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A time lag method is described for use with a membrane-covered, rotated disc 
electrode that allows determination of the partitioning and diffusivity of small 
molecules in hydrophilic gel membranes and membrane permeability from a 
single measurement. This new technique takes into account the concentration 
boundary layer in the solution adjacent to the membrane and reaction at the 
electrode surface of solutes that are diffusion- or  kinetic-limited. Examples are 
given of the use of this method for characterizing mass transfer in a commercial 
cellulosic membrane with oxygen, hydroquinone, ferrocyanide, and glucose as 
solutes. 
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Polymeric membranes have found many applications in 
biomedical and industrial technology. Many separation proc- 
esses such as reverse osmosis, hemodialysis, filtration, and 
blood oxygenation a re  based on membranes. There is a need to 
accurately characterize the transport of solutes in these mem- 
branes as a basis for design of more effective processes. If the 
membrane can be approximated as a homogeneous phase con- 
taining a linear distribution of solute, a parameter that de- 
scribes diffusive transport of the solute within the membrane is 
membrane permeability, P,, given by: 

( 1 )  

where a is the partition coefficient, D,, is the diffusion 
coefficient for the solute within the membrane, and 6, is the 
membrane thickness. 

In this formulation, membrane permeability depends on the 
product of two physical parameters, a and D,, which must be 
measured independently and represent different mechanisms 
of transport control by the membrane. Thc partition cocfficicnt 
is the equilibrium ratio of solute concentration in the mem- 
brane to that in the external phase, and can have an effect even 
in the absence of net transport through the membrane. The 
partitioning effect can be dominant where processes occur in 
the membrane that a re  a function of the local concentration, 
such as absorption or  chemical reaction of the solute in im- 
mobilized enzyme systems (Filippusson and Hornby, 1970; 
Engasser and Horvath, 1976). 

Conversely, the diffusion coefficient is a measure of the 
resistance to transport through the membrane once the solute 
has already entered and exited the membrane phase. If instan- 
taneous equilibria across the membrane-solution interface can 
be assumed, D ,  alone is the important transport parameter in 
the decay of transient phenomena in the membrane. There- 
fore, complete characterization, that could facilitate the design 
of new membranes, requires direct measurement of either Lyor 

CUD, 
6, 

P ,  = - 

D, in addition to P, and 6,. 
Accurate meaurement of the diffusion coefficient of small 

molecules within the membrane is complicated by transport in 
the layers of solution on either side of the membrane. In early 
studies, attempts were made to eliminate these concentration 
boundary layers by intensive stirring. However, it is now 
thought that complete elimination is impossible and that the 
effects of the solution layers must be  taken into account (Smith 
et  al., 1968; M a h e  and Anderson, 1977). A quantitative mea- 
sure of the significance of the solution boundary layer effects in 
the measurement of membrane permeability is the mass trans- 
fer Biot number (Eckert and Drake, 1972): 

Bi = P, /P ,  

where P, is the permeability o r  mass transfer coefficient for the 
solution layer. For  a membrane with gas phases on either side 
the Biot number is very large and hence boundary layer effects 
a re  negligible. However, for membranes in contact with liquid 
phases, the Biot number can vary over a range of values 
depending on flow conditions and solute and membrane prop- 
erties. 

In this communication, we demonstrate the use of a time lag 
method and a novel, membrane-covered rotated disc electrode 
for characterization of transport in hydrophilic gel membranes 
that may overcome these difficulties. The time lag method 
developed here is analogous to the well-known transient tech- 
nique commonly used in gas-membrane systems where concen- 
tration boundary layer effects need not be considered (Barrer, 
1951; Crank, 1975), but considers these effects in the solution 
phase. Notable assumptions made in the derivation are  that 
transients in solution are  fast compared to transients in the 
membrane and the electrochemical reaction kinetics a r e  not 
altered by the presence of the membrane. The membrane- 
electrode apparatus and time lag method are  used to analyze 
four model systems. 

CONCLUSIONS AND SlGNlFlCANCE 

The model develped here suggests that the concentration 
boundary layer in the solution can make a significant contribu- 
tion to total diffusional resistance, where thc value of the Biot 

number is low or the reaction kinetics a t  the electrode surface 
a re  finite. 

