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SYNOPSIS 

The esterification kinetics of isophthalic and terephthalic acid, with benzyl alcohol, were 
studied in the melt phase, which is a heterogeneous system because of the low solubilities 
of the phthalic acids. The relative concentrations of components and their conversions, a, 
were determined with HPLC. The effect of insolubility of the phthalic acids on the reaction 
kinetics can be described in two ways. For terephthalic acid, at 0 I a I 1, and for isophthalic 
acid, at a < 0.6, the esterification kinetics can be described with equations for a homogeneous 
system with only a substitution effect. An improved and more complete description for 
isophthalic acid is obtained with equations for a heterogeneous system, with a surface 
reaction rate constant and a ratio of reactive (at the surface) over nonreactive monomers 
(in the core, i.e., the surface to volume ratio). This model fits data for a < 0.7. The model 
parameters depend on the reaction temperature and the solubility of the phthalic acid. 0 
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INTRODUCTION 

Polyesterification is an important condensation re- 
action, from both scientific and technological points 
of view. Usually, it occurs through an alternating 
copolymerization between multifunctional alcohols 
and carboxylic acids, via a stepwise intermolecular 
condensation of the functional groups. Such reac- 
tions can be described successfully with the sto- 
chastic theory of branching processes, originally de- 
veloped by Flory and St~ckmayer.l-~ Later, Gordon 
et al.5-8 extended this theory to more complex sys- 
tems, using probability generating functions and 
cascade substitutions as tools. In this way, substi- 
tution effects, insolubility and acidolysis, can be 
taken into account in an approximate way by com- 
bining this mean field theory with a set of differential 
equations that describe the kinetic  effect^.^-'^ This 
approach was recently employed to describe network 
formation in multistage p r o c e s s e ~ , ~ - ~ ~  which is of 
technological interest in many industrial production 
routes, for example, in the synthesis of resins for 
paints, coatings, adhesives, and construction ma- 

terials. The verification of such theorical models re- 
quires information on the reaction kinetics of the 
starting monomers. Recently, the reaction kinetics 
of two important multifunctional alcohols, namely 
neopentyl glycol and trimethylol propane, were 
studied with monofunctional 1,4-tert-butyl benzoic 
acid.12 

This article describes the reaction kinetics of two 
commonly used dicarboxylic acids, namely tere- 
phthalic and isophthalic acid (TPA and IPA, re- 
spectively), with monofunctional benzyl alcohol 
(BA)  , in which they are only partly soluble at the 
start of the reaction. It is a direct continuation of a 
previous work, l2 with a similar experimental ap- 
proach. 

This study completes the experimental quantities 
required for describing the polyesterification of 
powder coating resins. The results obtained can be 
directly used in the theoretical model for such sys- 
tems. lo~ l l  

KINETIC EFFECTS DURING 
ESTERlFlCATlON 
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Since conversion, rather than time, is the variable 
of interest in our theoretical model,lO~ll only sub- 
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stitution and insolubility effects are to be determined 
and not the absolute reaction rate constants. The 
presentation and following discussion are condensed 
by assigning each reactant a single alphabetic letter 
(see Table I )  and presenting the products with the 
combination of two reactant symbols. The reactions 
investigated are thus simply represented by: 

A + 2B 2 AB + B + H 2 0 t  2 AB2 + 2H20t 

C + 2B -% CB + B + H 2 0 t  2 CB2 + 2H20t 

(1) 

(2)  

where ki represents the respective reaction rate con- 
stants. In the absence of substitution effects or in- 
solubility, kl = k2 and ks = k4. The substitution effect 
parameter, KAB = $/kl (or KCB = k4/k3), represents 
the factor by which the reaction rate constant for 
monomer A, that is, k2 (or C, i.e., k4), which already 
reacted once with monomer B, is increased ( KAB or 
KCB > 1, i.e., a positive substitution effect) or de- 
creased (KAB or KO < 1, i.e., a negative substitution 
effect) with respect to kl (or k3) .6-8,10-12 

