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ABSTRACT: N-methylol nylon 6 membranes were prepared by reacting nylon-6 with
formaldehyde. Elemental analysis, used to analyze the composition of modified mem-
branes, showed that the degree of substitution increased with formaldehyde content
in the reaction solution. The modified nylon-6 membranes exhibited a high affinity to
ethanol. Pervaporation results for the separation of ethanol-water mixtures showed
that these membranes were water-selective, indicating that the diffusion property is
the dominant factor. An N-methylol nylon-6 membrane with 33% degree of substitution
showed the best membrane performance. In order to control the swelling of N-methylol
nylon-6 membranes in the feed solutions of high ethanol content, thermal crosslinking
was applied at 180°C for different times. It was found that heat treatment of 10 minutes
gave the optimal permselectivity. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 855—

863, 1997
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INTRODUCTION

In a pervaporation process, it is desirable to use a
polymeric membrane with the combined character-
istics of high permeation rate and good selectivity.
Since the efficiency of pervaporation depends to a
great extent upon the membrane employed, the
choice of the best membrane is critical. Lloyd and
Meluch® have reviewed the selection and evalua-
tion of different polymeric membrane materials as
well as various membrane-preparation methods.
Since a homopolymer usually does not exhibit the
optimum properties for a given separation system,
new membranes must be developed to achieve the
desired membrane performance.

Numerous modified polyamide (nylon) mem-
branes have been utilized for separation of the
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organic—water mixtures.?”” The performance of
these modified polyamide membranes is better
than that of the original polyamide membranes.
Since polyamide materials have high crystallin-
ity, due to their uniform chain structure and
strong hydrogen bonding, the permeability of
these modified polyamide membranes is quite
low. The reaction of polyamide with formaldehyde
in formic acid solution to yield an N-methylol poly-
amide has been studied by Cairns and associ-
ates.®? The reaction is presented in Figure 1,
where the polyamide chain is indicated simply by
the amide group.

The modified polyamide has totally different
physical and chemical properties than does the
original polyamide.®® Also, the modified polyam-
ides can be thermally crosslinked, as described in
Figure 2. A thermally crosslinked N-methoxy-
methylated nylon-3 membrane has been prepared
and applied to pervaporation of water—alcohol
mixtures.'® It exhibited a water-permselective na-
ture for all feed concentrations tested.
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Figure 1 Reaction scheme of nylon and formalde-
hyde.

In this work, we prepare N-methylol nylon-6
membranes and their thermally crosslinked mem-
branes to investigate their application in perva-
poration for the separation of ethanol—water mix-
tures.

EXPERIMENTAL

Materials

Nylon-6 [poly(caprolactam)] used in this study
was supplied by Polysciences, Inc. (Warrington,
PA; cat. #6556, lot #73364). Formaldehyde solu-
tion (37%), 88 wt % formic acid, ammonium hy-
droxide, and acetone (BDH, Inc., Toronto, ON)
were reagent grade. The ethanol—water mixtures
were prepared by mixing 95 wt % ethanol from
Commercial Alcohols, Inc. (Toronto, ON) and de-
ionized water.

Modification of Nylon-6

Modification of nylon-6 was carried out in a 500-
ml three-neck reaction kettle equipped with an
overhead condenser, a mechanical stirrer, an im-
mersed glass thermometer, and two dropping fun-
nels. A 10 wt % solution of nylon-6 in 88 wt %
formic acid solution was prepared by stirring the
mixture at 60°C for 2 h. Prolonged exposure of
nylon-6 in warm formic acid would cause the grad-
ual hydrolysis of amide linkages. To this solution
was added different amounts of 37% formalde-
hyde solution (based on the unit mole ratios of
formaldehyde/nylon-6 of 2, 5, 10) at 60°C. This
formaldehyde was added slowly to prevent precip-
itation of the polymer. The reaction was continued
for 2 h at 60°C. The resulting reaction solution
was poured into a water/acetone (50/50) mixture
to precipitate out. This product was neutralized
by 0.1M aqueous ammonia and washed several
times with water. The final product was vaccum-
dried at room temperature for 24 h and stored.

