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Light products (Ps) declined from high selectivity at initially high reaction temperature and 

catalyst activity and then settled at low values, following the trend in the conversion ofDPE. 

Low temperature of 200°C resulted in low conversion, with significant change in the product 

selectivities. 

At the end of the optimisation series of experiments, two other experiments were carried out, one 

with pure DPE as the feed (Experiment 49) and another one with pure MeOH as the feed 

(Experiment 50). With pure DPE, conversion dropped immediately to <0.5%, the only product 

(in traces) being phenol, probably due to DPE hydrolysis with moisture in the feed. With 

methanol as the feed, traces of light hydrocarbons were formed. 
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5.10 REPRODUCIBILITY 

Reproducibility experiments were conducted only over H-beta-25 and CBV90A catalysts. 

Experiments 25 and 27 were both carried out at standard screening conditions, over the same load 

(L4) ofH-beta-25 catalyst (see Figure 5-5 to Figure 5-7 and Figure 5-23). 

Experiments repeated at standard screening conditions over the single load of CBV90A (L 1) 

confirmed reproducibility as well (Figure 5-38 to Figure 5-41, Experiments 38, 40, 42, 44 and 47, 

at 140-160,240-280, 330-350,410-450 and 570-610 hours on stream, respectively). Selectivities 

and conversion changed slightly due to slow deactivation of the catalyst. 

Data for experiments at standard conditions only are shown in Figure 5-42 and Figure 5-43, to 

illustrate the above. 
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Figure 5-42: DPE conversion and selectivity of the product families from DPE 
methylation over CBV90 (LI). Selected data points obtained from repeat 
experiments at the standard screening conditions of Table 5-2 
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Figure 5-44: Ratios of the mono-methylated the ratio of di- and mono-pal'a-methylated 
products from DPE methylation over CBV90A (Ll). Selected data points obtained 
from repeat experiments at the standard screening conditions of Table 5-2 
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5.11 RESULTS FROM THERMODYNAMIC EQUILIBRIUM CALCULATIONS 

Synthetic route to p-cresol from phenol, via DPE, is a three-stage process according to the 

following sequence of reactions (shown in Figure 1-3 and Figure 1-4) : 

1. Phenol condensation to diphenyl ether (DPE) 

2.a Methylation ofDPE to p-phenoxy toluene (PPT) 

2.b Methylation ofPPT to p-tolyl ether (PTE) 

3. Cleavage ofp-tolyl ether to p-cresol 

Estimation of thermodynamic properties was carried out using the various methods described in 

Section 2.3.1. Water was considered as described in Section 2.3.2, and the Gibbs free energy was 

calculated according to Equation 2-12, Section 2.3, as follows: 

Equation 2-12 

Estimations obtained from quantum mechanics, using molecular modelling techniques, are given 

in Appendix VII, Figure A.6. 

5.11.1 Phenol condensation 

The gas phase equilibrium curves of phenol condensation to diphenyl ether and water 

2 PhOH .. .. DPE + H20 

are based on stoichiometry shown in Table 5-5. 

Table 5-5: Compound table for pbenol condensation to DPE and water 

Compound Initial moles Moles at equilibrium Mole fraction 

Phenol 2 2(1-Xeq) 1- Xeq 

Water 0 Xeq Xeq 12 

DPE 0 Xeq Xeq 12 

:E 2 2 1 
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The equilibrium constant for this condensation reaction based on compound Table 5-5, is given 

by Equation 2-9. 

LlGrxnl 
RT 

Equation 5-1 

Table 5-6 gives the calculated thermodynamic properties and the equilibrium conversion of 

phenol condensation to diphenyl ether and water, at normal conditions, calculated from literature 

data as well as using various estimate methods. 

Table 5-6: Predicted gas phase equilibrium conversion for phenol condensation to 
diphenyl ether and water at normal conditions, 298 K, AGro and AHro in kJ/mol, see 
Appendix 1.1 

, Gl 
I,Ll ""',!~~~~ 
, HO 
:Ll f ,Joback 

: 
: 0 
iLlGf ,vKV 

, I 
!2*PhOIf ~ 

-65.82 

-192.96 

175 

49.99 

a Stoichiometric values (i.e. 2 PhOH) 

-228.6 

-228.8 

b Literature data (experimental), except van Krevelen and Chermin 

O.oI 0.15 

1.93 

7.09 

6 
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Figure 5-45: Predicted gas pbase equilibrium conversion of pbenol to dipbenyl etber 
and water 

Thennodynamic equilibrium curves vs temperature for reaction in which phenol is condensed to 

diphenyl ether is shown in Figure 5-45. The curve labelled "Ideal Gas" in Figure 5-45 is partially 

based on literature data (see Appendix I). This curve appears to go through a maximum, a very 

unusual phenomenon for equilibrium curves. 

ASPEN curve and Ideal gas curve are both based on the same data, from literature (see 

Appendix 1.1), except that the ASPEN calculation takes fugacity coefficients into account, which 

improves the curvature of the equilibrium curve. ASPEN suggests a slightly endothennic reaction 

and a slight increase in equilibrium conversion with increasing temperature. 

Joback's method predicts a curve that rises slightly, flattening out as temperature increases. This 

curve, together with the ideal gas one, as well as the ASPEN curve suggests that the equilibrium 

III I I IIiI I' 
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converSIOn is low and that the extent of the reaction is weakly affected by the reaction 

temperature. 

Benson's method shows a steady drop of equilibrium conversion with increasing temperature, 

hence an exothermic reaction. 

The method by van Krevelen and Chermin predicts the reaction to be endothermic, with 

equilibrium conversion rising with increasing temperature. 

Generally, van Krevelen's is considered to be the most inaccurate of the above mentioned 

property methods whereas Benson's is generally considered to be the most accurate (see 

Section 2.3.1). Benson's method suggests that the condensation is exothermic, whereas van 

Krevelen and Chermin's method suggests an endothermic reaction whilst "Ideal Gas" and 

"ASPEN" curves together with the curve from Joback's method predict close to thermo­

neutrality for this reaction. 

It is not clear at this stage, as to which of these methods has the best accuracy in terms of 

equilibrium conversion and what the real trends are. However, all the methods suggest that 

phenol condensation in the temperature range of interest, 200 to 300°C, is possible but 

equilibrium limited, far below 100% conversion. 

5.11.2 Methylation of diphenyl ether 

Equilibrium conversion in the reaction, methylation of diphenyl ether to p-phenoxy toluene and 

water was calculated from various thermodynamic estimate methods. 

The equilibrium conversion at normal conditions calculated from these methods is given in Table 

5-8. Methanol side reaction to dimethyl ether was ignored. In a study conducted on phenol 

methylation using methanol (Landau et aI., 1997), this side reaction was found to be negligible 

(see Section 2.1.14). 
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The compound table for methylation of diphenyl ether to p-phenoxy toluene and water is shown 

in Table 5-7. 

Table 5-7: Compound table for methylation ofDPE with methanol to p-phenoxy toluene 
and water 

Compound Initial moles Moles at equilibrium Mole fraction 

DPE 1 1- Xeq (1- Xea)/2 

Methanol 1 1- XeQ (1- Xea)/2 . 

Water 0 Xea Xea 12 

PPT 0 Xea Xea 12 

L 2 2 1 

The equilibrium constant for the first methylation step, based on compound Table 5-7, is given by 

Equatio 5-2. 

Equation 5-2 

Table 5-8: Predicted gas phase equilibrium for methylation of diphenyl ether (DPE) at 
normal conditions, 298 K, AGro and AHro in kJ/mol, see Appendix 1.1 

a Literature data (experimental), except van Krevelen and Chermin 
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Equilibrium conversion as a function of temperature for DPE methylation to p-phenoxy toluene 

and water, using different thermodynamic estimate methods is shown in Figure 5-46. 
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Figure 5-46: Equilibrium conversion for methylation of DPE with methanol to 
p-phenoxy toluene and water 

All the estimate methods predict high equilibrium converSIon for this reaction, over the 

temperature range of interest, which is 200 - 300°C. 
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5.11.3 Methylation of p-phenoxy toluene 

Compound table for methylation of p-phenoxy toluene (PPT) with methanol to p-tolyl ether 

(PTE) and water (second methylation step of DPE) is given in Table 5-9. 

Table 5-9: Compound table for methylation of p-phenoxy toluene with methanol to p-tolyl 
ether and water 

Compound Initial moles Moles at equilibrium Mole fraction 

PPT 1 1- Xeq (1- Xeq)/2 

Methanol 1 1- Xeq (1- Xeq)/2 

Water 0 Xeq Xeq /2 

PTE 0 Xeq Xeq/2 

1: 2 2 1 

Equilibrium constant for the second methylation step is given by Equation 5-3. 

Equation 5-3 

Equilibrium conversion for methylation of p-phenoxy toluene (PPT) to p-tolyl ether (PTE) at 

normal conditions is tabulated for various thermodynamic estimate methods in Table 5-10. 
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Table 5-10: Predicted gas phase equilibrium for methylation ofp-phenoxy toluene with 
methanol to p-tolyl ether and water at normal conditions, 298 K, AGro and AReo in 
kJ/mol, see Appendix 1.1 

! lhO· Alfrm AGorm Krm XO
eq PPT + I 

L~Go ,Joback -228.8 -51 8.E+08 

i AHr° )oback -242.0 -57.91 
}"",""'W._,.~",,,. ___ ~~,," ~_ . 

-228.6 -55 

-68 9.E+ll 

a Literature data (experimental), except van Krevelen and Chermin 

Equilibrium conversion as a function of temperature for methylation of p-phenoxy toluene to 

p-tolyl ether and water is plotted in Figure 5-47, using different thermodynamic estimate 

methods. 
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Figure 5-47: Equilibrium conversion plot for methylation ofp-phenoxy toluene with 
methanol to p-tolyl ether and water 

All the methods also predict high equilibrium conversion for the second methylation step, over 

the temperature range of interest, which is 200 - 300°C. 

5.11.4 Cleavage of p-tolyl ether 

Equilibrium conversion for p-tolyl ether cleavage with water to p-cresol at normal conditions was 

calculated from various thermodynamic estimate methods. 
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Compound table for p-tolyl ether cleavage reaction is given in Table 5-11. 

Table 5-11: Compound table for p-tolyl ether cleavage with water to to p-cresol 

Compound Initial moles Moles at equilibrium Mole fraction 

PTE 1 1- Xeq (1- Xeq)/2 

Water 1 1- Xeq (1- Xeq)/2 

p-Cresol 0 2 Xeq Xeq 

1: 2 2 1 

The equilibrium constant for cleavage reaction, according to compound table (Table 5-11) is 

given by Equation 5-4. 

Equation 5-4 

The equilibrium conversion at normal conditions calculated from various estimate methods is 

given in Table 5-11. 

Table 5-12: Estimated equilibrium conversion for p-tolyl ether (PTE) cleavage with water to 
p-cresol at normal conditions, 298 K, AGr

o and AHro in kJ/mol, see Appendix 1.1 

I 0 
i L\ Of )0 back 

o 
L\Hr ,Ben 

PTE + 

• Stoichiometric values (i.e. 2 PC) 

I 

2*PC· ~ 

-68.3 

-257.2 

-100.0 

-66.3 

-252.6 

b Literature data (experimental), except van Krevelen and Chermin 

--_ .. ~ ........ _--_._- .. _- --_._-_ .......... - -_._--- ---

I 

AIfrm AGonn K'rm 0 
X eq 

-7 

-0.79 
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Equilibrium converSlOn as a function of temperature for p-tolyl ether cleavage with water to 

p-cresol is shown in Figure 5-48. 
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Figure 5-48: Equilibrium conversion plot for cleavage ofp-tolyl ether with water, to 
p-cresol 

The cleavage step is somewhat a reverse of the first step, which is condensation. This is reflected 

in the curves of Figure 5-48, curving in directions opposite to those of Figure 5-45, for each 

thermodynamic estimate method. 

It appears that the reaction, p-tolyl ether cleavage with water to p-cresol is possible in the 

temperature range of interest, 200 - 300°C, but does not undergo total conversion due to 

equilibrium limitations. 
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5.12 RESULTS FROM MOLECULAR DYNAMICS 

In Table 5-13, the drift speeds (average velocities) ofvanous products diffusing through the pore 

system (wide pores) of zeolite mordenite are shown. Diffusivity of a species through the zeolite is 

related to the drift speed, by Equation 2-43 through to Equation 2-45. The diffusion constant of 

each species, calculated according to Equation 2-45, is also given in Table 5-13. 

Table 5-13: Diffusion coefficients in the wide pores of zeolite mordenite, estimated from 
molecular dynamics 

Compound Drift speed, s [Alps] NAtoms tsimulation (ps) Di X 10-8 [cm/s] 

PPT 5.31 26 40 19 

MPT 1.42 26 40 1 

OPT 2.1 26 40 3 

PTE 3.55 29 40 8 

The diffusion constants suggest configurational diffusion, according to Figure 2-16 and Figure 

2-17. 
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6. DISCUSSION OF RESULTS 

It could be shown that methylation of diphenyl ether with methanol over a shape selective 

zeolite, H-mordenite, indeed resulted in enhanced plo-substitution ratios of about 5, Figure 

5-41, which is significantly higher than what was achieved hitherto, via direct methylation of 

phenol with methanol over shape selective acid zeolites. The highest plo-substitution ratio in 

direct phenol methylation reported to-date being 1.5, over H-MCM-22, (see Section 2.1.14.1). 

The results were reproducible, as shown in Section 5.10. 

6.1 PRODUCTS OF THE REACTION 

The products of interest from DPE methylation reaction are shown on the chromatogram of 

Figure 4-9, namely p-phenoxy toluene (PPT) and p-tolyl ether (PTE) or the mono-para and 

the di-para-methylated DPE, respectively. 

It appears that the light products recorded at the very beginning of the chromatogram were a 

result of the conversion of methanol to olefins and other hydrocarbons (Methanol-to-olefins 

and methanol-to-gasoline reactions, Chen et aL (1994». 

The majority of the light products appearing in the chromatogram prior to DPE, lumped as Ps, 

are phenolics (phenol, cresols, xylenols) and are thought of being due to cleavage ofDPE and 

other alkylated diphenyl ethers (OADPEs). The cleavage is made possible by water that is 

produced from the methylation reactions, as well as from etherification of methanol to 

dimethyl ether (Chen et aI., (1994» and to some extent by further methylation of the resulting 

phenols. 

It was expected, as discussed in Section 2.1.7, for the ether linkage of DPE to be stable over 

the temperature range tested. Very little cleavage was observed with H-beta zeolite for 

temperatures below 250°C, indicated by very little amounts of phenol and some methylated 

phenols, however this was not the case with other catalysts, wherein the ether cleavage 

selectivity closely followed catalyst activity. 

However, no general or systematic trends pertaining to the reaction conditions could be 

identified for the formation of these phenolic compounds, when considering other results. 
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Selectivities range from 5 to 70% at the standard screening conditions (see Figure 5-5 Exp 25 

and Exp 27, Figure 5-8, Figure 5-11, Figure 5-14, Figure 5-17, Figure -20 and Figure 5-38 at 

around 420 to 450 hours on stream). Selectivity of phenols, for instance, increased from 5 

mol% to about 30 mol%, with increasing reaction temperature, from 200 to 300°C, over 

CBV90A but declined over the same temperature range from 80 mol% to 10 mol% over 

H-beta-25. Both catalysts were tested at feed partial pressure of 13 bar and same MeOH to 

DPE molar ratio of2 (see Figure 5-38 and Figure 5-5). 

The OADPEs (other alkylated diphenyl ethers) are thought to be unidentified tolyl ether 

isomers as well as other multialkylated derivatives of DPE either by methylation with 

methanol andlor possibly alkylation with olefins formed from methanol-to-olefms (Chen et 

al., 1994) reaction. 

