

polymcthylphcnols C.;. were also used. 

The motivation behind this project is the facl that cresols and xyierlOls have more 

applicatiolls sild the more specific applicatiorls and thus sigrlificantly higher value 

than higher, polyalkylated phenols in particular when they are obtained as isomer 

mixtures. Sasol, South Africa's big producer of naturat phenolics recovers such 

higher phenol mixtures, unavoidably. as a by-product in the aqueous and raw 

naphtha by-product streams of their Lurgi coal gasification process when 

applying the Phenosolvan liquor extraction and. as planned, the novel naphtha 

extraction processes. 

This study was carried out to investigate a way of extracling additional value out of 

these higher phenols, converting lhem wilh pherlOl to cresols and xylenols_ This 

would comprise recovery of the valuable aromatic (phenolic) OH-groups present 

in lhe constituents of the C,,.-phenolics fractions arK! also make use of lhe 

Cs,. -polymethyiphenols as all active - and cheap - reagellt for the methylatioll of 

the phenol. due to the activatioll of their aromatic rings by the OH-group 

3.1 Reaction understudy 

The reaction under study was the transalkylation of phenol with 

polymethylphellols Co~ to produce lower methylphellols, Ilamely cresols and 
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xylenols. This involved transfer of methyl groups from the polymethylphenol 

molecules to phenol molecules resulting in the production of lower methyl phenols 

than the fed polymethylphenots and higher ones than the phenot This can be 

exemplified with phenol and e.g. a trimethylphenol in the following reaction 

equaUon (figure 3-1). 

+ 

Phenol C,. Ph~r>ol Cresol Xyler>ol 

Figur~ 3·1. Equ~lion of ~n ~x~mpl~ of th~ r~~ctions und~r stlKly 

Reactions were carried out over acid zeotlte catalysts. Zeolites have been 

chosen mainly because of their high and rather stable activity compared to 

amorphous materiats such as silica-alumina. Medium pore and wide pore zeolites 

have been tested. the former in order to investigate if any shape selective effects 

can be introduced. 

3.2 Expected product distribution 

Transalkylating trimethylphenot with phenot in ego a 1:1 molar mixture was 

expected to lead to a rather symmetric carbon number distribution containing 

more cresol and xylenol product than remaining feed compounds phenol and 

trimethylphenol such as illustrated in figure 3-2. Note that the average carbon 

number. 7.5, does not change. 

In fact since transmethylation reactions between the polymethylated compounds 

in the reaction mixture would also form tertramelhylaled compounds and 

pentamethyl phenol, the carbon number distribution would be skew, as illustrated 

in figure 3-3. Note thallhe average carbon number still remains 10 be 7.5. 
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Figur~ 3·2' Expected carbon num~r distribution (approximat~ v~lue5) of th~ 

transalkylation product of ~ 1 1 molar mixture of phenol and trimethylphenol 
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Figur~ 3-3: Expected carbon nll/l1oor distribution (approximate values) of the 

tr~nsalkyl"-lion product of a 1:1 molar mixture of phenol and trimethylphenol considering 

the formation of higher methylated phenols 
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Feeding excess phenol e,g. in a 51 molar ratio was expected to resul t in higher 

"dilution" of the methyl substi tuents, i e. mostly cresols forming, consuming the 

most of the trimethylphenol and forming practically no higher methylated 

products, as illustrated in figure 3-4, which more or less, represerlts the expected 

product mixtu re, consisting eventually of phenol, cresols <lrld some xylenol s. Note 

that the average carbon number in this mixture is 6.5. 

100 

80 
~ • 
0 
E 60 

'" > 
13 40 

" " • 
20 

0 

6 7 8 9 10 11 

Carbon number 

Figur" 3·4: Expect" d carbon number distribution (approximate values) of the 

transalkyl~tion product 01 ~ ~:1 mol~r mixture 01 phenot and trimethylph " not 

3.3 Hypothesis 

Low value polymethylated phenolic compounds (eg• phenols) can be 

transalkylated with phenol to produce high value Illono- and di-methylated 

phenolic compounds (cresols and xylenols). 
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3.4 Key questions 

• Are acid zeolite catalysts suitable? 

• Which commercially available zeolite catalyst is most suitable? 

• Can the process be operated at attractively high rales. corwersions and space 

velOCities with low catOillyst coking? 

• Can the reaction be driven towards thermodynamic equilibrium carbon 

number distribution with low selectivity towards undesired by-products? 

• Does the presence of higher methylated phenOls in the reaction mixture 

suppress the net formation of higher transalkylalion products? 
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Chapter 4 

EXPERIMENTAL 

4.1 Experimental setup 

An experimental apparatus was built for the transalkylalion reaction of phenol 

with 2,5-xyleool and higher phenols at high temperature and pressure in liquid 

phase. A flow diagram of the experimental set up is shown in figure 4-1. The 

experimerltal set up consisted of the following major units: feed pot, feed pump, 

reactor and product catch pot. Auxiliary parts comprised emergerlcy and guard 

catch pots, pressure indicators (PI) and pressure indicator controllers (PIC). band 

heaters and healing lines, temperature indicators (TI) and temperature indicator 

controllers (TIC), mass flow controllers (FIG). fillers (F). valves (V), safely valves 

(SV) and check valves (CV). Coonection between the different units was done by 

1/8 inch (for liquid carrying lines) and Y. inch (for gas I vapour carrying lines) 

stainless steel tubes. 

4.1.1 Mass flow controller and gas inlet filter 

There was an inlet line to the experimental setup. for higll pressure nitrogen gas 

(80 bar house-line supply pressure). Connected to this line were a pressure 

indicator and controller (PIC-113) and a Brooks thermal mass flow controller 

(FIC-122) of a now range of 0 - 500 sccm. The calibration of this mass flow 

controller is shown in appendix B. The line to the pressure controller I mass now 

controller set up was filted with a filter (F-111) to protect the mass flow controller 

from dust. 
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4.1.2 Pressure regulation parts 

For settir.g and mailltaillir.g a constallt reaction pressure, the experimental setup 

was equipped with pressure indicator controllers, pressure indicators, pressure 

relief valves and a throttle valve. Pressure indicator controllers were used to set 

Ihe desired gas pressures in the experimental setup. Pressure indicators were 

used to Illeasure artd irtdicate pressure at various points irt the experimental 

setup. 

Nitrogen was used for pressurising and maintairting the pressure in the 

experimerttal setup. Pressurising was done via the by-pass valve (V-121) alld 

maintaining the reaction pressure was dOrte by mearts of feeding a pressure 

COlltrolled nitrogell stream (via PIC-131) to a throttle valve (V-175) which was 

open just enough to maintain a sufficiellt fiow of this pressure controlled nitrogen 

stream through the throttle. The outlet of the product catch pot led into the 

pressurised line to the throllie valve. That way the nitrogen pressure determirted 

the pressllfe in the product catch pot artd reactor. 

4.1.3 Guard catch pots 

Two 1 liter stailliess steel cylinders (each with a drairt valve) were part of the 

experimerttal setup to act as guard catch pots in the gas supply lilles (GCP-142 

and -172), One of the guard catch pots was placed just before the reactor top 

gas inleL The purpose of this guard catch pot was to protect Ihe mass now 

cOlltroller (FIC-122) frolll feed which would have been pumped right through to it 

in case of blockage downstream The other guard catch pot was placed ill the 

line via which the pressure regul;3tor gas was fed to the throttle valve, The 

purpose 01 this guard calch pol was to protect the pressllfe irtdicator controllers 

(PIC-131 alld -161, respectively) from the reactor product in case of a blockage 

in the throttle line. The two guard catch pots had a cone shaped bottom to ensure 

complete drainage when emptying. Lines leading to both catch pots from the gas 
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illiel side were fitted each with a check valve as arl additional measure to prevent 

back flow and hence protect the preceding parts (FIC and PIGs) from feed or 

product respectively. 

4.1.4 Introducing of feed 

The feed was introduced into the reactor as a ready made mixture of the two 

reactants from a 2 liter glass cOrltairler (FP-S01) which was slightly heated at ali 

times to 65'C by me31lS of a hoI plate. Heatin.g was done in order to keep the 

feed mixture (which was partially solid at room temperature) in the liquid phase. 

An HPLC pump (PP-155, LabAlliance Series I) was used to pump the feed from 

the feed pol to the reactor il1leL The pump head and the line from the feed pot to 

the reactor irlte! were also healed at all limes to prev8rll feed from solidifying, 

4.1.5 Reactor 

The reactor (R-200) was made out of a stainless steel (SS 316) tube of lerlgth 

453 mOl arld with arl irltemal diameter of 19 mOl (see figure 4-2). A 50 mOl 

:y. irlch socket Swagelok VCR weld gtarld was corlrlocted to the top erld of the 

reactor tube. also with an irlternal diameter of 19 mm. while the bottom erld was 

closed by a COrle shaped welded-irl ptate. This resulted irl a reactor with a total 

lerlgth of 503 mm, A thermowell made of a 3.2 mOl external diameter steel tube 

was fitted irl the cerltre of the reactor tube, accessible from the bottom. The 

thermowell extended throughout the lel1<Jth of the reactor from about 20 mm from 

the top erld of the reactor (poirlt A in figure 4-2). A thermocouple was inserted 

irlto the thermowell This thermocouple could be moved up arld dowrl and 

allowed the measurement of temperature at various points throughout the length 

of the reactor (T1-216 irl figure 4-1) Arlother thermocouple (TI-211) was fitted to 

the top of the reactor extending to 1 em from the top end of the central 

thermowell This thermocouple was irl a fixed position and was used to measure 

the temperature at the reactor inlet. 
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There were four heating ..:ones on the reactor (see figure 4-1), Each heating zone 

comprised of a cylindrical zinc sleeve and a cylindrical heating element. The zinc 

sleeves were put around the reactor tube next to each other, To each sleeve, a 

surrounding cylindrical heating element was connected and the heating elements 

were each connected to a temperature indicator cootrolier (TIC-212 to TIC-215) 

as shown in figure 4-1. The heating elements on heating zone 1 to 4 were 

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

This arrangement served as a means to achieve an extended isothermal ..:one in 

approximately the middle the reactor for the catalyst bed (see figure 4-3), 

TIC-214. controlling the most central heating sleeve (heating zone 3. 

corresponding to the location of the reactor bed) was programmable. This was 

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

The temperature profile in the reactor for operation at 300"C is shown in figure 4-3, 

It can be seen from the figure that the isothermal region in the reactor where the 

temperature was varying by ± 1°C was approximately 25 em long ranging from 

around 15 to 40 cm from the lop of the reactor (Point A in figure 4-2\ 

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

section 4,3,1 for details of catalyst loading and the total reactor packing), 
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4.1,6 Product catch pot 

A 500 em:; stainless sleel cylinder was installed after the reactor in order to act as 

a product catch pot (see figure 4-4). Tile product catch pot was also cone shaped 

at the bottom to allow complete drainage The conllection at the top at Hie 

product catch pol that WilS coming trom the reactor was extended rigll! into Hie 

open volume of Hie pot and allowed the liquid cOllllXlnent of the product trom the 

reactor to collect irl the catch pot and the traces at gaseous components to be 

\/erlted off through the throttle valve. A drairl valve for sampling was fitted 10 the 

bottom end of the product catch pot. T~le product catdl pot was tleated to 6O'C 

(TIC-311) to preverlt the liquid reactor product or part of it from solidifying. It was 

operated at reaction pressure, 60 bar, to keep low boilillg products in liquid 

phase 
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Figure 44, Cross·sectional view of the prod""t catch pot 

4.1.7 Emergency equipment 

5X 

In case of pressure build up due to downstream blocking. a heated pressure 

rEHief valve (SV-154) on the line leading from the feed pump to the reactor inlet 

would have opened to release the pressure by discharging part of the contents of 

the apparatus into an emergency catch pot (CP-156). A second pressure relief 

valve (SV-162) was introduced to protect the low pressure controller (PIC-161). 
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4.2 Operating conditions 

4.2.1 Searching for optimum reaction temperature and pressure 

A 1:1 mrnar mixture of phenol and 2,5-xylenol was fed over a zeolite H-Beta 

catalyst with a SiO)iAI~O" molar ratio of 25 (table 4-1) This experiment was used 

for determining the operating temperature at which the different candidate 

catalysts were to be tested Wide pore zeolite Beta was chosen because 

(i) medium pore zeolites such as ZSM-5 were expected not to catalyse 

transalkylation reactions of alkylaromatic compounds (due to spatial restrictions 

within the pore system - transition state shape selectivity) and (ii) because 

zeolite beta. despite being a wide pore zeolite. is known for its comparatively low 

coking tendencies. 

Reactions were carried out in liquid phase. Based on experience from previous 

work done on phenol alkylation in (he research group (Fletcher and Bohringer, 

2004), a pressure of 60 bar was chosen to keep the feed mixture in liquid phase 

under reaction conditions {the boiling point of phenol at 60 bar is 419"C (Weast 

1980)). 

Reactions were carried out over a temperature range of 250 to 450°C at a 

constant space velocity of 0.225 gf" j / g"., . .",t / hr. From results obtained (section 

5.1) a temperature of 350 °c was chosen lor catalyst screening experiments. 

4.2.2 Catalysts screened 

Table 4-1 lists the acid zeolite catalysts that were screened and their 

characteristic features. For details such as pore dimensions see section 2.12. 

These catalysts were all obtained from the supplier in their acidic form (H-form) 

and were used in this form. 
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Table 4·1: Zeolite catalySI$ that were screened and their characteristic features (supplier: 

Slid·Chemiej 

Catalyst 

H-ZSM-5 (H-MFI-90) 

Molar 

SiO/AI,O, 
Form 

90 elYStal powder 

90 Extrudates (1116") H·Mordenile (H-MOR·90j 
(ca 20 wl% alumina binder) 

H-Beta (H-BEA-25) 25 Crystal powder 

4.2.3 Chemicals that were used 

Table 4-2lisls the chemicals that were used for the reactions under study. 

Table 4-2: Chemic~ls th~t were used 

Compound Supplier Purity (%) 

Phenol Sigma-Aldrich 99 . 
2,5-Xylenol Sigma-Aldrich 

2.3,'6c~TC'='mC'''t=hC"CphCC"Cc'''----So;Cg=m=a Aldrich 

97 
• 95 

99 

l 
i 
! 

Methanol Sigma-Aldrich 
Colbem=~--+------ ' Silicon carbide (0.5 0.7 mill) 

Nitrogen AirLiquide 99.99 

'Ma."'r irr{lurities w""~ olh~r xyl~nol and lri""'thy~)hooat isamers. respoctiv,,"y 

"AI; catalyst diluent and for iCIer! p~r!s 01 Ih~ reoclor pacl<ir>g, s~e I>gLJm 4-5 
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4.3 Experimental procedures 

4.3.1 Catalyslloading 

The catalyst was loaded as shown in figure 4-5. A layer of glass wool was placed 

at the bottom of the reactor to trap the packing Inert malerial (silicon carbide) 

was packed up to 16.5 em from the boltom of the reactof. This was to ensure that 

the catalyst bed was positioned within the isothermal zone which was starting at 

about 10 em from the bottom of the reactor (see figures 4-2 and 4-3), 6 9 of 

catalyst were mixed with 26 9 of silicon carbide. Mixing the catalyst witll silicon 

carbide was done to avoid pressure build up in the reactor bed when the catalyst 

was in the form of a crystal powder and to improve hydrodynamic flow patterns 

when the catalyst was in the form of extrudates. 

The mixture of catalyst and silicon carbide was then loaded into the reactor on 

top of the bottom layer of silicon carbide. This occupied an additional lerlgth of 

ca. 10 cm (SiC I crystal powder mixture) or 15.5 ern (SiC I extrudates mixture), 

respectively. Silicon carbide was then packed on top of the catalyst bed up to the 

top of the reador. The purpose of this top layer of silicon carbide was to preheat 

the feed and establisll uniform flow of the feed mixture per cross-sectional area. 

Another layer of glass wool was put at the top of the reactor packing to prevent 

silicon carbide from being pushed back into the reactor inlet lines in case of an 

accidental backflow. 

The tip of the thermocoupie TI-216, which could be moved witllin the central 

lhermowell (figures 4-1, 4-2 and 4-5) was adjusted in the middle of the catalyst 

bed 
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4.3.2 Catalyst drying and activation 

Drying and activation of the catalyst was carried out in situ. Initially all valves 

were closed. A 500 sccm stream of nitrogen, supplied through the fully opened 

mass flow controller (FIC-122 in figure 4-1). was passed through the reactor at 

atmospheric pressure with valves V-112, V-145, V-175 and V-176 then open. 

The temperature in the catalyst bed was increased from room temperature to the 

initial reaction temperature, e.g. 350°C, at a rate of 1°C per minute, with periods 

of 1 hour each when the temperature was kept constant at 90. 100 and 110°C. 

This was in order to remove adsorbed moisture very cautiously. When the 

reaction temperature was reached, the nitrogen flow was stopped (V-112 and 

V-145 closed and FIC-122 switched off) and the exit valves V-175 and V-176 

were closed to isolate the catalyst bed from the atmosphere. The temperature 

was kept at reaction temperature until the reaction was started. 

4.3.3 Start up 

Initially all valves were closed. The nitrogen supply line was opened by opening 

valve V-112 and a pressure of about 65 bar was set on PIC-113. Valves V-121 

(MFC by-pass) and V-145 were opened to allow gas flow into the reactor. When 

a pressure of 60 bar was reached in the reactor (indicated by PI-144 and PI-174), 

valves V-121 and V-145 were closed. A pressure of 60 bar was set on PIC-131 

for pressure control purposes. The three way valve V-132 was then turned in the 

direction of PIC-131 to allow nitrogen flow through check valve CV-171 and into 

the rest of the system. This was meant to control the pressure in the system. 

Valve V-176 was opened. The line leading from valve V-176 to the exhaust was 

connected to a bubble meter. The throttle valve V-175 was slowly opened slightly 

until a gas flow of between 20 and 30 ml/min was measured on the bubble meter. 

The pressure on PIC·131 was then accurately adjusted to make sure that the 

reading on PI-174 was exactly 60 bar. 
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Valve V-153 was opened for priming the feed inlet line. A transparent plastic 

hose tube was connected to the end of the steel line leading from valve V-153. 

The feed pump PP-155 was switched on and was set to prime mode. Feed 

coming out of the hose tube was collected in a glass beaker. Priming was done 

until no bubbles were visible in the transparent hose tube. This was to ensure 

that there were no leaks in the line from the feed pot to the pump and in the 

pump head itself. Then priming was stopped and valve V-153 was closed. 

Valve V-152 was opened. Priming was continued until the temperature at the 

reactor inlet, indicated by TI-211, fell by ca. 10°C. Then the pump was stopped 

again. Priming of the reactor top was done to make sure that the hold up volume 

of the test unit upstream the reactor was filled, hence ensure a steady flow of 

feed from the start of the operation. The pump was set at the initial flow rate for 

the experiments, e.g. 0.01 ml/min and was started simultaneously with a 

stopwatch used to determine time-on-stream. Valve V-312 on the product catch 

pot, CP-300, was opened for a short period of time to ensure that the pot was 

empty at the beginning. 

4.3.4 On-stream operation 

During operation, samples were taken (once a day for a pump rate of 0.01 ml/min 

and more often, correspondingly, for higher pump rates) by completely emptying 

the contents of the product catch pot CP-300 through valve V-312 into screw lid 

glass bottles of between 50 and 150 ml. Empty and full bottles were weighed in 

order to check for proper pump operation. The samples were analysed 

immediately to check for steady state of the reaction. When steady state was 

reached, conditions were changed according to the experimental program. For 

each sample, time on the stopwatch, pressure on PI-174 and the temperature 

indicated on TI-216 were recorded and pressure and temperature, if necessary, 

were readjusted. 
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4.3.5 Shut down 

After collection of the last sample, the reaction was stopped by first switching off 

the pump and then closing valve V-132 to stop the pressure control gas supply. 

The system was then allowed to depressurize to ambient pressure through the 

opened throttle valve V-175. Nitrogen was introduced from top (via opening 

valves V-145 and, slightly, V-121) to flush the reactor and remove all reactor 

contents that were volatile at the reaction temperature. After ca. 1 hour, the 

temperature controllers for the reactor heating sleeves were set to zero to allow 

the reactor to cool down to room temperature. Then the nitrogen flow was 

stopped. 

4.4 Production of simulated technical mixture 

No tetra- or penta-methyl phenols were commercially available. In order to study 

the transalkylation of such compounds with phenol and simulate a possible 

technical feed stream, such a feed had to be made in-house. For this purpose, 

methanol was reacted with both 2,5-xylenol and 2,3,6-trimethylphenol, in a 

10 : 1 molar ratio each, to produce a mixture that simulates an industrial feed 

(technical mixture). These reactions were carried out over 20 g H-BEA-25 

catalyst mixed with 60 g silicon carbide at 400°C, 60 bar and a space velocity 

(WHSV) of the mixture methanol and 2,5-xylenol or 2,3,6-trimethylphenol of 

0.2 h-1
• A second, similar test unit as in the case of the phenol and 2, 5-xyl enol 

reactions was used and similar operation procedures were applied. 

The full length of the reactor in this unit was packed with the aforementioned 

mixture of catalyst and silicon carbide. This was because accurate isothermal 

operation was not relevant in this case. The only objective was to produce a 

range of methylphenols consisting mainly of the higher ones (C9+). 
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1300 cm3 of raw organic product mixture was collected. The mixture was distilled 

under vacuum in order to minimise the amount of low methyl phenols (Ca-) and 

other low boiling compounds that may have fonned from the methanol. A Buchi 

rotavapour with a thermostated oil bath (type B-400), a vacuum controller (type 

V-800) and a rotavapour (type B-205) was used. The bath was set at its 

maximum temperature of 180°C and the pressure was reduced from 1 bar to 

250 mbar in steps of 50 mbar at 1 hour intervals. About 500 ml of high boiling 

residue was obtained from the distillation. 

After analysis, see table 5-2, this residue was mixed with phenol to produce an 

approximately 20 : 1 molar ratio of phenol: residue. This mixture was then fed to 

the reactor in the regular test unit at 350°C and 60 bar over 6 g of the H-BEA-25 

catalyst at changing space velocities. 

4.S 2,S-xylenol isomerisation 

To determine the distribution of the xylenol isomers without being affected by the 

parallel transalkylation reaction with phenol, 2.5-xylenol was isomerised at 350°C 

and 60 bar over 6 g of H-BEA-25 catalyst. The feed was highly diluted with 

benzene to suppress disproportionation reactions. Benzene acted as an inert 

solvent at the reaction conditions applied. The same test unit as mentioned in 

section 4.4 and a similar operation procedure was applied. The reaction was 

carried out at two different space velocities (WHSV) of 0.225 h-1 and 0.90 h-1
• 
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4.6 Product analysis 

Product analysis was done by gas chromatography. A gas chromatograph (GC) 

with a Flame Ionisation Detector (FlO) was used. The specifications of the GC 

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

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

GC Varian 3900 

Autosampler Varian CP-8400 

Column manufacturer Supelco 

Type of column Fused silica capillary, wall coated 

Column length 30m 

Column internal diameter 0.25 mm 

Stationery phase Alpha Dex 120 (containing 5 % crown ethers) 

Film thickness 0.25 pm 

Carrier gas Hydrogen 

Split ratio 30 

Volume injected 10 pi of diluted sample (see below) 

Injector temperature 280°C 

Column flow 1 ml/min (constant) 

Detector FlO 

Temperature programme Isothermal at 100°C for 6 minutes 

Ramped at 8 °c I min to 220°C 

Isothermal at 220 °c for 20 minutes 

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

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

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

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

4-6. Chromatograms obtained from the simulated technical mixture together with 
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co-reactant phenol and from reacting phenol with the simulated technical mixture 

and 2,3,6-trimethylphenol are shown in appendix E. The chromatogram obtained 

from the simulated technical mixture and added phenol, before reaction, is also 

shown in appendix E. 
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Figure 4-6: Typical chromatogram as obtained from the GC analysis of the product of 

phenol transalkylation with 2,S-xylenol 

To identify the peaks on the chromatogram of the product samples, reference 

mixtures containing different amounts of the compounds that were expected to 

be present in the product samples were prepared. Samples of the product 

mixtures, spiked with small amounts of these reference mixtures, were injected. 

This enhanced the peak areas of the compounds which were present in both the 
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product mixture and in the reference mixtures. This way the different peaks of the 

different compounds were identified. A GC-MS (gas chromatograph mass 

spectrometer combination) was used for further identification of peaks in 

particular of higher compounds of which samples were not commercially 

available. 

