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Synopsis

A detailed kinetic model for the novolac-type phenol-formaldehyde polymerization has been
proposed in terms of five reactive sites. These sites have been shown to have different reactivities.
Mass-balance equations for homogeneous, continuous-flow, stirred tank reactors (HCSTR) for each
of the species have been written, and these have been solved numerically. A comparison of the results
with those for the batch reactor shows that, for a given residence time, smaller but more polydispersed
and branched chains are formed.

INTRODUCTION

Even though the polymerization of phenol and formaldehyde is one of the
oldest known reactions (first reported in 1907), very little modeling of the reaction
system exists because of its complexity.l-2

Experimental studies have revealed that formaldehyde in the reaction mass
exists solely as OH—CHs—OH, exhibiting a functionality of 2. A molecule of
phenol, on the other hand, has three reactive sites, two ortho and one para, which
can undergo chemical reactions with free formaldehyde as well as those reacted
once with polymer chains. It has been experimentally demonstrated that the
ortho and para sites have different reactivities.2> In view of this, the equal re-
activity hypothesis does not hold and, representing the polymerization as

OH OH OH OH
(n+2) + (n+D)*CHOH —» crl,‘@—cﬁ2 (1)
n-2

is a considered oversimplification.

To account for the different reactivities of the sites, it is noted that there are
the following two kinds of molecular species besides unreacted phenol and
formaldehyde:

OH OH
P,: OH cn,-é—cuz (2a)
n-2

* To whom correspondence should be addressed.

and
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oH OH
Qn: OH CH,‘@-«?HZ (2b)
n-2

CH,OH

P, differs from Q, by the extra CH;0H on the latter. The study of gelation
reveals that the functionality of phenol is slightly less than 3, and the polymer
molecule is largely found to grow by the reaction of end groups. In view of this,
Drumm and LeBlanc assume that the reactivity of internal sites is less than that
of the end group sites.2

In our earlier work,! we proposed a three-parameter kinetic model for novolac
formation in terms of the reaction of sites based upon the fundamental charac-
teristics of the polymerization as discussed above. Molecules of chain length
2 and above are distinguished from the remainder of the species and we proposed
the following four sites located upon them: (a) ortho external o.7, (b) ortho
internal O;, (c) para external pe, (d) para internal p;. Different rate constants
were assumed to be associated with each of these. Further, ortho external sites,
O.T, can arise due to the following two distinct endings:

OH OH
Pe

where the wavy line represents the remainder of the polymer molecule. The
structures in eq. (3) are distinguished from each other for convenience of mass
balance, even though they react at the same rate. In addition to this, when
phenol (P) reacts with formaldehyde (F), it forms the following two distinct

species (Q; and Q;)
OH OH
CH,0H
(4)
CH,OH
Q) Q)

In Table I, different reactions occurring in novolac formation are given. The
rate constants for each of these have been written in terms of the rate constants
involving the site and —OH group.® For example, in reaction 1(i), F has two
—OH groups and the reaction progresses with rate constant 2k;. Similarly, in
reaction 4(i), P has two o, sites and F two —OH groups, and therefore it pro-
gresses with rate constants 4k;. The rates of consumption of the different species
have been derived for batch reactors with the help of Table I, and the results are
summarized in Table II.

As the throughput of the reactor increases, the economics of increasing capacity
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TABLE I
Reactions of O, O, pi, O;, and p.

3395

(1) With formaidehyde

2k
(i) O, + F — (—CH;0H) + 0; - 0.,
2k}
(ii) O, + F —» (—CH:OH) + p; — pe
2ky
(iii) O; + F —» (—CH,0H)
2k3
(iv) pi + F—»>(—CH20H)

