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SYNOPSIS 

A simplified reaction scheme for nylon 6,6 degradation that is consistent with all the pub- 
lished data is described. The degradation model has been incorporated into a flowing film 
polymerizer model with a distribution of residence times in order to predict molecular 
weight, amount of undegraded (amine and carboxyl) and degraded chgin ends, and the 
extent of crosslinking. The outlet average molecular weight and water concentration come 
to steady state in about one mean residence time after a change in polymerizer operating 
conditions, whereas the degradation products continue to change slowly even after four 
residence times. Also, it is possible to choose the operating conditions of the polymerizer 
so the same molecular weight is produced at two different temperatures but with very 
different amounts of degradation products giving rise to products of significantly different 
quality. 

INTRODUCTION 

Thermal degradation can have a major impact on 
the quality of nylon 6,6 polymer. Small changes in 
the number of end groups (dye sites) can signifi- 
cantly change its dyability, whereas small amounts 
of crosslinking are very detrimental of fiber spinning. 
Therefore, the concentration of degraded ends in 
the typical industrial product must be very low and 
can only be measured accurately with very sensitive 
techniques. We have recently developed a compre- 
hensive kinetic model for nylon 6,6 polymerization.' 
However, this kinetic model does not account for 
the side reactions that are significant at high tem- 
peratures and/or long residence times, which is a 
serious limitation. A reasonable degradation scheme 
along with accurate kinetic constants would add 
substantial realism to the model and significantly 
enhance its utility. 

In this article, we seek to develop a degradation 
model that is both simple enough to be readily in- 
corporated into our kinetic scheme and subsequently 
into a reactor model and that also accurately reflects 
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the effect of degradation on the nylon 6,6 product. 
It is not intended to reveal all degradation reactions 
that are occurring nor is it a detailed mechanistic 
study of their underlying chemistry. Our goal is to 
develop a simple, chemically reasonable degradation 
model that accurately describes the available deg- 
radation data in order to develop realistic process 
models for nylon 6,6. 

It is well known that given sufficient time nylon 
6,6 degrades and gels a t  high temperature even in 
the absence of oxygen. It is also well known that the 
degradation products include carbon dioxide, am- 
monia, and some cyclopentanone.2 In this work we 
summarize a minimal set of reactions that can ac- 
count for the formation of these products and for 
gelation. We have ignored degradation schemes that 
require oxygen so our task was considerably sim- 
p 1 i fi e d . 

This degradation description has been incorpo- 
rated into a model for the dynamics of a flowing film 
polymerizer model.3 A velocity profile across the film 
gives rise to a distribution of residence times. 
Therefore, there is some material near the wall with 
residence times long enough to result in significant 
degradation a t  the high temperatures ( 250-290°C) 
typically encountered in the continuous production 
of nylon 6,6.4 
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In this work we will evaluate extent of degrada- 
tion for a range of operating conditions along with 
the relative time scales of the number average mo- 
lecular weight to come to steady state as compared 
with that of the degradation products. This study 
provides a way to determine operating conditions 
that will minimize degradation. 

NYLON 6,6 DEGRADATION REACTIONS 

Previous investigators have postulated a number of 
primary and secondary degradation reactions to ac- 

Table I Nylon 6,6 Degradation Reactions 

count for the thermal instability of nylon 6,6. We 
summarize the more chemically feasible reactions 
in the following brief review of the literature. 

At high temperature and under basic conditions, 
adipic acid is known to decompose into cyclopenta- 
none, water, and carbon dioxide as  shown by reac- 
tion (1.1) in Table I.5 Sweeney and Zimmerman' 
proposed an analog of reaction (1.1) that may take 
place both on the end of a nylon 6,6 chain and in 
the interior as shown in reactions (1.2) and (1.3). 
Achhammer, Reinhart and Kline6 have also sug- 
gested that the cyclopentyl chain end produced by 
reaction ( 1.3) may also continue to degrade as shown 
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in reaction (1.4) to yield an amine end group, cy- 
clopentanone and carbon dioxide. An amine end 
group can subsequently react with cyclopentanone 
to yield a Schiff base and water as shown in reaction 
( 1.5) .7 The cyclopentyl end group can also react with 
an amine end group to form a Schiff base and water 
as shown in reaction ( 1.6) ? 

