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The permeability of a material is one of its
important, fundamental properties but is
specific only when the permeating substance
and the permeating conditions are defined.
The permeability of a variety of films to four
liquids besides water has been studied. Per-
meability depends upon the solvent power of
the diffusing liquid for the film, the relative
porosity of the film, and its imbibition capacity.
These factors are as important as the physical
dimensions and the vapor pressure differential
across the film in determining its permeability.
Pick's diffusion law was shown to apply to the
permeation of both solvents and nonsolvents
after an initial period of nonuniform permea-
tion. A preliminary study of the initial stages
indicates that structural changes which take
place have a marked effect upon the final degree
of permeation obtained. The mechanism of dif-
fusion is discussed, relating both the physical
and chemical properties of film and liquid to
the process.

P
ERMEABILITY has been a subject of many excellent %,
studies because of its great practical importance. Very
little is known, however, concerning the possible mecha-
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nism of this phenomenon, since most of the information
concerning it has been based upon measurements of permea-
bilities to water after a constant rate of permeation has been
obtained.

Studies of the sorption of moisture by films (5, 8, 17) and
of the reasons why varnish films become opaque (7) indicate
that the inherent structure of these films (25} and the changes
which may occur during adsorption of vapors probably have
a profound effect on permeability. This has been recognized
to some extent by recent investigators (20), but the complete
picture cannot be obtained from a limited study of a single
permeating substance (15). This paper will show that
structural changes are most pronounced during the early
stages when the film is first exposed to the vapors of the liquid.
These changes produce a marked effect upon the ultimate
permeability of the film, in addition to other physical prop-
erties. This is apparent when the usual permeability curves
for different liquids are compared for a wide variety of films.

Mechanism of Permeability

The simplest mechanism which has been postulated to ac-
count for permeability is based upon the classical theory of
diffusion which is supposed to take place through semiperme-
able membranes. Here it is assumed that the permeating
liquid or vapor dissolves in the film and evaporates from the
solution so formed. This theory has been used to explain
osmosis except in cases of films prepared from glass (22)
and from brass (23). The extension of this hypothesis to
various varnish films has been supported by observations
of the effect of vapor pressure (24) upon permeability and by
certain properties of films which would indicate that they
have characteristics of semipermeable membranes (1). This
theory, however, fails to explain the increase in permeability
with temperature which Edwards and Pickering (4) observed
for several gases through thin sheets of rubber, where the
solubility of the permeating gases are known to decrease with
temperature as would be expected from Henry's law. In
like manner it does not take into account many phenomena
which unquestionably have a marked effect upon permea-
bility; some of these will be described here.

It is clear moreover from the observations of Sheppard and
Newsome (18, 19), that permeability does not take place by
simple diffusion through capillary pores as we generally know
them except perhaps in certain definite instances where var-
nish films have deliberately been prepared to contain macro-
pores. They found that the permeability of normal films
of cellulose was independent of the hydrostatic head applied
at one side of these films. Unquestionably both the purely
mechanical structure of the film and its physico-chemical
properties and those of the liquid contribute to the ultimate
constant rate of permeation which is finally observed.
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Similarity to Gels

, A careful examination of the properties of free varnish
films reveals that substances of this type might well be classi-
fied as gels (2, 3, 12, 14, 21). This applies equally well to
such diversified substances as oils, resins, rubber, cellulose

# derivatives, casein, and glue, even though such films are pro-
duced by entirely different processes as oxidation, polymeri-
zation, thermoplastic setting, or simple evaporation.

Studies of colloids show that, in the formation of gels, mole-
cules are grouped to produce aggregates. These molecular
aggregates or micelles are further bound together by cohesive
forces into bundles known as fibrils. The nature of these
fibrils determines to a large extent the characteristics of the
gel. Short fibrils produce brittle gels; long fibrils give the
gel elasticity and flexibility. The strength of the gel de-
pends on the cohesive forces between the fibrils. As Van
der Waals showed, some of these forces would depend upon
the size of the fibrils and the distance between them.

In a nonporous film these fibrils would be packed closely
together and held very firmly by the cohesive forces. If some
other force were found, however, that would overcome these
cohesive forces, then the fibrils would be separated slightly
and the interfibrillar spaces might readily become capillary
pores. Liquids could then flow through these capillaries and
evaporate from the other side at some constant rate, depend-
ing upon the adsorptive forces between the film and the liquid.

