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Nylon-6 polymerization in a VK tube (vertical column) reactor is largely not understood because
of the complex internal structure of the reactor and the unavailability of essential industrial
data on polymerization. In the present study, the hydrolytic polymerization of nylon-6 has been
simulated in an industrial VK tube reactor for concentrations of various species. The model,
which assumed a flat velocity profile in the radial direction, predicted the industrial results
with high accuracy. The internal design of the reactor appears to be responsible for getting
close to plug-flow conditions inside the VK tube. An empirical relation based on temperature
and pressure was used to determine the water profile along the vertical axis of the reactor.
Because the pressure increased along the axis of the reactor and the temperature first increased
and then decreased, the model predicted a lowest water content (LWC) point at near the highest
temperature point. The concentration of water at the LWC point was found to be critical in
determining the properties of the end product. The model suggested three main zones in a VK
tube reactor: a very small top turbulent zone, where most of the water was lost, followed by a
large middle zone, which was a vaporizing plug-flow tubular zone, and a bottom zone, which
was a nonvaporizing plug-flow tubular zone. The vaporizing zone ended and the nonvaporizing
zone began where the LWC point was achieved. The small turbulent zone at the top did not
appear to affect the end polymer properties of polymerization. This model was found to be useful
in carrying out process optimization and suggesting improvements in VK tube designs for higher
productivity.

1. Introduction

One of the popular reactors used in industry for the
hydrolytic polymerization of ε-caprolactam is the VK
(Vereinfacht Kontinuierliches Rohr) column reactor. VK
column reactors are specially designed vertical tube
reactors in which internal gratings are placed to achieve
uniform heating and a nearly flat velocity profile of the
reaction mass. Very few studies have been conducted
on the modeling and simulation of such reactors because
of the complex internal structure and the unavailability
of actual data from industrial reactors.

The reaction mechanism and kinetics of the hydrolytic
polymerization of caprolactam are well-established.1-3

Initially, isothermal batch polymerization of nylon-6 was
modeled considering only the basic major reactions.4
Later, the models were modified to include the reactions
with monofunctional acids and cyclic dimers.5-7 Re-
cently, a model incorporating even higher cyclic oligo-
mers has been developed.8 Nylon polymerization in an
industrial semibatch reactor was successfully simulated
using some of the above reaction schemes.9-10

Similar models have also been extended for simple
tubular reactors without consideration of the effects of
internal gratings and heat exchangers.5,11 The radial
variations in the temperature and the concentrations
of species in a simple tube reactor have been studied

under isothermal, adiabatic, and nonadiabatic condi-
tions.12-15 The importance of water removal from the
reaction mass in a tubular reactor was realized by many
authors.5,11,16-19 As a result, the tubular reactors were
modeled by assuming two principal zones:11,16,17 a top
vaporizing zone simulated as a single or a series of
continuous stirred tank reactor(s) (CSTR) and a bottom
nonvaporizing plug-flow zone. The CSTR models were
used to account for the water removal and back mixing
caused by the escaping vapors in a VK tube. The use of
CSTR models in such studies might be reasonable for a
small portion of the reactor at the top; however, it can
lead to large errors for the remaining tube, where
vaporization is expected to be limited. Also, none of the
prior studies accounted for the effect of hydrostatic
pressure inside the reactor. Because VK tube reactors
are widely used in industries to perform continuous
polymerization of nylon-6, developing an understanding
of them through simulation is important for both the
scientific and industrial worlds.

In the present work, the hydrolytic polymerization of
caprolactam in the presence of monoacid stabilizer in
an industrial VK column reactor (shown in Figure 1A)
has been simulated using the measured melt temper-
ature and pressure profiles. The model predicts the axial
variations of concentrations of various reaction species
along the reactor and the region where the transition
from the vaporization to the nonvaporization zone
occurs.
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2. The Process Model

2a. The Reactor. The modeled industrial reactor
consisted of five different zones, in each of which the
temperature was independently controlled, and ther-
mocouple wells at six locations, where the temperature
of the reaction mass could be measured. A schematic
representation of the reactor is given in Figure 1A. Feed
consisting of molten caprolactam, water, and a mono-
functional acid was fed under a nitrogen cover at the
top of the column. The purged nitrogen was made to
escape through a water seal located at the top of the
reactor. The reaction mixture in zone I was heated as
it passed through heat exchanger I (HE-I). Thereafter
(zone III upper and lower), the melt was heated by the
heating jackets and the ongoing exothermic reactions.
The temperature of the reaction mass gradually in-
creased from the top surface to the middle zone until a
highest temperature point (Th) was reached. Thereafter,
the temperature was decreased using another heat
exchanger and stabilized toward the bottom of the
column using the jacket temperature. The products,
polymer and unreacted monomer, were removed at the
bottom of the reactor.

