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Abstract—The water vapour transmission rates (WVTR) through solvent cast polymer films prepared from
cellulose acetate, cellulose acetate propionate, and cellulose acetate butyrate have been determined. They
were influenced by the relative humidity, the substituent type and the extent of substitution. Increasing the
relative humidity from 32 to 90% increased the WVTR 3 to 5 times depending on the polymer used. The
WYVTR increased in the order of butyrate < propionate < acetate. An increase in the extent of substitution
with acetyl and/or butyryl groups resulted in an exponential decline in the WVTR.

Both as packaging materials and in the development of drug
delivery systems, the barrier properties of polymers are
primary for selecting a particular polymer.

Polymers can be characterized in terms of their mechanical
properties (Rowe et al 1984; Sakellariou et al 1985, 1986),
dissolution properties (Borodkin & Tucker 1975; Donbrow
& Samuelov 1980; Rowe 1986), permeability (Shah & Sheth
1972; Benita et al 1986; Bindschaedler et al 1987; Lee et al
1987; Hadgraft & Ridout 1987; Sun et al 1987; Bhalla &
Toddywala 1988), and water vapour transmission (Delporte
1979; Gurny 1976).

The permeability of free polymer films prepared by solvent
casting may be influenced by many factors, including
polymer hydrophobicity (Lee & Kim 1987; Miyajima et al
1987; Sun et al 1987), solvent composition (Abdel-Aziz &
Anderson 1976; Spitael & Kinget, 1977a, 1980), and plasti-
cizer content (Crawford & Esmerian 1971; Donbrow &
Friedman 1975; Benita et al 1986; Spitael & Kinget 1977b).
Determining the water vapour transmission rates through
free polymer films (Kanig & Goodman 1962; Lachman &
Drabulis 1964; Patel et al 1964) is a simple method of
assessing the polymer permeability compared to traditional
diffusion studies.

Diffusion of a permeant through a polymer may be
influenced by several structure-related factors, such as
polymer molecular weight, cross-linkage and crystallinity.
The permeability of the polymer may be modified by
changing the structure of the polymer; for example hydro-
philic or hydrophobic substituents could be incorporated
into the polymer. In a series of polymers with a similar
backbone structure, but with different substituent groups,
differences in permeability may be ascribed to the properties
of the substituent group.

The purpose of this study was to determine the relative
barrier properties of several commercial cellulose based
polymers by determining the water vapour transmission
rates through various cellulose derivatives at different rela-
tive humidities.

The structure of cellulose consists of repeating units of
glucose with three free hydroxyl groups per glucose unit and
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an acetal linkage (Fig. 1). As a result it is highly hydrogen
bonded and is crystalline, which makes dissolution difficult
in water or common organic solvents, and processing in
general. The free hydroxyl groups account for the hydro-
philic character of cellulose even though it is not soluble in
aqueous media; to improve the solubility, the free hydroxyl
groups can be esterified thereby reducing the hydrogen
bonding and interfering with the crystallization. Esterifica-
tion has most commonly been with acetyl, propionyl, or
butyryl groups or combinations thereof. Ether derivatives,
such as ethylcellulose, may also be prepared. The derivatives
are also more soluble in common organic solvents than
cellulose itself. Some commercially available derivatives are
listed in Table 1 with the extent of substitution. It seems
logical that the type of the substituent (e.g. acetyl vs butyryl)
and the extent of substitution will determine the hydrophobi-
city/hydrophilicity of the cellulose derivative. The type and
extent of derivatization should therefore influence the per-
meability of the polymer to water vapour.

Materials and Methods

Solvent casting

The polymers were dissolved in an appropriate solvent (see
Table 2) to form 3% solutions, 5 mL of which was poured
onto glass substrates with raised edges. The thickness of the
films was controlled by the volume and concentration of the
polymer solution. The rate of solvent evaporation was
restricted to minimize the variability between films caused by
erratic solvent removal and sufficiently low to produce clear
films. The systems were left undisturbed for 48 h to allow
complete evaporation at 20°C and atmospheric pressure.
Following complete evaporation of the solvent, the films
were carefully removed from the glass substrates and stored
in a desiccator for at least 24 h before use; defective films were
discarded. The thickness of each film was measured in 8
randomly selected places with a digital micrometer with an
accuracy of 2:5 um and are reported as the mean of the four
films used in the water vapour study (Tables 3, 4). The effects
of the solvents on the microstructure of the films could not be
ascertained, since different solvents were needed for the
polymers which since they were highly soluble in the solvents
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F1G. 1. Structures of cellulose derivatives.

chosen and a low evaporation rate was used, solvent effects,
if any, were assumed to be negligible.