Regardless of substitution effects, the conversions 
of TPA and IPA are given by 

respectively, where pi and qi represent the mole 
fractions of products (and starting monomers), 
carrying i ester groups. For random reactions be- 
tween A and B, these mole fractions are given by 
the Bernouilli distribution: 

The presence of kinetic effects is verified by com- 

Table I Reaction Notation 

Symbol Chemical Name Chemical Formula 

A Terephthalic Acid H O O C - @ O O H  
(TPA) 

B Benzyl Alcohol (+,OH 
(BA) 

COOH 

C Isophthalic Acid 
(IPA) 

paring experimental pi (or qi ) data with the theo- 
retical relations, presented in eq. (5) .  If systematic 
deviations occur, the value of the substitution effect 
parameter K is estimated with nonlinear regression 
analysis and a set of differential equations, presented 
in Appendix A, and called here model 1. 

The low solubility of A and C is an important 
effect, which is expected to affect the overall reaction 
kinetics as measured experimentally. Insolubility 
can be handled artificially, with model 1 (by an ar- 
tificial positive substitution effect), but the effect is 
more fully taken into account in model 2, and is 
described in more detail in Appendix A as well. 

Model 2 contains three parameters to be deter- 
mined by nonlinear regression analysis, namely the 
ratio p of reactive (at  the surface) over nonreactive 
(in the core) monomers A (or C)  a t  the beginning 
of the experiment (i.e., the initial surface to volume 
ratio), the ratio K of the surface renewal rate con- 
stant over the esterification reaction rate constant, 
and the substitution parameter K (see Appendix A 
for details). 

EXPERIMENTAL 

Chemicals 

Isophthalic acid was purchased from Janssen Chim- 
ica (> 99% ) , terephthalic acid was obtained from 
Amoco (fiber grade), and benzyl alcohol from 
Merck-Schuchardt Co. (synthetic grade). As a cat- 
alyst, a usual tin compound was used.12 All chemicals 
were used as received, without further purification. 

Reaction Vessel 

The glass reaction vessel was approximately 0.5 1 in 
capacity. A glass stirring rod was used for mixing at 
roughly 300 rpm. A Vigreux column, with a nitrogen 
purge at the top, was used to prevent the loss of 
benzyl alcohol, to create reaction conditions in the 
nitrogen atmosphere, and to allow the removal of 
excess water vapor produced during the reaction. 
The vessel was heated using a heating mantle, which 
was continuously regulated by a Coreci Microcor 111 
with a “K-class” thermocouple, located in the re- 
action mixture. The reaction temperature was kept 
constant within f2”C. 

Reaction Procedure 

The total quantity of reactants was approximately 
350 g. The materials were weighed to within 0.25%, 
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except for the catalyst, which was weighed to within 
1.0%, due to the small quantities used (0.074% by 
mass compared to benzyl alcohol). The alcohol and 
acid were mixed in the reaction vessel under nitrogen 
atmosphere and were heated up to 15OOC. The cat- 
alyst was then added and the reaction vessel was 
heated up to the reaction temperature within several 
minutes. From the moment the reaction temperature 
was reached, samples of approximately 0.3 g were 
taken at regular time intervals. To prevent reactions 
in the samples taken, and to prepare these for the 
HPLC analysis, the samples were poured into excess 
acetonitrile. Typically, 10 to 20 samples were taken 
during a reaction run. The reaction time depended 
on the reaction temperature and catalyst concen- 
tration, and essentially varied from 5 to 30 h to ob- 
tain 80% conversion. 

H PLC 

The composition of samples, taken from the reaction 
mixture, was determined with High Performance 
Liquid Chromatography. The HPLC included a 
Philips PU 8270 UV/VIS spectrophotometer, an H P  

1.04 I 
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Figure 1 Typical HPLC chromatograms for IPA; (up- 
per part) a t  low conversion, (lower part) at  high conver- 
sion. 