Experimental determinations of P, and D, for oxygen, hy- 
droquinone, and ferrocyanide were made from which values of 0001-1~41-xO-4041-101~$00.~5. T h e  Amrrican Institute of Chemical Engiriccrs, 

1980. 
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a were calculiited. D, for each solute was determined from 
analysis of the time lag, with P, either approximated in the 
same experiment by the total steady state solute resistivity at 
high electrode rotation rate where the concentration boundary 
layer in solution has a relatively small effect, or measured more 
precisely in a separate experiment. Although some technical 
difficulties were encountered in producing a suitable step 
change of the bulk solute concentration, the results with the 
solution boundary layer taken into account compared favora- 
bly with results in the literature obtained by other methods. 

In the case of glucose, where the process is partially limited 
by the kinetics of the reaction at the electrode surface which 
have not been previously quantified, the transport properties 
were estimated by comparison with the results of the above 
solutes and the transient analysis used to calculate values for 
the kinetic parameters. 

The methods described here provide a useful means of 
characterizing transport and reaction of rapidly diffusable so- 
lutes in liquid-membrane systems, and form a basis for the 
development of novel membranes. 

BACKGROUND 

Of the many types of experimental apparatus for measuring 
membrane permeability, the niost common is the batch dialyzer 
(Kaufinann and Leonard. 1968) or the diaphragm cell (Mills and 
Woolf. 1968) in which a membrane separates two stirred cham- 
bers. The chambers are initially charged with different amounts 
of diffusant, the concentration in the chambers measured as a 
function of time, and the total resistance to niass transfer, includ- 
ing the solution resistance then calculated from these quasi- 
steady state measurements. The distinction among various 
types of experimental systems based on these designs is in the 
stirring apparatus and in the analysis of the solution resistance. 
Several approaches to stirring have been enumerated (Spriggs 
and Li, 1976) and reviewed in detail elsewhere (Leonard et al., 
1974; Klein e t  al., 1977). 

In all of these previous designs, the solution mass transfer 
coefficient is nonuniform across the membrane, complicating 
the interpretation of data since only an average inass transfer 
coefficient can be determined and much of the detail may be 
lost. In addition. in most, the volume of the external cell in 
which the concentration is nieasured is generally much larger 
than the membrane volume. making accurate determination of 
the partition coefficient nearly impossible since sensitivity de- 
pends on the ratio of membrane volume to external cell volume 
(Spacek and Iiubin, 1967). Hoogervorst (1978) has reported a 
method for deterinination of the partition coefficient i n  a 
liqiiid-meiiibrane system despite the small ratio of membrane to 
cell volume, but does not take into account the effect of the 
solution boundary layer. 

We have developed a novel. membrane-covered rotated disc 
electrode system that can be of use to characterize transport in  
hydrophilic gel membranes. As described i n  detail elsewhere 
(Gough and Leypoldt. 1979). a disc working electrode and a high 
impedance reference electrode are both mounted on a rotating 
shaft, over which the membrane is placed. With this configura- 
tion, any iR drop between the working and reference electrodes 
may be' insignificant or correctable by conventional means so 
that the electrode potential is precisely controlled. and the 
current flux through the membrane between the disc and an 
external counter electrode can be made symmetrical and uni- 
form across the disc surface. 

Levich observed that mass transfer to the analogous classical 
rotated disc electrode without a niembraiie is unique i n  that the 
concentration boundary layer is of uniform thickness across the 
disc surface (Levich. 1962). Thus, the diffusant is uniformly 
accessible to the electrode at all points on the electrode surface. 
Further. the thickness of the concentration boundary layer is 
inversely proportional to the square root of rotation rate and can 
therefore be readily manipulated. With the proper current dis- 
tribution, these properties also obtain for the niembrane- 
covered, rotated disc electrode (Gough and Leypoldt, 1979), 
and for electrode processes that are partially reaction-limited 
(Levich, 1962; Gough and Leypoldt, 1980a). 

We took advantage of these features i n  several previous 
studies. The effect of electrode rotation rate on the steady state 
diffusion current was first analyzed (Gough and Leypoldt. 1979). 