Gortner (11) showed that gels will imbibe liquids and swell
considerably against a very great pressure. The pressure
required to prevent the imbibition of a liquid by a gel is known
as the imbibition pressure. This phenomenon of imbibition
is a peculiarity of gels and should not be confused with os-
mosis which is due to variation in concentration on either
side of a semipertneable membrane. Gortner showed that a
cactus will draw water from concentrated salt solutions of
much higher osmotic pressure than the salt content of the
cactus would produce. The gel structure of the cactus makes

*• this possible. Imbibition can thus be regarded as the ad-
sorption of the dispersion medium (11). From the heat lib-
erated by this adsorption, it is possible to construct the im-
bibition curve. These curves are typical adsorption curves
represented by the Freundlich equation:

x/m = kC*n

where x/m = amount of liquid adsorbed per gram of material
C = concentration of liquid in surrounding medium

I k, n = constants
t

Gel imbibition is not limited to hydrogels but has been
shown to exist with organogels. Rubber, for example, will
imbibe naphtha and swell considerably against a very great
pressure, although naphtha is not a solvent for the rubber.

An equilibrium exists in a gel between the adsorptive force
toward the liquid and the cohesive forces between the fibrils
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under a specified set of conditions. This equilibrium deter-
mines the amount of liquid imbibed by the film and the ex-
tent to which the fibrils can be separated in acting as capilla-
ries for diffusion. A liquid may also penetrate the intra- and
the intermolecular spaces of crystalline solids as Lengyel
(IS) showed to be the case from x-ray studies of crystalline
silicates. In this case, the imbibition may be greater than
that calculated from the porosity of a rigid gel. A true sol-
vent for a film would overcome the cohesive forces between
the fibrils completely. It would either disperse the fibrils
and produce a colloidal solution, or in some cases would even
overcome the forces which maintain the micelles. In this
last instance a true solution would be obtained.

Polar liquids are more apt to wet the surfaces of polar
solids than are nonpolar liquids (16). Similarly, nonpolar
liquids are more apt to wet nonpolar solids than are polar
liquids. When vapors are in contact with a film, a similar
condition should exist, and we should expect condensation
of the liquid to take place rapidly following adsorption of the
vapors upon the surface of a material.

If the structure of a film is that of a gel, it would be affected
also by the orientation of the fibrils at both the air-film inter-
face and the film-solid interface, the surface to which the
film is applied. The orientation velocity of a colloid, how-
ever, is slower than the velocity with which aggregates form;
consequently the interior of a film or gel would have an ir-
regular or "brushheap" fibrillar structure. This irregularity
of interior structure can cause relatively large interfibrillar
spaces to be scattered throughout the film. These spaces can
hold an entrapped nonsolvent liquid phase which may have a
marked effect upon the adsorption of various vapors. Syn-
eresis or the squeezing out of the dispersed phase during
the drying of a film would also affect its structure.

Materials

The materials used for the preparation of the films were
selected for their wide differences in general types, in an at-
tempt to obtain films which would differ in mechanical struc-
ture, in solubility, and in dielectric properties. These var-
nishes, with the possible exception of the glue and the gela-
tin, are representative of those used in the protective coat-
ing industry. Glue and gelatin were included to provide
water-soluble materials. Those selected were as follows:

1. LINSEED OIL. This was an alkali-refined varnish linseed
oil which had been heated to 450° F. (232° C.) to incorporate
litharge and manganese linoleate so that it would contain 1 per
cent lead and 0.5 per cent manganese for drying purposes. The
films were dried for 1 month before testing.

2. BODIED LINSEED OIL. In this instance a sample of the
same linseed oil had been bodied for 6 hours at 600° F. (316° C.).
After cooling, the same proportion of driers was added at 450° F.
as with the previous oil. It was then thinned to dipping consist-
ency with Varnolene (mineral spirits), and the films were dried
1 month before testing.
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3. ROSIN SPAR VARNISH. This was a 50-gallon China wood
oil, rosin spar varnish with lead, manganese, and cobalt driers.
The films were air-dried for 1 month before testing.

4. PHENOLIC SPAR VARNISH. This was a 50-gallon varnish of
the China wood oil but was made with a 100 per cent phenolic
resin and with only cobalt as the drier. Films were air-dried for
1 month before testing.

