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Synopsis 

The kinetic modeling of melamine-formaldehyde polymerization presents a relatively for- 
midable mathematical challenge because of the simultaneous presence of several types of 
deviations from Flory’s equal reactivity hypothesis. A molecule of melamine has six reactive 
amide hydrogens, which can react with the -CH,OH groups of formaldehyde in solution. 
The reactivity of the secondary hydrogens on the melamine is about 61% of that of the primary 
hydrogens (induced asymmetry). There is a shielding effect present, i.e., the reactivity of the 
hydrogens near the outside of a multiringed polymer molecule is higher than that of the 
hydrogens inside the coiled molecules. Two bound -CH,OH groups on the polymer molecules 
can selfcondense to give methylene linkages, the reactivity depending upon the location of 
the two groups. And, to confound modeling efforts still further, all these reactions are re- 
versible. An earlier attempt at modeling this system considered the reactions between 36 
“basic” species. This model was far too detailed and failed to account for the reverse reactions. 
In the present study, a simpler model has been proposed which involves fewer “basic” species. 
An improved model for intramolecular reactions is also developed. Several important char- 
acteristics of the polymerization have been obtained as a function of time. F&sults from this 
model have been compared with those obtained from the earlier model, and also compared 
with the short-time experimental results. The present model can be extended to account for 
the reverse reactions quite easily. 

INTRODUCTION 
Melamine (2,4,6-triamino-s-triazine) is a weakly basic material that shows 

reactivity similar to other amides like urea. It can react with formaldehyde 
to give a mixture of various substituted products, as well as higher oligo- 
meric species. Tollen’ in 1884 first reported the reaction of formaldehyde 
with the amide hydrogen, but detailed experimental studies of the chemistry 
and the kinetics of the reactions involved were reported much later.2-4 

In the reaction between formaldehyde (which exists as HOCH20H in 
waterI2 and melamine, reactions of the following type occur first: 

With time, more of the amide hydrogens (primary as well as secondary) 
get replaced by CH20H groups, and a mixture of mono-, di-, . . ., hexa- 
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substituted products are formed. In addition to these reactions, methylene 
bridges are also formed as shown below by the reaction between -CH20H 
and -H groups, leading to multiring compounds: 

I 

I ll 

In eq. (2), the symbol --NU represents a methylene linkage to other 
melamine rings. Substitution of -H by -CH20H groups on multiring 
molecules can occur by their reaction with formaldehyde. Chain extension 
similar to that represented by eq. (2) can also occur by the condensation of 
two -CH,OH groups leading to the formation of a methylene linkage and 
a molecule of HOCH20H. 

The rate and equilibrium constants associated with the various reactions 
depicted in eqs. (1) and (2) depend, in general, on the exact location of the 
reactive groups. For example, the forward rate constant for a primary amide 
hydrogen on melamine is different from that associated with the secondary 
amide hydrogen on a monosubstituted compound (referred to as induced 
asymmetry), and, further, these are different from the reactivity of the 
primary amide hydrogen on a mono or disubstituted product. In addition, 
because of molecular shielding, the reactivity of an -H on a ring which 
is located near the center or inside of a long-chain multiring polymer mol- 
ecule [called “internal” rings, as for example, rings c and d in eq. (2)] are 
lower than those for the -H on rings lying on the extremities [called 
“external” rings, as for example, rings a and b in eq. (2)]. The kinetic 
modeling of this system, therefore, poses a relatively formidable mathe- 
matical challenge because of the unequal reactivity of various sites. 

Not much experimental work, and far less theoretical work, have been 
reported on this important polymerization. Okano and Ogata measured 
the initial reaction rates and computed the corresponding rate constants. 
Gordon et a1.5 conducted further investigations on the kinetics of this sys- 
tem and illustrated that quantitative estimates of the individual reaction 
products could be made using C ,,-labeled formaldehyde. Some deviation 
from random behavior was noted and parameters were assigned to qualify 
the rate equations. The validity of these parameters was tested in a com- 
puter study by Aldersley et a1.,6 who tried to match experimental data on 
the free formaldehyde content with results from computations. Tomita’ 
studied the reaction between melamine and formaldehyde in greater detail. 
He obtained the more detailed concentrations of the various one-ring mo- 
lecular species as functions of time, using high speed liquid chromatography 
and NMR spectroscopy, and estimated the equilibrium and rate constants 
for the individual reactions. In all these attempts, however, the formation 
of multiring compounds similar to those depicted in eq. (2) were completely 
neglected. Even though these compounds are formed in small quantities 
only (the resins obtained industrially have an average molecular weight of 
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650-750) their effect on the molecular structure of the final, crosslinked 
polymer is significant and any modeling exercise must account for their 
formation. 

