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The mechanism of sofid state polycondensation has been subjected to a fundamental analysis.
Equations were formuloted for combined diffusion and chemical reaction for two separate
situations. One was for solid state polycondensation in polymer flakes or chips. The other dealt
with pofymer powders. The resultant solutions reluted moleculor weight changes to rate func-
tions. A technique for deriving the rate functions from experimental data is described.

Solid state polycondensations were then studied for nylon 66, nylon 6-10, and polyethylene
terephthalote. These data which ranged from 120 to 200°C. were tested with various mech-
anisms. The most appropriate one was found to be that developed in the present work. Chemi-
cal reaction was found to be the rate controlling step in solid state polycondensation in nylon
66, polyethylene terephthalate, powders of nylon 6-10 and larger particles of nylon 6-10 at
and above 160°C. Diffusion of byproduct through the solid was the rate controlling step for
larger particles of nylon 6-10 at temperatures below 160°C. Thermograms of nylon 6-10 indi-
cated morphological changes which possibly influenced the behavior of the larger nylon 6-10
particles. The Arrhenius relation was fitted to the situations where chemical reaction controlled.

The thermally induced solid state polymerization of
condensation polymers is a phenomenon that is well known
in industry. The process is carried out by heating (but not
melting) the condensation polymers in an inert gas at-
r(nosphere. In condensation polymers an equilibrium exists

1,2)
P +Py=P3+B

where Py, Py are polymer chains which combine to form
P3 which is a longer chain, and B a byproduct which is
small molecule such as water. In essence then, solid state
polymerization actually involves taking off the byproduct
and driving the reaction to the right. There then can be
three possible rate determining steps:

1. Chemical reaction

2. Diffusion of byproduct molecules in the solid polymer

3. Diffusion of byproduct molecules from the solid
polymer surface to the inert gas.

Most of the previous investigations (2 to 9) of solid
state polymerization have generally neglected the mech-
anism aspect. One exception was the work of Lee and
Griskey (9) who found that the rate controlling steps
took place within the polymer itself. This was shown in
two ways. First, varying the flow rate of nitrogen through
the reactor had little effect on polymerization. This in-
dicated that diffusion into the gas was not a rate con-
trolling step. Furthermore, it was found that the rate of
polymerization could be described by the equation

rate = kt» (1)
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An equation of this type (10) indicates a process in a
solid that involves both chemical reaction and diffusion
within the material.

A recent study has treated this combined chemical re-
action and diffusion in a more fundamental manner. The
study first considered two possible geometric situations,
polymer flakes and polymer powders. The latter material
will more closely resemble spheres while the former is
closer to the geometry of plane sheets (see Figures 1
and 2).

In the case of plane sheets (polymer flakes) the model
of Figure 2 applies. For such a situation the following
equation describes the diffusion

8C #C

=~ PP @)

The diffusivity is assumed to depend on time. This in
essence relates the diffusivity to the byproduct present
and the chemical reaction. The initial and boundary con-
ditions are listed below:

C=0C, —L<x<L, t=0 (8)
C=Cs, x=Land x=—L, t=0 (4)
aC
=0, x=0, t>0 (5)
ox

In order to solve Equation (2), the following variable
transformations are made:

C,—C
o C,— Cq (6)
and
dT = D(t) dt (7)
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Substituting into Equation (2) gives
9 %
aT o
Suppose that a function can be found for D(¢) to per-
mit direct exchange of ¢ with T in specifying the initial
and boundary conditions. Then, the initial and boundary
conditions, after variable transformation, are

(8)

=0, —L<x<L, T=0 (9)

90=1 x=Landx=—L, T=0 (10)
a6

—_—=0, =0, T>0 11

P x > (11)

Equation (8) will be solved by the method of sepa-
ration of variables. The techniques for doing this are
given elsewhere (11).

The ultimate solution is:

© (—1)» éen+1)r
1—;—12)(2n+1) oS—or *
exp [—(2n + 1)2a2 T/4L2] (12)

The number of byproducts released up to time ¢, Wy, is

computed
T aC
- JT-2]
Ld j‘: ox x=Ld

0=

) L

=

(13)
Since § = —— o from Equation (6),
aC ] 2 ol
— = - o—Cs

[ ox z=L L (C ) =20

exp [— (2n + 1)242T/4L2] (14)
/‘"\_v—n
CS\ /Cs
BY-PRODUCT BY-PRODUCT

EQUATION:
2
3C 3°C
—Y = D(t
3t D(t) 3 X2

INITIAL & BOUNDARY CONDITIONS:

C=Co , -L<X<L , t=0
C=0Cs , X=tL , t2o
3C_6, x=0 , t>0
aX

Fig. 1. Mathematical model for diffusion in a plane sheet.
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Cs
BY~PRODUCT
EQUATION:
50 fc  2acC
_=D(t)[——2— * ——-]
at ar ror

INITIAL & BOUNDARY CONDITIONS:

C=Co , OKI<R , t=0
C=Cs , F=R , t20
Lo, r=o , t>o0

Fig. 2. Mathematical mode! for diffusion in o sphere.

