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ABSTRACT

The electrochemical technique was used to study 
the mass transfer rates of macromolecules in a flow 
system. The direct oxidation of NADH was the electro­
lytic reaction. The flow system consisted of rectangular 
duct. Glassy carbon disc electrodes were used as the 
working electrodes. A platinum sheet was used as the 
counter electrode, and the reference electrode was 
Ag/AgCl.

The Reynolds numbers were 7174, 10782, and 14307. 
The Schmidt number was held constant at 4730.

Steady state voltammetry and the scanning methods 
were used to obtain voltammograms (current-potential 
curves) with well defined mass transfer regions.

The experimental local mass transfer coefficients 
(k's) were 2.43 x lO”^, 3.15 x 10 ^, and 3.35 x 10  ̂ cm/sec 
at Re = 7174, 10782, and 14307 respectively. These 
experimental values of k's were compared with the litera­
ture by using the expression,

St = I = 0.0165 Re"°'14 Sc"°'G7 

xi



The discrepancy among the experimental and 
literature-based values was in the range of 46% to 62%. 
This is due to the fact that the correlations cited in 
the literature were developed for smaller molecules.

Xll



APPLICATION OF ELECTROCHEMICAL TECHNIQUE TO 
MEASURE MASS TRANSFER OF MACROMOLECULES 

IN A FLOW SYSTEM

CHAPTER I

BACKGROUND

Introduction

In reverse osmosis, the performance of a given
membrane system in terms of solute separation and permeate
flux is evaluated by comparison of the pure water and
solute permeabilities and the mass transfer coefficient

(1 2 )on the high pressure side ' . This mass transfer coeffi­
cient characterizes the flow conditions of the feed past 
the membrane, i.e., the liquid phase resistance. In 
terms of the film theory of mass transfer through this 
liquid boundary layer, the mass transfer coefficient is 
needed to determine the solute concentration at the sur- 
face^^”^^. Once this concentration is known, polariza­
tion and the true membrane retention can be calculated.
In the gel polarization model for ultrafiltration, the 
limiting flux at steady state is calculated on the basis

1



of mass transfer of solute from the membrane surface (at 
fixed concentration) back into the bulk s o l u t i o n .
If the flux and mass transfer coefficient are known, the 
concentration at the membrane can be found.

Ultrafiltration and reverse osmosis, in addition 
to their initial use for water desalination, are used 
in the laboratory, and in the food processing, pharma­
ceutical, chemical, medical, waste treatment and paper 
and pulp i n d u s t r i e s . Reverse osmosis and ultra­
filtration are also important on the biological level 
because of their common occurrence in many organs of the 
body. In any membrane process, the membrane permeability 
is necessary for determining the transport rate of a 
given component through the membrane. In reverse osmosis 
and ultrafiltration, the existence of liquid boundary 
layers on either side of the membrane precludes direct 
calculation of the intrinsic membrane permeability. The 
importance of the liquid phase resistances has long been 
known and must be accounted for when determining the 
membrane permeability from experimental measurements of 
overall transport r e s i s t a n c e .

In all cases, the mass transfer coefficient (k) 
is the one which would be calculated for mass transfer 
for the same flow geometry and Reynolds number without 
membrane permeation. The mass transfer correlations 
which express k in terms of flow geometry, fluid velocity



and the solute properties, are derived from heat-mass
transfer analogies, or from experimental data for small
solutes. Gill et al.^^^^, Murkes and Bohman^^^^, and

(28)Kwang and Kammermeyer have presented summaries of 
these correlations. However, for macromolecules (> 500 MW), 
the equations only give a qualitative picture of the flux 
behavior. They cannot be used to accurately predict 
ultrafiltration f l u x e s . Mass transfer correlations 
based on experimental data for macromolecules should 
increase the accuracy of these predictions. Accuracy 
in designing ultrafiltration systems is becoming 
increasingly more important in view of the widespread 
uses of the process. The development of a technique for 
measuring the liquid-phase mass transfer rates of macro­
molecules will provide the required experimental data. 
Knowledge of their liquid-phase mass transfer coeffi­
cients will lead to a more fundamental understanding of 
membrane separation processes for macromolecules.