The first attempt on developing a more comprehensive theoretical model 
for the polymerization of this complex system was made recently.6 In this 
work, a mathematical framework was developed to analyze the kinetics of 
melamine- formaldehyde polymerization, accounting for the unequal reac- 
tivity of various functional groups. The model presented could predict the 
number average chain length as well as the average number of branch 
points per polymer molecule. The approach was similar to that used in our 
earlier work on the modeling of phenol- formaldehyde polymerization 9-12 
and has been used successfully to treat several other complex step growth 
polymerizations depicting unequal reactivity of functional groups, as dis- 
cussed in recent reviews.13J4 In this model, 36 “basic entities’’ or building 
blocks were proposed, and the progress of the polymerization was studied 
in terms of the concentrations of these basic entities. This paralleled the 
study of ARB type step growth polymerizations in terms of functional group 
concentrations [A] and [B], instead of in terms of the more detailed con- 
centrations of the individual molecular species [A-(RBA) ,+ -RBI. Even 
though this detailed model could explain all aspects of unequal reactivity, 
its extension to account for the reverse reactions present in melamine- 
formaldehyde polymerization led to insurmountable computational diffi- 
culty, and our efforts had to be shelved. However, results obtained from 
this model were of immense value (in absence of experimental data in the 
literature on the variation of the degree of polymerization and the degree 
of branching with time) as a standard for testing the validity of simpler 
models. Moreover, the predictions from the model matched experimental 
results on the concentrations of several one-ringed molecular species in the 
initial period. 

It was suggested that a cruder model with possibly fewer basic entities 
be developed, based on our experience with the more rigorous model, which 
could enable us to account for the reverse reactions with reasonable com- 
putational effort. This work represents an attempt in that direction. A new 
model with 13 basic entities only is developed in this paper, somewhat along 
the lines of work on phenol-formaldehyde polymerization. 15,16 In this paper, 
however, the reverse reactions are not accounted for once again, even 
though this model could be extended to account for them. The focus of 
attention in this paper, thus, is to develop this new model and test whether 
the results predicted by it do, in fact, match those by the earlier, more 
rigorous model. Our work with this new model is continuing, and, in a 
future publication, we hope to present numerical results which match Tom- 
ita’s experimental data on the concentrations of the single-ring species over 
a longer period of time than is possible in the present paper. 

Formulation 

Table I shows, schematically, the 13 basic entities used in the present 
model. These have been developed using analogy with our previous work 
on phenol-formaldehyde polymerization.16J6 Here, a dash (-1 on a circle 
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TABLE I 
13 Basic Entities Used for Modeling Melamine Formaldehyde Polymerization 

A - j-J 
( m e l o m i n e )  G -  qx 

0 -  -yJx H -  ‘vXx 
X 

c : -  Q” 
X 

D - ’Qx 

E - vxx X 

J: -‘ex 
x x  

x x  x x  
K:- 

X X  

F HOCH,OH ( F o r m o l d e h y d e  in woter  ) 

-CH,OH 

W. Water 

I 
N 

- X r e p r e s e n t s  -CH,OH -CH,- 

represents the linkage of a hydrogen atom to the nitrogen on the ring, while 
-X represents either a -CH20H group or the presence of a methylene 
(-CH2-) linkage to another ring. In the previous model on melamine 
formaldehyde, the former alone was represented by -X while the latter 
was represented by the symbol - -,. Thus, our present model clubs together 
some of the basic entities of the previous one. The exact equivalence between 
the two models is given in Table 11. It may be mentioned that the concen- 
tration of water m], will not be needed in the present study since the 
reverse reactions are being neglected. However, this species has been in- 
cluded in Table I for the sake of completeness. A multiring polymer molecule 
can then be written as a sequence of these basic entities. As an example, 
in eq. (21, (a), (b), (c), and (d) represent basic entities C, B, C, and C, respec- 
tively. 