Another possible degradation step is shown in re- 
actions (1.7) and (1.8) .*,' In reaction (1.7), the 
weakest bond in the polyamide is broken at high 
temperature to form an olefinic end and a primary 
amide end. The latter is not stable and rapidly de- 
composes into a nitrile with the elimination of water 
by reaction ( 1.8). Wiloth and Schindler" have 
shown that carbon dioxide and a Schiff base may be 
produced by a unimolecular mechanism shown in 
(1.9) from the cyclopentyl end group produced by 
reactions (1.2) and (1.3). 

There is very little information on the origin of 
the crosslinks that are known to form in nylon 6,6 
since there are so few and their chemical structure 
has not been unambiguously determined. In addi- 
tion, it is very difficult to measure the number of 
crosslinks in any given sample because their rela- 
tionship to measureable quantities is unknown (so- 
lution viscosity, titrable end groups) . Nevertheless, 
two candidate crosslinking routes are shown in Ta- 
ble 11. If a significant amount of water is present, 
there will be an appreciable amount of free amine 
and carboxyl groups from the reversible main ami- 
dation reaction. The amine end groups may combine 
and subsequently react with a carboxyl end group 
to form a crosslink as shown in reactions (2.la and 
b )  in Table 11." Wiloth" reports that the Schiff 
base formed via reactions (1.5) and (1.9) may sub- 
sequently react to form a variety of products in- 
cluding a crosslink as shown in (2.2a,b). 

DEGRADATION STUDIES 

Although there have been numerous studies on the 
degradation behavior of nylon 6,6 many do not con- 
tain enough quantitative data, about the time evo- 
lution of end groups and volatile gases, for the 
regression of kinetic constants necessary for the de- 
velopment of a degradation model. In the following 
section we summarize literature studies of nylon 6,6 
degradation that have merit for the regression of 
kinetic constants in a degradation model. 

Meacock l3 studied how the number of amine and 
carboxyl end groups in nylon 6,6 changed with time 
at 293°C under 1 atm of steam; these data are shown 
in Figure 1. The number of amine end groups in- 

Table I1 Nylon 6,6 Crosslinking Reactions 
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I 

H 
2 

/"\ 
CH2 CH, + ----NH2 - 
\ I 
CH,-CH, 

N---- 
II 

\ I 
/c\ 
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creases with time whereas the number of carboxyl 
end groups decreases. 

Kamerbeek, Kroes, and Grolle' also studied the 
thermal degradation of nylon 6,6 under nitrogen. 
Their data for the cumulative evolution of CO, and 
NH3 from nylon 6,6 at 305°C are shown in Figure 
2. We see that the polymer changes drastically over 
the course of the experiment since more than half 
of the nitrogen initially bound in amide linkages es- 
capes as ammonia. Kamerbeek, Kroes, and Grolle' 
emphasize the difficulty explaining the source of 
water required to drive reactions ( 1.4) and (2.la) if 
these are the source of the carbon dioxide and am- 
monia. In addition, they found very little cyclopen- 
tanone and water in the evolving gases. 

Edel and Etienne" (1961) followed the amine 
end group, ammonia, and carbon dioxide evolution 
during the thermal degradation of nylon 6,6 under 
nitrogen. However, since they did not follow the 
carboxyl end-group evolution it is difficult to assess 
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Nylon 6, 6 Degradation (293 C, 1 atm steam) 
Meacock (1 954) 
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Figure 1 
steam) of Meacock13 and model fit. 
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Figure 2 Nylon 6,6 degradation data (305°C under ni- 
trogen) of Kamerbeek, Kroes, and Grolleg and model fit. 

what role the main amidation reaction played in the 
amine end-group evolution. This greatly reduces the 
utility of their data for our modeling purposes. 

Peebles and Huffman14 found that the degrada- 
tion behavior of nylon 6,6 was drastically altered if 
the degradation took place in a sealed reactor where 
the gaseous products were maintained over the melt 
compared with an open reactor (nitrogen gas main- 
tained over the melt). In open reactors, the poly- 
amide quickly discolored and subsequently cross- 
linked, becoming insoluble after 5-8 h at  282°C. 
However, in closed reactors the polymer remained 
white and crosslinked after about 50 h. The drastic 
difference between the two reactors was lessened 
when ammonia instread of nitrogen was passed 
through the reacting melt in the open reactor. The 
results of Peebles and Huffman14 suggest that the 
reaction that produces ammonia is reversible and/ 
or that the ammonia reacts further when it remains 
in the melt. 

