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summary 
As an initial approach to the quantitative understanding of the importance of various 

components of intestinal contents as factors in mass transfer resistance, studies have been 
performed in diffusion cells containing polydimethylsiloxane membranes under circum- 
stances sensitive to the boundary layers. (1) The effect of temperature change on perme- 
ability was measured. Under the conditions of the study, demonstration of a clear transi- 
tion from membrane control to boundary control with rising temperature proved elusive. 
(2) When membrane thickness was systematically decreased, a gradual transition from 
membrane to boundary control was demonstrated, yet practical restrictions of the experi- 
mental conditions and system limited the degree to which either membrane or diffusion 
layers could be manipulated into a rate controlling role. (3) The effect of solution viscosit 
on mass transfer was also studied. Methylcellulose and sucrose were used as polymeric am 
low molecular weight viscosity inducing agents respectively. It was readily shown that 
viscosity has a much greater influence on the flux of a permeant through decreased diffu- 
sion coefficients than through increased boundary layer thicknesses, as is predicted by dif 
fusional theories. 

Introduction 

Hydrodynamic boundary layers, sometimes referred to as diffusion layers 
or unstirred layers, are increasingly being shown as significant in limiting the 
mass transfer of substances across biological and synthetic membranes [l-4: 
These appear particularly important in membrane systems separating aqueou 
phases where the membranes are non-polar or lipid in nature and where the 
permeating species are hydrophobic [ 51. A lipoidal nature is a characteristic 
of many living membranes, whether of a single cell or a multicellular tissue 
barrier. Membranes of the latter type include the very permeable gastro- 
intestinal (GI) lining [6], with its single layer of epithelial cells and underly- 
ing supporting structure, and the skin [ 7,8], where a cornified, multilayer 
epithelium results in relatively limited permeability. These and other mem- 
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branes have been or are being studied in our laboratories and regardless of 
their complexities, conditions have been found for each membrane under 
which mass transfer across a boundary layer is a limiting factor. In some cases, 
the boundary layer combines with non-factorable aqueous diffusional re- 
sistance within the tissue and the summed diffusional resistance of aqueous 
nature is surprisingly large. 

There are human pathological states in which it appears that hydrodynam- 
ic boundary layer resistances should be greatly increased. For instance, in 
cystic fibrosis, increased production of unusually viscid mucus is believed to 
interfere with diffusion of nutrients up to the GI membrane, and of oxygen 
up to and carbon dioxide away from the alveolar membrane of the lung [ 91. 
Because in such diseases mass transfer occurs through media of high viscosity, 
it becomes necessary to include explicitly the boundary layer viscosity as an 
additional variable in models of mass transfer events. Previous models of our 
own and of others have assumed transport through a medium of the fluidity 
of water. Even the normal intestinal content differs greatly from water in its 
hydrodynamic characteristics. This solution of mucus and dissolved food- 
stuffs with its slurry of particulates has a reduced fluidity, the significance 
and precise characteristics of which have never been determined. Thus, hydro- 
dynamic factors related to viscosity must be studied and put into proper pers- 
pective in both normal and pathological states. 

In order to study hydrodynamic boundary layer characteristics without 
the complications imposed by a biological membrane, in vitro studies have 
been initiated using polydimethylsiloxane membranes with progesterone as 
the permeant, which seemed ideal for the purposes [ 10,111. Conditions have 
been manipulated in several ways in an attempt to demonstrate the transition 
of a diffusional process from membrane control to boundary layer control. 
Temperature and membrane thickness effects have been studied in a conven- 
tional diffusion cell. More relevant experiments into the properties of the 
boundary layer were performed in a novel diffusion cell operating on a rotat- 
ing disk principle. Here the influences of stirring and of medium viscosity on 
mass transfer have been evaluated. 

Experimental 

Materials 

(1) Chemicals 
The permeant in these studies was radiolabeled progesterone. This was ob- 

tained as [ 7(n)-3H]progesterone (Amersham/Searle, Arlington Heights, Ill.) 
with a specific activity of 7.9 Ci/mmol. A limited number of experiments was 
also performed with [ 1 a,2a(n)3H] progesterone (Amersham/Searle, 
Arlington Heights, Ill.). Each lot was supplied as a 1 ml benzene solution and 
was diluted with 95% ethanol to 12 ml upon receipt. All subsequent solutions 
were prepared from the ethanol stock solutions. 
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Two lots of methylcellulose rated at 15 centipoise (cp) and 100 cp (2% solu- 
tions) were obtained and used- as received (Methocel A, Dow Chemical, 
Midland, Mich.). Reagent grade sucrose was used as received. The solutions 
were prepared from water freshly distilled on the premises. 

(2) Membrane choice and preparation 
A two-component room temperature vulcanising polydimethylsiloxane 

rubber (Silastic 382 Medical Grade Elastomer, Dow Corning, Midland, Mich.) 
was used to prepare the membranes. This material forms a non-polar continu- 
um and is therefore “lipid-like” in nature. Thus partitioning and membrane 
diffusion, rather than pore permeation, is the mechanism of mass transfer. In 
addition, such silicone rubber membranes have been shown to be imperme- 
able to ions and buffers [ 121 and to be unaffected by the presence of surf- 
actants [ 131, making it very unlikely that adjuvants used in these studies 
would affect the nature of the polymer. 

