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Finally, the total volume of overlap, Le., sum of the two 
above expressions, is 

A V  = (2a/3)(R? i- R+3)  - x[R-~X*  i- R+2(xo - x*)]  i- 

(a/3)[(x*I3 + (xo  - x*I3l (A31 

which is eq 5 of the text. 

Registry No. H,O, 7732-18-5; Nafion, 39464-59-0. 
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Modeling Phenolic Resins and Their Thermolysis 
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ABSTRACT: A simple interpretation of the structure of phenolic resins permitted development of a 
mathematical model for their thermolysis. The resin was viewed as an  ensemble of single-ring aromatics linked 
into a polymer by diphenylmethane (DPM) bonds. The  rate of thermal fission of the polymer’s DPM bonds 
was used to deduce the rate of evolution of single-ring products. Previous pyrolyses of related model compounds 
provided the reaction pathways and kinetics for the polymer’s DPM bond fissions. Simple probability concepts 
allowed calculation of six individual product identities and yields. Experimental pyrolyses of an actual phenolic 
resin permitted evaluation of these model predictions. 

Introduction 
The prediction of a polymer’s pyrolysis pathways and 

rates is of interest in such areas as polymer thermal sta- 
bility,2 polymer r ecy~ le ,~  and coal 1iq~efaction.l~ Unfor- 
tunately, these fundamental pathways and kinetics are 
usually obscured in the complexity of both the polymer’s 
structure and its pyrolysis product spectra. Predictions 
and correlations based on observations of actual polymer 
pyrolysis can thus be difficult. In contrast, the compara- 
tively simple structure and product spectra of model 
c ~ m p o u n d s ’ ~ ~ J ~ ~ ’ ~  permit resolution of reaction funda- 
mentals. This motivated the present development of a 
mathematical model of phenolic resin pyrolysis that is 

‘To whom correspondence should be addressed at  the Depart- 
ment of Chemical Engineering. 

based on the pathways, kinetics, and mechanisms of a 
model compound’s pyrolysis. 

This paper describes the development, execution, and 
analysis of the pyrolysis model. We begin with a simple 
analysis of phenolic resin structure. This is combined with 
model compound pyrolysis information and elementary 
probability concepts into the polymer pyrolysis model. A 
delineation of experimental techniques, model predictions, 
and experimental results follows. We then compare ex- 
perimental results and model predictions, and conclude 
by considering the utility and limitations of the present 
modeling approach. 
Model Development 

The analysis of a phenolic resin’s thermolysis is com- 
plicated by ita large and distributed molecular weight and 
apparently randomly branched structure. We thus con- 
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sider the fate of an average aromatic ring within an av- 
eraged polymer in a model of not only pyrolysis but also 
of the structure of the polymer itself. 

Synthesized through the acid- or base-catalyzed con- 
densation of phenol and fo~naldehyde?~J~ thermally cured 
phenolic resins comprise monohydroxy1 phenolic rings 
linked together by, substantially, diphenylmethane (DPM) 
bonds. In the analysis to follow we neglect the occurrence 
of less prevalent ring substituents such as ether linkages 
and methylol groups.1° An averaged cured phenolic resin 
will have a DPM substituents on each of its 2-, 4- and 
6-ring positions where 0 I a I 1 and the 1-position is 
defined to contain the hydroxyl substituent. Assuming 
that every formaldehyde molecule is incorporated into the 
resin as a DPM bond, which serves as a DPM substituent 
to two rings, the number of DPM substituents per ring will 
be 2/PFR, where PFR is the phenol to formaldehyde 
molar ratio during synthesis. This must also be equal to 
3 a  since a single a describes each of the three ring posi- 
tions. The globally averaged polymer thus contains phe- 
nolic rings with a (=2/ (3  PFR)) DPM substituents on each 
of its 2-, 4- and 6-ring positions. 