Our general goal is to develop an inexpensive 
and suitable technique to measure the mass transfer 
rates of large molecules in solutions. Since the macro­
molecules processed in membrane separations are often 
biological in nature (e.g. proteins), our choice of 
techniques was also oriented toward methods which could 
be adapted to such solutes. To our knowledge, no data 
for applications of the available mass transfer techniques



to macromolecules has been reported in the literature.
The most widely used techniques are dissolution and 
sublimation, profilometry and holographic interferometry, 
adsorption and electrochemical.

Our results might find wide application in bio­
logical and biochemical engineering. Tubular reactors 
with immobilized enzymes attached to the inner walls 
are one application. In such reactors, the rate of 
reaction depends on the rate of the mass transfer to 
the wall. Bailey and Ollis^^^^, and Wingard et al.^^^^
have discussed the features of these reactors and their

(34)applications. Kobyayashi and Laidler' have also 
discussed the theory of such reactors. Some of these 
applications are: 1) the production of pure L-amino
acids which can be used in medicine and the food 
industry; 2) the production of cofactors such as NAD 
or NADp(^^ which can be used in affinity chromato­
graphy. Other applications involve the study of body 
fluids. It is possible to study the concentration of 
glucose in blood, to study permeability of pulmonary 
capillaries to sucrose, to study lipid metabolism and 
transport which causes atherogenesis disease. The 
etiology of this disease is due to the deposition of 
cholesterol in the neighborhood of bends or junctions.
The latter act as turbulence promoters which will 
create wake regions and the deposition of blood particu­
lates will be enhanced at these regions. Our experimental



model can represent any part of the vascular system or 
compartment on the assumption that the vascular system 
is a rigid tube and the bends or junctions can be
represented by simply shaped obstructions or inserts.

(39)Middleman has given a comprehensive analysis of such 
systems.

Dissolution Technique and 
Sublimation Technique 

Mass transfer rates are determined from the 
dissolution and sublimation techniques by relating the 
mass transfer coefficient (k) to the weight loss of 
solid and the elapsed time. The solute is cast in a 
solid form which is then placed in the fluid. Examples 
of this are dissolution of benzoic acid in water solu- 
tion^^® and sublimation of napthalene in air^^^^.
Only average mass transfer coefficients can be determined 
from these measurements. Development of surface rough­
ness and f i s s u r e s d u r i n g  dissolution/sublimation, 
and sample contamination during handling introduce error 
into the results. In addition, renewal of the test
specimen each time is necessary.

Profilometric Technique 
Profilometric methods are based on measurements of

the geometric changes that occur in a solid as a result of
mass transfer. Overall mass transfer coefficients for



(45)cast napthalene ; local coefficients for acenapthene 
c y l i n d e r s a n d  napthalene-coated rods^^^^ are examples 
of this method. MacLeod and Todd^*^^ developed a varia­
tion of this method by using an insoluble polymer as a 
surface coating. This coating, which is impregnated with 
a soluble swelling agent, undergoes local changes in 
its degree of swelling in response to mass transfer of 
the swelling agent. While eliminating the surface rough­
ness problems and need for a new test specimen each time, 
this variation requires the measurement of many physico­
chemical properties of the polymer-swelling agent. Point- 
to-point measurements on the sample are necessary if 
local coefficients are desired.

When a sublimating substance is used, the change 
in the level surface must be kept small so the flow over 
the solid surface remains undisturbed. In case of the 
polymer coating, the coating recession is on the order 
of 10~® m^^^). Therefore, the need for a very delicate 
mechanical means of measurements becomes impractical and 
laborious. Diffusion of the swelling agent parallel to 
the surface will cause a systematic error in the mass 
transfer measurements.

Holographic Interferometry Technique
Kapur and MacLeod have developed holographic inter­

ferometry for use with profilometric methods to
get mass transfer data. Using polymers which are reversibly



swollen by a volatile or soluble swelling agent, they 
take holograms (double exposure) before and after mass 
transfer. The set of interference fringes developed by 
a reference beam shows the local degrees of swelling. 
Solid-liquid and solid-gas mass transfer rates have been

/cn c ̂\measured in this manner ' , Although more accurate
than conventional profilometry, much physico-chemical 
data is required and diffusion of the swelling agent 
parallel to the surface might increase the local volu­
metric changes in the polymer. Thus, the mass transfer 
rate might not be due to the diffusion in the vertical 
direction alone. To avoid parallel diffusion. Wild and 
Uhlenbusch^^*) used a stable sublimating substance 
(camphene) with this technique. In their report, they 
concluded the interpretation of the fringes for a com­
plicated object is difficult. The nature of the afore­
mentioned techniques and constraints placed on the types 
of solutes (e.g. cast as solids, polymer-swelling agent) 
precluded us from considering them for application to 
solutions of macromolecules.

