
The Benzylphenylether Thermolysis 
Mechanism: Insights from Phase Behavior 

The thermolysis of benzylphenylether (BPE) was examined at 320°C 
in liquid, vapor, and supercritical methanol phases as a probe of the 
reaction mechanism. Toluene and phenol were the major products in all 
cases, but observed selectivities were dependent upon the reaction 
phase. Isotopic labeling experiments demonstrated that methanol 
participated in the reaction network as a hydrogen donor through a 
free-radical mechanism. These results are consistent with free-radical 
steps for neat BPE primary pyrolysis that include BPE fission followed 
by hydrogen abstraction and radical recombination reactions. A de- 
tailed set of 2 1 free-radical steps quantitatively explains the depen- 
dence of the selectivity and conversion on the phase behavior. 
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Introduction 
Supercritical fluid (SCF) solvents represent interesting and 

potentially powerful tools for reaction engineering because of 
their extreme P-V-T behavior near their critical point. As 
reaction media, SCF solvent properties can potentially be 
optimized via adjustments of pressure to improve reaction rates 
and selectivities. As we show here, SCF solvents can also be 
useful in the interpretation of kinetic information in the probe of 
reaction mechanisms. 

Reported supercritical solvent effects include electrostatic 
interactions (Townsend et al., 1988; Johnston and Haynes, 
1987), diffusional limitations (Lawson and Klein, 1985; Abra- 
ham, 1987; Helling and Tester, 1987; Yang and Eckert, 1988), 
and pressure effects (Johnston and Haynes, 1987; Simmons and 
Mason, 1972). However, the thermodynamic phase behavior 
can also affect global reaction kinetics and lead to interesting 
apparent solvent effects. 

The reaction of dibenzylether (DBE) in supercritical toluene 
(Wu et al., 1989) provides an example of the influence of phase 
behavior on laboratory kinetics information. The conversion of 
DBE after 30 min at 375°C and constant initial DBE concentra- 
tion, [DBE],, dropped from 90% at 5 atm to 50% at 48 atm, 
where the pressure increase was generated through the addition 
of toluene. Interpretation of the data by assuming a single-phase 
pressure effect would suggest an apparent activation volume of 
2,000 cm3/mol, as much as three orders of magnitude greater 
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than typical intrinsic activation volumes (le Noble, 1978). 
However, phase equilibrium calculations showed the existence 
of a two-phase region that explained the drop in conversion 
without recourse to pressure-dependent rate constants. 

Thus the adjustment of the pressure can also control the 
number and composition of phases in which a reaction occurs. 
This presents the opportunity to highlight the various elemen- 
tary steps of a complex reaction mechanism since the concentra- 
tions of species can be varied easily by over two orders of 
magnitude by changing from the liquid to the vapor phase. This 
allows emphasis of, and discrimination between, unimolecular 
and bimolecular steps and their influence on global kinetics and 
selectivities. This is the object of the present paper, where we 
describe the reaction of BPE in liquid, vapor, and supercritical 
methanol phases. 

Background 
The choices of both the supercritical solvent, methanol, and 

the substrate benzylphenylether (BPE: PhCH,OPh) were moti- 
vated by prior work. Because supercritical water hydrolyses a 
class of aromatic hydrocarbons (Townsend et al., 1988; Lawson 
and Klein, 1985; Helling and Tester, 1987; Yang and Eckert, 
1988; Abraham and Klein, 1985; Abraham et al., 1988; Pen- 
ninger, 1988a,b; Huppert et al., 1989), it seemed reasonable to 
anticipate the participation of supercritical methanol in solvoly- 
sis. While Abraham and Klein found that the reaction of 
benzylphenylamine (BPA: PhCH,NHPh) in supercritical meth- 
anol included the incorporation of a methoxy group in the 
products, the nature of the elementary steps-the involvement 
of polar molecules (Townsend et al., 1988; Huppert et al., 1989; 

AIChE Journal August 1990 Vol. 36, No. 8 1129 



Townsend, 1989), ions (Penninger, 1988b; Antal et al., 1987; 
Ramayya et al., 1987), or free radicals-was not clear. 

In this work, we studied similar mechanistic possibilities 
through reaction of the BPA analogue, BPE, whose thermal 
chemistry has been thoroughly studied (Schlosberg et al., 
1981a,b, 1983; Virk, 1979; Frederick and Bell, 1984a,b; Mobley 
and Bell, 1979; Gilbert, 1984; King and Stock, 1982, 1984; 
Larsen and Lee, 1983; Takemura et al., 1981; Collins et al., 
1977; Matsuhashi et al., 1985; Korobkov et al., 1988a,b; Sato 
and Yamakawa, 1985; Stein, 1981) and therefore provided a 
convenient background to explore solvent effects. 