At low rotation rates. where the thickness of the concentration 
boundary layer in solution is relatively large, the solution mass 
transfer resistance is a niajor contribution to total diffusional 
resistance. Under these conditions. the diffusion current ap- 
proaches the theoretical Levich current (Levich, 1962) that 
would be seen in the absence of a membrane. However, at high 
rotation rates, the diffusion current is limited by the membrane 
and the molecular permeability of the membrane can be readily 
characterized. This steady state method was used to determine 
the permeability of Cuprophane PT-150 to oxygen and hy- 
droquinone (Gough and Leypoldt, 1980b) and to ferrocyanide 
(Gough and Leypoldt, 1979). 

A transient method involving a step change of electrode po- 
tential was also used to determine the diffusion coefficient of 
oxygen and hydroquinone i n  the membrane (Gough and 
Leypoldt. 1980b). The technique was analyzed both for elec- 
trode processes that are completely diff~ision-limited and par- 
tially reaction-limited. In that study the ineiiibrane-electrode 
system was also used to estimate some kinetic constants of 
glucose oxidation, which is a partially reaction-limited process 
where, i n  addition, under the conditons of that experiment the 
effective electrode s d a c e  arm decreased with the logarithm of 
time. 

A meinbrane-covered. rotated disc electrode has been previ- 
ously used by other investigators in conjunction with a transient 
method to characterize transport parameters i n  membranes. 
Chien, Olson. and Sokoloski (1973) used a carbon rotated disc 
electrode covered by a Millipore VC niembraiie to study the 
transport of p-nitrophenol. In their electrode configuration, the 
disc electrode was polarized at constant potential with respect to 
the second. nonrotated combination reference/counter elec- 
trode. The transport parameters were qualitatively estimattd at 
high rotation rates by an adaptation of the conventional time lag 
method, not considering the effects of the concentration bound- 
ary layer i n  solution. N o  attempt was made to rigorously de- 
scribe the effects of electrode rotation rate or reaction kinetics. 

THEORETICAL ANALYSIS 

We now consider transient inass transfer i n  the nieml)rane- 
covered, rotated disc electrode system follo\ving a step change 
of the bulk solute concentration. The disc electrode is covered 
by a membrane of thickness S,,,, rotated at constant angular 
frequency w, and held at coiistant potential. As before (Gough 
and Leypoldt, 1979). we let Z = 0 at the ineiiibrane-solutioli 
boundary with Z being positive i n  the direction nornial to and 
away from the membrane surface. Initially. the bulk solute 
concentration is C ,. At time t = 0, a specified aniount of solute is 
rapidly injected into the bulk solution so that the final concentra- 
tion becomes C,. A description ofthe ciirrent is derived here as a 
function of time. For a thin menibrane. the governing equation 
is: 
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where C, is the concentration and D m ,  tthe diffusiun coefficient 
for the solute in the membrane. We assume that the reaction at 
the electrode surface follows a first order kinetic law with a first 
order reaction constant k,. The boundary condition at the 
electrode-membrane interface is then: 

(4) 

where a is the partition c d c i e n t  of the solute in the membrane 
and k is proportional to the rate constant k,, with the proportion- 
ality factor being dependent on such factors as the electrode 
roughness and potential. The boundary condition at the 
membrane-solution interface is given by: 

(5)  

where 1) is the diffusion coefficient within the bulk solution and 
8d is the Levich diffusional boundary layer (Levich, 1962) given 
by: 

(6) 
with Y, the kinematic viscosity of the bulk solution. Eq. 5 
is expected to be a good approximation of this situation provided 
that transient phenoneina in the solution damp out much faster 
than transients in the membrane following a step change of 
concentration. The initial condition can be obtained by solving 
the steady state analog of Eq. 3 with boundary conditions (Eqs. 4 
and 5). Thus replacing aCz  in Eq. 5 by a C I ,  we obtain (Gough 
and Leypoldt, 1980a): 

ad = 1.61 D1I3~1I60-112 

Eqs. 3, 4, 5, and 7 are a complete statement of the problem and 
we proceed by introducing the following nondimensional vari- 
ables and parameters: 

- acz- c, c, = ffc, 
" 