2b. Determination of Water Concentration. In a
VK tube reactor, a large quantity of water is added to
initiate the ring-opening reaction. The high temperature
at the top portion of the VK tube is expected to readily
evaporate the volatile components, water and caprolac-

tam, until equilibrium is attained between the vapor
and liquid phases. Evaporated caprolactam is condensed
and returned to the VK tube. Most of the added water
is evaporated and removed as condensate within a short
time after addition. As the reaction mass moves down
the reactor toward the highest temperature point (Th),
more and more water is evaporated, and the vapor rises
to the top surface of the reactor. This transfer of water
vapor helps to maintain both the liquid and vapor
phases in a near-equilibrium state at all points in the
upper portion of the reactor. This gradual evaporation
of water due to the rising temperature results in a point
of lowest water content (LWC). When the reaction
mixture crosses the highest temperature point (Th), the
lower temperature and higher hydrostatic pressure in
the bottom portion of the reactor suppress the vaporiza-
tion of water, and the remaining portion of VK tube
reactor is essentially a nonvaporizing tubular reactor.
Therefore, a VK column reactor could be considered as
a reactor consisting of three main zones. At the top is a
turbulent zone, which can be considered as a two-phase
(gas-liquid) continuous stirred tank reactor (CSTR); in
the middle is a vaporizing plug-flow tubular zone; and
at the bottom is a nonvaporizing plug-flow tubular zone.
The three zones are shown in Figure 1B.

In the process model, the water content in the reaction
mass in the vaporizing zone of the reactor was estimated
using a vapor-liquid equilibrium equation. Several

Figure 1. VK tube reactor: (A) schematic diagram of industrial VK tube reactor depicting the various heating zones (zones I-V), heat
exchangers (HE-I and HE-II), and temperature measuring points (T1-T6); (B) VK tube reactor model consisting of three main zones:
vaporizing turbulent (top) zone, vaporizing plug-flow zone, and nonvaporizing plug-flow zone.
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vapor-liquid equilibrium equations11,20,21 were tested
for this purpose. However, the following equation, based
on experimental thermodynamic equilibrium data for
the nylon-6-ε-caprolactam-water system and appli-
cable in the final stage of polymerization under vacuum
in a batch reactor,20 was found to be the most suitable:

The above equation was modified for the present system
to account for polymerization under pressure as follows

where PT is the total pressure in Pascals, defined by

where PA is atmospheric pressure ) 1.013 × 105 Pa.
The actual atmospheric pressure (PA) at the VK tube

site was found to be about 2% lower than the above
standard value. Use of the actual pressure is expected
to change (reduce) the value of 24.24.

The remaining variables in the above equations are
as follows: Hw is the water seal length at the top of VK
tube (0.10 m WG); Fm is the density of melt (960 kg/
m3); Fw is the density of water (1000 kg/m3); Hp is the
height from the point of consideration to the surface of
the melt at the top of VK tube, in meters; and T is the
temperature of melt in Kelvin.

Equation 2 was used to calculate [W] at every point
in the vaporizing zone of the reactor. From the LWC
point downward (i.e., in the nonvaporizing zone), the
sum of concentrations of water in the reaction mixture
(i.e., [W]) and in the polymer (i.e., [P]) was considered
to be constant. The concentration of water [W] at any
point in the nonvaporizing zone was then estimated
using a mass balance equation as

where [Wc] and [Pc] are the concentrations of water and
polymer, respectively, at the LWC point and [P] is the
concentration of polymer at the point of consideration.

2c. Reaction Scheme and Rate Equations. The
reaction scheme of nylon-6 polymerization is shown in
Table 1. Ring-opening, polycondensation, and polyad-
dition are the major reactions included in the kinetic

scheme for nylon-6 polymerization. To account for the
formation of cyclic oligomers, the ring-opening and
polyaddition reactions of cyclic dimer were also included
in the model. Cyclic oligomers higher than dimers were
avoided to simplify the analysis. Reactions involving
monofunctional acids such as acetic acid were also
included in the kinetic scheme. The reactions in the
kinetic scheme were assumed to be catalyzed by the
carboxyl end groups. The rate equations used for dif-
ferent species in the model are those given in the
literature.21 The rate constants for different reactions
were calculated using the various kinetic data obtained
from experimental work.2,3,5

