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Summary

Permeation through ordinary and modified nylon 66 films was studied in order to devise means by which the permeation rate
could be regulated. Three types of film matrix were used: unmodified nylon film, nylon film where the amino end groups were
blocked to about 75%, and nylon film with blocked amino groups (75%) where also a quaternary ammonium compound (cetyl
trimethyl ammonium bromide, CTAB) was added to the film. The permeation rate of p-toluene sulfonate and B-naphthalene
sulfonate through these films were studied with special emphasis on the pH dependence. Especially at high pH and in agreement with
the higher partitioning to the film for naphthalene sulfonate, this salt gave a higher permeation rate than did toluene sulfonate. The
permeation rate through unmodified nylon film varied with pH. The blocking of the amino groups decreased the pH dependence and
addition of CTAB increased the level of the permeation rate within the whole pH range studied. Very low or high permeation rates
could be achieved by means of different pHs in the water solutions on either side of the film.

Introduction

In order to enhance the rate of permeation
through films and membranes, various additives
have been used both in the membrane (film) phase
and in the surrounding water phase, for synthetic
(Fiirst et al, 1980; Cianetti and Danesi, 1983;
Strzelbicki et al., 1984) as well as biological (Irwin
et al., 1969; Gibaldi and Grundhofer, 1973; Walk-
ling et al.,, 1978a and b) systems. These additives
could, for example, act by disturbing the structure
of a synthetic film by a leaking additive (Lippold
et al., 1980; Lippold and Forster, 1981), by com-
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plex formation with the permeating species
(Tsukube, 1983a and b), or by ion pair formation
with the permeating species (Walkling et al., 1978a
and b; Agren et al., 1974; Duffey et al., 1978;
Mothes et al.,, 1983). In this paper some results
with reference to the permeation through nylon 66
films with and without additive will be presented
where p-toluene sulfonic acid and B-naphthalene
sulfonic acid have been used as test substances.
The main aim has been to explore various regu-
latory mechanisms.

Nylon 66, being a polyamide, contains free
amino and carboxylic end groups. In order to try
to further delineate the role of the end groups as
well as the effect of interacting additives as media-
tors of facilitated transport, three types of films

0378-5173 /88 /303.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division)



132

have been used. The rate of transport has been
studied as a function of pH, concentration of the
mediator, and, to some extent, also the buffer
composition.

Materials and Methods

Nylon 66 was obtained from BDH Chemicals
(Poole, U.K.). B-Naphthalene sulphonic acid was
obtained from Eastman-Kodak (Rochester, NY,
USA). Other chemicals used were of analytical
quality.

Three types of film were used in the studies: (a)
ordinary nylon film; (b) a film where the amino
end groups had been blocked to about 75% of
their initial amount; and (c¢) a film with a
quaternary ammonium compound (cetyl trimethyl
ammonium bromide, CTAB) incorporated and
blocked amino groups according to (b). The
amounts of free amino end groups in nylon were
determined by titration of dissolved samples of
the film. Blocking of the amino groups was
achieved by addition of caproic acid chloride as in
a previous work (Sjokvist et al, 1978). After
blocking, the amount of free amino groups was
found to be about 1.3 X 1072 M, which is ap-
proximately 25% of their initial amount. Film
preparation, measurement of film thickness, and
permeation studies have been described elsewhere
(Sjokvist et al., 1978).

In the studies of the permeation characteristics
of sulfonic acids through films containing CTAB,
the same film was used in a series of permeation
tests. Between the runs, the film was carefully
washed with a 0.1 M solution of NaClO, to re-
move any trace of sulfonic acid and to retain
CTAB in the membrane phase. Different pieces of
the same film were analyzed for the ammonium
compound, one sample before the permeation ex-
periments and the other after, according to a
method (Gustavii and Schill, 1966) modified for
determination in nylon film. The samples were
dissolved in formic acid and pH adjusted to 6.6
with NaOH and phosphate buffer. The am-
monium compound was extracted into methylene
chloride as a complex with picrate and the con-
centration measured spectrophotometrically.

