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ABSTRACT: Nylon 46 with high molecular weight was successfully synthesized in supercritical carbon
dioxide (sc-CO2) by one-step three-stage polymerization using the salt prepared from 1,4-diaminobutane and
1,6-adipic acid as a monomer. The polymerization process was divided into three reaction stages: precon-
densation, postcondensation, and vacuum. To prepare high molecular weight nylon 46, the precondensation
of the salts with pHover 7.23was first carried out at 190 �Cunder 30MPa for 2 h. ThenCO2 in the reactorwas
exhausted along with removing byproduct water, and the reactor was refilled with dry liquid CO2. Sub-
sequently, the prepolymer formed was subjected to the postcondensation at 280 �C for 3 h under 15 MPa.
Finally, the reactor was heated in vacuum at 270-280 �C for 30-45 min. The highest viscosity-average
molecular weight of the nylon 46 sample synthesized from the above process is 48 200 g/mol. The chemical
structure and thermal properties of the nylon 46 were characterized by Fourier transform infrared spectro-
scopy (FT-IR), differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). The nylon
46 sample, as an example, has melting point of 310 �C, glass transition temperature of 67 �C, starting de-
composition temperature of 400 �C, and maximum decomposition rate at 450 �C.

1. Introduction

Polyamides (nylons) are important commercial polymer materi-
als usedwidely in a varietyof applications.Amongaliphatic nylons,
polytetramethylene adipamide, nylon 46, is particularly suitable
for maintaining strength in elevated temperature environments
because of its high melting point and good strength, all of which
thermally related properties exceed those of other commercially
available nylons. Nylon 46 exhibits increasing mechanical strength
with increasing molecular weight. Therefore, seeking methods by
which higher molecular weight nylons 46 can be obtained are of
utility and commercial importance.

As early as 1938, Carothers1 mentioned nylon 46, which had
very low molecular weight and pale color. This work was con-
firmed byCoffman2 10 years later. Beamen3 synthesized nylon 46
by a two-step melt polymerization and obtained a product with
an inherent viscosity of 0.84 (0.5 g/100 mL inm-cresol at 30 �C).
During the melt polycondensation process, certain side reactions
such as oxidation, thermal degradation, and 1,4-diaminobutane
cyclization to pyrrolidine may occur due to higher polymeriza-
tion temperatures4 and thus result in low molecular weight and
discoloration of the product. An interfacial polymerization was
also reported to prepare nylon 46 by using 1,6-adipoyl chloride
in chloroform and 1,4-diaminobutane in water.5 However, this
method had some problems such as the cost and toxicity of 1,6-
adipoyl chloride, and still low molecular weight of the product,
and thus had no importance.

One route to prepare high molecular weight nylon 46 has been
developed through solid state polymerization (SSP). The pre-
polymers obtained from the monomer by precondensation are
heated to a temperature between glass transition temperature and
melting point so as to make the end groups mobile enough to
react each other,6-8 and the byproducts are removed by passing
an inert gas through the reacting mass or bymaintaining reduced

pressure.7,9,10 In 1977, Gaymans4 reported synthesis of nylon
46 with high molecular weight by SSP, which had inherent visco-
sity of 2.09 (0.5 g/100 mL in 98% formic acid at 30 �C). The ad-
vantage of SSP is mainly low operating temperature, which re-
strains side reactions and thermal degradation of the polymer
with high melting point. Its disadvantages focus on the low reac-
tion rate comparing tomelt polymerization. DSMCo. developed
the manufacture technologies of nylon 46 and marketed under
the trade name Stanyl.11-15

The use of the inert gas in SSP systems serves three principal
objectives: to remove the condensate, to inhibit polymer oxida-
tion, and to heat the reacting mass. The inert gases used most
often in SSP processes are nitrogen (N2), helium (He),16 carbon
dioxide (CO2), superheated steam, and sc-CO2.

17,18 The sc-CO2 is
a greenmedium due to its inert, nontoxic, nonflammable, and en-
vironmentally friendly properties. Since 1992, DeSimone19 suc-
cessfully synthesized fluoropolymers in sc-CO2, and the poly-
merization in sc-CO2 has become a hot research area. Except
anionic polymerization, almost all polymerizations such as radical
polymerizations and step polymerizations have been investigated
in sc-CO2.