Substituting this into Equation (18) and integrating, one
gets

8L w 1 0 1
W= (Co— Cg) —— —— N
t ( s) ) {7‘20 (2n+ 1)2 ng(;) (2n+ 1)2
exp [—(2n + 1)%n2 T/4L2]} (15)
However,
® 1 _ = (16
zo (en+1)2 8 )
then
8L a © 1
Wi= (Co—Cs) »mm | —— 2 —_—
w2 8 = (2n + 1)2
exp [—(2n + 1)22% T/4L2]} (17)
AsT— co,
8L =2
Wnu = CO_Cs —— ——
( ) =3 (18)
Thus,
1 We _ 8 = 1
W. o« & (2n+1)2
exp [—(2n + 1)222 T/4L2] (19)
w Mn,0
We can replace 1 — —b —n
W Mnt
For convenience, define
x2T
= —— 20
Ky(t) iL? (20)
where:
¢
T = D(t) dt (21)
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Then, from Equation (33) the resulting kinetic equation
is

Mn,0 8 z”:' 1
Fint s = (2n + 1)2

exp [—(2n + 1)2K,(8)] (22)

For a sphere of radius R as shown in Figure 1, the
equation corresponding to Equation (2) is

ac [ 92C 2 8C ]
— — — 2
ot D(#) or2 + r or (23)

for radial diffusion. The distance from the center of the
sphere is denoted by 7. The initial and boundary condi-
tions are given as

C=0C, r<R, t=0 (24)
C=0C;, r=R, t>0 (25)
oC

=0, r=0, t>0 (26)
or

For a sphere, Equation (23) must be solved. It can be
transformed into Equation (41) by letting u = Cr.

ou %u
— = D(t 27
Py (t) ¥ (27)

Since the above equation is identical to Equation (2} for
the case of a plane sheet, the same procedures used pre-
viously may be followed to solve Equation (41). For
brevity, the solution is given below.

— _—
Mn,0 = .g 2 —exp [—n2 Ky ()] (28)
Hn,t 7,-2”:1 n?
where:
=T
Ky(t) = e (29)
and
t
T = foD(t) dt (80)

The terms K;(¢t) and K.(¢) are dimensionless and can
be considered as rate functions. Computing these rate
functions directly from experimental Mn,0/Mn,t values is
inconvenient since K;(t) and K;(f) do not appear ex-
plicitly in Equation (20) and (24). However, a table of
values of K; (), Ka(t) and Mn,0/Mn,t may be constructed.
This was done by using a digital computer (I11). The
table, because of its volume, is not included in this paper.
However, an excerpt is shown in Table 1.

TasLE 1. AN ExcerPT OF RATE FuNcTION vs. MOLECULAR
WEIGHT RATIO TABLE

ﬁn, t

Rate Function Molecular Weight Ratio Mn, o

Ky (t) or Ks (t) Sheet Sphere
0.046000 0.84593293 0.78288079
0.046100 0.84576556 0.78266015
0.046200 0.84559836 0.78243976
0.046300 0.84543134 0.78221961
0.046400 0.84526451 0.78199978
0.046500 0.84509786 0.78178018
0.046600 0.84493140 0.78156087
0.046700 0.84476509 0.78134183
0.046800 0.84459898 0.78112304
0.046900 0.84443303 0.78090452
0.047000 0.84426728 0.78068630
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(@ 6AS EXIT /4" GOPPER TUBING

(&) REACTOR TOP FLANGE GARBON
STEEL

(B) BASKET 1/8" THICK NEOPRENE
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(® REACTOR BODY 318 Ss.

f (D) SAMPLE BASKET 200 MESH SS
WIRE SCREEN

SAMPLE SUPPORT 200 MESH §8.
WIRE SCREEN

(8) SCREEN SUPPORT 8§. PLATE
PUNCHED WITH 1/8 HOLE

Fig. 3. Batch reactor.

Data of the type shown in Table 1 can be used to find
the rate functions. These in turn can then be related to
time and temperature, the determiners of the rate of
polymerization, The computer program used in com-
piling Table 1 is given elsewhere (11).