5. SHELLAC VARNISH. This was a spirit varnish of a 2-pound
cut of TN orange shellac in specially denatured alcohol. The
films were air-dried for 1 month before testing.

6. ROSIN VARNISH. This was also a spirit varnish, consisting
of a 30 per cent solution of WW gum rosin in Varnish Maker's
and Painter's naphtha. In this case the films were baked for 2
hours at 160° F. (71° C.) to remove all traces of solvent.

7. ALKYD RESIN. This vehicle was composed of an alkyd
resin made from phthalic anhydride, glycerol, linseed oil fatty
acids, and maleic acid, cooled, and then reduced with toluene.
Films were baked for 2 hours at 225° F. (107° C.) for testing.

8. ALKYD RESIN. No. 801 Amberol resin was incorporated in
resin 7 during the cooking of this product. It was also thinned
with toluene, and films were baked for 2 hours at 225° F.

9. ALKYD RESIN VARNISH. For this varnish, linseed oil and
tung oil were incorporated with the alkyd resin 8 and No. 801
Amberol resin during cooking. It was reduced with toluene, and
the films were baked for 2 hours at 225° F.

10. RUBBER SOLUTION. This was a Heveatex type R. L.
rubber solution. Films were air-dried for 3 weeks before testing.

11. PARAFFIN WAX. Films were prepared by dipping the
paper in the molten paraffin wax and allowing them to set for 1
week before testing.

12. GILSONITE. A select grade of gilsonite was melted at
500° F. (260° C.) and reduced with Varnish Maker's and Painter's
naphtha. Films were baked for 2 hours to remove the solvent.
This, however, did not make a satisfactory film for testing.

13. GLUE. A water solution of flake Emery glue was pre-
pared and was heated above the gelling point when dipping the
paper. Films were air-dried for 2 weeks.

14. GELATIN. One-half pound of Knox plain gelatin was
dissolved in 1 pound of water. The paper was dipped in a hot
solution to prevent gelling. Films were air-dried for 2 weeks.

15. "COTTON" SOLUTION. One-half second, R. S. "cotton"
was dissolved in a solvent mixture which contained the following
parts by weight: 24 butyl acetate, 39 toluene, 5 ethyl acetate,
5 especially denatured alcohol formula No. 5, and 5 butyl alcohol.

16. "COTTON" SOLUTION. This solution consisted of 10 parts
by weight of 1/rsecond R. S. "cotton" in the previous solvent
mixture to which were added 4 parts of Lindol.

17. LACQUER. This lacquer was prepared by incorporating
8 parts of ester gum in "cotton" solution 16.

18. LACQUER. This lacquer was comprised of 40 parts by
weight of R. B. H. aluminum No. 431 lacquer base and 2 parts of
Lindol in the above solvent. This was equivalent to 10 parts by
weight of aluminum, 30 parts Vz-second R. S. "cotton" and 2
parts of Lindol.

19. LACQUER. This was a solution of 40 parts by weight of
R. B. H. Celite No. 303 lacquer base, 2 parts of Lindol in the
above solvent, or 10 parts Celite, 30 parts Vr-second R. S. "cot-
ton," and 2 parts Lindol.

Lacquer 18 was selected because aluminum powder was
known to reduce the permeability of a film containing it;
lacquer 19 was deliberately overfilled with Celite to provide
a film which was known to be porous.

The liquids used were water, methyl alcohol, acetone, ethyl
acetate, and benzene. They included a solvent and a non-
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solvent for each of the films. These liquids varied in mo-
lecular size and in physical and chemical composition. They
increased in polarity from the nonpolar benzene to the very
polar liquid water. They included an alcohol, an ester, a
ketone, and an aromatic hydrocarbon.

Apparatus

Permeability determinations were made in a specially de-
signed cup, similar in principle to the well-known Gardner

jar (6), where the
material to be tested
was sealed across
the mouth of the cup
and the amount of
vapor which passed
through the coating
was measured by
the loss in weight.
This cup (Figure 1)
was made f rom a
metal stamping to
which was soldered
a brass disk to form
a flange at the top.
Another brass disk
was bolted to the
one on the cup with
six 3/16-inch bolts.
The centers of the
brass disks were so
machined as to give

PERMEABILITY CUP
Film

3. Brass disks
Liquid

a circular opening
exactly 11.34sq. cm.
in area. The con-
tacting surfaces of
the disks were care-

fully ground by hand to optical flatness, so that there was no
loss of vapor except directly through the test specimen when
it was placed between the disks. Twenty of these cups were
employed at the same time to ensure that all films would be
tested under the same conditions.