Table I1 Absorption Sensitivities Used in HPLC 

Standard 
Deviation in 

Wavelength Sensitivity, ci Sensitivity 
Compound (nm) (s mol-') (Uq ) 

B 
A 
AB 
AB2 
B 
C 
CB 
CB2 

245 
245 
245 
245 
210 
210 
210 
210 

391 2 
0.00516 0.00005 
2.046 0.004 
1.740 0.003 
5.811 0.011 
1.065 0.007 
0.911 0.005 
0.716 0.004 

Note  Sensitivities ci are a result oE A, = c, X ,  in which X 
= amount of component x (x = A, AB, etc., in mol) analyzed, and 
A, = area of the corresponding HPLC peak (in s). 

1090 PV5 solvent delivery system, a Spark Promis 
automatic sample injector (5 pL), a 250 X 4 mm 
column of Nucleosil CIS, and a diode array detector. 
The eluent was a mixture of acetonitrile and 0.01 
M phosphoric acid, changing in composition during 
a run from 22/78 (vol %/vol % )  initially to 5/95 
after 28 min. This gradient affected baseline sepa- 
ration clearly and the nonoverlapping of peaks when 
operated at  room temperature and at  an eluent flow 
of 10 mL/min. Peak integration was computer-as- 
sisted. Two typical HPLC chromatograms, related 
to reaction (2) ,  are shown in Figure 1. 

Calibration curves for absorption sensitivities of 
B, A, AB, and AB2 were determined experimentally 
at  245 nm and of B, C, CB, and CB2 at  210 nm. The 
mono- and diesters were purified by repeated dis- 
solution in acetonitrile and precipitation in water. 
The sensitivities, so obtained, are presented in 
Table 11. 

From the HPLC data (peak areas with an accu- 
racy of 1.5%), the ratios [AB]/[B],  [AB,]/[B], 
[ CB] / [ B] , and [ CB2] / [ B] were determined; 
[A]/[B] and [C] / [B]  were neglected due to non- 
representative sampling of these heterogeneous sys- 
tems. As analysis of the distillate showed no signif- 
icant loss of benzyl alcohol, the system was consid- 
ered to be closed. From the respective mass balances 
[ A ] , [ C 3 , and [ B ] were obtained ( see Appendix B ) , 
and from all these data the respective reaction states 
and conversions were obtained. 

Solubility 

The solubilities of the phthalic acids in benzyl al- 
cohol at  2OOOC were determined from HPLC data 
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Table I11 Solubilities in Benzyl Alcohol at 200°C 

Solubility Standard Deviation 
Acid (g acid/100 g Solution) in Solubility 

A 
C 

1.4 
8.9 

0.6 
0.7 

of saturated solutions. The results are collected in 
Table 111. 

RESULTS AND DISCUSSION 

The esterification reactions are carried out in bulk 
under nonideal conditions. During initial heating 
(from 150°C to the final reaction temperature) and 
sampling, the reaction kinetics may be influenced, 
so that uncertainty in reaction time is larger than 
in conversion. By determination of conversion 
through sampling, errors can be introduced, due to 
unknown reactions during cooling of the sample. 
However, the residence time of a sample between 
experimental conditions and dilution with aceto- 
nitrile is small enough, with respect to reaction times 
in the bulk, to justify the neglect of such errors. Cor- 
rections are made for the loss of benzyl alcohol (if 
any) by linear interpolation of this loss between a 
= 0.0 and amax. 

From these experimental data, the appropriate 
values of p i ,  qi, a A ,  ac, and their standard deviations, 
are obtained. These data sets already contain qual- 
itative information about substitution effects, as 
demonstrated in Figure 2, which contains curves of 

1 .o 
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Figure 2 
monomer A for several values of K. 