20 Only fluoropolymers and silicon-containing poly-
mers can be dissolved in sc-CO2, carbon-chain polymers, and
heterochain polymers are indissoluble but can be swelled and
plastified. Thereby, sc-CO2 becomes a plasticizing agent and
swelling agent which can enhance the free volume of carbon-
chain or heterochain polymers. The byproduct formed from
polycondensation may diffuse and separate from melting mass
or solid phase to sc-CO2 phase to favor shifting the reaction
equilibrium to the right. sc-CO2 has been used as the reaction
medium in polycondensation to prepare polycarbonate, poly-
(ethylene terephtalate), and nylon-66.21,22 The number-average
molecular weight of nylon-66 prepared in sc-CO2 is only 24 500
g/mol. This result indicates that highmolecular weight product is
confined to some extent in a closed system of sc-CO2.

In this paper, highmolecular weight nylon 46 has been prepared
in sc-CO2 by using nylon 46 salt formed from 1,4-diaminobutane*Corresponding author. E-mail: tzhangzy@163.com.
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and 1,6-adipic acid as a monomer by one-step three-stage poly-
merization method. The nylon 46 sample prepared is white and
the highest molecular weight measured by viscometry is near
50 000 g/mol. The chemical structure and thermal properties of
the samples were characterized by means of FT-IR, DSC, and
TGA. The polymerization process, some effect factors on the
molecular weight such as pH of the salts, reaction temperatures,
and time are discussed.

2. Experimental Section

2.1. Materials. 1,4-Diaminobutane (99%) and formic acid
(95%) were purchased from J&K Chemical Ltd. and used
without further purification. 1,6-Adipic acid was kindly sup-
plied by Shenma Industrial Co., Ltd., China, and purified by
recrystallization. CO2 (99.99%) was obtained from Guangdan
Gas Co. Ltd., China.

2.2. Preparation of Nylon 46 Salt. Nylon 46 salts were pre-
pared bymixing the ethanol solution of 1,4-diaminobutonewith
the ethanol solution of 1,6-adipic acid according to different
molar ratios to obtain a white precipitate. The precipitate was
filtrated and then dried in a vacuum oven. The pH values of ny-
lon 46 salts in aqueous solution with a concentration of 1 wt %
were determined by using a pH meter.3

2.3. Synthesis of Nylon 46.Nylon 46 samples were synthesized
by using certain quantity of nylon 46 salts as a monomer in sc-
CO2. A stainless steel reactor of 50mLwas used and fixed with a
manometer and a temperature regulating device but without
stirrer. The polymerization process is called one-step method
but divided into three stages according to the difference in reac-
tion temperatures. The precondensation of nylon 46 salts were
carried out at a temperature of about 190 �C for 2 h at sc-CO2

pressure of 30 MPa. Then CO2 gas in the reactor was exhausted
and liquid CO2 refilled. The temperature was elevated to about
280 �C, and the postcondensation was carried out for 1-5 h at
15 MPa. Finally, the system was evacuated at 270-280 �C for
0.5-1 h. The nylon 46 samples were obtained.

2.4. Characterizations. 2.4.1. Viscosity-Average Molecular
Weight. The relative viscosity of the nylon 46 samples in a
solution of 0.6 g of polymer in 100 mL of 90% formic acid
was measured at 25 �C by using an Ubbelohde viscometer. The
intrinsic viscosity and the viscosity-average molecular weight of
the nylon 46 samples were calculated from eqs 1 and 2, respec-
tively. The latter is the Mark-Houwink equation for nylon 46,
of which the corresponding values of K and R are 0.0464 cm3/g
and 0.76, respectively.23

½η� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðηsp - ln ηrÞ

q

c
ð1Þ

½η� ¼ KMR ð2Þ
2.4.2. Measurements by DSC, TGA, and FT-IR. DSC mea-

surements for nylon 46 salt and nylon 46 samples were carried
out by using a Netzsch SQL600 DSC instrument at a heating
rate of 10 �C/min and under a N2 atmosphere. The weights of all
samples were about 8 mg. The peak temperatures on the DSC
curves were taken as the melting points of the samples. The
relative crystallinity of the samples (Xc) was calculated from eq 3:

Xc ¼ ΔHf=ΔH
�
f ð3Þ

whereΔHf andΔHf� are the fusion enthalpy for the sample detec-
ted by DSC and the fusion enthalpy for the complete crystal of
nylon 46, respectively; ΔHf� = 270 J/g.24

TGA measurement of the nylon 46 sample was carried out
by using aNetzsch SQL600 TGA instrument at a heating rate of
20 �C/min and under a N2 atmosphere.

FT-IR spectrals of the nylon 46 samples were measured by
using a Bruker EQUINX 55 spectrometer. The KBr tabletting
specimens were prepared by usingKBr and the nylon 46 powder

which were precipitated from a solution of the nylon 46 sample
in formic acid by adding ethanol as a precipitator.