The foregoing solutions were tested with experimental
data for three separate polymer systems: 66 nylon, 6-10
nylon and polyethylene terephthalate.

A batch fixed bed reactor (Figure 3) was used to study
the polymerizations. A wire screen supported by a
punched plate was used to retain a given polymer sample
of one average particle size. A screen basket was posi-
tioned above the wire screen to hold another sample of
the same polymer of a different particle size. Ample space
was provided above the samples for dispersing the in-
coming nitrogen which was introduced through a gas
preheater. In addition to the reactors themselves, the ap-
paratus consisted of a nitrogen supply, a constant tem-
perature bath, and control devices (see Figure 4).

Four reactors were used simultaneously. Each reactor
contained samples of two different particle sizes. A
chance procedure was used to determine which sample
was placed on the screen and which in the basket.

The reactors were first purged with nitrogen at room
temperature for 2 hr. The oil bath was brought to tem-
perature during the purge. After the conclusion of the
purge, the reactors were sealed and immersed in the oil
bath. A reactor was not introduced until the preceding
one had reached bath temperature. Nitrogen flow was
resumed when the reactor temperature reached the bath
temperature. Reaction times of 5, 10, 15 and 20 hr were
randomly assigned to the four reactors. The oil bath tem-
perature was controlled to less than +1°C. during a run.

The reaction was terminated by removing the reactor,
sealing it, and then air cooling it to room temperature.
Polymers removed from the reactors were stored in plas-
tic containers and kept in a desiccator.

Intrinsic viscosities of the samples were measured in a
Cannon-Ubbelohde dilution type of viscometer. The sol-
vents used were formic acid (nylon 66), meta cresol
(nylon 6-10) and phenol/tetrachloroethane (polyethylene
terephthalate). Number average molecular weights were
calculated from relations given for nylon 66 by Taylor
(12), for nylon 6-10 by Morgan (13), and polyethylene
terephthalate by Conix (14).

Figures 5, 6, and 7 are plots of Mn,t — Mn,0/Mn,0
(that is, conversion) vs. reaction time for the polymers
studied. As can be seen, particle size appears to be un-
important for nylon 66 but does seem to have an effect
in the cases of nylon 6-10 and polyethylene terephthal-
ate.

Ki(t) and K,(t) values for the polymers were then
determined for the polymers. These values were then
used to calculate specific reaction rate values for the
polymers from the relation

K(t) = k'tm
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Fig. 4. Overall apparatus.

Note that ¥’ is not the same as the specific reaction rate
k given earlier in Equation (1). The latter item has units

TABLE 2. SPECIFIC REACTION RATE OF SOLID-PHASE

PoLycoNpENsATION
Mean Specific
particle Tem- reaction
diameter  perature rate
Polymer in, °C. k*

poly (hexamethylene 0.081 120 2 %X 10-2
adipamide) and 140 3.55 x 10—2
0.139 160 6.66 x 10—2
180 1.18 x 101
poly (hexamethylene 0.085 120 7.11 x 10—¢
sebacamide) 140 1.86 x 10-3
160 3,52 x 10—3
180 8.27 x 103
0.134 120 141 x 10—4
140 1.12 x 10-3
160 3.86 x 10—3
180 8.78 x 10—3
poly (ethylene 0.038 160 2.21 x 104
terephthalate ) 180 4.60 x 103
200 1.65 x 102
0.084 160 2.09 X 10—¢
180 2,93 x 10—2
200 1.28 X 10—2

2 k’s are expressed in (hr.)-2/2 for poly(hexamethylene adipamide)
and in (hr.)-1 for other polymers.

0.6

REACTION TEMP.

o‘=|— Mn.0
Mn,t

CONVERSION

LEGEND
O MEAN PART. DIA. 0.08! IN,
A MEAN PART. DIA. 0.139 IN,

[} | 1 1 i
o] 5 10 13 20
REACTION TiME, HOUR

Fig. 5. Conversion vs. reaction time for nylon 66.
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Fig. 6. Conversion vs. reaction time for nylon 6-10.

of (hr.) —»! while the former item’s units are (hr.) ™.

Figure 8 is a plot of K;(¢) vs. t% for nylon 66. The
slopes of the resultant lines are the k values for each
temperature. The exponents for nylon 6-10 and poly-
ethylene terephthalate were both unity. The specific re-
action rate data for all samples are listed in Table 2.