In fact, Wiloth" suggests a mechanism where the 
ammonia reacts further in a closed reactor. He per- 
formed an extensive study on the thermal degra- 
dation in open and closed reactors. We will only 
analyze his data from open reactors (see Figs. 3 and 
4) since our purpose is to describe commercial thin- 
film devices that correspond to this model of oper- 
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Figure 3 
Wiloth" and model fit. 

Nylon 6,6 end-group degradation data of 
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Figure 4 
and model fit. 

Nylon 6,6 volatile evolution data of Wiloth" 

ation. Furthermore, the potential problem with the 
reversibility of the reaction that produces ammonia 
is eliminated since the gaseous products (ammonia, 
carbon dioxide, and water) are rapidly removed from 
open reactors. 

More recently, Ballistreri et al.7 studied the deg- 
radation of nylon 6,6 by direct pyrolysis into a mass 
spectrometer. By analyzing the degradation prod- 
ucts, they concluded that the primary step in the 
thermal degradation was given by reaction (1.3) 
rather than ( 1.7). They found species with the cy- 
clized end groups produced by ( 1.2) and (1.3), Schiff 
base species produced by (1.5) and (1.9), and the 
linkage produced by (2.2a). 

DEGRADATION MODEL 

We now describe a model that is consistent with the 
known reaction products and the minimum essential 
reactions from Tables I and 11. From the data of 
Meacock l3 and Wiloth l2 we know that reaction ( s )  
that produce amine end groups and consume car- 
boxyl end groups are necessary. Reactions ( l . l ) ,  
( 1.2), and (2.lb) all consume carboxyl ends. How- 
ever, reaction (1.1) is eliminated since the experi- 
ments all begin with high molecular weight starting 

materials (high conversion > 98% ) , and the Flory 
distribution shows that negligible amounts of adipic 
acid are present. Reaction (1.2) is included in our 
model as the step that consumes carboxyl end 
groups. We have not included (2.lb) because, as 
discussed later, reaction (2.la) is ruled out as a major 
step in the formation of ammonia. 

From the data of Kamerbeek, Kroes, and Grolle' 
it is clear that not all of the C02 and NH3 produced 
can be accounted for from reactions of the chain 
ends. For example, after 100 h, approximately 550 
mmol/l l3 g of NH3 and 330 mmol/ll3 g of COz 
have been evolved, but at the start of the experiment 
only 10 mmol/l l3 g each of amine end groups and 
carboxyl end groups were present. Clearly, the amide 
linkage must be the source of much of the necessary 
oxygen and nitrogen. Reactions ( l.l), ( 1.4), and 
(1.9) all produce C 0 2 .  Reaction (1.1) is excluded 
for reasons mentioned previously. The reverse of 
the main amidation reaction produces a carboxyl 
end group, but we are realistically ignoring this re- 
versibility for the analysis of the open reactor data 
where water is rapidly removed. Reaction (1.4) re- 
quires water whereas reaction (1.9) does not. Since 
we are assuming that the gaseous products are rap- 
idly removed, reaction (1.9) will be used in the deg- 
radation model. Therefore, reaction (1.3) must be 
included as a source of stabilized end groups for 
consistency. 

Ammonia is produced by reactions (2.la) and 
(2.2a,b). Looking more closely at the data of Ka- 
merbeek, Kroes, and Grolle,' one sees that the final 
ammonia concentration of about 550 mmol/ 113 g 
cannot be generated solely by reaction (2.la) since 
the initial concentration of amide linkages is 1000 
mmol/ 113 g, which can produce at most 1000 amine 
end groups and subsequently 500 mmol/ 113 g of 
ammonia. Therefore, it is not sufficient to include 
only reaction (2.la) in the model; however, it is suf- 
ficient to include only reaction (2.2), which we have 
done in keeping with our goal of developing the sim- 
plest realistic scheme. In addition, these reactions 
give rise to the crosslink that is consistent with the 
data of both Kamerbeek, Kroes, and Grolle' and 
Wiloth". 