Theoretical reaction state for a 2-functional 

the fractions of mono-, di-, and trimers of A, cal- 
culated for various values of a positive substitution 
effect. 

To obtain values of the model parameters, a non- 
linear regression is carried out. The quality of the 
regression is described by the Goodness of Fit: 

in which wi = (standard deviation) -2, ei = deviation 
between experimental and calculated value, No 
= number of observed data points i, and Nu = num- 
ber of independent variables. 

In model 1, all kinetic and insolubility effects are 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 
0.0 0.2 0.4 0.6 0.8 1 .o 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 

Figure 3 Experimental (two combined runs) and fitted 
reaction states of IPA at  200°C (model 1). ( a )  Curve cal- 
culated with K = 6.60 and (b)  curve calculated with K 
= 5.68. 
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taken into account by a single substitution param- 
eter K .  In Figure 3, some typical results are pre- 
sented for reaction ( 2 )  at  200°C. As can be seen in 
Figure 3, the fit is good for a < 0.6, but systematic 
deviations bbtween calculated and observed data are 
found for (Y > 0.6. 

The substitution parameter obtained with model 
1, which we ascribe primarily to the low solubility 
of the phthalic acids, appears to be dependent on 
the reaction temperature (see Table IV and Fig. 4 ) .  
A t  low temperatures, k3 is slowed down relative to 
k4, that is, KCB increases [see reaction ( 2 ) ] .  This 
can be easily understood from a reduction in solu- 
bility a t  lower temperatures. From this it can also 
be concluded that a small change in reaction tem- 
perature will immediately affect the value of K .  
Thus, the significant differences between KcB from 
duplo experiments (a t  200"C, see Table IV) , can be 
assigned to different experimental conditions and 
are not the result of the regression analysis. 

The lower solubility of T P A  (see Table 111) leads 
as a consequence to a small amount of reactive PO 
and p1  (see Fig. 5). This implies, in model 1, that 
the effective kl 6 K p ,  corresponding to a strongly 
positive substitution effect and a large value for K A B  

(see Table IV). It is interesting to note that the 
reaction kinetics of such heavily heterogeneous sys- 
tems, such as those studied here, can yet be described 
by equations based on homogeneous systems with 
only a substitution effect. 

In model 2, which was developed to improve the 
fit in particular at high conversions, the presence of 
undissolved particles is explicitly taken into account. 
In principle, this implies that both chemical effects 
( K ) ,  and physical effects ( K ,  p )  , can be described 
simultaneously. However, simultaneous parameter- 
ization of K ,  K ,  and p was usually impossible, due to 
strong correlations (see Table V )  . This implies that 
different sets of K ,  K ,  and p result in fits of equal 
quality. Thus, the chemical physical background of 

Table IV Substitution Effect Parameters 
Derived from Model 1 for Various Reaction 
Conditions 

Temperature 
Acid ("C) K OK GoF 

C 160 11.99 0.08 5.7 
C 180 8.78 0.06 2.5 
C 190 6.98 0.06 2.9 
C 200 6.60 0.07 2.4 
C 200 5.68 0.07 2.4 
A 200 49.8 0.3 4.2 

I ,  T W )  I I 

I 

160 180 200 

Figure 4 
of temperature (model 1 ) . 

Substitution parameter K of IPA as a function 

the equations used (see Appendix A) show so many 
similarities that the individual contributions cannot 
be separated. 

As a counterpart to model 1, all kinetic effects 
can be described in terms of completely insoluble 
phthalic acid, which only reacts at the particle sur- 
faces ( K  = 1 and K and p are the model parameters), 
which is a special case of model 2. The results, SO 

obtained, are collected in Table VI and Figures 6 
and 7. Note that the experimental results are iden- 
tical to those in Figures 3 and 5. 