The heavy products (HPs), were, as shown in the second part of the chromatogram (Figure 

4-10). thought to be the result of the reaction of DPE with the products of methanol 

conversion and not just dimers of DPE. This was postulated from an observation that the 

heavy products disappear in the absence of any of the two feed components, that is methanol 

or DPE (see Experiment 49 and Experiment 50, in Figure 5-38 and Section 5.9). However, the 

retention times of the HPs in the gas chromatograms (Figure 4-9 and Figure 4-10) are 

significantly higher than those of the OADPEs. It was therefore concluded that the HPs are 

not multialkylated derivatives ofDPE but multi cyclic compounds. 

The high selectivity towards one to three specific HP compounds could also mean that the 

HPs are a family of polycyclic, probably tricyclic compounds. It can be speculated that 

tricyclics may have formed as a result of condensation of DPE with phenol from DPE 

cleavage reaction. This may be supported by an observation that the trends of Ps and HPs are 

always opposed regardless of the kind of zeolite, see Figure 5-5 (over H-beta-25), Figure 5-8 

(over H-MFI-50) and Figure 5-14, Figure 5-20, Figure 5-30, Figure 5-34 and in particular 

Figure 5-38 (all these over mordenite based zeolites). 

It is notable that selectivity to HPs was high only for the catalysts with a mono-dimensional 

channel system, namely the mordenites. Also different from other zeolites (see Section 5.2), 

the HPs fraction obtained from mordenites consisted essentially of a single compound (see 

chromatogram, Figure 4-10). It can be speculated that this reflects the shape selective 
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properties of this zeolite as well, also indicating long residence times In the 

non-interconnected pore systems. 

6.2 CATALYST SCREENING CONDITIONS 

Search for catalyst screening conditions was carried out over H-beta-2S. The results are given 

in Section 5.3 (introductory experiments) and Section 5.4 (search for catalyst screening 

conditions) and the figures given in the respective sections, together with Figure 5-23. 

Finding the suitable catalyst screening conditions was a crucial intermediate target in the early 

stages of the research program, and as a result, discussion of the results of the search process 

has been included in the results chapter (see Section 5.4). 

The screening conditions derived were as follows (see Table 5-2): 

T = 250°C 

Ptotal = 20 bar 

Pfeed = 13 barR 

PN2 =7bar 

mdry zeolite =3g 

MFR = 2 mol MeOHfmol DPE 

WHSV = 0.56 gDPd(gdry zeolite' h) 

a At 250°C, the vapour pressure of methanol is 93 bar whereas that of DPE is 0.8 bar. It was on this basis that the 

feed partial pressure was considered to be solely due to methanol. 

6.3 CATALYST SCREENING - THE CATALYST OF CHOICE 

Steady state results from catalyst screening are given in Table 5-4, with the summary of the 

most important data in Table 6-1. 

The different catalysts were ranked according to the following criteria, wherein high values 

were desired for each parameter. 

• para-/ortho-phenoxy toluene ratio (PPT/OPT) 

• para-/meta-phenoxy toluene ratio (PPTIMPT) 

• selectivity to para-phenoxy toluene (SPPT) 

• selectivity to total phenoxy toluenes (SPTIs) 

----- .. _---.--_.- --... 
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• conversion and catalyst stability 

Finding the best catalyst was a crucial intermediate target in the early stages of the research 

program, and as a result, ranking was done in Section 5.8, of the results chapter, based on the 

data of Table 5-4. 

The multiple rankings carried out in Section 5.8 concluded mordenite based catalyst, 

CBV90A, as the catalyst of choice, based mainly on the fIrst two criteria, but excluding 

H-Mor-40 on the basis of catalyst stability (see Figure 5-29 and Section 5.5.4). 

Table 6-1: Steady state average DPE conversion as well as selectivities and isomer ratios 

for the PTIs from DPE methylation over various catalysts tested at standard 

screening conditions of Table 5-2 

Catalyst 

H-beta-25 

H-MFI-50 

H-USY 

H-Mor-40 

CBV21A~oooc 

CBV21A~oooc 

CBV90A 

a Calcined at 400°C 

b Calcined at 500°C 

XDPE [%] 

35 

5 

9 

9 

15 

9 

13 

SPTls SPPT 
[mol%] [mol%] 

75 23 

18 11 

58 20 

18 16 

23 16 

65 27 

22 18 

SOPT SMPT PPT PPT 
[mol%] [mol%] OPT MPT 

48 3 0.5 9 

5 1 2 9 

34 3 0.6 7 

2 0.2 7 94 

7 1 2.2 29 

35 3 0.8 10 

4 0.3 4.5 53 
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6.4 INFLUENCE OF PRETREATMENT AND REACTION CONDITIONS 

6.4.1 Calcination temperature 

Zeolite CBV21 A was obtained in ammonium form and was therefore calcined for 

deammination to obtain the acid form. Two temperatures, 400°C and 500°C were chosen to 

determine the effect of calcination temperature on the performance of the catalyst. Indeed, 

calcination temperature was found to have a strong effect. Effects of higher calcination 

temperature on conversion, individual selectivities and isomer ratios are tabulated in Table 

5-3, Section 5.7. An excerpt of Table 5-3 and Table 5-4, with major selectivities and isomer 

ratios, is given as Table 6-2 (see also Appendix IX.1). 

Table 6-2: Effect of calcination temperature on DPE methylation over CBV21A at 

different reaction temperatures 

CBV21A calcined at 400°C (see Figure 5-17 to Figure 5-18 and Figure 5-27) 

Exp. TrxD rOC] XDPE SPPT SPTE SOPT SMPT PPT PPT 
[%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

31 250 15 16 1.5 7 0.5 2.2 29 

32 300 34 14 1 13 1.4 1.1 10 

CBV21A calcined at 500°C (see Figure 5-30 to Figure 5-33) 

Exp T no rOC] XDPE SPPT SPTE SOPT SMPT PPT ~ 
[%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

35 250 9 27 0.4 35 2.6 0.8 10 

34 275 33 20 1 35 2.6 0.6 8 

33 300 63 12 1.2 31 2.2 0.4 6 

Increase in calcination temperature has the following effects : 

• Loss of activity at low reaction temperatures 

• Loss of para-selectivity (in terms ofPPT/OPT and PPTIMPT ratios) 

• Decrease in selectivity of both light and heavy by-products 

Considering that the calcination procedure was carried out at high pressure (20 bar) and very 

low flow rate of the purging gas (nitrogen at 20 mllmin, see Table 4-3), the build up of 

harmful levels of ammonia and steam partial pressures appears possible. 
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It can be speculated that this results in a partial collapse of the crystal structure and hence 

reduced acidity and formation of mesopores resulting in reduced shape selective properties 

and residence times of reactants and products in the zeolite channels. 

6.4.2 Reaction temperature 

The reaction temperature for DPE methylation over mordenite based catalysts, CBV21A and 

CBV90A, had significant effect on the conversion and product selectivities. This was 

summarised for CBV21A in Section 5.6 and is shown for CBV90A in Table 6-3. The values 

represent the steady state averages derived from Figure 5-35 and Figure 5-37. 

Table 6-3: Effects of reaction temperature on DPE methylation over CBV90A, obtained 

at steady state with all other variables at standard screening conditions of 

Table 5-2 

Exp. T rxn [OC] XDPE [%] SPPT SOPT SMPT SPTE PPT PPT 
[mol%] [mol%] [mol%] [mol%] OPT MPT 

45 200 1.1 19 8 0.5 0.7 2.4 39 

38 250 13.4 17.7 3.9 0.3 2.3 4.5 52.5 

37 275 21 11 5 0.6 0.9 2.3 17 

36 300 26 8 5 0.9 0.3 1.5 8 

Selectivity to PPT and PTE, the para-methylated products, decreased with an increase in 

reaction temperature, whereas that of OPT remained almost constant. Though selectivity of 

MPT is small, an increase in selectivity was noticed, with increasing reaction temperature and 

conversion. Decreasing selectivity to PPT with increasing temperature could have been due to 

both the reduction in the extent of side reactions that are only significant at high temperature 

and increased conversion. 

The high selectivity of other alkylated diphenyl ethers, OADPEs, at high temperature and 

conversion (see Figure 5-38 at low time on stream), suggests that the latter, i.e. mainly 

conversion, is the reason for this high selectivity. This is to an extent proved by the selectivity 

versus conversion plots of Section 6.6. 

Overall, selectivity to phenoxy toluenes declined and p-selectivity also decreased with 

increasing reaction temperature. However, due to limited data, it cannot be ascertained 

whether this is a real temperature effect or a result of enhanced conversion. 
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Very low temperature of 200°C also appears to produce poor p-selectivity. However, these 

results may be erroneous due to very low conversion. 

6.4.3 Pressure 

Table 6-4 shows the effect of reaction pressure on conversion and selectivity over the catalyst 

of choice, CBV90A. Effects of pressure on the reaction under study were also conducted 

during the first phase (search for standard screening conditions, with zeolite H-beta-25), and 

respective data are included for comparison. 

Table 6-4: Effect of pressure on DPE methylation over CBV90A and H-beta-25, 

obtained at steady state with aU other variables at standard screening 

conditions of Table 5-2 

CBV90A (see Figure 5-39) 

Exp. PFeed [bar] XOPE SPPT SOPT SMPT SPTE PPT PPT 
[%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

48 7 12 18 6 0.5 1.8 3.2 38 

38 13 13.4 17.7 3.9 0.3 2.3 4.5 52.5 

H-beta-25 (see Figure 5-1 and Figure 5-5) 

Exp. PFeed [bar] XOPE SPPT SOPT SMPT SPTE PPT llI... 
[%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

23 0.75 17 29 43 3.4 1.5 0.7 9 

IS 4 34 23 49 2.S 1.4 0.5 9 

27 13 34 24 48 2.5 1.2 O.S 9 

Except below 4 bar partial pressure of feed when the total reaction mixture was in the gas 

phase (YoPE = 0.25, Tnbp, OPE = 258°C; Treaction = 2S0°C), pressure effect on both conversion and 

selectivity is minor, as expected for liquid or dual phase reactions. 

~-----~---
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6.4.4 Weight hourly space velocity 

Table 6-5: Effects of weight hourly space velocity on DPE methylation over CBV90A 

and H-beta-25, obtained at steady state with all other variables at standard 

screening conditions of Table 5-2 

CBV90A (see Figure 5-38); MFR=2, Pfeed=15 bar 

Exp. No. WHSV XDPE SPPT SOPT SMPT SPTE PPT PPT 
[h-Ila [%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

39 0.28 19 16 3 0 2.1 4.7 49 

38 0.56 14 17 4 0 2.3 4.5 53 

41 1.13 7 19 4 0 2.4 4.5 58 

H-beta-25 (see Figure 5-1); MFR=l, Pfeed=0.7 bar 

Exp. No. WHSV XDPE SPPT SOPT SMPT SPTE PPT PPT 
[h-l]a [%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

5 0.41 8.5 35 49 4 0.9 0.7 9 

14 0.41 11 34 49 4 1.1 0.7 9 

4 1 7 36 50 4 0.8 0.7 9 

Varying space velocity influences conversion, as expected, but has no substantial effect on 

isomer selectivity except for the di-methylated product, PTE. Though on a low level, 

selectivity of PTE seemed to increase with increasing conversion for H-beta-25 and decrease 

with increasing conversion for CBV90A. 

6.4.5 Molar feed ratio 

Due to methanol being the major contributor to feed partial pressure, a change in molar feed 

ratio resulted in a ~hange in feed partial pressure. 
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Table 6-6: Effects of molar feed ratio (MFR) on DPE methylation over CBV90A and 

H-beta-25, obtained at steady state with all other variables at standard 

screening conditions of Table 5-2 

CBV90A (see Figure 5-38) 

ExpNo. MFR PFeed XOPE SOPT SMPT SPPT SPTE PPT PPT 
[bar] [%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

43 0.5 3 6 6 1 15 0.9 2.8 25 

38 2 13 14 4 0 17 2.2 4.5 53 

46 4 18 15 4 0 19 2.5 4.1 56 

H-beta-25 (see Figure 5-1) 

ExpNo. MFR PFeed XOPE SOPT SMPT SPPT SPTE PPT PPT 
[bar] [%] [mol%] [mol%] [mol%] [mol%] OPT MPT 

7 0.1 0.6 0.1 50 5 39 0.4 0.8 8 

4 1 0.7 7 50 4 36 0.7 0.7 9 

Varying the molar feed ratio (MFR) in both CBV90A and H-beta-25 zeolites influences 

conversion significantly, but has little effect on selectivities for OPT and MPT, over both 

catalysts. However, isomer ratios show a significant decline at low MFR (see Figure 5-41, 

data points around 400 hours on stream). The effect on PPT and PTE with CBV90A was a 

pronounced increase in selectivity with increasing MFR. In the case of H-beta-25, increase in 

conversion, following an increase in MFR, resulted in a decrease in PPT selectivity and a 

slight increase in PTE selectivity. 

6.5 OPTIMUM CONDITIONS 

Reaction conditions were optimised with the catalyst of choice, CBV90A. High p-Io-ratio is 

desired because p-cresol, the targeted final product, is to be obtained from cleavage of the 

methylated ethers. Low content of the meta-isomer is also desired because separation of meta­

and para-cresol is cost intensive, due to their close boiling points (see Section 2.12.4). 

Selectivities over the catalyst of choice, CBV90A, seemed not to vary much with the change 

of conditions except in the beginning when the catalyst was fresh and when the reaction 

--- ----
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temperature was high (see Figure 5-38 and Figure 5-39). However, a more differentiating 

approach reveals the details and changes. 

There are four major criteria for optimisation, and these are as follows: 

1. para/ortho ratio (PPT/OPT) 

2. para/meta ratio (PPTIMPT) 

3. selectivity to para-phenoxy toluene (PPT) 

4. conversion and catalyst stability 

A combination of the last two in the criteria list gives another criterion, which is yield. 

Figure 5-41 shows that criteria 1 and 2 were generally met at conditions of medium reaction 

temperature (250°C), high molar feed ratio (MFR?::2) and high feed partial pressure (13 bar). 

Note that feed partial pressures higher than the above could not be tried because of the 

technical limitations of the experimental equipment. Under the conditions mentioned above, 

PPT/OPT ratio of around 5 and maximum PPTIMPT ratio of around 55 were obtained. 

Figure 5-39 and Figure 5-40 indicate that within the range of high PPT/OPT ratios, PPT 

selectivity was almost constant, slightly below 20%, and that the highest DPE conversion 

(ca. 25%) and thus the highest yield of PPT (ca. 5%) were achieved at low space velocity 

(minimum possible WHSV of 0.28 gDPEI (gzeolitc.h» and high methanol to DPE molar feed 

ratio (i.e. MFR>2). 

In can be concluded that the optimum reaction conditions for DPE methylation over CBV90A 

are as shown in Table 6-7. 

Table 6-7: Optimum reaction conditions for DPE methylation with methanol over zeolite 

mordenite based Zeolyst catalyst, CBV90A 

T Temperature 250°C 

P Pressurea >13 bar 

MFR Molar feed ratio (MeOHIDPE) >2 mol/mol 

WHSV Weight hourly space velocity 0.3 - 0.5 gDPEI (gdryzeolitc'h) 

a Pressure must be high enough to keep as much of the feed in the liquid phase as possible. No carrier gas would 

be needed. 
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The effect of conversion on selectivity (i.e. indirect consequence of varying reaction 

conditions such as WHSV) is discussed in Section 6.6. 

It is notable that the heavy products, HPs, account for about half of the total product (see 

Figure 5-38). Selectivities are lower at high catalyst activity and high reaction temperature but 

this change is combined with higher selectivity to products from ether cleavage and not 

beneficial to PTI selectivity. 

The conversion and product composition obtained from diphenyl ether methylation over 

CBV90A catalyst under optimised conditions are the following (see steady state average 

results from Exp. 38 to Exp. 40, Appendix IX.I): 

Diphenyl ether conversion 

p-Io-phenoxy toluene ratio 

p-Im-phenoxy toluene ratio 

Selectivity of p-phenoxy toluene 

Selectivity of phenoxy toluenes 

: 12.5 -18.6 % 

: 4.6-4.7 

: 49 - 54 

: 16.6-17.8 mol% 

: 20.4 - 22 mol% 

However, formation of heavy compounds, which may have been due to condensation of 

diphenyl ether with phenol from the side reaction of DPE cleavage, is high, resulting in heavy 

product selectivity of 40 mol % (of the converted DPE). 