Membranes were prepared by mixing catalyst with elastomer base and ap- 
plying a vacuum to eliminate air bubbles. The elastomer was then applied to 
both sides of a 50-pm thickness stainless steel support screen with/;large, cir- 
cular perforations. Screens with different porosities were used in different 
studies. In this manner, the stainless steel supporting structures reduced the 
area for transport within the conventional cell from 10 cm2 total area to 
3.38 cm2 available area, while the area within the rotating membrane cell 
was effectively reduced from the 6.16 cm2 total area to 4.36 cm2. The stain- 
less steel itself was impervious. For the variable membrane thickness and 
temperature studies, the elastomer was spread evenly over the support screen 
and flattened into a film by being placed between two heavy granite slabs 
separated by spacers. For the viscosity studies, one 50-pm thick spacer was 
placed on each side of the 50-pm support screen and the entire unit (spacer- 
screen-spacer) was compressed in a hydraulic press with 3000 pounds pres- 
sure. Upon completion, each membrane was allowed to cure in the press for 
twelve hours. It was removed and soaked in distilled water for approximately 
fifteen minutes before use. Finished membranes were measured at several 
locations with a micrometer to determine their average thicknesses. The sup- 
port and spacers are each 50 km thick, resulting in a total membrane thickness 
of approximately 150 I.trn [ 141. Early observations using unsupportive mem- 
branes in the conventional diffusion cell indicated that thin membranes were 
set into vibration during the experiment. Experimental results showed that 
this vibration disturbed the surface hydrodynamics of the membrane. For this 
reason a rigid supporting structure in the membranes was necessary. Embed- 
ding the support in the membrane eliminated hydrodynamic complications 
which an external support would cause. Preliminary work indicated the thick- 
ness of support screen necessary [ 14 1. 
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Experimental procedures 

(1) Conventional diffusion cell 
The diffusion cell used in the temperature studies and studies in which 

membrane thickness was systematically varied has been previously described 
by Flynn and Smith [ 151. Initial experiments with dilute, fluid slurries of 
progesterone in the donor compartment indicated that the constant, satur- 
rated concentration necessary to obtain a steady state flux could not be main- 
tained within the cell, since membrane uptake and permeation was more 
rapid than the rate of solution. In order to establish steady state’permeation 
and to circumvent problems of membrane retention, large external reservoirs, 
500 ml each, were connected to the donor and receiver compartments. The 
contents were circulated separately through each of the 15-ml cell cornpart 
ments at a rate of 20 ml/min using two separate piston pumps (FM1 Metering 
Pump Model RRP, Fluid Metering Inc., Oyster Bay, N.Y.). One-millilitre 
samples were withdrawn initially from the donor compartment and from the 
receiver side at convenient intervals, and placed directly into 20 ml of scintilla 
tion cocktail (Aquasol, New England Nuclear, Boston, Mass.). The samples 
were counted in a scintillation counter (Beckman Model LS200, Beckman 
Instruments, Irvine, Calif.). Checks on the system indicated that under these 
circumstances, the donor phase concentration was essentially invarient over 
the course of the experiments and close approximation of the conditions for E 
steady state was achieved. 

(2) Rotating membrane cell 
A rotating membrane cell, similar to that originally described by Albery et 

al. [ 161, and identical to the model of Amidon [ 141, was constructed in a 
local machine shop. Its inner compartment volume is 70 ml and in these expel 
iments the cell was placed in a jacketed external compartment of 450 ml. The 
same medium was placed in each compartment with the permeant placed in 
the inner chamber. The cell is equipped with a variable speed motor (Master 
Servodyne Model 4445-30, Cole Palmer Instrument Co., Chicago, Ill.), and 
experiments were performed at speeds ranging from 40 to 300 rpm. The 
latter represented an upper limit on the possible speeds as vortexing was evi- 
dent at this speed and became more troublesome at higher velocities. The rota 
tional speed for each experiment was checked and the rate precisely adjusted 
with a tachometer. 

One-hundred-microlitre samples were first withdrawn from the donor and 
receiver sides to establish initial concentrations; then at intervals from the re: 
ceiver side to measure flux. The viscosity of some of the solutions necessitate< 
careful and consistent rinsing of the Eppendorf pipette tips in the 20 ml of 
scintillation fluid. One millilitre of water was also added to each scintillation 
vial containing sucrose solutions to prevent crystallization. 
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(3) Solution preparation, and viscosity and density estimation 
Solutions of methylcellulose were prepared according to instructions pro- 

vided by the supplier [ 171. Solutions of 2% and 1.5% were prepared on a 
weight to weight basis by first dispersing the powder in 20-30% of the water 
heated to 80---9O”C, stirring thoroughly, then adding the remainder of the 
water cold. Solution was completed by constant stirring in a refrigerated 
chamber. Since methylcellulose solutions are not Newtonian in character, the 
viscosities (centipoise) of 13 cp (2% solution of 15 cp stock), 40 cp (1.5% 
solution of 100 cp stock) and 100 cp (2% solution of 100 cp stock) were 
determined by nomography [ 171. No attempt was made to correct these for 
non-Newtonian characteristics of the formed solutions under the conditions 
of shear of the experiments. The viscosity range was chosen to provide for at 
least a two-fold increase in the hydrodynamic barrier based on the theoretical 
assumption that the boundary layer thickness is proportional to macroscopic 
viscosity to the one-sixth power [ 181. It was reasoned that the microscopic 
viscosity would be little affected by the polymer in so dilute a concentration, 
and therefore the diffusivity of progesterone should not deviate in these 
solutions appreciably from its diffusivity in water. 