The essence of model 2 is that the first reaction 
of the only slightly soluble monomer is merely de- 
scribed as a reaction at  the surface, which is sub- 
sequently renewed by diffusion of the dimers into 

1 .o 
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Figure 5 Experimental and fitted reaction states of 
TPA at 200°C (model 1 ) . Curve calculated with K = 49.8. 
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Table V Normalized Variance-Covariance 
Matrix for Reaction (2) at 2OOOC 

K K P 

K 1.0 0.9997 0.9954 
K 0.9997 1.0 0.9941 
P 0.9954 0.9941 1.0 

the melt. As can be seen from the regression results 
of IPA, this description works well for a < 0.7. 

By comparing Figures 3 and 6, it can be seen that 
the parameterized description of the reaction states 
of IPA is improved in model 2, although systematic 
deviations between calculated and observed data still 
occur at a > 0.7. The improvement of the description 
can also be demonstrated by comparing the GoFs 
of Tables IV and VI. From Figures 5 and 7, and 
Tables IV and VI, it can be concluded that only mi- 
nor differences occur in the description of the re- 
action states of TPA with both models. 

The influence of the temperature on the reaction 
kinetics of IPA in model 2 is shown in Figure 8. The 
surface to core ratio ( p )  is essentially insensitive to 
the reaction temperature, whereas K ,  which is the 
ratio of the surface renewal rate constant, k,, over 
the esterification rate constant, k3, strongly in- 
creases with increasing temperature. Thus ks in- 
creases more strongly with temperature than ks. 

The independence of the surface to core ratio 
( p )  to the temperature is not so surprising for in- 
soluble particles. However, as IPA is not completely 
insoluble, the value of p :  (and p )  also should reflect 
its partial solubility. Because the model parameters 
K and p are still, to some extent, dependent (cou- 
pled, see Table VI), the interpretation of the 
individual dependences on temperature is not com- 
pletely correct. Nevertheless, the strong tempera- 
ture dependence of K ,  and the apparent indepen- 
dence of p, suggest that the kinetic effect (disso- 
lution rate of once reacted monomers) is more 

0.0 0.2 0.4 0.6 0.8 1 .o 

1.0 . 

0.0 0.2 0.4 0.6 0.8 1 .o 

Figure 6 Experimental (two combined runs) and fitted 
reaction states of IPA at  2OOOC (model 2) .  ( a )  Curve cal- 
culated with K = 1.69 and p = 0.097 and (b)  curve calcu- 
lated with K = 1.98 and p = 0.128. 

temperature dependent than the thermodynamic 
equilibrium (i.e., solubility). 

The lower solubility of TPA at 2OO0C, in com- 

Table VI Substitution Effect Parameters Derived from Model 2 for Various Reaction Conditions 
(K Fixed at 1 .O) 

Temperature Correlation 
Acid ("0 K a. P (TO Coefficient GoF 

C 160 0.28 0.003 0.115 0.003 -0.43 5.6 
C 180 0.39 0.003 0.070 0.003 -0.19 1.2 
C 190 0.50 0.005 0.097 0.005 -0.21 1.9 
C 200 1.69 0.02 0.097 0.007 -0.31 0.6 
C 200 1.98 0.03 0.128 0.011 -0.42 1.2 
A 200 0.25 2 10-5 0.020 3 10-~ -0.22 4.5 
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1.5 - 

1.0 - 

parison with IPA (see Table 111) , is reflected in lower 
values of both K and p (Table VI) . 

In many practical systems, TPA is completely 
esterified by an excess of glycol in a first stage, after 
which an excess of IPA is added to convert these 
OH-functional prepolymers into COOH-functional 
resins. As a consequence, the final extent of the re- 
action of IPA is usually close to 50%, which means 
that the simple model 1 can be applied for these 
systems. Yet, it should be borne in mind that the 
reaction kinetics in such a practical system might 
still be different from the kinetics studied with these 
model reactions. However, we think that this is the 
best approximation possible to date. 