2d. Determination of Temperature and Pres-
sure. The process simulation was performed using three
sets of measured data (case studies I, II, and III)
collected on an industrial VK tube reactor. The total
pressure at any point in the reactor was calculated using
the pressure exerted by the atmosphere, the water seal
above the reactor, and the polymer column above the
point of consideration. The hydrostatic pressures of the
polymer column and the reaction times were calculated
using the detailed reactor design. The temperature of
the reaction mixture was measured at several places
along the VK tube. The temperature of the reaction
mixture at any point was calculated by interpolating
the values between the two surrounding measured
points using a straight-line assumption. Table 2 lists
the temperatures of reaction mass in different zones for
the three case studies.

2e. Initial Conditions. The differential equations
were solved simultaneously using a Runge-Kutta-Gills
fourth-order method. Proper closure conditions21 were
used to break the hierarchy of equations. The following
data were taken as initial conditions (at time ) 0.0 h)
for all polymerizations in the three case studies:

Table 1. Kinetic Scheme for Nylon-6 Polymerization

1. Ring-Opening

C1 + W {\}
k1

k1′ ) k1/K1
P1

2. Polycondensation

Pn + Pm {\}
k2

k2′ ) k2/K2
Pn+m + W, n, m ) 1, 2, 3, ...

3. Polyaddition

Pn + C1 {\}
k3

k3′ ) k3/K3
Pn+1, n ) 1, 2, 3, ...

4. Ring Opening of Cyclic Dimer

C2 + W {\}
k4

k4′ ) k4/K4
P2

5. Polyaddition of Cyclic Dimer

Pn + C2 {\}
k5

k5′ ) k5/K5
Pn+2, n ) 1, 2, 3, ...

6. Reaction with Monofunctional Acid

Pn + Pmx {\}
k2

k2′ ) k2/K2
Pn+m,x + W, n, m ) 1, 2, 3, ...

Table 2. Experimental Data Collected from an Industrial
VK Tube Reactor for Three Different Polymerization
Cases

parameter/
propertya case I case II case III

polymerization
time (h)

11.71 14.5 15.17

acetic acid
charged, (wt %)
(mol/kg)

0.07
0.0117

0.07
0.0117

0.06
0.0100

melt
tempb

(K)

Dow
tempc

(K)

melt
tempb

(K)

Dow
tempc

(K)

melt
tempb

(K)

Dow
tempc

(K)

T1 (zone I) 517 - 518 - 521 -
T2 (zone II) 521 546 520.5 538 521 550
T3 (zone III
upper)

524 555 522 549 527 550

T4 (zone III
lower)

548 555 546.5 549 547 550

T5 (zone IV) 531.5 497 529 501.5 531 504
T6 (zone V) 526.5 496 523.5 501.5 527 505
extractables (%) 10.56 9.62 9.66
Mn (g/mol) 17 084 16 484 16 384
[COOH] (mol/kg) 0.0517 0.0548 0.0590
[NH2] (mol/kg) 0.0460 0.0452 0.0480

a Polymer properties such as Mn, [NH2], and [COOH] are for
the raw chips at the end of the reaction. Concentrations are per
kilogram of caprolactam feed. b Melt temp is the temperature of
the polymerization mass at the sensor positions in the respective
zones. c Dow temp is the Dowtherm vapor temperature for jackets
surrounding the reactor or heat exchangers at various zones.

[W] ) 10-2 PT exp(8220
T

- 24.36) (1)

[W] ) 10-2 PT exp(8220
T

- 24.24) (2)

PT ) PA + 9.81(FwHw + FmHp) (3)

[W] + [P] ) [Wc] + [Pc] (4)
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The initial concentrations of acetic acid fed at the top
of reactor for the three cases are given in Table 2.
Dependent variables (concentrations of different species)
were calculated by solving the set of differential mass
balance equations using the Runge-Kutta-Gills (fourth-
order) method with a step size of 0.01 h from the start
to the end of each polymerization.

Polymer properties such as the number-average mo-
lecular weight (Mn), concentration of end groups ([COOH]
and [NH2]), polydispersity index (excluding the effect
of caprolactam and cyclic dimers), and amount of
unreacted caprolactam were calculated.

3. Experimental Section

3a. Parameters. Temperatures along the axis of the
reactor were collected for three different industrial
polymerizations. Temperatures of the polymer melt in
different zones were calculated as an average of 10-12
values measured at every 2-h interval. The average
temperature values are presented in Table 2. The
pressure profile along the axis of the reactor and the
time spent by the reaction mixture in each zone were
calculated using the mechanical dimensions and inter-
nal design of the reactor.