The BPE thermolysis mechanism has also received consider- 
able attention. The fission of the weak C-O bond is a consensus 
feature (Schlosberg et al., 1981b; King and Stock, 1984; 
Takemura et al., 1981; Matsuhashi et al., 1985; Sato and 
Yamakawa, 1985), but subsequent steps remain equivocal 
because of their large number. Schlosberg (1981b) proposed a 
detailed set of reaction steps for the neat BPE pyrolysis in the 
liquid phase. Virk (1979) outlined an alternate pericyclic 
pathway for BPE pyrolysis in the presence of a hydrogen donor 
such as tetralin or decalin. In this work, reactions in the gas and 
liquid phase and in supercritical methanol allowed sequential 
emphasis of unimolecular, bimolecular, and BPE fission elemen- 
tary steps, respectively. 

The present work was therefore aimed at  both resolving the 
role of supercritical methanol in reaction chemistry and using 
phase behavior to extend previous studies of the BPE pyrolysis 
mechanism. The experimental methods and results are pre- 
sented first. The discussion that then follows describes a rather 
detailed mechanism that is nevertheless susceptible to both 
complete numerical and simplified analysis. 
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Experimental Methods 
BPE was pyrolyzed in 316 stainless steel “tubing bomb” 

reactors with volumes of 0.59 and 5 cm3. A summary of the 
conditions is shown in Table 1. The reactors consisted of a 
Swagelok port connector and two end caps; the fittings were 1/4 
in. for the 0.59 cm3 reactors and 1/2 in. for the 5 cm3 version. 
BPE, biphenyl (BP), a demonstrably inert (Townsend and 
Klein, 1985) internal standard, and methanol ( p ,  = 1.2), when- 
ever necessary, were loaded volumetrically into the tubing 
bombs with an Eppendorf digital pipette (L 1%); the loadings 
were verified with a Mettler AE200 balance ( ~ 0 . 1  mg). The 
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Table 1. Experimental Conditions* and Results 

Loadings Liquid Vapor sc 
mol/L, Phase Phase Methanol 

BPE 
BP 
Methanol 
Conversion, x 

Toluene 
Phenol 
Benzaldehyde 
OHD 

0.185 0.054 
0.220 0.065 
none none 
0.90 0.42 

Average Selectivities 
0.35 0.15 
0.49 0.61 
0.04 0.2 
0.09 0.04 

Products Identified, % 
91 82 

0.046 
0.056 

10.17 
0.20 

0.57 
0.56 

<0.01 
t0.01 

95 

*All experiments performed at 320°C up to a final time of 20 minutes. Diphenyl 
ketone and benzene were also detected in trace amounts (c 1% yield). 

reactors were heated to, and maintained at, a reaction tempera- 
ture of 320 -c 2°C in a fluidized sand bath. After the final 
reaction time was reached, the reactions were quenched by 
immersing the tubing bombs in a room-temperature (-20°C) 
water bath. The reaction products were recovered by three 
consecutive acetone washes. The products were then identified 
by GC/MS and quantified on an H P  5580 G C  equipped with a 
50 m DB-5 fused silica capillary column and flame ionization 
detector. Response factors were determined by analyzing stan- 
dard mixtures. 

Isotopic labeling experiments were performed using fully 
deuterated methanol (CD,OD). The extent of deuterium incor- 
poration into toluene was determined using a Hewlett-Packard 
5890/5970 gas chromatograph/mass spectrometer. Phenol iso- 
topes were not examined because they are prone to undesired 
isotopic exchanges during analysis (Brodskii, 1943). 

Calculation of Phase Behavior 
The phase behavior of the reaction mixtures was controlled 

through the reactant loadings and calculated using a modified 
flash program.‘The detailed calculations are reported elsewhere 
(Wu et al., 1989). The Peng-Robinson equation of state was 
used to describe the nonidealities because of its correlative 
accuracy in methanol-coal model compound systems (Thies, 
1985), albeit without interaction parameters. Therefore, experi- 
mental loadings were well beyond phase boundaries to assure 
essentially one-phase reaction. 