Membrane Preparation

Nylon-6 or N-methylol nylon-6 (the product from
the above section) was dissolved in 88 wt % formic
acid to form a homogeneous solution of 10 wt %
polymer. The membrane was prepared by casting
the polymer solution onto a clean glass plate using
a Gardner knife with preset thickness. The cast-
ing membrane was air-dried at room temperature
for 24 h in a dust-free, environmentally controlled
chamber (supplied by D.F.S. Inc., North Andover,
MA), then vacuum-dried at room temperature for
6 h to remove any volatile residuals. The newly
formed membrane was soaked in deionized water
for 24 h and peeled off for further use. The thick-
ness of the dry membrane was approximately 30—
40 pm.

N-methylol nylon-6 membrane obtained from
the product of reaction with formaldehyde/nylon-
6 (unit mole ratio of 5; NF105, 33% substitution)
was used for thermal crosslinking. The crosslink-
ing reaction was carried out at 180°C for different
periods of time (5, 10, 30, and 60 min).

Elemental Analysis

The elemental analysis of N-methylol nylon-6 was
performed using a Perkin-Elmer model 240C Ele-
mental Analyzer. Prepurified helium, 99.99 mol
% minimum, was used as the carrier gas. Ultra-
pure oxygen, 99.99 mol % minimum, was used as
the combustion gas. Sample weight of the mem-
brane was between 2 and 3 mg.

Sorption Measurement

The preweighed dry membranes were immersed
in the bulk liquid of deionized water or ethanol at
room temperature for at least 24 h. After removal
from the liquid, the membrane surface was care-
fully wiped with tissue paper and then weighed
as quickly as possible. The water sorption amount
was calculated in terms of liquid weight per poly-
mer weight.

| | | |
N—H N—CH,0H N—CH,—N

| + | - | | + H,0
C=0 C=0 C=0 C=0

| | | |

Figure 2 Crosslinking reaction of N-methylol nylon.



Pervaporation

The pervaporation apparatus used in this study
was developed previously in our laboratory.™ The
membrane was placed between two disks and
sealed tightly. The effective membrane area in
contact with the feed solution was 14.2 cm?. The
feed solution in the tank was kept at 30°C and
was circulated by a circulation pump. The vacuum
in the permeate side was maintained at approxi-
mate 3 mmHg by using a Welch duo-seal vacuum
pump. The permeate, condensed in a glass trap
which was immersed in liquid nitrogen, was col-
lected after a 2-h run to reach steady state. The
flux was calculated by weighing the trapped per-
meate. The composition analysis of the permeate
was carried out by using an Anton-Paar DMA 60
digital densitometer.

RESULTS AND DISCUSSION

Characterization of N-Methylol Nylon-6

Three types of N-methylol nylon-6 membranes
have been prepared in this study, namely, NF102,
NF105, and NF110, as shown in Table I. Using
the value of C/N ratio from elemental analysis,
the degree of substitution can be calculated as ™

Degree of substitution, %

_ C/N (observed) — C/N (nylon-6)
C/N (N-methylol nylon-6) — C/N (nylon-6)

X 100% (1)

As the amount of formaldehyde increases, the
degree of substitution increases. The maximum
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formaldehyde/nylon-6 unit mole ratio (F/N) used
is 10. Beyond this amount, the reaction solution
becomes very viscous and gel-like, presumably
due to crosslinking. From the sorption data of the
different membranes in Table I, it is evident that
increasing the degree of substitution in N-meth-
ylol nylon-6 also promotes water and ethanol
sorption. The formation of the methylol group in
the polymer chain by the reaction of formaldehyde
and the amide group in nylon-6 reduces the extent
of interchain hydrogen bonding in nylon-6, and
the introduction of the large —CH,OH group
makes the N-methylol nylon-6 less crystallizable.
The N-methylol nylon-6 membranes show a much
higher sorption ability to ethanol. For the modi-
fied membrane with the 40% degree of substitu-
tion, the amount of sorbed ethanol in polymer can
reach 200% higher in comparison with the origi-
nal nylon-6. This indicates that the substitution
of hydrogen by the methylol group in nylon-6 sig-
nificantly improves the affinity of the polymer to
ethanol.