6.6 SELECTIVITY VS CONVERSION 

Plots of selectivity vs conversion give access to information about stable and unstable 

products, primary and secondary products as well as the way reaction parameters influence 

selectivity, that is be it directly or indirectly via conversion, as shown Figure 6-1 to Figure 

6-4. The figures show selected data from DPE methylation over CBV90A catalyst. 
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Figure 6-1: Selectivity plot as a function of conversion for mono-methylated products, 

their ratio and the heavy products, over CBV21A calcined at 400°C, at 

standard screening conditions 

50 5 
III OPT 

Exp 32 
40 • PPT 4 I-a.. 

""S' 
~ 
(5 
.§. 30 

~ 
';; 
:;::I 20 (J 
G,) 

G,) 

tn 
10 

IJ HPs 

+PPT/OPT ;0 
!f 

~: 

0 
i= 

3 a.. 
a.. 
0 

:;::I 

2 ~ .... 
'" (5 

::::E 
1 

0 0 
o 10 20 30 40 50 60 70 80 

Conversion rio] 

Figure 6-2: Selectivity plot as a function of conversion for mono-methylated products, 

their ratio and the heavy products, over CBV21A calcined at 400°C, at 

reaction temperature of 300°C 
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Figure 6-3: Selectivity plot as a function of conversion for mono-methylated products, 

their ratio and the heavy products, over CBV21A calcined at 500°C, at 

reaction temperatures of 300, 275 and 250°C 
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Figure 6-4: Selectivity plot as a function of conversion for mono-methylated products, 

their ratio and the heavy products, over CBV90A at various reaction 

conditions 
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Figure 6-1 shows selectivity versus conversion plots for CBV21~oo·c at standard screening 

conditions. In this graph, selectivity to OPT increases with increasing conversion with a 

simultaneous drop in selectivity to HPs. Selectivity to PPT, the desired product, remained 

almost constant. 

Examining selectivity data when arranged as a function of conversion, results appear not to be 

very consistent. However, para-selectivity, expressed as PPT/OPT ratio, appears to decline 

constantly and consistently with increasing conversion. Low PPT/OPT ratio at low conversion 

in Figure 6-4 is a result of unfavourable conditions, which are very low temperature (200°C) 

and low MFR «1 mol MeOHImol DPE). These effects can be seen from Table 6-3 and 

Figure 5-41 at ca. 500 hours on stream, as well as Table 6-6 and Figure 5-4 at ca. 400 hours 

on stream. 

The rate constant is a function of temperature according to Arrhenius relation expressed as: 

E.a 
k = k .e - RT 

o Equation 6-1 

An increase in temperature increases the rate constant. From Equation 2-1, an increase in the 

rate constant increases the Thiele modulus, which implies that mass transport limitations also 

increase. Increased mass transport limitations will result in higher selectivity for the product 

with a higher diffusion constant and thus increase plo-ratio. This would be the case if the 

reaction is product selectivity controned. 

A restricted transition state selectivity to an ortho methylated product corresponds to higher 

activation energy (Ea) for ortho methylated product relative to that for para product. High 

temperature favours the high activation energy reaction, which means that transition state 

restricted o-methylation would be accelerated. However, the observed decrease of the 

plo-ratio with increasing temperature could also be due to secqndary isomerisation and that 

the shape selective effects obtained over zeolite mordenite based I catalysts could be by product 

selectivity. 

Constant decline of the PPT/OPT ratio with increasing conversion may indicate isomerisation. 

However, since selectivity to meta substituted isomers is very low, isomerisation via 

1,2-methyl shift on the ring can be excluded. Isomerisation would then have to occur via 

trans alkylation, with unconverted DPE. However, in the straight non-interconnected channels 
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of zeolite mordenite, this may be suppressed as well as at high PPT/OPT ratios, even at 

medium conversion. This is however not so over wide pore zeolites with wide pore 

intersections (H-beta-25) of supercages (H-USY), see Table 5-4. 

6.7 DEDUCTION FROM THERMODYNAMIC CALCULATIONS 

Reaction equilibria calculated from estimated thermodynamic properties revealed that 

methylation would be able to proceed to almost completion but data was not sufficient to 

affirm equilibria for phenol condensation and methylated diphenyl ether cleavage, in the 

process route from phenol to p-cresol, via diphenyl ether (see Section 5.11 and Appendix VII, 

Figure A-6, for the results). 

6.8 DEDUCTIONS FROM MOLECULAR MODELLING 

An attempt was made calculating relative diffusion coefficients from molecular modelling 

data (see Section 5-12). Even though the relative diffusion constants have reasonable trends, 

the results were discarded on the basis of the force fields of the molecular dynamics software 

used at that time being inaccurate. 

Molecular dynamics results on diffusion of OPT, MPT and PPT in zeolite mordenite pores are 

given in Section 5.12, Table 5.13. The diffusivities obtained are in the region of 

configurational diffusion (see Figure 2.16 and Figure 2-17). However, the results from 

molecular dynamics are not adequate to quantify relative diffusivities due to inaccuracy of the 

force fields, which were used. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

High plo- and very high plm-ratios of phenoxy toluenes from DPE methylation were 

obtained over mordenite based catalysts, which makes the process route interesting 

compared to the present and only commercial process selective to p-cresol manufacture, 

which is alkylation of toluene sulphonates. 

Table 7-1: Comparison of phenoxy toluene isomer ratios for the commercial 

process, phenol methylation over zeolite H-MCM-22 and the process 

route investigated in this study 

Alkali fusion of toluene 
sulphonates8 

plo-ratio 

plm-ratio 

a See Table 2-7, Section 2.1.11 

b In the cresols 

C In phenoxy toluenes 

dSee Section 2.1.14.1 

gb 

8b 

Methylation of diphenyl Phenol methylation 
ether over H-MCM-22d 

4.5c 1.3 

50c high 

Formation of the mono-para methylation product, PPT, is favoured at intermediate 

temperature of 250°C, high MeOHIDPE molar ratio, high pressures of 13 bars and more 

and at low space velocities ofless than 0.5 gDPEI (gdry zeolite·h). 

Since the above conditions result in low conversion, the di-para methylated product, 

PTE, which is formed by a series reaction, is formed with low selectivity. 

In the case of product shape selectivity, it is required that the intrinsic kinetics allow for 

rapid isomerisation, reaching isomer equilibrium distribution inside the zeolite crystals 

(Haag and Olson, 1984). The less bulky isomers then diffuse rapidly out of the pores 

and the bulky ones isomerise back to re-establish equilibrium. Practically no m-isomer 

was obtained, even though it is the most thermodynamically stable isomer and 

comparable in bulkiness to the o-isomer, isomerisation is unlikely to occur via 
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1,2-methyl-shift so that a transalkylation mechanism of DPE with methylated DPEs 

must be considered. 

However, in contrast to zeolite H-USY with its large supercages (see Section 2.2.7) and 

zeolite H-beta with its comparably wide pore crossings that are accessible from different 

directions, the pore spaces in mordenite are far more restricted to straight channels (of 

6.7 x 7.0 A diameter) and small side pockets wherein DPE molecules can be hardly 

accommodated such that ortho-to-para methyl group trans alkylation appears possible. 

Therefore it is concluded that the high selectivity to para-methylation of DPE over 

mordenite-based catalysts could be due to transition state selectivity, suppressing 

o-methylation, rather than product selectivity. 

7.2 RECOMMENDATIONS 

Product selectivity over mordenite based catalysts is still affected by significant 

amounts of heavy by-products, HPs, formed. 

Optimisations of process variables with intent to minimise the heavy product still needs 

to be carried out, because this is a great potential for increasing selectivity to 

para-alkylated product. Studies should be undertaken to identify the HPs and the 

reactions through which they form, given the fact that neither of the two feed 

components alone forms the HPs. Given the suggested mechanism (see Section 6.1) of 

condensation of DPE with phenol from DPE cleavage reaction (with reaction water), 

converting DPE/water mixture may be the first step into this investigation. 

There is therefore a need to clarify the effect of co-product water, from the reaction 

investigated. 

Future work should include mordenite catalysts with deactivated external crystal surface 

area to passivate sites which may be contributing to non-para-alkylation and 

isomerisation by transalkylation, to see if this will improve selectivity to the para 

product. 
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Given the big differences observed between the three mordenite-based catalysts tested, 

it is still necessary to test other SiOz/Ah03 ratios, as well as mordenite based catalyst 

from other sources. 
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APPENDIX 1.1 

Gas phase literature data for the reactants and products of the process route from phenol to p-cresol. 
used for "Ideal gas" calculations of Section 5.11.1 (Sinnott, 1999) 

Compound molar mass ~H nbp 
v ~Hfo 

kg/kmol kJ/mol kJ/mol 

Water 18.0 40.68 -242 

Methanol 32.0 35.28 -201.3 

Phenol 94.1 45.64 -96.67 

p-Cresol 108.1 47.48 -125.48 

Diphenyl ether 170.2 47.14 49.99 

p-Phenoxy toluene 184.2 - -
p-T olyl ether 198.2 - -

IJ Source: Perry and Green (1997) 

AH nbp 
L.l v :: Change in the enthalpy of vapourisation 

AHf
o 

L.l :: Change in the enthalpy of formation at 298 K 

~Gfo 

kJ/mol 

-228.77 

-162.62 

-32.91 

-30.9 

175 8 

-
-

AG
f
o 

L.l :: Change in the Gibbs Free Energy of formation at 298 K 

Cp [J/moi. K] 

A B C 0 

32.24 1.92E-03 1.06E-05 -3.60E-09 

21.15 7.09E-02 2.59E-05 -2.85E-08 

-35.843 5.98E-01 4.83E-04 1.53E-07 

40.633 7.05E-01 -5.76E-04 1.97E-07 

-60.73 9.28E-01 -5.87E-04 1.36E-07 

- - - -
- - - -
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Estimation of the Gibbs free eneray using van Krevelen and Chermin's method 
(Reid et al •• 1977) 

R == 1.987 cal/gmol.K 

AG == A + 8T rr in K] 

1 -58.076 1.154E-02 -59.138 1.316E-02 

Compound Groups frequency A B A 

H3C- 1 -10.943 2.22E-02 -12.31 2.44E-02 
CH:sOH 

-OH 1 -41.56 1.28E-02 -41.56 1.28E-02 

.+R In a.xt (1 ) 0 O.OOE+OO 0 O.OOE+OO 

Compound Groups 

-C"'" , 1 4.675 1.15E-02 5.01 9.88E-03 

0 -OH 1 -41.56 1.28E-02 -41.56 1.28E-02 

-CH- S 3.047 6.1SE-03 2.50S 7.06E-03 

6-C ring 1 -1.128 -1.64E-02 -1.93 -1.S0E-02 

.+R In a.xt (2) 0 i.38E-03 0 1.38E-03 
-22.778 4.008E-02 

,1Go [kJ/mol] 

--~~ - - - ---
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APPENDIX 1.2 Page: 2 

d Groups frequency 

-C/ 
......... 2 4.675 1.15E-02 5.01 9.88E·03 

-OH 1 -41.56 1.28E-02 -41.56 1.28E-02 

- CH3 1 -10.943 2.22E-02 -12.31 2.44E-02 

-CH- 4 3.047 6.1SE-03 2.505 7.06E-03 

6-C ring 1 -1.128 -1.64E-02 -1.93 -1.50E-02 

.+R Ln aellt (2) 0 1.38E-03 
-32.093 6.758E·02 

AGo [kJ/mol] 

Compound Groups frequency 

-0- 1 -18.37 8.00E-03 -16.07 4.00E-03 

-C/ 
......... 

2 4.675 1.1SE-02 5.01 9.SSE-03 

-CH- 10 3.047 6.1SE-03 2.505 7.06E-03 

6-C ring 2 -1.128 -1.64E-02 -1.93 -1.50E-02 

.+R Ln aellt (2) 0 1.38E-03 
19.194 6.118E-02 

AGo [kJ/mol] 

Compound roups frequency 
(a 

-0- -18.37 8.00E-03 -16.07 4.00E-03 

-CH 3 1 -10.943 2.22E-02 -12.31 2.44E-02 

...... C/ 
......... 

3 4.675 1.15E-02 5.01 9.88E-03 

-CH- 9 3.047 6.15E-03 2.505 7.06E-03 

6-C ring 2 -1.128 -1.64E-02 -1.93 -1.50E-02 

.+R Ln aext (1) 0 0 O.OOE+OO 
9.879 
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APPENDIX 1.2 Page: 3 

-0- 1 -18.37 8.00E-03 -16.07 4.00E-03 

-CH 3 2 -10.943 2.22E-02 -12.31 2.44E-02 

-C'" ......... 
4 4.675 1.15E-02 5.01 9.SSE-03 

-CH- 8 3.047 6.15E-03 2.50S 7.06E-03 

6-C ring 2 -1.128 -1.64E-02 -1.93 -1.S0E-02 

.+R In craxt (2) 0 
0.564 

---------- ------ - ---- ---
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APPENDIX 1.3 

Estimation of thermodynamic properties using Benson's method (Reid et ai, 1987). 

Group 

300 

H) 1 -158.68 121.71 18.13 18.63 20.18 

CH 30H 1 -42.29 127.32 25.92 32.82 39.36 

(MeOH) .+RLn(cr} 3 

-162.2 

Group 

6 
O-(GsHH) 1 -158.68 121.84 18.00 18.84 20.1 

Gs-(O) 1 -3.77 -42.71 16.33 22.19 25.96 

Gs-(H) 5 13.82 48.27 13.57 18.59 22.86 
(Ph) 

.+R Ln (cr) 2 -5.76 

21.9 25.2 

45.18 54.55 

21.77 25.12 

27.63 28.89 

26.38 31.57 

27.67 

61.84 

-117.4 

27.63 

28.89 

35.21 

Page: 1 

+- Il.Sf
o [J/mol.K] 

+-- Il.Hf
o [kJ/mol] 

+-- 1l.G, 0 [kJ/mol] 

+- Il.Sf
o [J/mol.K] 

+-- Il.H,o [kJ/mol] 
+-- Il.Gf

o [kJ/mol] 
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APPENDIX 1.3 Page: 2 

roup 

O-(Cs)(H) 1 -158.68 121.84 18.00 21.77 25.12 27.63 

Cs-(O) 1 -3.77 -42.71 16.33 22.19 25.96 27.63 28.89 28.89 

Cs-(H) 4 13.82 48.27 13.57 18.59 22.86 26.38 31.57 35.21 

CB-(C) 1 23.07 -32.2 11.18 13.15 15.41 17.38 20.77 22.78 

C-(Cs)(Hh 1 -42.2 127.32 25.92 32.82 39.36 45.18 54.51 61.84 
(PC) 

.-R Ln (0) 6 -14.90 

+- ASf
o [J/mol.K] ...- AHf

o [kJ/mol] 
...- AGf

o [kJ/mol] 

O-(Csh 1 -88.34 30.7 4.56 5.11 6.28 8.33 11.93 14.7 

Cs-(O) 2 -3.77 -42.71 16.33 22.19 25.96 27.63 28.89 28.89 

Cs-(H) 10 13.82 48.27 13.57 18.59 22.86 26.38 31.57 35.21 

Ether 0 1 1.3 0 -0.42 -3.73 -4.61 -3.06 -2.51 -0.96 

(DPE) .-R In (0) 4 -11.53 

1:= 172.5 231.66 282.19 324.33 
-406.1 -339.1 -261.3 -180.3 -29.2 105.6 +- AS,° [J/mol.K] 
44.0 67.2 100.6 141.6 235.8 341.0 ...- AH,o [kJ/mol] 
165.8 202.9 231.3 249.8 259.2 235.4 ...- AGf

o [kJ/mol] 
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APPENDIX 1.3 Page: 3 

O-(CBh 1 -88.34 30.7 4.56 5.11 6.28 8.33 11.93 14.7 

Q CB-(O) 2 -3.77 -42.71 16.33 22.19 25.96 27.63 28.89 28.89 

0 CB-(H) 9 13.82 48.27 13.57 18.59 22.86 26.38 31.57 35.21 

0 CB-(C) 1 23.07 -32.2 11.18 13.15 15.41 17.38 20.77 22.78 

H3C C-(CB)(Hh 1 -42.2 127.32 25.92 32.82 39.36 45.18 54.51 61.84 

(PPT) Ether 0 1 1.3 0 -0.42 -3.73 -4.61 -3.06 -2.51 -0.96 

.-R Ln (0-) 3 -9.13 

L = 196.03 259.04 314.1 360.51 426.61 473.03 
-493.5 -418.5 -332.2 -242.5 -73.5 77.9 .-- A5/' [J/mol.K] 
11.1 37.1 74.1 119.5 224.8 342.7 .- AHf

o [kJ/mol] 
159.1 204.5 240.2 265.0 283.6 264.9 .- AGf

o [kJ/mol] 
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APPENDIX 1.3 Page: 4 

p 

O-(Csh 1 -88.34 30.7 4.56 5.11 6.28 8.33 11.93 14.7 

H3C

Q 
Cs-(O) 2 -3.77 -42.71 16.33 22.19 25.96 27.63 28.89 28.89 

Cs-(H) 8 13.82 48.27 13.57 18.59 22.86 26.38 31.57 35.21 

0 
Cs-(C) 2 23.07 -32.2 11.18 13.15 15.41 17.38 20.77 22.78 

0 C-(Cs)(Hh 2 -42.2 127.32 25.92 32.82 39.36 45.18 54.51 61.84 

HaC 
Ether 0 1 1.3 a -0.42 -3.73 -4.61 -3.06 -2.51 -0.96 

(PTE) 

+R Ln (0") 18 

286.42 346.01 
-514.9 -420.1 -321.6 -134.7 33.3 ~ ASt [J/mol.K] 

-21.8 6.9 47.6 97.5 213.8 344.5 .- AHt [kJ/mol] 
157.5 212.9 257.7 290.5 321.6 311.2 .- AGf

o [kJ/mol] 
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APPENDIX 1.4 

Estimation of the thermodynamic properties using Joback's method (Reid et. al .• 1987). 