Eqs. 3 to 7 then become: 
aCm - a2Cm 
a7 ayz 

Eqs. 14 to 17 can be solved by the application of integral trans- 
forms as described elsewhere (Ozisik. 1980). However. we treat 
here acase that is niore conirnnn in practice in which the kinetics 
at the electrode surface are rapid coinpared to diffiision through 
the solution and membrane. The solution of the niore general 

problem that includes reaction limitation at the electrode SW- 
face is analogous and, for the sake of algebraic convenience, is 
only stated below. Therefore, in the limit of very rapid kinetics, 
where h + 00, the boundary condition (Eq. 15) is replaced by: 

and the initial condition (Eq. 17) is replaced by: 
C,(O, 7) = 1 (154 

WY Cm(y, 0) = 1 - 
1 + Bi-' 

The use of a finite sine transform is expedient for the above 
modified problem (Miles, 1971) and the solution is: 
- -' + 2(1 - W)Bi 1 + Bi-' cm(y. 7) = 

(k: + Biz)  sin k, 
I: k:[ki + Biz + Bi]  kn 

exp(-k: T )  sin k,y (18) 

(19) 

where the sum is over the roots of the following equation: 

k,cot k, + Bi = 0 

The change in flux at the electrode surface relative to the flux at 
time zero is: 

(ki  + Biz )  sin k, 
k,[k: + Biz + B i ]  exp( - k:d ] (20) 

kn 

Integratingj(7) over the interval t = 0 to t gives the total flux of 
solute to the electrode during this period from which the total 
current flux can be obtained. Thus, 

Q(t) = n F r R z f j ( T )  0 dt = 

2S:(1 + B i )  
Dm 

~FTR'~D, (CZ - Cl) 
8,(1 + Bi-') ' 

where n is the number of electrons, F is the Faraday constant, 
and R is the electrode radius. As t+m, Q(t)  approaches theline: 

2831 + B i )  (kl: + Biz) sin k, 
D m  kn ki(ki + Biz + B i )  

It can be shown (Churchill. 1972) that: 

(k: + Biz )  sin k,y - 
ki(ki + Biz  + Bi)  

- 
kn 

1 - 1 L1 -t 3(1 + Bi-')' 1 + Bi-' 1 
(23) Y2 Y3 - -+  

2 6(1 + Bi-')  

Evaluating Eq. 23 at y = 1 and combining with Eq. 22 gives the 
following expression: 

nFaRZaDm(Cz - e l )  
Qm(t) = am(l + Bi-I)  

' )}  (24) t - + -  8: { 6Dm 1 + Bi-' 
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Bi 

Figm 1. Effut d k ' a d h  on h dimomidom tiw @ 

This line has an intercept on the t-axis given by: 

The intercept L has been referred to as the time 2 (Crank, 
1875; Barrier. 1951). Eq. eS shows the dependence the time 
lag on the solution mass transfer coefficient or Bid number. As 
the Bid number becomes large, the solution mass transfer 
resistance diminishes and the time lag becomes: 

(W G lim L =- 
B W  so= 

This is the usual expression that applies to a single membrane in 
the absence ofan external concentration boundary layer (Crank, 
1875). The more general rqblem with finite electrode kiwtics 
(Eqs. 14 to 17) leads to t R e following time lag: 

The predicted effect dthe Biot number and finite kinetics on 
the time lag is shown in Figure 1. The normalized time lag given 
by Eq. 27 is plotted as a function of the Biot number for various 
d u e s  af h. The dashed line represents the time lag without 
du t ion  resistance and reaction limitation. as given by Eq. 26. 
For all values d h ,  the normalized time lag strongly depends on 
the Bid number at low Biot numbers aid approaches a constant 
at high Biot numbers. With increasing values of h, the nor- 
malized time lag approaches the curve described by Eq. 25 
where kinetics at the electrode surface are iinfinite. 

It should be noted that Eq. 27 is syrnnic.tricd with respect to 
Bi and A. and that thcse parameters can In* interc*hun rcl in 
Fi ire 1. The figun shnws that the* usin ofthe. tiiiic* lug nwt f IXI in 
sys T ems where there may rxist a mnrentrution Irmidiuy layer. 
without p m p r  consideration i f  esteriial muss tra1isfi.r or possi- 
ble kinetic limitations. r9uld lead to ti sigiiificant error in deter- 
mination of the diffiisinn coeffic*ient. , 