Pervaporation Performance of N-Methylol
Nylon-6 Membranes

The presence of crystallites in the polymer has a
significant influence on various polymer proper-
ties such as tensile strength, elasticity, impact
strength, solubility, diffusivity in the polymer,
etc. In pervaporation, solubility and diffusivity
are especially important factors. Crystallites act
as physical crosslinks that prevent a high degree
of swelling on the membrane and dissolution of
the feed mixture in the membrane during perva-
poration. Nylon-6 is a crystalline polymer with
strong interchain forces due to hydrogen bonding.

Table I Characterization of N-Methylol Nylon-6 Membranes

Elemental Analysis

Water Ethanol
F/N C H N Degree of Sorption Sorption
Membranes (mole ratio)* (%) (%) (%) C/N  Substitution (g/g Polymer) (g/g Polymer)®
Nylon-6 0 63.39 9.81 1238 5.14° 0 0.11 0.09
NF102 2 63.96 9.71 1221 5.24¢ 12 0.12 0.25
NF105 5 63.85 9.53 11.79 5.42¢ 33 0.18 1.87
NF110 10 63.13 935 11.53 5.48¢ 40 0.25 2.00
N-Methylol nylon-6 — 58.72 9.15 9.78 6.00° 100 — —

* Formaldehyde/nylon-6 unit mole ration in solution.
b g of original nylon-6.

¢ Calculated value.

4 Observed value.
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Figure 3 Total permeability versus ethanol weight
percent in feed for N-methylol nylon-6 with different
degrees of substitution; 7' = 30°C.

The conversion of nylon-6 into an N-methylol ny-
lon-6 breaks the hydrogen bonding and crystallin-
ity of original polyamide due to the replacement
of some of the amide hydrogens by CH,OH groups.
It is expected that the modification will improve
both solubility and diffusivity in the polymer.
Figure 3 shows the effect of ethanol content in
the feed solution on the total permeabilities of
nylon-6 and N-methylol nylon-6 membranes. The
trend for the three N-methylol nylon-6 mem-
branes is very different from that of the nylon-6
membrane. The total permeability of the nylon-6
membrane increases slightly with increasing eth-
anol content in feed solution, then reaches a maxi-
mum before decreasing again. Thus, ethanol and
water may contribute somewhat equivalently to
the plasticization of the nylon-6 membrane, re-
sulting in a maximum permeability at a certain
feed composition. However, for the N-methylol ny-
lon-6 membranes, the total permeability in-
creases with increasing ethanol content in feed
solution. The total permeability is greatly im-
proved by the introduction of CH,OH groups into
nylon-6, leading to a reduction of crystallinity and
hydrogen-bonding in N-methylol nylon-6. The flux
enhancement at high ethanol concentrations is
one order of magnitude larger than in the case of
the nylon-6. This shows that the N-methylol ny-
lon-6 membranes exhibit a greater affinity to eth-
anol than to water. The investigation of the effect

of feed composition on the individual component
permeability will give more detailed insight about
the interaction between the polymer and the
permeants.

Generally speaking, for a hydrophilic mem-
brane, the water permeability decreases as the
ethanol content in the feed increases because the
driving force for water transport decreases. How-
ever, as shown in Figure 4, the opposite trend
is found for N-methylol nylon-6 membranes. The
water permeabilities attain a maximum value at
about 70 wt % ethanol. As can be seen from the
sorption data in Table I, N-methylol nylon-6 mem-
brane has a strong affinity to ethanol, which leads
to extensive swelling of the membrane. Therefore,
at higher ethanol content, the free volume inside
the membrane increases significantly due to plas-
ticization of ethanol, which is favorable to sorp-
tion and diffusion, and resulting in the parabolic
permeability curve of water. On the other hand,
nylon-6 membrane shows much less plasticization
in water—ethanol mixtures but still has a kind of
parabolic water permeability curve, which means
that the presence of ethanol also provides a small
plasticizing effect for water permeating through
the membrane.

