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The objective of this paper is to determine oxygen diffusion coefficients, permeabilities, and solu-
bilities in a commonly used o/w topical ointment (similar to USP XXI hydrophilic ointment) and four
commercial 1% anthralin creams. A new method developed by Ju and Ho in 1986 by applying a
coupled steady-state and unsteady-state analysis for oxygen diffusion through a thin layer of test
material on the surface of a membrane-covered polarographic oxygen electrode was used in the study.
The results indicate that oxygen diffusion coefficients decrease with an increasing petrolatum concen-
tration in o/w topical creams. The oxygen diffusion coefficients in four commercial creams containing
1% of extremely oxygen-sensitive anthralin were also determined using the same method. The infor-
mation generated in this study can lead to a better understanding of the diffusion transport mechanism
of oxygen in the topical creams and, thus, be useful to the formulation design of oxygen-sensitive
drugs in semisolid dosage forms intended for topical, ophthalmic, and parenteral use.

KEY WORDS: steady-state analysis; unsteady-state analysis; USP XXI hydrophilic ointment;

phase—volume ratio; 1% anthralin products.

INTRODUCTION

The information regarding diffusion transport of low
molecular weight solutes, such as oxygen and carbon
dioxide gases, in solutions and semisolid fluids is of great
importance in a wide range of areas. These include paren-
teral solutions, physiological processes, fermentation and
biochemical processes, waste disposal systems, polymer
processing, semisolid systems, and pharmaceutical manu-
facture and processing. However, most information related
to the gaseous transport in these systems focuses on chem-
ical engineering and bioengineering design and few data are
available for pharmaceutical applications.

In the pharmaceutical industry, many drug candidates
are prone to oxidation in the atmosphere. To remove oxygen
from a formulation becomes an obvious way to prevent the
oxidation. Normally, this is done by applying or bubbling an
inert gas through the formulation during manufacturing and
then adding antioxidants to the formulation. The effect of
the vehicle bases on the diffusive transport of oxygen has
never become a concern to pharmaceutical scientists. The
lack of adequate methodologies and equipment and the need
for complicated mathematic manipulation are major ob-
stacles to the measurement of the diffusive transport of ox-
ygen in different vehicle bases.

Ju and Ho (1) recently developed a method of mea-
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suring oxygen diffusion in electrolyte solutions with a com-
mercially available membrane-covered polarographic ox-
ygen electrode. The experimental method is capable of si-
multaneously measuring oxygen diffusion coefficients,
permeabilities, and solubilities in aqueous solutions and
semisolids by applying a coupled steady-state and unsteady-
state analysis for oxygen diffusion through a thin layer of the
tested material on the surface of a membrane-covered po-
larographic oxygen electrode. The method has been proved
useful in measuring oxygen diffusion coefficients, perme-
abilities, and solubilities in aqueous electrolyte solutions (1).

The objective of the study is to determine the diffusive
transport of atmosphere oxygen in various topical creams
with Ju and Ho’s method. Four commercial topical products
containing 1% oxygen-sensitive anthralin were also studied
in an attempt to evaluate the applicability of Ju and Ho’s
method to pharmaceutical products. The resulting data
would be useful in the formulation selection and processing
design for oxygen sensitive molecules to be formulated in
semisolid or solution dosage forms. The methodology could
also be extended to gases other than oxygen.

THEORY

While a more detailed derivation of this measuring tech-
nique is available elsewhere (1), a brief description of the
basic theories of this method is worthwhile.

When an electrode of noble metal such as platinum or
gold is made 0.6-0.8 V negative with respect to a suitable
reference electrode, e.g., the calomel or Ag/AgCl, in a neu-
tral potassium chloride (KCI) electrode solution, dissolved
oxygen is reduced at the cathode surface. By separating the
cathode, anode, and KCI electrode solution from the test
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sample with a plastic membrane permeable to oxygen but
not to ions, the polarographic oxygen electrode has been
successfully employed to measure oxygen partial pressure
(p) in gas, liquid, or semisolid (1-4). With proper interpreta-
tion, the measurement can be used to characterize transport
of oxygen in the test material surrounding the electrode.