The permeability coefficient, P, was calculated
according to:

de P-4
_dTl == V‘((Cl “‘Cz) (1)

where ¢, and ¢, are the concentrations in the
aqueous acceptor and donor solutions, respec-
tively, £ is the film thickness, A4 the film area, and
V' the volume of the aqueous acceptor solution.
The time of the calculation was set at zero some
hours after the actual start of the experiment. Eqn.
1 was used in a simulation program, DARE P,
connected to a system for function minimization,
MINUIT (Wait and Clarke, 1977; James and
Roos, 1976). The computation was performed on
a NORD-10 computer system.

Results and Discussion

The possibility of regulating the transport rate
was examined by variation of the following
parameters: (1) varying concentrations of additive
in the film; (2) study of different permeants
through the film matrix; (3) modification of the
film matrix; and (4) use of the pH-dependent
permeability to achieve very low or high permea-
tion rate by means of different pH values in the
water solutions on either side of the film.

Varying additive concentrations

A number of runs were performed in order to
determine the effect of the concentration of
quaternary ammonium compound in the film.
Naphthalene sulfonic acid and toluene sulfonic
acid were to permeate nylon film with blocked
amino end groups and containing different
amounts of CTAB at pH 8.1. The resulting per-
meability coefficient is seen from Fig. 1 to in-
crease with increasing concentration of CTAB.
The effect of CTAB on the permeation rate was
supposed to be due to ionic interaction between
sulfonate ions and quaternary ammonium com-
pound, which increases the distribution of
sulfonate ions to the film. Formation of ion pairs
between quaternary ammonium compounds and
naphthalene sulfonate has earlier been found to be



pr10” 13m 2!

80+
O
60~
m]

401

m]
20k a

a

o]
¢ ° *
0 L L L—» wW/W % CTAB
¢} 4 8 12

Fig. 1. Permeability coefficient versus concentration of CTAB

in blocked nylon film. O, naphthalene sulfonic acid at an initial

concentration of donor solution of 2x10™* M; O, naph-

thalene sulfonic acid 3x107> M; X, toluene sulfonic acid
3x1073 M. pH of aqueous phase = 8.1.

a possible explanation of their distribution be-
tween different aqueous—organic systems
(Groningsson and Weimers, 1975; Hackzell and
Schill, 1981).

Comparison of permeants
The permeability coefficients for toluene
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Fig. 2. Permeability coefficients in nylon film with blocked

amino end groups versus pH. X, toluene sulfonic acid; O,

naphthalene sulfonic acid; both acids with an initial concentra-
tion of the donor solution of 3x 1073 M.
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sulfonic acid and naphthalene sulfonic acid in
nylon film with blocked amino groups are pre-
sented in Fig. 2. The permeability coefficient for
naphthalene sulfonic acid is higher than that for
toluene sulfonic acid in this film, especially at high
pH values. Naphthalene sulfonic acid is a larger
molecule and is expected to have a lower diffusion
coefficient due to the higher film resistance. This
phenomenon was seen in earlier works on unmod-
ified film (Wirbrant and Sundel6f, 1985a and b).
On the other hand, the partitioning to the film is
higher for naphthalene sulfonic acid, as was seen
in the permeation experiments directly from the
equilibrium distribution between the film and the
aqueous phase, and this probably explains the
higher permeation rate. The permeation rates of
the solutes differed in a similar way for films
containing CTAB.

Modification of film matrix

A number of runs were performed with toluene
sulfonic acid as the solute at an initial concentra-
tion of the donor solution of 3 X107 M and at
varying pH values (Fig. 3A). This is a very strong
acid (pK, = —1.34) (Dinius and Choppin, 1962)
which is ionized throughout the entire interval
studied. The permeation coefficient for this salt
through unmodified nylon film shows an increase
with a factor of about 17 between pH 10 and pH
3. This increase might be explained by interaction
between the anions and the protonated amino
groups of nylon, in combination with a counter-
acting effect from ionized carboxyl end groups,
which decreases the rate at high pH. The pH
dependence is in agreement with the results pre-
sented for nylon 212, with reference to ionized
substances (Seki and Okahata, 1984).