The kinetic scheme (forward reactions only) for the polymerization of 
melamine formaldehyde in terms of these basic entities is given in Table 
111. It consists of three sets of reactions: set (a) comprises the substitution 
of an H on any basic entity, internal or external, by a CH20H group by 
reaction with formaldehyde, set (b) comprises of chain extension when a 
CH20H group on any basic entity reacts with an H on another basic entity 
(note that the basic entity on which the CH20H was located does not change 
its status on reaction), and set (c) represents the reaction between two 
CH20H groups (this reaction, again, does not change the “status” of either 
of the two basic entities on which these groups are located-a phenomenon 
arising because of the clubbing of -- and -CH20H into a single -X 
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TABLE I1 
Exact Equivalence Between Present13 and PreviousSG Basic Entities 

Present Previous (notation as in Ref. 8) 

A A 
B C, A1 
C D, A2, C1 
D E, A3, C2, D1 
E G, C3 
F B 
G H, C4, D2, G1 
H 
I J, D3, H2 
J 
K L, E3, 12, K1 
-CH,OH Not required 
W Required only when reversible 

I, C5, D4, El ,  G2, H1 

K, D5, E2, H3, 11, J1 

reactions are considered 

group). The following rate constants characterizing the reactions between 
functional groups are used8: 

a. k the forward rate constant for the reaction between a CHzOH group 
(either on a substituted ring compound or on formaldehyde) and a primary 
amide hydrogen lying on an “external” ring. It is assumed that the degree 
of substitution of the melamine ring does not change the reactivity of the 
primary amide hydrogens. Such an assumption has been used earlier by 
Aldersley et aL6 and keeps the number of curve-fit parameters low. Values 
of the individual rate constants as studied by Tomita’ also appear to sub- 
stantiate this approximately. 

b. k 2 ,  the forward rate constant for the reaction between a CHzOH group 
and a primary amide hydrogen lying on an “internal”8 ring. This can be 
attributed to some sort of a shielding phenomenon as in the case of phenol 
formaldehyde. 

c. k3, the forward rate constant for the reaction between a CHzOH group 
and a secondary amide hydrogen lying on an external ring. 

d. k4, the forward rate constant associated with the reaction between two 
-CHzOH groups, leading to the formation of a methylene linkage 
-N-CHz-N- between two rings and HOCH20H.l7 It is assumed that 
this reactivity is independent of the units on which the two CH,OH groups 
are located. 

e. k5, the forward rate constant for the reaction between a CHzOH group 
and an “internal” secondary amide hydrogen. Usually, k, will be quite 
small compared to K because of severe steric hindrances. 

Two reaction schemes are shown in Table I11 differing only in the asso- 
ciated rate constants. In model 1, the rate constants associated with the 
individual reactions have been writen on the assumption that the group X 
on species A to J is always -CH20H while, in model 2, the relevant rate 
constants are assigned assuming that X is always a methylene linkage 
- - . This assumption is necessary because of the clubbing together of the 
-CH20H and -CHz- groups into X. It is obvious that model 1 will be 
a better description of data in the early stages of polymerization when most 
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TABLE I11 
Kinetic Scheme 

Model 1 Model 2 (rate constants only) 

(a) Reactions with F (substitution) 
12kl 

A + F -  B + CH,OH + W 

B + F  a 
I 8kl >;::;::I; 

C + F  %\D + CH,OH + w 

L G  + C H p H  + w 

E + F  LG + C H ~ H  + w 
H + CH,OH + W a 

3 

D + F  

I + CH,OH + W G + F  
I 

J + CH20H + W 2 H + F  
4k 

I + FL J + CH,OH + w 
J + F  L K  + CHzOH + W 

(b) Reactions with -CH20H (chain extension) 
6 k  

A + C H , O H ~  B+W 
k 

B + C H , O H A  E + W  

I 4 k 1  , C+W 

2% C + CH,OH- D+W 

/A, G+W 
3k 

D + C H , O H ~  H+W 
4k 

E + C H , O H A  G+W 

G + C H , O H A  H+W 
2k 

I k3 , I+W 

2k H + C H , O H A  J + W  
2k I + CH,OH J + W  

J+CH,OH& K+W 

(c) Reactions between -CH,OH 

k 

k 
CH20H + CH,OH 4 F k* 



MELAMINE FORMALDEHYDE POLYMERIZATION. I1 2811 

of the X groups are indeed -CH OH while model 2 will be more appropriate 
in the later stages of polymerization. In any case, these two models represent 
the two limiting cases of actual polymerizations, and so are useful thee 
retical idealizations. It is hoped that there will not be too much difference 
between the predictions of these two models. It might be emphasized that 
the assumption of -X as -CH20H in model 1 is made for the sole purpose 
of assigning rate constants, and does not imply that the -CH20H groups 
do not react further to give -CH2- linkages. The coefficients of the 
various Ki's in Table I11 account for the several possibilities of reaction 
between the CHzOH groups and the hydrogens on the basic entities.l*J9 
-CH20H groups are "formed" in the set of reactions (a) in Table I11 in 
the two models (in addition to the formation of basic entities like B, E, C, 