Steady-State Analysis

When a thin film of the test material (ointment or
cream) is introduced over the surface of a membrane-cov-
ered oxygen electrode, a steady-state one-dimensional ox-
ygen diffusion will be established after a while. This diffu-
sion process can be shown as case a in Fig. 1. By neglecting
the gas—film resistance, it is reasonable to assume that the
material at the gas—material interface is saturated with ox-
ygen in the gas phase and can be regarded as the source of
the oxygen diffusion. The sink is the cathode surface, where
oxygen is continously engaged in rapid electrochemical re-
actions. The rate of oxygen consumption due to the reac-
tions is much faster than the rate of diffusion; thus, the ox-
ygen partial pressure at the cathode surface can be treated
as nil. Furthermore, the resistance of oxygen transfer in the
electrode solution is much smaller than that in the mem-
brane and has usually been neglected for simplicity (3—-6).
This assumption is valid when the membrane is tightly at-
tached to the cathode surface, which is particularly the case
for the oxygen electrode used in the current study. Experi-
mental data obtained by Aiba et al. (3) and Linek and Vacek
(5) were found to support the assumption that the rate of
oxygen transfer in a membrane-covered oxygen electrode is
controlled by diffusion of oxygen through the membrane. As
a result, the profile of the oxygen diffusion process can be
simplified to case b shown in Fig. 1.

It is well known that except operating in high-oxygen
concentrations, the current output, R, of the oxygen elec-
trode is proportional to the oxygen flux to the cathode (7-9),
that is,
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Fig. 1. Schematic of the steady-state oxygen transfer through
the membrane-covered electrode immersed in a stationary test
material.
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where Henry’s law
Co, = knP (2)

has been applied, and subscript m refers to the membrane.
As shown by case b in Fig. 1, at steady state the profile of
oxygen partial pressure within the membrane is linear. Ac-
cordingly, Eq. (1) can be simplified to

A Dpkn
R="—""00p) . 3)
dn
where d, is the membrane thickness. By solving the steady-
state diffusion equation

¢ %25 =0 C)
with boundary conditions
D = Da at x=d, + d 5)
and
Dk~ Dokm o i g, ©)

X d,

where D, is the oxygen diffusion coefficient, X, is the oxygen
solubility in the sample, d, is the thickness of the sample
layer, and p, is the oxygen partial pressure in air. The solu-
tion for the oxygen partial pressure at the outer surface of
the membrane, (p),_,, . can easily be shown to be
— Pa
1+ (d/dn)Dukn/ D))
By substituting Eq. (7) into Eq. (3), the steady-state current
output, R, of the electrode can be shown as
A Dok, P,

dp [+ (d/dp)Dpke/Dk))
According to Eq. (3), the current output of the electrode
while exposed to moist air is

_ ADokn,, ©
- =

(p)x:dm (7)

R,

®

a

Therefore, Eq. (8) becomes
R, 1

Re [ + (d/dm)Dokn/Deks)] (10
And rearranging Eq. (10) leads to
e Pl o
R, dyn J\Dk,

For polarographic electrodes, properties of the membrane
would not change during a brief period of operation. It is
thus possible to obtain the relative oxygen permeability in
the test material to that in a reference solution, e.g., pure
water, as follows:

Dk _ d [RJR) — 1],
Dk, d, [(RJR) - 1),

(12)

where subscript w refers to pure water.
Nonetheless, oxygen diffusion coefficients cannot be
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directly attained through steady-state analysis unless ox-
ygen solubilities have been predetermined or measured sep-
arately. This problem can be solved by coupling the steady-
state analysis with an analysis involving the unsteady-state
electrode response to a step change of oxygen partial pres-
sure at the gas—cream interface as described below.

Unsteady-State Analysis

As shown in Fig. 1, oxygen diffusion through the thin
material film on the membrane-covered electrode can be
simplified to a bilayer system, i.e., the test material and the
membrane, while neglecting the resistance of oxygen diffu-
sion in the electrode solution. In what follows, reasonable
assumptions are sought for further simplification.

By using a ¥%-in.-diameter membrane-covered oxygen
electrode with a 25-pm-diameter platinum wire cathode
sealed in glass and a bare 500-pm silver wire anode, Gold-
stick and Fatt (10) measured oxygen diffusion coefficients in
aqueous solutions of potassium chloride, bovine serum al-
bumin, and human oxyhemoglobin with the unsteady-state
method. Since the cathode area is much smaller than the
total membrane surface area, they assumed that the oxygen
flux to the electrode is negligible, thus enabling the analysis
to be restricted to the liquid layer only. They solved the dif-
fusion equation in the liquid layer by letting the oxygen par-
tial-pressure gradient at the membrane surface be zero. The
assumption, however, is not valid for regular oxygen elec-
trodes having large cathodes.