For neat BPE reactions, a dew point BPE loading, [BPE],,, 
was calculated as 0.074 mol/L,; loadings above [BPE],, in- 
duced the formation of a liquid phase. Therefore, a loading of 
0.054 mol/L, was used for vapor phase pyrolysis, which is -25% 
less than [BPE],,. The nominal liquid-phase BPE loading of 
0.46 mol/L, caused essentially all (>99.9%) of the BPE to be 
present in the liquid. 

The BPE/supercritical methanol phase behavior a t  320°C is 
presented in Figure 1. The experimental conditions used for the 
reaction of BPE in methanol were significantly removed from 
those for the calculated two-phase regions. The results from 
these experiments were therefore interpreted as being from 
single-phase experiments. 

0.0 
X 

methanol 

1 .o 

Figure 1. Phase behavior of BPE/methanol systems at 
320°C. 
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Results 
Representative results are shown in Table 1. Toluene and 

phenol were the major products from BPE pyrolysis in the 
liquid, vapor, and supercritical methanol phases. In addition, 
benzaldehyde was produced from vapor-phase BPE pyrolysis. 

The temporal variations of the BPE, toluene, and phenol yield 
(y, = N,/Nspto ) are presented in Figures 2 ,  3, and 4. The 
conversion of BPE, x = 1 - yePE, at  20 min was approximately 
0.9 in the liquid phase, 0.6 in the vapor phase, and 0.2 in 
supercritical methanol. 

The dependence of the product selectivities on the fluid phase 
is emphasized in Figure 5 ,  a plot of the major product yields vs. 
conversion. The slopes of linear least-square fits provide average 
product selectivities, which, for toluene, varied dramatically 
from 0.15 k 0.05 in the vapor phase, to 0.35 * 0.02 in the liquid 
phase, and 0.57 0.03 in supercritical methanol. The depen- 
dence of the phenol selectivity on the reaction phase was less 
pronounced: 0.61 + 0.14 in the vapor phase, 0.49 * 0.02 in the 
liquid phase, and 0.57 * 0.03 in supercritical methanol. The 
toluene and phenol selectivities in supercritical methanol were 
more similar to those in the liquid than in the vapor phase, 
although the conversion was more similar to that in the vapor 
phase. 

The foregoing shows that reaction of BPE in supercritical 
methanol led to equimolar formation of toluene and phenol. This 
is similar to previous reactions in tetralin (Collins, 1977; 
Korobkov et al., 1988a,b; Sat0 and Yamakawa, 1985), which 
suggests that methanol was a hydrogen donor. This motivated 
the reaction of BPE in fully deuterated (CD,OD) supercritical 
methanol. Approximately 55% of the toluene produced was 
singly deuterated (PhCH,D), the remainder being fully proto- 
nated (PhCH,). This suggests that the free-radical hydrogen 
transfer from BPE was about 170 times faster than from 
methanol; see Table 1 for relative concentrations. Note that 
heterolytic reaction involving methanol would have led to 
different products and isotopic exchange. 

Discussion 
The observed dependence of BPE conversion and average 

product selectivities on the phase behavior provides information 
about the kinetics of the elementary steps of pyrolysis. The 
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Figure 2. Temporal variation of product yields from BPE 
pyrolysis in liquid phase at 320°C. 
A toluene; 0 phenol; 0 BPE 
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Figure 3. Temporal variation of product yields from BPE 
pyrolysis in vapor phase at 320°C. 
A toluene; 0 phenol; 0 BPE 

discussion to follow is aimed a t  extending and solving a set of 
steps for BPE pyrolysis and its reaction in supercritical metha- 
nol. The model is based on and therefore provides insights into 
the observed dependence of the reaction kinetics and selectivity 
on the phase behavior. 

Elementary steps for BPE pyrolysis 
The elementary steps of BPE pyrolysis can be organized into 

primary and secondary groups. The primary steps involve BPE 
and are presented in Figure 6. These are similar to those 
proposed by Schlosberg et al. (1981 b) for BPE and analogous to 
those proposed by Stein (1981) for the pyrolysis of diphe- 
nylethane. The initial step is the fission of the weak C-O bond to 
form benzyl (7 , )  and phenoxy (y2) radicals. These can in turn 
abstract hydrogen from BPE, forming the two major products, 
toluene and phenol, and a BPE radical (p , ) .  The recombination 
steps involve all the possible combinations of radical species. 
None of the primary termination products formed in measur- 
able quantities. However, Schlosberg et al. (1981 b) detected the 

0.4 1 Y i  

0.2 

0.0 
0 10 

Umin 
20 

Figure 4. Temporal Variation of product yields from pyrol- 
ysis in SC methanol (pr = 1.2) at 320°C. 
A toluene; 0 phenol; D BPE 
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Figure5. Effect of fluid phase on toluene and phenol 
selectivity from BPE pyrolysis at 320°C. 
0 supercritical methanol; liquid; 0 vapor 

two most stable termination products, bibenzyl and phenoxy- 
diphenylethane, from their experiments in the liquid phase. 