-1, because of bookkeeping reasons, similar to the case of phenol-for- 
maldehyde polymerization. l6 

Mass balance equations can be easily written using the kinetic scheme 
of Table I11 and are given in Table IV. These can be nondimensionalized 
using the initial concentration [ F], of the formaldehyde: 

TABLE IV 
Mass Balance Equations for the Various Basic Entities" 

- dL41 

d[Bl 

d[Cl 

d[Dl 

g 
d[Gl 

d[Hl 
d[Il 

- dIJ1 

d[Kl 

d 

dt 

dt  

d t  

dt 

dt 

d t  

dt 

d t  

dt 

dt  
d [CH, OH] 

d t  

where 
9 

"hf l  = 1 (model 1) or k,/k3 (model 2); Chef2 = 1 (model 1) or k 2 / k 1  (model 2). 
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before integration with appropriate initial conditions, using a Runge-Kutta 
algorithm. 

In order to obtain expressions for the two important molecular charac- 
teristics of the product formed, namely, the number-average chain length 
(defined herein as the number-average number of rings per molecule) and 
the degree of branching (defined as the average number of branch points 
in a polymer molecule), we must first obtain an equation to estimate the 
concentration of “polymer” molecules [X,] in the system. In this analysis, 
“polymer” molecules will include not only the multiring species, but also 
the single-ring ones. Such a definition is quite common in polymer reaction 
engineering and leads to simpler equations. Figure 1 shows a typical poly- 
mer molecule intramolecular reactions. We first obtain an equation for [X,] 
neglecting including brunches as well as Zwp, the latter formed by the 
formation of loops, since it is easier to do so, and then modify it for loop 
formation. In the absence of loop formation, it is observed that only the 
reactions in groups (b) and (c) in Table I11 lead to chain extension, and the 
number of polymer molecules in the system decreases by unity everytime 
any of these reactions occur (this will not be true when intramolecular 
reactions occur). Thus, we can write 

+ 2(K1 Chef 2 + K 3  Coefl)[C] 

with the initial condition 

since single-ring compounds, including melamine, are included in our def- 
inition of X, and since we shall consider, in this study, a feed consisting 
of melamine and formaldehyde only. The terms Coefl and Coef2 in eq. (4) 
are defined in Table IV. It may be noted that X, as defined in this paper 
differs from the X, used in Ref. 8. 
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e fv 
e 

Fig. 1. A typical branched polymer molecule with an intramolecular loop e and b represent 
end and branch points respectively. 

In the presence of intramolecular reactions, one again notices that the 
reactions in group (a) in Table I11 are not of interest since they do not lead 
to chain extension. As far as the reactions.in group (b) are concerned, there 
are two possibilities: A reaction between a -CH20H and an -H on a 
basic entity +i (+i -, A,B,C,D,E,G,H,I, or J) could either be intermolecular 
or intramolecular. In the latter case, the number of polymer molecules in 
the system does not decrease by unity, .as happens in the former case. If 
F+i is the fraction of reactions occuring between the groups -CH20H and 
-H on +i which are intramolecular, one can write the contribution of this 
reaction to the equation for [X,] as 

= aiki[CHzOH] [+i] (1 - F+J (6) -d[xplk dt i. with Imps 

In eq. (61, a ik i  is the appropriate coefficient in eq. (4), corresponding to this 
reaction. A very simple expression for F+i has been presented in our earlier 
studies8*" and models the intramolecular reactions in terms of the reactions 
between "averaged" molecules: 

F+, = average # of CH,OH in a molecule x 

average # of ( P I  in a molecule x 

I 

I 

I 
I 
I 
I 
I 

I 

I 

# of polymer molecules in unit volume t I 
total # of CH20H in a unit volume x 

total # of +i in a unit volume 
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where N,, is the Avogadro number. Since F& comes out to be independent 
of [+i] or [CH20H], it is applicable to all the reactions of group (b) as well 
as to reaction (c) in Table 111. Thus, eq. (4) can be modified for intramolecular 
reactions quite simply as 

The equation for 3,i in eq. (‘7) seems dimensionally inconsistent and needs 
to be corrected. The appropriate correction factor comes from a study of 
more detailed molecular models for intramolecular reactions, l4 as discussed 
below. 