2%
(v) pe + F —> (—CH,0H) + O; - O,
(2) With bound formaldehyde (—CH,OH)

k
(i) O, + (—CH,0H) —0; - O,
Ry
(ii) O, + (—CH,0H) —>Di — Pe
&
(iii) O; + (—CH,OH) —> consumption
Y
(iv) p; + (—CH,0H) —;consumption
L7}
) Pe t+ (—CH20H) _’Oi - 0.
(3) With Q] and Q,
&
(i) O, + Q, =0; + 20, - O,
’ k‘ ’
(ii) Oc + Ql—"Pe + Oe + Oi - Oe
wew: hl
(iii) O, + Ql_)pe + O, + DPi = Pe
s LI ,
(iv) Oe + Ql _"209 + DPi = Pe
, k2,
) 0; + @,—20,
. k2
(vi) O; + Ql‘*oe + Pe
. , ks,
(vii) pi + Q] *20,
k3
(viii) p; + Q = O, + p.
g k4 /
(ix) pe + Q > O; + 20, - O,

k
(x) pe + Q1 —0; + O, + p, — O,

(4) Reaction of P with F and (—CH,OH)
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TABLE 1. (Continued from previous page.)

4k,
{H)P+F-—»Q
2k4
(i) P+ F—»Q;
2k
(iii) P + (—CH;0H) —»p. + O,

k
(iv) P + (—CH,OH) == 20,
(5) Reactions of P with Q; and Q;

2k
(i) P + Q, —p, + 20, + O,
’ k‘ ’
(i) P + Q, =40,
2ky
(iii) P + Q, — 2p. + 20,

k
(iv) P + Q, = O, + pe + 20,

favors the use of continuous reactors like tubular reactors or homogeneous
continuous-flow stirred tank reactors (HCSTRs).6 Indeed, recently several
processes manufacturing novolac have been patented in which HCSTRs have
been used.”

Homogeneous, continuous-flow, stirred tank reactors (HCSTR) have definite
advantages over batch (or flow) reactors,?-10 and, in several commercial appli-
cations, a HCSTR followed by a flow reactor is used.3 In this paper, an
HCSTR-forming Novolac-type polymer has been simulated and a sensitivity
analysis has been carried out. The effect of different parameters upon the
conversion of these sites have been examined, and the results have been compared
with the corresponding batch reactor performance.

MASS BALANCE EQUATIONS FOR HCSTR

It is assumed that the feed to the HCSTR is a mixture of phenol and formal-
dehyde only. Since the reactive sites o, 0., 0;, p;, and p. have been defined to
exist on molecules with chain length n = 2, the concentration of these in the feed
would be zero, and therefore the mass balance equations for HCSTRs are given
by

dy;

o=y,~+x(-—— 1 =1-7 (5)

dt )batch,exit,
where x is the dimensionless residence time, y,—y+ are the dimensionless con-
centrations of O,, O, O;, p;, Pe, and Q;, respectively, (dy;/dt)pbatch exit above are
the rate expressions for the different species given in Table I1, whose right-hand
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TABLE 1I
Balance Equations for Batch Reactor for Different Sites and Species of Table I

U0 < gk 0u@ul + 20F) + (CH:OHI + (@Ui261[04] + 243004 + 2eslpi]

+ 2kalpe] + 40k, + RO[P]} + 26[P] {[Q] + [CH,OH]}
@I = Q0L + k2l + kslpi) + 4k + k0 [P = (@11 004]

+ kalpe] = Z01{P) = 2(FIR1[0,] + kulpe) ~[CHOH]{k:(0,] — 261 (P)
@ = (QuIkiI0:] = 82l + kulpell + [QilIAOL] - RofOM

+ kalpel) + 200U = £2[04] + kulpel) + [CHoOHL[0L] — £2[0i] + ke
@Bl (0@ + 1@ + 20F) + (CHOHI ~kslpil(Qu] + [ +2(F] + [CH:0H)
O 2 (ki[04 + ksl + (ks + ) (P + ksl + [Qi28(P] = £1(04

= kalpel} = 2(FNE1[0.] + kulpel) + [CH;OHI(261(P] — ko)
@ < e RIP) - 281 + k0 QIR — QU0 + RO] + o04] + kol

+ ka[pell = 2(k1 + ko) [Qu]2 = (8k1 + ky) [Qu][Q1] = (k1 + k4) [Q1][CH,OH]
MAB o PIF - @k, + k0 QU] - (QUILO + -i[0,] + £3(0H] + kslpi]

+ halpel) ~ 4ha(Q12 — (Bhy + ko) [QuIIQI] — 2k1(QH][CH,OH]
@D = aE ey + k) [P+ ROU + RO + o041 + ks 1] + Rulpel
@B =i+ k0 (PG + (@11 + 20F) + [CH,0H]
(109 2520 - (P (0] + 0] + kalO4] + Aslpi] + Ralpel) = [CHoOH (O]