K, P 

1 

CONCLUSIONS 

Below a = 0.6, the kinetics of the heterogeneous 
reaction of IPA with BA can be well described with 
a simple kinetic model for a homogeneous reaction, 
with only a positive substitution effect in IPA. For 
the reaction of TPA with BA, an acceptable descrip- 
tion holds for the full range of conversion. A more 
sophisticated model, in which insoluble particles and 
a surface reaction (and a substitution effect) are 
incorporated, yields a better description of the ex- 
periments. The model parameters are strongly de- 
pendent on temperature and the type of phthalic 
acid, which indicates that the heterogeneity of the 
reaction mixture is the main cause of the kinetic 
effects observed. 
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Figure 7 Experimental and fitted reaction states of 
TPA at 200°C (model 2).  Curve calculated with K = 0.25 
and p = 0.020. 

- - W - - 
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Figure 8 
of temperature (model 2 ) . 

Surface effect parameters of IPA as functions 
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APPENDIX A: DESCRIPTION OF MODELS 
1 A N D  2 

Differential equations are only presented here for A 
(=TPA) and are derived as a function of the con- 
version, a. 

Model 1 

In model 1, the chemical kinetics are derived by a 
set of differential equations for a homogeneous sys- 
tem: all components are considered as being dis- 
solved completely. Partial solubility of monomer A 
is thus only taken into account in the substitution 
effect K .  Concentrations presented here are related 
to the total amounts of the components of interest: 
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in which [A], and [B], are concentrations at a 
= 0.0 andpB is the fraction of B ,  which is unreacted. 
Boundary conditions at a = 0.0 are: p B  = po = 1.0, 
and p1 = p2 = 0.0. 

Model 2 

In model 2, the phthalic acid is considered to be 
completely insoluble. The esterification reaction 
with benzylalcohol, leading to a monoester [ first re- 
action as given in reaction ( 1 ) ] , occurs only at the 
surface of spherically shaped particles (of phthalic 
acid). The reactive fraction of unreacted phthalic 
acid (p6) is thus only located at the surface of the 
particles and it reacts with a reaction rate constant 
k l .  The once esterified product is assumed to be 
completely soluble in the liquid phase. By dissolution 
of this product, the surface of the particles is renewed 
(and the particle radius is decreased) with a surface 
renewal rate constant k,, with K = k , / k l .  

At the beginning of the reaction, the surface to 
core ratio, p, of the phthalic acid, is defined as p 
=p:/p;, with pg being the unreactive fraction in 
the core of the phthalic acid particles. 

The change in p6, as a function of conversion, is 
derived from the evolution of the surface to core 
ratio of the particles as a function of particle volume. 

In practice, the solubilities are not zero; p6 and 
p thus contain both the reactive fraction at  the sur- 
faces of the undissolved crystals and the fraction 
phthalic acid dissolved in the melt. The relevant 
differential equations are: 

-- dP6 - -4P6 
da 2p6+ Kpl 

in which [A], and [B], are concentrations at  a 

= 0.0 and p~ is the fraction of B that is unreacted. 
Boundary conditions at a = 0.0 are: p B  = po = 1.0 
and p1 = p2 = 0.0. The reaction states pk and p; 
stand for reactive and unreactive fractions of po, 
respectively, and are determined by: 

with boundary conditions at a = 0.0: 

P p; = - 
l + P  

1 I p; = - 
l + P '  

APPENDIX B: DETERMINATION OF 
REACTION STATES FROM HPLC DATA 

The determination of the reaction states are here 
only described for A. Initial concentrations are: 
[A], and [B],. HPLC analysis results in the ratios 
[ AB ] / [ B 3 and [ AB2] / [ AB ] . A material balance 
in B then leads to: 

which yields the value for [ B 1 .  From this value, the 
values for [AB] and [AB,] are calculated. The re- 
action states are finally calculated with: 

[ABI 
[A10 

[ AB2 1 
[A10 

p1=- ,  

P2 = - 

and 
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