The primary termination products can undergo secondary 
reactions, as shown in Figure 7. The secondary reactions play 
three roles. First, the primary termination products (TP) can 
generate y2 (phenoxy) radicals from bond fission or lead to y2 
from /3 scission of the radicals formed from the hydrogen 
abstraction of TP. Second, TP can provide hydrogen to cap 
radical species. Finally, the secondary reactions generate ole- 
finic materials that are particularly prone to polymerization 
reactions, eventually forming char. The net effect of the termina- 
tion of the primary radicals is the subsequent generation of y2 
radicals and char; the formation of yI  radicals from TP is 
negligible. This explains why the selectivity to phenol was 
always greater than or equal to that for toluene, Figure 4. 

BPE pyrolysis in methanol involves a t  least two additional 
steps, such as those shown in Figure 8. The labeling results 
suggesting hydrogen abstraction from BPE to be approximately 
170 times faster than hydrogen abstraction from methanol are 
consistent with thermochemical estimates. An Evans-Polanyi a 
-0.25 and C-H bond strengths of -70.5 * 2 kcal . mol-' 
(-295.4 2 8.4 kJ . mol-I) and 94 * 2 kcal 8.4 
kJ - mol-I) for BPE and methanol (McMillen and Golden, 
1982), respectively, indicate that H transfer from BPE would be 
60 to 330 times faster than from methanol. 

The ostensibly formidable number of steps in Figures 6-8 is 

mol-' (394 

1132 August 1990 

Bond Fission 
k 

0 - O - o  a"'+ a* 
Primary Hydrogen Abstraction 

a o ;  L &"y=$l + q " H  

Radical Recombination 

a"*+ a"* w-0y-J 

Observed by Schlosberg e! al. (1981) 

Figure 6. Elementary steps tor primary BPE pyrolysis. 

actually quite reasonable. BPE has only two weak bonds: the 
central C-0 bond is one and the benzylic C-H bond is the other. 
All other bond strengths are of the order of 20-30 kcal/mol 
(84-126 kJ/mol) stronger and therefore are uninvolved in the 
major pyrolysis chemistry at  320OC. Rate constants involving 
these strong bonds would be about 7-11 orders of magnitude 
smaller than those for the weak bonds at  320OC. 

Thus, the mechanism is quite straightforward. The weakest 
(C-0) bond ruptures to give two free radicals (step I) ,  which 
can recombine or abstract hydrogen from BPE. The latter steps 
generate the products and a third radical. The termination steps, 
4-9, represent the seven allowable combinations of three dif- 
ferent species minus the one leading to highly unstable perox- 
ides. 

The secondary reactions are likewise in accord with basic 
thermochemical kinetics (Stein, 198 1 ;  McMillan and Golden, 
1982). 

Solution of the kinetics model of Figures 6-8 provides a 
prediction of yield and selectivity and, with quantitative compar- 
ison to Figures 2-4, a measure of the model likelihood, Q(X21 v) 
(Press et al., 1986). This requires numerical values for the 21 
rate constants of Figures 6-8. At one extreme, estimation of all 
21 parameters through the fit of the model to the experimental 
data would provide a low model likelihood (Q  << 1) because of 
the low degrees of freedom, v = n - m, where n is the number of 
experimental data points and m is the number of regressed 
parameters. At the other extreme, a priori prediction of each k 
would result in low model likelihood because of the anticipated 
large deviation of the model predictions from the data. An 
optimal resolution was to lump by reaction families, in which 
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Figure 7. Elementary steps for secondary BPE pyrolysis. 

each family member (reaction) had an identical k ,  and use a mix 
of u priori predictions and optimized constants. 

Following this logic, the rate constants for /3 scission and 
disproportionation reaction families were derived from litera- 
ture activation parameters (Stein, 1981) as 101os-l  and 553 
s-' - M-' ,  respectively, for T = 320°C. The rate constants for 
the fission, hydrogen abstraction, and radical recombination 
reaction families (k,, k,, and kT)  were optimized using the 
downhill simplex method of Nelder and Mead (1965) and the x2 
minimization function of Eq. 1. 

where n is the number of experimental observations, y the model 
prediction or experimental measurement, and CT, the standard 
deviation of the measurement. The values of k,, k,, and k ,  were 
anticipated to be different for each phase (Stein et al., 1982). 

k 
20 R' + C H S O H  ___t * C H 2 0 H  + R H  

I I 

Figure 8. Hydrogen donation mechanism for BPE pyroly- 
sis in SC methanol. 