The dependence of ethanol permeability on the
ethanol content in the feed solution, as shown in
Figure 5, seems to follow an exponential curve
for N-methylol nylon-6 membranes. Owing to the
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Figure 4 Water permeability versus ethanol weight
percent in feed for N-methylol nylon-6 with different
degrees of substitution; 7' = 30°C.



50 I I ! I t

Nylon-6

$
NF102
NF105 //. ~

NF110

O H e

Ethanol permeability, 10° g/m.hr
8
|
I

=

- _—— &

0 _ - & & = 3
et

0 20 40 60 80 100
Ethanol wt% in feed

Figure 5 Ethanol permeability versus ethanol weight
percent in feed for N-methylol nylon-6 with different
degrees of substitution; 7' = 30°C.

high ethanol affinity of N-methylol nylon-6, the
N-methylol nylon-6 membranes swell more sig-
nificantly in a feed solution with higher ethanol
content, thereby making it easier for the ethanol
(as well as water) to permeate through the mem-
branes. It is generally accepted that membrane
swelling due to a permeating species increases its
diffusivity through the membrane. In a swollen
polymer, the mobility of the polymer chains is ac-
celerated and the free volume available for diffu-
sion is increased. When the concentration depen-
dence of diffusivity follows an exponential rela-
tionship, a similar exponential increase in
permeability will result. In the N-methylol nylon-
6/water/ethanol system, the polymer shows a
great affinity to ethanol so that the positive devia-
tion of water permeability from ideal behavior is
attributed to membrane plasticization by ethanol
and the negative deviation of ethanol permeabil-
ity from ideality is the result of concentration-
dependent diffusivity. Ideal permeation would in-
dicate that there is no interaction between perme-
ant and membrane so that the permeability of a
component is proportional to its concentration in
the feed solution (driving force). For the nylon-6
membrane the ethanol permeability is low and
has a maximum value. The low permeability ex-
ists because nylon-6 possesses higher hydrogen
bonding force and degree of crystallinity which
diminish the sorption and diffusion properties of
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membrane. The maximum value is due to the
plasticizing effect of water in the membrane.
Figure 6 shows the separation factor of mem-
branes as a function of ethanol concentration in
the feed. All the separation curves are concave
upward. A minimum separation factor exists be-
tween 20 and 40 wt % ethanol. Similar behavior
was also observed in the separation of ethanol—
water mixtures using blended polyacrylic acid/
nylon-6 membranes.* The separation factor of
nylon-6 membrane is slightly higher than the
other membranes although nylon-6 has high
crystallinity. It seems that the crystallinity does
not play a critical role in separation properties.
As is well known, the crystalline region in the
membrane is almost impermeable and the per-
meation occurs only in the amorphous region.
Thus the permselectivity of a membrane is deter-
mined by the nature of the amorphous structure.
The existence of the crystalline region in a mem-
brane decreases the permeability but does not
favor the selectivity. Although the N-methylol
nylon-6 membranes show high affinity to etha-
nol, they still are water-selective. The introduc-
tion of the N-methylol group into nylon-6 is more
favorable for ethanol sorption than for water
sorption in membrane, as indicated in Table I,
but the pervaporation performance of a mem-
brane depends not only on sorption but also on
diffusion. The breaking of hydrogen bonding and
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Figure 6 Separation factor versus ethanol weight
percent in feed for N-methylol nylon-6 with different
degrees of substitution; 7' = 30°C.
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crystallinity facilitates the diffusion of water
through modified membrane, as does the plasti-
cizing effect of ethanol in the membrane. When
the effect of the diffusion factor surpasses the
effect of the sorption factor, the membranes re-
main water-selective.