3b. Properties of Polymer. Polymer samples at the
end of polymerization were collected in the raw form
(i.e., before extraction of monomer) after every 2 h. The
collected raw chips were analyzed for amino end groups,
carboxylic end groups, and relative viscosity as per the
methods given in the literature.22 The average values
obtained are listed in Table 2.

Mn was calculated from the measured (experimental)
raw chip relative viscosity (RVc) and extractables wt %
(E), given in Table 2, using the following equations:

where kH is the Huggins constant (0.286 for nylon-6
polymer) and F is an empirical relation constant23

derived for the experimental VK tube (95.7).
The percent of extractables, which is that portion of

unreacted caprolactam and oligomers that leaches out
during hot water washing of chips in an industrial
process, is determined by refluxing 15.0 g of raw chips

for 8 h in 80 mL of distilled water, and the refractive
index was obtained using an immersion refractometer.
The percent of extractables was obtained using the
standard calibration tables for refractive indices for
various concentrations of caprolactam.

4. Results and Discussion

4a. Estimation of Temperature and Total Pres-
sure down the Reactor. Figure 2 shows the temper-
ature and pressure variation along the axis of the
reactor for case I. The intermediate temperatures were
linearly interpolated between the measured points. As
mentioned earlier, the pressure at any point inside the
reactor was calculated using eq 3, which is a summation
of the atmospheric pressure acting on the top of the
reactor, the head pressure due to the water seal length
at the top of the reactor, and the hydrostatic pressure
caused by the weight of the polymer mixture on the top
of concerned point. The pressure on the reaction mixture
changes from 1.023 × 105 Pa at the top of the reactor
to 2.082 × 105 Pa at the bottom of the reactor. In
addition to the above, the flow of viscous polymer melt
through the VK tube leads to pressure losses. However,
such pressure losses are expected to be small and
therefore were neglected. The temperature and pressure
values so obtained were plotted against the reaction
time, which was calculated using the volumes of the
different zones and the mass flow rate through the
reactor. Because the effective cross-sectional area of the
reactor varies among the different zones, the pressure
variation is nonlinear with the reaction time.

4b. Estimation of Water in Simulation Model.
Ring-opening and polycondensation reactions are very
sensitive to the water content in the reaction mass at
any point. Further, use of water affects the concentra-
tion of carboxylic end groups, which help in catalyzing
all of the polymerization reactions. Therefore, the water
concentration profile in the reaction mass along the axis
of the VK tube reactor can significantly affect the end
product properties, and prediction of the water concen-
tration profile is critical to such a model. Because the
water can vaporize and escape by rising to the surface
of the melt, the water content at any point in the reactor
depends on the combined action of temperature and
pressure until the lowest concentration of water is
reached. Higher temperatures tend to reduce the water
content, whereas higher pressures tend to increase it.

Figure 2. Profile of (A) melt temperature (measured) and (B) total
pressure (calculated) along the axis of the reactor versus reaction
time for case I.

[C1] ) 8.837 mol/kg

[P1] ) 0.0 mol/kg

λ0 ) λ1 ) λ2 ) 0.0

[C2] ) 0.0 mol/kg

λ0x ) λ1x ) λ2x ) [P1x]

water added ) [W] ) 1.3889 mol/kg of mixture

) 2.5 wt % of caprolactam feed

initial temperature ) 473 K (assumed)

Intrinsic viscosity
[η] (dL/g) ) {[1 + 4kH(RVc - 1)]1/2 - 1}/

2kH(1 - 0.01E) (5)

Relative viscosity (extracted chips)
RV1 ) 1 + [η] + kH[η]2 (6)

Number-average molecular weight
Mn (g/mol) ) 113.16F(RV1 - 1) (7)
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This counteraction of the two parameters results in a
point in the VK tube that is the LWC point. This point
appears a little before the highest temperature point.
Further, it is important to note that the water estimated
from an equilibrium relation (such as eq 2) would not
be affected by water generated or consumed by the
ongoing reaction in the region of VK tube above the
LWC point (represented as the vaporizing zone in
Figure 1B). This is because the predicted change in the
water concentration due to the VLE relation (using eq
2) is always higher than the expected change due to the
reactions.