+ R1[0.] + ko[O:] + ka[pi] + kalpe]} — (ks + 2k1)[P){CH20H]

sides have been evaluated at the exit concentrations of the HCSTR. Similar
balance equations can be written for phenol (vs), formaldehyde (yg), and bound
formaldehyde—CH30H (y10) as follows:

dys
=yg+x|—— 6
Va0 T YT X (dt batch,exit (6a)
dys
=yg+ x |—— 6b
Y90 = Yo X ( dt |batch,exit (6b)
dy1o
0= +x |— 6
Yo+ ( dt |batch,exit (Bc)

where the subscript 0 stands for feed concentrations. »

When the rate expressions from Table II are substituted in egs. (5) and (6),
10 nonlinear algebraic expressions are obtained involving y;-y10. In principle,
they can be solved for a given residence time and specified input conditions.
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NUMERICAL TECHNIQUE

In the Gauss—Jordon technique of numerical solution, one must provide a good
initial guess of solution and a Jacobian matrix which consists of an array of partial
derivative of the algebraic functions with respect to the independent variables.
To provide the former is always a problem, whereas the derivation of the latter
is time consuming.

To overcome both these difficulties, the Brown’s technique, as described in
Figure 1 was employed.!! In this method, an initial guess must also be provided,
and the results for batch reactors were used as the one.

Results for HCSTR were obtained starting from x = 0.1, at which the first
guess solution corresponded to that of batch (or tubular) reactor of the same time
of polymerization. The x for this HCSTR was then changed by 0.01, and the
guess solution for the CSTR with immediately lower residence time was used
to calculate the effect of x upon the performance of the CSTR. This solution
procedure proved to be very efficient, and results always converged in less than
three iteration.

Guess a solution
xn

Calculate partial

derivatives

Calculate jocobion

VM
x
£
.5_1&
.g_ »
23
EE N
Ss @rhol pivoting based on the
ab

ove to choose the variable

Solve the equation having
one unknown and Lks

|
Back substitute to get
XR“K:LZ

Fig. 1. The flow chart giving the Brown’s technique.
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RESULTS AND DISCUSSION

For a given value of R3, y1-y10 were calculated as a function of x and in Figures
2 and 3, the dimensionless concentrations of ortho external sites (y; + y2) and
para external sites y5 vs. x have been plotted. As x is varied, these curves quickly
rise to an asymptotic value for large x. The variation in R3 can be obtained by
changing the reaction temperature and the effect of increasing R3 is found to give
a sharper rise and larger asymptotic vailue. In the same figure, results for the
batch reactors are also given and they are always found to be larger than those
for an HCSTR for a given R3.

In Figures 4 and 5, the concentration of O; and p; have been plotted as a
function of x, and the results for the batch reactor are also included. As Rj3in-

2.4k

12

Fig. 2. Effect of R3 on O.r as a function of time. R; = 0.125, R = 0.30, [P]o/[Flo = 1.67. (---)
Batch; (~—) CSTR.

1.0
o8¢
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Fig. 3. Effect of R3 on p. as a function of time. R; = 0.125, R2 = 0.30, [Plo/[Fle = 1.67. (---)
Batch; (——) CSTR.
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Fig. 4. Effect of R3 on O; as a function of time. R; = 0.125, Rs = 0.30, R3 = 2.40, [P]o/[Flo = 1.67.
(---) Batch; (—) CSTR.

creases, the rise of y3 becomes sharper and the curve settles to higher asymptotic
value for HCSTRs. In the case of a batch reactor, the asymptotic value of y3
was first found to increase and then decrease, and this phenomena was explained
through the fact that very large R favored the dimer formation.! As opposed
to this, in the range of values of B3 studied for HCSTRs, the average molecular
weight of the polymer formed continues to increase.

Dimensionless concentrations of phenol and formaldehyde (yg and yg) vs. x
have been plotted in Figures 6 and 7. As expected, the conversions for HCSTR
are always lower than those for batch reactors. Therefore, the average molecular
weight of the polymer formed must be smaller. In view of results of Figures 2-5,
it means that the polymer formed in HCSTR is highly polydispersed.

