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ABSTRACT: The kinetics of formation of epoxy resins derived from bisphenol-S, tetrabro-
mobisphenol-A, and epichlorohydrin under stoichiometric conditions was considered.
The kinetics of reaction was studied by taking into account the consumption of the
added alkali and the epoxide group of the epoxide oligomers. The obtained results
satisfactorily explained that the reactivity of bisphenol-S with epichlorohydrin is higher
than that of tetrabromobisphenol-A. The rate of dehydrochlorination of chlorohydrin
ether in the presence of alkali and water was much higher than that of the rate of
condensation of the phenolic hydroxyl group with epichlorohydrin. The apparent reac-
tion order of the phenolic groups with epichlorohydrin and the terminal epoxide groups
in the oligomer were second order. The rate constants and reaction activation energy
were determined and results discussed. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci

63: 1137-1142, 1997

INTRODUCTION

Bromoepoxy resins, based on epichlorohydrin
(ECH), bisphenol-A (BPA), and tetrabromobis-
phenol-A (TBBPA), were synthesized.’? These
resins are relatively fire resistant when the con-
tent of bromine is over 10%. They are usually used
as fire-resistant materials. Epoxy resins based on
ECH and BPS were synthesized.>* These poly-
mers have better heat resistance, gel time, and
mechanical properties than those of epoxy resins
prepared from ECH and BPA. The kinetics of for-
mation of epoxy resins based on ECH and BPA
have been considered and attempts to develop a
mathematical model for the synthesis of epoxy
resins have also been made.>® In some cases, a
qualitative coincidence of theoretical and experi-
mental data were obtained. However, the process
of this reaction is rather complicated, despite
some progress made. The complete kinetic data
and the description of the synthesis have been
lacking until now. The reaction order was not dis-
cussed.
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The kinetics analysis of synthesis of bromo-
epoxy resins from TBBPA, BPS, and ECH was the
purpose of the present investigation. The kinetics
of formation of these epoxy resins under stoichio-
metric conditions was considered. The reactivity
of BPS and TBBPA with ECH and the terminal
epoxide group (EG) in the oligomer were investi-
gated by taking into account the consumption of
the added alkali and the epoxide group.

EXPERIMENTAL

Materials
BPS and TBBPA have the following structures:
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They were purified by recrystallization in toluene
(mp 240 and 180°C, respectively). ECH, dioxane,
acetone, ethyl alcohol, hydrochloric acid, NaOH,
and KOH were all of analytically pure grade.

Synthesis of Diglycidyl Ethers of BPS and TBBPA

Diglycidyl ethers of BPS and TBBPA were synthe-
sized according to Rainer et al.”: 0.1 mol BPS or
TBBPA, 0.4 mol ECH, and 0.001 mol Et,N*Br~
were stirred at 353 K for 5 h. After adding xylene
and cooling to 308 K, 0.2 mol 20% NaOH was
added; heating at 348 K for 30 min removed the
H,0, NaCl, ECH, and xylene, which yielded a
resin. The epoxide values were determined in ac-
cordance with the method of Jay.® The epoxide
values of diglycidyl ethers of BPS and TBBPA are
0.34 and 0.25 mol/100 g, respectively.

Determination of Conversion Rate of Reactants

The kinetics of the reaction of BPS and TBBPA
with ECH was investigated by taking into account
the consumption of added alkali. The initial mole
ratio of BPS and/or TBBPA, ECH, and NaOH was
1. To a four-necked flask, equipped with a stirrer,
a thermometer, and a condenser, were added
0.025 mol TBBPA, 0.025 mol NaOH, 25 mL diox-
ane, and 15 mL distilled deionized water (DDi
water). The mixture was rapidly stirred and
heated to a reaction temperature (+0.2°C). Then
0.025 mol ECH was added and stirred rapidly.
Samples of the mixture were removed at regular
time intervals for analysis. The conversion of re-
actants was determined potentiometrically with
0.1 mol HCl-acetone solution. The data were pro-
cessed using a computer.

Under the same concentration and initial mole
ratio of [EG] : [-phOH] : [NaOH] =1:1: 1, the
reaction rate of the terminal epoxide group in the
oligomer with the phenolic group was determined
by taking into account the consumption of the ep-
oxide group, in accordance with a method found
in the literature.’

Infrared Analysis

The content of the sulfone group in the epoxy resin
formed from BPS, TBBPA, and ECH was ana-
lyzed by the method of Patts.'® The characteristic
absorption peak of the sulfone group O—=S—O0 in
BPS is 1110 cm !, the absorption peak of isopro-
pene (CH;—C—CHj;) in TBBPA is 1180 cm ™ *.