The average ring of this averaged polymer will thus 
contain a hydroxyl substituent at its 1-position, a hydrogen 
substituent a t  its 3- and 5-positions, and a DPM sub- 
stituents a t  each of its 2-, 4-, and 6-positions; hence p = 
1 - a nonbonded (hydrogen) substituents will also be 
present a t  the 2-, 4-, and 6-positions. This suggests that 
for polymers with a < 1, Le., synthesized a t  PFR > 2/3, a 
finite number of the polymer rings will not be bonded to 
any other ring. Since an aromatic ring is defined by the 
substituents at  each of its six ring positions, simple 
probability theory suggests that phenol should be present 
in fraction p3 of all aromatic rings. In this calculation, 
hydrogen substituents were required to occur simultane- 
ously at  the 2-, 4-, and 6-positions of the aromatic ring that 
always contains a hydroxyl substituent at  its 1-position and 
hydrogen at  its 3- and 5-positions. I t  is interesting that 
Knop and Scheib8 reported that a resin prepared in hy- 
drochloric acid at  a PFR of 2 contained 28 wt 70 phenol. 
The present analysis suggests that, at  PFR = 2, a = 1/3 
(and hence p3 r 0.30), which corresponds to 28.3 wt 5% (see 
below) phenol. 

Our interest is in the yield and identity of single aro- 
matic ring pyrolysis products (SRP) since these are ex- 
perimentally observable. Quantitation of multiring car- 
bon-rich products is more challenging and not considered 
here. Formation of a SRP during pyrolysis requires the 
fragmentation of any DPM substituent present on each 
of the 2-, 4-, and 6-positions on any ring. The reactions 
of the DPM substituents and, hence, the temporal varia- 
tions of a(t)  and /3(t), chronicled the resin thermolysis. We 
thus recognize the values of a and p that described the 
initial resin (before pyrolysis) to be the limiting values a. 
= a(t  = 0) and Po = @(t = 0). The functions a( t )  and P ( t )  
were inferred from the reactions of pure diphenylmethane 
as follows. 

Our simple interpretation of the fragmentation of DPM 
to its major single-ring products benzene and toluene1t4JJ3 
is illustrated in Figure 1. The stoichiometrically balanced 
reaction of 2 mol of DPM to 1 mol each of benzene, tolu- 
ene, and fluorene satisfies the hydrogen requirement for 
the formation of the single-ring products. Note that sym- 
metry requires the transformation of a given one of the 
two DPM aromatic rings to benzene or toluene to be 
equally likely. As regards the actual resin, the reaction of 
a DPM substituent on a given ring will thus leave a hy- 
drogen or methyl substituent with equal probability; i.e., 

DPM I *  

1 + D P M  

TOL BEN FLU 0 RE N E 

Figure 1. Interpretation of diphenylmethane pyrolysis pathway 
and kinetics. 

half of the nonbonded substituents that form from py- 
rolysis will be hydrogen and half will be methyl. 

The mechanism advanced in Figure 1, based on the 
observations that the initial rate of DPM pyrolysis is very 
nearly first order in DPM and that the apparent pyrolysis 
order increases with conver~ion,'~ admits derivation of an 
analytical rate expression. Pseudo-steady-state analysis 
of (i) slow bond fission through a hypothetical stretched 
DPM species I*, (ii) collapse of I* to DPM, and (iii) re- 
action of I* with DPM to yield benzene, toluene, and 
fluorene yields eq 1 and 2 for the rate of reaction of DPM 
and the rate of formation of benzene and toluene, re- 
spectively. 

-d(DPM)/dt = kl(DPM)2/[1 + K(DPM)] (1) 

d(BEN)/dt = d(TOL)/dt = 
0.5kl(DPM)2/[1 + K(DPM)] (2 )  

Values for h1 and K of eq 1 and 2 were estimated from 
the pyrolyses of DPM,4J3 0- and p-hydroxyl-DPM,'~~ and 
phenolic resins.I2 The latter substrates allowed estimation 
of the electronic activation of the DPM bond by the hy- 
droxyl substituents that are always present in the phenolic 
resins. Arrhenius parameters were not fully available and 
thus product yield temperature dependence was not 
modeled. 

Turning now to the temporal variations of a and p, the 
DPM pathway of Figure 1 requires that every transfor- 
mation of two a substituents be attended by the formation 
of one nonbonded p substituent (either H or CH,) and one 
fused ring substituent akin to the moiety in fluorene. The 
rate of change of a was estimated by replacing DPM molar 
concentrations in eq 1 with the number concentration of 
a substituents; likewise /3 replaced BEN (or TOL) in eq 
2. 

-da/dt = kla2/ (1  + Ka)  (3 )  

dp/dt = 0.5kla2/(1 + Ka) (4) 

a - a0 = -2(p - Po) (5) 

(YO = 2 / ( 3  PFR) (6) 

po = 1 - a0 (7) 
Equations 2-7 thus described the temporal variations of 
DPM and nonbonded substituents. 