The degradation model is summarized in Table 
I11 along with the main amidation reaction. They 
are abbreviated as 

C - + S E + W  (3.1) 

L - , S E + A  ( 3.2 ) 

( 3.3 ) SE + C02 + SB 
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Table I11 Nylon 6,6 Degradation Model 

0 0 
II I I  

----NH-C-(CH,),-C-OH f) 

where (CT = C A  + Cc + CL + Cw + CSE + CSB 
+ Cx), X A  = CA/CT, etc., and reaction (3.2) has 
been treated as an end-group catalyzed reaction as 
recommended by Twilley.' We have also assumed 
that reaction (2.2b) is very rapid compared to (2.2a). 
Therefore, the rate-limiting step for reaction (3.4) 
is given by reactions (2.2a). The rate of (2.2a) is 
given by C T k 2 . 2 a X g ~ X ~  is eq. ( 4 ) .  The rate and equi- 
librium constants for the amidation reaction are 
known functions of temperature and composition.' 

The mass balances for the various species are 
given by 

\ I 
CHZ- CH2 

0 
I1 

----NH-C-CH CH2 + H,N---- (3.2) 
\ I 
CH,- CH, 

0 N---- 
II II FI /"\ /"\ 

----NH-C-CH CH2 - CH2 CH2+CO, (3.3) 
\ I \ I  

-- dCA - R2 - 2R4 - R5 
d t  

CH,- CH, CH,- CH, 

( 7 )  

-- dCL - -R2 + R5 
d t  

-- dCw - R1 + R5 
d t  (9) 

n 

-- dCsE - R1 + R2 - R3 
d t  

/"\ 
----CH CH---- + 2NH3 (3.4) 

\ I 
~=H,-CH, 

0 0 
II II ----C-OH + ----NHZ f) ----C-NH---- + HzO (3.5) 

-- dcsB - R3 - R4 
d t  SB + 2A --* X + 2NH3 (3.4) 

Polyamidation A + C --* L + W (3.5) -- dCx - R4 
d t  

where C refers to a carboxylic acid end group, SE 
to a stabilized (or cyclized) end group, W to a water 
molecule, L to an amide linkage, A to an amine end 
group, C 0 2  refers to carbon dioxide, SB to a Schiff 
base and X to a crosslink. 

The rates of the reaction steps (3.1-3.5) are as- 
sumed to be given by 

Since we have assumed that the rate of removal of 
the volatile components in the reacting mixture is 
very rapid, eqs. (9), ( 11), and ( 12) really reflect the 
rate at which these products are evolved as gas per 
unit volume of the reacting mixture. The concen- 
tration of water, carbon dioxide, and ammonia is 
assumed to  be negligible in the analysis of the data 
in Figures 1-4. The sole exception to this is for the 
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closed reactor data of Meacock where we estimate 
the water concentration as a constant from the cor- 
relation of Ogata for the equilibrium mole fraction 
of water in the polymer as a function of the partial 
pressure of water in the gas phase. 

The temperature dependence of the rate con- 
stants was fit with the usual Arrhenius form by op- 
timizing an integral analysis. 

The resulting set of kinetic parameters is shown in 
Table IV. 

The predicted end-group concentrations are 
compared to the data of Wiloth in Figure 3. The fit 
is reasonably good at  all temperatures for the amine 
end groups. However, the carboxyl end-group pre- 
dictions are slightly high, especially for the highest 
temperature data. This is because the assumption 
of a zero water concentration is not exactly correct, 
and the carboxyl end groups are consumed by the 
main amidation reaction rather than degradation 
reaction ( 3.1 ) in this simulation. Consequently, it 
is difficult to estimate the reaction rate of reaction 
( 3.1 ) from the open reactor experiments because it 
is masked by the main amidation reaction. There- 
fore, we have estimated it from the closed reactor 
data of Meacock, which is under a constant finite 
water concentration so that the amidation reaction 
is near equilibrium throughout the experiment. The 
parameters obtained from open reactor data can ac- 
curately describe the amine end-group evolution in 
open reactors but cannot do the same for closed re- 
actors. In order to properly account for the effect of 
the reversible main amidation reaction on the con- 
centration of carboxyl end groups in addition to re- 
action (3.1 ), we have fit the amine end-group evo- 
lution in the closed reactor with an empirical func- 
tion of the amide linkage concentration and the 
amine end-group concentration. The results are 