The behavior of specific reaction rate with tempera-
ture was evaluated using the Arrhenius equation.

k¥ = Aexp (—E/RT)

Figures 9 and 10 are the Arrhenius equation plots for the
various polymers. As can be seen, the data for both par-
ticle sizes of nylon 66 and polyethylene terephthalate
yield common straight lines. This behavior indicates that
chemical reaction is the rate determining step for solid
state polymerizations in nylon 66 and polyethylene tereph-
thalate.

06 -
LEGEND
O MEAN PART. DiA. 0.038 IN.
0.5 - A MEAN PART. DIA. 0.084 IN. REACTION TEMP.

o0

o
oG A
0.4 0?3/

Mn,o
Mn,«

ol=|._

CONVERSION
o
N
i

"\

A
o1 -
169°C
0 i 1 1 o]
o 5 10 5 20

REACTION TIME, HOUR
Fig. 7. Conversion vs. reaction time for polyethylene terephthalate.
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Fig. 8. Ky(t), rate function, vs. (time)* for nylon 66.

On the other hand, some of the nylon 6-10 data do not
appear to follow the Arrhenius relation, Test of other re-
lations such as collision theory and the Eyring activated
rate theory yielded the same behavior as Figure 10. In
this figure the large particle data at 120 and 140°C. de-
viate from the line of log k vs. 1/T. This apparent effect
of particle size suggests that diffusion through the solid
polymer is the rate controlling step for these data (large
particles at 120 and 140°C.) rather than chemical reac-
tion. The small particle data and the remainder of the
large particle data indicate that chemical reaction controls
in these cases for nylon 6-10.

1000 ' l l | 1000
800 —
MEAN PARTICLE
800 POLYMER DIAMETER INCHES ]
400 A RIS o038 -
POLYETHYLENE
B CRerHTHALATE 0.084
@® NYLON 68 0.081 & 0.139

200

A

&0

i
LS

. N

#x10%

£ x10%

1 1
2. 22 23 24 25 28 27 28

17T x10% *K™
Fig. 9. Arrhenius plot for nylon 6 and polyethylene terephthalate.
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Fig. 10. Arrhenius plot for nylon 6-10.

The various nylon 6-10 samples were also subjected to
differential thermal analysis to determine if any morpho-
logical changes had occurred. These thermograms are given
in Fig. 11. As can be seen for the unreacted (raw) polymer,
and those samples reacted at 120 and 140°C. there is an
endothermic peak at approximately 160°C. This peak has
been reported by Fuller, Baker, and Pape (15) as an
occurrence of molecular rearrangements in nylon 6-10. In
the samples reacted at 160 and 180°C., however, the
160°C. endothermic peak appears to be missing. In addi-
tion a melting peak appears at 195 to 200°C. for the 160
and 180°C. reaction samples.

The foregoing indicates that some morphological change
has probably occurred in the samples reacted at higher
temperature. The exact nature of this change is not known.
It is conceivable, however, that this change possibly is
related to the agreement of the higher temperature data
with the Arrhenius relation (Figure 10) for nylon 6-10.
In other words, the alteration of morphology reduced
the resistance to diffusion within the solid polymer.

Rate equations for the specific reaction rates are pre-
sented in Table 3. It is of interest to compare these data

EXOTHERMIG—»

-+— ENDOTHERMIC

wy
RAW 120°¢ 140°c soc 1806 &

POLYMR REACTION REACTION REACTION REACTION

Fig. 11. Thermograms for nylon 6-10.
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to energy of activation data found elsewhere. Lee and
Griskey (9) found an activation energy of 12.96
keal./g. mole for solid state polymerization of nylon 66.
Matsuda and co-workers (6) determined a value of 12.7
keal./g. mole for nylon 6 solid state polymerization. No
solid state data were available for polyethylene tereph-
thalate. However, Challa (16) did report an activation
energy of about 31 kcal./g. mole for its melt polymeriza-
tion.

ki(t) = dimensionless rate function for plane sheets
Ky(t) = dimensionless rate function for spheres

L = length, cm.

Mnt = polymer number average molecular weight at

time, ¢

Mn,0 = polymer number average molecular weight at
timet = 0

R = gas constant, kcal./g. mole °K.

TABLE 3. SUMMARY OF ARRHENIUS EQUATIONS

Polymer Equation Temperature Range
—10,500
k=139 X 10¢exp { wrm—— b hr.=% 120-180°C.
nylon 66 RT
—13,200
k=168 x 10* —— ,hr1 -180°C.
nylon 6-10% X P { RT }’ § 120-1
—42,500
k=6.6X 1017 exp { ——— { hr.—! 160-200°C.
polyethylene RT
terephthalate

# For data only where chemical reaction controls,

It should be pointed out that the solid state data from
other sources were obtained by using kinetic models
different from the one of the present work. In spite of
this, it is instructive to compare these data to those of the
present study.