Figure 7 shows the effect of degree of CH,OH
substitution in N-methylol nylon-6 on the perva-
poration performance at a feed solution of 90 wt
% ethanol. The permeability increases while the
separation factor decreases, when the degree of
substitution increases. As mentioned above, the
addition of CH;OH groups will reduce the crys-
tallinity and the interchain hydrogen bonding,
which favor the sorption and diffusion properties
in the N-methylol nylon-6 membranes and there-
fore, promote higher permeability. At the same
time, the ethanol affinity of N-methylol nylon-6
also increases by increasing the degree of substi-
tution, which enables ethanol to permeate more
easily than water and decreases the selectivity.
Since a trade-off between permeability and selec-
tivity always exists, a pervaporation separation
index (PSI) has been defined to characterize the
membrane performance '?:

300 —

PSI, 107 g/m.hr

Separation factor

Total permeability, 10 g/m.hr

@  Separation factor

/ “ () Tolpemesbilty |

0 10 20 30 40 50
Degree of substitution, %

Figure 7 Total permeability, separation factor, and
PSI versus degree of substitution; 7' = 30°C; feed con-
centration: 90 wt % ethanol.

PSI = P(a — 1) (2)

where P is the permeability and « is the separa-
tion factor. The upper part of Figure 7 is a plot of
the PSI versus the degree of substitution. The PSI
rises with an increase in the degree of substitution
and then decreases when the degree of substitu-
tion is above 33%. From this result, it appears
that an N-methylol nylon-6 membrane with 33%
degree of substitution shows the best membrane
performance for the separation of 90 wt % ethanol
aqueous solution. Accordingly, we have chosen the
NF105 membrane (N-methylol nylon-6 with 33%
substitution) as the thermal-crosslinking mate-
rial to investigate the effect of crosslinking time
on the pervaporation performance.

Pervaporation Performance of Crosslinked
N-Methylol Nylon-6 Membranes

Because the N-methylol nylon-6 swells exten-
sively in ethanol-water mixtures, especially at
high ethanol content, an introduction of crosslinks
into this material may make the membrane more
stable. Generally speaking, as crosslinking den-
sity in a polymer increases, the resulting mem-
branes have a more compact network structure,
resulting in less chain mobility, more limited
chain motion, less free volume, and swelling.'
This principle can be applied to the membrane
separation processes in terms of solubility and dif-
fusivity: as the degree of crosslinking increases,
the solubility of the liquid mixture in the mem-
brane is depressed and the diffusivity which is
governed by the free volume decreases due to the
rigidity of polymer chains. Thus the permeability
of the membrane should decrease while the selec-
tivity should increase.*

Figure 8 shows the concentration dependence
of total permeability for the thermally crosslinked
N-methylol nylon-6 membranes. All the perme-
ability curves are sigmoidal. The dependence is
completely different from that of uncrosslinked
membranes as shown in Figure 3. A maximum in
permeability is observed for all crosslinked mem-
branes, which suggests both water and ethanol
contribute to plasticizing a crosslinked mem-
brane. Xu and Huang* have investigated the per-
meation of ethanol-water mixtures in blended
polyacrylic acid/nylon-6 membranes which show
a downward-parabolic shape in their permeation
rate curves and an upward-parabolic shape in
their separation factor curves. This can be a good
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Figure 8 Total permeability versus ethanol weight

percent in feed for NF 105 (degree of substitution

= 33%) with different heat treatment times; 7' = 30°C.

example of a membrane system in which both
components act as plasticizing agents to a similar
extent on the membrane. The total permeabilities
of crosslinked membranes (heat treatment for 5
min) are about 10 times lower than the unmodi-
fied one (NF105) at 95 wt % ethanol, which is due
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Figure 9 Water permeability versus ethanol weight
percent in feed for NF 105 (degree of substitution
= 33%) with different heat treatment times; T' = 30°C.
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to the decrease in diffusivity and solubility as a
result of crosslinking.

A similar behavior is also observed for the wa-
ter permeability, as shown in Figure 9. The de-
crease in water permeability at lower ethanol con-
tents indicates little plasticizing effect of ethanol
in this concentration range and shows that perme-
ability is mainly determined by diffusion. Mem-
brane plasticization due to ethanol only occurs
at higher ethanol content, leading to a maximum
water permeability around 50 wt % ethanol. The
water permeability of crosslinked membrane
(heat treatment for 5 min) is about 5 times lower
than that of uncrosslinked membrane in a 95 wt
% ethanol solution.