Table IV Kinetic Parameters for 
Nylon 6,6 Degradation 

Model ko Eapp TO 
Reaction (liter/h) (cal/mol) ("C) 

1 0.06 30,000 293 
2 0.005 30,000 305 
2 (catalyzed) 0.32 30,000 305 
3 0.35 10,000 305 a = 0.1 
4 10.0 50,000 305 b = 0.3 

shown in Figure 1 (in Figs. 1-4 the points represent 
the data and the lines the model fit). We are unable 
to estimate an activation energy for reaction (3.1) 
since Meacock presents data only at  a single tem- 
perature. However, since (3.1 ) is so similar to (3.2) 
we have set the two activation energies equal. 

The data of Wiloth on the evolution of NH3 and 
C02  are shown in Figure 4 along with the model 
predictions, which seem to be as accurate as justified 
by the data at  the three temperatures investigated. 
The fit of the long time data of Kamerbeek, Kroes, 
and Grolleg for NH3 and C02 evolution is shown in 
Figure 2. Again, the model provides an accurate 
quantitative estimate for the amount of each of the 
components except, perhaps, at  very long times. 

INCORPORATION OF THE 
DEGRADATION SCHEME INTO 
THE FLOWING FILM MODEL 

We have incorporated this degradation model into 
our flowing film polymerizer model.3 The flowing 
film geometry is shown in Figure 5. In this model, 
which is typically operated at  higher water concen- 
trations and lower temperatures, water is no longer 
assumed to be instantly removed but instead is al- 
lowed to diffuse out of the film. The evolution equa- 
tions for the nonvolatile components and water, in 
dimensionless form, are 

5 at = 4 2 ( r 2  - 2r4 - r5 )  - (&)uy$ (16) 

+- a ( -- ") (19) 
az 1 - x dZ 

where the concentrations and reaction rates are now 
dimensionless, x = Cw/C is the mole fraction of wa- 
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Gas-Film Interface 
V = H )  7 Flowing Fllm Geometry 

L 

Figure 5 Flowing film geometry. 

ter, C = CA + CC + CL + CW + cSB + cSE + CX is 
the dimensionless total molar concentration, and uy 
is the dimensionless fluid velocity in the flow direc- 
tion. Only the water balance contains a diffusion 
term since it is the only species we allow to diffuse 
out of the film. All the other species are part of the 
large polymer molecules that we have assumed do 
not diffuse. The boundary condition for the water 
balance are that the concentration of water is con- 
stant at  the gas-film interface and the flux of water 
is zero (dx/dz = 0)  at  the solid wall-film interface. 

The variables in the model have been scaled with 
respect to a characteristic time, length, concentra- 
tion, reaction rate constant, and velocity. We have 
chosen the characteristic time as the ratio of the 
square of the film thickness to the diffusivity ( H 2 /  
D)  , where the diffusivity is taken at the temperature 
of the system. The characteristic length is taken to 
be the film height ( H )  and the characteristic con- 
centration is the initial value for water (Ck) .  For 
the characteristic reaction rate constant we use the 
value of main amidation reaction rate constant at  
200°C as both the water and carboxyl end-group 
mole fractions approach zero ( k $ ,  = 2.926/h). The 
characteristic velocity is the film average velocity 
( u,) . In deriving eqs. (4 )  and (5 ) , we have assumed 
that the reacting mixture can be treated as a binary 
solution to describe the diffusion, that the mutual 
diffusivity depends on temperature but not on com- 
position, that the polymer does not diffuse, that wa- 
ter diffuses in the 2 direction, and that diffusion is 
negligible compared to convection in the Y direction. 

The Damkohler number (Da) is definedI7 as 

( 2 3 )  
L / (  u y )  - tresidence 

Da=--- 1 / k app treaction 

where ( v,) and L are the average velocity and the 
axial length of the film, ktpp is the reference apparent 
reaction rate constant for nylon 6,6 polyamidation. 
The Thiele modulus (6') is 

where H is the film height and D the mutual diffu- 
sivity of the water-polymer mixture. 