A simple model for intramolecular reactions has been developed by 
Jacobson and Stockmayerm and used quite successfully by Gordon and co- 
workers. 21 The rate of reaction between two functional groups on the same 
polymer molecule, Pn (n monomeric units long), can. be written as 

where.k is the intrinsic reactivity of the functional groups, I is the backbone- 
bond length, and i is the number of backbone bonds between the two func- 
tional groups. Several approximations are involved in eq. (9)14 (some of 
which have been accounted for by more recent studies22,23), but since iden- 
tical functionalaties are obtained if they are taken care of, we need not 
consider any more detailed model at this stage. The rate of intermolecular 
reaction for reactive functional groups is given similarly by 

The corresponding fraction F of intramolecular reactions in this situation 
is, thus, approximately, 

In our “averaged” model for intramolecular reactions in melamine-for- 
maldehyde polymerization, we can replace [Pm] by [X,], and use some mean 
value (over time as well as over an ensemble of polymer molecules present 
in the reaction mass), T3I2, in place if i3I2 to give 
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where d is a curve-fit parameter having the same units as [X,] [because 
of its l/(iVavJ3) dependence]. The effects of several of the approximations 
in - the model, e.g., use of random-flight chain statistics in eq. (91, treating 
i as constant with time, etc., are all clubbed together in the empirical 
parameter d. 

With the equation for [X,] now established, it is easy to write down 
expressions for the number-average number of rings per molecule (E DP) 
and the degree of branching (DOB) as 

concn of branched basic entities - [X,] -- DOB = - 
[Xpl [XPI (13b) 

- [Dl + [HI + [JI + [KI + ([GI + [I]) - 
[XPI 

Once again, because of the clubbing together of -CH20H and methylene 
linkages into X, eq. 13@) will give the average number of actual (when X 
is methylene linkage) and potential (when X is -CH20H) branch points 
per polymer chain. 

RESULTS AND DISCUSSION 

The equations of the previous section have been integrated numerically 
using a Runge-Kutta computer package. Two checks were made to confirm 
the correctness of the program, as well as to ensure that no errors have 
been made in writing the mass balance equations from the proposed kinetic 
scheme. 

CHECKl = [A] + Is] + [C] + [D] + [El 

+[Gl+[H]+[~+[Jl+[Klj/[A]o = 1 (14a) 
CHECK2 = {l?3]+2[C]+3[D]+2@]+3[Gl+4[H]+4[I] 

+5[J]+6[K]+2F]+[CH,0H]J/(2mo) = 1 (14b) 

The first check represents a balance on the total number of rings at any 
time, and the deviation of CHECKl from the theoretical value of unity 
would be indicative of errors. Similarly, CHECK2 represents a balance on 
the CHzOH groups on the several species present in the reaction mass. It 
has been found in our earlier worklOJ1 that such stoichiometric tests are 
quite sensitive and useful. 

Numerical results have been generated using the following reference set 
of parameter values, 
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K 2 / k l  = Coef2 = 1 (model 1) or 0.35 (model 2) 

K3/kl = 0.61 

K 4 / K 1  = 2.5 

k ~ / k 1  G ( k 3 / k 1 )  Coefl = K 3 / K 1  (model 1) or 0 (model 2) 

d = O  

and the following reference set of initial conditions, 

These values are similar to those used in our previous study and have been 
obtained from various sources in the literature.* The value of A 8  used was 
0.001, and a reduction in its value to gave identical results. The CPU 
time on a PRIME 9950 for a single run generating the values of the various 
quantities of interest up to a value of 8 of about 2.0, was about 9 s. 

Figures 2-5 show some of the more interesting results obtained for the 
two models using the reference set of conditions. The dimensionless me- 
lamine concentration for the two models considered in the present work 
are quite close to that predicted by our previous model.8 The same is true 
for the formaldehyde concentration, but only for values of 8 of about 0 < 
8 < 0.2. For higher values of 8, it is found that [F]/FI0 obtained from our 
earlier, more detailed model lies between the values predicted by the present 
two models, which represent limiting behavior. Since model 2 does not lead 
to the consumption of too much of formaldehyde ( K ,  = 01, it is not surprising 
that [F] values are higher than predicted by model 1. In any case, since the 
reverse reactions have been omitted, the predictions of the two models can 
be of use only for low values of 8, and, under these conditions, the various 
models give similar results. It may be added that, for low 8, results from 
model 1 are close to our previous model, as expected. Similar conclusions 
apparently cannot be made for the behavior of DP as shown in Figure 4. 
The present two models and the previous one give quite similar results for 
0 < 8 < 0.2. However, for larger values of 8 the results of the previous 
model do not lie between the two “limiting” models of the present study. 
A close scrutiny of the various models reveals that, fundamentally, the 
model for [X,] developed in this paper, in the absence of intramolecular 
reactions, is quite similar to that of the previous one,8 even though the two 
expressions appear to be quite different. Thus, differences between the 
models are either a consequence of different kinetic schemes or of intra- 
molecular reactions. The fact that DP of the previous model8 does not lie 
between the values from the two present models is indicative of the fact 
that the intramolecular reactions differ substantially. Since d = 0 for the 
reference conditions of the present model, Figure 4 attempts to compare 
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0-Model I 