The pyrolytic formation of SRP required the simulta- 
neous occurrence of three nonbonded (p) substituents on 
a given ring. Akin to the calculation for phenol in the 
initial resin (before pyrolysis), the number concentration 
of SRP was estimated as illustrated in eq 8. In eq 8, 

N(SRP) = p3 (8) 
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Table I 
Predicted Product Identities and Yields 

substituent at ring Dosition 
comb. no. 2 4 6 implied SRP product yield: wt  % 

1 CH3 CH3 CH, 2,4,6- trimethylphenol N(SRP)P(CH3)3136/M~~ 
2 CH3 CH3 H 2,4-xylenol (=4,6 xylenol) PN(SRP)P( CH,)'P(H) 122/MAR 
3 CH3 H CH3 2,6-xylenol N(SRP)P(CH3)'P(H)l22/MAR 

5 H CH3 CH3 4,g-xylenol (=2,4 xylenol) see comb. 2 

7 H H CH3 o-cresol see comb. 4 

4 CH3 H H o-cresol ~N(SRP)P(CH~)P(H)'~O~/MAR 

6 H CH3 H p-cresol N(SRP)P(CH3)P(H)z108/M~~ 

8 H H H phenol N(SRP)P(H)394/M~, 
"N(SRP) = P3,  P(H) = (PO + ' / z A P ) / ( P o  + AP), P(CH3) = ('/zAP)/(P,, + AP), and MAR = 94 + Mao. 

represents the sum of hydrogen and methyl substituents. 
Once again a SRP was required to have a hydroxyl sub- 
stituent at its 1-position and hydrogen substituents at its 
3- and 5-positions. 

The chemical identities of individual SRP were deter- 
mined by considering allowed combinations of P substit- 
uents on the 2-, 4-, and 6-positions. Since hydrogen and 
methyl substituents formed from DPM substituent frag- 
mentation in equal likelihood, the number concentrations 
of hydrogen and methyl substituents were given by eq 9 
and 10, respectively. Given that a SRP had formed (from 

(9) 

N(CH3) = '/ZAP (10) 

N H )  = Po + ' / ( P  - Po)  = Po + '/ZAP 

eq 8), the normalized probabilities of the occurrence of 
hydrogen and methyl substituents were given by eq 11 and 
12. The number concentration of an individual SRP was 

( P o  + '/zAP)/(Po + AP) (11) 

(12) 

thus calculated & the product of the number concentration 
of SRP and the three probabilities of its implied substit- 
uents [either P(H) or P(CH,)] on the 2-, 4-, and 6-positions. 
Product yields in (wt product)/(wt resin) (wt 7%) were 
determined by multiplying the number concentration of 
a given product by the ratio of its molecular weight to the 
molecular weight of the average ring in the averaged resin. 
The latter was a function of a. and was determined by eq 
13. This information is summarized in Table I, which also 

P(H) = N(H)/[N(H) + N(CH,)] = 

P(CH3) = '/zAP/(Po + AP) 

MAR = MC& + M O H  + 3/2a&CH, + 3( l  - aO)MH = 
94 + 18ao (13) 

lists the six predicted products, namely, 2,4,6-trimethyl- 
phenol, 2,4-xylenol, 2,6-xylenol, 0-cresol, p-cresol, and 
phenol. 

Prediction of the identity and temporal variations of the 
yield of individual products from phenolic resin thermo- 
lysis thus amounted to solution of eq 3 and 4 for the time 
dependence of a and 0, respectively. Analytical solution 
of eq 3 for a(t)  is represented as eq 14. Equation 5 hence 

(14) 
a + K In - = -k,t 1 1  

CY a0 a 0  

- - -  

provided P ( t ) ,  eq 8 provided the number of SRP, and the 
calculations summarized in Table I provided the yield of 
individual products. The total yield of multiring carbon- 
rich products is thus determined as 1.0 minus the sum of 
the yields of SRP. 

Experimental Section 
Pyrolysis of an actual phenolic resin permitted scrutiny of the 

model. The resin was an acid-catalyzed novolac supplied by 

K 4 d -  / 4 

0 0 8  

+ t a0 = 0.9 + 
O o ~ 1 O  

I ,  I , , ,  1 

2000. 4000. 6088. 8000. 10008. 

t. e 

Figure 2. Predicted (curves) and experimental (+) temporal 
variations of the total yield of SRP at various values of the initial 
DPM substituent concentration cyo. 