When the thickness of the test material, d,, is much
larger than that of the membrane, d,, a more general as-
sumption of having linear profiles of oxygen partial pressure
within the membrane can be made. It has been shown that
for Teflon membranes the minimum ratio of d,/d,, is about
100 to justify the assumption (1). With this assumption, Eq.
(3) can be used to express the current output of the oxygen
electrode; and the oxygen partial pressure at the membrane
surface, p(t, x = d,,), can be obtained by solving the diffu-
sion equation in the test material:

op *p
— = D— 13
or fax’2 (13)
with initial and boundary conditions as
(Bx' 1 tt =20 (14)
= a — a =
P = Pa{Bg v 1
ap
— = BP atx' =0,t>0 (15)
ox'
and
P = D atx' = dp,t>0 (16)
where
X' =x - dy (17)
B Dk, 1 (18)
~ dn Dk

Equation (14) describes the steady-state oxygen distribution
in the material layer prior to a step change of oxygen partial
pressure from p, to p; at the gas—material interface. The re-
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sulting expression for the transient electrode response under
this assumption is thus (1,2)

where
r - ——~——R(’)R: f‘(j::/R*‘) (20)
T = i 21
d?2
B' = Bd, (22)

and s are the positive roots of the transcendental equation,
gn COt gn + B’ = 0 (23)

I' has the physical meaning of the complementary normal-
ized response subject to a step change in oxygen partial
pressure at the gas-liquid interface, 7 is the dimensionless
time, and B’ describes the ratio of the rate of oxygen diffu-
sion in the membrane to that in the test solution when they
are exposed to the same oxygen partial pressure differences.

The function I (v, B') as described in Eq. (19) can be
determined by solving Eq. (23) numerically with a modified
Laguerre method (11). Consequently, the absolute values of
oxygen diffusion coefficients in pure water and in test mate-
rials can be determined by matching the experimentally ob-
tained transient responses with those theoretically described
in Egs. (19)-(23). Because of a lateral diffusion of oxygen
from the electrode solution reservoir to cathode surface, the
polarographic electrode used in this study starts to show a
significant difference between the upstep (from N, to air)
response and the downstep (from air to N,) response after
about a 4% drop of T" (1,12,13). To minimize the error caused
by hysteresis of the upstep and downstep responses, it
would be more meaningful to assess D, by measuring the
time required to reach a 3% drop of I'. Figure 2 shows the
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Fig. 2. The normalized steady-state readings of R/R, as a
function of the dimensionless time for a 3% drop of I
under the assumption of linear profiles of oxygen partial
pressure within the membrane.
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relationship between R/R, and 7. Incorporating the values
of R/R, as obtained from steady-state measurements with
the results shown in Fig. 2, the oxygen diffusion coefficients
in test materials can be determined. By coupling the deter-
mined oxygen diffusion coefficients with Egs. (11) and (12)
of the steady-state analysis, the relative oxygen solubility in
test materials to that in pure water can then be determined.

EXPERIMENTAL APPARATUS AND PROCEDURE

Experiments were conducted in five hydrophilic oint-
ments (similar to USP XXI hydrophilic ointment) (14) and
four commercial 1% anthralin creams, at 22 += 1°C and
1-atm pressure. The first set of ointments was prepared
based upon USP XXI hydrophilic ointment with different
amounts of petrolatum, mineral oil, and water, but the total
amount of these three ingredients was maintained constant
at 78.9%. The composition of the hydrophilic ointments
(formulas 1-35) investigated in this experiment is listed in
Table I. Experiments were designed to study the influence of
different o/w phase—volume ratios on oxygen diffusion coef-
ficients, permeabilities, and solubilities in conventional o/w
ointments. Four other commercial 1% anthralin products
were studied. These are Lasan HP-1 cream (Lot No. 041405,
Stiefel Lab. Inc., Coral Gables, Fla.), 19% Westragel (Lot
No. 16VX21, Westwood Pharmaceuticals Inc., Buffalo,
N.Y.), 1% Anthraderm (Lot No. 38928, Dermik Lab Inc.,
Fort Washington, Pa.), and 1% Drithocreme (Lot No.
JHB84, American Dermal Corp., Somerset, N.J.). Since
these four commercial 1% anthralin products are prepared in
different types of vehicle bases (see Table II), it is speculated
that the modes of oxygen diffusion in these vehicles could be
different.