Adsorption Technique 
Since the electrochemical technique is constrained 

to working with redox systems, the number of macromolecu- 
lar systems available for study becomes rather limited.
We believe that development of an adsorption technique
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based on the affinity, of a macromolecule for a substrate 
placed on the walls of a channel would extend our capabi­
lities for measuring the mass transfer of large molecular

( 55)weight species. Kuncar-Djurdejevid used the adsorp­
tion of methylene blue on silica gel-coated cylinders to 
indicate the nature of fluid flow past these objects.
He and others later determined the rates of mass transfer 
by measuring the amount of dye adsorbed on walls of 
a silica gel-coated tube, with and without turbulence 
promoters in the flow path^^^”^^^. Problems with unsat­
isfactory surface roughness and mechanical stability 
of the coating have been overcome (peak heights - 2y 
and Re = 3 X 10^) by adsorbing the silica gel on an 
oxidized aluminum surface^^^^. Cijovid and Mitrovid 
also describe the methods for obtaining calibration 
curves of reflectance vs, concentration of adsorbed 
s p e c i e s T h e  only problem associated with this tech­
nique is that the test specimen must be renewed each 
time. However, the technique sounds promising and can 
be used to study macromolecular systems based on the 
availability of suitable adsorbents. Such adsorbents may 
be drawn from the field of adsorption or affinity chroma­
tography.

Electrochemical Technique 
The electrochemical technique involves the measure­

ment of electric current at a wall electrode which is part



of an electrolysis cell. The current is generated by 
reduction or oxidation of a transferring electrolyte at 
the electrode surface. First developed by Lin et al.^^^^ 
for measuring average mass transfer rates in an annulus. 
Reiss and Hanratty^^^^ and Van Shaw^^^^ extended this 
method to the measurement of fluctuating and local mass 
transfer rates. The mass transfer coefficients are 
related to the limiting current. At a given Reynolds 
number, the limiting current is obtained from a plot 
(polarization curve) of measured current versus applied 
voltage. At large enough voltages, the change in current 
for a unit change in voltage is zero. Under these condi­
tions (Re, applied voltage) the current generated at the 
electrode is limited by the rate of mass transfer of 
redox ions to the surface of the electrode. Also, the 
concentration of redox ions at the surface is zero.

Many studies of mass transfer under laminar and
turbulent conditions for a wide range of Schmidt numbers

lew 
(66)

have been reported in the l i t e r a t u r e . A review
of many applications has been reported by Mizushina 
The versatility of the electrochemical method is illu­
strated by application to studies of mass transfer in 
the presence of turbulence p r o m o t e r s a n d  in solu­
tions of drag reducing polymer s o l u t i o n s 72)^ it is 
interesting to note that in these polymer solutions, the 
rates of transfer of redox ions was measured, not the 
rate of transfer of the polymer.
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The many advantages and versatility of the elec­
trochemical method make it a likely candidate for adaption 
to the study of mass transfer of macromolecules. The 
only problem is that it can only measure the rate of 
transfer of a redox ion.



CHAPTER II 

SELECTION OF THE EXPERIMENTAL SYSTEM

The first objective of this research was to design 
and describe in detail, the experiments using a flow 
system which was suitable for measuring mass transfer 
coefficients of macromolecules. It is clear from the back­
ground section that the electrochemical technique, because 
it avoids surface roughness and renewal of the test sec­
tion, is the technique for our measurements. The problem 
is to find a macromolecular system (MW > 500) which under­
goes a diffusion —  controlled redox reaction. For the

(73)first condition, we found that NADH (nicotinamide ade­
nine dinucleotide, reduced) is the compound that met our 
needs. It can be oxidized according to the following 
reaction, NADH •» NAD* + H* + 2e

a + H+ + 2e

(1)

11
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where R is adenosine diphosphate. This reaction trans­
fers two electrons. The anhydrous molecular weight of 
NADH is 709.4, (Sigma Chemical Company, #N8129).