The present work has used a modified vapor-liquid
equilibrium (VLE) equation that is applicable for the
end of polymerization. Alternatively, two different VLE
equations could be used, one for the initial part of the
vaporizing zone where caprolactam is the major species
and the other for the latter part of vaporizing zone
where polymer is the major species. Surprisingly, VLE
equation suggested by Fukumoto20 for the end of po-
lymerization under vacuum conditions was found to be
suitable for most of the vaporizing zone based on a
comparison between the predicted and experimental
values. Predictions of the polymer properties were
improved by modifying the constants in the equation
to account for greater than the atmospheric pressure
conditions existing in VK tube. After the lowest water
content (LWC) point, further increases in the pressure
prevent the evaporation of water. Beyond the LWC
point, the sum of the water and polymer concentrations
(i.e., water existing as part of the polymer) remains
constant in the reaction mass. Therefore, in the non-
vaporizing zone, the concentration of water at any point
depends entirely on the kinetics of the polymerization
reactions. Because the molecular weight rises in this
zone, the water concentration increases marginally until
the end beyond LWC point.

4c. The Reactor Model. The counterflow direction
of the rising water vapor in the vaporizing zones can
cause some agitation of the reaction mass. For this
reason, the earlier models of VK tube reactors11,16,17

assumed the vaporizing zones to behave like CSTRs and
modeled the VK column reactor as a CSTR (or a series
of CSTRs) followed by a plug-flow reactor. However,
modeling the entire vaporizing zone of a VK tube as a
combination of CSTRs might be unjustified on the basis
of the water content profile in the reactor calculated
from eqs 2-4.

From Figure 3, it can be seen that most of the water
is evaporated soon after it is added at the top of reactor.
This occurs within 0.5 h of the start of reaction. During
this 0.5 h, the reactor can be simulated as a poorly
stirred CSTR. However, because this period accounts
for a very small fraction (<5%) of the total reaction time,
it is not expected to affect the end properties of the
polymer in any significant manner. Thereafter, small
quantity of vapors from the remaining water are
unlikely to cause detectable stirring in rest of the
vaporizing zone of the VK tube. Therefore, in the
present model, the turbulence that is present in a very
small region in the top portion of the VK tube has been
neglected, and the entire VK column reactor has been
modeled as a plug-flow reactor by considering the
average conditions along the axis of the reactor.

4d. Comparison of Predicted Polymer Proper-
ties with Measured Values. The conversion of capro-
lactam with reaction time for case I is plotted in Figure

4. The conversion increases rapidly in the first 3-6 h
and appears to reach equilibrium thereafter. The model
predicted a caprolactam concentration of about 9% at
the end of the reaction. This value is compared with the
experimental concentration of extractables of 10.56% in
Table 3. It is notable that the experimental value is
higher by about 14%. If the C2 and P1 concentrations
are added to the caprolactam concentration, then the
error reduces to 9.9%. Similar results were also obtained
for the other two cases. The underestimated values are
justified by the fact that the experimental extractables
contain about 15-20 wt % of cyclic and linear oligomers
in addition to unreacted caprolactam. Because the
current model is incapable of calculating the concentra-
tion of higher oligomers, a rigorous comparison of the
results cannot be made.

The concentrations of amino and carboxylic end
groups have been plotted for case I in Figures 5 and 6,
respectively. The concentrations of both end groups
increased rapidly with conversion as the number of
chains increased in the reaction, and they reached a
maximum at about 3.5 h. Thereafter, the concentrations
of end groups decreased as the molecular weight in-
creased. At all times, the concentration of the carboxylic
end groups was higher than that of the amino end
groups because of the presence of acetic-acid-blocked
chains. A comparison of the values at the end of
polymerization in Table 3 shows a high degree of

Figure 3. Profile of water concentration along the axis of the
reactor versus reaction time for case I: (a) turbulent vaporizing
zone, (b) vaporizing plug-flow zone, and (c) nonvaporizing plug-
flow zone.

Figure 4. Comparison of calculated conversions for case I: (A)
considering the effect of increasing hydrostatic pressure inside the
reactor and (B) at constant atmospheric pressure.
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accuracy for the amino end groups. However, the
concentrations of the carboxylic end groups are pre-
dicted to be a little higher than the experimental
concentrations by about 4-10%. The difference is
expected, as carboxylic end groups are susceptible to

degradation under polymerization conditions and the
model does not account for such side reactions.

The accuracy of the results would be further improved
if the model assumed that a small concentration of
acetic acid, depicted by a factor of 1 - f (where f is the
fraction reacted with the polymer), was lost along with
the rising water vapors to the condensate at the top of
the VK tube reactor. However, because of the basic
nature of the condensate, it was difficult to titrate and
determine the real amount of acid lost in the condensate
stream. Therefore, the value of f could not be determined
experimentally. The values of f reported in Table 3 were
obtained as a result of the best fit to the amino end
groups.