A scheme of the experimental setup is shown in Fig. 3.
The oxygen electrode is the YSI 5739 electrode manufac-
tured by Yellow Springs Instrument Co., Yellow Springs,
Ohio. This electrode has a gold cathode and a silver anode,
using a half-saturated KCl solution plus Kodak Photo-Flo
solution as the electrode solution. To avoid being poisoned,
a 25.4-pm-thick FEP Teflon membrane was stretched over
the measuring end of the electrode and was held tightly by
an O-ring. The current drawn from the electrochemical reac-
tion was translated to the oxygen partial pressure as per-
centage air saturation with a YSI Model 58 dissolved oxygen
meter and was recorded with a Hewlett—Packard 7132A
strip-chart recorder.

Table I. Phase-Volume Ratio (¢) of the Hydrophilic Ointments?
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Table II. Commercial {% Anthralin Products Used in the Study

Product name Classification®

1% Westragel
1% Drithocreme
1% Anthraderm
1% Lasan HP-1

O/W microemulsion gel

O/W cream base

Anhydrous petrolatum ointment base
W/O cream base

2 O/W, oil in water; W/O, water in oil.

As shown in Fig. 3, a thin layer of test material was
introduced to the sample well over the membrane surface of
the oxygen electrode. A three-way valve (Skinner Valve,
New Britain, Conn.) which was controlled by an on/off con-
troller was used for instantaneous switch between two gas
streams, i.e., air and nitrogen streams, entering the diffusion
cell. To prevent the water in the test sample from evapo-
rating, both the air and the nitrogen gases were made satu-
rated with water by passing through humidification bottles
prior to entering the diffusion cell. Volumetric flow rates of
the gas stream were kept constant at 0.2 liter/min. The gas
stream velocity was estimated to be about 17 cm/sec at the
mouth of the inlet gas sparger. Evidently, after expansion,
the gas velocity over the sample surface will be smaller than
this value. During the course of the experiments, no convec-
tion has been observed.

The thin sample layer in the diffusion cell was first
equilibrated with moist air to obtain steady-state readings,
R,. Then a switch from the entering air to the nitrogen gas
was made with the three-way valve. Oxygen dissolved in the
test sample in the diffusion cell would either diffuse out
through the sample layer or be consumed by electrochem-
ical reactions until a new steady state was to be reached.
The transient response of the oxygen electrode was obtained
by continuously recording the readings of R during the un-
steady-state period. The time for reaching a 3% drop of I’
was accurately measured with a stopwatch. Steady-state
readings in moist air, R,, and in nitrogen, R;, were obtained
by directly exposing the membrane surface to the entering
gases.

To ensure that for each measurement the same thick-
ness of test material was employed, the sample surface was
flattened to the top of the sample well. With a micromanipu-
lator having a precision of =2 pm in the vertical direction,
the sample layer thickness was repeatedly measured, and an

—

Tested
Formula No. % petrolatum % water b = (V,/V,)P
1 0 78.9 0.06
2 10 68.9 0.22
3 20 58.9 0.42
4 30 48.9 0.72
5 50 28.9 1.90

e The hydrophilic ointment contains white petrolatum and purified
water (78.9%), propylene glycol (12%), stearyl alcohol (8.6%), so-
dium lauryl sulfate (0.1%), and preservatives (0.4%).

bV, is the volume of the oil phase; V,, is the volume of the water
phase.

Dissotved Oxygen
Meter
{YS1Model 58)

— Flowmeter

L(Skinner Valve
-

Chart Recorder
(HP 71324)

Air

Polarographic Oxygen Electrode
(YSt 5739)

On-Off
Contro! Box

Fig. 3. Scheme of the experimental setup.
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average value of 2520.7 um was obtained. All experiments
have been repeated two or three times to ensure reproduci-
bility.

RESULTS AND DISCUSSION

The first set of experiments determined the diffusive
transport of oxygen in five formulas similar to USP XXI hy-
drophilic ointments and the results are shown in Table I. As
can be seen, formulas 1-5 differed only in the petrolatum
concentration, while the other ingredients were kept con-
stant. The second set of experiments determined oxygen
diffusion coefficients of four commercial 1% anthralin
products. Each product represents a typical vehicle base of
creams commonly used in a topical dosage form.