Compound Group frequency LlH Llc; Lla I Llb I Ac 1 ~ 
kJ/mol kJ/mol Cp [J/mol.K1 

H3C- 1 -76.45 -43.96 19.5 -8.08E-03 1.53E-04 -9.67E-OS 
CH30H 

-OH 1 -208.04 -189.2 25.7 -6.91 E-02 1.77E-04 -9.S8E-OS 
-216.2 -179.28 7.27 1.33E-01 -6.10E-05 1.05E-08 

6 
-CH- 5 2.09 11.3 -2.14 5.74E-02 -1.64E-06 -1.59E-OS 

-C/ 1 46.43 54.05 -S.25 0.101 -1.42E-04 6.78E-08 ....... 

-OH 1 -221.65 -197.37 -2.81 0.111 -1.16E-04 4.94E-08 
-96.48 -32.94 -S9.69 7.09E-01 -6.57E-04 2.44E-07 

H - CH3 1 -76.45 -43.96 19.5 -8.0SE-03 i.53E-04 -9.67E-OS 

.....-:: ....... CH- 4 2.09 11.3 -2.14 S.74E-02 -1.64E-06 -1.S9E-OS 
I 
~ -C/ 2 46.43 54.05 -8.25 0.101 -1.42E-04 6.7SE-OS 

....... 
H3 

-OH 1 -221.65 -197.37 -2.S1 0.111 -1.16E-04 4.94E-OS 
-128.59 -34.15 -46.3 7.45E-01 -6.4SE-04 2.31 E-07 

-
~ !J ....... CH- 10 2.09 11.3 -2.14 5.74E-02 -1.64E-06 -i.59E-08 

....... C/ 
....... 2 46.43 54.05 -8.25 0.101 -1.42E-04 6.7BE-OB 

- -0- -105 2.55E+01 -6.32E-02 1.11 E-04 -S.4SE-OS 1 -132.22 
~ !J 49.83 169.98 -50.33 9.23E-01 -6.80E-04 1.28E-07 

q -CH- 9 2.09 11.3 -2.14 S.74E-02 -1.64E-06 -i.S9E-OB 

-C/ 3 46.43 54.05 -S.25 0.101 -1.42E-04 6.7SE-08 

P 
....... 

-0- 1 -132.22 -105 2.55E+01 -6.32E-02 1.11 E-04 -5.4SE-OS 

--CH3 1 -76.45 -43.96 19.5 -S.OSE-03 1.53E-04 -9.67E-OS 
H3C 

17.72 168.77 -36.94 9.58E-01 -S.68E-04 1.1SE-07 

H'~ ~ -CH- 8 2.09 11.3 -2.14 5.74E-02 -1.64E-06 -i.S9E-08 

-C/ 4 46.43 54.05 -8.25 0.101 -1.42E-04 6.78E-08 ........ 

~ 
-0- 1 -132.22 -105 2.55E+01 -6.32E-02 1.11 E-04 -S.48E-08 

- CH3 2 -76.45 -43.96 19.5 -8.0SE-03 1.53E-04 -9.67E-OS 
-14.39 167.56 -23.S5 9.94E-01 -S.55E-04 1.02E-07 

H3C 
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APPENDIX 1.5 

Estimation of the thermodynamic properties using Voneda's method (Reid et. al .• 1987). 

Compound Group Operation AH As Aa I Ab I Ac 
kJ/mol J/mol Cp [J/mol.K] 

CH30H CH4 Base -74.9 186.31 16.71 65.65 -9.96 

+ [-CH3] Primary methyl -9.84 43.33 -9.92 103.87 -43.54 
substitution 

+ [-OH] Replacing CH3 group -119.07 8.62 7.29 -65.73 24.45 

Correction for type- -11.1 0.84 0.42 0 -0.42 
number and multiple 
substitution 

-214.91 239.1 
-286.162 

6 0 82.98 269.38 -22.52 402.81 -171.53 

+ [-CH3] Primary methyl -35.5 47.94 5.78 64.68 -19.51 
substitution 

+ [-OH 1 -146.58 -1.26 12.02 -49.82 24.28 
Replacing CH3 group 

Correction for type- -11.1 0.84 0.42 0 -0.42 
number and multiple 
substitution 

-132.4 318.58 
-227.337 

0 82.98 269.38 -22.52 402.81 -171.53 

+ [-CH3] Primary methyl -35.5 47.94 5.78 64.68 -19.51 
sUbstitution 

+ [-CHd Secondary methyl -28.72 36.22 5.48 60.33 -16.16 
substitution 

+ [-OH] -146.58 -1.26 12.02 -49.82 24.28 
Replacing CH3 group 

Correction for type- -11.1 0.84 0.42 0 -0.42 
number and multiple 
substitution 

-161.12 354.8 
-266.85 
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APPENDIX II 

Thermo-Gravimetric Analysis 

11.1 TGA for H .. Beta .. 25 - Heating rate = 10 °C/min 

4.0 

3.8 

- 3.6 Ie) 

.5. 
E 3.4 

3.2 

3.0 
0 100 200 300 400 500 

Thermogravimetric Analysis for HBeta-25 

0.01 ,-----------------------, 

0.008 

0.006 

0.004 

...... 0.002 
~ 
E 0 +-__tlll_---,----.:: 
<3 

-0.002 

-0.004 

-0.006 

-0.008 -'--------------------------' 

Derivative of TGA Plot for HBeta·25 

1 
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APPENDIX II 3 

Thermo-Gravimetric Analysis 

11.3 TGA for H-USY - Heating rate = 10 °C/min 

4.4 

4.2 

4.0 -IC» 3.8 
.§. 

3.6 E 
3.4 

3.2 

3.0 
0 100 200 300 400 500 

Tre] 

Thernogravimetric Analysis for HY 

0.015 

0.01 III 
III 
III 

0.005 
III .... I :g 0 E 

<3 200 300 400 5 0 
-0.005 Tre] 

..0.01 

-0.015 

Derivative of a TGA Plot for HY 

------------- -- -- -- -- - - - -- -- - ---



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX II 4 

Thermo-Gravimetric Analysis 

11.4 TGA for H-Mor-40 - Heating rate = 10 °C/min 

4.00 
3.95 
3.90 
3.85 
3.80 ....... 

C) 3.75 .Sa 3.70 
E 3.65 

3.60 

3.55 
3.50 

0 100 200 300 400 

T rC] 

Thermogravimetric Analysis Plot for Mor4O 

0.01 
III 

0.008 

0.006 
I 

0.004 
l1li .... 0.002 III 

~ l1li .. 
E 0 <I 

-0.002 

-0.004 

-0.006 

-0.008 

Derivative of a TGA Plot for Mor40 
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APPENDIX II 5 

Thermo-Gravimetric Analysis 

U.5 TGA for CBV21A - Heating rate = 2°C/min 

12.0 

11.6 

...... 11.2 
C') 

.5. 10.8 
E 

10.4 

10.0 
0 100 200 300 400 500 

TrC] 

Thermogravimetric Analysis plot for CBV21A 

0.005 

.. 
0 

I- ..0.005 
~ 
E 
<I ..0.01 

..0.015 

..0.02 

Derivative Plot of TGA for CBV21A 
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APPENDIX II 6 

Thermo-Gravimetric Analysis 

11.6 TGA for CBV21 A - Heating rate = 40 °C/min 

20.-----------------------------------------~ 

19 

J 

"-~---
c; 18 
§. 
E 17 

16 

15+-------~-------.------~--------~----~ 

o 100 200 300 400 50 

Thermogravimetric Analysis for CBV21A 

0.025 
II 

0.020 I 

0.015 , 
0.010 II ... II 

~ 0.005 II 
II 

E 0.000 <I 
-0.005 300 400 5 

..0.010 
T rC] 

..0.015 

-0.020 

Derivative of TGA Plot for CBV21A 
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APPENDIX III 

Calibration Data for the Pump and the Mass 

Flow Controllers 
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Carrier Gas Flow Rate 
Set Flow Avg IdV/dtl 

4 0.87 
9 2.04 
17 3.94 
29 6.92 
43 10.30 
57 13.72 
70 17.13 
91 23.33 

..... 25 
c 
'E -E 20 ..... 
(I,j .... 
l! 15 
~ 

;;::: 
iii 10 :::I 
t; 
C 

5 

0 
0 10 

6 

----_ ........... __ ._---_._-

APPENDIX 111.1 

Liquid Feed Rate 
Pump Setting F [ml/min] 

0.50 0.52 
1.00 1.03 
1.50 1.53 
2.00 2.03 
3.50 3.58 
4.00 4.10 
4.50 4.61 
5.00 5.09 

MFC Calibration at 25C1C, 1 bar 

y = 0.2545x - 0.3972 
R2 = 0.9984 

20 30 40 50 60 70 
Set Flow (%) 

Pump calibration with water at 26C1C 

80 

Y == 1.0203x + 0.0056 ...... 5 R2 == 0.9999 c 
E 

::::::: 4 E ....... 
CI,) - 3 l! 
3= 
0 2 
I;: -co 
:::I 1 -(.) 

« 
0 

0 1 2 3 4 
Pump Setting. 

90 100 

5 6 
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APPENDIX IV 

Experimental Calculations 

Pure Component Vapour Pressure Variation 

with Temperature 
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Experimental Calculations 

Densi~ constants 

MeOH 

OPE 

MM 

32.042 

170.211 

A 

2.308 

0.5564 

Base Case. 
Vpump :: "mLmix/min 
MFR :: Mols MeOH / Mols OPE 
XDPE :: 0.333 mol OPE I mol mix 

Vmixlure :: 0.08 L mix I mol mix 
<fiOPE :: 0.664 L OPE I L mixture 
<fiMeOH :: 0.336 L MeOH I L mixture 
VOPE :: 0.03 mUmin 
VMeOH :: 0.013 ml/min 

nOPE :: mmol/min 

nMaOH :: mmol/min 

POPE :: 

PMeOH :: 3 bar 
PT 

:: bar 0.667 

PN2 :: 1.5 bar 0.496 

nN2 :: 0.165 mmol/min 0.238056 
VN2 :: 4.043 mUmin 

mDPE :: 0.03 g/min 
WHSV:: 0.56 9 OPE/g Zeo/hr 
MFC :: % Old 
22105/02 % New 

B 

0.27192 

0.276 

C 

5.13E+02 

7.63E+02 

Case 1 
Vpump :: 

MFR :: 

XOPE :: 

Vmixlure :: 
<fiOPE :: 

<fiMeOH :: 

VOPE :: 

VMeOH :: 

nOPE :: 

nMaOH :: 

POPE :: 

PMeOH :: 

Pr :: 

PN2 :: 

nN2 :: 

VN2 :: 

mOPE :: 

WHSV== 
MFC :: 

22/05/02 

APPENDIX IV.1 

0 TRoom fC]:: 25 

0.2331 PMeOH [molldm3
] :: 24.6 

0.2666 POPE [molldm3
] :: 6.23 

mL mix/min 
Mols MeOH I Mols OPE 

0.200 mol OPE I mol mix 

0.06 L mix I mol mix 

0.497 L OPE I L mixture 

0.503 l MeOH I L mixture 

0.02 mUmin 

0.025 mUmin 

0.155 mmol/min 

0.62 mmol/min 

bar 
13.4 bar 

bar 
1.6 bar 0.08 

0.049 mmol/min 

1.210 mUmin 

0.03 g/min 
0.53 9 OPElg Zeo/hr 

% Old 
% New 

meat [g] == 3 

Case 2 

A 
P ""--..--............ 

S[1+6-!'fJ 
pm¥­
Tin K 

Vpump ::... mL mix I min 
MFR:: • Mols MeOH I Mols OPE 
XcPE:: 0.667 mol OPE I mol mix 

Vmixlure :: 
<fioPE :: 

<fiMaOH :: 

VDPE :: 

VMeOH :: 

nOPE :: 

nMaOH :: 

POPE :: 
PMeOH :: 

PT == 

PN2 :: 

nN2 :: 

VN2 :: 

mOPE == 
WHSV:: 
MFC == 
22105/02 

0.12 

0.888 

0.112 

0.03 

0.003 

l mix I mol mix 

LOPE Il mixture 

L MeOH Il mixture 

mUmin 

mUmin 

mmol/min 

mmol/min 

bar 
0.75 bar 

_bar 
3.75 bar 
0.415 mmollmin 

mUmin 

g/min 

10.140 

0.03 
0.56 9 OPE/g Zeo/hr 

% Old 
% New 
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APPENDIX IV.2 

Pure component vapour pressure variation with temperature. 