3. Results and Discussion

3.1. Polymerization Method and Process. Melt condensa-
tion polymerization is inapplicable to nylon 46 due to its high
melting point of over 300 �C. To obtain nylon 46 with high
molecular weight, the polymerization method and process in
sc-CO2 were investigated. After the nylon 46 salt prepared
from equimolar diamine and diacid was continuously heated
to a temperature of 280 �C in sc-CO2, belowmelting point of
nylon 46, polymerization process was further carried out at
this temperature for 5-8 h. The nylon 46 sample obtained
has the viscosity-average molecular weights of around 6000
g/mol. This polymerization process is attributed to one-step
method because of no opening of the reactor. Since the by-
product water could not be removed from the closed reaction
system of sc-CO2, the molecular weight of the sample could
not be increased. Figure 1 shows that the polymerization
time ranged from 5 to 10 h, but the molecular weights of the
samples were still around 6000 g/mol. To increase the mole-
cular weight of the product, we improved the condensation
process and divided it into three stages: precondensation,
postcondensation, and vacuum according to different reac-
tion temperature and time. The precondensation was carried
out at a temperature of 190 �C near the melting point of
nylon 46 salt for 2-3 h, which could be melted at this tem-
perature under action of sc-CO2. The process commenced as
a melt condensation and then became a SSP along with con-
verting the salt to a prepolymer, of which the melt tempera-
ture increased gradually from 200 to 290 �C. To remove
water formed in the precondensation, CO2 gas in the reactor
was exhausted and liquid CO2 refilled in the end of the
process. The postcondensation process was the second stage,
and the SSP of the prepolymer was carried out in sc-CO2 for
3-5 h at a temperature of 280 �C below the melting point of
nylon 46. Finally, the vacuumwas the third stage. The system
was evacuated for 0.5-1 h to increase further the molecular
weight of the samples by removing water and shifting the
reaction equilibrium to the right. Themolecularweight of the
sample obtained by this improved method was increased to
about 14 000 g/mol, but a further increase was baffled.

It is worth notice that 1,4-diaminobutane is unstable at a
high temperature. It could cyclize to pyrrolidine,4 volatilize
to sc-CO2 phase, and escape along with water in exhaust to
impair the quality of the reactant and product, i.e., decrease
the amount of amino groups. Therefore, the amine end groups
should be in excess in order to compensate for the loss and to
maintain near stoichiometric equivalence during the polymer-
ization. Several nylon salts with different excess of the diamine
were prepared to synthesize high molecular weight nylon 46.

Figure 1. Influence of polymerization time on the molecular weight of
the samples prepared by a one-step method.
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3.2. pH of the Nylon 46 Salt. In order to investigate the
influence of the excess of 1,4-diaminobutane in the salt on the
molecular weight of the nylon 46 samples, a series of salts
were prepared and their pH values of 1 wt % solution in
water were determined, as listed in Table 1. It is clear that the
pH values of the salts increase along with the excess molar
accounts of 1,4-diaminobutane added in preparing nylon
46 salt, especially in the range from 0 to 4 mol%, and then is
near constant. It shows that the excess of the diamine pre-
sented in the salts is not directly proportional to its molar
amount added and the excessive part should be left in the
ethanol solution.

The nylon 46 sampleswere prepared in sc-CO2 by using the
above salts with different pH by one-step three-stage method
under the same conditions as the sample II (see Table 2), and
their molecular weights are shown in Figure 2. It can be seen
that the viscosity-average molecular weights of the samples are
obviously increased, for example, from 14600 to 36200 g/mol,
as the pH of the salts ranges from 7.01 to 7.23. While the pH
value is larger than 7.23, this molecular weight increase trend
is slow. The highest molecular weight, 39 600 g/mol, was ob-
tained by using the salt with the pHof 7.26. This indicates that
an appropriate excess of the amino end groups in the salts
plays an important role in enhancing the molecular weight of
nylon 46 samples.

3.3. Effect of Reaction Conditions. The reaction condition
mainly involves the pressure of sc-CO2, reaction tempera-
ture, and resident time of each stage in condensation. Gen-
erally, the higher the pressure of sc-CO2 is, the stronger the
swelling and plasticing abilities of the polymer are. Since the
highest compression resistance of the reactor used is 30MPa,
thus all precondensation processes were carried out under
this pressure. After the precondensation, CO2 was expelled
from the reactor, and the reactor was refilled with liquid CO2

at the temperature of 190 �C. The pressure in the reactor
produced by injecting CO2 was not high enough and could
only achieve about 15 MPa as the temperature in the system
was elevated from190 to 280 �C. Thus, the postcondensation
pressures were controlled to 15 MPa for all processes.

