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Abstract— The top portion of a continuous, atmospheric reactor for nylon-6 polymerization, where the reactants are be-
ing boiled and mixed together, is modelled by a continuous flow stirred tank reactor(CSTR). The polymerization mechan-
ism of nylon-6 has been introduced, and the material and energy balances are solved by Newton-Raphson method. The
numerical solutions under various conditions of the parameters involved in the reaction show that the feed water content
has the greatest influence on the reaction temperature, water concentration and energy consumption. Keeping the reaction
temperature and water concentration constant by reducing both the feed water content and the jacket temperature is the
best way to save energy without any influence on the reaction characteristics. Also, it is shown that if the feed acetic acid
content increases, both the conversion of monomer and the proportion of acetyl end-group increase, and this affects the de-
gree of polymerization and polydispersity.
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Table 1. Kinetic scheme for nylon-6 polymerization

1. Ring opening: C,+W kllle, S,

2. Polycondensation: S, +S,—= S, +W

3. Polyaddition: S, +C, k;Ka S,..

4. Ring opening of cyclic dimer: C,+W ﬁ S,

4" ™

5. Polyaddition of cyclic dimer: S, +C, T./S;Izs S,.
5

6. Reaction with monofunctional acid: S, +A, =——— A, +W
k/K, "
C,=¢~caprolactam, C,=Cyclic dimer, W=water, S,=polymer of chain length
n with amine end group at one end, A,=polymer of chain length m
with acetyl end group at one end.
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Table 2. Kinetic constants and thermodynamic constants
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i A E A E AS, A

1 5.9874x10°° 1.9880x 10* 4.3075x 107 1.8806 x 10* —7.8846x 10° 1.9180% 10°
2 1.8942x 10" 2.3271x 10* 1.2114x 10" 2.0670x 10* 9.4374x 10" —5.9458% 10°
3 2.8558x% 10° 2.2845x10° 1.6377x 10° 2.0107 x 10* —-6.9457x 10° —4.0438%x 10°
4 8.5778x 10" 4.2000x 10* 2.3307x 10" 3.7400x 10* —1.4520% 10 -9.6000% 10°
5 2.5701x 10° 2.1300x 10* 3.0110x 10° 2.0400% 10* 5.8265%x 107! —-3.1691x 10°

Dimensions: A’Tkg/mol - hr]; ATkg*/mol’ - hr}; E[cal/mol]; AS[eu]; AH[cal/mol].
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2 7 A 2R S 2o A AL AAEE 747} Table 33
4ol Aelstgich. A9-15% 4204 = FLEE £ %S Fol7]
3l g F B9 Fe 40 AF %A 2.0 2 1.0 AH %2 P
o] mirl. 1 A, FsEE 59 f3ko] 47 8.008 ¥ 3.131
kg/hr2 ZHas gt old, uhg-E9) 8k 7zhzt 502.310, 502.285
kg/hr2A] 29 ghako] 4.0 AH %A wie} HrlE Ao]E Helx] &
o1} ubgol] Fodshs B ¥t 747} 0.1804, 0.1773 molkg 22,
uhg-Eo] 5 Zh7) 512.37, 513.30KE AlY =ZA wslsle A&
B ok olet 2 B9 Frol ubeE L] Wizl FYEE

u+u ©9) 9.022 58] Z}7}; 9.86, 10312, t}RAME S 3.40° 2 €] 7hzt 3.38,
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Table 3. Process conditions for the CSTR system§
Process parameter Reference Case-1 Case-2 Case-3 Case-4
Feed e-caprolactam flow rate, [kg/hr} 500.000 500.000 500.000 500.000 500.000
Feed water content, [vol%] 4.0 2.0 1.0 2.0 1.0
Feed acetic acid content, [vol%] 0.1 0.1 0.1 0.1 0.1
F, [kg/r] 520.122 510.318 505.416 510.318 505.416
[W], [molkg] 2.0944 1.0673 0.5388 1.0673 0.5388
[Ci]> [molkg] 8.4952 8.6584 8.7423 8.6584 8.7423
[S), [mol/kg] 0.0165 0.0168 0.0170 0.0168 0.0170
[A], [mol/kg] 0.0165 0.0168 0.0170 0.0168 0.0170
[S:)> [mol/kg] 0.0000 0.0000 0.0000 0.0000 0.0000
[C.], [mol/kg] 0:0000 0.0000 0.0000 0.0000 0.0000
T, [K] 358.15 358.15 358.15 358.15 358.15
T, [K] 533.15 533.15 533.15 531.15 530.15
V, [m’] 0.6 0.6 0.6 0.6 0.6
A, [m]] 46.0 46.0 46.0 46.0 46.0
U, [calhr - m’ - K] 57256.105 57256.105 57256.105 57256.105 57256.105

$based on the data for a VK-column provided by Hyosung T&C Corp., Ltd.
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Table 4. Calculated results for the CSTR system