Other investigators working with this tiinch lag nicthd in 
gas-membrane systems have desr.rilxd rcbsults nf trinspwt in 
cnmposite mernhrancs (Blurit. cat ul.. 1963; Bwwr. 1968) which 
should he useful for mmparisnii here. Assuming no mnvcdvc- 
&mr within the kv ich  diffiisioii lmuiiclary layer. thc* presrnt 
system can be thought of as a roinpwitc* solid. Adapting the- 
pmious authqrs' results in our notation yic-Ids a times lug. &. fnr 
a mmpositc membrane of thc* forin: 

-(- ads,  + -) 4 + --(- * 4  a 
0 6 0  W,u D HI+-) 4- 

Eq. e8 reduces to the results obtained by Eq. 25 provided that: 

or. that transient effects in the snlutinn phase dissrflte faster 
than those in the membrane. 

The design and cnnshictinn nf the rntated disc eldmdr has k n  
discussed in detail by Gough and L q x d d t  (1979). The wnrklng el- 
tmde \yps a plat inid platinum disc nf 0.5 cm* p m e t r i c  m. The 
elechnde rnughness factor. &. nr the ratin nf true surhc~ m a  to 
geometric oren was approximately erO d was checked routinely. erpe- 
d y  during experiments with glucose. The roughness fpctor wu inten- 
tiooslly 6xed at this relatively low value to accentuate the d e c t s  d 
kinetic limitation. 

Pmcedur~s h r  elechnde pnliuiurtinn. estimatinn nfthe true s u k  
ma. aid r l d e  platinizatinn have breii prrvinusly lJrt.dcc(.lgh re 
and L a p l d t .  198op). Sohitinns WP~P preppml fmm y d .  resgcnt 
grade chemicals with deinnhd. distilled water and uilibratd during 
the experiment with p u r ~  pgou. The permeability nf%e membrane has 
been previouqy Chprscterized by conventional techniques with solutes 
other than those used in this study (Cdton et d.. 1911). The ionic 
permeability of the membrane has alw been prvinusly estimatd 
(Gough and kyD"ldt. 1979) a d  is  greater hi ineinbraiw snlute per- 
meability. assiirin that the pmrelrs was never limited by the passage d 
currPl1t tIlrnUgl1 tL membrane . 

Experiments \WIP cnndiirted in the folhving m i n r r .  Ra d in+ 
tinnr of small. k i m m  vnluines nfcnncuntratd. dmacygmet I$ dutinn 
cnntaining d u t e  \\WP first made in absriw nf the membrane using a 
Luggin capillary re€erence electrode in order to develop an & d v e  
procedure for producing a step &an e d concentration. With some 
practice. a miirentratim change cnudrniitine~y lw pm~urc~l  that was 
-id c n n ~ p n d  to the anticipated trunsit time in thr membnuw. PI 
rrficrterl by current mrdingu. 

Conditions that prniiinte a mnrr rffwti\*e rnmuntration step m high 
rntatimi rates. Inw arigiid vnlumc-. rapid injwtimi thrniigh a small 
nrificv to disprrsc* the iiijrctatc. and intmduciag thv d u t e  dirwtly 
hc4inv thc. eli.rtrndc*. With thc. mi*nihrnnc*. five or innre experiments 
\Y(.~I. condiictcd with each wlutcn at a ven mtatinn rate. The mrdd 
cnmnt WIS ~nniiudly intc-ptrd an$ fit to a straight line by linear 
n*pssioii thrnugh pnints r rprrrnt i i  2 to 4L. For a given snlute. the 
Biot number was varied by using d d e n t  rotrHon rates or md@e 
thicknesses d the membrane. 

RESULTS 
An example af the data for oxygen is given in Figure 2. The 

current density transient is shown with and without a membrane 
after a rapid injection dospecified volume afoxygenated buffer. 
In the upper tracing without the membrane, the current density 
t y p i d y  rose to a sharp peak immediately after injection, then 
eventually reached a constant. stead state value after several 

ate a response with rapid overshoot and return. But it was 
difficult by sim e injection to produce a step change without 

nated buffer was in'ected. confirming that the current density 
peak was not mere/y due to a transient flux of electrolyte near 
the electrode sudace, but rather to reaction d oxygen. 