Cup design

The cups used in the water vapour transmission studies
consisted of a plastic body (4-13cmi.d. x6:02cm ht),and a
screw cap. Two gaskets (4-47 cm dia.) fitted within each cap.
An opening (2:22 +0-02 cm diam.) was cut in each cap and
gasket assembly to provide an effective surface area of
3-86 cm? for water vapour transmission. The connection
between the cup and the screw cap was sealed with parafilm
strips. The relative humidity (RH) within the cup was
maintained with saturated salt solutions in contact with
undissolved salt: CaCl; 2H,;0 (32% RH), NaBr (80% RH),
KBr (84% RH), and ZnSO, 7H;O (90% RH). These
solutions were kept at 20°C and atmospheric pressure.

Water vapour transmission studies

A circular section of 4-47 cm diameter was cut from each of
four polymer films, each was placed between two gaskets and
the assembly was placed in a screw cap. A salt (1 g) was
placed in each of the four cups and 10 mL of a saturated
solution of the salt was added. The systems were assembled
and sealed with parafilm strips. Each assembly was weighed
and placed in a standard desiccator (10-23 cm) containing
200 g of 10-20 mesh size Drierite, which was previously dried
in an oven at 200°C for at least 12 h. The desiccators were
maintained at 20°C. At predetermined times the 4 cup
assemblies were removed, reweighed and replaced in the
desiccators. The amount (mg) of water vapour diffused was
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Table 2. Solvents used in preparing films from various cellulose
polymers.

CAB 171-158 Acetone

CAB 381-2 Acetone

CAB 500-1 Acetone

CA 320-S Acetone/methanol
CA 398-10 Acetone

CA 436-80S Methylene chloride
CA 435-75-S Methylene chloride
CAPr Acetone

Table 3. The thicknesses of cellulose polymer films used in water
vapour transmission studies at 32, 58, 84 and 90% RH (mean +s.d.,
n=16).

Polymer Thickness (um)
CAB  500-1 25437
CA 320-S 23140
CA 436-80S 22446
CAPr 27479
W* 5-03

* Tukey's multiple range criterion calculated from a one-way
ANOVA (P=0-05).

Table 4. The thicknesses of cellulose polymer films used in water
vapour transmission studies at 90% RH (mean £s.d., n=4).

Polymer Thickness (um)
CAB  171-158 27114
CAB  381-2 27166
CAB  500-1 26435
CA 320-S 26+3-5
CA 398-10 21+3:1
CA 436-80S 22154
CA 435-75-S 23131
CAPr 22+19
W 9-36

* Tukey’s multiple range criterion calculated from a one-way
ANOVA (P=0-02).

calculated from the reduction in weight of each cup. The
experiments were continued for 48 h.

Two series of experiments were conducted sequentially. In
the first, the diffusion of water vapour through five selected
polymers (Table 1: CA 320, CA 436, CAB 500 and CAPr)
was investigated at (32, 58, 84 and 90% RH). In the second
series the RH was kept at 90% and the polymers investigated
were increased in number to include CA 435, CA 398, CAB

Table 1. Type and extent of substitution of the various cellulose polymers.

Polymer Designation
Cellulose acetate butyrate CAB 171-158
CAB  381-2
CAB  500-1
Cellulose acetate CA 320-S
CA 398-10
CA 436-80S
Cellulose triacetate CA 435-75-S
Cellulose acetate propionate CAPr
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171 and CAB 381. The control for all these experiments was
the unhindered diffusion of water vapour at the same relative
humidity through a specified surface area (3-86 cm?) using
cup assemblies without any polymer films.