For a film where the amino end groups have
been blocked, the pH dependence of P is reduced
(Fig. 3A), and this also supports the theory of
interaction between the amino groups and
sulfonate ions. The pH dependence seen for this
film might be due to the amino groups that are
still present to 25% of their initial amount. The
ratio between the permeability coefficient for an
unmodified film and a film with blocked amino
groups (O in Fig. 3B) is about 3.5 at pH < 8. The
ratio between the number of protonated amino
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Fig. 3. A: permeability coefficient for toluene sulfonic acid
versus pH. Initial concentration of the donor solution: 3103
M. O, Nylon 66 film; O, nylon film with blocked amino end
groups; X, nylon film with blocked amino end groups contain-
ing 5 w/w% CTAB. The lines are drawn freehand to illustrate
the data. B: relative permeability of toluene sulfonic acid
versus pH. O, (permeability through nylon film)/(permeabil-
ity through nylon film with blocked amino groups); X, (per-
meability through nylon film with blocked amino groups con-
taining CTAB)/(permeability through nylon film with blocked
amino groups).

end groups in these films remains unchanged
throughout the pH interval, and a constant factor
is to be expected if the protonated amino groups

are of the greatest importance for the permeability
process. The factor 3.5, also, is of the same magni-
tude as the ratio between the number of amino
groups in the films. At high pH the amino end
groups are not protonated, and if their number is
the only difference between the film, the relative
permeability ought to approach one.

When 5 w/w% CTAB is added to a film with
blocked amino groups, the pH dependence of the
permeability coefficient is of the same magnitude
as 1n blocked films without CTAB, but the level
increases throughout the interval (Fig. 3A). This is
in agreement with an interaction between CTAB
and sulfonate ions, which ought to be of the same
magnitude within the entire pH interval. The ratio
between the permeability coefficient in this film
and in a film with blocked amino groups (X in
Fig. 3B) increases with pH. At low pH values the
quaternary ammonium compound has only a small
influence on the permeability, if the main increase
in rate is due to the protonated amino groups. At
increasing pH values, first the carboxyl end groups
get ionized, and at still higher values the amino
groups will be neutralized. Both these facts de-
crease the permeability rate and the influence of
CTAB gets more pronounced.

The present results, as shown in Fig. 3A, indi-
cate certain regulation possibilities. On the one
hand it seems feasible to reduce the pH depen-
dence of the permeation considerably by blocking
the amino end groups. On the other hand, the
level of the permeation rate can be increased by
adding a substance capable of interacting with the
permeating species.

The buffer system used in the aqueous solu-
tions also appeared to have some influence on the
permeation rate. For the data shown in Fig. 3A,
phosphate buffers were used at pH 1.8-8 and
borax buffers at pH 8.8—-10 (Britton, 1956; Bates,
1964), all solutions having an ionic strength of 0.1.
Experiments with hydrogen chloride buffers at pH
1-2.2 (Handbook of Chemistry and Physics,
1974-75), also adjusted to an ionic strength of 0.1,
gave a clear discontinuity in the curve, the P
values being about one-third of the corresponding
values with phosphate buffer.

Since a concentration dependence of the distri-
bution coefficient for the permeant is expected
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Fig. 4. Electronic microscopy photograph of nylon film. A: unmodified nylon film; magnification 200 X. B: nylon film with blocked
amino end groups containing CTAB; magnification 200 X . C: same film as B; magnification 3000 X.
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even in these systems (Wirbrant and Sundeldf,
1983), the pH dependence also reflects different
concentrations in the membrane phase at varying
pH values. Another factor which might influence
the permeation characteristics is a difference in
structure between unmodified nylon films and
films containing CTAB. Electron microscopy pho-
tographs of these films, Fig. 4A-C, do show a
clear difference in structure, but this point has not
been pursued further.