Preparation of Films

A support was used for films of all of the materials such as
had been employed by Gettens (10) for similar measurements.
This was done because it would have been impossible to pro-
duce free films of some of the materials studied without dam-
aging them during the necessary handling.

The support chosen was a pure cellulose paper, which had
been calendered to a hard smooth surface. It contained no
filler or size. This paper was remarkably uniform, having a
thickness of 0.004 inch (0.1 mm.). It can be readily obtained
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since it is used in the bottle-cap industry where it is impreg-
nated with a resistant varnish. The varnishes completely
penetrated this paper except in two instances. Since the
purpose of the experiments was to compare the general be-
havior of the different materials toward the five liquids, this
did not prove to be a serious handicap.

3 4 5
TIME IN D A Y S

FIGURE 2.
1. Open dish
2. Uncoated paper

EFFECT OF PAPER SUPPORT
3. Free varnish film
4. Paper coated with varnish

The varnishes were applied to the paper by dipping strips
which were 3 inches (7.6 cm.) wide and 2 feet (61 cm.) long.
They were dried as has already been described. Disks were
then cut from the coated sheets so that the amount of paper
base contained in the disk would not vary in weight more than
±0.0002 gram. Their thickness was calculated from the
weight of the disk, its area, and the specific gravity of the
dried coating material. It was felt at the time that this was
a more precise method than other means for measuring the
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A. Free rosin spar varnish film
B. Same varnish on tissue papor
C. Same varnish on heavy paper
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FIGTJBE 4. INITIAL PERMEABILITY TO WATER
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FIGURE 5. PERMEABILITY OF ROSIN SPAR VARNISH
FILMS

1. Alcohol
2. Acetone

5. Water

3. Benzene
4. Ethyl acetate
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FIGURE 6. PERMEABILITY OF ESTER GUM LACQUER
FILMS

1. Acetone
2. Alcohol

5. Water

3. Ethyl acetate
4. Benzene

thickness of the softer materials. The thickness of hard films
such as shellac was checked with a sensitive micrometer and
was found to agree with the calculated thickness. Figure 2
shows that the paper had a slight impeding effect on the
permeability in comparison with that of free films. However,
it is unlikely that this base materially affected the general
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permeability characteristics of any of the films since it was
very porous as shown. If it did, the effect would probably
be more pronounced during the earlier stages of permeability.
That this was not the case can be seen from the similarity
in the initial permeability curve for a spar varnish shown in
Figure 3, which compares a free film with those having tissue
paper and calendered paper for bases.

Permeability Measurements
In determining permeability, 10 to 15 ml. of the liquid were

placed in the metal cup, and the coated disks were then
fastened securely between the brass ring and the flange of the
cup under a slight compression. The cups were next placed
in an electric oven automatically maintained at 25° C. This
oven contained two metal baskets with 5 pounds (2.3 kg.) of
anhydrous calcium chloride to remove any traces of moisture
not otherwise removed and a circulating fan to remove any
escaping vapors. For the initial permeability measurements,
the cups were weighed every 5 minutes. A similar period of
time elapsed before the first weighing could be obtained.
With the other measurements the cups were weighed each
morning for 5 days to ascertain the vapor loss through the
films.

Initial-Stage Permeability Curves
The stepped-shape curves shown in Figure 3 for the initial

permeability of moisture through spar varnish films are un-
usual and show clearly what takes place. The curves for
free films, for those on tissue paper, and for those on heavy
paper have the same characteristic shape, prior to the estab-
lishment of the final uniform rate of permeation.

These curves suggest some interesting phenomena during
this initial period. The complete lack of permeability for the
first 20 minutes would indicate that, if pores exist, they are
too small for vapor diffusion through the film, but this does
not exclude the possibility of a large vapor adsorption in the
interfibrillar spaces which would build up an imbibition pres-
sure sufficient to overcome, by the end of this time, the co-
hesive forces operating between the fibrils of the elastic gel
film structure. The interfibrillar spaces would then be rap-
idly emptied of water by the vapor pressure differential which
exists across the film. This is shown in the curve by the
10-minute period of loss in weight which follows the 20-min-
ute period of imbibition. The loss of water would then allow
the cohesive forces again to draw the fibrils sufficiently close
together to prevent further immediate diffusion.