In the lower tracing taken under identical conditions but with 
a membrane, the current densi rose dower than in the ab- 

that was slightly higher than the eventual sted state current 

lower rotation rates.or with greater membrane thickness. or d 

seconds. With some skill, it was possi tl e to reprodudbly gener- 

the initial overs El oot. There was no similar dect when deoxyge- 

sence d t h e  membrane and typi c!& y passed through a maximum 

density, then returned to steady stite. The res ur ts af oxygen at 
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hydroquinone and ferrocyanide all dgmonstrated the same 
characteristic shape, but in each case the initial rise was slower, 
reflectinglower total permeability. The conditions shown in this 
figure represent the shortest anticipated time lag used in the 
present study. 

There are several possible sources of error i n  these experi- 
ments. First. the concentration change was not made in an ideal, 
sharp step. Without the menibrane, the current typically rose to 
a sharp niaxinium, then fluctuated before attaining the final 
steady state value. A possible strategy for inore accurately de- 
scribing this behavior wonld be to inodel the concentration 
change as an initial linear increase followed by a linear decrease 
to the new, constant steady state level, However. in light of our 
present objectives the anticipated small error involved did not 
warrant such an effort. In addition to the possible inaccuracy 
caused by the nonideal concentration change, these results inay 
be subject to errors that affect conventional time lag experi- 
ments (Siege1 and Coughlin, 1970; Petropoulos aud Myrat, 
1977) related to the linear approximation of the integrated time 
lag curve at long times. Variations in repeated measurements 
were taken into account by determining the mean of five indi- 
vidual time lags at a given set of experimental conditions. 

The resiilts of oxygen. hydroquinone and ferrocyanide are 
siuniiiarized in Table 1. For each experiineiit specified by w. 6, 
ahd D. two different values ofP, \\7ere used in the calculations of 
Bi, a and D,. For the results not i n  brackets. D ,  was taken as 
the total steady state resistance to the solute at the specified 
rotation rate. These values should be considered as only approx- 
iinate because the contribution of the concentration boundary 
layer i n  solution to the resistance was neglected. 

The apliroach was iievertheless convenient since a second 
experiment i n  \vhich P ,  is deterinined exactly w a s  not required. 
The values i n  Iirackets are based on a iiiore accurate iiieasure- 
ment of P ,  by an iiidependeiit experiineiit in \vliich the steady 
state resistance to the solute ivas extrapolated to infinite rotation 
rate. thereby eliininating the coiitributioii of solution resistance. 
By inspection. the relative difference lietweeii the bracketed 
and unliracketwl valric2.s in  each case is smaller than the respec- 
tive standard deviation of the mcwsrired time lag. suggesting that 
the error introduced by this ap1ir"xiination is of minor conse- 
quence. The values of 1.0 or greater for a are probably not realis- 
tic, since a is expected to vary from approxiniately 0.6 to 1.0, 

I " NO MEMBRANE 

MEMBRANE: CUPRUP~ANE PT - 150 
6, = 25 x lo-' em 

I I I I 1 I I 1 

0 1 2 3 4 5 6  
l ime (s) 

Figure 2. Examples of the data for diffusion-limited solutes. 

increasing with decreasing inolecular weight. These incorrect 
values probably correlate most closely with slight underesti- 
inates of D ,  that result from the inaccuracy of the time lag 
ineasureineiit. The standard deviation i n  L,  which became rela- 
tively greater with decreasing molecular weight and smaller 
values ofiS,.\vas related to solution mixing after solute injection. 

In priiiciple. this source of error could be filrtlier reduced by 
developing an imprnved solute injection technique. using 
thicker nwinbranes. and ave.l;aging over a larger nurnber of 
ine'asureinents. The results were also quite sensitive to the 
precision of estimate of nieinbrane thickness. since this term is 
taken to the second power in the time lag equation. If the 
concentratinn boundary layer were not taken into account i n  

TABLE 1. SUMMARY OF SOLUTE TRANSPORT PROPERTIES IN CUPROPHANE PT-150 (VALUES IN PARENTHESES CORRESPOND TO P, AT 
INFINITE ROTATION RATE) 

Solute and 3 1 D, * 6,, Prn, D m ,  
Conditions L i S.D., s* s-6 CIII*S-' x lo6 cm x lo4 ciii ' s - l  x lo4 Bi ff clllzs-* x 107 - 