We have estimated the total concentration of 
polymer molecules (C , )  by 

in these modeling studies. This expression is ap- 
proximate, although it becomes exact if there is at 
most one crosslink in any polymer molecule. There- 
fore, it is valid for small amounts of crosslinking. 
The balance equations have been integrated by the 
method of lines." 

RESULTS 

We have evaluated extent of degradation for some 
typical operating conditions in order to estimate the 
amount of degraded material in the industrial prod- 
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270 OC 

uct. In addition, we have determined the relative 
time scales of the number averaged molecular weight 
to come to steady state as compared with that of the 
degradation products for a reasonable change in re- 
actor throughput to demonstrate why certain prod- 
uct properties may continue to change even after 
the number averaged molecular weight has reached 
steady state. The complex interplay of the effects of 
reaction temperature and residence time on the 
amount of degradation are also studied in order to 
determine operating conditions that will minimize 
degradation. 

We have previously shown3 that typical values of 
the Thiele modulus range from 0.1 to 10.0 corre- 
sponding to film thickness of 0.2 to 1.7 cm. Typical 
values of the Damkohler number range from 0.05 to 
5 corresponding to residence times from 1 to 100 
min. We have evaluated the effect of changing the 
Damkohler number from 2.5 to 3.0 at a constant 
Thiele modulus of 1.0 (film thickness of 0.5 cm) and 
reactor temperature of 270°C. This corresponds to 
increasing the mean residence time in the reactor 
from 50 to 60 min, an increase of 20%. The evolution 
of the cup-mixed average of different species as a 
function of intervals of the mean residence time is 
shown in Figure 6. Figure 6 ( a )  shows that the cup- 
mixed number average molecular weight of the ef- 
fluent increases from 10,800 to 11,440 g/mol, the 
concentration of amine ends decreases from 9.7 to 
9.1 mmol/ll3 g, and the concentration of carboxylic 
acid ends decreases from 9.3 to 8.7 mmol/ll3 g. In 
Figure 6 ( b )  we can see that water concentration de- 
creases from 25.1 to 24.3 mmol/l l3 g, the stabilized 
end concentration increases from 0.53 to 0.64 mmol/ 
113 g, the crosslink concentration increases from 
0.6 to 0.7 mmol/l l3 g, and the Schiff base end con- 
centration (which has been multiplied by 1.5 for 
visibility in the figure) increases from 0.4 to 0.48 
mmol/l l3 g. 

In Figure 7 we show the effect of increasing the 
reactor temperature to 280°C for the same case as 
in Figure 6. Figure 7 ( a )  shows that the cup-mixed 
number average molecular weight of the effluent in- 
creases from 11,300 to 11,900 g/mol, the concen- 
tration of amine ends decreases from 9.2 to 8.7 
mmol/ll3 g, and the concentration of carboxylic 
acid ends decreases from 8.9 to 8.3 mmol/l l3 g. In 
Figure 7 ( b )  we can see that water concentration de- 
creases from 25.9 to 24.8 mmol/ll3 g, the stabilized- 
end concentration increases from 1.25 to 1.5 mmol/ 
113 g, the crosslink concentration increases from 
1.15 to 1.3 mmol/ll3 g, and the Schiff base-end 
concentration (which has been multiplied by 5 in 
the figure) increases from 0.19 to 0.21 mmol/ll3 g. 

Comparing Figure 6 and 7 reveals that the steady- 
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Figure 6 (a) The time evolution of the effluent average 
number average molecular weight, amine, and carboxyl 
end-group concentrations for the flowing film model as 
the Damkohler number is changed from 2.5 to 3.0 at a 
Thiele modulus of 1.0 and 270°C. 
Figure 6 ( b )  The time evolution of the effluent average 
water, stabilized end-group, Schiff base end-group and 
crosslink concentrations for the flowing film model as the 
Damkohler number is changed from 2.5 to 3.0 at a Thiele 
modulus of 1.0 and 270OC. 