Sucrose solutions were prepared on a weight by weight basis to concentra- 
tions of 5%, lo%, 20%, 40% and 60%. Kinematic viscosities of sucrose solu- 
tions were measured using calibrated Canon- Fenski version Ostwald viscom- 
eters, size 75 for solutions from 1.6 to 8 centistokes (cs) and size 150 for solu- 
tions from 7 to 35 cs. Appropriate sized samples were drawn into the visco- 
meters using suction and were allowed to equilibrate to 37°C for approximate- 
ly ten minutes. Efflux times were measured in triplicate and were multiplied 
by the provided viscometer constants to yield kinematic viscosities. The solu- 
tions were prepared and used immediately, and there was never evidence of 
growth of microorganisms. 

Densities were measured by equilibrating and weighing the various sucrose 
solutions in a standard pycnometer at 37°C. Agreement with literature values 
for density was within 0.3%. 

Permeability data analysis 

(1) Conventional diffusion cell 
Measured values of samples from the receiver were plotted as counts as a 

function of time. The overall permeability coefficient, P, was calculated from 
the slopes of the steady state portions of the curves according to: 

p _ Vr(dCldt) 

AAC 
(1) 

where V, is the receiver compartment volume, (dC/dt) the rate of change of 
concentration (counts/cm3-min) in the receiver compartment, A the area avail- 
able for diffusion through the membrane, and AC the concentration 
(counts/cm3) difference across the membrane. This was taken as the donor 
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concentration since the receiver accumulation was never a significant fraction 
of the donor phase. 

The barrier layers through which diffusion occurs include the membrane 
and fluid boundary layers on each side of the membrane, which can be as- 
sumed to be essentially of equal thickness due to the symmetry of the cell de- 
sign. The total diffusional resistance is therefore: 

Rt=!2R,,+R, (2) 

and according to Flynn et al. [ 51, the operative permeability coefficient is the 
reciprocal of the total resistance as expressed in: 

(3) 

where subscripts m and aq stand for membrane and water (boundary layer), 
respectively, D symbolizes diffusivity, h represents thickness, .Xh,, is the com- 
bined thickness of the two boundary layers, and Kmlas is the membrane- 
water partition coefficient. 

In the temperature studies, it was initially assumed that D, would have a 
far greater sensitivity to temperature than D,,, as a manifestation of higher 
activation energy. Equation (4) expresses the presumed relationship of dif- 
fusivity to temperature: 

Di = DyesEilRT (4) 

Substitution of this expression into eqn. (3) for each D value and assuming the 
activation energy, Ei, for the membrane to be greater than for the boundary 
layers, yields a function in which there is a change from membrane to diffu- 
sion layer control of P as the temperature is raised. In order to correct for the 
slight differences in membrane thickness in the temperature studies from run 
to run, a thickness normalized parameter, K,, was calculated: 

Kn = Ph, (5) 

Close examination of eqn. (3) reveals that eqn. (5) is only an approximate 
normalization of the membrane thickness variation, as it ignores the boundary 
layer involvement. 

(2) Rotary membrane cell 
Data for the rotary membrane cell, which had different donor and receiver 

compartmental volumes, 70 ml and 450 ml respectively, were analysed differ- 
ently. In this case the loss of progesterone from the donor compartment into 
the receiver, maintained essentially as a sink, was computed from receiver 
compartment data. The relative concentration of material in the donor com- 
partment at any time after the membrane gradient is formed, CA, would be 
[14]: 



G 
450 

= c; -c,” - ( 1 70 

and the first-order rate of loss from the donor side would follow [ 5,141: 

( 1 G 
In - 

G 

= -Icut 
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(6) 

(7) 

where the subscripts d and r stand for donor and receiver, respectively. The 
ratio 450/70 is a concentration adjustment for the respective volumes of the 
cell halves. K,, the first ordinate constant, was determined from semilog 
plots of the data and P evaluated as: 

p= Kuvd 
A 

vd was 70 ml and the area available was 4.36 cm’. Ku has the unit of 
reciprocal time and P the units of cm/time (velocity). 

The hydrodynamic flow at a rotating surface has been characterized by 
Levich [ 181. The aqueous diffusion layer is mathematically described by: 

h aq = 0.6424~“~ 0;:: S-II2 (9) 

where h, is the thickness of the individual boundary layer, v is the kinematic 
viscosity and S is the velocity of rotation in revolutions per second. Thus the 
total resistance across the barrier in the rotating cell can be stated as [ 5,141: 

2(0.6424v aq ll6~1/3~-II2 
1 

Rt = +- 
D aq Pill 

(10) 

The first term represents the resistance of the two boundary layers, 2R,, 
and the second the resistance of the membrane, R, . Like the membrane 
term, the boundary layer term is the reciprocal of the boundary layer perme- 
ability coefficient for two diffusion layers, 2/Paq. 