The number-average molecular weight versus reac-
tion time for case I is given in Figure 7. The predicted
and experimental values of the number-average molec-
ular weight at the end of reaction are compared in Table
3 for all three cases. The calculated values are close to
experimental values with errors ranging from 1.0 to
6.4% for the three cases. This comparison of the number-
average molecular weight further supports the accuracy
of the model, as the experimental values of Mn were
determined using eqs 5-7, which are based on the

Table 3. Comparison of Calculated Values of Polymer Properties with Experimental Values for the Three Cases

case I case II case III

propertya actual

model
f ) 0.81
f ) 1.0

error
(%) actual

model
f ) 1.0

error
(%) actual

model
f ) 0.62
f ) 1.0

error
(%)

[NH2]b (mol/kg) 0.0460 0.0460 0.0 0.0452 0.0453 0.2 0.0480 0.0480 0.0
0.0450 2.2 0.0462 3.7

Mn
c (g/mol) 17 084 16 323 4.5 16 484 16 005 2.9 16 384 16 813 2.6

15 985 6.4 16 213 1.0
extractables (%) 10.56 9.62 9.66
C1 (wt %) 9.08 14.0 8.44 12.3 8.44 12.6

9.04 14.4 8.42 12.8
C1 + P1 + C2 (wt %) 9.51 9.94 8.96 6.86 9.00 6.83

9.55 9.56 8.98 7.04
[COOH]b (mol/kg) 0.0517 0.0555 7.3 0.0548 0.0570 4.0 0.0590 0.0542 8.1

0.0567 9.7 0.0562 4.7
a Polymer properties are based on raw chips at the end of the reaction. b Concentrations are per kilogram of caprolactam feed. c Mn is

based on extracted chips. Experimental Mn is calculated from eqs 5-7 using RVc and extractable values of raw chips.

Figure 5. Comparison of the calculated amino end group [NH2]
concentration for case I: (A) considering the effect of increasing
hydrostatic pressure inside the reactor and (B) at constant
atmospheric pressure.

Figure 6. Comparison of the carboxylic acid end group [COOH]
concentration for case I: (A) considering the effect of increasing
hydrostatic pressure inside the reactor and (B) at constant
atmospheric pressure.

Figure 7. Comparison of the number-average molecular weight,
Mn, for case I: (A) considering the effect of increasing hydrostatic
pressure inside the reactor and (B) at constant atmospheric
pressure.
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measured relative viscosity of unextracted polymer
chips, and were not calculated using end group concen-
trations.

The variation in the polydispersity index with reac-
tion time for case I is plotted in Figure 8. The values of
the same quantity are also listed with an accuracy of
four decimal places in Table 4 to enable a proper
understanding of the changes occurring with time. The
polydispersity index is based on linear polymeric units
excluding unreacted caprolactam and cyclic dimers.

The effect of the increasing hydrostatic pressure down
the VK tube reactor was found to be significant on the
polymerization kinetics. This fact is evident from Fig-
ures 4-7, where the results from the model were
compared with the simulations under the assumption
of constant pressure. The final polymer properties
obtained with the constant-pressure assumption are
significantly different from the experimental values.
Because of the constant-pressure assumption, the water
concentration in the reaction mass was estimated too
low, resulting in lower rates of reactions. For the same
reason, the extents of equilibrium for the ring-opening
and polycondensation reactions were also affected,
resulting in a higher value of Mn by 15.8% (Figure 7)
and lower concentrations of end groups by 15-18%
(Figures 5 and 6) at the end of polymerization.

4e. Pressure as a Controlling Parameter in the
VK Tube. In VK tube reactors, pressure plays a crucial
role. This is evident from the results discussed in the
previous section, where the effect of the total pressure
along the axis of the reactor was analyzed. The predicted
results using the constant-pressure assumption, shown
in Figures 4-7, were found to be significantly different
from the experimental values. This suggests that pres-

sure in the reactor is an important parameter, which
can be modified to predictably control the reaction
kinetics and eventually the polymer properties at the
end of the VK tube. Figure 9 depicts the effect of head
pressure (which is the pressure created by the water
seal at the top of the VK tube) on the number-average
molecular weight of the polymer. As an example, an
increase in the water seal length from 0.1 to 5 m results
in a significant improvement in the rate of reaction, as
more water tends to stay inside the reactor. However,
because of the larger water content at equilibrium, the
number-average molecular weight decreases by about
10.5% (Figure 9) and the concentration of amino end
groups increases by about 15.5%.