Antoine's constants (Sinnot, 1999} 

A 
B 
C 

T rC] T [K] 

150 423 
160 433 
170 443 
180 453 
190 463 
200 473 
210 483 
220 493 
230 503 
240 513 
250 523 
260 533 
270 543 
280 553 
290 563 
300 573 
310 583 
320 593 
330 603 
340 613 
350 623 
360 633 
370 643 
380 653 
390 663 
400 673 
410 683 
420 693 
430 703 
440 713 
450 723 
460 733 
470 743 
480 753 
490 763 
500 773 
510 783 

Ln(P "lap) =A __ 8_ 
T +C 

P "lap in mm Hg 

Tin K 

PhOH MeOH 
16.4279 18.5875 
3490.89 3626.55 
-96.59 -34.29 

PPh [atm] PMeOH [atm] 

0.41 13.80 
0.56 17.43 
0.75 21.78 
1.00 26.92 
1.31 32.95 
1.68 39.96 
2.14 48.04 
2.69 57.29 
3.34 67.82 
4.10 79.72 
4.99 93.09 
6.02 108.02 
7.20 124.62 
8.55 142.98 
10.07 163.19 
11.79 185.35 
13.70 209.55 
15.84 235.86 
18.20 264.38 
20.79 295.18 
23.64 328.33 
26.75 363.91 
30.14 401.99 
33.81 442.62 
37.77 485.87 
42.03 531.79 
46.60 580.44 
51.49 631.85 
56.71 686.07 
62.26 743.14 
68.15 803.09 
74.39 865.95 
80.98 931.75 
87.92 1000.51 
95.22 1072.25 
102.89 1146.97 
110.93 1224.70 

OPE p-Cresol Water 
16.3459 16.1989 18.3036 
4310.25 3479.39 3816.44 
-87.31 -111.3 -46.13 

POPE [atm] PPC [atm] PWlltllr [atm] 

0.04 0.20 4.68 
0.06 0.29 6.08 
0.09 0.40 7.80 
0.13 0.54 9.88 
0.17 0.72 12.37 
0.23 0.95 15.33 
0.31 1.23 18.81 
0.40 1.57 22.87 
0.52 1.98 27.57 
0.66 2.47 32.98 
0.83 3.05 39.14 
1.04 3.72 46.13 
1.29 4.51 54.02 
1.58 5.41 62.86 
1.92 6.44 72.71 
2.31 7.61 83.65 
2.77 B.93 95.74 
3.28 10.41 109.03 
3.87 12.05 123.58 
4.54 13.88 139.46 
5.29 15.89 156.73 
6.13 18.11 175.43 
7.07 20.53 195.62 
8.11 23.16 217.36 
9.26 26.02 240.69 
10.52 29.11 265.65 
11.90 32.44 292.30 
13.41 36.02 320.67 
15.06 39.86 350.81 
16.84 43.95 382.74 
18.77 48.30 416.51 
20.85 52.93 452.15 
23.08 57.84 489.67 
25.48 63.02 529.12 
28.04 68.49 570.51 
30.77 74.24 613.86 
33.68 80.29 659.20 
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IXV 

Summary of Catalyst Loads 
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APPENDIX V.1 Summary of catalyst loads 

WH20 
dl 

(load No.) Experiments [g] 

H-beta L 1 15 Powder 3.31 3.31 0.10 

H-beta (l2)d) 

H-beta (l3)d) 

5 Powder 3.32 3.32 0.10 

1 Powder 3.31 3.31 0.04 3.19 

1 Powder 3.26 3.26 0.08 2.99 

1 Extrudates 4.39a) 3.51 0.10 3.16 

1 Extrudates 4.17a) 3.34 0.10 3.00 

3 Extrudates 4.18a) 3.34 0.10 3.01 

15 Extrudates 4.0Sa) 3.24 0.07 3.01 

HUSY l1 1 Powder 3.31 3.31 0.18 2.72 

a) Based on assumption that extrudates have 20% by mass binder 

b) mwe,-zeolite::: mTotatO.8 

d) Mass fraction of water in the wet zeolite sample 

d) Abandoned due to experimental difficulties 

WH20 was obtained from TGA data 

[ml] 

43 

24 

6.2 10.0 10.2 26 

7.0 7.0 10.5 25 

6.0 8.0 10.0 24 

7.0 12.0 10.5 30 

8.5 11.5 9.5 30 

5.5 14.0 10.5 30 

7.0 5.0 10.0 22 
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APPENDIX VI 

Data for Reactor Temperature Profiles and 

the Heating Rate of the Reactor 
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APPENDIX VI.2 

ATIAt@ L=9Omm 
I [min] 

o 
1.6 
2.1 
2.5 
2.8 
3.1 
3.3 
3.5 
3.7 
3.9 
4.1 
4.3 
4.5 
4.7 
4.8 
5.0 
5.2 
5.3 
5.5 
5.7 
5.9 
6.0 
6.2 
6.3 
6.5 
6.7 
6.9 
7.0 
7.2 
7.4 
7.6 
8.0 
8.2 
8.5 
8.7 
8.9 
9.1 
9.3 
9.6 
9.8 
10.0 
10.3 
10.5 
10.7 
11.0 
11.2 
11.4 
11.7 
11.9 
12.1 
12.3 
12.4 
12.8 
13.1 
13.4 
13.7 
14.0 
14.3 
14.6 
15.0 
15.4 
15.7 
16.1 
16.5 
16.9 
17.4 
17.9 
18.4 
19.0 
19.6 
20.2 
20.9 
21.7 
22.6 
23.5 
24.5 
25.6 
26.7 
27.9 
29.2 
30.3 
31.5 
32.7 
34.6 
36.9 
40.0 

T1 
69 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
210 
215 
220 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 
345 
350 
355 
360 
365 
370 
375 
380 
385 
390 
395 
400 
405 
410 
415 
420 
425 
430 
435 
440 
445 
450 
455 
460 
465 
470 
475 
480 
485 
490 
495 
500 

Heating rate of the reactor 

ATIAt@ L=50mm ATIAt @ L=110mm lITIt.t@ l=70mm 
t[min] 

0.0 
0.2 
0.4 
0.5 
0.7 
0.8 
0.9 
1.1 
1.2 
1.4 
1.6 
1.7 
1.6 
2.0 
2.0 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
3.0 
3.3 
3.5 
3.7 
4.0 
4.1 
4.2 
4.4 
4.7 
4.9 
5.2 
5.5 
5.8 
6.1 
6.5 
6.8 
7.2 
7.6 
8.0 
8.4 
8.9 
9.4 
9.9 
10.6 
11.2 
12.0 
12.9 
13.9 
15.2 
16.6 
17.5 
16.5 
19.5 
20.5 
21.6 
22.7 
24.3 
27.2 
35.0 
40.1 

T2 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
100 
105 
110 
120 
125 
130 
135 
140 
145 
150 
155 
160 
170 
180 
190 
200 
210 
215 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
380 
370 
360 
390 
400 
410 
420 
430 
440 
450 
455 
460 
465 
470 
475 
480 
485 
490 
495 
499 

t[min] T3 
0.0 22 
1.5 25 
3.1 30 
4.1 35 
5.0 40 
5.7 45 
6.4 50 
7.1 55 
7.7 60 
8.2 65 
e.7 70 
9.2 75 
9.S 80 
10.0 85 
10.5 90 
11.3 100 
12.1 110 
12.8 120 
13.4 130 
14.1 140 
14.7 150 
15.4 160 
15.9 170 
16.5 180 
17.1 190 
17.7 200 
16.3 210 
18.9 220 
19.5 230 
20.3 240 
21.2 250 
22.3 260 
24.0 270 
26.9 280 
30.3 285 

360 

300 

260 

~ 200 

I- 160 

100 

60 

o 
o 

IImin] 
0.0 
1.7 
2.2 
2.9 
3.5 
4.0 
4.5 
4.9 
5.4 
5.8 
6.3 
6.7 
7.2 
7.7 
8.2 
8.8 
9.3 
9.9 

10.5 
11.2 
11.9 
12.7 
13.6 
14.6 
15.9 
17.6 
19.9 
24.7 

T4 
30 
35 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 

.. II .. II 
III 

II"'" ••• .... I'" ••• 

10 

H.allng Ra .. (Tmax II 300 0<:) 

.. II • • II .. • • 
II" 

1111 

•• •• 
•• 

~ •• 
•• IIT4 •• 

20 30 

Ilmln] 

800 ------------------------------, 

400 

600+-------------------------------------~ .. --_,.------~ __ _.dr_,~--__ ------_4 
... II II .. ~: .... ... " .. ........ 

•••• 

200+---~~--~~------------------------------------------------__4 

100 

10 16 20 26 30 4& 

Ilmln) 

H •• tlng Rate 
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APPENDIX VI.1 Data for reactor temperature profile 

Elqll 13I02iIl2 Elqll 13I02iIl2 Elql2 19102102 Elql4 29I02I02 ElqlX 18I04I02 
Llmml TI ~[mml 11> L[mm) TrC] Llmmj TrC} Llmm] TrC] 

0 299 0 300 0 255 0 253 0 255 
10 m 20 300 20 253 10 251 20 253 
20 299 40 300 40 252 20 251 40 251 
30 300 eo 300 60 252 40 251 eo 251 
40 301 eo 300 eo 253 eo 251 60 250 
60 301 90 300 100 253 80 251 100 250 
eo 302 100 301 120 251 100 251 110 249 
70 302 110 301 130 249 110 251 120 248 
60 302 120 301 140 248 120 250 130 247 
90 302 130 301 150 244 130 249 140 245 
100 302 140 300 160 241 140 246 150 243 
110 301 150 m 170 237 150 245 160 239 
120 300 160 2117 130 231 leo 242 170 233 
130 2117 170 2Il3 190 225 170 238 160 225. 
140 2115 160 287 200 217 180 232 
150 2112 190 279 190 228 
160 287 300 270 200 220 
170 253 210 264 210 216 
160 276 220 251 220 213 
190 288 230 258 230 210 
200 258 240 253 240 207 
210 252 250 248 250 205 
220 248 200 244 250 202 
230 243 270 235 270 197 
240 238 260 223 260 194 

ElqlX 28I04I02 ElqlX 2002103108 ElqlX 14I08I02 Elql4 26IOI!J02 Elql4 271061Ol! 
L[mm] TrCI LlmmJ Td LlmmJ To Llmmj TlrC] l[mml TarCI 

0 255 0 251 0 202 0 250 0 249 
20 253 10 250 10 201 10 250 10 249 
40 252 20 249 20 200 20 200 20 249 
60 252 30 249 30 200 30 249 30 249 
60 252 40 249 40 200 40 249 40 249 
100 253 50 249 50 200 50 249 50 249 
120 253 60 250 60 200 60 250 60 249 
130 252 70 251 70 200 70 250 70 249 
140 251 60 251 80 200 80 251 60 249 
150 249 90 251 90 201 90 251 90 250 
160 247 100 353 100 201 100 251 100 250 
170 243 110 252 110 201 110 251 110 250 
180 238 120 252 120 201 120 251 120 251 
190 228 130 251 130 201 130 251 130 251 
200 215 140 250 140 200 140 2411 140 251 
210 207 150 248 150 199 150 248 150 249 
220 201 160 245 160 197 180 245 160 247 
230 195 170 241 170 193 170 239 170 242 
240 191 160 233 180 187 160 232 180 235 

190 223 190 160 190 224 190 225 
200 213 200 173 200 213 200 215 
210 208 210 1116 210 205 
220 201 220 181 220 196 
230 198 230 157 
240 192 240 154 
250 187 250 150 

Clllclning - CIldnIng 241712002 Colcinlng 251712002 ElqlY 291712002 Calcining -Llmmj TrCl L[mmj TrC) L[mml TrCl Llmm] TrC] l(mml To 
0 397 0 4S4 0 479 0 275 0 297 
10 400 10 489 10 4S4 20 275 20 298 
20 403 20 494 20 491 40 275 40 300 
30 404 30 497 30 496 80 275 80 302 
40 404 40 500 40 496 80 275 60 302 
50 402 50 601 50 499 100 275 100 302 
60 401 60 501 60 500 120 275 120 301 
70 400 70 502 70 501 130 276 130 301 
60 399 80 502 80 501 140 276 140 299 
90 399 90 502 90 501 150 275 150 298 
100 399 100 502 100 502 160 272 180 294 
110 399 110 502 110 502 180 200 160 2S1 
120 399 120 500 120 502 200 240 200 257 
130 400 130 497 130 501 
140 399 140 493 140 499 
150 398 150 487 150 498 
160 388 180 478 160 489 
170 373 170 485 170 478 
160 355 180 4S4 
190 332 190 443 
200 305 200 420 

Pogo 1 
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APPENDIX VII.1 

PhOH DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy 
S 

HeaC Capacity 
Cp 

(callmoI.K) 
(ZPVE is included) 

46.772 7.949 
52.304 8.079 
55.67 8.639 

58.284 9.652 
60.579 11.021 
62.728 12.637 
64.808 14.425 
66.859 16.341 
68.898 18.345 
70.937 20.403 
72.979 22.48 
74.873 24.394 
75.024 24.546 
77.069 26.574 
79.111 28.544 
81.145 30.439 
83.168 32.252 
85.176 33.975 
87.164 35.608 
89.131 37.15 
91.074 38.605 
92.991 39.976 
94.881 41.268 
96.743 42.486 
98.575 43.635 
100.379 44.721 
102.153 45.747 
103.898 46.72 
105.614 47.642 
107.301 48.518 
108.96 49.351 
110.591 50.144 
112.195 50.901 
113.773 51.623 
115.324 52.314 
116.85 52.974 

118.351 53.607 
119.829 54.213 
121.282 54.795 
122.713 55.353 
124.121 55.889 

Enthalpy 
H 

(keal/mol) 

64.329 
64.529 
64.737 
64.965 
65.223 
65.518 
65.856 
66.24 

66.674 
67.158 
67.694 
68.237 
68.282 
68.921 
69.61 
70.347 
71.131 
71.959 
72.829 
73.739 
74.686 
75.669 
76.684 
77.731 
78.808 
79.913 
81.043 
82.199 
83.379 
84.581 
85.805 
87.048 
88.311 
89.593 
90.892 
92.209 
93.541 
94.889 
96.251 
97.628 
99.019 

63.16 
61.914 
60.562 
59.136 
57.65 
56.109 
54.514 
52.869 
51.172 
49.424 
47.625 
45.913 
45.775 
43.873 
41.921 
39.918 
37.864 
35.76 
33.605 
31.402 
29.149 
26.848 

24.5 
22.104 
19.663 
17.176 
14.644 
12.068 
9.449 
6.788 
4.085 
1.34 

-1.445 
-4.269 
-7.133 
-10.035 
-12.975 
-15.953 
-18.967 
-22.017 
-25.102 
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APPENDIX VU.1 

OPE OMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy Heat_Capacity 
S Cp 

(cal/moI.K) 
(ZPVE is included) 

53.707 10.257 
61.633 12.646 
67.11 14.509 
71.562 16.597 
75.52 19.023 
79.229 21.807 
82.821 24.934 
86.371 28.358 
89.92 32.011 

93.488 35.815 
97.083 39.69 
100.435 43.282 
100.703 43.568 
104.342 47.387 
107.991 51.105 
111.639 54.686 
115.279 58.112 
118.901 61.369 
122.497 64.454 
126.06 67.366 
129.586 70.111 
133.07 72.696 
136.509 75.13 
139.899 77.422 
143.241 79.583 
146.531 81.621 
149.77 83.545 

152.957 85.366 
156.093 87.089 
159.178 88.724 
162.213 90.276 
165.197 91.751 
168.132 93.155 
171.019 94.493 
173.859 95.769 
176.653 96.988 
179.402 98.152 
182.107 99.266 
184.768 100.332 
187.388 101.353 
189.966 102.332 

Enthalpy 
H 

(kcal/mol) 

113.539 112.197 
113.828 110.747 
114.168 109.135 
114.556 107.4 

115 105.56 
115.51 103.626 

116.094 101.6 
116.759 99.485 
117.513 97.281 
118.361 94.989 
119.305 92.607 
120.265 90.321 
120.346 90.135 
121.483 87.571 
122.714 84.917 
124.037 82.172 
125.447 79.335 
126.941 76.408 
128.514 73.391 
130.162 70.284 
131.881 67.088 
133.666 63.805 
135.515 60.435 
137.422 56.98 
139.385 53.44 

141.4 49.818 
143.465 46.114 
145.576 42.33 
147.732 38.467 
149.93 34.526 

152.168 30.508 
154.443 26.415 
156.755 22.249 

159.1 18.009 
161.479 13.698 
163.888 9.317 
166.328 4.866 
168.795 0.347 
171.291 -4.239 
173.812 -8.891 
176.358 -13.608 
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APPENDIX VII.1 

MPT DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy Heat_Capacity 
S Cp 

(cal/mol.K) 
(ZPVE is included) 

55.766 10.799 
64.091 13.528 
70.133 16.512 
75.305 19.606 
80.021 22.804 
84.474 26.174 
88.774 29.746 
92.99 33.509 

97.162 37.427 
101.312 41.447 
105.453 45.51 
109.281 49.261 
109.587 49.559 
113.712 53.544 
117.823 57.423 
121.913 61.165 
125.976 64.75 
130.004 68.166 
133.993 71.407 
137.937 74.474 
141.831 77.371 
145.673 80.105 
149.46 82.685 