The nylon 6-10 activation energy value was quite close
to those found for nylon 66 (9) and nylon 6 (6) else-
where. The nylon 66 value of the present study was
somewhat different (10.6 vs. 12.96 kcal./g. mole), but
still close enough to indicate no radical disagreement. In
addition, the polyethylene terephthalate value of 42.5
kcal./g. mole seems reasonable in light of the 31 kcal./g.
value for melt polymerization,

CONCLUSIONS

1. Chemical reaction is the rate controlling step for
solid state polycondensations in nylon 66, polyethylene
terephthalate, for powders of nylon 6-10 (average diam-
eter 0.085 in.) and larger nylon 6-10 particles (average
diameter 0.134 in.) at temperatures of 160°C. and
higher. The equations for specific reaction rate were
k = 1.839 X 10%* exp (—10,500/RT), hr.~* for nylon 66;
k = 1.68 X 10* exp (—18,200/RT), hr.~! for nylon
6-10; and k = 6.60 X 10 exp (—42,500/RT), hr.~!
for polyethylene terephthalate.

2. Diffusion through the solid polymer appears to be
the rate controlling step for particles of nylon 6-10 as
large or larger than 0.134 in. in diameter at temperatures
of 140°C. or less.

3. Changes in polymer morphology appear to influence
solid state polycondensation in nylon 6-10.

4. The Arrhenius relation can be applied to the cases
noted above in the first conclusion.

5. The solution of the equation of continuity of species
developed by Chen (11) can be used to describe solid
state polycondensations.

NOTATION

A = frequency factor in Arrhenius equation, (hr.)~™
C = byproduct concentration, g. mole/cc.

C, = initial byproduct concentration, g. mole/cc.

Cs = surface byproduct concentration, g. mole/cc.

D(t) = byproduct diffusivity sq.cm./hr.

activation energy, kcal./g. mole
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= temperature, ok

= variable defined by dT’ = D(¢)dt

= number of byproduct molecules diffused at time
of t

= number of byproduct molecules diffused at time

of

specific reaction rate

specific reaction rate

exponent

radius, cm.

time, hr.

Cr

thickness, cm.

C,—C/Co— Cg

~ =
8 §\

%Rgﬂ-%sk\'aﬂ g
o

i

LITERATURE CITED

1. Billmeyer, F. W., Jr. “Textbook of Polymer Science,”
p- 246, Interscience, New York (1964).

2, Zimmerman, J., J. Polymer Sci., 62, 995 (1964).

3. Cawthon, T. M., and E. C. Smith, paper presented Div.
Polymer Chem., Am. Chem. Soc. Meeting (1960); Polymer
Chem. Preprints, 1, No. 2, 98 (1960).

4. Gunder, O. A., and 1. M. Livshits, Plasticheskie Massy, 9,
24 (1962).

5. Kudryavtsev, G. I, A. V. Velochnia, M. N. Boydanov, and
E. 1. Levites, Abhandl. Deut. Akad. Wiss., (Berlin), 1,
377 (1963).

6. Matsuda, Y., H. Marusawa, K. Cyuzyo, and K. Sakakibara,
Kobunshi Kagaku, 17, 371 (1960).

7. Ibid., 413 (1960),

8. Monroe, G. C,, Jr., U. 8. Pat .3,031,433 (Apr. 24, 1962).

9. Lee, B. I, and R. G. Giiskey, J. Appl. Polymer Sci., 10,

105, (1965).

10. Walas, S. M., “Reaction Kinetics for Chemical Engineers,”
pp- 129, 130, McGraw-Hill, New York (1957).

11. Chen, F. C., Ph.D. thesis, Virginia Polytechnic Inst., Blacks-
burg (1967).

12. Taylor, G. B., J. Am. Chem. Soc., 69, 635 (1947).

13. Morgan, P. W., and S. L. Kwolek, J. Polymer Sci., A, 1,
1147 (1963).

14. Conix, A., Makromol. Chem., 26, 226 (1958).

15. Fuller, C. S., W. O. Baker, and N. R. Pape, J. Am. Chem.
Soc., 62, 3275 (1940).

16. Challa, G., Makromol. Chem., 38, 138 (1960).

Manuscript received November 29, 1967; revision received May 31,

1968; paper accepted June 3, 1968. Paper presented at AIChE St.
Louis Meeting.

Page 685