Rogers Corp. (E46-0018, lot L4B-439). Micro batch tubing bomb 
reactors of 0.6-cm3 internal volume were used as described else- 
where.13 Loaded reactors were immersed in a fluidized sand bath 
held constant at 400 OC for the desired reaction time and then 
quenched in a room-temperature fluidized sand bath. Quenched 
reactors were then opened, and a measured amount of 4- 
propylphenol was added to each to serve as a standard for gas 
chromatographic (GC) analysis. The contents of each reactor were 
then mixed in acetone, which effectively dissolved SRP. Injection 
of aliquots into an HP5880 GC equipped with an SE-54 capillary 
column and flame ionization detector allowed quantitation of SRP 
yields. Details are available.12 

Results 
Model Predictions. The pyrolysis model logic illus- 

trated in Table I emphasizes the profound influence of a. 
on both total SRP yield and also the yields of individual 
SRP. The total weight fraction of all SRP, obtained by 
summing the yields of individual SRP, is plotted against 
pyrolysis time in Figure 2 for parametric values of cyo. 

Asymptotic yields in Figure 2 increased from 0.1 a t  a. = 
1 to 1.00 at the trivial case where a. = 0; the latter yield 
simply reflects the thermal stability of phenol that was 
incorporated into the model. 

The temporal variations of the predicted yields of the 
individual SRP phenol, cresols, xylenols, and trimethyl- 
phenol are shown in Figure 3a-d, respectively, for param- 
etric values of ao. Inspection of Figure 3a shows that 
phenol increases in prevalence as a. decreases. Note also 
the nonzero prepyrolysis yields of phenol predicted as 
0.006,0.057, and 0.20 at a. = 0.8,0.6, and 0.4, respectively. 
The predicted behavior of cresols was more interesting. 
Ultimate yields increased from 0.06 at a. = 0.1 to about 
0.15 at cyo = 0.4 before decreasing to 0.04 as a. approached 
1.0. Yields of xylenols increased from 0 at a. = 0 to about 
0.001 at a. = 0.1 and 0.05 at a. = 0.8. The predicted 
trimethylphenol ultimate yield was less than 0.004 at a. 
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Figure 3. Predicted (curves) and experimental (+) temporal variations of the yield of individual products at various values of the 
initial DPM substituent concentration a0: (a) phenol; (b) cresols; (c) xylenols; (d) trimethylphenol. 

= 0.6, where phenol and cresols were the dominant prod- 
ucts, and increased to 0.018 for a. = 1.0. 

Experimental Results. Single-ring products observed 
from the pyrolysis a t  400 O C  of the sulfuric acid catalyzed 
novolac resin were, in order of descending prevalance, 
phenol, cresols, and xylenols. This is in qualitative accord 
with previous experimental pyrolyses of phenolic re- 
sins.3r9J5J7 Trimethylphenol was not observed. The tem- 
poral variations of these product yields are illustrated in 
Figure 3a-c. Ultimate yields in Figure 3a-c were ap- 
proximately 0.11, 0.05, and 0.01 for phenol, cresols, and 
xylenols, respectively. The product proportions illustrated 
in Figure 3a-c thus suggested a value of a. consistent with 
that expected from less condensed acid-catalyzed novolac. 
However, a single GC analysis of the acetone extract from 
the unreacted polymer revealed only trace amounts of 
phenol and no other SRP to be present initially. 

Discussion 
Our comparison here of the accord of model predictions 

and experimental results allows scrutiny of the utility of 
the modeling approach. We phrase this comparison in 
terms of the a. that best aligns the two sets of results, in 
spite of the fact that the conditions of the resin synthesis, 
and thus ao, were not available pieces of information. 
However, since the same resin was used in all pyrolyses, 
its single a. should certainly characterize all experimentally 
observed products and, in principle, describe each of the 
model's predictions accurately. In what follows we thus 
might consider a. as a single deduced parameter that 
minimizes either the deviation between the experimental 
and predicted value of a single yield (e.g., total SRP) or 

some function that accounts for each of the total SRP, 
phenol, cresol, xylenol, and trimethylphenol yields. 