However, we emphasize that three and not 21 rate coefficients 
were determined via model optimization to the kinetics data. 

Optimized values of k,, k,, and k', are listed in Table 2. They 
fall essentially within an order of magnitude of a priori 
estimates (Stein, 1981). The confidence limits of the rate 
constants were calculated using a standard Monte Carlo method 
(Press et al., 1986; Landau et al., 1988). 

These optimized rate constants provide the correlation of the 
experimental data represented as solid lines in Figures 2, 3, and 
4. The error bars represent the 95% confidence limit on the 
accuracy of the experimental data. Model likelihood parameters 
are listed in Table 3. The model provides as excellent correlation 
for BPE pyrolysis in supercritical methanol and a reasonable 
depiction of liquid- and vapor-phase pyrolysis. 

This detailed model allows emphasis of the differences be- 
tween the liquid- and vapor-phase BPE pyrolysis. In addition to 
the predictions of the experimental observables, unobservables 
such as radical concentrations or instantaneous rates can be 
computed. For example, the temporal variations of the yields of 
the three most abundant reactive intermediates, y,, y2, and pI, 
are plotted in Figures 9 and 10 for reaction in the liquid and the 
vapor phase, respectively, along with the relative yield of phenol 
to toluene. Two differences are particularly striking. First, pi is 
the most abundant reactive intermediate in the liquid phase and 
the least abundant of these three intermediates in the vapor 
phase. Second, the ratio y2/yI is significantly larger in the vapor 
phase than in the liquid phase. The first observation indicates 
the relative importance of the hydrogen abstraction steps in the 
liquid phase. The second observation implies that the secondary 
reactions are more prevalent in the vapor than the liquid phase 
since y2, not yl, is generated in secondary reactions. 

These radical concentrations control the experimental obser- 
vations and their sensitivity in the reaction phase. In the absence 
of secondary reactions, yI and y2 are identical, as are yphcnol and 
ytol,,,,. The secondary reactions are manifested experimentally 
as higher yields of phenol to toluene, that is, ypheno,/ytolucnc > 1. In 
the liquid-phase BPE pyrolysis, Figure 9, yphcnol/ytoluenc ap- 
proaches unity near zero conversion, where secondary reactions 
are essentially negligible. However, the secondary reaction steps 
are never negligible experimentally in the vapor phase, because 
of the rapidity of the termination steps, and yphcnol/ytoluenc does 
not approach unity at any measurably low conversion. 

Another measure of the importance of secondary reactions is 
the ratio, rP,/rTc, of the primary hydrogen abstraction rate (steps 
2-3) to the primary termination rate, since the latter reaction 
forms products susceptible to secondary reaction. The depen- 
dence of rp,/rT, on the reaction phase is shown in Figure 11 as a 

Table 2. Optimized Rate Constants for BPE Pyrolysis 
Reaction Families at T = 32OOC 

Reaction 
Phase 

sc 
Reaction Family Methanol Liquid Vapor 

Bond fission, k, x 104s-' 1.3 + 0.1 5.7 i 0.3 23.8 i 21.3 
H-abstraction, 

k ,  x lO-'s-' - M-' 111.7 i 115.0 85.2 i 83.0 1 . 1  i 2.2 
Termination, 

k ,  x 10-9s-' . M-' 0.32 i 0.96 10.56 i 12.2 0.10 f 0.06 

AIChE Journal August 1990 Vol. 36, No. 8 1133 



Table 3. Statistical Likelihood of BPE Thermolysis 
Reaction Models 

0 ’  

30 I 

Y l  p 1 

Ic- 

Liquid 30 3 0.02 160.8 3.1 x 
Vapor 20 3 0.03 111.2 2.5 x lo-’ 
SCMethanol 22 3 0.01 69.2 0.3 

plot of rp,/rTe vs. conversion, parametric in [BPE].. Since 
hydrogen abstraction generates both toluene and phenol and 
secondary reactions only the latter, increases in rp,/rT, direct 
yphcno,/ytolucnc toward unity, which was observed experimentally. 