4f. Effect of Temperature Profile on Polymeri-
zation. The temperature profile in a VK tube reactor
is another important parameter in optimizing reactor
performance. It is important that the temperature of
the reaction mass is first increased slowly to the highest
temperature point and then decreased to the final
desired equilibrium temperature. This profile helps in
first retaining the water for proper initiation of the
reactions and later allowing removal of the water to the
desired extent at the highest temperature point. The
water content at the highest temperature point ulti-
mately determines the water content at the end of the
reaction and, thereby, the properties of the polymer.

The temperature at the highest temperature point
(Th), therefore, plays an important role in determining
the polymer properties. When the highest temperature
is allowed to increase, the water content at the lowest
water point decreases. This decrease in [W] in the
nonvaporizing zone increases the number-average mo-
lecular weight, as depicted in Figure 10. The calcula-
tions show that, with a nominal change in the highest
temperature (Th) by a few degrees (10 K), the molecular
weight changes significantly by about 11.5%.

4g. Concepts for VK Tube Design. The above
calculations suggest that the water concentration at the
LWC point is probably the most crucial parameter,
which, together with final zone temperature, determines
the final polymer properties. Further, it is important
to control both the pressure and the temperature
profiles in a VK tube reactor in order to achieve desired
reaction time. This places additional requirements on
VK tube designs.

Figure 8. Comparison of the polydispersity index for case I: (A)
considering the effect of increasing hydrostatic pressure inside the
reactor and (B) at constant atmospheric pressure.

Table 4. Polydispersity Index Values with Reaction
Time for Case I

time (h) Mw/Mn

0.0 1.0001
1.0 1.8700
2.0 1.6777
3.0 1.7576
4.0 1.9134
5.0 1.9977
6.0 2.0187
7.0 2.0111
8.0 2.0011
9.0 1.9978

10.0 1.9968
11.0 1.9963

Figure 9. Effect of water seal length at the top of the VK tube
reactor on number-average molecular weight for case I.
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It is desirable to have high pressure at relatively high
temperature in the vaporizing zone. This allows polym-
erization to reach equilibrium more rapidly. Eventually,
added water can be removed to the desired extent by
increasing the temperature at the highest temperature
(Th) point before cooling the reaction to a lower tem-
perature in the nonvaporizing zone. However, in a
conventional VK tube, the possibility of increasing Th
is limited by the low heat-removal capacity of the
reactor. Uncontrolled heat generation as a result of fast
exothermic reactions at high Th might result in gelling
or degradation of the polymer. This limitation can be
overcome by providing an efficient cooling device such
as an additional heat exchanger just above the highest
temperature point. This would allow for controlled
polymerization with the desired temperature profile.

4h. Equilibrium Calculation. The calculations for
the extents of the ring-opening, polycondensation, and
polyaddition reactions are important in determining
whether, for a given set of parameters, nylon-6 polym-
erization reaches the desired equilibrium or not. Al-
though it is not necessary to reach an absolute equilib-
riuminnylon-6polymerization,near-equilibriumconditions
are still desirable for a stable system with dependable
results. The extent of a reaction can be determined by
studying the Ψi factor, which is defined for a reaction i
by the expression

where Rif and Rib are the forward and backward rates
of reaction for a given reaction i. A reaction reaches
equilibrium when the Ψi factor becomes zero, in other
words, when the forward reaction rate becomes equal
to the backward reaction rate. The Ψi factors for all of
the major reactions, ring-opening, polycondensation,
and polyaddition were plotted versus reaction time in
Figure 11 for case I. It is interesting to note that all of
the reactions show a similar trend. Initially at the start
of polymerization, all reactions have Ψi ) 1, as there is
no possibility of backward reaction. The Ψi factor
decreases with time for all reactions, except for the ring-
opening reaction, which shows a sudden increase in Ψi
at about 0.5-1 h. This increase in Ψi might be due to a
lower rate of backward reaction as aminocaproic acid

is utilized by the other two reactions. All reactions tend
to reach equilibrium together at about 7-8 h. However,
an increase in the Ψi values for the polycondensation
and polyaddition reactions was noticed at two different
times when their equilibria were disturbed favorably
by lowering the reaction temperature in the nonvapor-
izing zone (Table 2, case I). However, the ring-opening
reaction continued its downward trend in Ψi at the
above-mentioned times because it is an endothermic
reaction. The Ψi values for the ring-opening, polycon-
densation, and polyaddition reactions at the LWC point
for case I were 0.0824, 0.0871, and 0.2102, respectively.
The Ψi values for the above reactions at the end of
polymerization were 0.0396, 0.0498, and 0.1411, respec-
tively. These values suggest that a pseudoequilibrium
is reached at the LWC point.