A-Model 2 

- Previous Model 

0 0.2 0.4 0.6 0.8 

8 (=k,[F],t) 

> 
3 

Fig. 2. Melamine concentration as a function of time for models 1 (0) and 2 (A) using the 
reference set of values given in eqs. (15) and (16): (-1 results for our previous model.8 

09 

0 8  

0 7  

06 

0 - 
0 5  

\ 
I 
u 0 4  

0 3  

0 2  

01 

0 

I I I I 

o - Model I 

A - Model 2 

- Previous Model 8 

A A A A  

0 

O O  

I 1 I I 
0.5 I .o 1 5  2 0  

8 ( = k, [Fl0 t ) 

Fig. 3. Formaldehyde concentration as a function of time. Notation same as in Figure 2. 
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1: 
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C 

I I 1 

Model I 

Model 2 

k’ 1.- Previous 

I I 1 I 

0.5 I .o 1.5 2.0 

8 ( = k ,  [Flat 1 

Fig. 4. Number-average number of rings per molecule (G) vs. 8, for the reference con- 
ditions. 

results of the previous study wherein intramolecular reactions are indeed 
present, to that of the present models wherein they are neglected. It is 
shown later that DP is extremely sensitive to the value of d and one can 
get the DP of the previous model to lie between the results for models 1 
and 2 with an appropriate choice of d. At larger values of 8, the equations 

0 0.5 I .o 1.5 2 .o 
6 (=kl[F],t) 

Fig. 5. Concentration of branched basic entities vs. 8 for the reference conditions. 
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become stif€ and one must use an extremely low value of A8 in order to 
ensure that [x,] is positive. This approach was not pursued, however, since 
our interest was limited to low values of 8. Figure 5 also shows that the 
concentration of branch points is much higher in both the models than 
predicted by our previous model.8 This is because in the present study, 
branch points include both “actual” branches 

“Am 

in the earlier model) as well as “potential” branch points (e.g., 

CH,OH 

Parametric sensitivity of the results were now ascertained. It was found 
in our earlier study* that the most sensitive kinetic parameters were k , /  
k l  and k 2 / k 1 .  Since both k 5  and k ,  occur only in model 2, parametric 
sensitivity studies on these were limited to this model. Figures 6 and 7 
show some results. The value of Coefl (= k , / k , )  was varied around the 
reference value of 0, and two values of this parameter, 0.2 and 0.4, were 
studied. Similarly, the value of CoeB (= k , / k , )  was varied around the 
reference value of 0.35, and two values, 0.7 and 0.2 were studied (keeping 
Coefl = 0). It was observed that DP was almost unaffected till 8 of about 
0.4. Even for such a wide variation of parameter values, EX,,] was not 
significantly influenced at low 8. At higher values of 8, however, both DP 
and [X,,] showed a significant dependence on the values of these two sen- 
sitive parameters, the trends being consistent with intuitive expectations. 
For example, when Coefl was larger, both [X,] and DP were higher because 

01 I I I I 1  
0 0.5 I .o 1.5 2 .o 

8 
Fig. 6. Effect of varying Coefl (---I and Coef2 (-1 for model 2 on &; reference run 

(Coefl = 0, Coef2 = 0.35) also shown. 
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Fig. 7. Effect of varying Coefl (---I and Coef2 (-) on [X,.]. Reference run for model 2 
also shown. 

the substitution and the chain-extension reactions were speeded up. The 
concentration of unreacted melamine, however, was not significantly in- 
fluenced by the parameter values, while the value of [F]/[Fl, was only 
slightly influenced by them, at least till values of 8 of about 0.5. The effect 
of the parameter d characterizing the intramolecular reactions, is shown 
in Figure 8 for both models 1 and 2. Increasing d led to a significant 
reduction in DP for 8 beyond about 0.5, but for low 8, where the models 
are really applicable, the effect was small. It is interesting to observe that 
the difference (at large 8) between the two models decreased as d increased. 