4.1 Data work up 

The amounts of the different compounds present in a sample are represented by 

the peak areas generated by the GC's Flame Ionization Oetector (FlO) signal 

integrator. The FlO responds to the ionization of carbon atoms and hence, the 

concentration of carbon in the effluent of the GC column determines the intensity 

of the FlO signal. However, the contribution of each carbon atom to the intensity 

of the FlO signal depends also on the nature of other atoms bonded to it. The 

FlO response of a carbon atom that is only surrounded by carbon - carbon or 

carbon - hydrogen bonds is 1, while in case of a carbon - oxygen bond, as in 

phenols, it is 0.55 (Callanan, 1999) and in case of a carbon atom bonded to an 

oxygen atom with a double bond it is O. As a result peak areas were converted to 

mol proportional values considering the presence of oxygen atoms in the 

molecules (section 4.7.1). 

4.1.1 Calculation of mol proportional values from peak areas 

Mol proportional values, MPV's, were calculated by dividing the peak area by the 

sum of the responses of the individual carbon atoms in the compound as shown 

in equation 4-1. 

response = N C,[ull response,i + N C,poniai response,! X 0.55 Equation 4-1 

(with Nc ::: number of carbon atoms) 
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Examples of how MPV's were calculated from peak areas 4 for a cresol and for 

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

m-cresol MPV = A",-cre&ol 
m-cre&ol 6xl+1xO.55 

Equation 4-2 

o~ 

V 
dlphenylether MPV _ Adiphenylether 

dlphenylehter - 10 x 1 + 2 x 0.55 
Equation 4-3 

Normalising all the MPV's results in molar fractions J; of every compound i in the 

product mixture. 

4.7.2 Calculation of conversion, yield and selectivity 

In order to compare different catalysts, and under changing reaction conditions, 

conversions, yields and selectivities were calculated as shown in equations 4-4 

to 4-1. These calculations were done on the basis of a phenol ring or mol 

balance with the assumption and proof supported by the mass balance of 

pumped feed and weighed product, that the number of phenol rings that entered 

the reactor was equal to the number of phenol rings that exited the reactor. 

Conversions were calculated as follows: 

x - fphenol.feed - f phenol,product 
phenol - r 

J pheno/,feed 

Equation 4-4 
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x - f2,5-xylenol,feed - f2.5-XYlenoi,producl 
2,5-xyienoi - f 

2,5-xyienoi,feed 

Equation 4-5 

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

product, according to equation 4-6. 

Equation 4-6 

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

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

Equation 4-7 

The total conversion Xtotal is the weighed average of the individual conversions 

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

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

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

RESULTS 

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

transalkylation reaction between phenol and 2.5-xylenol over zeolites H-MFI-90, 

H-MOR-90 and H-BEA-25 and phenol and 2.3.6-trimethylphenol as well as 

phenol and the simulated technical mixture (see section 4.4) over zeolite H-BEA-25 

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

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

with mixtures of phenol and different co-feeds 

Exp Catalyst Temperature WHSVtotal Co-feed* Molar 

(OC) (h-1) ratio-

1 H-BEA-25 250 - 350 0.45 Xyl 1 : 1 

2 H-BEA-25 400 - 450 0.45 Xyl 1 : 1 

3 H-BEA-25 350 0.113 - 0.45 Xyl 1 : 1 

4 H-MOR-90 350 0.113 - 0.45 Xyl 1 : 1 

5 H-MFI-90 350 0.113 - 0.45 Xyl 1 : 1 

6 H-MOR-90 350 0.113 - 0.45 Tmp 1 : 1 

7 H-BEA-25 350 0.113 - 0.45 Xyl 5: 1 

8 H-BEA-25 350 0.113 - 0.45 Xyl 20: 1 

9 H-BEA-25 350 0.113 - 0.45 Tech 20: 1 

10 H-BEA-25 350 0.113 Xyl 1 : 1 

11 H-BEA-25 350 0.225-0.90 **** -

*Xyl ::: 2,5-xylenol, Tmp ::: 2,3,6-trimethylphenol, Tech::: simulated technical mixture 

**Phenol : co-feed, molar ratio 

***Time-on-stream 

TOS'" 

(hrs) 

319 

347 

299 

191 

249 

349 

566 

372 

359 

226 

112 

*- Feed was 2,5-xylenol in inert benzene solvent (in approximately 5 : 1 volume feed : solvent ratio) 
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Results are presented in their primary form as conversions, yields and 

selectivities versus time-on-stream and versus the conversion of the higher 

methylated feed compound (2,5-xylenol or 2,3,6-trimethylphenol respectively). 

From the different experiments, average conversion, average selectivity and 

average yield were determined by taking an average of the data points generated 

with a catalyst under the same conditions after the experimental condition has 

settled in, i.e., a kind of steady state was reached. These averages of data are 

presented versus the varied reaction conditions. 

5.1 Operating temperature for comparing catalysts 

To identify an optimum operating temperature for comparing the different 

catalysts, two temperature series were carried out with a 1 : 1 molar ratio feed 

mixture of phenol and 2,5-xylenol over H-BEA-25 catalyst at a space velocity of 

0.45 h-i ranging from 250 - 350°C and 400 - 450°C, respectively. The results 

shown in figures 5-1 to 5-5 were obtained. 

100 
350"C 

80 ...... 
~ iii 

2.5-Xylenol 

15 
E 60 ...... 
c 
0 

Phenol 
'r! 40 ~ c 
0 
U 

20 

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

Figure 5-1 (Experiment 1): Conversion versus time-on-stream over H-BEA-25 catalyst for a 

1 : 1 molar ratio feed mixture of phenol and 2.5-xylenol at a space velocity (WHSV) of 0.45 ho1 
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> c 
0 
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20 

0 
0 100 200 300 400 500 600 

Time-an-stream [hrs] 

Figure 5-2 (Experiment 2): Conversion versus tlme-on-stream over H-BEA-25 catalyst for II 

1 : 1 molar ratio feed mixture of phenol and 2,5·xylenol at a space velocity (WHSV) of 0.45 h"1 

100 
....... 
~ 0 

"0 80 
E ....... 
c 
0 60 of 
~ 
C 
0 40 (J 

G) 
0) 

l! 
20 

~ 
0 
200 250 300 350 400 450 500 

Temperature [lie] 

Figure 5-3 (Experiments 1 and 2): Average conversion versus temperature over H·BEA·25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity 

(WHSV) of 0.45 h·1 
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70~----------------------------------~ 

Cresols 

Trlmethylphenols 

oL--!~~~~~~----J 
200 250 300 350 400 450 500 

Temperature [OCl 

figure 5-4 (Experiments 1 and 2): Selectivity versus temperature over H-BEA-25 catalyst 

for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of 

0.45 h-1 

40~----------------------------------~ 
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~ 30 
'0 
E ...... 

Other xylenol 
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lights 

Trlmethylphenols 

oL-~~~~~~~~~ 
200 250 300 350 400 450 500 

Temperature [ °Cl 

figure 5-5 (Experiments 1 and 2): Yield versus temperature over H-BEA-25 catalyst for a 1 : 

1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of 0.45 h-1 
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Figure 5-1 shows that the conversion of both feed components, phenol and 

2,5-xylenol, increases with increasing temperature from around 40 mol % for 

2,5-xylenol and around 17 mol % for phenol at 250°C to around 80 mol % and 

slightly above 40 mol %, respectively, at a temperature of 350°C. The reaction at 

400 and 450°C (figure 5-2) had to be done with a fresh load of catalyst due to a 

blockage occurring in the test unit while running at a temperature of 350°C. After 

initially going through Significant fluctuations of the data at 400°C due to 

abnormal pressure variations in the system, the conversion settled at around 

75 mol % for 2.5-xylenol and less than 50 mol % for phenol (figure 5-2). At 

450°C, the conversion of 2,5-xylenol declines rather steeply by around 40 mol % 

points during ca. 100 hours on stream. after which the reaction was stopped. The 

conversion of phenol remains constant at almost the same level as at 400°C 

(figure 5-2). Note that the reaction system may not have been in liquid phase 

anymore at 450°C. Unfortunately, no repeat of a lower temperature setting was 

carried out after running at 450°C. 

Figure 5-3 shows that the average conversions increase simultaneously with 

increasing temperature from around 40 mol % for 2,5-xylenol and 15 mol % for 

phenol at 250°C, and reach maxima at 80 mol % and 40 mol %, respectively, at 

around 350°C. With temperature increasing further, the average conversions 

start declining to around 55 mol % for 2,5-xylenol and 35 mol % for phenol at the 

final experimental temperature of 450°C. 

Figure 5-4 shows that the average selectivity for the cresols, the desired 

transalkylation products, increases with increasing temperature from around 

22 mol % at 250°C and reaches a maximum at around 42 mol % between 350°C 

and 400°C. Beyond 400°C, the selectivity for cresols starts declining to around 

40 mol % at 450°C. The average selectivity for other xylenol isomers (Le. other 

than the feed component 2,5-xylenol) is high at low temperature and decreases 

steeply with increasing temperature from 60 mol % at 250°C to around 17 mol % 

at 450°C. The average selectivity for the heavies increases steeply and more or 
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less constantly with increasing temperature from around 7 mol % at 250°C to 

around 40 mol % at 450°C. The average selectivities for trimethylphenols and 

ethers show a slight decrease with increasing temperature from about 7 mol % 

and 4 mol %, respectively, at 250°C to about 5 mol % and 0 mol %, respectively, 

at 450°C. The average selectivity for lights is low but shows an increase from 

about 1 mol % at 250°C to about 3 mol % at 450°C. 

Figure 5-5 shows yields. The average yield of cresols increases with increasing 

temperature from 250°C and reaches a maximum of about 25 mol % between 

350°C and 400°C but declines to about 18 mol % at 450°C. The average yield of 

other xylenol isomers is almost uninfluenced by increasing temperature at about 

19 mol % between 250°C and 300°C and then declines to about 7 mol % at 

450°C. The average yield of heavies increases steeply with increasing 

temperature from about 2 mol % at 250°C to a maximum of about 17 mol % at 

450°C. The average yield of trimethylphenols and ethers is very low but 

increases slightly with increasing temperature from about 3 mol % and 2 mol %, 

respectively, at 250°C to a maximum of about 4 mol % and 3 mol %, 

respectively, at a temperature of 350°C and then declines to about 3 mol % and 

o mol %, respectively, at 450°C. The average yield of lights increases with 

increasing temperature from about 0 mol % at 250°C to about 2 mol % at 450°C. 

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

5.2 Catalyst deactivation 

To study catalyst deactivation or stability, respectively, experiments were run 

under constant conditions for more than 200 hours on stream with a feed mixture 

of 1 : 1 molar ratio of phenol and 2,5-xylenol over H-BEA-25 catalyst at a 

temperature of 350°C with a space velocity of 0.113 h-1 in one case and 0.45 h-1 

in another case. The results obtained are presented as plots of conversion 

versus time-on-stream in figures 5-6 and 5-7. 
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Figure 5-6 (Experiment 10): Conversion versus time-on-stream over H-BEA-25 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2.5·xylenol at a temperature of 350"C and a 

space velocity (WHSV) of 0.113 h·1 
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o 100 200 300 400 500 600 
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Figure 5-7 (Experiment 2): Conversion versus time-on-stream over H-BEA-25 catalyst for a 

1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 400"C and a 

space velocity (WHSV) of 0.45 hoi 
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The other stability experiments were carried out by comparing conversion when 

an earlier condition was repeated within the same run, i.e., with the same charge 

of catalyst, just longer used. This was done with H-BEA-25 catalyst at a 

temperature of 350°C for reaction mixtures with molar feed ratios of 1 : 1 and 5 : 1 

of phenol and 2,5-xyleno! at a space velocity of 0.113 h-1
• The results obtained 

are shown in figures 5-8 and 5-9. 

100~-----------------------------------, ... 
It • --. 2,5-Xylenol 80 

15 
E 60 ....... 

Phenol 

20 

O~-----r-----T----~~----~----'-----~ 
o 100 200 300 400 500 600 

Tlme-on-stream [Ius] 

Figure 5-8 (Experiment 3): Conversion versus time-on-stream over H-BEA-25 catalyst for a 

1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350·C and a 

space velocity (WHSV) of 0.113 h-1 

5.3 Repeatability 

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

experiments. 
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Figure 5-9 (Experiment 1): Conversion versus tlme-on-stream over H-BEA-25 catalyst for a 

5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C and a 

space velocity (WHSV) of 0.113 h·1 

Figures 5-8 and 5-9 show that the conversions at the repeated condition are just 

slightly lower than the conversions at the end of the initial settling-in period. 

5.3.1 Repeatability of results within an individual run 

Two experiments were carried out over H-BEA-25 zeolite with the initially applied 

conditions of 350"C, space velocity (WHSV) of 0.113 h-1 and the molar ratios of 

1 : 1 and 5 : 1, respectively, of phenol and 2,5-xyienol in the feed mixture repeated 

after extended time-on-stream with other condition settings applied in between. 

The obtained conversions have already been shown in figures 5-8 and 5-9. 

Figures 5-6 and 5-7 show, by the initially fast declining conversion, that the 

catalyst deactivates rather fast during the first 100 hours on stream after which 

the catalyst exhibits better stability, working in a quasi steady state of activity for 
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the rest of the experiment lasting over more than a hundred hours additionally. 

Almost the same conversions were achieved in the repeated setting as in the 

initial settling in period, the difference essentially reflecting the comparably rapid 

decline of activity at the beginning of the runs. 

Selectivities repeatability within the runs appears a little worse (see figures 5-10 

and 5-11). however. this is mainly due to the initially rather high selectivities to 

heavies and lights over the fresh catalyst, which are rapidly declining within a 

short period of time-on-stream (see e.g. figure 5-14). 
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figure 5-10 (Experiment 3): Selectivity versus tlme-on-stream over H-BEA-25 catalyst for a 

1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350·C and a 

space velocity (WHSV) of 0.113 h'i 

5.3.2 Repeatability of runs 

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

space velocity (WHSV) of 0.113 h'1, molar ratio of phenol and 2,5-xyienol in the 

feed mixture of 1 : 1, show the repeatability of runs. 
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Figures 5-6 and 5-8 showed conversions in these runs versus time-on-stream 

individually. Data points are combined in a single graph in figure 5-12. 
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Figure 5-11 (Experiment 7): Selectivity versus time-on-stream over H-BEA-25 catalyst for a 

5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C and a 

space velocity (WHSV) of 0.113 h"1 
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figure 5-12 (experiments 3 and 10): Conversion versus tlme-on-stream over H·BEA·25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,S-xylenol at a temperature of 

350"C and a space velocity (WHSV) of 0.113 h·1 

Selectivities obtained from one of the runs have already been shown in figure 5-10. 

Data pOints of the other run are added and the combined data are shown in 

figures 5-13 and 5-14. 
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Figure 5·13 (Experiments 3 and 10): Selectivity versus tlme-on-stream over H-BEA-25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2.5-xylenol at a temperature of 

350"C and a space velocity (WHSV) of 0.113 h'1 

It follows from figures 5-12 to 5-14 that, except some deviations during the initial 

setting in periods, repeatability of runs is good. 
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Figure 5·14 (experiments 3 and 10): Selectivity versus tlme-on-stream over H·BEA·25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2.5-xylenol at a temperature of 

350"C and a space velocity (WHSV) of 0.113 h·1 

5.3.3 Comparability of results 

Repeatability studies show that repeating reaction conditions during a run and 

repeating runs leads to very similar results, with the effect of catalyst deactivation 

with time-on-stream being negligible, provided initial data points (up to ca. 

100 hours on stream) are ignored. Repeatability studies indicate also, that results 

from runs with different catalysts can be compared. 
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5.4 Comparing catalysts 

Catalyst screening experiments were carried out over catalysts H-MFI-90, 

H-MOR-90 and H-BEA-25 (table 4-1) at a temperature of 350°C with a 1 : 1 

molar ratio feed mixture of phenol and 2,5-xylenol over a range of space 

velocities. The three catalysts were compared in terms of conversion, selectivity 

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

Figures 5-15 to 5-17 show phenol and 2,5-xylenol conversions versus 

time-on-stream. Data indicates that conversion decreases with increasing space 

velocity for all the three catalysts tested. Higher conversion at all space velocities 

are obtained on both zeolites H-MFI-90 and H-BEA-25 than on zeolite H-MOR-90. 

At a weight hourly space velocity (WHSV) of 0.113 h-1, 2,5-xylenol conversions of 

about 90 mol % are obtained on the former two zeolites, as well as similar phenol 

conversions of around 64 mol % and around 60 mol %, respectively. 

However, both phenol and 2,5-xylenol conversions at the higher space velocities 

of 0.225 and 0.45 h-1 are higher for H-BEA-25 than for H-MFI-90, with around 

85 mol % 2,5-xylenol and around 50 mol % phenol conversion on H-BEA-25 

compared to around 75 mol % 2,5-xylenol and around 33 mol % phenol 

conversion on H-MFI-90 at a space velocity of 0.225 h-1
• After doubing the space 

velocity a second time, to 0.45 h-1
, around 75 mol % 2,5-xylenol and around 

35 mol % phenol conversion is obtained on H-BEA-25 compared to around 

70 mol % 2,5-xylenol and around 12 mol % phenol conversion on H-MFI-90. 

On zeolite H-MOR-90 conversions are generally lower. Around 60 mol % 

2,5-xylenol and around 25 mol % phenol conversion are obtained at a space 

velocity of 0.113 h-1
• Around 55 mol % and 20 mol % 2,5-xylenol and phenol 

conversions, respectively, are obtained at a space velocity of 0.225 h-1 and 

around 50 mol % and around 10 mol % 2,5-xyenol and phenol conversions, 

respectively, are obtained at the highest space velocity applied of 0.45 h-1
• 
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It appears that over all of the catalysts conversion of phenol declines steeper 

than conversion of 2,5-xylenol with increasing space velocity. 
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Figure 5-15 (Experiment 5): Conversion versus tlme-on-stream over H-MFI-90 catalyst for a 

1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350·C 
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Figure 5-16 (Experiment 4): Conversion versus tlme-on-stream over H-MOR-90 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350·C 
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figure 5-11 (Experiment 3): Conversion versus tlme-on-stream over H-BEA-25 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C 

Figures 5-18 to 5-20 show that for all of the three catalysts, selectivity increases 

with increasing 2,5-xylenol conversion for all product fractions except for the 

other xylenol isomers, the trimethylphenols and the ethers. At the same 

2,5-xy!eno! conversion (say 70 mol %, indicated by a dotted vertical line in figures 

5-18 to 5-20) similar selectivities for cresols (ca. 50 mol %) and other xyleno! 

isomers (ca. 30 mol %) are obtained on zeolites H-MOR-90 and zeolite H-BEA-25 

while lower cresol (only ca. 30 mol %) and higher other xylenol isomers 

(ca. 50 mol %) selectivities are obtained on zeolite H-MFI-90. The three zeolites 

show similar selectivities for lights and ethers, which are all below 10 mol % but 

differ in trimethylphenols selectivity which is around 10 mol % on H-BEA-25 

zeolite and which is significantly higher over H-MOR-90 and H-MFI-90. Catalysts 

differ in similar manner in the selectivities of heavies, where zeolite H-MFI-90 

shows the highest selectivity of ca. 15 mol % compared to H-BEA-25 and 

H-MOR-90 with less than 10 mol %. 
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figure 5-18 (Experiment 5): Selectivity versus 2,5-xylenol conversion over H-Mfl-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5.xylenol at a temperature of 

350 "C and varying space velocities between WHSV == 0.113 h·i and 0.45 h·1 

70 

60 
...... 
~50 
'0 
.s40 
~ 
.2: 30 
U 
CD 
'ii 20 
en 

10 

0 
20 

I 
Other xylenollsomers A A : 

~ I , : 
I , ..... ,-: , . , 

A "" t! 
" 

• " , I 

,'A A ~~ . ... , , ~ 

• • I 

'It' I Cresols •• • : 
Ethers I 

TrimethyiphElnolls ...... / .. 

30 40 50 60 70 80 
2,S-Xylenol conversion [mol lifo] 

90 100 

figure 5-19 (Experiment 4): Selectivity versus 2.5-xylenol conversion over H·MOR-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2.5-xylenol at a temperature of 

350 "C and varying space velocities between WHSV == 0.113 h·1 and 0.45 h"1 
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Figure 5·20 (Experiment 3): Selectivity versus 2,5-xylenol conversion over H·BEA·25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5·xylenol at a temperature of 

350·C and varying space velocities between WHSV == 0.113 h·1 and 0.45 h·1 

Figures 5-21 to 5-23 show that yields of cresols, lights and heavies increase 

rather steeply with increasing 2,5-xylenol conversion for all of the three zeolites 

while the yields of ethers and trimethylphenols increase only slightly (H-MFI-90) 

or are almost constant (H-MOR-90 and H-BEA-25). High yields of cresols are 

obtained at e.g. 70 mol % 2,5-xylenol conversion on zeolites H-MOR-90 

(ca. 30 mol %) and H-BEA-25 (ca. 25 mol %) compared to H-MFI-90 (only 

ca. 10 mol %) at the same 2,5-xylenol conversion. Similar yields of other xylenol 

isomers (ca. 18 mol %) are obtained at 70 mol % 2,5-xylenol conversion over 

zeolites H-MOR-90 and H-BEA-25, while a higher yield (ca. 25 mol %) is 

obtained on zeolite H-MFI-90 at the same conversion. Yields of the other 

fractions over all catalysts are below 10 mol % at 70 mol % 2,5-xyienol 

conversion. 
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Figure 5·21 (Experiment 5): Yield versus 2,5-xylenol conversion over H-MFI-90 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350 ·C and 

varying space velocities between WHSV == 0.113 h·i and 0.45 h·i 
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Figure 5-22 (Experiment 4): Yield versus 2,5-xylenol conversion over H-MOR-SO catalyst 

for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350·C and 

varying space velocities between WHSV::: 0.113 h·i and 0.45 h·i 
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Figure 5·23 (Experiment 3): Yield versus 2,5-xylenol conversion over H-BEA-25 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C and 

varying space velocities between WHSV == 0.113 h·i and 0.45 h'i 

5.4.1 Catalyst of choice 

Based on the comparison of catalysts described above, a decision was made 

towards the catalyst with which the experimental work had to continue. Of the 

three catalysts compared, H-MFI-90 showed the lowest selectivity towards the 

desired product, cresol, but the highest towards undesired heavies and lights. 

Of the two remaining catalysts, H-BEA-25 and H-MOR-90, the activity of the 

latter appeared to continually decline with time-on-stream, while the activity of 

H-BEA-25 appeared rather stable. 

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

The effects of changing the ratio of phenol to 2,5-xylenol in the feed, space 

velocity and reaction temperature were studied over catalyst H-BEA-25 on the 

basis of conversion, selectivity and yield. The results obtained are presented in 

sections 5.4 and 5.5.1 to 5.5.3. 

5.5.1 Effect of phenol to 2,5-xylenol ratio 

To study the effect of the phenol to 2,5-xylenol ratio, experiments were carried 

out with 1 : 1, 5 : 1 and 20 : 1 molar ratio feed mixtures of phenol and 2,5-xylenol 

at a temperature of 350°C. Figures 5-17, 5-20 and 5-23 show the results 

obtained for 1 : 1 molar ratio. figures 5-24 to 5-34 those for the higher ratios and 

also the average values versus ratio. 
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Figure 5-24 (Experiment 7): Conversion versus time-on-stream over H-BEA-25 catalyst for 

a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C 
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Figure 5-25 (Experiment 8): Conversion versus time-on-stream over H-BEA-25 catalyst for 

a 20 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C 

Figures 5-17, 5-24 and 5-25 compared, show that phenol and 2,5-xylenol 

conversions decrease with increasing phenol : 2,5-xyenol molar ratio. This can 

be seen at a space velocity of 0.113 h-1 (using data from the repeat experiment 

at the longest time-on-stream in figure 5-25) where the phenol conversion 

declines from ca. 40 mol % for a molar ratio of 1 : 1 through 30 mol % for a molar 

ratio of 5 : 1, to some 15 mol % for a molar ratio of 20 : 1. The same trend is 

seen at the space velocities of 0.225 and 0.45 h-1
• At space velocities of 0.113 h-1 

(repeat data) and 0.225 h-1
, 2,5-xylenol conversion is only slightly declining from 

ca. 85 mol % for a phenol and 2,5-xylenol molar ratio of 1 : 1 to ca. 75 mol % for 

a ratio of 20 : 1. At the highest WHSV of 0.45 h-1 rather low values are obtained. 

The above is summarised in figures 5-26 and 5-27 where the average 

conversions are plotted against the phenol to 2,5-xylenol ratio. Average 

conversion was determined by calculating the average of the data points 

obtained at each space velocity after stabilization (repeat data for the space 

velocity ::: 0.113 h-1
). 
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figure 5-26 (Experiments 3, 7 and 8): Average conversion of phenol versus the molar ratio 

in feed mixtures of phenol and 2.5-xylenol over H·BEA·25 catalyst at a temperature of 

350"C and different space velocities (WHSV) 
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figure 5-27 (Experiments 3, 7 and 8): Average conversion of 2.5-xylenol versus the molar 

ratio in feed mixtures of phenol and 2.5-xylenol over H-BEA-25 catalyst at a temperature of 

350"C and different space velocities (WHSV) 
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While the conversion of phenol declines from 30 - 40 mol% to almost a quarter 

when increasing the molar phenol : 2,5-xylenol ratio from 1 : 1 to 20 : 1, the 

response of the conversion of 2,5-xylenol is less pronounced especially at the 

low space velocities of 0.113 h-1 and 0.225 h-1
• The data obtained from the 

highest space velocity of 0.45 h-1 appear to be flawed by scatter. 