Since P is equal to the reciprocal of the total resistance, it follows from 
eqns. (7) and (10) that: 

(1.285~“~)S-“~ 1 -=- 
D 2i3 

+- 
cn 

3 

w 

(11) 

and a plot of the reciprocal rate against the reciprocal of the square root of 
the rotational velocity should be linear with a slope of 1.285 vdv1’6 /AD:: 
and an intercept of Vd/APm. The permeability coefficient of the membrane, 
Pm, has the value D, Km/,, /h, . 
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TABLE 1 

Progesterone diffusion across 700-pm thick silicone rubber membranes as a function of 
temperature 

Temperature Lag Membrane K, ( cmZ/min ) Permeability Apparent 
(“C) time thickness, h coefficient diffusivity a 

(min) (cm) (cm/min) (cm’/sec) 

75 13 0.0697 1.62 x 1O-5 3.45 x 1o-2 1.04 x 10-h 
75 13 0.0670 1.49 x 1o-5 3.29 x 1o-z 9.59 x 10-s 
60 12 0.0717 1.16 X lo--’ 2.40 x lo--’ 1.19 x 1o-6 
60 - 0.0727 1.18 x 10-s 2.41 x lo--’ - 
50 32 0.0735 1.10 x 1o-5 2.21 x low2 4.69 x lo-’ 
50 28 0.0727 1.10 x 1o-5 2.25 x lo-’ 5.24 x lo-’ 
45 31 0.0697 8.50 x 10-e 1.80 x 1o-2 4.35 x lo-’ 
45 29 0.0697 7.66 x 1O-6 1.63 x 10W2 4.65 x lo-’ 
37 36 0.0697 7.50 x 1o-6 1.59 x 1o-2 3.75 x lo-’ 
37 32 0.0727 7.25 x 10W6 1.48 x lo-’ 4.59 x lo-’ 
30 42 0.0697 6.52 x lo+ 1.38 x 1O-1 3.21 x 10W7 
30 35 0.0670 6.03 x 1O-6 1.33 x lo--* 3.56 x lo-’ 
25 52 0.0735 6.02 x lo+ 1.21 x 10-2 2.89 x lo-’ 
25 55 0.0727 6.54 x 1O-6 1.33 x 1o-2 2.67 x lo-’ 
20 52 0.0670 4.74 x 10-6 9.87 x 1O-3 2.40 x lo-’ 
20 55 0.0696 5.02 x 10G6 1.07 x 1o-2 2.45 x lo-’ 
10 61 0.0670 3.43 x 1o-6 7.58 x 1O-3 2.04 x 1O-7 
10 62 0.0717 3.43 x 10-S 7.08 x lo-” 2.30 x lo-’ 

T.J. Roseman’s data [lo] 
37 22.0 0.0597 - - 4.50 x lo-’ 
37 12.8 0.0516 - - 5.78 x lo-’ 

(fillerless) 

a The apparent diffusivity is based on the Daynes and Barrer lag time equation, tL = h2/6D. 

Results 

Data obtained in the temperature studies are summarized in Table 1, which 
indicates the temperature, the thickness of the membrane, the permeability 
coefficient, P, the lag time, the K, value, and finally, the apparent diffusion 
coefficient estimated from the lag time for each run. In Fig. 1 the thickness- 
normalized rate constants, Kn values, for membranes all about ‘700 pm thick 
(715 pm +5; range 670-735 pm) are plotted semi-logarithmically against the 
reciprocal of the absolute temperature. This membrane thickness was selected 
to allow an estimated 50% boundary layer contribution to the mass transfer 
resistance at 37°C. This estimate was based on a reported effective diffusion 
layer thickness of 188 pm for the cell [ 191 and on diffusion parameters for 
progesterone in the membrane given by Roseman [lo]. 

A representative set of permeation profiles for studies run as a function of 
membrane thickness is shown in Fig. 2 and these indicate the gross steady 
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Fig. 1. Arrhenius-like plot of the membrane thickness normalized rate constants, K,, for 
700-pm membranes. Biexponential character is evident in the profile, which suggests a 
transition from membrane to diffusion layer control as the temperature is raised. 

Fig. 2. Permeation profiles for membranes 155 grn (a), 630 pm ( n ) and 950 pm (A) in thick- 
ness. All data were obtained at 37°C. 

state flux and lag time dependencies of the experiments. Data are presented in 
Table 2 for experiments performed at 37°C using membranes varying in thick- 
ness from 155 m to 950 pm. The manner in which the permeability coeffi- 
cient decreases as the reciprocal thickness is increased is seen in Fig. 3. 

Table 3 contains the results of partitioning studies, including the previous 
results of another investigator [lo]. All data indicate the value of the parti- 
tion coefficient for progesterone between the polydimethylsiloxane matrix 
and water to be about fifty (47.7 + 4.61) at 37°C irrespective of method of 
estimation, the presence or absence of filler, or the concentration of prog- 
esterone equilibrated. 