The transient response curves, R(f)/R, vs t, and the nor-
malized steady-state readings, R/R, [the values of R(f)/R, at
t = 0], determined based on the experimental procedure de-
scribed under Experimental Apparatus and Procedures for
the two sets of studies are shown in Figs. 4 and 5, respec-
tively. Qualitatively speaking, the order of values of oxygen
diffusion coefficient and permeability in these investigated
systems is clearly illustrated. Numerical data on R/R, and
the time needed to reach a 3% drop of T, #4134, for all these
studied systems are further listed in Table III. Also shown in
Table III are the results for oxygen diffusion coefficients in
test systems, D,, determined according to Fig. 2. The litera-
ture abounds with experimentally determined oxygen solu-
bilities in pure water at different temperatures and pressures
(15-17). By taking the published value of 1.298 x 103
mol/l atm as the oxygen solubility in water at 22°C and
1-atm pressure (18-20), the oxygen permeability in pure
water, D,k,, can be calculated. Accordingly, the oxygen
permeabilities, D.k,, for other test systems can be deter-

0.20—

R(t)
Rag
0.15

Formula 1

0.10

Formula 3

Formula 2
Formula 4

005F Formula§ T

0o | | ] ]

0 1 2 3 4q
t, hr

Fig. 4. The transient response curves, R(t)/R, vs t, of for-
mulas 1-5.
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Fig. 5. The transient response curves, R(f)/R, vs t, of four
commercial 1% anthralin products.

mined by using Eq. (12) with d/d,, = 1, and the results are
listed in Table III. By dividing the values of Dk, by those of
D,, oxygen solubilities in the test systems can be easily ob-
tained as shown in Table III.

Literature values of the oxygen diffusion coefficient in
pure water at 25°C have been summarized by Goldstick and
Fatt (10) and St. Dennis and Fell (21). Values were found to
scatter from 1.87 to 2.60 X 10~ cm?sec, with a mean of 2.2
x 10~5 cm?'sec. The current experimental results for the
oxygen diffusion coefficient at 22°C, i.e., 2.09 x 10~5 cm?¥
sec, compares very well with this reported value and values
of 2.11 and 2.14 X 10~° cm?/sec obtained in the previous
studies (1,2). This lends good support to the reliability and
accuracy of the present method and the results obtained in
the study.

The oxygen diffusion coefficients in formulas 1-5 in the
first set of experiments are illustrated in Fig. 6 by plotting
the values of D, against the petrolatum concentrations in
these ointments. A linear decrease in oxygen diffusion coef-
ficients with increased petrolatum concentrations has been
observed. This is reasonable because oxygen diffusion is
generally poorer in highly viscous, semisolid petrolatum
than it is in pure water.

Figure 7 shows the results of the relative oxygen per-
meabilities, Dk/Dyk,, in these investigated systems against
the petrolatum concentrations. The correlation is shown to
be a semilog correlation. Similarly to these a semi-log corre-
lation of oxygen permeability with solute concentration has
been found in aqueous electrolyte solutions (1).

Since the values of oxygen solubility are further derived
from those of the oxygen diffusion coefficient and perme-
ability, diminished accuracy in experimental results of ox-
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Table III. Experimental Results for Oxygen Diffusion Coefficient, Permeability, and Solubility in the Investigated Systems
RJR, lasm D, x 108 Dk, x 10° k, x 103
Test material (—) (sec) (cm?/sec) (mol cm?1 sec atm) (mol/1 atm)

H,O (N = 4) 0.4210 = 0.0095 208.55 = 5.30 20.90 = 0.53 27.13 1.30
Formula 1 (N = 3) 0.1550 = 0.0038 1512.0 + 45.20 2.47 + 0.07 6.84 2.77
Formula 2 (N = 2) 0.1085 = 0.0030 1712.8 = 55.50 2.10 = 0.07 4.54 2.16
Formula 3 (N = 3) 0.0977 = 0.0025 2415.5 = 70.45 1.47 = 0.04 4.04 2.75
Formula 4 (N = 2) 0.0810 = 0.0025 2482.4 = 83.70 1.40 = 0.05 3.29 2.35
Formula S (N = 2) 0.0538 + 0.0018 5180.1 + 209.90 0.65 + 0.03 2.12 3.26
Lasan HP-1 cream

(N =13) 0.2889 + 0.0065 527.05 = 14.85 7.79 = 0.22 1.59 0.20
Westragel (N = 2) 0.2543 + 0.0071 946.50 = 31.70 4.25 = 0.14 1.27 0.30
Anthraderm ointment

N=2 0.1420 = 0.0040 2624.0 = 113.85 1.29 = 0.06 6.18 4.79
Drithocreme HP 1.0%

(N=2) 0.0860 = 0.0029 4248.0 + 208.15 0.83 + 0.04 3.51 4.25

ygen solubility is expected. As shown in Table III, no clear
trend of variation can be deduced from the experimental
data of oxygen solubilities in formulas 1-5. However, values
higher than that of pure water are found in all of the investi-
gated systems. Also, a significant difference of the solubility
values was found between formula 1 (¢ = 0.06) and formula
5 (b = 1.90). Obviously, this is dependent upon the volume
of the organic phase present in these ointments.