Figures 5-20. 5-28 and 5-29 show that similar trends are obtained as a function 

of 2,5-xylenol conversion for all phenol to 2,5-xylenol ratios, however, levels of 

individual selectivities of product classes are not significantly different. It should 

be noted that data from short time-on-stream, i.e. the first period of operating at a 

space velocity of 0.113 h-1 are included in all of the three figures (highest 

conversion data points). 
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Figure 5-28 (Experiment 7): Selectivity versus 2,5·xylenol conversion over H-BEA-25 

catalyst for a 5 : 1 molar ratio feed mixture of phenol and 2,5.xylenol at a temperature of 

350"C and varying space velocities between WHSV == 0.113 h·1 and 0.45 h·1 
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Figure 5-29 (experiment 8): Selectivity versus 2,5-xylenol conversion over H-BEA-25 

catalyst for a 20 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350°C and varying space velocities between WHSV == 0.113 h-1 and 0.45 h-1 

Figure 5-30 summarises these results in the form of average selectivies. Average 

selectivities consider only data that were obtained after stabilisation. Figure 5-30 

shows for the medium space velocity of 0.225 h-1 as an example that with 

increasing phenol to 2,5-xylenol ratio, steeply increasing average selectivities for 

ethers and, particularly, constant selectivities for lights and heavies are obtained, 

while the average selectivities for cresols, other xylenol isomers and 

trimethylphenols decrease. 

For the yields similar trends are obtained with increasing phenol to 2,5-xylenol 

molar ratio (figures 5-23, 5-31 and 5-32). As a function of 2,5-xylenol conversion 

all yields except that of other xylenol isomers at 1 : 1 and 5 : 1 molar phenol to 

2,5-xylenol ratio increase or are more or less constant. Figure 5-33, the summary 

of these results, shows that on average yields of all product fractions decrease 

with increasing phenol to 2,5-xylenol molar ratio with the only exception of ethers 

whose yields are more or less constant. The average yields considered only data 

that were obtained after stabilisation. 
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A survey of figures 5-26, 5-27, 5-30 and 5-33 suggests that results for the 5 : 1 

molar ratio feed mixture are to some extent outliers. 
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Figure 5-30 (Experiments 3, 7 and 8): Average selectivity versus the molar ratio of feed 

mixtures of phenol and 2,5-xylenol over H·BEA·25 catalyst at a temperature of 350"C and a 

space velocity (WHSV) of 0.225 h·1 
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Figure 5-31 (Experiment 7): Yield versus 2,5-xylenol conversion over H-BEA-25 catalyst for 

a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 350"C and 

varying space velocities between WHSV == 0.113 h-1 and 0.45 h"1 
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Figure 5-32 (Experiment 8): Yield versus 2,5.xylenol conversion over H·BEA·25 catalyst for 

a 20 : 1 molar ratio feed mixture of phenol and 2,5.xylenol at a temperature of 350"C and 

varying space velocities between WHSV == 0.113 ho1 and 0.45 ho1 
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Figure 5-33 (Experiments 3, 7 and 8): Average yield versus the molar ratio of feed mixtures 

of phenol and 2,5·xylenol over H·BEA·25 catalyst at a temperature of 350"C and a space 

velocity (WHSV) of 0.23 h-1 
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5.5.2 Effect of space velocity 

To study the effect of space velocity, experiments were carried out over all the 

three zeolite catalysts of interest (H-MFI-90, H-MOR-90 and H-BEA-25) for a 

1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350"C. The primary results obtained have been presented in figures 5-15 to 5-17 

as conversion versus time-on-stream plots and in figures 5-18 to 5-23 as 

selectivities and yields, respectively, versus 2,5-xylenol conversion plots. In 

figures 5-34 to 542 the averages of data points obtained at stabilised operation 

at each space velocity are plotted for conversion, selectivity and yield. 

Figures 5-34 to 5-36 show that conversions decrease with increasing space 

velocity over all the three catalysts. This was also shown in figures 5-15 to 5-17 

where individual data points on conversion are plotted against time-on-stream at 

different space velocities. 

According to both sets of figures 5-15 to 5-17 and 5-34 to 5-36 the effect of 

space velocity is stronger on phenol conversion, which declines faster, relatively, 

when space velocity increases. 

Figures 5-37 to 5-42 show that similar trends are obtained for both selectivity and 

yield for each catalyst when space velocity changes. Selectivity and yield for 

other xylenol isomers increase with increasing space velocity while the 

selectivities and yields for all other product fractions decrease with increasing 

space velocity over all the tested catalysts, the only exception being the 

trimethylphenols obtained on catalyst H-BEA-25 (see figures 5-39 and 5-42) 

whose selectivity and yield are more or less constant with increasing space 

velocity. 
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figure 5·34 (Experiment 5): Average phenol and 2,5·xylenol conversion versus space 

velocity over H·Mfl-90 catalyst for a 1 : 1 molar ratio feed mixture of phenol and 

2,5-xylenol at a temperature of 350°C 
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figure 5-35 (Experiment 4): Average phenol and 2,5-xylenol conversion versus space 

velocity over H·MOR-90 catalyst for a 1 : 1 molar ratio feed mixture of phenol and 

2,5-xylenol at a temperature of 350°C 
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Figure 5·36 (Experiment 3): Average phenol and 2,5-xylenol conversion versus space 

velocity over H-BEA-25 catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-

xylenol at a temperature of 350ClC 
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Figure 5·37 (Experiment 5): Average selectivity versus space velocity over H·MFI-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5·xylenol at a temperature of 

350ClC 
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Figure 5-38 (Experiment 4): Average selectivity versus space velocity over H-MOR-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350°C 
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Figure 5-39 (Experiment 3): Average selectivity versus space velocity over H-BEA-25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350°C 



Univ
ers

ity
 of

  C
ap

e T
ow

n

40~-----------------------------------, 

....... 
~ 30 
o 
E ...... 

Other 
xylenol isomers 

Cresols lit - - 1 ...... fIIIIIIIIIJ"""""" 
Heavles)K •••••••• ~ __ - - -

Trlmethylpheno~ ... :::: -< __ .... C"":. 0 •• 

E ".".. ----_______ olio ........ ... 

Lights .......... ••••• 
)K...... - •• . ... ... IlOIlO........ ...... 

J---------r~~~~::~-~·~·~-~·i·i-~·~·;-;;; ... ~ ... ~ ... ~~~--~ .. II! ""- .. ......... ""'X o III ................... " •••• 

0.0 0.1 0.2 0.3 0.4 0.5 
Space velocity [9fHd I 9catalyat • h] 

105 

Figure 5-40 (Experiment 5): Average yield versus space velocity over H·MFI·90 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2,5.xylenol at a temperature of 350°C 
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Figure 5-41 (Experiment 4): Average yield versus space velocity over H·MOR-90 catalyst 

for a 1 : 1 molar ratio feed mixture of phenol and 2,5.xyienol at a temperature of 350°C 
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Figure 5-42 (Experiment 3): Average yield versus space velocity over H·BEA·25 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol and 2,5·xylenol at a temperature of 350°C 

5.5.3 Effect of temperature 

To study the effect of temperature, temperature was varied over H-BEA-25 

catalyst in 500 e steps between 2500 e and 4500 e in two of the initial experiments 

with 1 : 1 molar ratio feed and in 25°e steps around 350oe, i.e. in the optimum 

temperature range (see section 5.1) at the end of a space velocity series 

experiment where a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol was 

used. 

The primarily obtained results, plotted versus time-an-stream are shown in 

figures 5-1, 5-2 and 5-43. 
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Figure 5-43 (Experiment 7): Conversion versus tlme-on-stream over H-BEA-25 catalyst for 

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

0.113 ho1 

All figures show that conversion increases with increasing temperature except at 

the highest temperature, 450"C (figure 5-2), when catalyst deactivation effects 

appear to start playing a significant role. 

Average conversions, selectivities and yields for the 250 to 450"C series of 

experiments with the 1 : 1 molar phenol : 2,5-xylenol mixture as the feed have 

been shown in figures 5-3 to 5-5 and described in section 5.1. For the 325 to 

375°C series with the 5 : 1 molar phenol : 2,5-xylenol feed mixture these are 

shown in figures 5-44 to 5-46. 
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Figure 5-44 (Experiment 7): Average phenol and 2,5-xylenol conversion versus 

temperature over H·BEA·25 catalyst for a 5 : 1 molar ratio feed mixture of phenol and 

2.5-xylenol at a space velocity (WHSV) of 0.113 h-1 
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Figure 5-45 (Experiment 7): Average selectivity versus temperature over H-BEA-25 catalyst 

for a 5 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a space velocity (WHSV) of 

0.113 h-1 
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figure 5-46 (Experiment 7): Average yield versus temperature over H·BEA·25 catalyst for a 

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

Results are similar to those obtained for the first series. Conversion increases 

with increasing temperature and passes over a maximum at around 375°C as is 

showing in figure 5-3. So do the selectivity and yield of cresols, while those for 

the other xylenol isomers decline (all corresponding to the results of the first 

temperature series as shown in figures 5-4 and 5-5). 

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

The composition of the reactor effluent from reacting the 1 : 1 molar phenol to 

2,5-xylenol feed mixtures on the three zeolite catalysts of interest is shown in 

figures 5-47 to 5-49. "Reactor effluenf comprises all products, so that this data is 

identical to what has already been shown as "yields" in figures 5-21 to 5-23, but 

includes also the unconverted feed compounds, namely phenol and 2,5-xylenol, 

whose contents are steeply declining with increasing conversion. 
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From these 1 : 1 molar feed mixtures there is always much more phenol 

remaining than 2,5-xylenol. For instance at 70 mol % 2.5-xylenol conversion, 

when only 15 mol % of feed 2,5-xylenol is left in the reactor effluent (note that the 

feed mixture consisted of only 50 mol% 2,5-xylenol), the phenol content is still at 

around 35 mol % with H-MFI-90 and around 30 mol % with the other two 

catalysts. However, considering the 'other xylenols isomers' that have formed, 

the total xylenol content in the reactor effluent is almost equal to the phenol 

content (on a molar basis). 
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Figure 5-47 (Experiment 5): Reactor effluent versus 2.5-xylenol conversion over H-MFI-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350"C and changing space velocities between WHSV:::::: 0.113 h-1 and 0.45 h-1 
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Figure 5-48 (Experiment 4): Reactor effluent versus 2.5-xylenol conversion over H-MOR-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350"C and changing space velocities between WHSV II: 0.113 hoi and 0.45 hoi 
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Figure 5-49 (Experiment 3): Reactor effluent versus 2.5-xylenol conversion over H·BEA·25 

catalyst for a 1 : 1 molar ratio feed mixture of phenol and 2,5-xylenol at a temperature of 

350"C and changing space velocities between WHSV II: 0.113 hoi and 0.45 hoi 
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5.7 Reaction of higher methyl phenols with phenol 

Experiments were carried out where 2,3,6-trimethylphenol and a simulated 

technical mixture, containing a multitude of higher methyl phenols, were reacted 

with phenol. 

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

An experiment was carried out with a 1 : 1 molar ratio feed mixture of 

phenol : 2,3,6-trimethylphenol at a temperature of 350°C and different space 

velocities. The results obtained are presented in figures 5-50 to 5-53. It should be 

noted that this experimental series was carried out over H-MOR-90 catalyst. 

It should also be noted that the volume flow rates produced by the metering 

pump and, due to the effectively equal densities, the mass flow rates and WHSV 

of the phenol-with-2,5-xylenol and phenol-with-2,3,6-trimethylphenol mixtures 

were equal but not the molar flow rates, due to the higher molecular mass of the 

trimethylphenol. The molar flow rate of the latter, and thus the molar hourly space 

velocity was only 94 % of that of the former. 

Figures 5-50 and 5-51 show that, as it is the case with the reaction of phenol and 

2,5-xylenol under equal conditions (over H-MOR-90, figures 5-16 and 5-35, and, 

over the other catalysts tested figures 5-15, 5-17, 5-34 and 5-36) conversion 

decreases with increasing space velocity. Unfortunately data from the highest 

space velocity applied in this experiment is rather scattering. 
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figure 5-50 (Experiment 6): Conversion versus time-on-stream over H-MOR-90 catalyst for 

a 1 : 1 molar ratio feed mixture of phenol: 2,3,6-trimethylphenol at a temperature of 350"C 
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figure 5-51 (Experiment 6): Average phenol and 2,3,6-trimethylphenol conversion over 

H-MOR-90 catalyst for a 1 : 1 molar ratio feed mixture of phenol : 2,3.6.trimethylphenol at a 

temperature of 350"C and varying space velocities between WHSV == 0.113 hoi and 0.45 h·1 
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Selectivities and yields vary analogously to those obtained from conversion of the 

phenol I 2,5-xylenol mixtures when varying space velocity. Figure 5-52 shows 

that the selectivity for other trimethylphenol isomers decreases with increasing 

2.3,6-trimethylphenol conversion while the selectivities for all other product 

fractions increase with increasing 2,3,6-trimethylphenol conversion. Note that 

xylenols do appear as a new product fraction. 

Figure 5-53 shows that the yields for all product fractions, including the other 

trimethylphenols, increase with increasing 2,3,6-trimethylphenol conversion. 

Compared at 70 mol % 2,3,6-trimethylphenol conversion, other trimethylphenol 

isomers are the major product fraction. 

70~------------------------~-------------
Other trlmethylphenol ~. 

Isomers i. 4. 4 
~ 

o+---------~--~~ 

20 30 40 50 60 70 80 90 100 

2,3,6-Trlmethylphenol conversion [mol %] 

figure 5-52 (Experiment 6): Selectivity versus 2,3.6-trimethylphenol conversion over 

H-MOR-90 catalyst for a 1 : 1 molar ratio feed mixture of phenol: 2,3,6-trimethylphenol at a 

temperature of 350"C and varying space velocities between WHSV == 0.113 h·1 and 0.45 h-1 
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Figure 5-53 (Experiment 6): Yield versus 2,3,6-trimethylphenol conversion over H·MOR-90 

catalyst for a 1 : 1 molar ratio feed mixture of phenol : 2,3,6-trimethylphenol at a 

temperature of 350"C and varying space velocities between WHSV == 0.113 h·1 and 0.45 h·i 

5.7.2 Reaction of phenol with the simulated technical mixture 

A simulated technical phenolics mixture was produced by alkylating 2,5-xylenol 

and 2,3,6-trimethylphenol with methanol and flashing most of the low boiling 

fractions (see section 4.4). This resulted in a product mixture containing a range 

of higher methyl phenols. mainly trimethylphenols (ca. 43 mol %) and 

tetramethylphenols (ca. 16 mol %) and most probably also pentamethylphenol 

(as part of 'others'), see table 5-2, middle column. Phenol was added to this 

simulated technical mixture so that a feed with a ca. 20 : 1 molar ratio resulted for 

transalkylation studies, see table 5-2, right column. This mixed feed was 

converted in liquid phase at 60 bar at a temperature of 350°C over H-BEA-25 

catalyst at different space velocities. 
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The composition of the transalkylation product obtained is shown in table 5-3. 

Tables 5-2 and 5-3, in comparison, show that the amount of cresols and xylenols 

in the reactor effluent at the lowest space velocity applied (0.11 gfeed / gcatalyst . h) 

increased from 0.47 to 9.85 mol % and from 0.85 to 2.39 mol %, respectively, 

while the contents of trimethylphenols and tetramethylphenols have decreased 

from 2.51 to 1.05 mol % and from 0.94 to 0.08 mol %, respectively. Table 5-4 

compares what was consumed and what was gained during the reaction of the 

mixture. It should be noted that between half and two thirds of the consumed 

phenol goes into formation of diphenylethers (see table 5-4). 

Figures 5-54 to 5-56 show the effect of space velocity on converSion, selectivities 

and yields. 

Table 5·2: Composition of the simulated technical mixture as it was produced (ignoring 

phenol) and of the feed mixture that was transalkylated, Including the added phenol 

Composition ( mol %) of simulated technical 

mixture 
Component 

Including phenol 
Excluding phenol 

(ca. 20 : 1, molar) 

Lights 2.16 0.13 

Phenol - 94.17 

Cresols 8.07 0.47 

Xylenols 14.52 0.85 

Trimethylphenols 43.04 2.51 

Tetramethylphenols 16.15 0.94 

Others 16.06 0.93 

Total 100 100 
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Table 5-3: Composition of the reactor effluent obtained from reacting the ca. 20 : 1 molar 

mixture of phenol and simulated technical mixture (table 5.2) over H·BEA·25 zeolite at a 

temperature of 350"C 

Weight hourly space velocity 

Component 
(gfeed I gcatalyst. 11) 

0.11 0.23 0.45 

Composition [mol %] 

Lights 1.88 0.44 0.22 

Phenol 52.41 73.61 84.43 

Cresols 10.13 5.16 2.72 

Xylenols 2.74 2.62 2.25 

Trimethylphenols 1.30 0.93 1.27 

Tetramethylphenols 0.08 0.14 0.30 

Diphenylether* 17.18 11.91 6.09 

Phenoxytoluenes* 2.80 0.72 0.31 

Others 11.47 4.49 2.40 

Total 100 100 100 

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

2 phenol -+ 1 diphenylether + water 
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Table 5-4: Gain/loss of individual compounds and compound fractions through reacting 

the ca. 20 : 1 molar mixture of phenol and simulated technical mixture over H-BEA-25 

zeolite at a temperature of 350"C (difference of table 5-3 and table 5-2 last column data) 

Weight hourly space velocity 

Component 
(gfMd I gcatalyst. h) 

0.11 0.23 0.45 

Differences [ mol %] 

Lights +1.75 +0.31 +0.09 

Phenol -41.76 -20.56 -9.74 

Cresols +9.66 +4.69 +2.25 

Xylenols +1.89 +1.77 +1.40 

Trimethylphenols -1.21 -1.58 -1.24 

Tetramethylphenols -0.86 -0.80 -0.64 

Diphenylether* +17.18 +11.91 +6.09 

Phenoxytoluenes* +2.80 +0.72 +0.31 

Others +10.54 +3.56 +1.47 

Total -0.01 0.00 -0.01 

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

2 phenol -+ 1 diphenylether + water 
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figure 5-54 (Experiment 9): Average conversions versus space velocity over H·BEA·25 

catalyst for the 20 : 1 molar ratio feed mixture of phenol and simulated technical mixture 

(see table 5-2) at a temperature of 350"C and varying space velocities between WHSV :::::: 0.113 

h'1 and 0.45 h'1 
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figure 5-55 (Experiment 9): Average selectivities versus space velocity over H·BEA·25 

catalyst for the 20 : 1 molar ratio feed mixture of phenol and simulated technical mixture 

(see table 5-2) at a temperature of 350"C and varying space velocities between WHSV :::::: 

0.113 h'1 and 0.45 h'1 
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Figure 5-56 (Experiment 9): Average yields versus space velocity over H·BEA·25 catalyst 

for the 20 : 1 molar ratio feed mixture of phenol and simulated technical mixture (see table 

5-2) at a temperature of 3SOoC and varying space velocities between WHSV == 0.113 h'1 and 

0.45 h'1 

Figure 5-54 shows that conversions of trimethylphenols and tetramethylphenols 

are rather high, around 55 and 70 mol % respectively, decreasing with increasing 

space velocity. With phenol, conversion is lower but decreasing steeper, 

comparatively. Figures 5-55 and 5-56 show that yield of and selectivity towards 

xylenols are more or less constant with changing space velocity, while yield and 

selectivity for cresols declines significantly with increasing space velocity. 

5.S Distribution of xylenol isomers from isomerising highly diluted 2,5-xylenol 

Figure 5-57 shows the experimentally determined xylenol isomers distribution at 

350"C. Note that the mixture has completely reacted through, since changing 

space velocity to a quarter did not result in any substantial changes anymore. 
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Figure 5-57 (Experiment 111: Experiment~lly determi ""d distribution of the xylenol i ~ omers 

from reacting a highly diluted 2,5-xylenol feed over H-BEA-25 c~talyst at 350' C ~nd space 

velociti es v3rying between of 0.225 and O.9()O h" 

Note that the reaction was carried out with inert solvent, benzene, cmd the 

resulting distribution only comprises 1 ,2-methyl shift isomerisalion reactions and 

is not influenced by additional, may be selective, dealkylation reactions. 
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Chapter 6 

DISCUSSION 

In this chapter, the results obtained in the transalkylation of phenol with 

2,5"xylenol, phenol with 2,3,6-trimethylpllenol and phenol with a simulated 

tecllnical mixture of phenolic compounds over z:eolites H-BEA-25, H-MOR-25 

and H-MFI-90 are discussed. 

6,1 Occurrence of the transatkytation reaction and choice of suitabte 

standard operating conditions, 

At 60 bar in liquid phase and space velocities (WHSV" "" ,_,I " 0_5 h-1
, a 

temperature of 350'-C was found to be optimum for the transatkylation reaction of 

phenol with 2,5-xyloool, 2,3,6-trimethylphenol and the simulated technical 

mixture This was achieved by carrying out experiments with a phenol! 2,5-xylenol 

feed mixture over H-BEA-25 catalyst in the temperature range of 250 - 450°C 

(see section 4.2.1). These experiments also served to test whether 

transalkylation between phenolic compounds over an acid zeolite catalyst takes 

place to a sufficioot extent 

Figures 4-6. 5-4 and 5-5 Show that transalkylation was acilieved. This is evident 

from the formation of cresols, whicll would result from transfer of a methyl group 

from a 2,5-xylenol molecule to a molecule of phenol and the formation of 

trimethylphenols Wllich would result from methyl group transfer between xylenol 

molecules 

Irl reacting systems the rate of reaction coefficient (reactiorl rate constarlt) is 

usualty a strong function of temperature i e. tile rate of reaction increases with 

increasirlg temperature [Schmidt, 2005] Hence, as expected, results presented 
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in figures 5-1 to 5-3 show that the conversion of both reactants, phenol and 

2,5-xylenol, increased with increasing temperature from 250°C onwards but 

appeared to level out at around 350°C. Beyond 400°C the conversion of both 

phenol and 2,5-xylenol declined significantly. Selectivity and yield of the desired 

product, cresol, also did peak in the 350 - 400°C range, with less "heavies" 

produced at 350°C (figures 5-4 and 5-5). As a consequence, a temperature of 

350°C was chosen for further experiments as mentioned before. A detailed 

discussion of the temperature effects is given in section 6.4.3, including all 

temperature variation experiments. 

6.2 Catalyst stability and repeatability of experiments 

Catalysts were found to exhibit rather fast deactivation during the first ca. 

100 hours of operation, though the total initial loss of activity was moderate, after 

which better stability was achieved for the next more than 100 hours on stream 

(figures 5-6, 5-7 and 5-12) and sections 5.2 and 5.3.1. Such behaviour is typical 

for most heterogeneous catalysts, in particular acid zeolites. Consequently, data 

obtained during the initial period was ignored. 

Repeatability in experiments was determined by comparing the conversions of 

both phenol and 2,5-xylenol at a certain condition with the conversions obtained 

at the same condition repeated within the same experiment. It was found (see 

section 5.2) that the conversions at the repeated conditions settings were similar 

but slightly lower than the conversions at the earlier conditions settings (figures 

5-8 and 5-9). Repeatability was also confirmed by results presented in section 

5.3.1 and in figures 5-10 and 5-11, where the selectivity is the determining factor. 

The repeatability of two identical experiments, done separately, was studied by 

comparing the conversions of both phenol and 2,5-xylenol and the selectivities 

obtained from two separate, identical experiments (section 5.3.2 and figures 5-12 

to 5-14). Closely matching conversion and selectivity data from the two 
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experiments gave an indication of good repeatability between experiments and it 

was therefore concluded that experiments are repeatable. As described in 

section 5.3.2 (figures 5-12 to 5-14) it is mainly changes during the initial period of 

runs that causes the moderate differences in conversion and selectivies when 

repeating conditions, with in particular the selectivity of "heavies" being initially 

rather high and then settling. It was therefore concluded that experiments were 

repeatable within the same run provided the very initial data (ca. < 100 hours on 

stream) was ignored and only the very last data points of the initial conditions 

setting considered for calculating averages etc. It could also be concluded that, 

when ignoring short time-on-stream data, results and trends obtained are 

comparable and valid when varying conditions within a single run. 

6.3 Choosing the most suitable catalyst for transalkytion 

Screening experiments were carried out with three commercially available 

candidate catalysts with the objective of choosing the most suitable for the 

alkylation reaction of phenol with the transalkylating agents 2,5-xyienol, 

2,3,6-trimethylphenol and the simulated technical mixture of phenolic 

compounds. As mentioned in section 5.4, the three catalysts. H-BEA-25, H-MFI-

90 and H-MOR-90, were compared in terms of conversion, stability, yield and 

selectivity. 