153.189 85.119 
156.861 87.417 
160.474 89.588 
164.028 91.643 
167.524 93.589 
170.961 95.434 
174.341 97.186 
177.664 98.851 
180.931 100.436 
184.144 101.946 
187.303 103.386 
190.41 104.761 
193.466 106.074 
196.472 107.33 
199.429 108.532 
202.339 109.683 
205.202 110.785 
208.02 111.842 

Enthalpy 
H 

(kcal/mol) 

121.995 120.601 
122.299 119.095 
122.674 117.414 
123.126 115.595 
123.655 113.653 
124.267 111.596 
124.966 109.43 
125.756 107.158 
126.643 104.781 
127.628 102.3 
128.715 99.716 
129.812 97.23 
129.904 97.028 
131.193 94.236 
132.58 91.342 
134.063 88.345 
135.637 85.247 
137.299 82.047 
139.044 78.747 
140.868 75.348 
142.766 71.85 
144.735 68.257 
146.77 64.567 

148.868 60.784 
151.025 56.908 
153.238 52.941 
155.503 48.885 
157.819 44.741 
160.182 40.509 
162.59 36.193 
165.04 31.793 
167.532 27.31 
170.062 22.747 
172.628 18.103 
175.23 13.382 
177.866 8.583 
180.534 3.709 
183.232 -1.24 
185.96 -6.262 

188.716 -11.356 
191.499 -16.522 
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APPENDIX VU.1 

OPT DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy 
S 

Heat_Capacity 
Cp 

(cal/moI.K) 
(ZPVE is included) 

53.854 7.975 
59.583 8.926 
63.607 11.262 
67.273 14.504 
70.92 18.439 
74.67 22.911 

78.562 27.759 
82.599 32.837 
86.765 38.014 
91.038 43.184 
95.393 48.26 
99.477 52.82 
99.805 53.178 
104.249 57.892 
108.704 62.375 
113.154 66.614 
117.582 70.606 
121.976 74.356 
126.327 77.874 
130.626 81.173 
134.87 84.267 

139.052 87.171 
143.171 89.901 
147.224 92.469 
151.211 94.889 
155.132 97.171 
158.985 99.328 
162.773 101.368 
166.494 103.301 
170.151 105.133 
173.745 106.871 
177.277 108.523 
180.747 110.094 
184.158 111.588 
187.51 113.011 

190.806 114.366 
194.046 115.658 
197.232 116.891 
200.365 118.067 
203.446 119.19 
206.478 120.262 

Enthalpy 
H 

(kcal/mol) 

117.014 115.668 
117.222 114.243 
117.472 112.701 
117.792 111.065 
118.203 109.338 
118.719 107.518 
119.352 105.603 
120.109 103.589 
120.994 101.472 
122.009 99.25 
123.153 96.92 
124.323 94.664 
124.421 94.48 
125.81 91.929 

127.314 89.267 
128.927 86.494 
130.642 83.61 
132.455 80.615 
134.358 77.511 
136.347 74.299 
138.415 70.98 
140.558 67.556 
142.772 64.028 
145.052 60.398 
147.394 56.668 
149.795 52.838 
152.252 48.912 
154.761 44.889 
157.319 40.773 
159.925 36.565 
162.575 32.266 
165.268 27.879 
168.001 23.403 
170.772 18.842 
173.58 14.196 

176.422 9.467 
179.297 4.656 
182.204 -0.235 
185.141 -5.205 
188.107 -10.253 
191.101 -15.377 
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APPENDIX VU.1 

PPT DMol Estimates 
STAl'mARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy HeaCCapacity 
S Cp 

(cal/moI,K) 
(ZPVE is included) 

55.387 11.079 
63.976 13.912 
70.124 16.619 
75.297 19.524 
79.985 22.648 
84.407 25.999 
88.681 29.582 
92.877 33.383 
97.037 37.362 
101.185 41.464 
105.332 45.626 
109.174 49.481 
109.481 49.788 
113.629 53.894 
117.77 57.902 

121.898 61.778 
126.005 65.499 
130.083 69.052 
134.126 72.43 
138.129 75.633 
142.086 78.664 
145.994 81.529 
149.85 84.236 

153.652 86.794 
157.397 89.213 
161.086 91.503 
164.717 93.672 
168.291 95.729 
171.808 97.682 
175.269 99.539 
178.673 101.306 
182.023 102.989 
185.318 104.594 
188.56 106.127 
191.75 107.591 
194.89 108.992 
197.979 110.332 
201.02 111.615 
204.013 112.845 
206.959 114.024 
209.86 115.155 

Enthalpy 
H 

(kcallmol) 

130.535 129.15 
130.849 127.65 
131.23 125.971 
131.681 124.151 
132.208 122.21 
132.815 120.154 
133.51 117.991 

134.296 115.721 
135.18 113.347 

136.166 110.869 
137.254 108.288 
138.355 105.805 
138.447 105.603 
139.743 102.814 
141.141 99.921 
142.637 96.925 
144.228 93.826 
145.911 90.625 
147.679 87.323 
149.531 83.919 
151.46 80.416 

153.462 76.815 
155.535 73.117 
157.673 69.323 
159.873 65.435 
162.133 61.454 
164.447 57.381 
166.815 53.219 
169.233 48.967 
171.698 44.629 
174.209 40.204 
176.763 35.695 
179.358 31.103 
181.992 26.43 
184.664 21.676 
187.371 16.843 
190.113 11.932 
192.887 6.944 
195.693 1.881 
198.529 -3.256 
201.394 -8.466 
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APPENDIX VI1.1 

MeOH DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy 
S 

Heat_Capacity 
Cp 

(cal/moI.K) 
(ZPVE is included) 

35.681 7.949 
41.195 7.979 
44.461 8.174 
46.853 8.48 
48.778 8.779 
50.402 9.041 
51.814 9.286 
53.071 9.544 
54.211 9.838 
55.265 10.181 
56.254 10.573 
57.124 10.977 
57.192 11.01 
58.092 11.483 
58.961 11.981 
59.805 12.494 
60.628 13.014 
61.432 13.535 
62.221 14.05 
62.994 14.556 
63.753 15.05 
64.499 15.531 
65.232 15.997 
65.954 16.449 
66.663 16.887 
67.361 17.31 
68.048 17.719 
68.724 18.115 
69.39 18.497 
70.045 18.868 
70.691 19.226 
71.327 19.573 
71.954 19.909 
72.572 20.234 
73.18 20.55 
73.78 20.855 

74.372 21.151 
74.956 21.438 
75.531 21.716 
76.099 21.985 
76.659 22.247 

Enthalpy 
H 

(kcal/mol) 

31.604 
31.803 
32.004 
32.212 
32.428 
32.651 
32.88 
33.115 
33.357 
33.607 
33.867 
34.116 
34.137 
34.418 
34.711 
35.017 
35.336 
35.668 
36.012 
36.37 
36.74 

37.122 
37.516 
37.922 
38.339 
38.766 
39.204 
39.652 
40.11 
40.577 
41.053 
41.538 
42.032 
42.533 
43.043 
43.561 
44.086 
44.618 
45.158 
45.704 
46.257 

- ----------- ------------

30.712 
29.743 
28.67 
27.527 
26.331 
25.09 

23.812 
22.501 
21.16 
19.791 
18.397 
17.085 
16.979 
15.538 
14.075 
12.59 

11.085 
9.559 
8.013 
6.448 
4.863 
3.26 
1.639 
-0.001 
-1.659 
-3.334 
-5.027 
-6.737 
-8.463 

-10.206 
-11.965 
-13.74 
-15.531 
-17.338 
-19.16 
-20.997 
-22.849 
-24.716 
-26.597 
-28.492 
-30.402 
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APPENDIX VI1.1 

H20 DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy 
S 

(cal/moI.K) 
(ZPVE is included) 

26.831 7.949 
32.341 7.949 
35.564 7.949 
37.851 7.949 
39.624 7.949 
41.073 7.949 
42.299 7.949 
43.36 7.951 
44.297 7.956 
45.136 7.965 
45.896 7.98 
46.541 8 
46.591 8.002 
47.233 8.031 
47.829 8.067 
48.387 8.109 
48.912 8.157 
49.408 8.209 
49.879 8.265 
50.327 8.324 
50.756 8.386 
51.166 8.449 
51.561 8.514 
51.941 8.58 
52.307 8.646 
52.662 8.714 
53.005 8.783 
53.338 8.852 
53.661 8.922 
53.975 8.993 
54.281 9.064 
54.58 9.136 

54.871 9.208 
55.155 9.281 
55.433 9.354 
55.706 9.427 
55.972 9.501 
56.233 9.574 
56.49 9.648 
56.741 9.721 
56.988 9.794 

Enthalpy 
H 

(kcal/mol) 

13.114 
13.313 
13.511 
13.71 
13.909 
14.107 
14.306 
14.505 
14.704 
14.903 
15.102 
15.287 
15.302 
15.502 
15.703 
15.906 
16.109 
16.314 
16.52 
16.727 
16.936 
17.146 
17.358 
17.572 
17.787 
18.004 
18.223 
18.443 
18.666 
18.889 
19.115 
19.343 
19.572 
19.803 
20.036 
20.271 
20.507 
20.746 
20.986 
21.228 
21.472 

12.443 
11.696 
10.844 
9.925 
8.956 
7.946 
6.904 
5.833 
4.737 
3.619 
2.481 
1.411 
1.325 
0.152 
-1.037 
-2.239 
-3.456 
-4.685 
-5.926 
-7.179 
-8.442 
-9.716 

-11 
-12.294 
-13.597 
-14.909 
-16.23 
-17.56 
-18.897 
-20.243 
-21.596 
-22.957 
-24.325 

-25.7 
-27.082 
-28.472 
-29.868 
-31.27 
-32.679 
-34.095 
-35.516 
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APPENDIX VI1.1 

PTE DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy 
S 

Heat_Capacity 
Cp 

(callmoI.K) 
(ZPVE is included) 

54.864 8.062 
60.834 9.659 
65.284 12.648 
69.423 16.427 
73.557 20.899 
77.803 25.91 
82.197 31.267 
86.732 36.807 
91.39 42.406 

96.147 47.968 
100.976 53.422 
105.49 58.324 
105.852 58.708 
110.753 63.788 
115.659 68.636 
120.553 73.237 
125.42 77.587 

130.248 81.691 
135.028 85.557 
139.752 89.196 
144.415 92.623 
149.013 95.851 
153.543 98.895 
158.003 101.768 
162.392 104.483 
166.71 107.051 
170.957 109.483 
175.132 111.789 
179.237 113.978 
183.274 116.057 
187.242 118.033 
191.143 119.913 
194.979 121.704 
198.75 123.409 

202.458 125.035 
206.105 126.586 
209.692 128.066 
213.221 129.478 
216.692 130.827 
220.107 132.117 
223.467 133.349 

Enthalpy 
H 

(kcallmo/) 

133.516 132.145 
133.734 130.692 
134.011 129.114 
134.373 127.43 
134.838 125.643 
135.422 123.752 
136.136 121.752 
136.987 119.641 
137.977 117.414 
139.107 115.07 
140.375 112.606 
141.668 110.217 
141.777 110.021 
143.308 107.314 
144.964 104.483 
146.738 101.531 
148.624 98.456 
150.615 95.26 
152.706 91.944 
154.891 88.509 
157.165 64.957 
159.521 81.289 
161.956 77.507 
164.464 73.612 
167.043 69.607 
169.687 65.493 
172.394 61.272 
175.16 56.946 
177.983 52.516 
180.858 47.985 
183.785 43.353 
186.759 38.623 
189.779 33.797 
192.843 28.875 
195.949 23.86 
199.095 18.752 
202.278 13.555 
205.497 8.268 
208.751 2.894 
212.038 -2.566 
215.357 -8.111 
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APPENDIX VII.1 

PC DMol Estimates 
STANDARD THERMODYNAMIC QUANTITIES 
computed from 25.00 to 1000.00 in steps of 25.00 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

Temperature 
T 

(K) 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

298.15 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 

Entropy 
S 

HeaC Capacity 
Cp 

(calimoI.K) 
(ZPVE is included) 

48.281 8.218 
54.408 9.681 
58.618 11.215 
62.082 13.001 
65.196 15.005 
68.117 17.12 
70.919 19.302 
73.642 21.542 
76.312 23.832 
78.943 26.158 
81.546 28.5 
83.935 30.662 
84.126 30.834 
86.685 33.138 
89.224 35.39 
91.74 37.575 
94.233 39.679 
96.699 41.695 
99.137 43.619 
101.545 45.45 
103.921 47.189 
106.264 48.839 
108.572 50.403 
110.846 51.887 
113.084 53.295 
115.287 54.631 
117.455 55.901 
119.587 57.11 
121.685 58.261 
123.749 59.359 
125.779 60.406 
127.776 61.407 
129.741 62.365 
131.674 63.281 
133.576 64.159 
135.448 65.001 
137.291 65.809 
139.105 66.585 
140.89 67.329 

142.649 68.045 
144.38 68.734 

Enthalpy 
H 

(kcal/mol) 

81.214 
81.437 
81.698 

82 
82.35 
82.751 
83.207 
83.717 
84.284 
84.909 
85.592 
86.277 
86.334 
87.134 
87.99 

88.903 
89.868 
90.886 
91.952 
93.066 
94.224 
95.425 
96.665 
97.944 
99.259 
100.608 
101.99 
103.403 
104.845 
106.316 
107.813 
109.335 
110.883 
112.453 
114.046 
115.661 
117.296 
118.951 
120.625 
122.317 
124.027 

80.007 
78.717 
77.302 
75.792 
74.201 
72.534 
70.796 
68.989 
67.114 
65.173 
63.167 
61.252 
61.096 
58.961 
56.762 

54.5 
52.175 
49.789 
47.341 
44.832 
42.264 
39.636 
36.951 
34.208 
31.409 
28.554 
25.645 
22.682 
19.666 
16.598 
13.478 
10.309 
7.09 
3.822 
0.506 
-2.856 
-6.266 
-9.721 

-13.221 
-16.765 
-20.353 
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Appendix VII. 1 A 

THERMODYNAMIC PROPERTIES FROM QUANTUM MECHANICS 

VII.! Optimised geometries from quantum mechanics 

Geometry optimisation was carried out using Dmol package (see Section 2.4.1), for DPE and the 

three phenoxy toluene isomers. The structures are shown in Figure A-I to Figure A-6. Geometry 

optimisation, as an energy minimisation calculation from which thermodynamic properties may 

be computed, was used to determine the molecular conformation of the lowest energy. 

The idea of determining the lowest energy conformation was twofold. Firstly, it was intended to 

quantitatively determine the effect that the conformation would have on the effective molecular 

diameter and to then infer this to pore diffusion. Secondly, thermodynamic properties would be 

determined once the structure was optimised. 

The calculated standard Gibbs free energies of formation estimated for DPE and phenoxy toluene 

isomers and a few other relevant compounds are given in the table. 

Table A Comparison of the standard Gibbs free energy of formation calculated from 

quantum mechanics (QM) with data available in the literature (Sinnot, 1999; 

Perry and Green, 1997) 

Quantum mechanics Literature 

Compound LlG ~ [kcal/mol] Ll.G ~ [kJ/mol] 

DPE 90.3 175 

PPT 105.8 -

MPT 97.2 -

OPT 94.5 -

PTE 110.2 -

p-Cresol 61.3 -30.9 

PhOH 45.9 -32.9 

MeOH 17.1 -162.6 

H2O 1.4 -228.8 

The deviation of DMol generated data from experimental data is too large to explain the two 

ideas mentioned above. 
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Appendix VD.1 

Figure A-I: Geometry of the optimised structure of DPE 

The optimised structure ofDPE has a C2V symmetry (two rings symmetrical about the oxygen). 

Figure A-2 : Geometry of an optimised structure for o-phenoxy toluene (OPT) 

The optimised structure of OPT has twisted rings with a C1 symmetry. 

B 
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Appendix VII.! 