The predicted and experimentally observed temporal 
variations of product yields are compared in Figures 2 and 
3. Predicted and experimental yields of total SRP accord 
best for cyo = 0.9. This value seems unusually high for a 
typical acid-catalyzed phenolic resin where PFR - 1 and 
a. = 0.67. The model thus seems to overpredict the ob- 
servations expected from typical acid resins. A likely cause 
of this overprediction is the mechanistically motivated 
DPM pyrolysis stoichiometry illustrated in Figure 1. An 
overall stoichiometry where 2 mol of DPM react to fewer 
than 2 mol of single-ring products (i.e., benzene and tol- 
uene) and greater than l mol of carbon-rich products (e.g., 
fluorene) is thus suggested as being more reasonable. 
However, no a priori reason for altering the stoichiometry 
from that in Figure 1 is evident presently. 

Predicted and experimental yields of phenol align best 
for a. = 0.7, which is slightly higher than that expected 
of a novolac but certainly in closer accord than that de- 
duced from the total SRP yields. Note that the implied 
prediction of only 1.73 wt % phenol being present in the 
initial resin is in agreement with our observation of only 
trace amounts of phenol in the novolac extract. Predicted 
and experimental yields of cresols best agree for values of 
cyo = 0.1 and 1. The former is clearly unrealistic for a 
polymeric material since it predicts 73 wt % phenol to be 
present in the initial resin. The latter value of a. is in- 
consistent with the information that the resin was the 
result of an acid-catalyzed synthesis. However, it is 
worthwhile to note that overpredictions in the total SRP 
yield would propagate linearly into the prediction of cresol 
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yield. Agreement between predicted and experimental 
yields of xylenols was poor, as an a. - 0.1 provided a best 
fit. Certainly this aspect of both the model predictions 
and the experimental analyses requires further investiga- 
tion. For example, pyrolysis of several better characterized 
resins would be useful. Finally, the experimental paucity 
of trimethylphenol products suggests indeed that the 
acid-catalyzed novolac had an a. no greater than 0.6. 

The agreement between each of the model’s predictions 
and their associated experimental observation is not 
quantitative. However, modeled and experimental yields 
of total SRP, phenol, and trimethylphenol suggest ap- 
proximately 0.7 < a. < 0.9, which is a reasonable range for 
the novolac used here. This qualitative agreement en- 
courages further investigation along the present lines. 
Certainly the notion that a polymer’s reactions can be 
inferred from the reactions of its simple chemical models 
is appealing. 

Summary and Conclusions 
A model of phenolic resins and their thermolysis was 

developed. A single parameter, ao, which represented the 
fraction of all 2-, 4- and 6-ring substituents on an average 
aromatic ring that was DPM substituted, provided the 
initial conditions for the pyrolysis model; a. was related 
to the PFR during synthesis and can be deduced inde- 
pendently of pyrolysis experiments. An interpretation of 
the pyrolysis of diphenylmethane provided the pathways 
and kinetics for the rate of reaction of the polymer’s DPM 
substituents; this rate combined with simple probability 
arguments to chronicle the rate of the polymer’s pyrolysis. 

Phenol, cresols, xylenols, and trimethylphenol were the 
products predicted of resin thermolysis. Agreement be- 
tween model prediction and experimental results was most 
favorable for total SRP, phenol, and trimethylphenol 
yields. The agreement between predicted and experi- 
mental yields of cresols and xylenols was poor. 

Acknowledgment. We thank Dr. Bruce Fitts of Rogers 
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Nomenclature 
a fraction of a 2-, 4-, or 6-aromatic ring position 

substituent that is a bonded DPM substituent 
a0 a( t  = 0) 
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fraction of a 2-, 4-, or 6-aromatic ring position 
substituent that is a nonbonded substituent (e.g., 
H or CH,) 

DPM diphenylmethane (substituent or pure compound) 
BEN benzene 
TOL toluene 
Po P ( t  = 0) 
I* hypothetical intermediate in the pyrolysis of DPM 
k, rate constant (L/(mol.s)) 
K ratio of rate constants L/mol 
PFR phenol to formaldehyde ratio during resin synthesis 
SRP single aromatic ring product 
N( i )  number fraction of species i 
P(i) probability of substituent i (either H or CH,) 
A change 
Mi molecular weight of species or fragment i 
t time (s) 
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