Figures 5-15 to 5-17 (on the y-axes) and 5-18 to 5-23 (on the x-axes) show that 

similar phenol and 2,5-xylenol conversions were obtained on zeolites H-BEA-25 

and H-MFI-90 at all space velocities applied but higher than on H-MOR-90. 

Since H-MFI-90 and H-MOR-90 had the same and rather high molar Si02 I Al203 

ratio of 90, these two catalysts were expected to have more or less the same 

number and strength of Brransted acid sites and hence similar activities [Martens 

et a!., 1997]. see section 2.10.3. However, experimental results showed that 

H-MFI-90 was more active than H-MOR-90 at all space velocities applied. A 
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possible reason behind this could be the fact that for large molecules such as the 

feed molecules H-MOR-90 is effectively one dimensional while H-MFI-90 is three 

dimensional (see sections 2.12.3 and 2.12.2, respectively). This means, even 

though H-MOR-90 has larger pores than H-MFI-90, that it is apparently easier for 

the reactants to enter and the products to leave the channel systems in H-MFI-90 

than in H-MOR-90 zeolite crystals. Besides showing the lowest phenol and 

2,5-xylenol conversions, zeolite H-MOR-90 also exhibited faster deactivation and 

apparently no stabilisation after the initial period of the run, which can also be 

ascribed to the effect of the effectively mono-dimensional pore system (figure 5-16). 

Zeolite H-BEA-25 was expected to have more acid sites than H-MFI-90 because 

of its lower Si02 I AI20a ratio of 25 and was therefore expected to be the more 

active catalyst. However, though activities of the two for the conversion of the 

2,5-xylenol seemed rather equal, this did not hold for the phenol (see figures 

5-15 and 5-17). This difference was also reflected in selectivities and yields 

(figures 5-18, 5-20, 5-21 and 5-23) where the H-MFI-90's product was mainly 

xylenol isomers, also much heavies, while the H-BEA-25's product consisted for 

the most of the desired product, cresols. Limited pore system spaciousness, i.e. 

restricted transition state selectivity, hindering the bulky transalkylation transition 

states in H-MFI-90, could be a reason why H-MFI-90 showed significantly lower 

phenol conversion and cresol selectivity (= transalkylation activity) than H-BEA-25. 

It was concluded that zeolite H-BEA-25 is the most suitable catalyst for the 

alkylation reaction of phenol with the transalkylating agents 2,5-xylenol, 

2.3,6-trimethylphenol and the simulated technical mixture. 

6.4 2,5-Xylenol conversion mechanism 

The mechanism shown in figure 6-1 is proposed for the conversion of 

2.5-xylenol. 
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2,5·xylenol Xylenolillomer 

ernol 

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

At 1 : 1 molar feed ratio of 2,5-xylenol and phenol, 2,5-xylenol conversion is 

always significantly higher than phenol conversion (see figures 5-1 to 5-3 and 

5-15 to 5-17). This holds throughout all of the different conditions applied (figures 

5-24 - 5-27, 5-34 - 5-36, 5-43 and 5-44). This is due to the fact that 2,5-xylenol 

is transformed through two mechanisms namely isomerisation and 

transalkylation while phenol is only transformed through transalkylation. At low 

2,5-xylenol conversion, selectivity of other xylenol isomers (other than the 

2,5-isomer) is already high and that of cresols is still low, except for the very high 

phenol: 2,5-xylenol ratio of 20 : 1 (see figures 5-18 to 5-20, 5-28 - 5-30 and 

5-37 - 5-39). This illustrates the fact that isomerisation is fast and thus the 

preferred step of 2,5-xylenol conversion (the thick arrow in figure 6-1). 

At conversions above 50%, yield of cresols still increases (see figures 5-21 to 

5-23, 5-31 - 5-33, 5-40 - 5-42 and 5-46) while the yield of other xylenol isomers 

already declines. Apparently all isomers can and do react in transalkylation i.e. 

they do not form initially and then go back to 2,5-xylenol through back­

isomerisation. This is proven by the percentage of 2,5-xylenol in the xylenols 

fraction, which is always greater than the equilibrium percentage (figure 6-2). 
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Figure 6-2 (Experiment 1 - 3 and 7 - 8): Content of 2,5-xylenol in the xylenol fractions from 

reaction over H-BEA-25 at different temperatures, different phenol : 2,5-xylenol feed ratios 

and different space velocities, see section 2.7.2 for thermodynamic equilibrium 

distributions measured and calculated by Pigman et al. [1954] and Fernsby [2006], 

respectively, and section 5.8 for measurements in context of this work 

6.5 Isomerisation reaction scheme 

The reaction scheme given in figure 6-3 can be proposed for the isomerisation of 

2,5-xylenol. It is simply based on the assumption that methyl substituent 

isomerisation mainly occurs via 1,2-methyl shift, particularly at low to medium 

conversions, since transalkylation products (yield and selectivity) are still low 

while isomerisation readily occurs (figures 5-18 - 5-20, 5-28 - 5-33 and 5-37 - 542). 
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Figure 6-3: Proposed reaction scheme for the Isomerisation of 2,5-xylenol by 1,2-methyl shift 

According to this mechanism, three isomerisation products form primarily and in 

parallel, namely 2,6-, 3,5- and 2,4-xylenol, followed by formation of two 

secondary isomerisation products, 3,4- and 2,3-xylenol. Isomer distributions at low 

to moderate conversion were expected to reflect the scheme given in figure 6-3. 

6.6 Cresol formation reaction scheme -

From the transalkylation reaction of phenol and 2,5-xylenol, applying simple 

statistical bond cleavage and formation rules, either o-cresol and a second cresol 

molecule or m-cresol and a second cresol molecule would form and the second 

cresol molecule could be 0-, p- or m-cresol (figure 6-4) with 0- : m- : p-cresol 

distribution in 45 : 45 : 10 percent ratio. 

Applying basic chemical kinetic rules, i.e., the m-position being non-reactive, 

would also form each of the isomers (figure 6-5), with 0- : m- : p-cresol in 33 : 50 : 17 

percent ratio. 
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Unfortunately, there is not much of a difference between these theoretical cresol 

distributions and the thermodynamic equilibrium distribution, see table 6-1, in 

particular of the latter, chemically controlled distribution. In section 6.9, cresol 

formation and selectivity are discussed in more detail. 

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

reaction of 2,S-xylenol and phenol applying statistical rules 

_,.801 33% 

6 .. })+&+9 
m-C:nlSol 50% 

2,5-xylenol pllenol m-c:nlSoi _nlSol p-C:nlSol 

112 218 116 

p-C:nlSol 17% 

Figure 6-5: Possible reaction scheme for the formation of cresols from the transalkylation 

reaction of 2,5-xylenol and phenol apply! ng basic chemical rules 

The cresol selectivity at lowest conversion can be assumed to be closest to the 

primary product of phenol and 2,5-xylenol transmethylation i.e. there is less 

product from other xylenol isomers and less product from secondary 

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

6.7.1 Effect of phenol: 2,S-xylenol ratio 

Conversion of phenol and 2,5-xylenol was found to decrease with increasing 

phenol : 2, 5-xyl enol ratio (figures 5-26 and 5-27). The relative decrease of the 

conversion of phenol with increasing feed ratio (figure 5-26) is more significant, 

simply due to the corresponding increase in the total mol fraction of phenol in the 

feed mixture, but there is little decrease only in 2,5-xylenol conversion. Indeed 

the conversion of 2,5-xylenol was not expected to decrease with increasing 

phenol : 2,5-xylenol ratio. A change of the feed ratio would result in the mol 

fraction of 2,5-xylenol being changed compared to its former level. However, 

when assuming a first order reaction for isomerisation, this should not affect 

isomerisation conversion at all as long as transalkylation does not consume 

substantially (in consecutive reaction steps) from the isomers formed (see figure 

6-1), i.e. as long as yields of transalkylation and other products are low. As 

shown in figures 5-23,5-31 and 5-32. this does not hold anymore for the low feed 

ratios, what may cause the slight decrease in isomers yield with the decline in 

feed ratios in figure 6-6. 

When assuming a second order transalkylation reaction of 2.5-xylenol with 

phenol, which is of first order in each of the reactants, the rate of the 

transalkylation reaction would be reduced to just about half in the 5 : 1 molar 

mixture and to about 1/5 in the 20 : 1 mixture, while the mol fractions of xylenols 

in the feed would be reduced by 1/3 and about 1/10 respectively (Appendix C). 

This should even result in a slight increase in the transalkylation conversion of 

2,5-xylenol in the 5 : 1 mixture and for the 20 : 1 ratio experiment. The increase 

in conversion of 2,5-xylenol in the transalkylation reaction should be almost twice 

(Appendix C), which is clearly not the case, even when not considering the 'other 

reactions' (figure 6-6). Apparently in liquid phase the transalkylation reaction is 

closer to first order, than second order. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

131 

70 
15 2,5-xylenol conversion [mol"] 
c 

60 84.5 81.3 72.9 4U 

~ 
&tt ~ 50 
No 

Transalkylation E15 • 
e E 40 • 
""" ....... 
II) II) 

u a 30 Isomerlsatlon 
II1II ::::I-- III "au II1II e ft'I 

Co f 20 
'0 Other reactions "a 10 
'i.i 
>= 0 

0 5 10 15 20 25 
Molar phenol: 2,5-xylenol ratio 

Figure 6-6 (Experiments 3, 7 and 8): Direction of 2,5-xylenol transformation versus the 

molar ratio of the feed mixture of phenol and 2,5.xylenol over H·BEA·25 at a temperature 

of 350"C and space velocity of 0.113 ho1o Note that transalkylation yield refers only to the 

2,5-xylenol molecules that have reacted 

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

was based on the following equations. 

Isomerisatton 

Transalkylation 

With: 

= 

= 

Yield of all xylenol isomers excluding 2,5-xylenol 

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

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

disproportionation of 2, 5-xylenol 

(i) Yieldcresolsfrom transalkylation = Yieldcresols - Yieldcresolsfrom disproportionation = Yieldcresols -

YieldTrimethylphenols (Since Yieldcresolsfrom disproportionation = 

YieldTrimethylphenolsj 

Must be divided by 2 since half of the rings is coming from phenol 
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It should be noted that these quantities were normalised to a 100 to convert them 

to selectivities as presented in figure 6-6. 

A steep increase in the selectivity for ethers with increasing phenol : 2,5-xylenol 

ratio was obtained (figures 5-20 and 5-28 - 5-30). Increased selectivity towards 

ethers was expected because the increasing phenol concentration with 

increasing ratio results in an increased chance of an adsorbed phenol molecule 

to be approached by another phenol molecule and the only way for the two 

reacting with each other is the formation of diphenylether, which is indeed the 

most abundant of the ethers obtained. While yields of all product fractions were 

found to decrease with increasing phenol: 2,5-xylenol ratio (infact trivial, since all 

other products require 2,5-xylenol being involved, whose concentration in the 

feed mixture declines), the yield of ethers was found to be more or less constant 

(figure 5-33) and eventually dominating the product (figure 5-30). Since each of 

the compounds in the feed mixture is phenolic, the concentration of OH-groups 

and thus the rate of formation of ethers i.e. the yield of ethers would not be 

expected to increase or decrease with increasing phenol : 2.5-xylenol ratio. 
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Selectivity towards trimethylphenols was found to decrease steeply 

(comparatively) with increasing phenol : 2,5-xylenol ratio. At the highest 

phenol : 2,5-xylenol molar ratio of 20 : 1, the selectivity towards trimethylphenols 

was found to be virtually zero. This happens because, trimethylphenols would 

primarily result from a disproportionation of 2,5-xylenol or other xylenol isomers 

and if fewer xylenol molecules are present, it means that the chances of the 

bimolecular, i.e. second order disproportionation reaction of xylenols taking place 

are very small, hence much less of the trimethylphenols will form. 

Tiwari and Mukherjee [1984] also noticed a decrease in the formation of 

trimethylphenols and isomerisation products (xylenol isomers) when they were 

experimenting with mixtures with increasing ratios of phenol: 2,6-xylenol over a 

chromia-alumina catalyst. This was attributed to, analogously, the fact that at 

high phenol : 2,6-xylenol ratios, the catalyst surface is extensively covered by 

phenol, so that a released methyl group has hardly any chance of reacting with a 

xylenol molecule. 

The constant selectivities for lights and heavies (figure 5-30) but declining yields 

(figure 5-33) indicate towards a complex mechanistic pathway. which may not be 

understood since the mechanism of their formation (lights) and the exact nature 

of the heavies is unidentified. 

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

distribution 

Figure 6-7 shows that at all the phenol: 2.5-xylenol ratios investigated a slightly 

higher yield of meta-cresol is obtained than that of ortho-cresol and a significantly 

higher yield of ortho-cresol is produced than para-cresol. 

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

phenol : 2,5-xylenol molar ratios. The distributions obtained at both the 1 : 1 and 
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5 : 1 molar ratios are very close to equilibrium distribution and equilibrium 

distribution is obtained at a ratio of 20 : 1. However, as discussed in section 6.9, 

this is in any case still a kinetically controlled cresol isomer distribution, which, by 

chance, is numerically similar to equilibrium distribution. 

Table 6·1 (experiments 3, 1 and 8): Distribution of the cresol Isomers at different 

phenol : 2,5-xylenol feed ratios over H-BEA-25 at a temperature of 350·C, space velocity of 

0.113 h·1 and distribution in thermodynamic equilibrium 

Molar phenol: 2,5-xylenol ratio 
*Equilibrium 

2,5-Xylenol 1:1 5:1 20:1 
Distribution 

Conversion (mol %) 84.5 79.7 70.9 
at 380°C 

Compound Amount (mol %) 

o-Cresol 38.2 39.1 36.8 36 

p-Cresol 17.3 17.3 15.8 16 

m-Cresol 44.5 43.6 47.4 48 

.. [Imbert et aI., 1997, in gas phase and Fritsch et aI., 2003, in liquid phase] 
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Figure 6·7 (Experiments 3, 7 and 8): Average yields of cresol Isomers (left axis) versus the 

molar phenol to 2,5-xylenol ratio in feed mixtures over H·BEA·25 at a temperature of 350°C 

and space velocity of 0.113 h·1• This graph also compares the actual and theoretical rates 

of cresols formation (right axis) versus the ratio 

Figure 6-7 also shows that the actual rate (experimental) of cresol formation is 

declining relative to the theoretical rate over increasing phenol: 2,5-xylenol ratios 

in the feed, with the theoretical rate assuming first order in each of the reactants 

in the bimolecular transalkylation between 2,5-xylenol and phenol. This is shown 

by the declining uppermost curve, X-shaped symbols, in figure 6-7. See also 

corresponding discussion in section 6.7.1. 

The declining rate with increasing phenol : 2.5-xylenol ratio is probably (in part) 

due to decreasing contribution of formation of cresols via 2,5-xylenol 

disproportionation as a result of decreasing 2.5-xylenol concentration. 

Decreasing 2.5-xylenol disproportionation rate is confirmed by the decreasing 

yield of trimethylphenols (co-product of 2,5-xylenol disproportionation) with 

increasing phenol: 2,5-xylenol ratio (figure 5-33). 
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Figure 6-8 and table 6-2 show the yields and distributions of the xylenol isomers 

in the product and in thermodynamic equilibrium. Note that the isomerisation 

reaction is assumed to be of first order, Le. independent from concentration, and 

that, correspondingly, 2,5-xylenol conversions are similar. 

At the moment this product distribution cannot be reasonably explained on the 

basis of thermodynamics or the mechanism shown in figure 6-3. Aspects such as 

the 2,3- I 2,4-xylenol ratio, with the former being formed from the latter (in the 

suggested mechanism, figure 6-3) but present at far higher than equilibrium 

ratios (see table 6-2), are unresolved questions. 
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figure 6-8 (Experiments 3, 7 and 8): Content of xylenol isomers versus 2,S·xylenol 

concentration of feed over H-BEA·2S at a temperature of 350·C and space velocity of 0.113 h-1 

The distribution of xylenol isomers at different phenol : 2,5-xylenol ratios in the 

feed is shown in table 6-2. It should be noted that the equilibrium distribution of 

3,4- and 3,5-xylenols is combined as the peaks of these two isomers were not 

separated on the gas chromatogram trace. 
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No conclusion can be made with regard to xylenol isomers approach to 

equilibrium due to variability in the equilibrium distribution obtained from different 

sources (table 6-2) and the apparent fact that several isomer ratios 

(e.g 2,6- I 2,5- and 2,3- I 2,4-xylenol) are exceeding the values that are 

thermodynamically possible within a scheme of consecutive reactions as 

suggested in figure 6-3 .. 
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Table 6-2 (Experiments 3, 7 and 8): Distribution of the xylenol isomers at different phenol: 

2,5-xylenol feed ratios over H-BEA-25 at a temperature of 350°C and a space velocity of 

0.113 h·i and distribution In thermodynamic equilibrium 

Molar phenol: 2,5-xy/enol ratio 

2,5-Xylenol 
1:1 5:1 

Conversion (mol %) 
84.5 79.7 

Compound Amount (mol %) 

2,6-Xylenol 11.0 10.5 

2,4-Xylenol 23.9 17.5 

2,5-Xylenol 38.2 40.9 

2,3-Xylenol 16.2 12.6 

3,5-Xylenol 
10.6**** 18.5**** 

3,4-Xylenol 

*[Fernsby, 2006] 

**[Pigman et aI., 1954] 

***[This work (figure 5-57)] 

****Peaks not separated in GC trace 

20:1 

70.9 

18.6 

7.3 

48.7 

20.4 

5.0**** 

Equilibrium 

Distribution 

at 350°C (mol %) 

* ** *** 
12.9 11.1 10.9 

43.5 29.6 21.1 

17.7 23.7 29.4 

3.6 8.9 10.2 

16.3 14.1 15.0 

6.1 12.6 13.4 

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

distribution 

Carbon number distributions for the transalkylation product from different 

phenol : 2,5-xylenol ratios are given together with the corresponding methyl 

group balances in figures 6-9 to 6-11 and tables 6-3 to 6-5. For all the 

phenol : 2,5-xylenol ratios applied, the carbon number distributions obtained 

seem to approach the calculated equilibrium distribution with decreasing space 

velocity. The carbon number equilibrium distribution was calculated using a 

method of minimising the total Gibbs energy of a reaction mixture (appendix D). 
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Methyl group balances were determined to validate the carbon number 

distributioos obtained experimentally at each phenot 2,5-xy1enol ratio and 

different space velocities applied. From tables 6-3 to 6-5, it can be seen that for 

somo carbon number distributions the methyl groups do not balance very 

accurately i.e. the content of methy1 groups in the product is not equal to the 

content in the feed. However the discrepancy is acceptable and may be 

attributed to GC analysis 

Given the above mentioned inaccuracios in the methy1 group balances. it should 

not be speculated if the lower-than-equilibrium levels of phenol in figure 6-9 are 

real or not and about the mochanisms behind it. 

60 
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o Spac~ ve lodl~ ~ 0.22~ I h 
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Figure 6-9 (Experiment 3): Carbon number distribution over H-BEA·25 c~l~ty~t for ~ 

1 : 1 motar ratio feed mixture of phenot ~nd 2,S-~ytenot (average carbon number = 7) ~nd 

transatkytation product at a t emper~lure of 3S0°C ~nd varying space vetocities 

The higher tho phonol 2,5-xylonol ratio, tho slower is the approach of the 

reaction mixture to thermodynamic equilibrium distribution. This is not surprising 

since the conversion of xy1enol must be higher, increasing from about 60% in the 

1 : 1 molar ratio foed to about 90% in tho 20 : 1 molar ratio feed. 
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Table 6·3 . Melhyl group balance for the carbon number distribution obtained over H·BEA·25 

catalyst for 1 , 1 molar ratio feed mixlure of phenol and 2,5·,ylenol at a temperalur" of 

350°C and varyi ng space velocili es and dislribution in th ermodyn<>mic equi libri um 

Carbon number' Feed Methyl Methyl group out 
. __ .. _-

group in ~Sp=O.11 *Sp=O.22 'Sp=OA5 ; Eq.·· 
- ------_.-

6 50_0 0.0 0.0 0.0 0.0 
_ .L_ 

0.0 , 
7 , 43_6 36_7 24.9 I 38.2 

8 50.0 100.0 44.1 , 54.9 65.8 I 40_8 , 
- --- ---- -

9 
, 

15.3 19.4 18.5 17.1 

10 ; 00 ; 00 00 29 
I 

11 0.0 0.0 0.0 1.2 

Total 100.0 103.0 110.9 109.2 100.2 
- - -

-Spa<;c yoklcily (,!,msv:, h-' 

• 'Equilibrium 

100 l--------------~~~~~~~~~~~~~~ .F .. d: ~: 1 Phenol: 2.~_Xylenal 

80 o Space velocity • 0.4~ i h 

~ 

'" 
!;J Space velocity" O_22~ i h 

0 60 • Space velocity · 0.113 i h 
0 • 0 

~ 40 

o Thermodynamic equihbrium 

0 
> 

20 

o 
6 7 8 9 10 11 

Carbon number 

Figure 6·10 (Experiment 7): Carbon number di ~lribution ov .... H_BEA-2~ cat<>iysl for a 

5 : 1 molar ratio feed mixture of pheool and 2'~'~yleool (aver.,ge carbon numbe,. 6.3) and 

the transalkylatian product at a temperature of 3~O ' C ""d varying space velocities 
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Table 6-<1 , Methyl group balance for the c~rbon nllrnber distribution obtained over H·BEA·25 

catalyst for 5 : 1 molar ratio feed mixture of phenol and 2,5.xylenol at a temperature of 

3~O·C and varying space velocities and distribution in thermodynamic equilibrium 

I Carbon number 
. - --

Feed Methyl Methyl group out 
--- - -

group in ·Sp=O.11 'Sp=O.22 ·Sp=O.45 I Eq.·· , 
6 833 00 00 00 , 00 , 00 

.. -
i 24~2-7 15.0 13.0 4.4 

-------
8 16.7 33.3 21.9 24.3 32.6 8.0 

-
9 0.6 09 1.2 1.0 

---
10 00 00 00 0.1 

11 0.0 0.0 0.0 00 

Tota! , 33.3 37.5 38.2 38.3 33.3 

, 

, 
---- --------, 

'Sp~';c "ukJcit~ \,NHSV) h-I 

• 'EqlJilibriull1 

80 

~ L 
0 60 
0 

'B 
" 

equIlibrium 

" 40 -0 • 
20 

0 
6 7 8 9 10 11 

Carbon number 

Figure 6-11 (Experiment 81: Carbon number distribution over H·BEA·2~ catalyst for a 

20 : 1 molar ratio reed mixture of phenol and 2,S-xylenol (average c~rbon number = 6.1) 

and the transalkylation product at a temper~ture of 350°C and varyl rig space velocities 
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Table 6·5 : Methyl group b3lanc~ lor th~ carbon number di$tribution obtain~d ov~r H·BEA·25 

catalyst for 1 : 1 molar ratio feed mixture of phenol and 2,5,xylenol at a temperatura of 

350°C and varying $p3ce velocitie$ 

-C-arbon number Feed Methyl Methyl group out 

group in ·Sp-O.11 ·Sp-O.22 ·Sp=O.45 Eq . •• 

6 95.2 0.0 0.0 0.0 0.0 0.0 

7 4.2 3.3 1.4 8.7 
._ •. - .. _---

8 4.8 9.6 6.6 6.2 8.4 0.8 
.. --

9 0.6 0.7 0.6 0.0 
.. 

10 00 0.0 00 00 

11 0.0 0.0 0.0 0.0 
.. 

Tolal 9.6 11.3 10.2 10.4 9.5 

'Space vek6ty (WHSV) h-' 

"Equilil>riLJm 

With increasing phenol . 2,5-xylenol ratio, a shift of the carbon numl:ler 

distribution to lower carbon numl:lers is seen in figures 6-9 to 6-11. This was 

expected given the declining average carbon number of the feed. 

One of the main objectives of this study was to convert polymethylphenols (C(;I) 

to cresols ;md xylenols (products of lower carbon number). Increasing 

phenol 2,5·xylenol molar raho seems to achieve this. However very small 

amounts of cresols are obtained from the higher phenol 2,5·xylenol ratios of 

5 1 and 20 . 1 compared to the amount obtained from a 1 : 1 ratio (figures 6-9 to 

6·11) Even though higher phenol: 2,5·xytenol ratios lower the carDon numbers, 

it would be costly (considering the heating and cooling costs for phenol recycling) 

to separate the lower boiling excess phenol from the products of interest. 

Applying a low molar feed ratio of about 1 1 results in comparably small 

amounts of surplus phenol which would be less costly to separate from the 

product At the low phenol: 2,S-xylenol ratio of 1 1 relatively large amounts of 
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cresols are already obtained. Even though considerable amounts of higher 

phenols still form at low phenol : 2,5-xylenol molar ratios, and also ethers, see 

figures 5-52 and 5-53, they may be recycled without the necessity of separating 

them from the unconverted feed. This is because these higher phenols can also 

still undergo transalkylation with phenol to produce cresols and xylenols, as 

discussed in section 6.9.1, and ethers will be cleaved or net formation will be 

suppressed, respectively. This then makes operating at around a 1 : 1 molar ratio 

the better and promising option for industrial application. 