Oxygen; 0.16 f 0.28 3.0 23.2 27 10.4(13.9) 3.14(2.35) 0.72(0.89) 39.2(42.2) 
0.1N KCI, 0.56 c 0.37 5.0 27 10.7(13.9) 5.09(3.92) 1.00( 1.23) 28.8(30.5) 
0.01M 1.05 c 0.10 5.0 50 5.70(6.90) 9.55(7.89) 0.60(0.71) 47.2(48.6) 
phosphate 
bufler, pH 
7.3, 37°C 

Hydro- 0.71 ? 0.29 5.0 
qiiinone; 
0.1N KCI, 
5 x 

HZSO,, 
30°C 

Ferro- 
cyanide: 
l .N KCI, 
0.01M 

buflei-, pH 
7.3, 30°C 

phosphate 

2.61 f 0.48 5.0 
5.76 c 0.11 5.0 

11.6 

6.32 

27 5.60(6.37) 6.12(5.38) 0.69(0.77) 22.0(22.5) 

D,, 
Liter- 
aturef 

41.0 

- 

24.1 

27 1.59(1.67) 13.7(12.9) 0.88(0.99) 4.54(4.56) 5.65 
50 0.82(0.84) 27.9(25.9) O.SS(0.54) 7.28(7.77) 

* Each value is .in .werage of five meiisurements. + Gou h and Lryprildt, 1980I1. 
f Gougf and Leypoldt. 198Oa. 
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Time (s) 

Figure 3. Examples of the data for glucose: segments of a continuous 
tracing superimposed. 

these studies, the error introduced could be  substantial. Accord- 
ing to Eq. 25, as the value of the Biot number approaches 1.0, 
the resulting value for V,,, could be  under-estimated by as much 
as 50%. 

Although there have been several previous studies on the 
permeability of Cuprophane PT-150, there are no data in the 
literature for these solutes with which the present results can be 
directly compared (other than our own obtained by a similar 
method, Gough and Leypoldt, 1980a; 1980b). However, in one 
study (Colton e t  al., 1971). a quasilinear relationship was found 
between the ratio D,lD and solute molecular weight for a vari- 
ety of solutes that inay be usefiil for indirect comparison. In that 
study, P, was determined froin the membrane resistance to the 
solute, and a was estimated by a volumetric method, allowing 
the calculation of U,.  Most of the data represented higher 
molecular weight solutes where the solution resistance is rela- 
tively small. While the present results correlate reasonably well 
with these data, we suspect that our results may be  more 
accurate for low molecular weight solutes. 

Analysis of the results of glucose was more coinplicated. It has 
been previously shown (Lerner a t  al.. 1979; Cough and 
Leypoldt, 198Oa) that glucose oxidation at  a platinized platinum 
electrode is a partially reaction-limited process. The conse- 
quences of this are shown with and without the membrane in 
Figure 3. In both sets of experiments, the electrode was first 
activated by prepolarization in the absence of glucose, then the 
measurement potential was applied and the background current 
allowed to reach steady state before the first glucose injection. 
As observed previously (Gough and Leypoldt, 1980b), the 
background current density was slightly anodic and indepen- 
dent  of rotation rate or the presence of the membrane. A known 
amount of glucose was rapidly injected, causing the current 
density in the upper tracing without a membrane to rise sharply 
to apeak, then return to the new value. In this case, however the 
resulting current density did not reach a steady state, but de- 
creased linearly with time, a phenoinenon related to the com- 
plex mechanism of electrochemical glucose oxidation. 

Two subsequent glucose injections followed directly and were 
recorded continuously. although the tracing for each injection 
was superimposed in this figure to make iiijection times coin- 
cide. The second and third iiijections with the same amount of 
glucose resulted in successively smaller current density incre- 
ments, indicating that the process was clearly nonlinear with 
concentration and significantly reaction-limited. In the lower 
tracing. similar effects were observed with the meinbrane, al- 
though the net current density was substantially reduced. As 
above. the three transient current densities were recorded con- 
tinuously and superimposed to the saine starting time. The 
slight anodic background current density prior to the first injec- 
tion was not time-dependent. 

The first glucose injection gave rise to a characteristic trans- 
ient that gradually reached a maximum then began to decay 
linearly. As without the membrane, the second and third injec- 
tions of the same amount of glucose resulted in successively 
smaller current density increments. suggesting that this mem- 
brane does not provide enough resistance to transport to convert 
the process to clear diffusion-control. The constant' slope corre- 
sponding to the current decay was subtracted from the current 
due to the transient in the membrane. and the resulting current 
integrated and used in the time lag calculation. 