NADH also seems especially suited to macromole-
cular studies because it can be attached to higher
molecular weight materials (e.g. polylysine) without
the loss of a c t i v i t y . By such attachment, we could
easily extend our studies to a homologous series of
macromolecules. The second condition can be satisfied
by using a large excess of indifferent electrolyte,
usually a concentration at least 100-fold higher than

(73)that of the electroactive species . A comprehensive 
study of the NADH system using the electrochemical 
technique has been reported in the l i t e r a t u r e . 
Blaedel and J e n k i n s w e r e  the first to study the 
direct electrochemical oxidation (without mediators) of 
NADH at micromolar levels (lOyM) in aqueous solution at 
glassy-carbon rotating disc electrodes. They produced 
well-defined, current-potential (voltammograms) curves 
manually; the technique was called steady state voltam- 
metry (SSV). In SSV, voltammograms are obtained point- 
wise, by allowing the current transients to die out until 
the steady state is reached. This procedure eliminated 
most of the charging current. They also conditioned 
and pretreated the glassy-carbon disc electrode to clean 
the electrode surface of any surface functional groups and 
oxide films that might hinder or slow the reaction.
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Moiroux and studied the effects of
adsorption, electrode material and operational variables 
on the direct electrochemical oxidation of NADH. They 
noticed that the NAD^ produced by the electrochemical 
oxidation of NADH adsorbed on the electrode. This pheno­
menon leads to the presence of both the adsorption- 
controlled and diffusion controlled processes, which is
a disadvantage since the two processes produce over-

(82 83)lapping voltammograms. Moirous and Elving ' 

developed procedures which avoid the adsorption process. 
One way to avoid the adsorption-controlled process is to 
use an excess amount of NAD"** with NADH solution. The 
second way is to cover the electrode surface with NAD+ 
first, and then use the covered electrode in the electro­
chemical oxidation of NADH. They mentioned that the 
covered electrode should not be held in the range of 
-0.5 to 0.3v for longer than a few minutes in order to 
minimize the slow desorption of NAD"^. Also the adsorp­
tion is facilitated by decreasing the temperature. This

Omeans that at high temperature (25C or more), the
covered electrode is not desirable for practical appli-

f82 83)cations. It was also found ' that the glassy-carbon 
electrodes have less adsorption problems than any other 
type of carbon electrodes.

In summary, the electrochemical technique was 
used in a flow system suitable for measuring the mass 
transfer of dilute NADH/NAD+ (10yM/20yM) from a bulk



14

solution to glassy-carbon disc electrodes. The condi­
tioning and pretreatment methods described by Blaedel

/ o n  g]\and Jenkins ' were adopted for cleaning the elec­
trodes. Four Reynold's numbers (Re) of 7174, 10782, 14307, 
and 24882 were chosen for our investigation. The first 
three values of Re corresponded to 40, 60, and 80 per­
cent flow on the rotameter with a maximum flow rate of 
4 gal/min. The first value of Re = 7174 was within the 
limit of fully developed turbulent flow. The Re value 
of 24882 corresponded to 60% flow on a rotameter with a 
maximum flow rate of 9.4 gal/min. The three Re values 
of 10782, 14307, and 24882 were selected just to complete 
our investigation of the flow system. The calculation of 
the selected flow rates and their corresponding Re and 
velocities are shown in Appendix A, The working tempera-

Oture was 26C,
As part of this research, a flow system suitable 

for measuring the mass transfer for macromolecule solu­
tions using the electrochemical technique had to be 
designed. The second goal was to test the performance 
of flow system by studying the oxidation of dilute solu­
tion of NADH and producing voltammograms at the selected 
flow rates. These topics will be covered in a later 
section.



CHAPTER III 

DATA TREATMENT

Mass Transfer Coefficient

In electrochemical systems, the ions move from 
the bulk of the solution to the working electrode surface 
via three types of mass transport processes. These are 
migration, diffusion, and convection. The total flux
of a component A moving in a direction perpendicular to

, (66,84-86)the flow IS expressed as ,

^A ~ (^mig.^A ^ (^diff.'A ' ^^con.^A (2)

where the J's are the individual fluxes of component A.
Also, when mass transfer exists, the electrolysis cur­
rent (I) is equal to the product of the charge involved 
in the reaction of one mole of the electroactive species 
at the working electrode surface and the flux, N^, of 
this substance,