The molecular weights of the nylon 46 samples obtained
by polymerization under various conditions are presented in
Table 2. It can be found that there is a distinct difference in
molecular weights for the samples I-IV due to different

temperatures of the precondensations. For example, the
sample II has the highest molecular weight of 39 600 g/mol,
while the sample I shows the lowest molecular weight of
12 700 g/mol. If the postcondensations were not carried out,
the prepolymer of sample I is a wax solid and obvious dif-
ferent from a hard solid of the sample II despite its pre-
condensation temperature is only 10 �C lower. This indicates
that the precondensation temperature can not only affect its
prepolymer molecular weight but also results in distinct
difference in the molecular weight of the final product.

The molecular weights of the samples III and IV decrease
with every 10 �C increment of the precondensation tempera-
ture and are 34 600 and 26 800 g/mol, respectively. In the case
of the latter, the molecular weight decreased significantly,
possibly due to the fact that the reaction temperature is near
or over themelting point and the decomposition temperature
of the diamine monomer. DSC and TGA curves of the nylon
46 salt are shown in Figures 3 and 4, respectively. The melt-
ing point of the salts is 201 �C, and it has been decomposed
below 200 �C. There are two peaks in DTG curve, which are
the maximum decomposition rates of 1,4-diaminobutane
and 1,6-adipic acid, respectively. Although sc-CO2 fluid has
certain protection action for the monomer andmay decrease
its melting point temperature in a way, the precondensation
temperature should not be near or over the decomposition
temperature of the salt. In fact, the salt has been melted at
190 �C under the action of the sc-CO2 system pressure due to
the fact that the prepolymer was found to be a melting bulk.
Therefore, the precondensation temperature for the salt mono-
mermust be high enough to facilitate chain growth but could
not be so high that it leads to decomposition and cycli-
zation side reactions. This result revealed that the preferred
prepolymerization temperature should be below 200 �C,

Table 2. Reaction Conditions and Molecular Weights of the Nylon 46 Samples

precondensation postcondensation

sample temp (�C) time (h) pressure (MPa) temp (�C) time (h) pressure (MPa) time in vacuum (min) Mv � 104 color

I 180 2 30 280 3 15 30 1.27 white
II 190 2 30 280 3 15 30 3.96 white
III 200 2 30 280 3 15 30 3.46 white
IV 210 2 30 280 3 15 30 2.68 white
V 190 2 30 270 3 15 30 2.96 white
VI 190 2 30 290 3 15 30 2.50 white
VII 190 2 30 280 1 15 30 2.96 white
VIII 190 2 30 280 2 15 30 3.57 white
IX 190 2 30 280 4 15 30 3.15 white
X 190 2 30 280 5 15 30 2.32 white
XI 190 2 30 280 3 15 0 2.59 white
XII 190 2 30 280 3 15 40 4.30 white
XIII 190 2 30 280 3 15 45 4.82 white
XIV 190 2 30 280 3 15 60 4.17 white

Table 1. pH of the Salts by Adding Different Excess Moles of
1,4-Diaminobutane

added excess moles of 1,4-diaminobutane (%)

0 1 2 3 4 5 6 7 8

pH of nylon 46 salt 7.01 7.06 7.12 7.16 7.23 7.24 7.25 7.26 7.26

Figure 2. Correlation between themolecular weight of the samples and
excess molar amount of 1,4-diaminobutane added in preparing nylon
46 salt.
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preferably 190 �C. In a word, the precondensation tempera-
ture is probably one of the most important factors for the
polymerization process and plays a significant role in deter-
mining the molecular weight of the nylon 46.

The samples V and VI show the effect of the postcondensa-
tion temperature on the productmolecular weight. Compared
with the sample II, the molecular weights of both samples
decrease and are 29 600 and 25000 g/mol, respectively.

The samples II and VII-X show the effects of different
reaction times in the postcondensations on the molecular
weights under the same reaction conditions. It shows that the
sample II carried out the postcondensation for 3 h has the
highest molecular weight of 39 600 g/mol. Either to shorten
or to extend the resident time in the postcondensation will
decrease the molecular weights of the products.