A set of permeation profiles (20% sucrose solutions) obtained at different 
rotational speeds with the rotating membrane apparatus is given in Fig. 4. The 
curvilinear nature of these plots is real, as the donor phase concentration de- 
creases significantly over the course of a run. However, aided by dilution into 
the larger volume of the receiver, the essence of sink conditions is nevertheless 
maintained and the method of data processing implicit in eqn. (6) linearizes 
the results and yields valid estimates of the rate constant, Ku, In these studies 
the membrane was preloaded with progesterone and the collection of samples 
begun after the steady state had been obtained. The limited number of counts 



TABLE 2 

Permeation of progesterone through silicone rubber membranes as a function of membrane 
thickness at 37°C 

Membrane Lag Permeability Average Apparent a 
thickness time coefficient permeability diffusivity 
(cm) (min) (cm/min) coefficient ( cmz/sec) 

0.0155 6 3.66 x lo--* 
0.0155 3 3.39 x 1o-2 3.52 x 1O-2 

0.0175 6 3.28 x lo--’ 0.0175 6 3.07 x 1o-2 3.18 x 1O-2 

0.0210 
0.0210 

7 3.14 x 1o-2 
5 3.02 x lo-* 3.08 x 1O-2 

0.0265 9 2.73 x lo-’ 
0.0265 9 2.99 x 10-Z 2.86 x 1O-2 

0.0330 12 2.79 x 10-S 
0.0375 15 2.44 x lo-* 

0.0450 13 2.23 x 10W2 
0.0450 18 2.27 x lo-* 

) 
2.25 x 10-a 

0.0630 35 1.92 x 1o-2 

0.0830 42 1.50 x 10-Z 
0.0830 40 1.56 x lo-* 

1 
1.53 x 10-Z 

0.0950 49 1.35 x 10-a 
0.0950 41 1.50 x lo-* 

> 
1.43 x lo-* 

Computer estimate b 

1.11 x lo-’ 
2.22 x lo-’ 
1.42 x lo-’ 
1.42 x lo--’ 
1.75 x lo-’ 
2.45 x 1O-7 
2.17 x lo-’ 
2.17 x lo-’ 
2.52 x lo-’ 
2.60 x lo-’ 
4.33 x lo-’ 
3.13 x lo-’ 
3.15 x lo-’ 
4.55 x lo-’ 
4.78 x lo-’ 
5.12 x lo-’ 
6.12 x lo-’ 
6.92 x 10V7 

a The apparent diffusivity is based on the Daynes and Barrier lag time equation, TV = h2/6D. 
b Based upon a partition coefficient, K,las, of 47.7; see discussion of Fig. 3. 
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Fig. 4. Raw data (37°C) for the rotating membrane cell. Solutions were 20% w/w sucrose. 
The counts per minute in the receiver compartment are recorded as a function of time. 

Fig. 5. Plots of the reciprocal of the rate constant, K;' , versus the reciprocal square root 
of the stirring velocity, S - I’* for sucrose solutions. The lower line with no data points is 
the trend for water. The othe; lines in increasing degree of slope are for 5% w/w ( q ), 10% 
w/w (o), 20% w/w (A), 40% w/w (W) and 60% w/w (9) solutions, respectively. The intercept 
for water of 7.3 x lo3 set is barely perceptible on the plot and the intercepts for the 
sucrose solutions should be even less. All lines pass comfortably through an intercept near 
0,o. 

TABLE 4 

Permeation of progesterone through polydimethylsiloxane in the rotating membrane system with water 
and sucrose solutions as the external media at 37’ C 

% Medium Medium Experimental Theoretical Experimental Actual ratio of 
Sucrose density visco2itY slope a slope b to 

Wcm3) 
slope to 

(CP) (S “!? x 104) (S”2 x 104) theoretical slope of water 
slope ratio 

0 0.9930 0.71 2.3 2.54 0.91 - 
5 1.0216 0.813 5.9 (1) 2.83 2.08 2.56 

6.6 (2) 2.33 2.81 
10 1.0478 0.941 6.8 (1) 3.18 2.13 2.96 

1.3 (2) 2.30 3.17 
20 1.0150 1.30 10.2 (1) 4.15 2.45 4.43 

9.7 (2) 2.34 4.22 
40 1.1761 3.72 16.9 (1) 9.81 1.72 1.35 

16.7 (2) 1.70 7.26 
60 1.2010 23.46 79.4 (1) 45.4 1.76 34.3 

81.4 (2) 1.93 38.0 
a The slope for each complete experiment in the sucrose solutions is listed separately. Each was 
determined from data at the indicated four rotational speeds. 
bThe theoretical slopes were calculated using eqn. (20)~ which requires knowledge of only the medium 
viscosity and density. The theoretical 37’C slope is thus 1.67 X 10s C”‘/~‘“, where the viscosity is in pois 
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TABLE 5 

Permeation of progesterone tbhrough polydimethylsiloxane membranes in rotating membrane system 
with methylcellulose solutions as external media at 37°C 

Solution 
composition 

Apparent Experimental Theoretical 
slope b 

Experimental Actual ratio of 
viscosity slope a to slope to slope 
(CP) (S1’2 x 104) (S”2 x 104) theoretical of water 

slope ratio 

Water (control) 0.71 2.3 2.54 0.91 - 

2% Methylcellulose 13 -9 29 -0.3 3.9 
2% Metbylcellulose 40 -11 73 -0.15 4.8 
2% Methylcellulose 100 -14 157 -0.09 6.1 

a The calculation uses egn. (20) and is based on an assumed density of 1.0 g/cm’. This introduces little 

% 
rror given the slope’s negative one-sixth-power dependency on density. 
The calculation is based on the slope of eqn. (11) with D a3 assumed a constant. 