I = nFA N^ (3)

where n is the number of electrons involved in the reaction,

F is the Faraday constant and A is the area of the electrode,
15



16

The product nF is the charge per mole of the species
A (84 86)  ̂ The mass transfer coefficient embodied in
equations (2 and 3) can be easily calculated if equation
(2) is reduced and simplified. The migration term in
equation (2) can be eliminated if the reaction is under
diffusion controlling conditions. This condition has
been achieved by adding a large excess of background or

(73 86)supporting electrolyte ' . The convection term has
been eliminated since the reaction shown in equation (1) 
is a redox one (the mass transfer in the perpendicular 
direction is by equimolar counter diffusion only), which 
implies no net flow in the direction perpendicular to the 
main bulk flow in the flow cell. Therefore equation (2) 
becomes (Y is in the vertical direction),

“a  = ° ^
where D is the diffusion coefficient. The flux is also 
defined as*®’'*®’.

Na  E k(Cj, - C„) (5)

where k is the mass transfer coefficient, Cĵ  is the bulk
concentration and C, is the concentration at the surfacew
of the working electrode. The value depends on the 
applied potential and is equal to zero at sufficiently
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high applied potential under diffusion controlled condi­
tions. At this potential, the electrolysis current 
reaches a limiting value (plateau) called the limiting 
current (I^^. Equations (3) and (5) are then combined 
and solved for the mass transfer coefficient,

k = <«'

The value of k also could be compared by using a suitable 
correlation from the literature. A well known correla­
tion is the Colburn relation,

St = 0.023 Sc"°'G7 (7)

where St is the Stanton number (= — , v is the mean flow 
velocity), and Sc is the Schmidt number (= g, v is the 
kinematic viscosity), Berger and Hau , in their 
investigation of mass transfer in turbulent pipe flow 
measured by the electrochemical method for ferri-ferro- 
cyanide system, found that the Colburn equation (7) 
underestimated the value of St at high Schmidt 
numbers (Sc > 1000). They have developed a correlation 
for measuring the mass transfer coefficient in fully
developed flow in a smooth pipe over the range

3 58 X 10 < Re < 2 X 10 and Schmidt numbers varying
between 1000-6000. The correlation is

St = 0.0165 Re“ ’^^ ScT^'G? (g)
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3 3The range of our Re was between 7 x 10 - 15 x 10 ,

(8)which is very close to the range given with correlation
The value of Sc for our system was found to be 4730
(see Appendix F) which falls in the range given with 

(8)correlation . Therefore correlation (8) could be used 
to compare the experimental value of k obtained by equa­
tion (6) .



CHAPTER IV 

EXPERIMENTAL 

Materials

Reduced nicotinamide adenine dinucleotide (NADH 
#N8129), nicotine adenine dinuecleotide (NAD+ #N7129) and 
sodium phosphate monobasic (#80751) and dibasic (#80876) 
were obtained from 8igma Chemical Company (8t. Louis, MO.) 
and were used as received. The Bacton Agar (#0140-01) 
for making agar gel was obtained from Difco Laboratories 
(Detroit, Michigan). All solutions were prepared with 
deionized water. All NADH/NAD+ solutions were made fresh 
each day for each experiment.

Electrodes
The working glassy carbon electrode discs were 

constructed from 2 cm (length) x 0.3 cm (diameter) rods. 
The glassy carbon rods were grade GC-20 obtained from IMC 
Industry (New York, NY 10017). The glassy carbon elec­
trodes were selected because glassy carbon has less

/go 83)adsorption phenomena than any other type of carbon' '
The glassy carbon rods were cemented with super glue into

19
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plastic tubes of 0.185 in. O.D., 0.115 in. I.D, and 3 in. 
in length. The plastic tubing and the glass carbon sur­
face were ground flush to each other on a rotating polish­
ing wheel using 600-mesh polishing paper disc. The 
glassy carbon disc electrodes were then polished suc­
cessively with 23 y, 8 y, and 5 y silicon carbide Ultra­
lap polishing paper discs (Moyco Industries Inc., 
Philadelphia, PA 11932). The glassy carbon electrode 
discs were finally fine polished with 0.5 y Chromium 
oxide Ultralap polishing paper disc. The working 
glassy carbon electrode discs were then washed with dis­
tilled water and dried with fine tissue paper, and then 
tested for electrical connection and leakage prior to 
mounting them in the flow cell.