6.1.2 Effect of space velocity 

Conversion of phenol and 2,5-xylenol was found to decreases with increasing 

space velocity (figures 5-34 to 5-36). The effect of increasing space velocity 

(decreasing residence time) is more pronounced with phenol than with 

2,5-xylenol. This is due to the fact that isomerisation is a faster reaction than 

transalkylation (see section 2.2.5) and thus closer to completion, i.e. 

thermodynamic equilibrium, than the transalkylation reaction. However, over the 

most acidic catalyst, H-BEA-25, even phenol conversion and thus the cresol 

yield, figures 5-36 and 5-42, cannot increase much anymore at the lowest space 

velocity. It should also be noted that thermodynamic equilibrium limits phenol 

conversion in transalkylation of a 1 : 1 mixture with 2,5-xylenol to 65% (see figure 

6-9), not considering possible side reactions. 

Phenol can react in two ways, i.e., it can react with xylenols in a transalkylation 

reaction or with itself to produce ethers. 2,5-xylenol undergoes similar reactions 

and in addition it can also undergo isomerisation and transalkylation with 'itself 

(disproportionation ). 

Selectivity and yield of 'other xylenol isomers' were found to decrease with 

decreasing space velocity (figures 5-31 to 5-42). 'Other xylenol isomers' result 

from the isomerisation of 2,5-xylenol. The isomerisation reaction, in terms of 
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activation energy and stericlgeometrical requirements [Bohringer, 2006], is an 

easy and fast reaction which rapidly achieves high conversion and gets close to 

xylenols equilibrium distribution at high conversions. The more demanding, 

slower transalkylation reaction, disproportionation to cresols and 

trimethylphenols, formation of heavies etc., consume not only 2 ,5-xyl enol but 

also its isomerisation products. Low space velocity allows for more 

transalkylation to occur which leads to more isomerisation products being 

consumed and hence a decrease in yield and selectivity of the xylenol isomers 

with decreasing space velocity (figure 5-40 - 5-42). 

Selectivity and yield for all other product fractions except 'other xylenol isomers' 

increased with decreasing space velocity. Apparently, reactions leading to the 

formation of all the other products require more severe conditions (longer 

residence times) due to e.g. higher activation energies, reflecting geometrical 

needs etc. The slightly decreasing selectivity and yield for trimethylphenols with 

increasing space velocity over H-BEA-25 zeolite, figures 5-39 and 5-42, is not 

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

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

Figure 6-12 shows that the yield of m-cresol is slightly higher than that of o-cresol 

and more than twice as high as the yield of p-cresol at low space velocity 

seemingly indicating towards a close approach to thermodynamic equilibrium 

distribution (table 6-6). However, it was mentioned above (see section 6-6) and 

will be discussed in more detail in section 6.9 that the kinetically controlled 

reactions would result in a similar cresols distribution. 

At the low space velocity, total cresol yields are higher than 30%, slowly 

approaching the thermodynamic limit value of 38% of cresols in the equilibrated 

carbon number distribution of 1 : 1 molar feed (see figure 6-9). 
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Figure 6·12 (Experiment 3): Average yields of cresol isomers versus space velocity for a 

phenol : 2.5.xyienol molar feed ratio of 1 : 1 over H·BEA·25 at a temperature of 350"C 

Table 6-6 (Experiment 3): Distribution of the cresol Isomers at different space velocities for 

a 1 : 1 molar ratio feed mixture of phenol : 2,5·xylenol over H-BEA-25 at a temperature of 

350"C, and distribution In thermodynamic equilibrium 

Space velocity (WHSV) h-7 

"'Equilibrium 
2,S-Xy/enol 0.113 0.225 0.45 

Distribution 
Conversion (mol %) 84.5 85.0 76.5 

at 380°C 
Compound Amount (mol %) 

o-Cresol 38.2 40.6 37.2 36 

p-Cresol 17.3 14.8 21.5 16 

m-Cresol 44.5 44.6 41.2 48 

.. [Imbert et ai., 1997, in gas phase and Fritsch et aI., 2003, in liquid phase] 
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Figure 6-13 shows that, if ignoring 2.5-xylenol (feed component). the highest 

yields are obtained for 2,4-xylenol at all space velocities. Table 6-7 shows the 

distribution of the xylenol isomers at different space velocities. Not much can be 

derived from this figure and table in terms of the effect of space velocity on 

isomer distribution. 

20~----------------------------------~ 

...... 
~ 15 
15 
E ...... 
'0 
.m 1 0 2,5-Xylenol 
~ 

2.4-Xylenol 

2.3-Xylenol 
5 2.6-Xylenol~,..-__ .--;X~ ____ -----x 

"4< t , 

3,5 & 3,4-Xylen!7 

O+-------~------~--------------------~ 
0.0 0.1 0.2 0.3 0.4 0.5 

Space velocity [9fHd I 9catalyst • h] 

Figure 6-13 (Experiment 3): Average yields of xylenols versus space velocity for a 

phenol: 2,5-xylenol molar feed ratio of 1 : 1 over H-BEA-25 at a temperature of 3SO"C 
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Table 6-7 (Experiment 3): Distribution of the xylenol Isomers at different space velocities 

for a 1 : 1 molal' ratio feed mixture of phenol : 2,5.xylenol over H-BEA-25 at a temperature 

of 350"C, and distribution In thermodynamic equilibrium 

Space velocity (WHSV) h-T Equilibrium 

2,5-Xylenol 0.113 0.225 0.45 Distribution 

Conversion (mol %) 84.5 85.0 16.5 at 350°C (mol %) 

Compound Amount (mol %) ",. ** *-

2,6-Xylenol 11.0 14.6 8.5 12.9 11.1 10.9 

2,4-Xylenol 23.9 22.1 26.4 43.5 29.6 21.1 

2,5-Xylenol 38.2 31.1 40.1 11.1 23.1 29.4 

2,3-Xylenol 16.2 19.4 15.0 3.6 8.9 10.2 

3,5-Xylenol 16.3 14.1 15.0 
10.6"'**'" 12.2**"'''' 10.1**** 

3,4-Xylenol 6.1 12.6 13.4 

"[Fernsby, 2006] 

.... [Pigman et at, 1954] 

...... [This work (figure 5-57)] 

........ Peaks not separated in GC trace 

6.7.3 Effect of temperature 

In both temperature series carried out, average conversion, selectivity to cresols 

and cresol yields were found to increase from 250"C, level out at around 315"C, 

and decrease rapidly with further increase of temperature (figures 5-3 - 5-5 and 

5-44 - 5-46). The rapid decrease with increasing temperature is possibly due to 

accelerated catalyst deactivation as indicated in all of the curves showing 

conversion as a function of time-on-stream (figure 5-1, 5-2 and 5-43) in particular 

at the highest temperature setting of each of the two series (figure 5-2). At 450"C 

the reaction system may not have been in liquid phase anymore. Unfortunately, 

no repeat of a lower temperature setting was carried out after running at 450"C, 

the highest temperature setting of the series. At high temperatures, very high 
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yields of heavies are achieved (figures 5-5 and 5-46) i.e. the formation of big 

molecules is accelerated. These big molecules are likely to lead to accelerated 

coking and plug the pores of the catalyst, this resulting in fast declining catalyst 

activity. 

6.7.3.1 Effect of temperature on the distribution of cresols and xylenols 

Figure 6-14 shows that almost equal yields are obtained for m-cresol and 

o-cresol over a wide temperature range and that a slightly higher yield of m­

cresol than o-cresol is only obtained at temperatures of 400 and 450°C. The yield 

of both m- and o-cresol is about twice as high as that of p-cresol at all 

temperatures. With meta-cresol being the thermodynamically favoured isomer, 

this suggests that with increasing temperatures an equilibrium distribution is 

approached and is confirmed by the cresol isomers distribution given in table 6-8 

which shows an approach to equilibrium distribution with increasing temperature. 

To quantify the effect of temperature, it would be desirable to determine 

activation energies, however it makes not much sense in this case. This is 

because the curves for the three isomers start flattening from 300°C onwards 

(figure 6-14) and also distributions are close to eqUilibrium throughout (table 6-8). 

Though the primary, kinetically controlled product distributions are quite similar 

(see sections 6.6 and 6.9) it cannot be ruled out that the reaction to the individual 

isomers is already influenced by thermodynamics and not only governed by 

kinetics. 
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Figure 6-14 (Experiments 1 and 2): Average yield of cresol isomers versus temperature for 

a phenol : 2,5-xylenol feed mixture of molar ratio 1 : 1 over H·BEA·25 at a space velocity of 

0.45 hoi 

Table 6-8 (Experiments 1 and 2): Distribution of the cresol isomers at different 

temperatures for a 1 : 1 molar phenol : 2,5-xylenol feed mixture over H·BEA·25 at a space 

velocity of 0.45 h .1, and distribution in thermodynamic equilibrium 

Temperature (GC) 

2,5-Xylenol 250 300 350 400 450 
"'Equilibrium 

Distribution 
Conversion (mol %) 40.7 71.3 78.0 74.7 55.9 

at 380GC 
Compound Amount (mol %) 

o-Cresol 35.3 39.7 39.9 37.2 35.8 36 

p-Cresol 23.9 20.8 19.0 19.7 13.2 16 

m-Cresol 40.8 39.6 41.1 43.2 51.0 48 

.. [Imbert et aI., 1997, in gas phase and Fritsch et at, 2003, in liquid phase] 
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Figure 6-15 shows the yield of xylenol isomers with 2,4-xylenol being the most 

favoured product isomer throughout the range of temperature. A decreasing yield 

of 2,4- and a minimum of 2,5-xylenol yield with increasing temperature is seen. 

This was expected due to consumption of these isomers by increasing rate of 

transalkylation with increasing temperature (see figure 6-20) and the 2,5-xylenol 

yield reflects the maximum in conversion at about 350°C. A similar trend was 

expected with at least 2.6-xylenol and 3.5-xylenol since these are the other 

primary products from 2,5-xylenol isomerisation (figure 6-3). However, according 

to table 6-9 the yields of the other xylenol isomers (excluding 2,4- and 2,5-

xyleno!) seem to pass over maximums throughout the temperature range of the 

experiment mirroring the content of the feed isomer. Similar trends were 

observed with an experiment carried out with a different molar ratio of the feed 

components (figure 6-16). The reason for the yield of 2,4-xylenol not showing 

trends similar to the rest of the xylenol isomers yield with increasing temperature 

could possibly be explained by 2,4-xylenol being most easily formed at low 

temperatures and the approach to thermodynamic equilibrium (table 6-9). 

However. the latter cannot be checked and proofed due to the fact that varying 

eqUilibrium distributions are obtained from different sources as mentioned in 

section 6.7.1.1. 
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figure 6·15 (Experiment 1 and 2): Average yields of xylenol isomers versus temperature 

for a phenol : 2,5-xylenol feed mixture of molar ratio 1 : 1 over H-BEA-25 at a space 

velocity of 0.45 h"1 

8~---------------------------------------
2,5-Xylenol 

....... 
'(ftS 
'0 
E ...... 

o+-----~----~----~----~~----~--~ 
320 330 340 350 3S0 370 380 

Temperature [eCl 

figure 6-16 (Experiment 5): Average yields of xylenol isomers versus temperature for a 

phenol : 2,5-xylenol feed mixture of molar ratio 5 : 1 over H-BEA-25 at a space velocity of 

0.113 h
o1 
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Table 6-9 (Experiments 1 and 2): Distribution of the xylenol Isomers at different 

temperatures for a 1 : 1 molar ratio phenol : 2,S-xylenol feed mixture over H·BEA·2S at a 

space velocity of 0.45 hoi. and distribution In thermodynamic equilibrium. 

2,5-Xylenol 

Conversion (mol %) 

Compound 

2,6-Xylenol 

2,4-Xylenol 

2,5-Xylenol 

2,3-Xylenol 

3,5-Xylenol 

3,4-Xylenol 

*[Femsby, 2006] 

""[Pigman et aI., 1954] 

***[This work (figure 5-57)] 

250 

40.7 

3.8 

24.5 

64.1 

3.0 

1.3 

3.4 

Temperature erIC) 

300 350 400 

71.3 78.0 74.7 

Amount (mol %) 

8.7 10.4 7.1 

24.9 24.4 20.7 

44.1 38.2 50.3 

7.0 6.5 9.7 

4.3 5.8 5.9 

11.0 14.8 6.2 

Equilibrium 

450 Distribution 

55.9 at 350°C (mol %) 

* - .-

3.4 12.9 11.1 10.9 

8.6 43.5 29.6 21.1 

75.9 17.7 23.7 29.4 

4.5 3.6 8.9 10.2 

3.1 16.3 14.1 15.0 

4.5 6.1 12.6 13.4 

6.7.4 Ratio of isomerisation to transalkylation with changing conditions 

The ratio of isomerisation to transalkylation increases with increasing space 

velocity as shown in figure 6-17. Increasing space velocity leads to decreasing 

residence time which in tum leads to decreasing conversion. This would affect 

transalkylation more than isomerisation since, as mentioned in section 6.7.2, 

isomerisation is a far more easy reaction than transalkylation in terms of 

activation energy and stericlgeometrical requirements. This means that the 

thermodynamic equilibrium distribution of the xylenols is more closely 

approached, limiting 2,5-xylenol isomerisation conversion, while transalkylation, 

i.e. the carbon number distribution (see section 6.7.1.2) is further away from 

equilibrium, not yet limiting transalkylation conversion. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

153 

0 4 

! Increasing conversion 

c 
0 

:;:::; 3 " ~ 
1i 
UJ c 

2 

5:1~.~ 
l! --C 
0 

i 1 UJ 
'i: 
CI) 1 : 1 ratio 
E 20: 1 ratio 
0 lId .! 0 

0.0 0.1 0.2 0.3 0.4 0.5 

Space velocity [9fHd I 9catlilyst .h] 

Figure 6-17 (Experiments 3, 7 and 6): Ratio of isomerlsation to transalkylation of 

2,5-xylenol versus space velocity for phenol : 2,5-xylenol feed mixtures of different molar 

ratios over H-BEA-25 at a temperature of 350"C 

The ratio of isomerisation to transalkylation conversion decreases constantly with 

increasing temperature (figure 6-18). This indicates towards higher activation 

energy of the transalkylation reaction and hence makes it comparably easier for 

this reaction to take place at elevated temperatures. This trend seems to hold, 

regardless of the significant data scatter, over the entire temperature range 

studied (250°C - 450°C). as expected, regardless that conversion is passing 

over a maximum at 350°C and declining above of this temperature (see figures 

5-3 and 5-44). 
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figure 6·18 (Experiments 1 and 2): Ratio of isomerisation to transalkylation of 2,S-xylenol 

versus temperature for a phenol : 2,S-xylenol feed mixture of molal" ratio 1 : 1 OWl" H-BEA-2S 

at a space velocity of 0.45 h·1 

A slight trend is seen from the plot of ratio of isomerisation to transalkylation 

versus changing the phenol : 2,5-xylenol molar ratio (figure 6-19). It would have 

been expected that the ratio of isomerisation to transalkylation would decrease 

with increasing phenol: 2,5-xylenol ratio for reasons discussed in section 6.7.1. 

However, figure 6-6 shows that the yields of isomerisation and transalkylation 

products are each almost unaffected by the feed ratio and thus their ratios (figure 

6-19) supporting the conclusion drawn in section 6.7.1 that transalkylation in 

liquid phase is closer to first than second. 
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figure 6·19 (Experiments 3, 7 and 8): Ratio of isomerisation to transalkylation versus 

molar phenol : 2,5-xylenol feed ratio over H-BEA·25 at a temperature of 350°C and a space 

velocity of 0.113 hoi 

6,8 Reactions of higher methyl phenols with phenol 

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

2,3,6-trimethylphenol was found to undergo a transalkylation reaction with 

phenol. This was shown by the presence of xylenols and cresols in the product 

spectrum (see figure E1 in appendix E, and figures 5-52 and 5-53). Yields and 

selectivities of cresols and xylenols are more or less parallel in their variation with 

changing 2,3,6-trimethylphenol conversion and, on a molar basis, differ only 

slightly (figure 5-52 and 5-53). This was expected because each trimethylphenol 

molecule reacting with a phenol molecule would yield exactly one molecule of 

cresol and another molecule of xylenol as shown in figure 3-1. However, molar 

xylenol selectivity, always being somewhat higher than molar cresol selectivity, 

indicates towards disproportionation reactions in the trimethylphenol fraction 

(with co-product tetramethylphenols as part of the 'heavies'). 
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The conversion of 2,3,6-trimethylphenol was found to be much higher than that of 

phenol at all space velocities applied (figure 5-50). This is simply because, as in 

the case of phenol and 2,5-xylenol (see section 6.4), 2,3,6-trimethylphenol can 

be converted in more ways than phenol. Phenol can essentially only undergo 

transalkylation with 2,3,6-trimethylphenol but 2,3,6-trimethytphenol can also 

undergo isomerisation, which is even the much easier reaction. As a result, a 

much higher conversion is obtained with 2,3,6-trimethytphenol than with phenol. 

Selectivities for all product fractions apart from other trim ethyl phenol isomers 

were found to increase with increasing 2,3,6-trimethytphenol conversion (see 

figure 5-52). The reason for the decrease in 'other 2,3,6-trimethylphenol isomers' 

selectivity is the same as discussed in section 6.4.2 for decreasing selectivities of 

'other 2,5-xylenol isomers' with increasing conversion, namely consumption of all 

of the individual isomers in transalkylation reactions. 

6.8.1.1 Distribution of cresol and xylenol isomers obtained from reacting 

phenol with 2,3,6-trimethylphenol 

Reacting phenol and 2,3,6-trimethytphenol at different space velocities over 

H-BEA-25 at 350°C resulted in o-cresol being the isomer with the highest yield at 

all space velocities applied as shown in figure 6-20, while p-cresol and m-cresol 

show rather equal but lower yields. Figure 6-17 and table 6-10 show that the m­

cresol content in the cresol fraction from transalkytating trimethylphenol with 

phenol is indeed significantly lower, less than half that obtained from 

transalkylating xytenol. This has mechanistic reasons that will be discussed in 

detail in section 6.9. The individual yields obtained show clearly that the cresol 

distribution is far from thermodynamic equilibrium (see table 6-10) but the yield of 

m-cresol increases steepest when space velocity is reduced, indicating 

secondary isomerisation. 
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Figure 6-20 (Experiment 6): Average yields of cresol isomers versus space velocity for a 

phenol : 2,3,6-trlmethylphenol feed mixture of molar ratio of 1 : 1 over H-BEA-25 at a 

temperature of 350"C 

Table 6-10 (Experiment 6): Distribution of the cresol Isomers at different space velocities 

for a 1 : 1 molar ratio phenol : 2,3,6-trlmethylphenol feed mixture over H-BEA-25 at a 

temperature of 350"C. and distribution In thermodynamic equilibrium. 

Space velocity (WHSV) ho1 

*Equilibrium 
2,3,6-Trimethylphenol 0.113 0.225 0.45 

Distribution 
Conversion (mol %) 74.6 55.5 69.5 

at 380°C 
Compound Amount (mol %) 

o-Cresol 42.1 47.9 50.6 36 

p-Cresol 26.6 29.9 27.6 16 

m-Cresol 31.2 22.2 21.5 48 

* [Imbert et aI., 1997, in gas phase and Fritsch et al., 2003, in liquid phase] 
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Reacting phenol with 2,3,6-trimethylphenol results in 2,5-xylenol becoming the 

xylenol isomer formed with the highest yield at low space velocity as shown in 

figure 6-21, for which the trend reflects probably an approach towards 

thermodynamic equilibrium distribution. The xylenol isomer distribution is shown 

in table 6-11. As In the case of the xylenol distribution obtained from 2,5-xylenol 

conversion (section 6.7.1.1) nothing else can be deduced from this distribution 

with regard to approach to equilibrium with changing space velocity. 

10 
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Figure 6·21 (Experiment 6): Average yields of xylenol isomers versus space velocity for a 

phenol: 2,3,6-trimethylphenol feed mixture of molar ratio of 1 : 1 over H-BEA·25 at a 

temperature of 350"C 
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Table 6·11 (Experiment 6): Distribution of the xylenol isomers at different space velocities 

for a 1 : 1 molar ratio phenol : 2,3,6·trimethylphenol feed mixture over H-BEA·2S at a 

temperature of 3S0·C, and distribution in thermodynamic equilibrium. 

Space velocity (WHSV) h- l Equilibrium 

2,5-Xylenol 0.113 0.225 0.45 Distribution 

Conversion (mol %) 74.6 55.5 69.5 at 350°C (mol %) 

Compound Amount (mol %) ". - *** 

2,6-Xylenol 10.6 13.2 13.1 12.9 11.1 10.9 

2,4-Xylenol 24.1 21.0 19.7 43.5 29.6 21.1 

2,5-Xylenol 30.1 26.9 23.7 17.7 23.7 29.4 

2, 3-Xyl enol 18.0 13.5 14.0 3.6 8.9 10.2 

3,5-Xylenol 16.3 14.1 15.0 
17.2**** 25.4**** 29.6**** 

3,4-Xylenol 6.1 12.6 13.4 

"[Fernsby, 2006] 

.... [Pigman et aI., 1954] 

...... rrhis work (figure 5-57)] 

........ Peaks not separated in GC trace 

6.8.2 Reaction of phenol with the simulated technical mixture 

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

simulated technical mixture of higher methylated phenols by transalkylation with 

phenol. The target compounds were essentially tetra methyl phenols and 

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

these target compounds could be converted to cresols and xylenols. 

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

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

trimethylphenols and around 80% of the tetramethylphenols were converted 

under the conditions applied with conversion still moderately increasing towards 
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lower space velocities (figure 5-54). The other part of the objective was achieved 

in that significant amounts of cresols and also xylenols were formed (table 5-4 

and figures 5-55 and 5-56). Note the high excess of phenol in the reaction and 

product mixtures when judging the yields. 

Selectivity and yield towards cresols were found to increase significantly with 

decreasing space velocity. Given the 20 : 1 molar surplus of phenol over the 

simulated technical mixture, cresols represent the major and final product of the 

transalkylation reaction sequence, starting from phenol. 

The selectivity and yield of xylenols (see figures 5-55 and 5-56) seem to be 

unaffected by changing space velocity. This reflects the role of the xylenols as 

intermediates in the reaction sequence from tetramethylphenols to cresols. The 

same appears to hold for the trimethylphenols, according to data given in tables 

5-2 to 5-4. 

An OH-group balance over the reaction mixture of phenol and the simulated 

technical mixture and the product mixture (reactor effluent) is given in table 6-12. 

The result, with a deviation of -2.7% of the OH-group content in the product 

compared to the OH-groups that were fed, confirms the product analysis and 

also that the assumption is quite right to assign a single OH-group to the 

unidentified molecules of 'others'. 

It should be noted that between half and two thirds of the consumed OH-groups 

from phenol goes into diphenylethers, mostly from the parent compound itself. 
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Table 6·12 (Experiment 9): OH-group balance for the conversion of the phenol : simulated 

technical mixture feed of ca. 20 : 1 molar ratio over H-BEA·25 at 350"C and a space velocity 

of 0.11 ho1 

Compound OHlin) mol % OH (out) mol% Difference 

Phenol 94.17 54.41 -39.76 

Cresols 0.47 10.13 +9.66 

Xylenols 0.85 2.74 +1.89 

Trimethylphenols 2.51 1.30 -1.21 

Tetramethylphenols 0.94 0.08 -0.86 

Ethers· - 19.99 +19.99 

Others·· 0.93 11.47 +7.59 

TOTAL 99.87 100.12 -2.7 

* Considered as representing two moles of phenol or alkyl phenol, i.e., the bridging 0 in the 

ether and an OH in water 

2 phenol ~ 1 diphenylether + water 

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

6.8.2.1 Distribution of cresol and xylenol isomers obtained from reacting 

the simulated technical mixture with phenol 

Figure 6-22 and table 6-13 show that a similar trend is obtained as in the case of 

2,3,6-trimethylphenol with regard to cresol isomer yields (section 6.6.1.1). Isomer 

distribution at high space velocity is dominated by o-cresol, with about half as 

much m-cresol and p-cresol forming, and a trend towards higher m-cresol 

content, i.e. towards thermodynamic equilibrium. as space velocity decreases. 

It should be noted that in this case the conversion was based on 

tetramethylphenols. This is because tetramethylphenols are being consumed and 

not formed unlike the lower methylphenols which are being consumed and 

formed at the same time and hence cannot be used as a measure of conversion. 
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Figure 6·22 (Experiment 9): Average yields of cresol isomers versus space velocity for a 

phenol : simulated technical mixture feed of molar ratio of ca, 20 : 1 over H-BEA-25 at a 

temperature of 350·C 

Table 6-13 (experiment 9): Distribution of the cresol isomens at different space velocities 

for a phenol : simulated technical mixture feed of ca. 20 : 1 molar ratio over H-BEA-25 at a 

temperature of 350·C. and distribution In thermodynamic equilibrium. 