RESULTS AND DISCUSSION

The epoxy resins derived from BPS, TBBPA, and
ECH are more complicated; one of them has the
following approximate form:

o Br CH, Br
/N I
CH,—CHCH,+0 (ll o—
Br CH, Br

C”’ 0
CHQ?HCHZ—o@ﬁ—
OH 0

7N\
0O—CH,CH—CH,
where n = 1-2. It is possible that the bisphenols
in the one molecular chain are all BPS or are all
TBBPA. It is also possible to have diglycidyl ether
of BPS or TBBPA.
The reaction between bisphenol and ECH in
the presence of alkali in water—organic media
have the following main steps:

—PhOH + NaOH=—PhONa + H,0 1

n

\
—PhONa + CH,—CHCH,Cl—

(l)H
ky + H,0

~on> —PhOCH,CH—CH,C1 (2)
OH

|
—PhOCH,CHCH,CI + NaOH 2>

)
—PhOCH,CH—CH, + NaCl + H,0 (3)

/ \ By« H,0
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OH
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OH
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—CHCH,0Ph— + CH,—CHCH,————

T
—Ph—(ll—PhOCH2—CH—CHZOPh— (6)
CH, OCH2(|3HCH2—

OH

Because the concentration of the phenolic
group in the first stage of the synthesis was higher
than that of the alkali (phenolic-OH : NaOH = 1:
0.50), all the alkali was bound as phenolate ions
owing to the high acidity of the phenolic hydroxyl
groups. The side reaction of hydrolysis and alco-
holysis of ECH and the epoxide group were practi-
cally absent; the chain branching reactions were
also not considered. Only the main reactions (1) —
(4) occurred in this system. We postulate the fol-
lowing:

1. All phenolic groups in the monomer and
chain end have the same reactivity about
the same phenol hydroxyl groups.

2. Reaction (1) is faster than reactions (2)
and (4), so that [ —-phONa] = [NaOH].

3. The rate of dehydrochlorination of chloro-
hydrin ether (CHE) in the presence of al-
kali in the amount required for complete
dehydrochlorination is much higher than
the rate of condensation of phenolic hy-
droxyl groups with ECH and the reaction
rate of phenolic hydroxyl groups with ter-
minal epoxide groups. That is, ky > k1, k3.

The kinetic equation has the following main
form:

— M = ky[—phOH][ECH]
dt
= k[ NaOH][ECH] (7)
- % _ ks NaOH][CHE]

= k,[NaOH][ECH] (8)

_ dIEG]
dt

= k3[NaOH][EG] — k,[NaOHI][ECH], (9)

where [NaOH], [ECH], [CHE], and [EG] are the
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Figurel Plotof 1/« vs.reaction time ¢ in the reaction
of ECH with TBBPA.

current concentration of NaOH, ECH, CHE, and
the terminal epoxide group in the oligomer, re-
spectively.

Kinetics of Reaction of ECH with TBBPA and BPS

If we consider the reaction order of reactants, the
reaction rate equation of ECH with —phONa is

_ % ~ k,[phONal"[ECH]* (10)
where a and e are the order of reactions of PhOH
and ECH, respectively, and m is the overall order
of this reaction, m = a + e. Let

R = [phOH],/[ECH], = [NaOH ],/[ECH o,
a = [NaOH]/[NaOH],

and the reaction is performed stoichiometrically
(R = 1). Equation (1) becomes

_ dINaOH]

at = k,,[NaOH]7a™

=k,a™. (11)

According to the experimental determination
of reaction conversion, the reaction of ECH with
TBBPA was carried out at 75, 80, 85, and 90°C,
respectively. The relationship between 1/a and
reaction time ¢ is obtained in Figure 1. As seen
from the data in Figure 1, the reaction is appar-
ently second order. To determine the order of re-
actants, we used the method of changing the mo-
lar concentration of reactants to perform the ex-
periment.'’ It had been apparently shown that
the reaction of ECH with phenol is first order with
respect to phenol and first order in ECH. The re-
sults show that postulate (3) is right; that is, reac-
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Figure 2 Plotof1/a vs. reaction time ¢ in the reaction
of ECH with BPS.

tions (2) and (3) may be considered to proceed
in one stage under these conditions. The kinetic
equation in the first stage of this reaction is

—d[ECH]

= = k:[NaOH][ECH] (12)

The rate constants k,gn of the reaction of
TBBPA with ECH are listed in Table I. Under the
same condition, the reaction of ECH with BPS
was carried out at 70, 80, 85, and 90°C, respec-
tively. The plot of 1/« against ¢ is given in Figure
2. The rate constants ks are listed in Table I.
According to the Arrhenius equation & = Ae Z/%7,
Plotting Ink — [1BA] and Ink,g against 1/T gave
the activation energies Eps and Eg, obtained from
linear regression analysis as 94.77 and 96.72 kJ/
mol, respectively.