The variation of ethanol permeability with the
ethanol content in feed solution is shown in Figure
10. It also shows a maximum permeability which,
as we have already discussed, is the result of
membrane plasticization. The extent of the de-
cline in ethanol permeability for the crosslinked
membranes (heat treatment for 5 min) is much
more serious compared with that of water perme-
ability, i.e., almost 20 times lower than the etha-
nol permeability of uncrosslinked membranes at
95 wt % ethanol. The diffusivity of a component
through a membrane is influenced by its molecu-
lar size. Ethanol molecules have a larger size than
water molecules. After the membrane is cross-
linked, a three-dimensional structure has formed
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Figure 10 Ethanol permeability versus ethanol
weight percent in feed for NF 105 (degree of substi-
tution = 33%) with different heat treatment times; T
= 30°C.
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in the membrane and larger molecules have more
difficulty in finding an available diffusion path
than do smaller molecules. Therefore, the perme-
ability of a component having larger molecular
size will decrease more significantly than one hav-
ing smaller molecular size.

Figure 11 shows the effect of feed concentration
on the separation factor for crosslinked mem-
branes. The separation factor does not change
very much at lower ethanol concentration but in-
creases abruptly at high ethanol concentration
(over 80 wt %).

Figure 12 depicts the pervaporation perfor-
mance as a function of crosslinking time. As the
crosslinking time increases, the total permeabil-
ity decreases rapidly and then levels off after 10
min. The separation factor rises with an in-
crease of crosslinking time to a maximum value
at 10 min, but then decreases slightly thereaf-
ter. This might indicate that the crosslinking
reaction has been completed in 10 min. Further
exposure of membrane at high temperature may
degrade the membrane performance. The im-
portance of crosslinking with respect to solubil-
ity and diffusivity aspects has already been de-
scribed. The decrease in solubility and diffusiv-
ity due to the crosslinking structure reduces the
permeability, while the extent of diffusivity dif-
ference between a small molecule (water) and
large molecule (ethanol ) will become larger. The
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Figure 11 Separation factor versus ethanol weight
percent in feed for NF 105 (degree of substitution
= 33%) with different heat treatment times; 7' = 30°C.
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Figure 12 Total permeability, separation factor, and
PSI versus heat treatment time for NF 105 (degree of
substitution = 33%); T' = 30°C; feed concentration: 90
wt % ethanol.

pervaporation separation index as a function of
crosslinking time is also described in the upper
part of Figure 12. For these crosslinked mem-
branes, a crosslinking time of 10 min gives the
best membrane performance, whereas the un-
crosslinked membrane is better than all cross-
linked membranes in terms of the PSI value,
which is due to its very high permeability.

CONCLUSIONS

N-methylol nylon-6 membranes with different
degrees of substitution were prepared. Both un-
crosslinked and thermally -crosslinked mem-
branes were used for the separation of water—
ethanol mixtures by pervaporation, and the fol-
lowing conclusions can be drawn:

1. N-methylol nylon-6 with different degrees
of substitution can be prepared by ad-
justing the amount of formaldehyde. These
modified nylon-6 membranes show a great
affinity to ethanol. The crosslinking reac-



tion of N-methylol nylon-6 can be done at
180°C and completed in 10 min.

2. Membrane permeability is greatly en-
hanced by the introduction of a larger
CH,OH group which reduces the crys-
tallinity and hydrogen bonding in nylon-6.
As the degree of substitution increases, the
permeability increases and separation fac-
tor decreases. The positive deviation of wa-
ter permeability is caused by membrane
plasticization due to ethanol, while the
negative deviation of ethanol permeability
is governed by diffusion property.

3. Both water and ethanol act to similar ex-
tents as plasticizing agents in thermally
crosslinked N-methylol nylon-6 mem-
brane. Maxima in total and individual com-
ponent permeabilities can be observed.
Crosslinks cause a decrease in permeabil-
ity and an increase in separation factor.

4. At 30°C and 90 wt % ethanol, a permeabil-
ity of 48 X 107® g/m.h and a separation
factor of 6 are obtained by using NF105 (N-
methylol nylon-6 with 33% substitution),
and a permeability of 4 X 10 ® g/m.h and
separation factor of 23 are obtained by us-
ing thermally crosslinked NF105 mem-
brane.
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