Space velocity 
"'Equilibrium 

Tetramethylpheno/s 0.113 0.225 0.45 
Distribution 

Conversion (mol %) 91.3 85.4 67.6 
at 380°C 

Compound Amount (mol %) 

o-Cresol 38.7 39.8 45.2 36 

p-Cresol 18.1 24.3 26.1 16 

m-Cresol 43.2 35.8 28.7 48 

,. [Imbert at al., 1997, in gas phase and Fritsch at al., 2003, in liquid phase] 
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From the simulated technical mixture's reaction with phenol, 2,4-xylenol and 

3,4-xylenol are formed with highest yields at high space velocity (figure 6-23). 

Towards lower space velocity the xylenol isomer distribution would be expected 

to tend towards thermodynamic equilibrium. However, as in the case of the other 

co-feeds, no conclusion can be made about the xylenol isomer distribution shown 

in the figure and table 6-14 and with regard to approach to equilibrium 

(as discussed in section 6.7.1.1). 

3T-------------------------------------~ 

...... 
-;ft 

~2 ..... 
3,S-Xylenol 
2,4-Xylenol 
2,6-Xylenol 
2,S.Xylenol 
3,4-Xylenol 

X 

O+-------~------~------~-------r------~ 
0.0 0.1 0.2 0.3 0.4 0.5 

Space velocity [gteed I gcatalyst • h] 

Figure 6·23 (Experiment 9): Average yield of xylenol Isomers versus space velocity for a 

phenol : simulated technical mixture feed of molar ratio of ca. 20 : 1 over H-BEA-25 at a 

temperature of 350"C 
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Table 6-14 (Experiment 9): Distribution of the xylenol isomers at different space velocities 

for a phenol : simulated technical mixture fHd of molar ratio of ca. 20 : 1 over H-BEA-25 at 

a temperature of 350·C, and distribution in thermodynamic equilibrium 

Tetramethylphenols 

Conversion (mol %) 

Compound 

2,6-Xylenol 

2,4-Xylenol 

2,5-Xylenol 

2,3-Xylenol 

3,5-Xylenol 

3,4-Xylenol 

"'[Femsby, 2006] 

*"'[Pigman et aI., 1954J 

........ [This work (figure 5-57)J 

Space velocity (WHSV) ho7 

0.113 0.225 0.45 

91.3 85.4 67.6 

Amount (mol %) 

23.7 13.6 13.6 

27.7 20.9 15.7 

13.4 17.0 27.3 

26.1 28.7 16.8 

4.6 16.3 22.3 

4.6 3.4 4.3 

Equilibrium 

Distribution 

at 350°C (mol %) 
.,. 

** *** 
12.9 11.1 10.9 

43.5 29.6 21.1 

17.7 23.7 29.4 

3.6 8.9 10.2 

6.1 14.1 15.0 

16.3 12.6 13.4 

6.9 Reaction pathways of transalkylation and isomerisation I 

transalkylation 

The overall reaction network of conversion of the phenol I 2,5-xylenol feed has 

been briefly discussed in section 6.4 and is shown in figure 6-1. It was shown in 

section 6.4.7 that 2,5-xylenol isomerises rather readily, while the transalkylation 

reaction with phenol is slower (figures 6-17 and 6-18). Even more so is the 

disproportionation reaction of two xylenol molecules, indicated by the very low 

selectivity to trimethylphenols (see for instance figure 5-4). 

It was also shown in section 6.4 that not only 2,5-xylenol itself but also the other 

xylenol isomers that form undergo transalkylation with phenol (and presumably 

also amongst each other) and that way contribute to cresol formation. It can be 
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assumed that this holds throughout, i.e., also for the isomers forming from 

2,3,6-trimethylphenol during the conversion of the phenol I 2,3,6-trimethylphenol 

feed mixture and the polymethylphenols in the feed made up from phenol and the 

simulated technical mixture. 

With phenol I 2,5-xylenol feeds, cresols are both primary methylation and 

demethylation products, i.e. it cannot be distinguished whether an individual 

isomer origins from the phenol or a xyleno!. However, this is distinguishable in 

case of the phenol I 2,3,6-trimethylphenol feed where, at low conversion, the 

cresols are the primary methylation products of phenol and the xylenols are the 

primary demethylation products of trimethylphenols. 

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

At low conversion demethylation products would mostly originate from the feed 

isomer itself, 2,3,6-trimethylphenol, while other trimethylphenol isomers would 

considerably contribute at high conversion. Therefore the transalkylation product 

distribution obtained at low conversion should allow of a conclusion on the 

preferred positions on the rings for both the methylation and the demethylation 

step in the transalkylation mechanism to occur. 

Figure 6-24 shows that - in ideal case, that is with kinetic preference for the 

0- and p-positions, following basic (chemical) selectivity rules - 0- and p-cresol 

would be the products expected in 2 : 1 molar ratio from transferring a methyl 

group onto the phenol co-feed molecule (the methyl acceptor). regardless of the 

nature of the methyl donor, i.e. the polymethylphenol feed constituent, as long as 

the latter was a C9+-phenol, meaning that it does not itself produce cresols by the 

first step of demethylation. It is obvious from figure 6-24 that m-cresol is not a 

primary product of transalkylation reactions of C9+-polymethylphenols with phenol 

but would only form secondarily via 1,2-methyl shift isomerisation of the 0- and p-
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isomers or in secondary transalkylation steps between phenol and product 

xylenols. 

... CH, 
... 

213 113 

Figure 6-24: Products from phenol methylation via transalkylatlon with higher methylated 

phenols C!I+' Product distribution reflects basic (chemical) selectivity rules. 'CH3' stands 

for the transferred methyl group 

Table 6-10 shows indeed that at the highest space velocity applied the 

percentage of m-cresol in the cresols fraction is low, only 21.5 mol %, which is 

less than half of the percentage of o-cresol and its percentage in thermodynamic 

equilibrium. The 0- I p-cresol ratio is 1.83, indeed close to the expected value of 

2 (see figure 6-24). 

With decreasing space velocity, i.e. increasing conversion and contribution of 

secondary (isomerisation and transalkylation) reactions, the distribution of the 

cresols tends towards thermodynamic equilibrium distribution, which results in 

increasing m-cresol content in particular (table 6-10). Isomerisation of the 

2,3,6-trimethylphenol feed molecule prior to transalkylation should only influence 

the xylenol isomers distribution, not that of the cresols (under 'basic' selectivity 

rules). 

Figure 6-25 shows the reaction pathways and the primary products from 

transalkylating 2,3,6-trimethylphenol with phenol. Anticipating 'ideal' selectivity 

following basic (chemical) rules, namely the groups in o-positions being reactive 

but not the group in the m-position, the resulting xylenols should only be the 
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2,3- and the 2,5-isomer, forming with equal selectivity (see middle column in 

table 6-15). 

Cc 
2Sl!lm2II 

50% 

Cc·~ ~ 
50% 

aX & 
.!Om2II 

112 112 

117% 

&. 9 .. & 0% 

213 1/3 

9 33% 

figure 6-25: Reaction pathways and expected product distribution from transalkylatlng 

2,3,6-trimethylphenol with phenol, applying basic (chemical) selectivity rules. 'CH3' stands 

for the transferred methyl group 
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Table 6·15: Expected Isomer distribution In the xylenol product fraction from 

trimethylphenol (TMP) transalkylatlon with phenol depending on the degree of primary 

isomerlsatlon of the fed 2,3,6·trimethylphenol Isomer when applying basic (chemical) 

selectivity rules for the demethylatlon step 

Trlmethylpheno/s distribution in reaction mixture (mol %) 

Pure 2,3,6-TMP 2,3,6- : 2,3,5- : 2,4,6-TMP ::: 2 : 1 : 1 

Compound Ideal distribution In product mixture (mol %) 

2,6-Xylenol 8 

2,4-Xylenol 16 

2,5-Xylenol 50 25 

2,3-Xylenol 50 25 

3,4-Xylenol 0 

3,5-Xylenol 25 

In figure 6-26 the transalkylation pathways are illustrated of the primary 

1,2-methyl shift isomerisation products of 2.3,6-trimethylphenol. namely 

2,3,5- and 2,4,6-trimethylphenol. This would result in three of the other xylenol 

isomers forming additionally, namely 2,4-, 2,6- and 3,5-xylenol but not the 

3,4-isomer. Assuming, for instance, a 2 : 1 : 1 contribution of the original and 

each of the primarily forming trimethylphenol isomers to the final transalkylation 

product would result in a xylenol isomer distribution as given in table 6-15, last 

column. 
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figure 6-26: Reaction pathways and expected product distribution from transalkylatlng the 

primarily forming isomers of 2,3,6-trimethylphenol with phenol, applying basic (chemical) 

selectivity rules. 'CH3' stands for the transferred methyl group 

Indeed, the theoretical xylenol distributions, such as given in table 6-15, are to 

some extend reflected in the experimentally obtained xylenol distributions, 

particularly at the highest space velocity applied, table 6-11, however, the 

observed trends make any sense yet with respect to kinetic control of the isomers 

distribution or approach to thermodynamic equilibrium at low space velocities. 

6.9.2 Orientation of transalkylation with 2,5-xylenol 

The transalkylation reaction between 2,5-xylenol and phenol produces only 

cresols, be it by methyl addition to phenol, be it by methyl abstraction from the 

2,5-xylenol, see figure 6-27. Following 'basic' (chemical) selectivity rules, the 

cresol distribution should be as indicated in the figure, namely 33 % 0-, 50 % 
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m- and 17 % p-cresol. This distribution would be expected at very low 

conversion, however, this range was beyond the scope of the experiments. 

However, note that this very primary distribution of the cresols, as given in figure 

6-27 and table 6-16, is very similar to the distribution in thermodynamic 

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

~ 

& 33% 

H~ &-~ ,. I~ 1/1 

~~ &. 9 ·6 17% 

213 113 

Figure 6-27: Reaction pathways, products and expected product distribution from 

transalkylating 2,S-xylenol with phenol, applying basic (chemical) selectivity rules. 'CH3' 

stands for the transferred methyl group 

Including the isomers that origin from initially formed 1,2-shift isomerisation 

products of 2,5-xylenol. see figures 6-28 a - c, makes the distribution of the 

cresols dominated by o-cresol, see table 6-16. Eventually. under severe 

conditions, the cresol distribution should approach thermodynamic equilibrium 

(table 6-1) with values that are close again to those expected under kinetic 

control at very low conversion. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

171 

a) 

& 
~ 

& 83% 

tr 111 & 0% 

&. 9 9 17% 

213 113 

b) 

& 
~ 

& 33% 

A~ 111 & I~ 50% 

~~ &. 9 9 17% 
+ 

213 113 

c) 

& 
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Figure 6-28: Reaction pathways. products and expected product distribution from 

transalkylating the primary 1,2-methyl shift isomers from 2,S.xylenol (a - c) with phenol, 

applying basic (chemical) selectivity rules. 'CH3' stands for the transferred methyl group 
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Table 6·16: Expected Isomer distribution In the cresol product fraction from xylenol 

transalkylatlon with phenol depending on the degree of isomerisatlon of the fed 

2.S-xylenol isomer when applying basic (chemical) selectivity rules for the demethylation 

and methylation steps 

Xylenol distribution in reaction mixture (mol %) 

Pure 2.5-Xylenol 2,5- : 2,6- : 2,4- : 3,5-Xylenol = 3 : 1 : 1 : 1 

Compound Ideal distribution in product mixture (mol %) 

o-Cresol 33 46 

p-Cresol 17 21 

m-Cresol 50 33 

Indeed, though not very pronounced and clear, it appears from tables 6-1, 6-3 

and 6-5 that the percentages of o-cresol and m-cresol pass through maxima and 

minima, respectively, as a function of reaction severity. 

As in the case of 2,3,6-trimethylphenol transalkylation, the xylenol product 

distribution obtained from 2,5-xylenol isomerisation during transalkylation at high 

severity appears to not reflect equilibrium distributions or exhibit any consistent 

trend in this direction, see tables 6-2, 64 and 6-6. 

At the moment selectivities and trends within the xylenol fractions from 

transalkylation of phenol with higher methylated phenols are not understood and 

can not be explained, with the possible exception of the high space velocity, 

medium conversion product from 2,3,6-trimethylphenol transalkylation with 

phenol, see section 6.9.1 and table 6-9. 

6.9.3 Orientation of transalkylation with the simulated technical mixture 

The cresols obtained from transalkylating the simulated technical mixture with 

phenol (see table 6-13) are essentially phenol methylation products, given the 
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huge increase in cresol content in the product compared to the feed (see tables 

5-2 - 5-4). 

High o-cresol and low m-cresol contents are found, which, indeed, correspond to 

the theoretically derived, kinetically controlled distributions (figure 6-24) and to 

the cresol fraction obtained from transalkylation of phenol with trimethylphenol 

(table 6-10). 

Again, no conclusive interpretation is possible of the obtained xylenol 

distributions (table 6-14). 
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Chapter 7 

CONCLUSIONS AND RECOMMENDATIONS 

The objective of this research was to demonstrate that the transformation is 

possible of low value mixed polymethylphenols (C9+), which will be produced in 

the near future in increasing amounts from extracting the naphtha by-product 

stream from Sasol's South African coal gasification operations, into high value 

cresols and xylenols via transalkylation with phenol over acid zeolite catalysts, 

and with commercially attractive selectivity, conversion, rate and catalyst lifetime. 

The results of this study, though just marking a first step towards developing 

such a process, are very promising, in so far as: 

- The transformation works. 

- The valuable aromatic (phenolic) OH-groups present in the constituents of a 

C9+-phenols fraction can be recovered. 

- The C9+-phenols, due to the activation of their aromatic rings by the 

OH-group, provide a cheap and active reagent for the methylation of phenol. 

- A commercially available acid zeolite catalyst was found, of the wide pore 

H-BEA type, which shows a reasonable activity, selectivity and life time. 

- Apparently high excess of phenol is not required nor recommended to 

achieve a satisfactory product carbon number distribution. 

Less favourable aspects of the process that surfaced are the following: 

- The isomers distribution in the cresol fraction is kinetically controlled with a 

higher percentage of low market value o-cresol and a lower percentage of 

high market value m-cresol than in thermodynamic equilibrium. 

- The once through yield of cresol (relative to the C9+ feed component) is 

thermodynamically limited by carbon number equilibrium distribution 

corresponding to the given excess of phenol. 
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- Between half and two third of the converted phenol reacts to diphenylether 

which would be a significant loss of OH-groups and aromatic rings. 

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

- Significant percentages of heavies build-up when operating at too high a 

reaction temperature (above about 375°C). 

The aforementioned less favourable aspects should be addressed in a 

subsequent study as follows: 

- Increasing the once through yield of cresols from the C9+ fraction is an issue 

of the phenol content in the feed (paying the price in form of larger volumes 

to handle, increased ether formation and increased recycle ratios). 

- Maximising the cresol yield or the percentage of m-cresol in the cresol 

fraction, respectively. This is an issue of reaction severity (paying the price in 

form of shorter catalyst lifetime and making more heavies). 

- limiting the high selectivity towards diphenylether through recycling, that 

way avoiding net production of diphenylether (paying the price in form of 

increased recycle ratios). 

- limiting the high selectivity towards diphenylethers by applying a lower 

excess of phenol in order to slow down ether formation (paying the price in 

form of lower cresol and xylenol selectivities). 

- limiting the high selectivity towards diphenylethers by addition of water in 

order to push back thermodynamic equilibrium ether concentration (paying 

the price in form of e.g. lower catalyst activity and larger quantities to 

handle). 

- Keeping the build-up of heavies at bay through operating at not to high 

reaction temperatures, below about 375°C (paying the price in form of low 

reaction rates). 

With respect to a final judgement of the suggested process it should be noted 

that the alternative 'direct' routes to cresols, namely, the alkylation of phenol with 
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methanol, are not 'clean' at all, requiring rather severe conditions, in particular 

when high selectivity towards m-cresol is aimed at. 
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Appendices 

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

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

Molecular weight 

Boiling point (101.3 kPa) 

Melting point (101.3kPa) 

Table A2: Physical properties of cresols [Flege, 2003] 

Molecular weight 

Boiling point (101.3 kPa) 

o-cresol 

m-cresol 

p-cresol 

Melting point (101.3 kPa) 

o-cresol 

m-cresol 

p-cresol 

94.11 g/mol 

181.75°C 

40.9°C 

108.14 g/mol 

191°C 

202.23°C 

201.94°C 

30.99°C 

12.22°C 

34.69°C 

I 
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Table A3: Physical properties of xylenols [fiege, 2003] 

Molecular weight 122.16 g/mol 

BOiling point (101.3 kPa) 

2,3-xylenol 216.87°C 

2,4-xylenol 210.93°C 

2,5-xylenol 211.13°C 

2,6-xylenol 201.03°C 

3,4-xylenol 266.95°C 

3, 5-xyl enol 221.69°C 

Melting pOint (101.3 kPa) 

2,3-xylenol 75.57°C 

2,4-xylenol 25.54 °c 

2,5-xylenol 74.85°C 

2,6-xylenol 45.62°C 

3,4-xylenol 65.11°C 

3,5-xylenol 63.27°C 
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Table A4: Physical properties of trimethylphenols [Flege, 2003] 

Molecular weight 136.19 g/mol 

Boiling point (101.3 kPa) 

3,4,5-trimethylphenol 248°C 

2,3,4-trimethylphenol 235-237°C 

2,4,5-trimethylphenol 232°C 

2,4,6-trimethylphenol 220°C 

2,3,5-trimethylphenol 230-231°C 

2,3,6-trimethylphenol 236°C 

Melting point (101.3 kPa) 

3,4,5-trimethylphenol 109°C 

2,3,4-trimethylphenol 81°C 

2,4,5-trimethylphenol 72°C 

2,4,6-trimethylphenol 71-74°C 

2,3,5-trimethylphenol 92-95°C 

2,3,6-trimethylphenoi 62-64°C 
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Appendix B: Calibration of mass flow controller 

The Brooks thermal mass flow controller that was used (FIC-122 in figure 4-1) 

needed to be calibrated so as to be able to accurately determine the amount of 

nitrogen flowing through it at any time. The flow through the mass flow controller 

is measured on a percentage basis, with 100% representing maximum flow. The 

calibration is hence needed to be able to set the percentage flow for any flow in 

cm3/s that is required. The calibration was done by choosing a number of set 

points and measuring the corresponding volumetric flow for each set point, using 

a bubble flow meter. From these pairs of values, a graph of volumetric flow 

(cm3/s at 20°C) versus percentage flow (%) was plotted. 

10 
y ::::: 0.0883x + 0.0243 

...... 
8 !! 

E u ...... 
i: 6 
0 
;:: 
u 
"C 4 -CD 
E 
:::I 

~ 2 

0 
0 20 40 60 80 100 

Percentage flow [%] 

Figure B1: Volumetric flow (cm3
, s, NPT) versus percentage flow (%) for mass flow 

controller calibration 

From this plot, the following relationship was obtained. 

Set point (%) = (Volumetricflow (cm3ls) - 0.024)10.088 
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Appendix C: Calculation of relative rates and mol fraction for comparison 

The relative changes that would be expected from elemental second order rate 

laws of transalkylation with changing molar ratios of phenol and 2,5-xylenol in 

feed mixtures were determined as follows: 

Molar Ratio Mol fractions 

(Phenol : 2,5-Xylenol) Phenol x 2,5-Xylenol :: Rate 

1: 1 
1 1 1 x :: 

2 2 4 

5: 1 
5 1 5 1 x :: - ~ 

6 6 36 7 

20: 1 
20 1 20 1 - x :: ~-

21 21 441 22 

Mol fraction of 2,5-Xylenol 
1 1 1 

2 6 21 

Relative mol fraction 1 
1 1 

~-

3 10 

Rate 
1 1 1 
4 7 22 

Relative rate 1 
1 1 

~- ~-

2 5 
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Appendix D: Calculation of the thermodynamic equilibrium carbon number 

distribution 

A method of minimising the total Gibbs energy of compound mixtures for 

determining thermodynamic equilibria of complex chemical reaction systems, 

[van Ness and Abbot, 2001] was used for determining the carbon number 

distribution in thermodynamic equilibrium distribution for reactions carried out 

with different phenol : 2,5-xylenol ratios. In this method the following equations 

are solved simultaneously. 

AGfiO n. A 
--' + In-'- + ""_"Ie a = 0 

"" £.... Ik RT £....nj k RT 
Equation D1 

I 

Equation D2 

Where: i determines a chemical species 

~Gn 0 is the Gibbs free enthalpy of formation of the chemical species i 

R is the gas constant 

T is the temperature (in K) 

nj is the number of moles of species i 

k identifies a particular atom 

aik is the number of atoms of the J(h element present in each of the 

chemical species i 

Ak is a Lagrange multiplier for k 

Ak is the total number of atomic masses of the J(h element in the feed 

Equation D 1 is based on the assumption that the activity or fugacity coefficients 

of all species i in the reaction mixture are all unity and therefore the equation is 

only applicable to an ideal gas phase or ideal solution. Because the studied 
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system was a solution of phenolic compounds in phenolic compounds, it could be 

assumed as being ideal and hence this equation could be applied 

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

of equations was used. 
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Appendix E: Chromatograms 

Lights 
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Figure E1: Product from 2,3,6-Trimethylphenol I phenol transalkylation (1 1 molar 

mixture) 
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Appendix F: Summary of experimental results 

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

Exp Catalyst Temperature WHSVtotal Co-feed'" Molar 

(OC) (hot) ratio-

1 H-BEA-25 250 - 350 0.45 Xyl 1 : 1 

2 H-BEA-25 400 -450 0.45 Xyl 1 : 1 

3 H-BEA-25 350 0.113 - 0.45 Xyl 1 : 1 

4 H-MOR-90 350 0.113 - 0.45 Xyl 1 : 1 

5 H-MFI-90 350 0.113 -0.45 Xyl 1 : 1 

6 H-MOR-90 350 0.113 - 0.45 Tmp 1 : 1 

7 H-BEA-25 350 0.113 - 0.45 Xyl 5: 1 

8 H-BEA-25 350 0.113 - 0.45 Xyl 20: 1 

9 H-BEA-25 350 0.113 - 0.45 Tech 20: 1 

10 H-BEA-25 350 0.113 Xyl 1 : 1 

11 H-BEA-25 350 0.225- 0.90 **** -

*Xyl :: 2.5-xyienol, Tmp:: 2,3.6-trimethylphenol, Tech:: simulated technical mixture 

**Phenol : co-feed, molar ratio 

***Time-on-stream 

TOS*** 

(hrs) 

319 

347 

299 

191 

249 

349 

566 

372 

359 

226 

112 

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

xv 
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Table F1: Results from experiment 1 

T_ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ... .,...,. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .,..,...,. 0.2 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 
OIhor~hIo 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0,4 0.5 0.8 0.5 0.5 1.0 1.1 0.4 0.2 - 43.3 42.2 40.3 42.1 42.3 43.5 42.8 42.8 43.2 43.2 311.3 29.6 30.2 31.8 32.8 32.8 24.0 22.2 31.4 34.0 ..- 1.5 2.5 2.0 2.1 2.2 1.8 1.8 2.1 1.9 1.6 4.6 8.5 U 8.3 7.7 7.5 10.5 10.7 7.4 4.& 
2,15-)("","" 1.1 2.1 1.9 2.0 1.7 U 1.8 U U 1.5 2.1 2.7 2.8 2.8 2.B 2.B 2.5 2.5 2.3 2.2 ....- o.v 1.7 1.4 1.5 1.4 1.2 1.3 1.5 1.3 1.1 2.5 U U 4.4 4.1 4.0 4.8 4.S 3.5 2A ........... 1.8 2.8 2.3 2.5 2,4 2.0 2.1 2,4 2.2 2.0 4.8 1.5 8.7 8.3 7.7 7.8 11.4 11.8 11.0 52 
2,4-)("","" 5.3 11.5 11.3 12.1 11.0 10.9 11.8 11.4 10.9 10.5 9.0 7.5 7.5 8.1 11.5 11.5 5.7 5.1 U 7.2 
2.5-)("","" 29.l! 25.B 25.7 2U 28.9 30.4 29.0 282 30.1 31.5 22.7 13.5 13.1 14.3 15.3 15.4 U 7.4 111.4 25.2 

2,4,~mI 0.3 0.2 1.4 0.2 0.3 0.3 0.2 Il..l! 0.2 0.2 0,4 0.8 0.7 0.8 0.5 0.5 0.7 0.7 0.5 0.4 
2,3-)("","" 1.0 U 1.8 U 1.4 1.3 1.5 1.5 1.2 1.2 1.7 2.1 2.2 2.2 2.4 2.4 2.0 2.4 1.7 1.5 