The curve shows that the second period of no diffusion was
longer than the first one. This would indicate that, although
the interfibrillar spaces are too small to permit vapor diffusion
during this period, they are larger than they were originally.
Consequently a longer adsorption period is required to build
up an imbibition pressure which is never as large as that de-
veloped during the first impermeable period.
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The state ultimately obtained as a result of this swelling
and contraction of the film would be one of a constant per-
meation where an equilibrium would exist between the imbi-
bition and cohesive forces, such as was characteristic of these
films and the others studied. This explanation is purely
hypothetical. However, it was based upon the physical
phenomena which were observed to take place with varnish
films in this and previous investigations.

3.2

1 . 6

40 60
TIME IN HOURS

80 100 120

FIGURE 7. PERMEABILITY OP SHELLAC FILMS
1. Alcohol 3. Ethyl acetate
2. Acetone 4. Water

5. Benzene
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5. Water
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Similar curves were obtained for shellac with acetone and
with ethyl acetate. These are not shown, to save space.
The effect of adsorption or imbibition was not so evident in
these as in the previous graphs, so that only one period of
impermeability was clearly defined. This followed rather
than preceded a brief period of rapid permeation in the case
of these films.

The curves in Figure 4 are typical of the rest of the initial
permeability curves obtained. These curves are not as un-
usual as the previous ones. The various steps are not dis-
tinct, and the curves show only a slight variation in curva-
ture to indicate the various changes which take place. This

(10)



group of films have either a more rigid and open structure
or weaker cohesive forces acting between their fibrils.

The curve for shellac is interesting because it illustrates the
chemical as well as the physical aspects of this complex proc-
ess. The rapid initial permeability of this film is not nec-
essarily due, as one might expect, to a very porous structure.
Rather the facts indicate that the large number of hydroxyl
groups (9) produce a very polar film which has a relatively
large adsorption capacity. The imbibition pressures built
up within the film would open the film to immediate water
vapor diffusion, which would not be the case for linseed oil.

It is probable that the adsorbed moisture causes a deaggre-
gation of the shellac agglomerate which would decrease the
size of the intermolecular spaces in the film. This would
account for the steady decrease in rate of permeability ob-
served. The reverse is true for linseed oil. With films of
the latter substance the interfibrillar spaces become progres-
sively larger until an equilibrium is reached.

The permeability curve for shellac and alcohol was similar
to that shown for linseed oil and water. Here there can be no
question of the imbibition and swelling effects which take
place in the former case, since these can be readily observed
when shellac is dissolved in alcohol. For example, the resin
will completely imbibe the solvent, swelling to form a dis-
tinct gel which appears as a single phase, when many samples
of shellac are treated with alcohol in proportion to give a 5-
pound cut, provided they are not vigorously agitated.
These conditions are similar to those in the permeability ex-
periments. In fact, a very slight swelling was also noted
for many of the films in carrying out these measurements.

Constant-Rate Permeability

The total weights of the amounts of vapor of each of the
five liquids studied which permeated the different films for
consecutive 24-hour periods are summarized in Table I. The
films are listed in these tables in the order of what is generally
taken as permeability—i. e., the rate of permeation after it
has become constant. Typical permeability curves are
shown in Figures 5 to 8 where it can be seen that in all in-
stances the final rate of permeation would follow Fick's law.

A study of the amount of vapor which passed through
films of different thicknesses under these conditions showed
that the permeability was not directly proportional to the re-
ciprocal of the thickness of the film. The deviation from the
customary proportionality could be neglected, however, in
equating results to a single thickness for the film studied in
this investigation, since they varied to only a limited extent
in their thickness and exceeded in all instances a required
minimum of 0.1 gram in weight. Thus, calculated values
for a single thickness for comparison are given in Table I.
These figures represent the number of milligrams of vapor
which would permeate through 0.1 gram of a film 11.34 sq.
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cm. in area, in 1 hour after a constant rate of permeability
had been reached. These values are also shown graphically
in Figure 9.