The values for the water vapour transmission rates thus
obtained were considered as relative rather than absolute
values because, during reweighing of the cups, time was
required to return the environment within the desiccator to
the dehydrated state. Therefore the relative humidity differ-
ence across the film was not constant at all times.

Statistical analysis

Four replications were done for each vapour transmission
experiment. Differences in thickness between films was
assessed by a one-way analysis of variance with a Tukey
Multiple Range test at an P value of 0-05. A similar data
analysis was done for the effect of type and extent of
substitution on water vapour transmission rates at 90%
relative humidity. The influence of polymer type and relative
humidity was analysed by a two-way analysis of variance.

Results and Discussion

Water vapour transmission kinetics

Under steady state conditions the diffusion of water vapour
molecules through the polymer films may be expressed as

dQ_pa

dt = h (RHin—RHoul)

M
where Q is the cumulative amount of water that permeated
through the film at time t, P is the permeability constant, A is
the effective surface area, h is the film thickness, and RH;,
and RH,,, are the concentrations of water vapour inside and
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outside the cup, respectively, expressed as percent relative
humidity.

Since the relative humidity inside the cup (RH;,) was much
higher than the relative humidity outside the cup (RH,u),
equation 1 may be integrated to yield:

Q_PARHm_PARﬂm
" "h h Q)

where ty,, refers to the time during which it is assumed that no
water vapour transmission occurred. This assumption makes
equation 2 an approximation. However, since the lag time is
extremely short, the amount of water vapour diffused at the
lower rate of transmission during the lag time was assumed
to be negligible.

Rearrangement yields:

Q_PRH,

,_ PRHy,
A h h "8 3)

No significant differences in film thickness between the
various polymer films were detected (Tables 3, 4). By
maintaining the relative humidity inside the cup (RHi,)
constant equation 3 may be simplified to:

Q

X = kot - kutlag

@

where k, is an apparent zero-order rate constant for water
vapour transmission, and may be defined as:

_PRH,
~ h (5)

A plot of amount of water vapour permeated per unit
surface area versus time yielded a straight line with a slope
equal to k,, which represented the water vapour transmission
rate constant (WVTR) at a particular relative humidity. The
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F1G. 2. Water vapour transmission through CA 320 films at different relative humidities. () 32%; (&) 58%; (@) 84%:;

(@) 90% RH.
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slopes were calculated by the linear least squares regression
method. No lag time (t;,;) was discernible. Some examples of
the linear relationship between water vapour transmission
and time are shown in Fig. 2.

Effect of relative humidity

According to equation 5, the water vapour transmission rate
constant (k,) is directly related to RH;,. An increase in this
constant with an increase in relative humidity was observed
for every polymer film studied (Fig. 3). However, the
relationship was not linear.

At least two factors may be responsible for the lack of
linearity: a build up of moisture and a change in the
permeability coefficient. At the higher relative humidities the
environment within the desiccator outside the cups may not
have been completely dehydrated by the Drierite, allowing a
build up of moisture. This would have invalidated the
assumption of sink conditions necessary for the equation
derived. Two considerations reduce the probability of mois-
ture build up being a significant factor in the water vapour
transmission. An excess of freshly dried Drierite was used
which should have maintained the environment within the
desiccator well dehydrated. This would then maintain a
constant, large difference between the RH;, and RH,,. As
seen in Fig. 3, the water vapour transmission rate constants
increased exponentially with RH as a hyperbolic function,
which is contrary to what would be expected if there had been
a build up of moisture; parabolic function would be expected
with a limiting k,.

WVTR (mg cm2 h)
»

50 70 90
Relative humidity (%)
Fic. 3. Effect of relative humidity on water vapour transmission

rates, ko, through various polymer films. (@) CAB 500; (3k) CAPr;
(a) CA436; (@) CA 320; (®) control.
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Table 5. Effect of type and extent of substitution on the transmission
of water vapour through polymer films at 90% RH.