2,3.~mI 0.7 1.3 1.4 1.3 1.0 0.9 1.1 1.0 0.9 0.9 1.2 1.0 1.6 1.8 1.4 1.4 1.4 0.9 1.3 1.1 
3,5-X)IonoI 0.8 0.7 0.9 0.7 0.3 0.6 0.8 0.7 0.& 0.9 1.0 1.4 1.4 1.4 1.3 1.3 1.7 1.7 1.4 1.1 
3,4-X)IonoI 1.1 2.2 1.8 1.9 1.6 1.4 1.7 1.8 1.4 1.3 2.5 3.5 3.8 3.5 3.4 3.4 4.2 U 3.5 2.8 

2,3~1OI Il.2 0.3 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.8 0.9 0.8 O.B 0.7 0.8 0.8 0.7 0.5 
3,4~ 0.2 0.3 Q..3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.5 0.' 0.8 0.8 0.7 0.7 0.9 0.9 0.8 0.4 

dipllonjlol!W 1.1 2.3 2.1 2.2 2.0 U 2.1 2.1 1.9 1.8 2.3 2.8 2.8 2.8 2.8 2.8 2.7 2.B 2.6 2A 
~ 0.1 Il..l! 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0,4 0.1 0.7 0.7 0.7 0.7 1.3 U 1.2 0.8 

~ 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0,4 0.7 0.8 0.8 o.B 0.6 0.9 1.0 0.8 0.5 
~ 0.3 0.8 0.5 0.& 0.6 0.5 0.5 0.8 0.& 0.5 0.9 1.4 1.4 1.4 1.3 1.2 1.8 1.0 1.2 0.8 
UnImm1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.7 0.7 0.8 0.5 0.5 1.1 1.1 0.7 0,4 

Table F1 (continued) 

Tow.", 0.0 0.0 0.0 0.0 0.0 0.0 ...,...,. 0.0 0.0 0.0 0.0 0.0 0.0 .,..,...,. 0.2 0.1 0.1 0.1 0.1 0.0 
0Ih0r1lQlllo 0.6 0.8 0.7 0.8 0,4 0.6 - 311.0 211.8 28.7 28.3 211.2 30.3 ..- 11.0 9.0 9.0 U 8.0 8.0 
2,5-X)IonoI 2.8 2.9 2.8 2.8 2.9 3.1 ....- 3.9 4.3 4.3 4.2 3.8 3.9 ........... 8.5 U U 9.2 11.1 11.2 
2,4-X)IonoI 7.2 e.G 8A 6.5 U 7.7 
2,5-X)IonoI 13.3 10.3 U 10.0 10.9 12.3 

2,4,1HI;.I111"""",,1OI 0.5 0.& 0.6 0.8 0.5 0.5 
2,3-X)IonoI 2.1 1.6 1.6 1.6 1.1 1.9 

2,3,1H1'''.'"11Ph1M1OI 1.5 1.3 1.3 1.3 1.3 1.4 
3,5-X)IonoI 1.8 1.7 1.8 1.6 1.5 1.8 
3,"X)IonoI 4.0 4.3 4.2 4.1 3.9 4.1 

2,3,51.,1III·1IPhIM1OI 0.7 0.7 0.1 0.7 0.7 0.7 
3,4,51'm.1101IPhIM1OI 0.7 0.0 0.6 0.7 0.6 0.7 

dipIIonjIoI!W 3.1 3.3 3.8 3.5 3.7 4.1 
~ 1.2 1.3 1.5 1.5 1.2 1.3 
~ 0.8 0.8 1.0 1.0 0.8 0.9 
~ 1.3 1.4 1.6 1.5 1.4 1.3 
~ 0.8 0.7 0.7 0.7 1.0 0.7 
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Table F2: Results from experiment 2 

T_ 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

p-xyIona 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
o-xyIona 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0Ih0r1lgllls 3.9 2.7 2.3 1.5 U 1.6 0.8 1.1 1.8 1.1 0.9 U 0.8 0.1 0.' O.t 1.4 0.11 _I 
20.1 26.0 21.4 25.8 22.8 24.2 32.1 23.8 25.0 25.2 21.2 21.2 21.7 21.2 25.7 21.1 25.6 28.4 .....- 10.0 9.6 12.3 9.2 12.9 11.3 1.3 12.2 12.9 10.4 9.8 9.4 9.7 9.6 9.2 8.6 10.0 6.9 

2,6XyIoml 1.4 1.3 1.6 1.5 1.9 1.9 U 1.8 1.8 1.8 1.7 1.7 1.7 1.6 1.6 1.2 1.1 0.9 -- 3.6 3.6 4.1 3.6 5.0 4.6 3.2 U 5.3 4.7 4.5 U 4.5 U 4.2 3.4 3.5 2.0 
m-auoI 10.0 9.6 12.3 9.2 12.9 11.3 7.3 12.2 12.9 lOA u.s U 9.7 u.s 9.2 U 10.0 6.9 

2,4 XyI8noI 8.1 11.9 6.4 11.4 7.7 9.8 15.6 8.5 8.2 10.2 10.4 10.8 11.5 11.5 11.5 13.3 11.0 16.7 
2,5l<j1ono1 B.l 11.9 6.4 11.4 7.7 u.s 15.6 8.5 8.2 10.2 1M 10.8 11.5 11.5 11.5 13.3 11.0 lB.7 

2,4,~001 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 
2,3Xy1omI 1.9 1.6 2.2 2.0 2.11 2.5 2.0 2.5 2.6 2A 2.4 2.3 2.3 2.2 2.2 1.S 1.8 0.3 

2,3,~ 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 
3,4-XyIomI 1.6 1.5 2.0 1.5 2.3 2.0 1.2 1.9 2.0 1.5 1.5 1.4 1.4 1.4 1.3 1.2 1.1 o.e 
3,5-XyIomI I.B 1.5 2.0 1.7 2.1 2.0 1.4 2.0 2.1 1.8 1.8 1.7 1.7 1.7 0.9 1.5 1.5 1.2 
2,3~ 0.8 0.5 0.8 0.7 0.8 0.9 0.7 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 1.0 0.6 
3,4,5-10; ...... 1111>4*001 0.5 004 0.6 0.7 0.7 0.6 0.8 0.8 0.8 1.1 1.1 1.1 1.1 1.1 1.1 1.0 0.8 0.9 
~ 1.7 1.1 1.4 1.1 1.7 1.8 1.1 1.5 1.7 1.7 1.5 1.0 1.4 U 1.5 0.1 0.5 0.2 
~ 1.8 1.0 1.3 0.8 1.4 0.9 0.3 o.G 0.8 0.4 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.0 
~ 1.0 0.7 1.0 o.e Q.8 0.6 0.4 O.B 0.8 0.4 0.3 0.3 0.3 0.3 0.3 0.5 0.1 0.0 

U.- 1.6 1.1 1.4 1.0 1.2 1.0 0.7 0.9 0.9 0.9 0.9 1.0 O.G 0.9 1.0 0.1 0.8 0.5 
u.- 1.3 1.1 1.9 1.5 0.8 0.7 0.5 0.7 0.6 1.0 1.1 1.1 0.6 0.8 0.8 1.1 1.1 0.8 H_ 

20.5 12.3 17.5 14.3 12.7 12.8 7.1 11.8 10.3 10.5 12.9 14,4 11.7 12.5 14,3 13.1 18.8 14,4 
TaIlII 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 1 .0 

83,s 762 87.1 h.3 ilU 80.8 i!U 81.0 is] 71i.6 fl1.2 flul H.O H.O 76.6 73.3 77.1 iid 
511.9 4'.9 !,.! 48.4 M.3 he !11i.ii 52.3 49,9 43.8 4!.! iU 44.7 a.B 46.5 a.s 46.8 43.2 

'"",1 1.8 62.1 62.8 811.4 66 61.6 au 61.3 61. A .9 
A .. 11. .0 4.0 1.1 1.3 9. 3.8 9. 8.2 3.9 .8 4.0 8.1 0 14. 
TOS 11.1 24.9 35.5 47.5 61.8 84.0 100.0 119.5 132.0 145.0 155.6 167.7 179.5 191.4 203.5 21 . 234,4 255.1 

Table F2 (continued) 

T_ae - - - - - - -1lI 
Thw 2IOJI - UU1 KL1S 33 ... -'71 -- 0.0 0.1 0.1 0.1 0.1 0.1 0.1 
T_ 0.0 0.2 0.2 0.1 0.1 0.1 0.1 
p-xyIono 0.0 0.1 0.2 0.1 0.1 0.1 0.1 
<>-1!)Iono 0.0 0.1 0.0 0.0 0.0 0.0 0.0 

OIhorIlQIU 0.6 0.1 0.1 0.1 0.1 0.1 0.1 - 21.8 25.2 25.4 24.11 25.1 25.1 25.6 .....- 5.9 8.5 8.8 8.2 U 4.6 4.7 
2,6XyIomI 0.8 0.8 0.5 0.5 0.3 0.3 0.3 -- 1.2 1.1 1.0 0.6 0.6 0.6 0.5 
m-auoI 5.9 6.5 8.6 8.2 U U 4.7 

2,4XyIomI 11.7 23.5 24.1 25.2 21.8 21.8 26.7 
2,5XyIomI 19.7 23.5 24.1 25.2 2M 21.8 21.7 

2,4,6-11 •• "",1".11'" 0.3 0.2 0.2 Q.2 0.2 0.2 0.2 
2,3XyIomI 1.4 0.6 0.8 0.9 0.& 0.8 0.4 

2,3," •• IiIII~ .. 00I 0.3 0.0 0.0 0.0 0.0 0.0 0.0 
3,4-l<jIonoI 0.5 0.5 0.6 o.e 0.5 0.6 o.e 
3,5·XyIomI 0.9 0.7 0.6 0.7 0.7 0.5 0.5 

2.3,5mtri11"~. 0.8 0.1 0.1 0.2 0.2 0.0 0.2 
3,4,li.fi •• IiIII~ Q.7 0.2 0.2 0.3 0.2 0.1 Q.2 

~ 0.2 0.0 0.0 0.0 0.0 0.0 0.0 
~ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
~ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

UnOnown 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
u.- 0.8 0.0 0.0 0.0 0.0 0.0 0.0 H __ 

11.5 U 8.6 7.11 7.5 
100.0 100.0 
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Table F3: Results from experiment 3 

0.48 1.33 1.85 1.10 0.95 0.68 0.50 0.43 0.40 0.45 0.29 0.28 0.22 0.38 0.58 0.75 
T_ 0.53 2.71 2.78 2.41 1.03 0.59 0.45 0.43 0.44 0.37 0.19 0.23 0.22 0.47 0.114 0.95 

I>-X!4om 0,29 1.45 1.33 1.12 0.50 0.28 0.24 0.23 0.25 0.18 0.10 0.12 0.12 0.31 0.48 0,50 
o-X)iom 0.09 0.44 0.39 0.34 0.15 0.011 0.011 0.07 0.011 0.00 0.00 0.00 0.04 0.10 0.16 0,15 

OIIwUghlll 0.07 1.00 0.70 0,49 0.15 0,03 0,011 0,05 0.04 0.07 0.07 0.04 0.03 0.011 0.22 0.12 - 33.37 21.98 19.78 lS.1SO 22.112 25.05 24.20 24,83 29.18 31.57 33.83 31.85 3U2 25.77 25.17 27.55 - 7.112 11.73 11.78 11.49 12.00 12.35 12.04 11.88 11.58 8.45 7.33 8.22 B.04 12.18 12.27 11.75 
2,6XyIonoI 1.78 1.90 1.95 1.89 2.27 3.49 3.37 3,37 3.34 2.04 2.09 2.13 2.09 2.26 2.20 2.23 - 4.24 4.67 4.55 4,42 5.30 4.49 4.38 4.38 4,34 5.41 5,37 5,46 5.35 5.57 5.38 5.47 
m-aaoaI 9.03 13.75 13,87 13.36 13.46 13.50 13.23 13.07 12.74 9.40 8,19 9,04 8.B9 13.48 14.48 14.34 

2,4XyIonoI 6.87 3.65 3.48 3,38 4.72 5.25 5.29 5.39 5.67 7.73 8.52 7.84 7.76 5.03 4.59 4.93 
2,5XyIonoI 18.05 5.88 4.87 4.40 8.37 7.24 7.19 7.38 B.09 12.11 13.011 12.05 11.76 7.29 7.26 11.87 

2,4,~1OI 2.58 1.94 1.98 1.93 2.79 3.17 3.18 3.22 3.17 3.52 3.87 3.76 3.70 2.79 2.38 2,33 
2,3-XyIonoI 3.15 2,92 2.82 2,82 4.00 4,45 4.57 4.82 4.40 3.79 4.35 4.33 5.41 3.79 3.18 2.85 

2,3.e~ 0.53 0.44 US 0.44 0,59 0.82 0.82 O,ISO o.se 0.48 0.43 0.47 0.48 0.58 0.55 0.55 
3.S-XyIonoI 2.03 1.90 1,82 1.IIS 2.50 2.76 2.88 2,95 2.81 2.81 2.119 2.94 2.119 2.35 2.12 2.00 

2.3,~ O.SO 0.47 0,47 0.49 0,71 0.77 0.79 0.77 0,74 0.75 0.57 0.70 0.59 0.72 0.70 0.71 
2.3,~ 0.84 0.58 0.62 0.114 0.79 0.85 0,68 0,811 0,110 0.10 0,82 0.73 0.88 0.79 0.73 0.72 
3.4,~ 0.13 0.18 0.17 0.18 0.15 0.18 0.17 0.18 0.15 0.10 0.00 0,00 0.11 0.18 0.18 0.14 
di~ 1,25 1.35 1.110 1.119 2.62 312 3.41 340 3.10 2.70 2,99 3.39 3.42 3.28 2.36 1.93 
~ 0.82 1.28 1.94 2.24 1.84 1.45 1.57 1.51 1.42 1.11 0.71 0.94 0.94 1.97 2.22 1.86 
~ 0.44 0.73 1.03 1.18 1.06 1.00 1.011 1.10 1.01 0.70 0,58 0.73 0.70 1.24 1.21 0 .• 

I.JnimMI 0.81 1.02 1.112 I .• 1.85 1.112 2.03 1.94 1.72 1.27 1.22 1,38 1.30 1.58 1.29 1.07 
I.JnimMI 0.48 0.10 1.14 1.44 1.011 0.l1li 0.94 0.l1li 0.71 0.59 0.34 0.48 0.38 0.74 0.72 0.85 

Table F4: Results from experiment 4 

r_ 0.40 0.43 0.34 0.25 11.14 11.13 0.13 11.12 0.10 0.06 0.07 0.07 
p-xyIono 0.23 0.21 0.17 0.14 0.08 11.05 0.05 0.05 0.03 0.03 0.08 0.00 
o-X)iom 11.07 0.07 0.05 0.04 11.00 11.00 0.00 0.00 0.00 0.00 0,00 0.011 

OIhorUghlo 0,04 0,04 0.04 0.03 0.00 11.00 0,00 0.00 0.00 0.00 0.00 0.00 - 30.01 34.33 38.26 37.40 39.117 36.37 38.71 38.. 42.l1li 43.59 42.113 44.511 - 824 8.l1li 8.14 7M! 3.'1 2.63 2.84 2,63 1.94 1.l1li 1.117 1.35 
2,6Xy1ono1 2.07 1.97 1.l1li 1.75 1.42 1.58 1.58 1.54 1.33 1,35 1.52 1.37 - 4.62 4.50 4.15 3.11! 3,18 3.72 3.53 3.48 2.l1li 3.03 3.41 3.07 .......... 12.03 IUlO 11.17 10,46 5,12 3.29 3.26 3.24 2.31 2.011 2.01 1.71 
2,4XyIonoI IS.26 5.14 5.011 5.l1li 8.38 10.14 10.13 9.95 10.16 10.91 11.1111 11.111 
2,5Xy1ono1 15.22 18.59 lUI 20.46 24.1. 21.51 21.88 21.1115 25.58 25.07 21.97 24.15 
2,3XyIonoI 2.95 2.33 2.25 2.13 2.n 3.74 3.l1li 3.54 2.99 3.11 3.l1li 3.24 -.3-<III1jI 11.30 0.16 0.12 0.011 0.011 11.011 0,00 11.14 0,08 0.011 0.07 0.07 

2,3,1HI' .. ~"1 11.08 0.36 0.37 0.311 0.00 11.08 0.00 0.08 0.00 11.00 0.00 0.00 
3,4-XyIonoI 3.117 2.61 2.24 2,01 2.ee 378 3.10 3.55 2.88 2.54 2.87 2.42 
3,5-XyIonoI 2.63 1.78 1.116 1.52 1.10 2.40 2.36 2.36 1.84 1.711 2.04 1.117 

2,3.~ 1.011 0.97 0.115 0.117 0.38 11.17 0.15 0.23 0.011 0.07 0.10 0.011 
3A,5-trir~1OI 11.90 0.62 0.58 0.511 0.30 11.14 11.12 0.111 0.011 0.07 0.08 0.08 
~ 1.lI5 1.49 1.38 1.18 2.26 4,55 4.54 4,15 3.01 2.l1li 3.27 2.73 
~no 1.00 0.l1li 0.57 OM! 11.36 0.45 0.43 0.311 0.111 0.12 0.10 0.07 
~ 0,62 0,48 11.36 0.32 0.26 11.36 0.35 0.33 0.17 0,12 0.08 0.07 

~ 0.00 0.00 11.08 0.00 11.011 0,18 0.17 0.15 0.02 0.03 0.08 0.04 
I.JnimMI 11.72 U4 0.117 0.1111 0.97 11.98 0.112 0,84 0.57 0.48 0.50 0.40 
I.JnimMI 0,38 0.35 0.36 0.35 0.33 11.12 0.11 0.111 0.05 0.03 0.03 0.011 
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Table F5: Results from experiment 5 

1_ 
2.26 2.ge 3.42 3AO 2.61 227 1.35 1.12 1.112 ue 0.58 OAII 0.44 0.911 0.41 0.311 

p-xyIono 1.49 UM 2.35 2.19 1."12 1 All ue 050 0.41 0.:18 0.16 0.12 0.11 OM O.IS 0.09 
... xyIono 0.40 0.52 U2 0.58 0.47 0.40 O.lt 0.15 0.12 0.11 0.00 0.04 0.03 0.13 0.00 0.03 

Otl>efUgta 0.911 1.26 2.14 1.41 1.07 0.62 0.18 0.13 0.09 0.06 0.00 0..00 0.00 0.00 0.00 0.00 - 32.80 22.44 16.19 15.71 17.20 18.113 31.19 31.115 31.74 3US 40.79 42.76 42.93 33.00 41.94 43.88 ..- 4.19 7.83 8.41 9.42 8M 9.21 6.20 5.98 5.09 4.73 2.113 1.93 1.98 4.79 2.20 1.42 
2,6X)1ono1 UO 1.28 1.26 1.42 11;0 1.54 1.58 1.89 1.81 2.06 1.62 1.7& 1.64 1.110 1.79 1.1111 - 2.36 3.73 3.75 420 U5 4.58 4.61 5.00 4.66 4.35 3.69 3.81 3.114 3.115 3.64 3.113 .........., 5M 9.64 10.70 11.911 12.07 11.73 8.11 7.113 8.1141 8.19 3.41 2.62 2.57 6.24 2.114 1.89 
2.4X~ 5.17 UO 2.62 3.26 3.65 4.22 7.77 7.118 7.111 8.81 11.21 11.75 11.70 8.88 11.76 1227 
2.5X~ 20.511 8.11 4.33 4.70 8.12 5.83 11.14 10.91 10.1111 11.98 15.58 1U7 18.34 12.14 18.34 17.73 

2.4,~1OI 0.23 0.37 0.41 OM 0.41 0.35 022 0.19 0.15 0.13 0.07 0.00 0.00 0.13 0.00 0.03 
2,3X~ 1.411 2.15 1.911 2.40 2.73 2.97 3.50 4.07 3.115 3.91 3.03 2_ 3.011 2.80 2.81 2.58 

PhomI,3<I1IljI 1.02 1.84 1.64 1.115 1.114 1.87 0.911 0.88 0.71 0.113 0.34 0.24 0.24 0.80 0.30 0.20 
2.3,IHI~1OI 0.25 0.42 2.115 0.52 0.51 0.54 OAII 0.50 0.38 0.42 0.25 0.18 0.18 0.31 021 0.14 

3.5X~ 2.00 2.85 2.11 3.32 327 2.93 222 2.35 2.14 1.97 1..'/6 1.12 1.19 1.811 1.00 0.!12 
3,4X~ 3.04 2.97 0.88 2M 2.88 2.911 4.115 0.52 5.12 5.70 7.00 7.43 7.43 550 7Z1 7.88 

2,3~1OI OAO 0.62 0.37 0.71 0.81 0.84 0.80 0.91 0.79 0.77 0.49 0.38 0.39 0.113 0.43 0.38 
3,4.5-f11n~1OI 0.41 Uti 0.72 0.79 0.77 0.87 0.41 0.42 0.32 0.30 0.17 0.11 0.12 0.33 0.15 021 

~ 2.19 2.43 3.53 3.114 3.113 3.53 2.70 Uti 3.14 3.13 2.10 1.!12 2.00 3.01 1.83 1.80 

~ 1.1111 3.13 429 4.18 4.03 4.01 2.31 228 1.114 1.72 0.86 0.58 0.57 2.l1li 0.72 0.39 

~ 0.112 0.97 1.47 1.26 1.12 1.03 0.49 0.44 0.38 0.37 0.17 0.13 0.88 0.47 0.15 0.011 
H)droqoinono 022 0.47 0.88 0.18 0.73 0.117 0.57 0.70 0.113 U5 0.51 0.411 0.52 0.88 0.45 0.45 
~ 1.53 2.31 323 324 2.l1li 2.76 1.70 1.70 1.41 1.38 0.113 0.113 0.511 1M 0.14 0.44 
~ 1.31 1.37 2.03 0.53 1.42 1.38 0.53 0.39 0.51 025 0.10 0.12 0.00 0.11 0.011 0.04 

Table F6: Results from experiment 6 

JdII4 Jdlh'I Jdlh'I ldI-4 xII..tI ldW _7 ..... ..... _10 JdII-11 JdII42 _IS 
_u 

_1& _1. _17 _1. _1' 
17. 4U8 - .1.1. 114.11 138.21 1 •.• 1_ llU 1111.. 1113.14 210.11 213.13 2311.1 2.54.J1 _.2lI SIU 337.1 MI.N 
OJII 0.01 0.111 0.01 0.111 0.112 U2 0,02 0.02 0.02 0.14 0.14 0.114 0.14 0.111 0.01 0.111 0.111 0.111 
0.41 0.50 0.47 0.37 0.40 OM 0.38 023 0.27 0.15 0.10 0.12 025 0.17 0.13 0.20 025 027 0.33 

1_ 0.55 0.110 0.38 0211 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.10 0.11 0.15 0.19 
p-xyIono 0.51 Q.41 024 0.17 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.011 0.13 0.13 0.18 0.18 
o-XjIiono 0.18 0.14 0.011 0.011 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.08 0.011 0.07 0.07 

Otl>efUgta 0.35 028 0.17 0.14 0.09 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.03 0,03 0.06 0,04 0.00 - 18.00 23.70 27.42 29.11 29.78 311.64 43.85 41.87 42.111 41.78 43.87 43.011 43.411 43.18 40.12 29.09 27.113 26.37 26.00 ..- 5.118 8.82 8.40 8.15 5.115 3.30 2.011 2.01 2.09 2.20 1.70 us 0.97 1.09 1.57 3.711 4.54 5.42 5.81 
2.sX~ 1.47 1.74 1M 1.1;9 1.53 0.68 0.58 Ul 0.78 uo 0.112 0.41 0.38 0.38 0.39 0.87 1.03 1.21 1.34 - 3.l1li 427 4.07 3.911 3.75 2.17 1.42 1.31 1.17 122 1.13 0.83 OM 0.57 0 .• 2.14 2.52 2.117 326 --- 593 5.41 4.78 4.38 4.14 1.110 0.64 0.88 0.112 0.97 0.117 0.44 0.44 0.50 0.80 2.55 3.17 3.97 4.39 
2,4X~ 3.88 421 3.80 3.55 3.38 1. 0.911 1.02 1.03 1.09 0.80 0.59 0.54 0.59 0.85 2.09 2.57 3.15 3.38 

2.5X~ 5.09 5.31 4.72 4.39 4.20 2.17 1211 1.30 1.31 1.37 1.02 0.73 0.85 0.70 Ull 2.55 3.15 3,91 4.21 
2,4,~ 7.111 822 8.93 8.11 9,41 9.47 9.68 10.22 10.11 10.27 9.34 11.09 11.115 11.88 11.01 8.51 11.58 9.43 9.40 

2.:WC~ 3.78 3.10 2.111 2.115 2511 1:12 0.58 0.114 UII 0.72 0.50 0.38 0.39 0.45 0.15 228 2.87 3.07 
2.3,G1I1~ 7.84 11.48 12.49 12.110 13.10 21.59 23.85 22.71 21.85 21.08 25.02 19.13 13.37 12.71 9.97 7.50 8.14 9.04 