)- 

,- 

I_ 

-112 
S 

Fig. 6. Reciprocal rate constant, K;‘, versus reciprocal square root of the stirring velocity, 
S-I’“, for the methylcellulose solutions. Data for water are from Amidon [ 141. The data 
evidence scatter but are in generally good agreement with an intercept of 7.3 X lo3 sec. 
The ratio of the 100~cp slope to that of water is about 6.3. The lines in order of increasing 
slope are for methylcellulose 13 cps (*), 40 cps (A) and 100 cps (w). The curve for water is 
labeled as such. 

sented for water and the sucrose solutions in Table 4, along with viscosity and 
density data. Similarly obtained data for the methykellulose solutions are 
shown in Table 5 and Fig. 6. These latter data are relatively approximate in 
nature, due both to difficulties interpreting the viscosity of these non- 
Newtonian solutions and to variability experienced in estimates of P at the 
various speeds. 
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Discussion 

a. Temperature influence on boundary layer involvement 
As seen from Table 1, temperature studies were performed over a 65°C 

range but there is only a 4.6 fold increase in the apparent permeability coeffi- 
cient, P. No matter what the mechanism, this represents a marked insensitivity 
to temperature. Moreover, apparent diffusivities, D,,, calculated from the 
Daynes and Barrier lag time relationship, D = h2/6t, increase 4.61 fold, indicat 
ing that the temperature effect is due to increased diffusivity within the bar- 
rier system. When the data are plotted in the Arrhenius fashion, log Kn versus 
l/T, a curvilinear relationship is obtained as found in Fig. 1. This vaguely has 
the general biexponential characteristics expected for a process involving a 
change from membrane control at low temperature to diffusion layer control 
at high temperature, and may represent the first temperature related demon- 
stration of such a transition due to differences in activation energy. The break 
in the curve is so slight, however, that assignment of the activation energies to 
the respective parts is precluded. Moreover, Hildebrand [ 191 has called expo- 
nential dependencies for diffusivities into question, at least for liquids. This 
casts doubt over any interpretation of the temperature effects. There is, never- 
theless, an interesting aspect to the temperature data. Assuming a change in 
rate controlling mechanism, 37°C appears to be the pivotal temperature, sug- 
gesting that the boundary layers are significant here for the 700~pm thick 
membranes, even with the vigorous stirring involved. The apparent diffusivity 
calculated at 37”C, 4.17 X iOm7 cm2/sec, agrees well with the value of 
Roseman [lo] (Table l), but neither may represent accurate estimates of the 
membrane value due to significant boundary layer involvement. It should be 
noted that the identical diffusion cell and the essential conditions used by 
Roseman were employed in these studies. 

b. Membrane thickness and boundary layer influence 
The conclusion concerning diffusion layer involvement at 37°C is significant- 

ly reinforced by data from the membrane thickness dependencies at this 
temperature. It can be seen from the last column in Table 2 that, as the mem- 
brane is made thicker, apparent diffusivities are steadily increasing well past 
the 500 to 600 cun thicknesses previously used for diffusivity estimates [lo]. 
In theory, when the membrane becomes the only significant resistance, the 
value of the estimated diffusivity should be invarient with further increases in 
membrane thickness of an isotropic membrane. The permeability coefficient 
decreases as the thickness increases, but the linear relationship between P and 
the reciprocal thickness expected for a system in which the membrane is the 
sole rate controlling element of the barrier system is obviously not observed, 
as seen in Fig. 3. Rather, the data plotted in this fashion gradually fall away 
from such an anticipated trend. A best fit computer drawn line based on the 
membrane-diffusion layer model, expressed mathematically in eqn. (3), is 
fitted to the datain Fig. 3. This model predicts that the diffusional process 
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will be in membrane control when l/h, is very small (thick membranes) and 
in boundary layer control when l/h, is very large (thin membranes). 

Equation (3) expresses the apparent permeability coefficient, P, in terms of 
fundamental properties of the membrane and the boundary layers. In the 
limit that the membrane is made infinitely thick, P takes the mathematical 
form: 

(12) 

and dP/d( l/h, ), the tangent to the curve in Fig. 3 as the curve approaches the 
origin, is equal to D, Kmlaq. Computer evaluation of the best slope consistent 
with all the data gives 1.98 X low3 cm2 /min for the value of D,Kmlas. Data 
for the partitioning of progesterone into silicone rubber are reported in 
Table 3. Based on all estimates, the Kmlaq value is 47.7 and the membrane dif- 
fusivity is thus calculated to be 6.92 X lo-' cm2/sec, considerably higher 
than previous estimates (Table 1) but fully consistent with previous data when 
it is realized that heretofore all values were without correction for significant 
boundary layer influences. Roseman [lo] indicated that diffusivity within fil- 
lerless silicone rubber was 5.78 X lo-’ cm2/sec (Table l), but this too is al- 
most certainly low. Applying the same boundary layer correction factor of - 1.5 
yields a value of 8.7 X lo-’ cm* /set, reasonable and in proper proportion to 
the adjusted value for a membrane containing filler. 