Water vapour
transmission rate

Polymer mg cm~%/h~!
CAB 171-158 3-90+0-23
CAB 381-2 316+0-16
CAB 500-1 3-12+£0-14
CA  320-S 5284018
CA  398-10 4-36+0-20
CA  436-80S 3-84+0-45
CA  435-758 4-1740-55
CAPr 3-74+0-18
Control 8:34+0-12
WA 0-68

*Tukey’s multiple range criterion calculated from a one-way
ANOVA (P <0-0001).

The second possible reason for the non-linearity may be
the influence of RH on the permeability coefficient. As seen
from equation 5, k, would be influenced by changes in the
permeability coefficient. This would explain the hyperbolic
shape of the graphs in Fig. 3, because the permeability
constant would be changing simultaneously with RH.

Effect of substituent type

The permeability coefficient is dependent on the physicoche-
mical characteristics of the polymer and is, therefore,
influenced by the type of substituent used to make the
cellulose polymer. A change in the permeability coefficient
would alter the water vapour transmission rate constant (k).
The influence of substituent type on k, is most apparent at
higher relative humidities (see Fig. 3). When the water
vapour transmission rate constants, k,, were averaged over
the relative humidities the following rank order of substi-
tuent types was observed: CAB < CAPr<CA.

This rank ordering of substituent groups on the cellulose
polymer is logical if one considers the chemical structure of
the various substituents. These are aliphatic monoacids with
carbon chain lengths ranging from C, to C,. As the
hydrophobicities of the substituent groups are directly
influenced by group chain length, it therefore, increases in the
order acetyl < propiony! < butyryl, which corresponds to the
rank ordering of the influence of substituent type on the
water vapour transmission rate constant. A similar conclu-
sion was reached by Patel et al (1964).

In at least one instance the effect of substituent type was
less influential than the extent of substitution. In general
CAB polymers were less permeable than CA polymers,
however, the low substituted CAB 171 was more permeable
than the highly substituted CA 436 (Table 5). This shows the
importance of the combined influence of type and extent of
substitution on the overall polymer hydrophobicity, and
thereby on the water vapour transmission rate constant.

Effect of extent of substitution

In addition to the type of substituent used, the degree of
substitution also has a significant impact on the water vapour
transmission rate (Figs 4, 5). Cellulose derivatives containing
the acetyl and/or the butyryl substituent groups exhibited an
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FiG. 5. Effect of butyrate content on water vapour transmission rate through CAB films at 90% RH.

exponential decline in this rate with increase in extent of
substitution. By substitution of an increasing percentage of
the free hydroxyl groups, the hydrophilic character of the
polymer is diminished. The reduction in the affinity of the
polymer film for water vapour molecules probably explains
the lower transmission rate at higher amounts of substitu-
tion.

With the cellulose acetate derivatives a threshold in the
extent of substitution seems to exist, beyond which their
permeability declines sharply.

Conclusion

The water vapour transmission rates through the various
cellulose polymer films were affected by the relative humidity
used, but not linearly. In general, the rate of water vapour
transmission increased in the order of CAB < CAPr<CA,
even though exceptions to this trend were observed. The
present results show that both the type of substituent and the
extent of substitution must be considered together, rather
than independently, when a cellulose polymer is being
selected.

Acknowledgements

The authors are grateful to the PMA Foundation for their
support (in part) with a Research Starter Grant.

References

Abdel-Aziz, S. A. M., Anderson, W. (1976) The influence of casting
solvent composition on structure and permeability of acrylic-
methacrylic ester copolymer films. J. Pharm. Pharmacol. 28: 801-
805

Benita, S., Dor, Ph., Aronhime, M., Marom, G. (1986) Permeability
and mechanical properties of a new polymer: cellulose hydrogen
phthalate. Int. J. Pharm. 33: 71-80

Bhalla, H. L., Toddywala, R. D. (1988) Transdermal films of
epinephrine. Drug Dev. Ind. Pharm. 14: 119-131

Bindschaedler, C., Gurny, R., Doelker, E. (1987) Osmotic water
transport through cellulose acetate membranes produced from a
latex system. J. Pharm. Sci. 76: 455-460

Borodkin, S., Tucker, F. E. (1975) Linear drug release from
laminated Hydroxypropy! Cellulose-Polvinyl acetate films. Ibid.
64: 1289-1294