3,5-X~ 3.111 2.84 2.72 2.54 2.511 Ul9 1.41 129 1.:16 1.011 1,22 0.94 0.110 0.911 1.10 2.29 2.45 2.83 
2,3,~ 5.93 428 4.63 4.77 4.97 4.71 5.02 5.72 5.87 8.00 5.21 7.115 9.38 9.41 10.11 9.07 7.911 6.76 
3,4,~ 6M 4.47 4.110 5.04 5.31 4.73 4.07 5.79 5.79 1.09 5.34 8.10 9 .• 10.15 1128 10.39 8.91 7.44 
2.3,5,~ 2.02 1.14 1.58 1.53 1.58 U16 0.88 1.00 0.97 1.01 0.91 129 1.53 1.55 2.04 2.28 2,06 U4 

~ 4.52 1.55 1.34 1.38 1.41 080 0.71 1.04 1.14 1.28 0 .• 1.83 2.84 3.01 3.115 5.41 4.55 3.37 

~ 0.118 0.44 0.33 028 028 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.011 028 0.43 0.57 

~ 0.115 Q.47 0.40 0.35 0.37 0.00 0.07 0.09 0.09 0.10 0.00 0.06 0.09 0.09 0.15 0.52 0.80 0.88 
u_ 1.74 1.25 1.35 1.38 1.48 01)7 0.75 0.115 0.95 1.02 0.75 0.89 0.83 0.69 0.93 1.115 2.18 2.88 
u_ 0.85 0.72 0.85 0.80 0.58 025 0.03 0.13 0.13 0.14 0.11 0.07 0.04 0.08 0.011 0.39 0.55 0.71 

7.1M 8.53 3.70 3.38 2.91 1.16 1.07 1.24 122 1.58 Q.90 1.80 1.81 1.93 2.54 3.1111 4.50 4.70 
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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Table F7: Results from experiment 7 

IIt'IlI-l IIt'IN IIt'IN I1t'1I1-4 IIt'IN 1lt'l00II IIt'ICl-7 IIt'IN 1lt'l00II IIt'III-l0 11t'111-11 11t'111-12 IIt'ICl-n IIt'ICl-14 IIt'ICl-II IIt'IlI-l' IIt'ICl-17 

11.1 :lUI 43.13 l1li.1 111.13 114.20 lSU3 141.11 
,_ , ... 11 1_ 111M 207.21 ZIU3 22UI .. I 2IZ.III 

om 0.G1 0.G1 om 0.G1 om Uti 0.112 0.112 0.112 0.112 0.112 UI4 11.114 0.114 UI4 l1.li4 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

a..-.. 1.41 0.81 1.19 1.35 1.65 1.40 1.11 0.83 0.54 0.48 03\1 0.31 0211 0.16 0.17 0.42 024 
T_ 0.111 0.47 0.72 0.76 0.81 0 .• 0.51 0211 0.22 020 0.18 0.14 0.13 0.0& 0.0& 0.11 0.07 
p-xyIono 0.16 0.16 0.25 027 027 0.22 0.14 0.0& 0.07 0.07 0.07 0.06 0.05 0.03 0.02 0.04 0.02 
o-xyIono 0.00 0.113 0.07 0.07 0.06 0.07 0.00 0.113 0.03 0.02 0.113 0.02 0.02 0.01 0.01 0.02 0.01 

OIhorUgIU 0.07 0.07 0.22 0.27 0.23 0.12 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -- SU.ll 48.43 48.34 48.87 51.12 52.74 55.44 63211 114.06 112.11 82.01 eo.91 86.77 &7.114 70.711 72.78 73.78 ....- 4.91 7.18 7211 7.01 11.111 6 .• 5.41 4.02 3.68 4.38 4.32 4211 2.l1li 1.74 1.52 1.211 1.19 
2,6X~ 0.115 0.53 0.38 0.38 0.43 0.47 0.76 1.08 1.11 1.04 1.06 1.11 1.18 1211 1.19 1.11 1.06 .....- 1.111 2.74 2.&7 2.114 2.53 2.72 2.42 1.l1li 1.112 2.10 2.00 2.03 1.51 1.05 0.112 0.110 0.711 .......... 5.l1li 11.82 11.711 827 8.34 8.19 8.31 4.116 4.38 5.03 5.01 4.110 3.19 2.15 1.15 1.49 1.40 
2.4~ 0.33 0.51 0.40 0.31 027 027 1.40 2.07 1.1111 1.115 1.114 UO 221 2.511 2.40 2.38 2211 
2.5~ 5.114 2.07 1211 1.30 1.86 1.83 3.51 4.116 4.81 4.06 4211 4.34 8.32 8 .• 9.12 1.33 11.72 

2 .... tH( .. """~1OI 0.00 0.21 0.23 0.39 0.11 0.04 0.07 0.05 0.04 om 0.00 0.00 0.04 0.00 0.00 0.00 0.00 
2.3.-X~ 0.112 Q.54 0.114 0.48 0.43 0.111 1.73 1.211 1211 1.23 1.23 1.211 1211 1.49 1.28 0.48 0.49 
3,5-X~ 1.54 1.35 0.111 0.94 1.03 1.19 2.14 l.eo 1.57 1.&7 1.88 1.l1li 1.38 1.41 1.14 0.63 OM 

2.3.5111t~1OI 0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 
3.-I.s1llt1~1OI 0.11 0.10 0.18 0.80 0.52 0.37 0.22 0.18 0.18 0211 0.17 0211 0.13 0.40 0.05 0.50 0,45 

~ 8.30 8.115 10.38 10.67 9.711 8.47 1.18 824 8.48 8.18 1.40 10.00 8.35 7"'9 7.18 6211 5.73 

~ 0.18 1.15 2.63 2.15 2.21 2.15 Ul 0.l1li 0.54 0.83 OM 0.82 0.38 0.11 0.18 0.18 0.14 

~ 0.10 1.32 1.54 1.58 1.70 1.52 1.19 0.511 0.58 0.83 0.70 0.70 0,411 024 Q.21 0.18 0.16 
llnIu-. 2.28 3M! 3.89 3.17 2.92 2.71 2.l1li 1.76 1.&7 1.15 1.80 1.83 1.25 0.711 0 .• 0.58 0.53 
llnIu-. 0.112 0.911 0.112 0.74 0.81 0 .• 0.58 0.22 0.18 0.20 0.18 0.211 0.18 0.06 0.05 0.04 0.113 

or PlIo .... 4.1111 8.l1li 8.31 7.38 8.11 5.38 3.50 2.83 2.71 3211 3.11 3.27 2.01 1.15 1211 1.-11 1.-11 
'alai 1 .00 .00 100.00 100.00 100.00 100.00 100. 100.00 100.00 100.00 100.00 100.00 100.00 100.00 00.00 100.00 100.00 

~.33 17.&7 i2l2 11211 10.03 M.64 7[iM 71.64 72.34 75.12 743 73.& 82.M 3.M dB 44.00 41.71 
5.07 m.M 44.30 41.00 :lUll :lUi :ali D .• D.d D:4' Eli D.I1 1111'l' 1lilli 1!.1i 12.iil' 11 

"W mo 52.H !IiilI3 l712 a.d 41.05 fiji 31.33 33.13 33.70 U.7i 9.91 23.17 2MI 
'.55 5.39 10._ 11._ 12.265 11.7115 10.515 4.94 4.1175 8.825 ur 5.215 8.015 3.38 7 .• , 

11.55 lU9 33.81 55.02 78.37 11l2.ll! 124.72 140.17 149.l1li 161.49 174.311 1115111 1911.15 210.57 221.74 

Table F (continued) 

0.22 0,41 0.43 0.52 0.&7 Q.53 0.51 0.43 0"', 0.32 0.82 1.05 0.115 
T_ 0.10 0.14 0.18 0.22 0.27 0.23 020 0.18 0.13 0.12 0211 0.48 0.40 
p-xyIono 0.04 0.08 0.08 0.10 0.12 0.11 0.09 0.07 0.05 0.06 0.11 0.18 0.16 
o-xyIono 0.02 0.03 0.04 0.04 0.05 0.05 0.03 0.113 0.02 0.02 0.05 0.08 0.08 

OIlorUghla 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -- •. 74 82.11 57.77 i!6.07 55.84 5421 81.02 83.48 85.111 114.23 58.53 5,2.00 53.53 ....- 1.81 3.74 4.72 5.35 5.86 5.611 4.15 3.12 2.87 2.85 5.09 8.34 8.11 
2.8~ 1.10 1.G2 0.l1li 0.15 0.74 0.86 0.80 0.86 0.14 0.111 0.l1li OM 0.42 .....- 1.04 1.83 2.18 2.35 2M 2.48 1.115 1.48 1.43 1.45 2.23 2.48 2.44 .......... 2.113 4.00 5.31 5.18 8211 8.47 4.51 3.83 3.113 3.10 5.77 7211 7211 
2.4~ 2.22 1.l1li 1.52 1.30 1.19 1.15 1.80 1.34 1.88 2.01 1.20 0.80 0.83 
2.5X~ 11.42 4.114 3.57 2.911 2.81 2.&7 5.18 7.14 7.37 7.011 3.83 2.30 2.40 

2.4.l-tIb.1OII1)'iibot1Ol 0.00 0.04 0.07 0.00 0.08 0.011 0.05 0.00 0.00 0.00 0.08 0.06 am 
2.3.-~ 1.18 1.15 1.05 0.114 0.10 0.82 0.113 1.06 1.12 1211 0.112 0.511 0.83 
3,5-X)IoooI 1.16 1.40 1.45 1,38 1.41 1.47 1.22 1.33 1.14 1.33 1.37 1.3$ 1.41 

2.3.s~ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.4.s'1n~ ... 1OI 0.15 0.10 0.10 0.10 0.11 0.10 0.10 0.23 0.15 0211 0.10 0.10 0.12 

dIp/IoI1)IiIIII 7.83 11211 12.30 12.117 12.112 13.01 10.57 9.14 1.38 10.18 13.07 12.80 12.00 

~ 0.24 0.74 1.10 1.37 1.411 1.52 0.97 0.57 0.52 0.51 1.54 2.18 2.00 
~ 0.31 0.78 1.04 1211 1211 127 0.111 0.15 0.57 0.58 1211 1.83 1.53 

llnIu-. 0.l1li 1.l1li 2.011 2.22 2.37 2.42 1.77 1.38 124 124 2.15 2.50 2.35 
llnIu-. 0.00 0.20 0.21 0.33 0.37 0.38 0211 0.15 0.12 0.12 0.311 0.50 OM 
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Table Fa: Results from experiment a 
ld'Il-t ld'Il.,1 xtll-3 ld'Il-4 ld'Il06 ld'Il" ld'Il-7 ld'Il" xt11 .. xt11-10 xt11-11 xt11-12 xt11-13 xt11-14 xt11-1S xt11-1' xt11-17 
111 23." 41113 "'1 10.113 114.20 13S.23 141.11 154.11e 1".11 1110." 191.08 201.21 213.13 22II.lIII 231.8 2S2.5I 
0.111 0.111 Ul 0.111 11.111 0.111 0.112 0.112 0.112 0.02 0.02 0.02 0.04 0.04 0.04 0.04 0.04 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -- 0.43 1.50 1.112 1.55 1.35 1.15 0.67 0.82 0.46 0.42 0.34 0.33 O.la 0.15 0.15 0.18 0.20 

T04_ 0.18 0.58 5.75 0.42 0.33 028 0.21 022 0.09 0.11 0.07 0.10 0.08 0.03 0.04 0.08 0.09 
p.Xj'Ione 0.04 023 0.21 0.13 0.10 0.08 0.08 0.05 0.02 0.03 0.00 0.02 0.02 0.00 0.00 0.01 0.02 
<>-Xj'Ione 0.02 0.05 0.04 0.03 0.03 0.03 0.02 0.03 0.00 0.02 0.00 0.1)2 0.01 0.00 0.00 0.00 0.02 

OIhorUglU 0.00 0.19 0.12 0.00 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 110.40 49.68 46.45 54.33 511.80 82.41 71.50 78.00 110.87 110.20 19.1. 8320 86.08 81.18 ".18 87.12 87.80 

""""'"'" 1.211 2.37 2.23 2.12 2.01 2.00 1.70 122 1.12 120 1.1' 0.75 0.55 0.42 0.40 0.38 0.38 
2.8 XyIonoI 0.1. 0.03 0.00 0.00 0.00 0.00 0.12 0.20 020 0.19 0.20 020 0.20 0.19 0.18 0.18 0.17 ..- 0.50 0." 0.112 0.78 0.112 0.78 0.71 0.57 0.54 0.55 0.52 0.39 028 0.24 0.23 0.23 0.23 ...- 1.74 322 3.01 2.82 2.74 2.12 2.08 1.55 1.38 1.46 1.42 1.02 0.75 0.85 0.82 0." 0.85 
2.4X)4onoI 029 1.78 128 0.81 0.57 0.48 0.11 0.30 0.32 029 0.211 028 029 025 0.23 0.21 0.17 
2.11 XyIonoI 2.33 0.43 0.17 0:0 0.35 0.41 0.78 1.39 1.34 122 1.32 2.05 2.84 3.10 3.19 3,41 2.98 

2.4.~ 0.11 0.27 0.22 0.18 0.15 0.13 0.09 0.18 0.17 0.17 0.17 0.18 0.18 0.18 0.18 0.18 0.16 
2.3-X)4onoI 0.110 1.38 1.13 1.111 0.86 0.93 0.12 0.85 0.83 0.82 0.80 0.46 0.37 0.34 0.29 0.31 0.30 

2.3.6-!~ 0.00 0.12 0.11 0.10 0.09 0.00 0.04 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 
3,5·X)4onoI 0.08 0.09 0.07 0.08 0.10 0.11 0.11 0.14 0.15 0.15 0.15 0.11 0.09 0.08 0.00 0.01 0.00 

2.3.~ 0.21 0.52 0.38 0.23 0.15 0.12 0.05 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.4.~ 0.00 0.18 0.15 0.15 0.1. 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
~ 7.86 19.118 22.80 23.43 21.51 20.18 15.48 10.91 9.73 10.50 1124 9.07 8.19 8.01 521 5.38 5.93 
~ 0.31 1.1111 1.78 1.47 1.13 0.86 0.54 022 0.14 0.15 0.18 0.011 0.05 0.04 0.03 0.04 0.04 
~ 0.30 120 1.15 1.00 0.84 0.76 0.51 0.21 0.18 0.19 0.21 0.13 0.00 0.05 0.04 0.04 0.04 IIH-_ 0.00 4.52 4.00 3.57 2.82 2.80 1.88 1.37 1.00 1.08 1.05 0.71 0.44 0.37 0.34 0.31 0.38 - 0.00 0." 0.52 0.37 027 021 0.14 0.10 0.00 0.05 0.05 0.03 0.01 0.01 0.Q1 0.01 0.01 

0.73 0.88 0.110 0.70 0.52 
100.00 100.00 100.00 100.00 100.00 

Table Fa (continued) 

0.20 0.38 0.43 0.36 0.38 T_ 
0.011 0.11 0.13 0.11 0.11 

p.X)'Iono 0.02 0.03 0.04 0.03 0.03 
<>-Xj'Ione 0.02 0.02 0.03 = 0.02 

OIIwUgHo 0.00 0.00 0.00 0.00 0.00 - 81.78 77.84 14.73 19.75 77.34 - 0.112 120 1.41 1.10 1.34 
2.8X)4onoI 0.18 0.17 1.50 0.15 0.14 

~ 0.41 0.52 0.58 0.50 0.57 ......- 1.11 1.54 1.114 1.41 1.70 
2.4)(y101no1 0.23 021 020 0.18 0.19 
2.5X)/IonoI 1.lI4 1.20 0.98 1.70 1.23 

2.4.~001 0.17 0.17 0.14 0.15 0.13 
2,3-X)/IonoI 0.411 0.55 0.58 0.49 0.54 

2.3.6-!J~"oII'14Phe'" 0.00 0.02 0.02 0.02 0.00 
3,5-X)/IonoI 0.12 0.14 0.14 0.11 0.14 

2.3.5·tri,,~001 0.00 0.00 0.00 0.00 0.00 
3,4,5.f1k,iiIIIW/_ooI 0.00 0.00 0.00 0.00 0.00 
~ 10.55 13.11 14.1S7 11.33 13.05 
~ 0.13 023 0.31 022 0.30 
~ 0.14 026 0.31 0.23 0.20 
IIH-_ 0.75 1.05 123 0.93 1.12 - 0.03 0.05 0.07 0.05 0.08 
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Table F9: Results from experiment 9 

- 70..32 52.00 4927 51.99 53.38 60.32 11.30 13.24 13.116 72.22 15.31 81.04 113.39 114.10 114.52 88.70. 114.16 .....- 3.03 4.03 3.91 3.89 3.79 3.29 2.29 2.09 1.92 2.26 1.95 1.311 1.21 1.37 1.35 0..99 121 
2,1X}4onoI 0..52 0.97 0.112 0..49 0.31 021 0.08 0.32 0..33 0.45 0.33 C.2lI 0..211 0.37 0.35 0.25 0..35 - 1.41 1.93 1.19 1.80 1.81 1.75 1.41 1.25 121 1.31 125 0..89 0..74 0..78 0.72 0.63 0.87 - 3.42 4.84 4,46 4.26 4.12 3.78 2.47 2.05 1.88 1.79 1.70. 1.12 0..87 a.n 0.75 0.75 0.74 
2.4X}4onoI 0.37 0..90 o.n 0.89 0.81 0..33 0..59 0..57 0.54 0.54 0.53 Q.42 0.38 0..35 0.34 0..34 0.34 
2.5X}4onoI 0.58 0.46 0.311 0.32 0..30 0..33 0..42 0..44 0..45 0..44 0.45 0.58 0..84 0.59 0.83 O.Bl 0.65 

2.4.~ 0.30 0.43 0.38 0.23 0.18 0.11 0..05 0..31 0..33 0..33 0..35 0..61 0.13 0..13 0..79 0..79 0.63 
2.3.1~ 0.82 1.0.1 0..90 0..74 0.114 0.58 0.32 0..24 0..20 0..19 0..17 0.10. 0.03 0..03 0.04 0.03 0..03 

2.3X}4onol 0..10 0.75 0..66 0.70. 0.76 0..82 0.78 c.n 0..75 0.75 0..13 0.50 0.43 0.37 0.37 0.35 0.37 
3,4 J<)4omI 0.15 0.11 0.01 0..20 0.10. 0.03 0..09 0.09 0.09 0..09 0.03 0.09 0.10. 0.09 0.11 0..03 0.11 
3,SX}4onoI 0..31 0..15 0..11 0.11 0.12 0.18 0.38 0.42 0.43 0.43 0..42 0.47 0..52 0.46 0.51 US 0..54 

2.3.~ 0.23 0.20 0.19 0.17 0.18 0..15 0.32 0..311 0..39 0.40 0.40 0.43 0..41 0..44 0.45 0.44 0.46 
2,3,5,6 O.2ll 0..03 0.11 0.01 0..01 0.05 0..11 0.14 0..14 0..14 0.14 0.211 0.31 0.31 0.31 0.30 0.33 
dl~ 7.97 14.03 18.24 18.42 18.00 17.17 11.90 11.99 11.66 12.29 11.49 G.31 8.78 6.10 5.62 5.89 5.94 
3-ilIIO~ 0.63 1.69 2.04 1.13 1.38 1.13 0.50 0.35 0..29 0.32 0.27 0.15 0.03 0.07 0..03 0..03 0.03 

~ 0.78 1.03 124 1.13 0..95 0.65 0.41 0.42 0..38 0..46 0.37 0.29 0.26 0.24 0..22 0.23 0..29 
Unknown 0.18 0.58 0..57 0..43 0..33 0..27 0.13 0.10 0.03 0.09 0..03 0.05 0..04 0..04 0..04 0..03 0..02 
Unknown 2.37 4.65 5.22 4.83 4.21 3.94 2.49 2.33 2.05 2.03 1.91 1.32 1.03 0.93 0.90 0.117 0..92 

Table F9 (continued) 

... TfP.l' 1'fI'.1' TF ..... TfP..1'I TfI'..U 

'""'" 274.113 -.:II DU1 347 S1UII - 11.01 11.01 11.01 0.G1 0.1/'1 
I..IghIo 0.20 o..liO 0.72 0.70 0..71 - 112.03 l1li.88 6621 811.19 l1li.52 .....- 123 2.33 2.n 2.19 3.15 

2.6X)1om1 029 0.34 0.32 0..33 0..411 - 0.80 1.46 1.67 1.66 1.T.! 

"'""""'" 1.03 2.38 2.80 2.81 2.72 
2,4X}4onoI 0.42 0.54 0.56 0.57 0.57 
2,5X}4onoI 0.112 0.32 0.26 0.25 0.25 

2,4.~ 0.71 0.22 0.13 0.12 0.12 
2,3.6f11n~104 0.09 023 0.28 0.28 0.27 

2.3X)1om1 0.51 0.14 0.90 0..90 0.88 
3.4.,...,.. 0.10 0.09 0.09 0.09 0.09 
3.5X)1om1 0.52 0.211 0.28 0.19 0.19 

2.3,5-1r'~"1 0..411 023 0.18 o .• e 0.18 
2.3.5.e 0..21 om 0.04 0..04 0.04 
~ 8.22 14.38 15.411 15.27 14.53 
~ 0.12 049 0.84 0.60 0.511 

~ 0.04 0.09 0.811 0..116 0.14 
IJriIInI>Wn 0.01 0.1. 0.14 0.14 0.13 
IJriIInI>Wn 1.29 2,44 2.71 2.112 2.611 

H 0.111 3.01 3.11 2.112 3.51 
100.00 100.00 100.00 --------------, 

E 
.1 

.im l'.114S 
310.19 335.18 
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Table F10: Results from experiment 10 

Toluene 1164 1.00 0.68 0.112 O.M 0.8' 0.31 0.75 0.64 0.87 
p.x)4orlo 0.25 0.45 0.40 0.41 0.41 0.41 O.n 0.34 0.31 0.32 
o-xyIona 0.04 0.19 0.18 0.15 0.15 0.18 0.38 0.13 0.11 0.12 

Other lights 0.08 0.09 0.05 0.11 0.28 0.32 0.32 0.25 0.20 0.04 - 30.96 20.92 22.112 24.17 28.70 28.05 28.34 27.75 27.28 27.85 ..- 7.91 12.33 11.84 11.10 10.90 10.59 10.28 8.00 8.99 1027 
2,8 X)IonoI 1.13 0.13 1.25 1.35 1.51 1.36 1.33 1.11 1.38 1.41 - 3.89 0.45 4.43 4.68 4.68 4.70 4.00 4.1111 4.n 4.67 ........... 8.79 15.75 1528 14.13 14.40 14.50 1427 13.16 12.72 12.83 
2,4 X)IonoI 2.37 2.14 2.02 2.55 2.54 2.55 2.38 2.78 3.08 3.12 
2.5X)IonoI 20.73 9.08 10.18 10.71 13.03 '4.22 15.35 14.10 13.59 13.51 
2,lX)40nol 5.07 6.20 5.74 5.22 4.94 4.56 4,43 4.64 5.27 5.57 

2,4,~ 028 0.50 0.46 1149 0.47 0.43 0.42 0.42 0.46 0.45 
3.5X)IonoI 2.09 3.24 3.00 2.74 2.68 2.46 2.18 2.46 2.71 2.74 

2,3.&hnet~ 027 0.50 Q.47 0.51 0.5' 0.47 0.43 0.47 0.52 0.50 
3,4,~noI 0.92 1.55 1.50 0.89 0.97 0.66 128 0.67 0.91 1.24 
~ 2.22 2.57 2.42 2.09 1.89 l.n '.112 1.94 2.25 2.42 
~ 0.99 1.00 1.71 1.89 1.54 1.39 1.41 1.46 1.59 1.64 

~""'" 0.00 1.17 121 1.13 1.04 0.99 0.99 1.03 1.11 1.15 
u_ 1.55 2.08 '.63 1.55 1,34 1.25 1.30 1.35 1.47 1.46 
U'*'-" 1.58 2.00 2.35 2.05 1.64 1.48 1.54 1.63 1.72 1.00 

Table F11: Results from experiment 11 
'lIl 

n 
0.02 0.111 11.111 

21i1ii 10.12 10.15 
2,~ e.l1 20.4e 21.23 21.92 21.89 21.89 21.-ro 
2,kyIonoI 18.50 lUI 28.33 32.47 31.53 31.13 :IIl.54 
2,3-x)IonoI 30.12 10.31 10.03 10.17 10.27 10.44 10.47 
3,kyIonoI 9.14 13.112 15.n 13.32 13.81 13.73 14.04 
3,4. 12.17 13.24 13.58 12.08 12.n 12.118 12.94 .... 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

.. 



Univ
ers

ity
 of

  C
ap

e T
ow

n