Regulation by pH dependence

Another way of regulating the rate of permea-
tion by the pH dependence is shown in Fig. 5.
High pH in the donor solution and low pH in the
acceptor solution gives almost no permeation
whatsoever. The opposite condition gives a high
permeation rate, where the acceptor solution at-
tains a higher concentration than does the donor
solution, and the transport continues against the
concentration gradient (cf. Barker and Hadgraft,
1981; Babcock et al., 1980). This is a logical result,
bearing in mind the different partitioning behav-
ior of the permeant in the film at various pH
values (Wirbrant and Sundelof, 1985b), consider-
ing at a low pH value the permeant has a high
partitioning to the film, whereas at a high pH
value there is much less partitioning.
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Fig. 5. Permeation of naphthalene sulfonic acid with initial

concentration 3x1073 M. O, pH 9.75 in donor solution, pH

2.32 in acceptor solution; X, pH 2.31 in donor solution, pH
9.90 in acceptor solution.

Acknowledgements

We wish to thank Professor Lars-Olof Sundelsf
for many valuable discussions. We also wish to
thank the IF Foundation for Pharmaceutical Re-
search for grants in support of this investigation.

References

;\gren, A., Nilsson, B., Sjokvist, R., and Brodin, A., Penetra-
tion of organic compounds and ion pairs through nylon
membranes. Acta Pharm. Suec., 11 (1974) 523-532.

Babcock, W.C., Baker, R.W., Lachapelle, E.D. and Smith,
K.L., Coupled transport membranes II: The mechanism of
uranium transport with a tertiary amine. J. Membr. Sci., 7
(1980) 71-87.

Barker, N. and Hadgraft, J., Facilitated percutaneous absorp-
tion: a model system. Int. J. Pharm., 8 (1981) 193-202.
Bates, R.G., Determination of pH. Theory and Practice, Wiley,

New York/London/Sidney, 1964, pp. 160-162.

Britton, H.T.S., Hydrogen Ions, 1st edn., van Nostrand, Prince-
ton, New Jersey/Toronto/London/New York, 1956, p.
360.

Cianetti, C. and Danesi, P.R. Facilitated transport of HNO,
through a supported liquid membrane containing a tertiary
amine as carrier. Solvent Extr. Ion Exch., 1 (1983) 565-583.

Dinius, R.H. and Chopping, G.R., N.M.R. (nuclear magnetic
resonance) study of the ionization of arenesulfonic acids. J.
Phys. Chem., 66 (1962) 268-270.

Duffey, M.E., Evans, D.F., and Cussler, EL., Simultaneous
diffusion of ions and ion pairs across liquid membranes. J.
Membr. Sci., 3 (1978) 1-14.

First, W., Neubert, R., Forster, B. and Reppel, L., Arzneimit-
telpermeation durch kiinstliche Lipoidmembranen. 13 Mit-
teilung: Einfluss von Tensiden auf die Permeation ionisierter
Arzneistoffe. Pharmazie, 35 (1980) 315-316.

Gibaldi, M. and Grundhofer, B., Enhancement of intestinal
absorption of a quaternary ammonium compound by
salicylate and trichloroacetate. J. Pharm. Sci, 62 (1973)
343-344.

Groningsson K. and Weimers, M., Thin-layer chromatography
of ion pairs on impregnated layers. IIl. Straight-phase
systems, their efficiencies and use in screening of partition
properties. Acta Pharm. Suec., 12 (1975) 65-80.

Gustavii, K. and Schill, G., Determination of amines and
quaternary ammonium ions as complexes with picrate. Acta
Pharm. Suec., 3 (1966) 241-258.