Process variable Reference Case-1 Case-2 Case-3 Case-4
F, [kg/hr] 502360 502310 502.285 502.358 502.358
F,, [kg/hr] 17.762 8.008 3131 7.960 3.059
[Cy], [mol/kg] 8.4999 8.4645 8.4458 84989  8.4984
[W], [molkg] 0.1865 0.1804 0.1773 0.1863 0.1863
[S:), [molkg] 0.0011 0.0011 0.0011 0.0011 0.0011
[S], [mol/kg] 0.0176 0.0183 0.0186  0.0176  0.0176
[S), [mol/kg] 0.0346 0.0353 0.0357 0.0347  0.0347
[C.], [molkg] 0.0002 0.0002  0.0003 0.0002  0.0002
[A;], [mol/kg] 0.0163 0.0162  0.0161 0.0163 0.0163
T, [K] 510.52 512.37 513.30 510.58 510.61
¢, [calkg - K] 657.10 657.12 657.13 657.10 - 657.10
p, [kg/m’] 888.32 887.32 886.84 888.29  888.28
Conversion, [%] 3.36 377 3.99 3.37 3.38
A 9.02 9.86 10.31 9.04 9.05
A, 30.62 33.35 34.78 30.70 30.74
Polydispersity 3.40 3.38 3.37 3.40 3.40
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kgo 2, Whg-E9o] 2%+ 510.58, 510.61KE UH <] el 71AHR
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Fig. 1. Contour of reaction temperature in the plane of feed water
content and jacket temperature when other parameters are
equal to the reference values.
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Fig. 2. Contour of water vapor flow rate in the plane of feed water
content and jacket temperature when other parameters are
equal to the reference values.
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Table 5. Effects of acetic acid content on the polymerization reaction based on the Reference condition

Feed acetic acid content, [vol%] 0.0 0.1 0.2 03 04 0.5

F, [kg/hr] 501.741 502.360 502.935 503.485 504.020 504.546
F,, [ke/hr] 17.867 17.762 17.702 17.666 17.645 17.633
[C,], {mol/kg] 8.7660 8.4999 8.1846 7.8906 7.6327 7.4100
[W}, [mol/kg] 0.1871 0.1865 0.1859 0.1853 0.1848 0.1843
[S:), [mol/kg] 0.0008 0.0011 0.0012 0.0012 0.0012 0.0012
[S], [molkg] 0.0057 0.0176 0.0247 0.0290 0.0316 0.0331
[S.), [mol/ke] 0.0057 0.0346 0.0588 0.0801 0.0996 0.1181
[C,), [mol/kg] 0.0000 0.0002 0.0004 0.0006 0.0008 0.0009
[A}, [mol/kg] 0.0000 0.0163 0.0315 0.0461 0.0602 0.0739
T, [K] 510.36 510.52 510.72 510.90 511.05 511.19
¢, [cal/kg - K] 657.14 657.10 657.06 657.03 657.01 656.99
p, [kg/m’] 885.64 888.32 891.52 894.53 897.20 899.52
Conversion, [%] 0.46 3.36 6.84 10.09 12.93 15.39
A 7.09 9.02 10.79 11.68 12.05 12.12
A 13.24 30.62 43.27 51.96 57.81 61.62
Polydispersity 1.87 3.40 4.01 4.45 4.80 5.09

—O—— CAPROLACTAM CONC.
—{— AMINE END-GROUP CONC.
—A—— ACETYL END-GROUP CONC. (n>2)

0.03

0.02

y
0.01

Caprolactam conc., [mol/kg]
End-group conc., [mol/kg]

ST B ES SE N U AT A RS 0.00
0.0 0.1 0.2 0.3 0.4 0.5

Feed acetic acid content, [vol%]

Fig. 3. Effects of feed acetic acid content on the concentrations of
caprolactam, amine and acetyl(n>2) end-groups when other
parameters are equal to the reference values.
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A : molecules with acetyl end-group
A" :heat transfer area [m’]
A, : acetic acid
A] : activation energy of autocatalytic reaction rate constant for re-

action i [kg’/mol” - hr]
A}  :activation energy of pure rate constant for reaction i [kg/mol - hr]
A,  :polymer of chain length m with acetyl end-group
C : e-caprolactam
C,  :cyclic dimer
¢,  :specific heat of reaction mixture [cal/kg - K]
cw - specific heat of water [cal/kg - K]
E.  :activation energy for reaction i [cal/mol]
F : flow rate of reaction mass [kg/hr]
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F, : flow rate of feed [kg/hr]

F, : flow rate of vapor [kg/hr]

AH; :change of enthalpy for reaction i [cal/mol]

AH,,, : latent heat of vaporization [cal/mol]

k, : rate constant for reaction i [kg/mol - hr]

ki :autocatalytic reaction rate constant for reaction i [kg”/mol’ - hr]

kf : pure rate constant for reaction i [kg/mol - hr]

K.  :equilibrium constant for reaction i

R : rate of reaction i [mol/kg - hr]

S : molecules with amine end-group

S : aminocaproic acid

S, : molecules with carboxylic acid end-group

S. : polymer of chain length n with amine end-group

AS; : change of entropy for reaction i [eu]

T % temperature [K]

U’ :overall heat transfer coefficient [cal/hr - m* - K]

\' : reactor volume [m’]

w : water

X : vector of unknowns

[ 1 :concentration [mol/kg]

az|ola 28Xt

p : density [kg/m’]

W, : v-th moment of polymers with amine end-group

Hy : v-th moment of polymers with acetyl end-group

A, : number average chain length or degree of polymerization

A,  :weight average chain length or degree of polymerization

AHX}

* : part of total amide group concentration that belongs to polymers
with amine or acetyl end-groups

o : pure reaction

SHErZE M35 Hes 19974 128

c : autocatalytic reaction
SH&X}
i : reaction number or feed
J : jacket
v : vapor
o : feed concentration based on reaction mass
m, n : number of repeating units in a chain molecule
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