The variation of R, and R; for a given R3 is found to have a small effect upon
y1=y10 for HCSTRs. Their functional behavior remains identical to those shown

Fig. 5. Effect of R; on p; as a function of time. R; = 0.125, R2 = 0.30, {P}o/[Flo = 1.67. (---) Batch;
(—) CSTR.
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0 i et g g3 I = b 1
0 02 Q.4 eR 2 o8 1.0

X

Fig. 6. Effect of R3 on phenol as a function of time. R =0.125, R = 0.30, [P}¢/[Flo = 1.67. (---)
Batch; (—) CSTR.

in Figures 2-7, except for slight numerical changes. The asymptotic values of
some of these variables for different values of R; have been given in Table III
to confirm this. This insensitivity is attributed to the fact that the concentra-
tions of O; and p; in HCSTRs are small for all possible choices of residence times
and in the rate expressions given in Table II, the terms involving R; and R, re-
main essentially unaffected when R, and R are varied.

In our previous work,! we noted that all chemical reactions at O; and p; would
lead to branching and the rate of branching for batch reactors, Byatch, Was derived
to be

Fig. 7. Effect of R3 on formaldehyde as a function of time. R; = 0.125, R = 0.30, [P]o/[Flo = 1.67.
(---) Batch; (—) CSTR.
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Bbateh = (Rays + R1y3)(ye + y7 + ys + ¥10) (7)

The total number of branches B, formed can be obtained by a simple number
balance on HCSTRs as

B, = xB batch 8

For small residence times, the term (Roy4 + R1y3) in eq. (7) is small whereas for
large residence times, the term (yg + y7 + yg + vg) becomes small. Therefore,
Bupatch is-small for all x and therefore the degree of branching B, in eq. (8) remains
small for all x. The fact that (ys + y7 + ys + ¥10), ¥3, and y4 for HCSTRs are
always larger than those for a batch reactor, the degree of branching B, for the
former is always larger. Thus a homogeneous continuous-flow stirred tank re-
actor would form fewer but larger and more highly branched polymer chains.

In Table IV, the effect of [P]o/[F]o upon the asymptotic values of y;~y1o has
been examined for HCSTRs, and the results are compared with those for batch
reactors. For the former, y; and y4 keep increasing as [P]o/[F]o is increased
whereas for batch reactors these first increase and then decrease. In the table,
the unreacted formaldehyde and phenol, yg and yq, are always found to be larger
than those for the batch reactor.

CONCLUSIONS

Based upon our kinetic model for novolac formation from acid-catalyzed
polymerization of phenol and formaldehyde,! mass balance equations for ho-
mogeneous continuous-flow stirred tank reactors have been written. This results
in 10 nonlinear algebraic equations, and Brown’s technique for their numerical
solution was found to be successful.

The parameter B3 was found to have a profound effect upon the exit concen-
tration of y1-~y10in HCSTRs. For a given R3, concentrations of different sites .
(0., 0., O;, pi, and p.) rises, ultimately reaching an asymptotic value. These
terminal concentrations keep increasing as R3 is increased. This result is in
contrast to what is observed for batch reactors and can be explained by the fact
that the polydispersity index p of the polymer formed for the same x in an
HCSTR is higher. Since the conversion of phenol and formaldehyde in an
HCSTR is lower, it would also imply that the average molecular weight of the
polymer formed is small. The analysis on branching shows that polymer chains
are more highly branched in HCSTRs.

NOMENCLATURE

B Branching rate for batch reactors

[Flo inlet formaldehyde concentration to the HCSTR
ki-k4 rate constants as defined in Table I

0.,0, ortho external sites on chains with n > 2

0O; ortho internal sites on chains with n = 2
Pi para internal sites on chains withn > 2

Pe para external sites nn chains with n > 2

P phenol molecule

Ry ko/ky

Rq ka/ky

R3 kalky
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t residence time of HCSTR
N [0.)/[Flo

ye [0.V/[Flo

y3 [0:)/[Flo

Y4 (pil/Flo

¥s [pel/[Flo

vo  (Qu/Fl

y7 [Qi/[Flo

) {Pl/[Flo

Yo [FI/[Flo

Y10 (CH,OH]/[F)o
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