The reference electrode is a silver-silver chloride 
(SSCE), dipping into O.OIM KCl. O.OIM KCl was used 
instead of a higher concentration to avoid the contami­
nation of the test solution by the leakage of the silver

(80 81)chloride ' . The reference electrode compartment
was located outside the flow cell. Electrical contact 
between the test solution in the flow cell and the 
reference electrode was achieved by using salt bridges.
The reference electrode compartment was filled with the 
background solution which was .05M sodium phosphate.
All cited potentials are referred to SSCE (i.e., +0.34V 
VS NHE).
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The counter electrode is a platinum sheet of 1/2 
in. X 2 in. x .001 in. which was located in the test 
section of the flow cell.

Apparatus
The electrochemical measurements for steady state

voltametry (SSV) and scanning voltametry were made with
a polarographic analyzer (PAR) Model 174A, Princeton
Applied Research (Princeton, New Jersey). An x-y
recorder, Hewlett-Packard Model 7635B was used with the
polarographic analyzer. The electric circuit described 

( 81)by Blaedel was also used with the SSV. The circuit 
is shown in Figure 1. The voltage source consisted of 
two 1.35 V mercury cells (Sargent-Welch, RM42R) in series. 
A ten-turn precision potentiometer controlled the 
applied potential which was measured by a digital volt­
meter (Hewlett-Packard Model 3465B). Currents were 
measured with a digital picoammeter (Model 480, Keithley 
Instrument, Cleveland, Ohio). The output of the pico­
ammeter was fed into a one channel strip chart recorder 
(Model B 5237-5, Houston Instrument, Austin, Texas).
The circuit described above was used interchangeably 
with the two-electrode system (working and reference 
electrode only) or with the three-electrode system 
(working, reference and counter electrodes). When the 
circuit was used with the two-electrode system, the
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FIGURE 1. Electric circuit for 2-electrode set-up, 
using steady state voltametry. (1) DC voltage source, 
(2) flow cell. (3) digital picoammeter. (4) strip 
chart recorder. (5) digital volt meter. (r ) Ag/AgCl 
reference electrode. (W) glassy carbon working elec­
trode .
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digital voltmeter was connected between the working 
electrode and the common of the voltage source as shown 
in Figure 1. When the circuit was used with the three- 
electrode system, the digital voltmeter was connected 
between the working electrode and the reference electrode 
as shown in Figure 2.

The 2-electrode system avoids the installation 
of a counter electrode in the flow system which might 
disturb the flow pattern in the cell. A simple circuit, 
such as the one shown in Figure 1, could also be used 
with the 2-electrode system. In all the studies reported 
in the l i t e r a t u r e , the 3-electrOde system 
(which allows measurement of the true applied potential) 
had been used to avoid drawing current into the reference 
electrode which could shift its potential.

Salt Bridges
Each of the three salt bridges was made of 10 mm 

O.D. fine fritted discs smoothed flush at one end of 
the glass tubes of 0.538 in (13.67mm) O.D., 0,422 in, 
(10.72mm) I.D., and 10 cm in length. The O.D. of the 
glass tubes, where the fritted disc was mounted, were 
roughed with a very coarse sand paper to create grooves 
for cementing the glass tubes with epoxy adhesive in the 
duct section of the plexiglass sheet. The final O.D.
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FIGURE 2. Electric circuit for 3-electrode system, using 
steady state voltammetry. (1) DC voltage source. (2) flow 
cell. (3) digital picoammeter. (4) strip chart recorder. 
(5) digital voltmeter. (C) platinum counter electrode.
(R) Ag/AgCl reference electrode. (W) glassy carbon work­
ing electrode.
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of tubes was 0.536 in the glass tubes were filled with 
agar gel. The agar gel was prepared by warming 4 grams 
of Bacton agar and 90 ml of the test solution. 0.05M 
sodium phosphate, pH 9.2 was used instead of the usual 
KCl to minimize the contamination of the test solution 
in the flow cell through the agar gel. This solution was 
cooked in an autoclave to produce a clean, white, homo­
genous agar solution. The sealed, fritted disc tubes 
were turned upside down in a vertical position and then 
filled with the hot agar solution. The tubes were allowed 
to stand undisturbed in the vertical position until the 
agar solidified. Four holes of 1 mm dia. were made at 
the other end of the glass tubes for electrical contact 
between the agar gel in the tubes and the reference elec­
trode compartment. The three bridges were then cemented 
with a film of epoxy adhesive and smoothed flush to the 
test section of the duct. The details of the salt 
bridge mounted in the duct of the flow cell are shown in 
Figure 3.