state concentration of stabilized ends and crosslinks 
approximately doubles with the increase in temper- 
ature while the concentration of Schiff base ends 
decreases by a factor of 2. In addition, the molecular 
weight, amine end, carboxyl end, and water concen- 
tration come to steady state in about 1.2 residence 
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Figure 7 (a) The time evolution of the effluent average 
number average molecular weight, amine, and carboxyl 
end-group concentrations for the flowing film model as 
the Damkohler number is changed from 2.5 to 3.0 at a 
Thiele modulus of 1.0 and 280°C. 
Figure 7 ( b )  The time evolution of the effluent average 
water, stabilized end-group, Schiff base end-group, and 
crosslink concentrations for the flowing film model as the 
Damkohler number is changed from 2.5 to 3.0 at a Thiele 
modulus of 1.0 and 280°C. 

times (1.2 h )  a t  both temperatures. However, the 
system is not a steady state. The stabilized end, 
Schiff base end, and crosslink concentrations con- 
tinue to  increase slowly, for much longer times. 
Therefore, the molecular weight and water concen- 

tration may appear to  be at steady state, the (small) 
concentration of degraded products changes over 
much longer time scales. This is because the slow 
moving material with longer residence times near 
the stationary reactor wall has not reached steady 
state and contributes to changing the small amounts 
of degraded product but does not affect the molecular 
weight. 

I t  is useful to try to counterbalance the increase 
of molecular weight resulting from the increased 
mean residence time by decreasing the reaction 
temperature. Figure 8 ( a )  shows the effect of de- 
creasing the reaction temperature from 270 to 262°C 
for the same increase in residence time as  in Figure 
6 ( a ) .  The molecular weight goes through a mini- 
mum after about one-half a residence time and then 
regains its initial value. This minimum occurs be- 
cause the material in the reactor undergoes an in- 
stantaneous decrease in temperature and concomi- 
tant instantaneous decrease in amidation rate 
whereas the increase in the mean residence time is 
not instantly realized by any of the material already 
in the reactor a t  the time the average velocity (mean 
residence time) is reduced since it has already tra- 
versed part of the reactor a t  a faster velocity (shorter 
residence time). Therefore, the material in the re- 
actor when the operating conditions are changed has 
a different thermal /residence time history than the 
material before or after. After slightly more than 
one residence time this effect has disappeared, and 
the molecular weight regains its initial value. Similar 
behavior is displayed by the amine ends. The car- 
boxyl ends decrease somewhat due to  the longer res- 
idence time and the relatively low activation energy 
of reaction (3 .1) .  

The evolution of water and degradation products 
for the same simultaneous increase in residence time 
and decrease in operating temperature are shown in 
Figure 8 ( b )  , which should be compared with the 
isothermal case in Figure 6 ( b ) .  The outlet water 
concentration shows similar overall behavior, de- 
creasing in both cases. However, the higher oper- 
ating temperature yields a slightly higher outlet wa- 
ter concentration because water is a product of both 
the main amidation (3.5) and stabilized end-group 
formation (3.1) reactions, which are accelerated as 
the temperature is increased. The concentration of 
Schiff based end groups also shows similar behavior, 
increasing in both cases. However, the Schiff base 
concentration is higher (about 20%) a t  the lower 
temperature. In addition, the concentration of sta- 
bilized end groups and crosslinks show very different 
behavior under the two operating conditions. In the 
isothermal case [Fig. 6 (6) ] they both increase sig- 
nificantly (by about 15%) whereas they both de- 
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Figure 8 (a) The time evolution of the effluent average 
number average molecular weight, amine, and carboxyl 
end-group concentrations for the flowing film model as 
the Damkohler number is changed from 2.5 to 3.0 and the 
temperature reduced from 270 to 262°C a t  a Thiele mod- 
ulus of 1.0. 
Figure 8 ( b )  The time evolution of the effluent average 
water, stabilized end-group, Schiff base end-group, and 
crosslink concentrations for the flowing film model as the 
Damkohler number is changed from 2.5 to 3.0 and the 
temperature reduced from 270 to 262°C at a Thiele mod- 
ulus of 1.0. 

crease (by about 35% ) at the lower temperature [Fig. 
8 ( b )  3 .  Therefore, it is important to decide which is 
the most important for maintaining the desired 
product properties. 