Since values of the kinetic constants for glucose oxidation that 
apply under these conditions are not known. the Biot nuinber 
for glucose could not be determined directly froin this experi- 
ment. As an alternative. therefore. we estiinated the Biot 
number by linear interpolation on a basis niolecular weight froin 
the results of oxygen, hydroquinone. and ferrocyanide, and 
used that value to calculate the kinetic rate constants. In future 
experiments with other menil~ranes. these values of the kinetic 
constants can be  used to calculate a relative Biot number. The 
values used were: D ,  9.0 X 
s-'; a. 0.7.5; and 6,. 25. X 10-4c~11. givingavaluvfnr Bi of8.08. 
With the experimentally determintd electrodc~ roughness factor 
of240. this led to values for h and k of2.64 aiitl9.49 x 10-4cn1 
SKI. respectively. 

cinz. s-l; D,, 1.2 X lo-' cmz 
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The kinetic behavior appears to be  substantially different for 
different modes of electrode operation. In our previous study of 
glucose oxidation kinetics aftcr a step change in electrode poten- 
tial (Gough and Leypoldt. 1980a). the current decayed with the 
logarithm of time rather than linearly; the resulting comparable 
kinetic constants \\’ere lower than those reported hcrr by ap- 
proximately two orders of magnitude. These observations 
suggest that different reactioii mecliaiiisnis may prevail at t h c  
same electrocheinical potential due to the difkrences i n  ex- 
perimental protocol. 

Another useful comparison can be made between the present 
inodel and the composite solid inodcl \vhich gives a time lag 
expressed by Eq. 28. If the values obtained for the various 
solutes studied here are used in Eq. 29, the results for the 
left-hand term are: 1.55, 0.73,0.62,0.34,0.22, and 0.10. All but 
the first of these values satisfies the inequality in Eq. 29. The 
composite solid model is based on diffusion only in the two 
membrane phases with no external concentration boundary 
layer. whereas in the present model there may exist convective 
diffusion in  the solution layer but diffusion only in the niein- 
brane. Thus. if Erl. 28 wcre applied directly to our cLxperiment. 
it would represent an lipper limit for L where diffiisioii alone is 
possible. If tlw effects of convection could quantitatively be 
assessed, these values would be significantly rediiced. Tlrtx val- 
ues for the left-hand side of Eq. 29 are an index of the compara- 
bility of thrse two models. 

This study prepares tlic way for cliaractcrizatinn Of new mein- 
b r ane s . i n  cl II di ng 111 e i n  b ran (1 s t 11 at contain i i n  111 obi 1 i ze (1 
catalysts, and for investigations with other solutes. 
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NOTATION 
= dimensionless transport parameter, Biot number 
= bulk solute concentration before concentration step, 

= bulk solute concentration after concentration step, 

= solute concentration in the membrane, mol/cin3 
= dimensionless solute concentration in the mein- 

= solute concentration in solution, inol/cin3 
= solute diffusion coefficient in solution, cin’/s 
= solute diffusion coefficient in the membrane, cm2/s 
= Faraday constant, C/mol 
= dimensionless kinetic parameter defined in Eq. 12 
= solute flux, mol/cm2 . s 
= solute flux through the membrane, mol/cm2 . 
=. rate constants, cm/s 
= summation constant 
= time lag, s 
= time lag for composite membrane, s 
= number of electrons, mol-’ 
= membrane permeability, ciiils 
= solution permeability, cm/s 
= total current flux, C 
= total current f lux at long times, C 
= electrode radius, cm 
= electrode roughness factor, cmZ/cm2 
= time, s 
= ratio of concentrations defined in Eq. 13 
= dimensionless distance parameter 
= distance from the membrane surface, cm 

mol/cm 

mol/cm3 

brane, moYcm3 

Greek Letters 

Ly = solute partition coefficient 
S d  = concentration boundary layer thickness, cm 

6 m  = membrane thickness, cm 

7 

0 

V = kinematic viscosity, cin’/s 
= dimensionless time-dependent parameter defined in 

= angular rotation rate, rad/s 
Eq. 10 
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