The table and graphs illustrate in a surprising manner the
importance which must be attributed to solubility in deter-
mining the extent to which the films were permeable to the
different vapors. For example, paraffin wax had the great-
est impedance to water and alcohol vapors. It was displaced
in this respect by the more insoluble material, gelatin, where
ethyl acetate and acetone are the liquids; whereas benzene,
which is a solvent, causes it to be placed among the most
permeable substances.

The permeability was different for each vapor but was not
proportional, in general, to the differences in vapor pressures.
This was rather striking because it might have been expected
that, in the case of soluble films at least, the volatility of the
liquid might have been the controlling factor in determining
the rate of permeability by true diffusion. Apparently even
here the gel structure of the film had not been completely
destroyed by the solvent, and its relation to other properties
of the liquids still had an important influence upon the rate
of permeation. Hence, the effect of vapor pressure differ-
ences would be clearly evident only when comparing the

TABLE I. PERMEABILITY DATA
Total Weight of Liquid Permeating

Film, Grains
Film No. Name Permeability 24 hr. 96 hr. 120 hr.

Ma."

Permeability to Water

13&
19&
14
15
1
2
8
7

16
10
3
9
6
4

17
5

18
11

Glue
Lacquer
Gelatin
Lacquer
Linseed
Linseed
Alkyd
Alkyd
Lacquer
Rubber
Rosin spar
Alkyd
WW rosin
Phenolic spar
Lacquer
Shellac
Lacquer
Paraffin wax

32.00
17.00
5.94
5.83
4.90
2.36
2.33
2.03
2.00
1.95
1.70
1.56
0.93
0.85
0.73
0.42
0.31
0.008

0.92
4.60
0.16
0.12
0.11
0.06
0.03
0.045
0.050
0.045
0.036
0 045
0.070
0.025
0.030
0.140
0.050
0.000

3.08
2.72
0 57
0.56
0.47
0.226
0.225
0.195
0.190
0.187
0.164
0.150
0.090
0.082
0.070
0.040
0.030
0.010

3.90
7.32
0.73
0.68
0.58
0.286
0.255
0.240
0.240
0.232
0.200
0.195
0.160
0.107
0.100
0.180
0.080
0.010

Permeability to Alcohol

6
196
5

17
15
16
1
3
7
2

13fc
18
9

14
8

10
11

WW rosin
Lacquer
Shellac
Lacquer
Lacquer
Lacquer
Linseed
Rosin spar
Alkyd
Linseed
Glue
Lacquer
Alkyd
Gelatin
Alkyd
Rubber
Paraffin wax

47.0
32.8
31.0
26.7
24.8
24.0
18.7
18.4
16.9
16.0
16.0
13.0
11.6
9.5
8.7
8.2
0 01

1.10
1.40
0.70
0.84
0.80
0.85
0.30
0.30
0.30
0.25
0.42
0.45
0.24
0.21
0.15
0.16
0.03

4.55
3.15
3.02
2.56
2.40
2.35
1.72
1.66
1.60
1.54
1.53
1.25
1.11
0.89
0.82
0.79
0.01

5.65
4.55
3.72
3.40
3.20
3.20
2.02
1.96
1.90
1.79
1.95
1.70
1.35
1.10
0.97
0.95
0 04
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TABLE I. PERMEABILITY DATA (Continued)

Permeability to Ethyl Acetate

6 WW rosin 41.80 0.95 4.05 5.00
17 Lacquer 23.10 0.60 2.74 3.34
19 Lacquer 21.35 0.61 2.05 2.66
16 Lacquer 19.30 0.45 1.87 2.32
18 Lacquer 14.40 0.40 1.40 1.80

1 Linseed 13.17 0.31 1.27 1 58
15 Lacquer 12.50 0.28 1.20 1.48
3 Rosin spar 7.30 0.20 0.70 0.90

13& Glue 6 .31 0.17 0.62 0.79
9 Alkyd 5.70 0.10 0.55 0.66
7 Alkyd 5.42 0.14 0.52 0.66
8 Alkyd 4.70 0.10 0.45 0.56
5 Shellac 3.54 0.14 0.34 0.48

11 Paraffin wax 1.94 0.03 0.19 0.22
14 Gelatin 0.44 0.018 0.042 0.06

Permeability to Acetone

6« WW rosin
10 Rubber 58.3 1.50 5.60 7.10
17 Lacquer 53.3 1.28 5 .12 6.40
196 Lacquer 44.5 1.06 4.28 5.34
15 Lacquer 41.6 0.88 4.00 4.88
16 Lacquer 37.5 0.76 3.60 4.36
1 Linseed 21.4 1.02 2.07 3.09