The effect of decreasing the reactor temperature 
from 280 to 268OC as the mean residence time is 
increased is shown in Figure 9, which should be 
compared to the isothermal case in Figure 7. Very 
similar conclusions may be drawn by comparing 
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Figure 9 (a) The time evolution of the effluent average 
number molecular weight, amine, and carboxyl end-group 
concentrations for the flowing film model as the Damkoh- 
ler number is changed from 2.5 to 3.0 and the temperature 
reduced from 280 to 268°C a t  a Thiele modulus of 1.0. 
Figure 9 ( b )  The time evolution of the effluent average 
water, stabilized end-group, Schiff base end-group, and 
crosslink concentrations for the flowing film model as the 
Damkohler number is changed from 2.5 to 3.0 and the 
temperature reduced from 280 to 268°C at a Thiele mod- 
ulus of 1.0. 
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Figures 9 and 7. The molecular weight and amine 
end concentration regain their initial values after 
one residence time, and the carboxyl end concen- 
tration decreases to a slightly lower value. The water 
and degradation products all change significantly 
from their initial values with the water and Schiff 
base end groups showing qualitatively similar be- 
havior under the two operating conditions. The sta- 
bilized end group and crosslink concentrations show 
qualitatively different evolution, decreasing at the 
lower operating temperature and increasing in the 
isothermal case. 

CONCLUSIONS 

Figures 6-9 illustrate two important points. Even 
though the flowing film reactor may be operated un- 
der two different operating conditions to produce a 
product with essentially identical molecular weights, 
the final products can contain very different 
amounts of degraded products and may therefore 
display significantly different end-use properties in 
some applications. Therefore, the optimal operating 
policy will depend on the desired final product char- 
acteristics ( molecular weight, end-group balance, 
etc.). Second, this model is suitable for dynamic 
control studies. For example, it might be used to 
investigate how the operating temperature and 
pressure (the pressure in the gas phase affects the 
water concentration at the gas-film interface) can 
be manipulated to counterbalance throughput 
changes. 

Many possible degradation mechanisms are pos- 
tulated in the literature for nylon 6,6. It is not fea- 
sible or necessary to include all the side reactions 
and/or to measure their kinetic constants in order 
to describe the performance of typical industrial re- 
actors. We have hypothesized a minimal subset of 
reactions that can be used to estimate the degra- 
dation, and we have regressed kinetic constants for 
them. We expect that this is a representative deg- 
radation mechanism that would be sufficient for es- 
timating the low levels of byproducts that can be 
permitted in the typical industrial product. 

We have shown that the flowing film model pre- 
dicts that the outlet average molecular weight and 
water concentration come to steady state in about 
one mean residence time after a change in poly- 
merizer operating conditions whereas the degrada- 
tion products continue to change slowly even after 
four residence times. In addition, we have shown 
that it is possible to choose the operating conditions 
of the polymerizer so the same molecular weight is 

produced at  two different temperatures but with very 
different amounts of degradation products giving rise 
to two products of significantly different quality. 

We are grateful for financial and technical support from E. I. 
Du Pont de Nemours and Co. 

Amine end group 
Carboxyl end group 
Molar density (Cw + C,) , dimensionless 
Concentration of component i, dimen- 

sionless [before Eq. ( 17) mol/ L ]  
Total molar density for nylon 6,6 ami- 

dation ( C T  = CA + Cc + CL + Cw 
+ Cs, + Css + Cx), dimensionless 
[before Eq. (17) mol/L] 

Diffusivity, cm / s 
Damkohler number (k:,&/( u,)) , di- 

mensionless 
Apparent activation energy, cal/ mol 
Film height, cm 
Forward reaction rate constant for re- 

action i, h-’ 
Reference apparent forward reaction rate 

constant, 2.926 h-’ 
Apparent equilibrium constant ( XLXw/ 

XAXC), dimensionless 
Amide linkage or reactor length, m 
Number average moleculay’ weight, 

Reaction rate, dimensionless 
Reaction rate of component i, mol/l h 
Schiff base end group 
Stabilized or cyclized end group 
Time, dimensionless 
Velocity, dimensionless 
Average velocity, m / h 
Water molecular, Eq. ( 1) 
Binary mole fraction of water (C , / c ) ,  

dimensionless 
Mole fraction of component i for nylon 

6,6 amidation ( Ci/C,), dimensionless 
Crosslink 
Thiele modulus ( H 2 k z p p / D ) ,  dimen- 

sionless 

g/mol 
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