The Ψ factor should not be used in interpreting net
rates of reaction. The net rates (Ri) obtained from the
difference of the forward (Rif) and backward (Rib)
reactions with time are shown in Figure 12 for case I.
The net rates for all reactions start to increase almost
simultaneously. The maximum value for the net rate
of reaction for ring-opening occurs at around 2.3 h,
followed by polyaddition at around 2.8 h, and finally
polycondensation at 3.4 h. The peak values for all three
reactions occur at reaction times that are surprisingly
close to each other and are within the initial 30% of the
overall reaction time. The rate of reaction for polyad-
dition was higher than those of the other two by about
1-2 orders of magnitude. From Figure 12, it can be seen
that curve of polyaddition overlaps the curves of ring-
opening and polycondensation from the beginning to the
end of the reaction. The concentrations of functional end
groups as shown in Figures 5 and 6 increase to a
maximum at around 4 h because of the higher rate of
ring-opening than polycondensation. Thereafter, the
polycondensation rate predominates (Figure 12) over the
former and results in a decrease of the end group
concentrations. Throughout this time, the fact that
polyaddition is the fastest reaction of all helps in
improving the molecular weight of the polymer at a slow
and steady pace. However, it must be kept in mind that
the increase in molecular weight is rather poor with the
polyaddition reaction. The final molecular weight is
achieved only because of the polycondensation reaction.

Figure 10. Effect of the highest temperature (Th) on the number-
average molecular weight for case I with T5 ) 531.5 K and T6 )
526.5 K.

Ψi ) (Rif - Rib)/Rif i ) 1, 2, 3 (8)

Figure 11. Ψ factor for the three major reactions versus reaction
time for case I: (A) ring-opening reaction, (B) polycondensation
reaction, and (C) polyaddition reaction.

2570 Ind. Eng. Chem. Res., Vol. 40, No. 12, 2001



5. Conclusions

The hydrolytic polymerization of caprolactam in an
industrial VK tube reactor has been simulated using a
plug-flow model. The reactor was considered to consist
of three main zones: first, a very small vaporizing
turbulent zone; second, a vaporizing plug-flow zone; and
last, a nonvaporizing plug-flow zone. The water profile
inside the reactor was determined using a modified
empirical vapor-liquid equilibrium relation, wherein,
because of the changing temperature and pressure down
the axis of the reactor, a lowest water content (LWC)
point was observed, which defines the end of the
vaporizing zone. The position and concentration of water
at the LWC point were found to be critical in determin-
ing the final polymer properties.

The calculated values for conversion, molecular weight,
and end group concentrations from the model were
found to be in good agreement with the experimental
values. The model is useful in predicting polymer
properties in an industrial VK tube, in optimizing
reactor performance, and in providing insight for better
design of VK tube reactors.
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Nomenclature

LWC ) lowest water content point in the VK tube reactor
Th ) temperature at the highest temperature point in the

VK tube reactor, K
[C1] ) concentration of ε-caprolactam, mol/kg
[W] ) concentration of water, mol/kg
[Wc] ) concentration of water at the LWC point, mol/kg
[P] ) ∑n)1

∞ [Pn] ) concentration of polymer, mol/kg
[Pc] ) concentration of polymer at the LWC point, mol/kg
[P1] ) concentration of aminocaproic acid, mol/kg
[P1x] ) concentration of acetic acid, mol/kg
[C2] ) concentration of cyclic dimer, mol/kg
[Pnx] ) concentration of polymer formed when amino end

group of Pn react with monofunctional acid (acetic acid),
mol/kg

T ) temperature of the melt, K
Tj ) jacket temperature, K
Rif ) rate of the ith forward reaction, where i ) 1, 2, 3 is

for ring-opening, polycondensation, and polyaddition
reactions, respectively, as given in Table 1, mol/(kg h)

Rib ) rate of the ith backward reaction, mol/(kg h)
Ri ) net rate (Rif - Rib) of the ith reaction, mol/(kg h)
Ψi ) factor that describes the extent of completion of the

ith reaction, ratio of net rate of reaction to forward rate
of reaction

λ0, λ1, λ2, λ0x, λ1x, λ2x - moments in mass balance equations
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