Flow System 
The experimental flow system is shown in 

Figure 4. The flow system was similar to the one
/ go \described by Youngquist with certain modifications.

The modified flow system consisted of a rectangular



26

FIGURE 3. Details of salt-bridge mounted in bottom 
sheet of the flow cell. (1) fine fritted disc,
(2) Agar gel plug. (3) cork to hold agar. (4) 1 mm 
O.D. holes for electrical contact. (5) glass tube.
(6) reference solution; 0.05M sodium phosphate pH 9,2,
(7) Ag/AgCl reference electrode. (8) bottom sheet of 
cell. (9) duct in flow cell.
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2

9  14

FIGURE 4. Schematic diagram for flow system. (1) flow 
cell. (2) glassy carbon working electrodes. (3&4) plati­
num counter electrode. (5) reference electrode compartment 
(6) nitrogen gas. (7) cooling unit. (8) plastic cool­
ing coil. (9) storage tank. (10) N 2 gas exit. (11) 
thermometer. (12) by-pass. (13) rotameter. (14) valves. 
(15) sampling point. (16) pump. (17) drainage.
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flow cell through which the test solution was circulated.
A one inch I.D. and half inch I.D. schedule 40 PVC pipe, 
and PVC valves and fittings were used for all connections. 
The test solutions were recirculated and stored in a 
5-gallon plexiglas tank. The test solution was circu­
lated by a seal-less magnetic-drive pump, model AC-5CMD 
(Cole-Parmer Inst., Chicago, Illinois), with polypro­
pylene impeller and 316 stainless steel shaft. The test 
solution storage tank contained a plastic cooling coil 
with coolant to control the temperature of the test

o osolution to within ±0.1C of 26C. The cooling coil was 
connected to a cooling unit which consisted of a cooling 
bath, cooler immersion series IC-6 Lauda #13277-120 
(Scientific Products, Grand Prairie, Tx), and masterflux 
tubing pump (Cole-Parmer Inst., Chicago, Illinois) to 
pump and control the flow of the cooling water to the 
plastic coil. Two rotameters were used for measuring 
the flow rates: a Fisher and Porter FP 1-35-G-lO
(model IDA 1027A #102727) with stainless steel float 
and has a maximum flow of 9.4GPM and a Fisher and Porter 
FP j  -50-G-9 (model lOA 1027A #102722) with stainless 
steel float and has a maximum flow of 4GPM.

Nitrogen was used to purge the test solution 
before and during experiments. The by-pass line valve 
#12 was used to control the flow at the desired Re.
Valve #15 was used during calibration of the two rotameters.
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Flow Cell
The plexiglass flow cell has a rectangular cross 

section of 0.635 cm x 2.86 cm. It has a test section 
length of 11.56 in. (about 29.37 cm). Thirty working, 
glassy carbon, disc electrodes were located in the cover 
of the flow cell and they were smoothed flush with the 
center of the test section. The counter electrode is also 
located in the test section of the duct. Electrical con­
tact between the test solution in the flow cell and the 
reference electrode compartment was achieved by the three 
salt bridges. The first bridge was located at the entrance 
of the test section and it was used with working elec­
trodes 1 to 8. The second bridge was located in the 
middle of the test section. It was used with working 
electrodes 9 to 22, The third one was located at the 
end of the test section. It was used with working 
electrodes 23 to 30. This arrangement was made to 
reduce some of the IR drop in the circuit. The test 
section of the flow cell was preceded by a section 82,71 cm 
(32.563 in.) long which was more than 50 diameters 
(79.53 cm). This assured fully developed flow at the 
entrance of the test section for all Reynolds numbers.

Flow Cell Assembly 
The flow cell was made of two plexiglas sheets.