Crawford, R. R., Esmerian, O. K. (1971) Effect of plasticizers on
some physical properties of cellulose acetate phthalate films. Ibid.
60: 312-314



WATER VAPOUR TRANSMISSION RATES AND POLYMER FILMS 157

Delporte, I. P. (1979) Effects of ageing on physico-chemical
properties of free cellulose acetate phthalate films. Pharm. Ind. 41:
984-990

Donbrow, M., Friedman, M. (1975) Enhancement of permeability
of ethyl cellulose films for drug penetration. J. Pharm. Pharmacol.
27: 633-650

Donbrow, M., Samuelov, Y. (1980) Zero-order drug delivery from
double-layered porous films: release rate profiles from ethyl
cellulose, hydroxypropy! cellulose and polyethylene glycol mix-
tures. Ibid. 32: 463-470

Gurny, R. (1976) Permeabilite a la vapeur deau de polymeras, sous
forme de films libres, utilises pour I’enrobage. Pharm. Acta
Helvet. 51: 1-10

Hadgraft, J. Ridout, G. (1987) Development of model membranes
for percutaneous absorption measurements. I. Isopropyl myris-
tate. Int. J. Pharm. 48: 149-156

Kanig, J. L. Goodman, H. (1962) Evaluative procedures for film-
forming materials used in pharmaceutical applications. J. Pharm.
Sci. 51: 77-82

Lachman, L., Drubulis, A. (1964) Factors influencing the properties
of films used for tablet coating I. Effects of plasticizers on the
water vapor transmission of cellulose acetate phthalate films. Ibid.
53: 639-643

Lee, S. J., Kim, S. W. (1987) Hydrophobization of ionic drugs for
transport through membranes. J. Controlled Release 6: 3-13

Lee, S. J., Kurihara-Bergstrom, T., Kim, S. W. (1987) lon-paired
drug diffusion through polymer membranes. Int. J. Pharm. 47: 59—
73

Miyajima, M., Okano, T., Kim, S. W., Higuchi, W. 1. (1987)
Preformulation of an ARA-A transdermal delivery system:
membrane fabrication and characterization. J. Controlled
Release 5: 179-186

Patel, M., Patel, J. M., Lemberger, A. P. (1964) Water vapor
permeation of selected cellulose ester films. J. Pharm. Sci. 53: 286—
290

Rowe, R. C. (1986) The effect of molecular weight of ethyl cellulose
on the drug release properties of mixed films of ethyl cellulose and
hydroxypropy! methylcellulose. Int. J. Pharm. 29: 37-41

Rowe, R. C., Kotaras, A. D., White, E. F. T. (1984) An evaluation of
the plasticizing efficiency of the alkyl phthalates in ethyl cellulose
films using the torsional braid pendulum. Ibid. 22: 57-62

Sakellariou, P., Rowe, R. C., White, E. F. T. (1985) The thermo-
mechanical properties and glass transition temperatures of some
cellulose derivatives used in film coating. Ibid. 27: 267-277

Sakellariou, P., Rowe, R. C., White, E. F. T. (1986) An evaluation of
the interaction and plasticizing efficiency of the polyethylene
glycols in ethyl cellulose and hydroxy propyl methylcellulose films
using the tortional braid pendulum. Ibid. 31: 55-64

Shah, N. B., Sheth, B. B. (1972) A method for study of timed release
films. J. Pharm. Sci. 61: 412-416

Spitael, J., Kinget, R. (1977a) Preparation and evaluation of free
films: Influence of method of preparation and solvent composition
upon the permeability. Pharm. Acta Helvet. 52: 47-50

Spitael, J., Kinget, R. (1977b) Preparation and evaluation of free
films: Influence of plasticizers and filler upon the permeability.
Ibid. 52: 106-108

Spitael, J., Kinget, R. (1980) Influence of solvent composition upon
film-coating. Ibid. 55: 157-160

Sun, Y., Ghannam, M., Tojo, K., Chien, Y. W,, Lee, C. L., Ulman,
K. L., Larson, K. R. (1987) Effect of polymer composition on
steroid permeation: membrane permeation kinetics of androgens
and progestins. J. Controlled Release 5: 69-78