15 I I I I 

Reference Reference 

l o  10 
I 

.... .... 0.05 

0. I 

____---- 

0 1  I 1 1 I J  
0 0.5 10 1.5 2 0  

8 
Fig. 8. Effect of A on 6: (-) model 1 and (---) model 2 for values of A indicated. 
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Also, the affect of varying d o n  [ X,,] was insignificant even for high values 
of 8. This means that as the importance of intramolecular reactions in- 
creases, the number of polymer molecules in the reaction mass decreases 
substantially, but the degree of branching (and substitution) remains un- 
altered. 

Figures 9-12 show the affect of varying the initial melamine to formal- 
dehyde ratio [A],/[F],. It is observed that the difference between models 
1 and 2 increases as [A]o/[F]o is increased, though this is important only 
at higher values of 8. The opposite effect is observed for the formaldehyde 
concentration. The value of DP, however, is relatively insensitive to the 
feed composition. Figure 12 shows the degree of branching for the two 
models, and the affect of the feed composition is small. A comparison of 
Figures 11 and 12 leads to the conclusion that, at high 8, there is a pre- 
ponderance of highly branched polymer molecules relative to linear chains, 
and a gelation type phenomenon occurs. At such values of 8, however, the 
model is inapplicable because of the importance of reverse reactions which 
delays this phenomenon. 

Figures 13-15 show a comparison of the theoretical results from model 
1 (with [A]o/[F]O = 0.2, all other parameters same as reference values) 
with experimental results of Tomita' on the concentrations of some sub- 
stituted, single-ring compounds. The experiments have been conducted at 

e 
Fig. 9. Effect of feed composition, [A]o/F]o on the melamine concentration: (-) model 1; 

(---) model 2. Reference values of kinetic parametera used. 
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Fig. 10. Effect [A],/[Fl0 on formaldehyde concentration. Notation same as in Figure 9. 

T = 48"C, pH = 9, [A], = 0.0325 mol/L, and [q0 = 0.167 mol/L. The 
original experimental data have been replotted in terms of 8 using a value 
of k of 0.0067 L/mol min. This choice of kl has been made by curve-fitting 
experimental data on [A]/[F], alone vs. 8 by theoretical results from model 
1, and compares quite well with the value of 0.0073 L/mol min suggested 
by Tomita. Good agreement is found between experiment and theory for 
both [A]/[F], as well as the monosubstituted melamine concentration (Fig. 
13) for values of 8 up to about 0.1. It may be mentioned that, as 8 increases, 
reverse reactions start gaining importance and both models 1 and 2 should 
not be expected to apply. The theoretical results for model 2 for [A]/[Fl0 

15 

10 

1% 

5 

0 

- Model I 

Model 2 -__- 

I I I I 
0.5 I .o 1.5 2 .o 

6 
Fig. 11. Effect of [Alo/m0 on the degree of polymerization. Same notation BB in Figure 9. 
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l5 9 

e 
Fig. 12. Effect of feed composition on the degree of branching. Notation same as 

Figure 9. 

are almost identical to those for model 1 under the conditions used. Figure 
14 shows a comparison of theoretical results on model 1 with experimental 
data (using the same K on more highly substituted melamines. It is found 
that the agreement for the disubstituted melamine is good but only for a 
lower value of 8 (the trend seems to indicate that the reactivity of the 
primary amide hydrogens on a substituted melamine is different from that 
on melamine). Figure 14 shows theoretical results from model 2 for 
[D]/[Flo vs. 8, and it is observed that the agreement with experiment im- 
proves considerably. This is not surprising since model 2 is a better res- 
presentation of the system as 8 increases, than is model 1. Since [H]/[Fl0 

v) 
2 0.2 
0 c 
c z w v z 

2 

8 0. I 

0 

Fig. 13. [A]/F], and [BI/mo VB. 6 for model 1 (-1. Experimental points are for F]* = 
0.167 mol/L, T = 48°C. p H  = 9, [A10 = 0.0325 mol/L. K, used is 0.0067 L/mol min. 
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Fig. 14. [C]/[Fjo, [D]/mo vs 6 for model 1 (-). Experimental data7 on corresponding single- 
ring (substituted melamine) compounds also shown. Conditions same as in Figure 13. (---) 
[D]/F]o vs. 0 for model 2 (Coefl = 0, Coef2 = 0.35) and [H]/F]o for model 2 (Coefl = 0.275, 
Coen = 0.35). 