18 Lacquer 20.4 0.49 1.96 2.45
7 Alkyd 17.3 0.56 1.66 2.22

136 Glue 12.4 0.20 1.28 1.48
9 Alkyd 10.3 0.24 0.99 1.23
3 Rosin spar 10.2 0.24 0.98 1 .22
8 Alkyd 9.7 0.27 0.93 1.20
5 Shellac 7.5 0.14 0.54 0.68

11 Paraffin wax 5.0 0.16 0.48 0.64
14 Gelatin 2.2 0.04 0.22 0.26

Permeability to Benzene

10 Rubber 285.00 5.7 grams in 20 hours
11 Paraffin wax 125.00 1.0 gram in 8 hours
6 WW rosin 29.20 0.65 2.80 3.45

196 Lacquer 29.00 0.80 2.80 3.60
13* Glue 25.00 0.60 2.30 2.90
17 Lacquer 12.50 0.40 1.20 1.60
18 Lacquer 11.56 0.25 1 . 1 1 1.36
15 Lacquer 8.70 0.24 0.80 1.04
3 Rosin spar 8.70 0.20 0.80 1.00
4 Phenolic spar 8.44 0.15 0.81 0.96
1 Linseed 8.00 0.26 0.73 1.00

16 Lacquer 7.70 0.16 0 70 0.86
2 Linseed 6.20 0.22 0.595 0 815
9 Alkyd 2.28 0.075 0.210 0.285
8 Alkyd 2.03 0.045 0.195 0.240

14 Gelatin 1.57 0.050 0.150 0.200
7 Alkyd 1.10 0.075 0.105 0.180
5 Shellac 0.288 0.000 0.0028 0 0028

0 Miljigrams of vapor which permeate through 0.1 gram of a film 11.34
sq. cm. in area, 1 hour after a constant rate of permeability is reached.

6 Porous.
e Film dissolved too quickly to obtain any measurements.

permeabilities of liquids of similar properties. Unfortunately,
the investigation did not include any films which were
soluble in both water and alcohol, but, if comparisons for
these two liquids are confined to the insoluble films, it can be
seen that alcohol is nearly four times as permeable as water.
This ratio is practically the same as that of their vapor pres-
sures at 25° C., where water has a pressure of 23.5 mm. and
alcohol has one of 116 mm. This relation does not hold for
comparisons between any other two of the liquids studied.
The same is true for any relations based upon the molecular
size of the vapor molecules.

(13)



131
19
14
15

I

4
I

I VI
S I
ie

I 1

WATER

SOLUBLE

BQ SOLUBLE, MACRO-PORES

•TlMACRO-PORES
••INSOLUBLE

20 30
P E R M E A B I L I T Y

FIGURE 9. COMPARISON OF PERMEABILITIES OF FILMS
1. Raw linseed oil 7.
2. Bodied linseed oil 8.
3. Rosin spar varnish 9.
4. Phenolic varnish 10.
5. Shellac 11.
6. Rosin 13.

Alkyd resin 14.
Modified alkyd 15.
Resin-oil modified alkyd 16.
Rubber 17.
Paraffin wax 18.
Glue 19.

Gelatin
Cellulose nitrate
Plasticized cellulose nitrate
Ester gum lacquer
Aluminum lacquer
Porous lacquer



The graphs also show the effect of porosity. If the pores
are large, porosity is secondary in importance only to solu-
bility as a controlling factor. Two sets of films in this in-
vestigation had definite macroporous structures—the films
from lacquer 19, which was formulated with an excess of fine
silica particles, and the glue coatings (13), which developed
fine cracks during drying. These porous films followed more
or less the order of permeability observed for the other films in
relation to solubility, except with the two most polar liquids,
water and alcohol. The very high permeability of the two
liquids through films from lacquer 19 was probably due to
the fact that these films were highly polar in addition to being
porous. It might be expected that under such experimental
conditions, the pores of the film would be the most completely
wet of any of those studied.

The films containing the alkyd resins were also of special
interest. The order of permeability varied with the liquid,
showing that the composition of the resin affects its permea-
bility. Alkyd 7, containing no modifying Amberol resin,

•<>- showed the least permeability in only one instance—namely,
when benzene was the permeating liquid.
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