Hackzell, L. and Schill, G., Quantitation of non-UV-absorbing
ions by ion pair chromatography. I. Quaternary ammonium
ions in straight-phase systems with naphthalene-2-sulfonate
as counter ion. Acta Pharm. Suec., 18 (1981) 257-270.

Handbook of Chemistry and Physics, 55th edn., CRC Press,
Cleveland, 1974-75, p. D-113.

Irwin, G.M., Kostenbauder, H.B., Dittert, L.W., Staples, R.,
Misher, A., and Swintosky, J.V., Enhancement of gastroin-



testinal absorption of a quaternary ammonium compound
by trichloroacetate. J. Pharm. Sci., 58 (1969) 313-315.

James, F. and Roos, M., CERN/DD Internal Report 75/20
(1976).

Lippold, B.C,, Lippold, B.H. and Sgoll, G.B., Steurung der
Arzneistofffreisetzung aus Mikrokapseln, 1. Mitteilung:
Gesetzmissigkeiten fur den Arzneistofftransport durch
zuschlaghaltige lipophile Membranen. Pharm. Ind, 42
(1980) 745-752.

Lippold, B.C. and Férster, H., Diffusion von Theophyllin
durch isolierte zuschlaghaltige Ethylcellulose-Membranen.
Acta Pharm. Technol., 27 (1981) 169-179.

Mothes, T.H., Neubert, R. and Fiirst, W., Arzneimittelpermea-
tion durch kiinstliche Lipoidmembranen. 15. Mitteilung:
Einfluss verschiedener Anionen auf den Transport von
Buformin and Modellmembranen und am isolierten, luminel
und vasal perfundierten Diinndarm. Pharmazie, 38 (1983)
46-47.

Seki, T. and Okahata, Y., pH-sensitive permeation of ionic
fluorescent probes from nylon capsule membranes. Macro-
molecules, 17 (1984) 1880-1882.

Skokvist, R., Wirbrant, A., Agren, A. and ;\str'c')m, G., Penetra-
tion through nylon film containing a carrier. Acta Pharm.
Suec., 15 (1978) 419-430.

Strzelbicki, J., Charewics, W.A. and Mackiewics, A., Permea-
tion of chromium(VI) and rhenium(VII) oxyanions through
liquid organic membranes facilitated by quaternary am-
monium chlorides. Sep. Sci. Technol., 19 (1984) 321-336.

137

Tsukube, H., Artificial transport of amino-acid, oligopeptide,
and related anions by macrocyclic polyamine-transition
metal complex carriers. J. Chem. Soc. Perkin Trans. I, 1
(1983a) 29-34.

Tsukube, H. Lipophilic polyethylenimine oligomers as a new
family of synthetic carriers for ammonium cations. J. Polym.
Sci., Polym. Lett. Ed., 21 (1983b) 639-642.

Wait, J.V. and Clarke 1II, D.F., DARE P User’s Manual,
Version 4.1 (1977).

Walkling, W.D., Bonfilio, A.C. and Jacoby, H.L, Possible
ion-pair-mediated absorption of mixidine I: Partitioning
and lethality studies. J. Pharm. Sci,, 67 (1978a) 945-947.

Walkling, W.D., Holmes, D.G., Cressman, W.A. Dix, RK,,
Piperno, E. and Mosher, A.H., Possible ion-pair-mediated
absorption of mixidine II: Plasma levels and histology. J.
Pharm. Sci,, 67 (1978b) 948-950.

Wirbrant, A. and Sundeldf, L.-O., Permeant saturation and
regulation of membrane transport. J. Appl. Polym. Sci., 28
(1983) 3281-3287.

Wirbrant, A. and Sundelsf, L.-O., Diffusion of toluene sulfonic
acid in nylon film. J. Appl Polym. Seci, 30 (1985a)
3123-3131.

Wirbrant, A. and Sundeldf, L.-O., Sorption and diffusion
characteristics of naphthalene sulfonic acid in nylon film.
Chem. Scr., 25 (1985b) 219-221.