In the second set of experiments, four 1% anthralin
products were evaluated using the same method. These
products represent four typical vehicle bases commonly
used in topical administration: 1% Drithocreme (o/w cream),
1% Westragel (o/w microemulsion gel), 1% Lasan HP-1 (w/o
cream), and 1% Anthraderm (anhydrous petrolatum oint-
ment). According to the solubility of anthralin (less than
0.2%), the majority of anthralin in these products is consid-
ered to be in a suspension form. And the oxygen consump-
tion due to the solid anthralin can be reasonably assumed to
be negligible. The diffusive transport of oxygen in these
products is therefore solely dependent upon the vehicle
bases.

As can be seen in Table III and Fig. 5, 1% Lasan HP-1
showed the highest oxygen diffusion coefficient at 7.79 X
10-¢ cm%sec, followed by 1% Westragel at 4.25 x 10~% cm?¥
sec, 1% Anthraderm at 1.29 x 10-¢ cm?%sec, and finally, by
1% Drithocreme at 0.83 x 10-¢ cm?/sec. Without knowing

30~

Dt x 107. cm? /sec

I ! )
o} 10 20 30 40 50
Petrolatum Concentration, wt %

o) | It

Fig. 6. Values of D, as a function of the petrolatum concen-
trations in USP XXI hydrophilic ointment.

the major differences among these creams other than their
dosage form, we are not able to make further predictions
about the oxygen diffusion processes in these creams. How-
ever, the higher values of the calculated oxygen solubility in
1% Drithocreme and Anthraderm reveal their higher oil-
phase concentrations as compared to the 1% Lasan HP-1
and Westragel. This further confirms the qualitative trend
found in our first set of experiments with ointments of dif-
ferent o/w phase~volume ratios, i.e., the oxygen diffusion
coefficient decreases with an increase in the oil-phase con-
centration in the formulations.

CONCLUSION

From the data generated in this study, it is suggested
that Ju and Ho’s method of determining the diffusive trans-
port of oxygen is applicable to these pharmaceutical dosage
forms. It is believed that the method can also be applied to
other semisolid dosage forms, i.e., suspensions, emulsions,
and syrups intended for other administration routes. The
data also suggested that the diffusive transport of oxygen in
semisolid dosage forms is determined not only by the type of
the vehicle bases, i.e., o/w creams, o/w microemulsions, w/o
creams, or anhydrous bases, but also by the concentration
of the oil phase in the formulations. The higher the concen-
tration of the oil phase, the lower the diffusion rate. On the

log (Dt kt / Dwka)

L 1

i 1 I
o] 10 20 30 40 50
Petrolatum Concentration, wt %

Fig. 7. Values of log (D /D, k,) as a function of the petro-
latum concentrations in USP XXI hydrophilic ointment.
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other hand, the oxygen solubilities in these test systems
seem to show a reverse trend. Higher oxygen solubilities
were usually found in dosage forms with higher oil-phase
contents. This study suggests a practical methodology for
the determination of the diffusive transport of low molecular
weight gases in pharmaceutical solutions and semisolids.
The technique described above should allow scientists to
have a better grasp on the basic information about the ve-
hicle base itseif. It is believed that the information on ox-
ygen diffusive activity could then be used as a reliable crite-
rion for formulation selection and processing design.

NOMENCLATURE

A A proportionality constant in Eq. (1)

B A dimensionless parameter as defined in Eq.

(18), cm—!

B’ A dimensionless parameter defined in Eq. (22)
(=B dt)

Co, Oxygen concentration, mol/l

D Oxygen diffusion coefficient, cm?%'sec

d Thickness, cm

k Oxygen solubility, mol/l atm

Pm Oxygen permeability in the membrane

p Oxygen partial pressure, atm

R The reading of the oxygen electrode, %

t Time, sec

ta3% Time needed to reach a 3% drop of T, sec

X Distance from the inside surface of the

membrane, cm

x' Distance from the outside surface of the membrane
(=x — dy), cm

r Complementary normalized transient response of
the reading of the oxygen electrodes

T Dimensionless time (=D t/d?)

£, Positive roots of Eq. (23)

Subscripts

a Air

f Nitrogen

Wang, Ju, and Ho

m Membrane
W Water

s Steady state
t Test material
0 Oil
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