Kinetics of Reaction of Phenol with EG in
Oligomer

The reaction of BPS diglycidyl either with BPS
was carried out in solvents (dioxane—water) and
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Figure 3 Relationship between 1/« and reaction time
t in the reaction of BPS epoxy resin with BPS.

alkali with an initial mole ratio of EG : BPS :
NaOH = 1:1:1. The kinetic equation of consump-
tion of epoxide group had the following form:

_ dIEG]
dt

= kss[ EG][ —phoNa] (13)

When the concentrations of the reactants were
as large as the reaction of ECH with BPS, the
relationship of 1/« with time ¢ is as given in Fig-
ure 3. As seen from the data in Figure 3, this
reaction is also of second order. The rate constants
kss and rg (rs = kig/kss) are listed in Table I.
Under the same conditions, ksga, rsa, Bspas, and
ksspa are obtained (Table I).

From Table I we have at 80°C kign = 1.35k3g4,
kis = 1.65kss, respectively. Inserting kiga =
1.35k3pa and kg = 1.65k5g into eq. (9) we obtain

B d[th] = kapal NaOHI[EG — 1.35ECH] (14)
- d[OPlJ;}] = kys[NaOH][EG — 1.65ECH]  (15)

This reaction proceeded in two stages. In the

Table I Rate Constant k,, k3, and r at Various Temperatures

k 70°C 75°C 80°C 85°C 90°C
10* X kqga (mol L) * 87! 0.369 0.591 0.893 1.435
10* X ksps (mol L)™' St 0.438
rea (kipa/kspa) 1.35
10* X ks (mol L)t S7! 0.772 2.197 3.863 4.535
10* X ksg (mol L)t S71 1.332
rs (kls/k3s) 1.65
].O4 X k3BA*S (mol L)_l S_l 0459
10* X ksg_pa (mol L)t S71 1.065

The linear correlation coefficients of & are usually between 0.9907 and 0.9995. The concentra-

tion of reactants are all 0.37 mol/L.



first stage, reactions (2) and (3) dominated. Theo-
retically, in the reaction of TBBPA with ECH,
when the current concentration of the end epoxide
group in oligomer was higher than 1.35[ECH],
the reaction (4) was run. At this time the conver-
sion of ECH was over 58%, but in the reaction of
BPS with ECH it was over 62%.

Under the same condition, from the synthesis
of BPA epoxy resin based on BPA and ECH, we
had obtained k4 = 14.14k3,. According to this
theory, when the current concentration of the end
epoxide group in oligomer is higher than
14.14[ECH], the reaction (4) was run. At this
time the conversion of ECH is over 93%.

This result is well illustrated in industrial pro-
duction. In the synthesis of BPA epoxy resin, the
resin which has a higher epoxide value can be
obtained easily with a general method, but it is
difficult for the TBBPA and PBS epoxy resins. The
TBBPA and PBS epoxy resins of higher epoxide
value must be synthesized by the method of dichl-
orohydrin ether or using a large ratio of ECH to
phenol.

Comparison of Reactivity of TBBPA and BPS

As seen from Table I, kg is 3.7 times more than
kiga and kgg is 2.3 times greater than ksps. The
reactivities of BPS and BPS epoxy resin were
higher than those of TBBPA and TBBPA epoxy
resin. Because k5 and ks were not much higher
than k,ps and kgpa, the consumption of PBS was
more rapid than that of TBBPA in the early stages
of synthesis, causing the consumption to become
near equality. If the TBBPA and BPS had the
same reactivity, the mole content (%) in the prod-
uct at different reaction times would be near
equality. IR analysis of epoxy resin formation
from PBS, TBBPA, and ECH under stoichiometric
conditions at different reaction times are shown
in Table II. These experiments and theory are
correct as seen from Table II. Figure 4 shows the
IR spectrum of this epoxy resin.

Table II Mole Content (%) in Product at
Different Reaction Times

¢t (min) 20 30 40 50 60

TBBPA (%) 30.5 45.2 48.7 49.2 49.5

Reaction temperature is 55°C.
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Figure 4 Infrared spectrum of epoxy resin formed
from TBBPA, BPS, and ECH.

CONCLUSIONS

1. The reaction of BPS and TBBPA with ECH
in the presence of alkali in water—organic
medium were apparently second order.
The reaction of the epoxide group in the
molecular chain end with phenol in the al-
kali medium were also second order.

2. Because the ratio of kiga to ksga and kg to
kss was smaller, epoxy resins that had a
higher epoxide value must be synthesized
by the method of dichlorohydrin ether.”
These diglycidyl ethers were prepared
from ECH, PBS, and TBBPA in an anhy-
drous, aprotic medium in the presence of a
catalyst.

3. The reactivity of BPS was higher than that
of TBBPA. Hence, the content of BPS in
the product at early stages of the reaction
was higher than that of TBBPA. If high
molecular bromoepoxy resin based on
TBBPA, BPS, and ECH was prepared, the
two-step method, which used TBBPA di-
glycidyl ether to react with BPS, worked
well.”
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