As l/h, approaches infinity (an infinitely thin membrane), the data reach 
a plateau, as is expected from the membrane diffusion layer model. The com- 
puter projects a limiting value of 4.59 X 10m2 cm/min (7.65 X 10m4 cm/set), 
which corresponds to a combined diffusion layer thickness of 91.4 pm or, as- 
suming equal contributions, about a 46 pm diffusion layer on each side. This 
exceedingly thin diffusion layer is not surprising since the stirring is vigorous 
and in close proximity to the membrane surface. A previous estimate of the 
total boundary layer thickness by Flynn and Yalkowsky [ 201 for this diffu- 
sion cell system was 188 pm, but was obtained with an external membrane 
support in series with the membrane. Their supposition that the support in- 
creased the boundary layer thickness seems to have been well founded. 

One trial run with a viscid methylcellulose solution of approximately 40 cp 
was made in the conventional cell, in this case with a 150-,um thick membrane. 
A permeability coefficient of 2.39 X 10h2 cm/min was obtained (see Fig. 3), 
indicating an effective diffusion layer thickness of 140 pm (using the afore- 
mentioned parameters for the membrane). This is only a 1.53-fold increase 
over that seen in water, less than the factor of 1.96 predicted from the theoret- 
ical sixth root dependency of the diffusion layer thickness with respect to 
viscosity [ 181. A value of 0.710 cp was used for the viscosity of water in this 
calculation. Despite the lack of a perfect quantitative agreement, which may 
in part be due to non-Newtonian qualities of the polymer solution under shear, 
the expected insensitivity of the diffusion layer to macroscopic viscosity is 
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amply demonstrated. It is also clear that while viscosity effects on mass trans- 
fer could be studied using the conventional cell with computer assisted data 
analysis, accurate results would depend on the time consuming procedure of 
making runs at many widely varied membrane thicknesses. 

c. Rotating membrane theory 
The rotating diffusion cell described by Albery et al. [ 161, already being 

evaluated in these laboratories by Amidon [ 141, seemed to have built-in ad- 
vantages for further studies on the hydrodynamic layers. In this apparatus the 
speed of rotation is easily varied between practical slow and fast extremes 
(vortexing sets a practical upper limit on velocity of rotation in a given 
medium). Because of the nature of shear at the flat, rotating membrane sur- 
face, the Levich formula for the boundary layer resistance is operative (first 
term on the right of the equality in eqn 10). This equation indicates that the 
boundary layer resistance is dependent on medium kinematic viscosity, u, to 
the onesixth power and permeant diffusivity in the external aqueous 
medium, D, , to the negative two-thirds power, as well as rotational speed, S, 
to the negative one-half power. Furthermore and in general, there is an inter- 
dependency between diffusivity, D, and in medium viscosity, t, at a given 
temperature, T, set forth in the Stokes-Einstein equation: 

kT 
D= - 

6n.$r 
(13) 

where r is the molecular radius and k is Boltzmann’s constant. It must be kept 
in mind here that in polymer solutions it is the microscopic viscosity, not the 
apparent viscosity, which determines the diffusivity. Assuming spherical molec- 
ular geometry yields: 

D= s( ‘z)‘” (14) 

where No is Avogadro’s number, and p’ the density and W the molecular 
weight of the permeant. For the present experiments T = 310 K, W = 314.45 
and p’ = 1.16, the crystalline density of progesterone. These values and the 
measured aqueous viscosity at this temperature of 7.1 X 10m3 p, when placed 
into eqn. (14), yield a highly reasonable aqueous diffusivity at 37°C for prog- 
esterone of 6.73 X 10m6 cm2/sec, almost ten times the computer estimate of 
the diffusivity of progesterone in the silicone rubber membranes. 

The viscosity in eqns. (13) and (14) is in centipoise units (g-cm-‘-set-’ ). 
Equation (14), which allows ab initio calculation of diffusion coefficients, can 
be merged with eqn. (9) once the different viscosities comprising the Stokes- 
Einstein and Levich expressions are made compatible. The relationship be- 
tween viscosity and kinematic viscosity is: 

5 = UP (15) 
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where v is the kinematic viscosity in centistokes (cm’-set-’ ) and p is the 
density of the liquid medium. The boundary layer expression in terms of the 
permeability coefficient (reciprocal of resistance) of each hydrodynamic layer 
(see eqn. 10) becomes: 

where S is the rotational speed in revolutions per second. 
Letting the term QI represent the collected constants in eqn. (16), i.e.: 

(Y = 1.557 (&) 2f3 (‘$) 2’9 = 1.55 X 10-h 

and recognizing that 

(16) 

(17) 

is a form of eqn. (ll), it follows that the reciprocal rate constant is related to 
stirring and other variables through: 