Figure A-3 : Geometry of an optimised structure of m-phenoxy toluene 

The optimised structure ofMPT has twisted rings with a C, symmetry. 

Figure A-4 : Geometry of an optimised structure of p-phenoxy toluene 

c 

The optimised structure ofPPT, just like its two isomers, has twisted rings, meaning that the rings 

are not symmetrical about the oxygen atom. PPT also has a C I symmetry. 
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Appendix VII.! D 

Ly 

Figure A-5 : Geometry of an optimised structure of p-Tolyl Ether (PTE) 

The optimised structure of PTE, just like DPE, has rings that are symmetrical about the oxygen 

atom. That is, PTE has e2V symmetry. 
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Appendix VII.2 E 

vn.2 Thermodynamic equilibria from quantum mechanics 

Geometry optimisation of each molecular structure by quantum mechanics allows for calculation 

of thermodynamic properties from statistical thermodynamics (see Section 2.4.1). The gas phase 

Gibbs free energies of all the species in the reactions of Figure 1-3 were estimated for each 

temperature in the range from 300 K to 1000 K, in steps of 25 K. 

1.0 

0.8 

E 0.6 :::I 
;:: 

~ 
:::I 
c:r 0.4 411 

>< 

0.2 

0.0 

--.II."--~4l_ : 
i -.It----t.-t.-lA.._ 
: : "lI!t--A---.ol. 

ierrperatute -".---~ 
ra~ge of interest 

\0IIII ... \ 

•••••• I i .......... ~ ........... . 
: : 

• l1li l1li l1li .. l l 
r----------IIII-IIII......;IIII::::..-:IIII::-..:;::IIII'--""'IIII--'IIII9-i...:I111"---,1111 l1li jII l1li l1li l1li l1li l1li l1li l1li l1li II l1li II II 

• PhOH ~ DPE + H20! I 
l1li DPE+MeOH ~ PPT+H~ l 

--A--PPT+MeOH ~ PTE+H20 i 
--PTE ~ PC + H20 I I ~ 

r-----------------------~i~ l~~ 
_*L-*--*---*-?< 

200 300 400 500 600 

T [K] 

700 800 900 1000 

Figure A-6 : Equilibrium conversions from quantum mechanics 

III The closed diamonds equilibrium curve is the condensation step, whereas the closed 

squares and the open triangles give the first and second methylation steps, respectively. 

The curve with cross marker is the cleavage step. 

III The equilibrium curve for phenol condensation (obtained from quantum mechanics) in 

this case has a shape similar to that obtained from Benson method, except that it is 100°C 

to the left of that of Benson's (see Figure 5-45). 

III The curve of the first methylation step is totally faulty. This is purely due to inaccurate 

thermodynamic data obtained. 

Condensation and cleavage steps were expected to be mirror images of each other, based on the 

fact that the one is the reverse of the other. However, this was not the case as shown in 

Figure A.6. 
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APP I VIII 

Results from olecular Dynamics 
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Appendix VIII.1 

It was discussed in Section 2.4.2 that the slope of the plot of mean square displacement versus 

time travelled by a molecule is the diffusion coefficient of that molecule in that particular 

system. 

Mean square displacement is a measure of the average distance that a molecule travels and 

since molecular dynamics simulations allow for following the path of individual molecules 

directly, the mean square is readily obtainable from these simulations (Tepper et at, 1999). 

The first part of the mean square displacement plot versus time is usually non-linear due to 

relaxation or equilibration of the system. Therefore only the portion of this plot, after the 

system has equilibrated is used (Leach, 1998). 

Molecular dynamics simulations for self diffusing molecules in mordenite pores are presented 

in this appendix. These were abondoned due to inconsistent non-reproducible results, as well 

as due to the fact that the simulations were very memory intensive and lasting long times of 

up to a week to converge. 
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Appendix Vm.1: Molecular Dynamics Results (H-beta) 

Mean Square Displacement Plots for OPE in Zeolite BEA 
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Appendix Vm.1: Molecular Dynamics Results (H .. beta) 

Mean Square Displacement Plots for MeOH in Zeolite BEA - Job 2 
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Appendix Vm.1: Molecular Dynamics Results (Mordenite) 
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Appendix Vm.1: Molecular Dynamics Results (Mordenite) 
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Appendix Vm.1: Molecular Dynamics Results (Mordenite) 
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Appendix vm.1: Molecular Dynamics Results (Mordenite) 

Mean Square Displacement Plots for PPT in Mol' @ To =800K 
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Appendix VIII.2 

Diffusivity of various species in H-ZSM-5, at 300K 
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Appendix VIII.2 

Diffusivity of various species in H-ZSM-5, at 300K 
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Appendix Vm.3 a 

ESTIMATION OF SELECTIVITY FROM MOLECULAR DYNAMICS 

Molecular mechanics calculations were used to estimate the molecular diameter of diphenyl 

ether. This is important to determine the degree of ease or difficulty of access of the bulk active 

sites, which are located inside the zeolite pores, by this guest molecule. 

'y' 

Figure B.I : Estimate molecula:r diamete:r of diphenyl ethe:r 

In Figure B.l, the centre to centre distance between two hydrogen atoms in the meta positions of 

the molecule is 4 A. An improvement is obtained on this estimate, by addition of the van der 

Waals radius of hydrogen, for both hydrogen atoms. Bondi (1964) gave the hydrogen radius as 

1.06 A. Accounting for the van der Waals radius, the molecular diameter of diphenyl ether is 

estimated to be 6.12 A. 

The pore dimensions of the major channels in mordenite are 6.7 x 7.0 A, as shown in Table 2-14, 

which is just enough to allow diffusion ofDPE through this zeolite along its longest axis. 
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Appendix VIII.3 b 

In Table B.1, the drift speeds (average velocities) of various products diffusing through 

mordenite are shown. Diffusivity of a species through the zeolite is proportional to the drift 

speed, as shown in Equation 2-35 and Equation 2-39. The diffusion constant of each species, 

calculated according to Equation 2-39, is also given in Table B.l. 

Table B.I : Diffusion coefficients in zeolite mordenite, estimated from molecular 

dynamics 

Compound Terminal velocity [Alps] NAtoms !simulation (Ps) D X 10-8 [cmlS] 

PPT 5.31 26 40 19 

MPT 1.42 26 40 1 

OPT 2.1 26 40 3 

PTE 3.55 29 40 8 

Considering the methylation to be an electrophilic substitution whereby a protonated methanol 

molecule attacks the ring, deductions can be made, which are indicative of what happens inside 

the zeolite pores. 

Deduction A 

It was established from Sections 2.1.8 and 2.1.9 that reactivity per position in OPE is of the 

order: 

ortho ~ para» meta (reactivity per position on the ring). 

There are two o-positions per ring which implies, from statistics, the following: 

kortho ~ 2 . kpara 

Reactivity, in this case leads to similar trends in selectivity. This implies that the selectivity 

expected from electronic effects and statistics is: Sortho ~ 2·Spara » Smeta. 

This is the selectivity expected in the absence of both, steric hindrance and shape selectivity, like 

in large pore zeolites (e.g. Hbeta or HY) or amorphous acid catalysts (e.g. silica-alumina) 
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Appendix VIII.3 c 

Considering the individual rings on DPE molecule, the other ring can be viewed as a bulky 

phenoxy substituent, which may introduce steric hindrance onto a methyl group in the ortho 

position, and on a protonated methanol species attacking the ortho position. This would result in 

the following selectivities: 2· Spara 2: Sortho » Smeta. 

Deduction B 

Di-methylation is undoubtedly sequential, as shown by Fujita et al. (1992) and this was also 

confirmed by the preliminary studies conducted by Ndlovu and Gxavu (2000). DPE is much 

more bulkier than MeOH which results in much lower diffusion rate for DPE and thus it can be 

assumed that the concentration of MeOH in the pores is much higher than that of DPE, such that 

the reaction is primarily dependent on DPE concentration in the pores. It is therefore reasonable 

to assume, for modelling purposes, a first order reaction in DPE. 

Deduction C 

In reaction kinetics a parameter called Thiele modulus is used to model intrapeUet mass transport 

restrictions, which is simply the ratio of the intrinsic reaction rate to that of the diffusion rate 

(Fogler, 1999). This parameter, Thiele modulus, is mathematically defined as follows: 

if> = L~ k, 
D/ 

From Molecular Dynamics, using the data from Section 2.4.2 it follows that: 

'PPPT:::: 2.5*'PoPT (drift speed) 

Diffusivity is directly proportional to the drift speed (see Equation 2-1) 

::::::> DpPT ::: 2.5 * DOFT 

Modelling of selectivity for MPT is not considered here because at low reaction temperature, as 

was the case in this study, reactivity of the meta-position is negligible and consequently 

selectivity negligible (see Section 0). 

Calculated drift speeds of phenoxy toluene isomers (see Table B-1) and diffusion coefficients of 

phenoxy toluene isomers indicate that the diffusion rates of the isomers are in the order: 
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Appendix VIII.3 d 

para >ortho > meta 

Over the catalyst of choice, CBV90A, experimental results showed that isomer selectivities are of 

the order: 

para >ortho » meta 

However, the relative diffusion coefficients from molecular dynamics do not adequately explain 

selectivities obtained with the catalyst of choice. 
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PENDIXIX 

Stea State Avera e Results 
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APPENDIX IX.1 Page 2 of2 

SUMMARY OF EXPERIMENTAL RESULTS - Steady state averages 

Exp name . -. 
l%t I [bar) [bar] l%t' l%t l%t' l%t' l%l" l%l" rAt OPT MPT PPT 

MFI-50 l1 
Exp28 ZSOA I 250 20 0.56 3.2 0.25 14 4.5 67.3 17.8 4.2 10.7 5.4 1.2 11.1 0.0 2.1 9.0 0.0 

'j 
Mor-40 l1 \. 

250 20 0.56 3.2 0.25 14 8.9 31.7 18.2 8.7 41.4 2.2 0.2 15.9 2.2 7.4 93.5 0.1 
~ 

HUSYl1 
Exp30 HUSY 250 20 0.56 2 0.25 13 9.0 37.2 57.6 4.1 1.2 34.4 2.8 20.4 0.1 0.6 7.2 0.0 

CBV21A l1 (T calcination '" 400 C)J 
Exp31 ICBV20A 250 20 0.56 2 0.25 13 14.7 20.8 23.2 8.8 47.2 7.1 0.5 15.6 1.5 2.2 29.4 0.1 

I 
CBV21A l2 (T calcination'" 400·C) I 
Exp32 M20B 300 20 0.56 2 0.25 13 34.0 14.2 27.4 28.4 30.0 12.5 1.4 13.5 1.0 1.1 10.0 0.1 

IT " .. ,,-,., I 
Exp33 M200 300 20 0.56 2 0.25 13 62.5 6.4 45.3 28.4 20.0 30.7 2.2 12.3 1.2 0.4 5.5 0.1 

.1 
Exp35 M20F 250 20 0.56 2 0.25 13 8.8 1.3 64.8 7.8 26.1 35.3 2.6 26.9 0.4 0.8 10.4 0.0 

CBV90AL1 
Exp36 CBV90A 300 20 0.56 2 0.25 13 26.1 26.7 13.8 45.2 14.3 5.2 0.9 7.7 0.3 1.5 8.2 0.0 
Exp37 CBV90B 275 20 0.56 2 0.25 13 20.6 22.4 16.4 36.8 24.4 4.7 0.6 11.1 0.9 2.3 17.1 0.1 
Exp38 CBV90C 250 20 0.56 2 0.25 13 13.4 19.2 21.9 21.5 37.4 3.9 0.3 17.7 2.3 4.5 52.5 0.1 
Exp39 WHSVA 250 20 0.28 2 0.25 13 18.6 13.5 20.4 25.7 40.4 3.5 0.3 16.6 2.1 4.7 48.9 0.1 
Exp40 WHSVB 250 20 0.56 2 0.25 13 11.9 16.7 22.0 19.2 42.1 3.8 0.3 17.9 2.4 4.7 57.0 0.1 
Exp41 WHSVC 250 20 1.13 2 0.25 13 6.7 11.5 23.3 15.9 49.3 4.2 0.3 18.8 2.4 4.5 58.0 0.1 
Exp42 WHSVD 250 20 0.56 2 0.25 13 11.0 12.9 22.9 15.7 48.5 4.1 0.3 18.5 2.3 4.5 57.6 0.1 
Exp 43 MFRA 250 20 0.56 0.5 0.63 3 6.6 B.6 23.0 22.5 45.8 5.9 0.7 16.5 1.2 2.8 25.1 0.1 
Exp44 MFRB 250 20 0.56 2 0.25 13 12.6 9.0 24.5 14.7 51.8 5.6 0.4 18.5 1.9 3.4 44.4 0.1 
Exp45 T200 200 20 0.56 2 0.25 13 1.1 1.8 26.9 15.3 56.0 7.7 0.5 18.7 0.7 2.4 38.5 0.0 
Exp46 MFRC 250 20 0.53 4 0.08 18 14.8 5.9 24.3 14.1 55.6 4.8 0.3 19.2 2.3 4.1 55.8 0.1 H 

Exp47 MfRD 250 20 0.56 2 0.25 13 9.8 10.3 22.9 15.0 51.8 4.1 0.3 18.5 2.2 4.6 59.2 0.1 
Exp48 P10 250 10 0.56 2 0.25 7 8.4 7.8 24.1 16.7 51.3 5.6 0.5 18.1 1.8 3.2 38.4 0.1 

-~--"'" 

Exp49 OPE 250 20 0.64 0 1 0 0.5 40.1 11.0 23.8 25.2 3.6 0.4 7.0 0.2 1.9 0.0 -
Exp50 MaOH 250 20 0 inf 0.25 15 0.0 51.4 25.8 21.6 1.3 7.3 0.5 17.9 3.7 2.4 34.0 0.2 

·Selectivities in mole % 



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX IX.1 Page 2 of2 

SUMMARY Of EXPERIMENTAL RESULTS - Steady state averages 

Expname TrC] PT WHSV MFR YN2 P,,-! X(%] S"" SPTflI SOADPE's SHI"lI SOPT SIIIIPT Sppy 
SPTE I PPTI PPTI PTc, 

[bar] [bar] (%t (%t (%t (%]* (%t (%t (%]* (%]* OPT MPT 

MFI-50 L1 
&p28 ZSOA 250 20 0.56 3.2 0.25 14 4.5 67.3 17.8 4.2 10.7 5.4 1.2 11.1 0.0 2.1 9.0 - . . 
Mor-40 L1 {- t 

, ;! 

Exp29 M40A 250 20 0.56 3.2 0.25 14 8.9 31.7 18.2 8.7 41.4 2.2 0.2 15.9 2.2 7.4 93.5 
',-

-~ 

HUSYl1 ~ 

Exp30 HUSY 250 20 0.56 2 0.25 13 9.0 37.2 57.6 4.1 1.2 34.4 2.8 20.4 0.1 0.6 7.2 0.0 .. 