3.4. Effect of the Vacuum. For most of the samples I-IX in
Table 2, the time of the vacuum is 0.5 h in the end of the post-
condensation. The vacuumprocess is also an importance factor
to enhance the molecular weights of the nylon 46 sam-
ples. Without the vacuum process in whole polycondensation,
the sample X has only the molecular weight of 25900
g/mol. The samples II and XI-XIII exhibit the effect of the
vacuum time on increasing the molecular weight. When other
polymerization conditions were the same as sample II, with the
vacuum time extending from 30 to 45 min, the molecular
weights of the samples are increased from 39600 to 48200
g/mol, respectively. The latter is the highest molecular weight of
the sample obtained from our experiments. However, the
molecular weights of the sample XIII decreased to some degree
when thevacuumtimewas extended to 60min. It couldbe relate
to the crystallinity of the product and the lengthening in
duration at higher temperatures of about 280 �C.

Generally, the crystallinity of a polymer product increases
with the polymerization process, in which the molecular
weight rises gradually and the molecular weight distribution
becomes more uniform. But high crystallinity can also

Figure 4. TGA and DTG curves of the nylon 46 salt.

Figure 3. DSC curve of the nylon 46 salt.
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synchronously decrease the amorphous area, the concentra-
tion, and mobility of the polymer chain end groups in this
area as well as the diffusion rate of the condensate. These
factors are unfavorable for enhancing molecular weight. In
addition, the vacuum was carried out at 280 �C and a longer
duration at this higher temperature could give rise to degra-
dation of the polymers. Korshak25 affirmed that the highest
polymer molecules are easier to degrade. In fact, there are
two competitive reactions: a step-growth reaction and a deg-
radation reaction. When the latter predominates, the molec-
ular weight of the product could be decreased.

Finally, we summarized the synthesis methods and reac-
tion conditions of nylon 46 from our work and the ones re-
ported in the literature, as shown in Table 3. It indicates that
synthesizing nylon 46 with high molecular weight in sc-CO2

is predominant.
3.5. Characterizations of the Nylon 46. 3.5.1. FT-IR

Analysis. FT-IR spectra of the nylon 46 sample are shown
in Figure 5. It can be found that there are two strong absorp-
tions at 1640 and 1542 cm-1 on the curve. The first absorp-
tion peak is for an amide I band (stretching of CdO), and the
other one is for amide II band (twisting of N-H and stretch-
ing of C-N). The two characteristic absorptions prove that
nylon 46 salt has been successfully reacted to nylon 46. The
other important absorption bands listed as follows: 3302
(N-H stretching), 2924 and 2872 (C-H bonding), 1280
(amide III), 941 (amide IV), and 692 (amide V).

3.5.2. Thermal Properties. The melting points of the nylon
46 samples were determined by DSC. As an example, DSC
curve of the sample II is shown in Figure 6. There is only a
strong single endothermic peak on the curve in the range of
determining temperatures. The peak temperature, as the
melting point of the sample, is at 310 �C, and the melting
range is from295 �C tonear 320 �C.Highmelting point of the
nylon 46 sample results from its symmetrical structure and
synthesis environment in sc-CO2. The melting enthalpy of
the sample determined from Figure 6 is 172.4 J/g, and its

relative crystallinity calculated from eq 3 is 63.9%. The glass
transition temperature is 67 �C, and the change of heat
capacity is 0.152 J/(g K).

Figure7 shows theTGAandDTGcurves for the sample II. It
shows that the sample starts to decompose at about 400 �C, and
the maximum decomposition rate is at about 450 �C. The
results reveal that the nylon 46 exhibited a higher melting
temperature and quite good thermal stability. Thus, these
excellent heat-resistance properties allow nylon 46 to be used
as a high-performance engineering plastic in some applica-
tion areas.

4. Conclusions

Highmolecularweight nylon 46has been successfully prepared
by SSP in sc-CO2. This polymerization process is called one-step
three-stage method which can operate continuously, and the
overall polymerization time is about 5-6 h. The highest molec-
ular weight of the sample obtained is 48200 g/mol. The pre-
condition to achieve high molecular weight nylon 46 is to use
the nylon 46 salt with excess amine groups, which has a pH of
over 7.23. The polymerization temperatures for the precondensa-
tion and the postcondensation are the most important factor
based on a consideration for increasingmolecular weight.During
the polymerization process the preferable reaction conditions
are at 190 �C for 2 h for the precondensation, at 280 �C for 3 h
for the postcondensation, and at 280-270 �C for 30-45 min for
the vacuum. The pressures of sc-CO2 adopted in the system are
the highest ones the reactor can achieve. The chemical structure
and thermal properties of the nylon 46 samples have been
characterized.
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