1 2 vd w 2’9 [ ‘I6 
-= 5-l/2 + vd 

KU 
dAT213p’2/9 l/b 

P APrn 

The theoretical slope of a plot of l/K, versus 1/S1’2 therefore is: 

aA~2/3 p’2/9 p I/6 
(20) 

d. Viscosity effects as seen with rotating membranes 
The sucrose solutions were essentially Newtonian in behavior and linearity 

of l/K,, versus 1/S1’2 plots, a measure of agreement between theory and ex- 
periment, was expected (Fig. 5). The data for methylcellulose solutions also 
roughly followed the Levich stirring velocity dependency, despite the fact 
that these were non-Newtonian (Fig. 6). It should be noted that in both sets 
of data the intercept value is either known by independent calculation (water 
and methylcellulose solutions only) or can be estimated sufficiently for plot- 
ting purposes (sucrose solutions). In aqueous systems, including the highly 
dilute methylcellulose solutions, the intercept would be: 

vd -= - 
APm 

Dm mdKm/aq were previously determined to be 6.92 X lo-’ cm’/sec and 
47.7, respectively. In the rotating membrane experiments the membrane thick- 
ness was 150 I.tm and vd the donor volume of 70 cm3 as the process was fol- 
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lowed as a loss in concentration from this compartment. Thus the intercept 
should be 7.3 X lo3 sec. This intercept, which corresponds to infinitely fast 
rotational velocity,, is nearly imperceptible for water on the scale of Fig. 5. 
For the sucrose solutions the intercept would be even smaller as progesterone 
is driven out of solution by sucrose addition, making the partition coefficient 
larger. All sucrose solution data sets seem to extrapolate comfortably through 
the essentially 0,O intercept and are, in this regard, in good agreement with 
theory. The water and methylcellulose data are consistent with the indepen- 
dently estimated intercept, not negligible on the scale of Fig. 6, of 7.3 X lo3 
sec. 

Amidon [ 141 has demonstrated that the rotating membrane diffusion ap- 
paratus is adequate to measure boundary layer characteristics, even when the 
solvent medium is pure water, under circumstances where the per-meant is 
progesterone and the membrane is a thin polydimethylsiloxane film. The sys- 
tem becomes exquisitely sensitive to the boundary layer when the medium 
viscosity is increased over that of water, as seen in Figs. 5 and 6. Two system 
dependencies on viscosity of essentially different origins are involved as vis- 
cosity is raised. There is first an expected “thickening” of the hydrodynamic 
layer due to the increased viscous drag at the rotating surface. This is over and 
above medium effects on diffusivity as given in the Stokes-Einstein formula- 
tion. Equations (11) and (13) together indicate that the effect of viscosity on 
diffusivity should be the more significant one. Indeed, a 64-fold increase in 
kinematic viscosity is required to double the diffusional resistance if there is 
no concomitant effect on diffusivity. An important point of understanding 
here is that the viscosity determining the magnitude of the diffusion coeffi- 
cient is the microscopic (molecular level) viscosity of the system or the viscos- 
ity resulting from primary inter-molecular forces, When a polymer is present, 
the physical entanglement of its strands can impart a high gross viscosity with- 
out much effect on the system’s microscopic property. This should essentially 
be the case at the low concentrations of methylcellulose used in the present 
experiments where effects should be almost strictly on boundary layer thick- 
ness. It is therefore expected that methylcellulose solutions will exhibit sub- 
stantially smaller hydrodynamic resistances than isoviscid sucrose solutions 
under circumstances where viscosity is based on macroscopic measurements. 

The general patterns of permeability dependency on viscosity suggested 
above were all semi-quantitatively born out. Increasing the viscosity and 
density of the media by the addition of sucrose caused a striking increase in 
the slopes of the plots of l/K, versus l/S1”. At23.5 cp viscosity, the slope is 
about 35 times that seen in water. The expected effect if viscosity alone were 
a factor would be 1.79 (last two columns of Table 4), showing that diffusivity 
is overwhelmingly important. A similar conclusion is reached at each of the 
other sucrose concentrations. The quantitative agreement between experi- 
ment and theory in the sucrose solutions is off by a factor of two at all 
sucrose concentrations (column 6 of Table 4). At this point it is not possible 
to determine where the inexactness lies. For pure water, the agreement be- 
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tween theory and experiment is very tight. Of greatest importance, in the 60% 
sucrose solution the boundary layer is over 100 times more resistant than the 
membrane at what seems a vigorous stirring velocity of 1 revolution per 
second, even when the o/w partition coefficient decreases caused by sucrose 
are not taken into account. The: boundary layer involvement is less, but still 
very large at faster stirring and in the more dilute solutions. 

When the viscosity is increased systematically with methylcellulose a very 
different pattern emerges. In this case, at aviscosity of about 100 cp the slope 
is only 6.1 times that seen with pure water. This is fully 25 times less than ex- 
pected based on eqn. (20), which includes the Stokes-Einstein effect of viscos- 
ity on diffusivity, but is about 2.7 times the value if diffusivity were actually 
invarient (last two columns of Table 5). It appears, therefore, that there is 
either a small effect on diffusivity or a more complex viscosity dependency to 
this rotating membrane situation than evident in the Levich equation. The im- 
portant fact is that the thickening caused by a polymeric substance has a rela- 
tively nominal effect on mass transfer. Diffusivity cannot be represented by 
the Stokes-Einstein formula for these polymeric media. 
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