CBV21A l1 (T calcination :: 400 C) I 
Exp31 CBV20A 250 20 0.56 2 0.25 13 14.7 20.8 23.2 8.8 47.2 7.1 0.5 15.6 1.5 2.2 29.4 0.1 

CBV21A l2 (T calclnalton :: 400 C) I 
&p32 IM20B 300 20 0.56 2 0.25 13 34.0 14.2 27.4 28.4 30.0 12.5 1.4 13.5 1.0 1.1 10.0 0.1 

CBV2iA l3 (T calclnalton :: 500 C) I 
Exp33 M200 300 20 0.56 2 0.25 13 62.5 6.4 45.3 28.4 20.0 30.7 2.2 12.3 1.2 0.4 5.5 0.1 
Exp34 M20E 275 20 0.56 2 0.25 13 33.4 3.6 57.8 14.0 24.6 35.1 2.6 20.1 1.0 0.6 7.8 0.1 
Exp35 M20F 250 20 0.56 2 0.25 13 8.8 1.3 64.8 7.8 26.1 35.3 2.6 26.9 0.4 0.8 10.4 0.0 

CBV90Al1 
Exp36 CBV90A 300 20 0.56 2 0.25 13 26.1 26.7 13.8 45.2 14.3 5.2 0.9 7.7 0.3 1.5 8.2 0.0 
Exp31 CBV90B 275 20 0.56 2 0.25 13 20.6 22.4 16.4 36.8 24.4 4.7 0.6 11.1 0.9 2.3 17.1 0.1 
Exp38 CBV90C 250 20 0.56 2 0.25 13 13.4 19.2 21.9 21.5 37.4 3.9 0.3 17.7 2.3 4.5 52.5 0.1 
Exp39 WHSVA 250 20 0.28 2 0.25 13 18.6 13.5 20.4 25.7 40.4 3.5 0.3 16.6 2.1 4.7 48.9 0.1 - .. 
Exp40 WHSVB 250 20 0.56 2 0.25 13 11.9 16.7 22.0 19.2 42.1 3.8 0.3 17.9 2.4 4.7 57.0 0.1 ; 

&p41 WHSVC 250 20 1.13 2 0.25 13 6.7 11.5 23.3 15.9 49.3 4.2 0.3 18.8 2.4 4.5 58.0 0.1 { 

&p42 WHSVO 250 20 0.56 2 0.25 13 11.0 12.9 22.9 15.7 48.5 4.1 0.3 18.5 2.3 4.5 57.6 0.1 
Exp43 MFRA 250 20 0.56 0.5 0.63 3 6.6 8.6 23.0 22.5 45.8 5.9 0.7 16.5 1.2 2.8 25.1 0.1 

. 

Exp44 MFRB 250 20 0.56 2 0.25 13 12.6 9.0 24.5 14.7 51.8 5.6 0.4 18.5 1.9 3.4 44.4 0.1 
,'OJ, 

• 
15.3 18.7 38.5 

v 
Exp45 T200 200 20 0.56 2 0.25 13 1.1 1.8 26.9 56.0 7.7 0.5 0.7 2.4 0.0 .~ 

Exp46 MFRC 250 20 0.53 4 0.08 18 14.8 5.9 24.3 14.1 55.6 4.8 0.3 19.2 2.3 4.1 55.8 0.1 ' ~'o;'" 

Exp47 MFRO 250 20 0.56 2 0.25 13 9.8 10.3 22.9 15.0 51.8 4.1 0.3 18.5 2.2 4.6 59.2 0.1 
&p48 Pi0 250 10 0.56 2 0.25 7 8.4 7.8 24.1 16.7 51.3 5.6 0.5 18.1 1.8 3.2 38.4 0.1 ~.----

Exp49 OPE 250 20 0.64 0 1 0 0.5 40.1 11.0 23.8 25.2 3.6 0.4 7.0 0.2 1.9 0.0 -
Exp50 MeOH 250 20 0 inf 0.25 15 0.0 51.4 25.8 21.6 1.3 7.3 0.5 17.9 3.7 2.4 34.0 0.2 

·Selectivities in mole % 
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SUMMARY OF EXPERIMENTAL RESULTS - Steady state averages 

Exp name T PT WHSV MFR YN2 
P

F
_ 

X SPa SPTI'S SOADPE's S.s SOPT SMPT SPPT 
Sm I PPTI PPTI PTE! 

rC] [bar] [bar] rAt] rAt]" rAt]" rAt]" rAt)" rAt)" rAt]" [%)" [%]'" OPT MPT PPT 

Hbeta l1 
Exp1 RO 300 1.5 1 2 0.34 1.0 26.6 14.9 71.2 13.9 0.0 40.5 3.5 27.1 1.7 0.7 7.7 0.1 
Exp2 R1 250 1.5 1 2 0.34 1.0 7.2 5.4 87.9 6.7 0.0 49.6 4.0 34.3 0.9 0.7 8.6 0.0 
Exp3 R2 300 1 1 1 0.34 0.7 22.2 14.7 73.0 12.2 0.0 40.1 3.8 29.2 1.6 0.7 7.7 0.1 
Exp4 R2B 250 1 1 1 0.34 0.7 7.0 3.6 90.0 6.4 0.0 50.4 4.1 35.5 0.8 0.7 8.7 0.0 
Exp5 R3 250 1 0.41 1 0.21 0.8 8.6 5.8 00.9 7.3 0.0 48.3 4.0 34.6 0.9 0.7 8.6 0.0 
Exp6 R4 300 1 1 0.1 0.45 0.6 7.7 13.5 81.1 5.4 0.0 42.1 4.9 34.1 0.8 0.8 7.0 0.0 
Exp7 R4B 250 1 1 0.1 0.45 0.6 2.7 3.4 93.6 3.0 0.0 49.9 4.8 38.8 0.4 0.8 8.1 0.0 
Exp8 R4C 250 7 1 0.1 0.45 0.7 5.7 7.2 89.4 3.3 0.0 48.4 4.1 36.9 0.5 0.8 9.1 0.0 
Exp9 R4D 300 7 1 0.1 0.45 0.7 10.0 16.8 79.0 4.3 0.0 42.8 5.8 30.3 0.5 0.7 5.3 0.0 
Exp 10 R4E 300 7 0.21 0.1 0.8 0.2 10.0 33.0 64.0 3.0 0.0 32.8 6.5 24.7 0.3 0.8 3.8 0.0 
Exp 11 R5 300 2 0.21 0.1 0.72 0.6 8.6 24.2 71.8 3.9 0.0 38.5 6.9 26.4 0.4 0.7 3.8 0.0 
Exp 12 R5B 250 1 0.21 0.1 0.72 0.3 6.4 6.0 89.0 4.9 0.0 48.2 4.6 36.2 0.7 0.8 7.9 0.0 
Exp 13 R6 250 1 0.21 1 0.58 0.4 16.4 8.0 80.5 11.5 0.0 45.9 3.7 30.9 1.5 0.7 8.4 0.0 
Exp 14 R3rpt 250 1 0.41 1 0.25 0.8 11.0 4.9 00.7 8.4 0.0 48.5 4.0 34.2 1.1 0.7 8.6 0.0 
Exp 15 RA 250 6 0.56 2 0.25 4.0 34.0 9.5 74.9 15.5 0.0 49.3 2.5 23.1 1.4 0.5 9.2 0.1 

Hbeta l2 
Exp16 RArpt 250 6 0.56 2 0.25 4.0 
Exp17 RBC 250 20 0.28 2 0.25 13.3 Abondoned due experimental difficulties -

-Exp 18 RCS1 250 11 0.56 2 0.25 7.3 

Hbeta l3 
Exp 19 RCS1B 250 20 0.56 2 0.25 13.3 -Exp20 RCS1C 250 20 0.56 2 0.25 13.3 Abondoned due experimental difficulties -Exp 21 RCS1D 300 20 0.56 2 0.25 13.3 -
Exp22 RCS1rpt 250 20 0.56 2 0.25 13.3 

Hbeta l4 
Exp23 RlP 250 1 0.56 2 0.25 1 16.5 7.1 75.3 17.6 0.0 42.5 3.4 29.4 1.5 0.7 8.7 0.1 

0.3 6.1 0.1 
Exp25 RCS1G 250 20 0.56 2 0.25 13.3 35.5 8.2 74.0 16,6 1.2 48.3 2.5 23.1 1.2 0.5 9.3 0.1 
Exp26 RCS1H 200 20 0.56 2 0.25 13.3 3.6 83.7 15.0 1.3 0.0 8.6 0.5 5.9 0.0 0.7 13.0 0.0 
Exp27 RCS11 250 20 0.56 2 0.25 13.3 34.1 8.1 74.7 16.0 1.3 48.4 2.5 23.7 1.2 0.5 9.3 0.1 

"Selectivities In mole % 
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SUMMARY Of EXPERIMENTAL RESULTS - Steady state averages 

., PTa...r''''''--

MFI-50 l1 • -. [bar] [barj l%t l%t l%t l%t l%t N8 l%t l%r I OPT MPT PPT . ~ ... 

~Ex~tP~~28~~~~Z50~;~A===:1:2~5~0==:2~0~==~0.;~~==~3.;2==~0;.2~5==~1~4===4:.~5==~6:7.;3==~1:7.;8====~4;.2====~1;0.:7===;5.:4===~1~.2~===1:1~.1===~0~.0:===2~.:1===~9~.0:===0~.~0~1~'~~· 

Exp 

.':, 
MOI"-40 l1 
Exp29 M40A 250 20 O.~ 3.2 0.25 14 8.9 31.7 18.2 8.7 41.4 2.2 0.2 15.9 2.2 7.4 93.5 0.1 
~~~-F~~--~~--~--~~~=-~~--~--~~~=---~~--~----~~~~--~~--~~~=---~~~~~~~~--

HUSYl1 
Exp30 HUSY 250 20 0.56 2 0.25 13 9.0 37.2 57.6 4.1 1.2 34.4 2.8 20.4 0.1 0.6 7.2 0.0 

CBV21A l1 (T calcination" 400 C) I 
Exp 31 CBV20A J 250 20 0.56 2 0.25 13 14.7 20.8 23.2 8.8 47.2 7.1 0.5 15.6 1.5 2.2 29.4 0.1 

CBV21A l2 (T calcination" 400'C) I 
Exp 32 M20B 300 20 0.56 2 0.25 13 34.0 14.2 27.4 28.4 30.0 12.5 1.4 13.5 1.0 1.1 10.0 0.1 

Exp33 M200 300 20 0.56 2 0.25 13 62.5 6.4 45.3 28.4 20.0 30.7 2.2 12.3 1.2 0.4 5.5 0.1 
Exp34 M20E 275 20 o.~ 2 0.25 13 33.4 3.6 57.8 14.0 24.6 35.1 2.6 20.1 1.0 0.6 7.8 0.1 
Exp35 M20F 250 20 o.~ 2 0.25 13 8.8 1.3 64.8 7.8 26.1 35.3 2.6 26.9 0.4 0.8 10.4 0.0 

CBV90Al1 
Exp36 CBV90A 300 20 0.56 2 0.25 13 26.1 26.7 13.8 45.2 14.3 5.2 0.9 7.7 0.3 1.5 8.2 0.0 
Exp 37 CBV90B 275 20 O.~ 2 0.25 13 20.6 22.4 16.4 36.8 24.4 4.7 0.6 11.1 0.9 2.3 17.1 0.1 
Exp 38 CBV90C 250 20 0.56 2 0.25 13 13.4 19.2 21.9 21.5 37.4 3.9 0.3 17.7 2.3 4.5 52.5 0.1 
Exp39 WHSVA 250 20 0.28 2 0.25 13 18.6 13.5 20.4 25.7 40.4 3.5 0.3 16.6 2.1 4.7 48.9 0.1 
Exp40 WHSVB 250 20 O.~ 2 0.25 13 11.9 16.7 22.0 19.2 42.1 3.8 0.3 17.9 2.4 4.7 57.0 0.1 
Exp41 WHSVC 250 20 1.13 2 0.25 13 6.7 11.5 23.3 15.9 49.3 4.2 0.3 18.8 2.4 4.5 58.0 0.1 I 
Exp 42 WHSVO 250 20 O.~ 2 0.25 13 11.0 12.9 22.9 15.7 48.5 4.1 0.3 18.5 2.3 4.5 57.6 0.1 
Exp43 MFRA 250 20 0.56 0.5 0.63 3 6.6 8.6 23.0 22.5 45.8 5.9 0.7 16.5 1.2 2.8 25.1 0.1 
Exp44 MFRB 250 20 O.~ 2 0.25 13 12.6 9.0 24.5 14.7 51.8 5.6 0.4 18.5 1.9 3.4 44.4 0.1 
Exp 45 T200 200 20 0.56 2 0.25 13 1.1 1.8 26.9 15.3 ~.O 7.7 0.5 18.7 0.7 2.4 38.5 0.0 
Exp 46 MFRC 250 20 0.53 4 0.08 18 14.8 5.9 24.3 14.1 55.6 4.8 0.3 19.2 2.3 4.1 55.8 0.1 
Exp47 MFRO ~2~50~~2~0 __ ~0~.5~6~~2 __ ~0~.2~5~_1~3~~9~.8~_1~0~.3~_2~2~.9~ __ ~15~.=0 __ ~5~1~.8 __ ~4~.1~ __ 0~.3~ __ ~18~.5~~2~.2~ __ ~4.~6 __ ~5~9.~2 __ ~0.~1-4 __ 
Exp48 Pi0 250 10 O.~ 2 0.25 7 8.4 7.8 24.1 16.7 51.3 5.6 0.5 18.1 1.8 3.2 38.4 0.1 
~E=XP~49~-+-0~P~E~ __ ~2~5~0 __ ~2~0~~0.~64~~0~~~1~--.0~ __ 0~.~5 __ ~4~0.~1 __ ~1~1.~0 __ ~2~3~.8~ __ ~25~.2~~3~.6~ __ ~0~.4~--.7=.0~ __ ~0.~2 __ --.1~.9~~~~~0~.0~~ 
Exp 50 MeOH 250 20 0 inf 0.25 15 0.0 51.4 25.8 21.6 1.3 7.3 0.5 17.9 3.7 2.4 34.0 0.2 

·Selectivities in mole % 
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APPENDIX X.1 

CHROMATOGRAMS 

1~~~1~' "'~E .. ~:=7 .. :n;" ,=============-= Methanol 
~. 

L:::=====================_ Phenol 

3,4-Xvlenol 

Diphenvl ether 

m-Phnoxy toluene 

c:i-;.::± 1'~ "~~ :?===================--===+ p-Tolyl ether 
/ 

Figure XI-! : Standard mixture 
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APPENDIX X.1 

Methanol 

------ -.. _-. Diohenvl ether 

r~==========_-=~ _____________ o-Phenoxy toluene 
I m-Phenoxy toluene 

1- -,,~. ",p-.Tolyl ether 
p-Phenoxy toluene 

1.7.404 

." 

1. 9 . 75! 

Figure XI-2 : Part A of the sample from Exp 28 (H-MFI-50 screening) after 5 hours 

on stream 
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APPENDIX X.I 

Figure XI-3 : Part B of the sample from Exp 28 (H-MFI-50 screening) after 5 hours 

on stream 
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l 
.-r<: 

--. 

- .:-~ 

'--._ ......... _-_ ......... _. __ . __ ._._ ......... -. __ ... _ ... --_ ....... ---_.-----... _-_ ...... _. ---'" (_.:. _._- ...... _---..... _ .. __ ._----_._---_ .. --_._-

..".-. " ' ....... ,. 
1'" .... "') ~ 

~ ": .s;~·:· 
~ 

? 

Figure XI-4 : Part A of a standard mixture mixed with the sample from Exp 28 

(H-MFI-50 screening) after 5 hours on stream 
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APPENDIX X.I 

Figure XI-5 : Part B of a standard mixture mixed with the sample from Exp 28 

(H-MFI-50 screening) after 5 hours on stream 
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APPENDIX X.2 

ACTIVITY COEffiCIENTS fOR PHENOL-WATER SYSTEM 

The ring balance focused only on the organic phase, as explained in Section 4.4 and 

Section 4.4>4. thus considering no significant quantities of phenols or aromatic in the 

aqueous phase. 

An activity coefficient model, obtained from UNIF AC, considering the phenol-water 

binary system gave the results below: 

T=25°C 

Xphenol 0 0.1 0.2 0.3 0.5 0.7 0.8 0.9 1 

'Yphenol 11.0 2.9 1.67 1.29 1.06 1.01 1.00 1.00 1 

'Ywater 1 1.06 1.17 1.27 1.43 1.53 1.56 1.58 1.60 

A high activity coefficient indicates low solubility of a substance in the other, and this is 

usually a case for a substance that is present in low concentrations (Sandler, 1989). 

Analysis of the aqueous phase by GC showed that the aqueous phase had very small 

quantities of organic compounds. It can therefore be concluded that most of phenol 

produced from diphenyl ether cleavage was recovered in the organic phase. 

It was discussed in Section 2.1.6 that phenol has limited solubility in water between 0 and 

60°C, and the product was collected in this temperature range. It therefore seemed 

reasonable to ignore anyquantities of phenols that were lost via the aqueous phase. 
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