= 0 for all 6 when k6 = 0 (reference value), results using model 2 were 
generated using Coefl = 0.275, Coen = 0.35, [A],/[F], = 0.2, and it was 
observed that the experimental results on the tetrasubstituted melamine 
could be curve-fitted theoretically (see Fig. 14). Figure 15 shows similar 
results for other substituted melamine products for which experimental 
results are available. It is found that even though model 1 does explain the 
trends, quantitative agreement is quite poor, as was found to be the case 
in our previous paper.8 Theoretical results from model 1 using Coefl = 
0.275, Coef2 = 0.35, [A]o/[F]o = 0.2 have been used for comparison ([El 

CH20H 

0- ~ y ~ o " l / c F l o  - 

- 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
8 

Fig. 15. [E1/mo and [G]/rn0 vs. 8 for model 1 (-). Experimental data on corresponding 
substituted melamines also shown. Conditions same as in Figure 13. (---) Model 2 results 
with Coefl = 0.275, Coen = 0.35. 
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and [GI are 0.0 if h f l  = 0) since this explained results on tetra methyl01 
melamine quite satisfactorily. The agreement is still poor though some 
improvement could be made if a higher value of kfl was chosen (at the 
cost of worsening the agreement for N in Fig. 14). It appears from Figures 
13-15 that, for very low 8, experimental results are explained better by 
model 1, while, as 8 increases, model 2 with some finite value of k f l  
appears to be better, and, as 8 increases still further, reverse reactions start 
becoming important. In any case, the limited experimental data that is 
available can be explained as well by the present models as they can be by 
the model proposed earlier. The advantage of the present models is that it 
is quite easy to extend them to account for the reverse reactions. 

Since model 2 was found to be better beyond some small value of 8, an 
attempt was made to switch from model 1 to model 2 at some arbitarily 
chosen point where DP = mtr. This information could be of some use in 
developing the future models which account for the reverse reactions. Fig- 
ure 16 shows results on DP vs. 8 for some typical runs, and it is observed 
that fine tuning of the parameters m,,, d and Coefl can lead to a successful 
curve-fitting of experimental data. It is interesting to observe that DP vs. 
8 for the conditions corresponding to curve (a) in Figure 16 is quite similar 
to results obtained from our previous model (shown in Fig. 4). Similar 
variation of DOB vs. 8 with mt,, d,  and Coefl have also been observed. 
It must be emphasized that this switchover from models 1 to 2 is justified 
on purely empirical grounds and that there are some fundamental incon- 
sistencies in doing this (e.g., in model 1, a considerable amount of species 
E is formed, which is suddenly transformed to yz in model 2, a species which really should not be formed 

because of severe steric hindrances). 

Switched Model 2 1 

01 I I I I I 
0 0.5 i .o 1.5 2.0 

8 
Fig. 16. DP vs. B (solid) with a switch from model 1 (Coefl = 1, Coefz = l& = 0)to 

model 2 (with Coefl = 0.2, Coefz = 0.35, JZ’ specified in plot) at the point where DP = DP*: 
(---I results for model 1 and model 2 alone without any switchover (reference values used 
for parameters not specified). 

- 
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CONCLUSIONS 
Two simplified kinetic models have been developed which explain some 

initial data on melamine-formaldehyde polymerization. This model is in 
reasonable agreement with theoretical predictions using our previous, more 
detailed model, and has the advantage that it can easily account for the 
reverse reactions present in the polymerization of melamine-formaldehyde. 
For example, in the reverse reaction of the following type, 

X 

D 

I 

+ x 6 ; "  

(17) 
G 

the W can attack either of the two bonds (a) and (b) around the methylene 
linkage, giving two different products as shown. Since both D + W -, C + 
CH20H and I + W -, G + CHPOH exist (reverse) in the set of reactions 
(b) in Table 111, this implies that the kinetic scheme given in this table can 
easily apply for reversible polymerization provided all the reactions in it 
are made reversible, and appropriate reverse rate constants are associated 
with them. The mass balance equations, as well as the equation for [X,] 
will have to be rewritten to account for these effects. Work along these 
lines is in progress, and will be reported in the near future. 

The author would like to thank Professor Anil Kumar of I. I. T. Kanpur, India, for some 
extremely useful discussions in the early stages of this work, and Mr. John P. Foryt for 
substantial help in generating and plotting the numerical solutions. 
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