Simplified analysis 
This discussion points to the ratio rp,/rT, as an indicator of the 

relative yields of phenol and toluene. This issue can be probed 
through a simple steady-state analysis that balances the genera- 
tion of radicals from BPE with their termination, that is, 

where 

m.1 = PI + YI + Y2 (3) 

The balance of Eq. 2 is most appropriate a t  low conversions 
where BPE is the only significant radical source. Under these 
conditions, the rate of hydrogen abstraction will provide the rate 

3 1  

Yphenol 

Ytoiuene 

2.2 
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Figure 9. Model prediction of liquid-phase temporal varia- 
tion of radical concentrations and major prod- 
uct yield ratio. 

I [R.] /10-7M 

l o  t 
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Figure 10. Model prediction of vapor-phase temporal vari- 
ation of radical concentrations and major prod- 
uct yield rates. 

of generation of toluene and the rate of generation of phenol 
from primary steps as: 

rp, = k H [ R  - 1  [BPE] = kH (4) 

0.5 

IBPEL = 1 .O molil 

o.2 [BPEIo = 0.1 \ \  

0.0 I I I I 

0.0 0.2 0.4 0.6 0.8 

XBPE 

Figure 11. Effect of concentration and conversion on 
relative rates of primary hydrogen abstraction 
and termination. 

1134 August 1990 Vol. 36, No. 8 ALChE Journal 



Equation 2 provides the termination rate as 

rTe = kr [BPE] ( 5 )  

This is the indicator of the importance of secondary reactions, 
which produce phenol, not toluene. Equations 2 and 3-5 
combine to provide an indicator, I, of the relative rates of 
formation of phenol and toluene as 

Equation 6 shows I (phenol to toluene index) to decrease with 
increases in [BPE] ,  as was observed. For reactions in methanol 
the source of radicals is unchanged. Therefore Eq. 2 is still valid 
with the provision that R -  include methoxy radicals, which 
disproportionate according to Figure 8. The primary rate of 
formation of toluene and phenol will include a term for the 
hydrogen transfer from methanol as 

= k” [BPEI3/’ + k”’ [BPEI’/’ [MeOHl (7) 

In this instance the indicator I of the relative rates of formation 
of phenol and toluene reduces as 

k” [BPEI3/’ + k [BPE]1/2 [MeOH] + k, [BPE] 
k” [BPE]3/2 + k [BPE]’/’ [MeOH] I =  (8) 

which approaches unity as [MeOH] approaches a large value. 
This was observed experimentally. 

In summary, the primary reaction steps produce essentially 
equal moles of phenol and toluene and the secondary steps 
produce phenol and char. The production of phenol is therefore 
always equal to or greater than that of toluene. In supercritical 
methanol, methanol acts as a free-radical hydrogen source, 
which promotes an equimolar production of phenol and toluene. 

Conclusions 
The pyrolysis of BPE in different fluid phases provided 

valuable insight into the reaction mechanism. The product 
selectivities and conversions varied significantly in the liquid, 
vapor, and supercritical methanol phases. A mechanism for 
BPE pyrolysis has been suggested that involves both primary 
free-radical reactions of the substrate and secondary radical 
steps for each of the primary termination products. The depen- 
dence of the selectivities and conversion on the phase behavior 
were attributed mostly to the variations of the concentration of 
BPE and its effect on primary vs. secondary reaction steps. 
Finally, methanol participated as a hydrogen donor by a 
free-radical mechanism. 

Notation 

BPA = benzylphenylamine (PhCH,NHPh) 
BPE = benzylphenylether (PhCH,OPh) 

k = rateconstant 
m = number of adjustable parameters 
n = number of experimental data points 
P = pressure, atm 

BP = biphenyl (PhPh) 

TP = termination product 

R - = sum of radical concentrations 
Q = model likelihood 

S = selectivity 
T = temperature, K 
x = conversion, l-yBPE 
Y = yield, “ i l i l / “ ~ J o  

Greek letters 
a = Evans-Polanyi constant 
d = solubility parameter 
c = dielectric constant 

y ,  = benzyl radical 
yz = phenoxy radical 
p,  = BPEradical 
q = viscosity 
p = density 
ui = standard deviation of measurement i 
v = degrees of freedom = n = m 

xz = chi squared 

Subscripts 
c = critical property 

i = component i 
I = initiation (bond fission) 

liq = liquid phase 
o = initial condition 

P, = primary hydrogen abstraction reaction 
r = reduced property, A J A ,  

R = reactor 
S = secondary reaction 
T, = termination step (radical recombination or disproportionation) 

d p  = dew point 

vup = vapor phase 
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