A cover sheet of 4 in. x 50*2 in. x h in. (10cm x 128cm x 
1.27 cm) and a bottom sheet of 4 in. x 50% in. x 3/4 in.
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(10 cm X 128 cm x 1.91cm). In the bottom sheet, a duct 
0.635 cm deep, 2,86 cm wide and 118 cm in length was 
milled. In the test section (which was 11,56 in. from 
the exit of the duct), two additional slots of H in. x 
2 in. X .002 in. was milled to accommodate the platinum, 
counter electrode sheets. The two slots were 4 in. apart. 
Two holes were made in these slots to fit 16-gauge 
copper wires for electrical connections. The 16-gauge 
copper wires were glued in the two holes, by super glue, 
such that 2 mm of the depth of the hole towards the duct 
was filled with mercury to make electrical contact between 
the counter electrode and the 16-gauge wires. The two 
platinum counter electrodes were then secured in the two 
slots using super glue. Three holes of 0.55 in (1.4 cm) dia. 
were also made in the test section of the duct; at the 
entrance of the test section, in the middle, and at the 
end of the test section. These holes accommodated the 
three salt bridges for the electrical contacts between 
the reference electrode compartments and the test solution. 
Two holes of 3/4 in. dia. were made at both ends of the 
duct for inlet and exit of the circulating fluid. The 
details of the bottom sheet of the flow cell are shown 
in Figures 5 and 6.

Thirty holes of 0.185 in. dia. were made in the 
cover sheet of the flow cell to accommodate thirty glassy 
carbon working electrodes. These holes were located in
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FIGURE 5. Details of bottom sheet in the flow cell. (1) platinum 
counter electrodes. (2) salt bridges. (3) duct for flow. (4) inlet 
of duct. (5) exit of duct. (6) test section in duct. (7) preceding 
section for flow to be fully developed. (8) bottom sheet of flow cell.
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FIGURE 6. Dimensions of bottom sheet of the flow cell. 
(Not to scale)
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the center of the test section. The first hole was at 
the entrance of the test section. The distance between 
two consecutive holes was 0.4 in., center to center. 
Thirty working glassy carbon disc electrodes were mounted 
in the holes of the cover sheet and smoothed flush with 
the inner surface of the cover sheet. The working disc 
electrode installed at the entrance of the test section 
was #1 and the one at the end of the test section was 
#30. The details of the cover sheet are shown in 
Figure 7.

Finally, the two plexiglas sheets were bolted 
together. A rubber gasket of 0.02 in. (type Buna/N, 
Industrial Gasket Inc., Oklahoma City, OK 73124) was 
used to seal the two plexiglas sheets. The flow cell 
was mounted horizontally and a portion of the plastic 
tubes of the working electrodes were filled with mercury 
and a 16-gauge wire was dipped in each tube for elec­
trical contact between the carbon electrode and the 
external circuit. Figure 8 shows one of these glassy 
carbon electrodes mounted in the flow cell.

Procedure
All buffer solutions were prepared from sodium 

phosphate. From preliminary tests and from the studies 
cited in/80-83)^ it was found that a suitable applied 
voltage range was -0.1 to +0.7. It has also been
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FIGURE 7. Details of cover sheet of flow cell, (1) glassy carbon 
working electrode no. 1. (2) glassy carbon working electrode no. 30.
(3) plastic tube. (4) 3 nun glassy carbon disc. (5) epoxy adhesive. 
(6) test section in cover sheet. (7) cover sheet of flow cell.
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FIGURE 8. Details of glassy carbon working disc elec­
trode mounted in the cover sheet of the flow cell.
(1) 3 mm dia. glassy carbon disc. (2) mercury pool 
for electrical contact. (3) plastic tube. (4) 16-gauge 
copper wire. (5) 2cm x .3cm dia. glassy carbon rod.
(6) cover sheet of the flow cell.
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reported that the adsorbed NAD+ was reduced, and desorbed 
at a potential more negative than -1.3 V. In our 
study, a cyclic potential of ± 1.4 V is used to condition 
and pretreat the electrodes with the procedure described 
by Blaedel and J e n k i n s w h i c h  follows;

Electrode Conditioning. The glassy working disc
electrodes are conditioned and pretreated following the

f80 81)Blaedel and Jenkins procedure ' . The conditioning
of the electrodes involves first deaerating the buffer 
solution in the flow system and then applying an anodic 
potential of 1.4 V for two minutes and then a cathodic 
potential of -1.4 for two minutes for each working elec­
trode. Conditioning consisted of 15 such cycles. It was 
carried out only once in the past history of the electrode.

Electrode Pretreatment. Pretreatment involves 
applying two cycles only. It was done before each new 
single experiment to clean the electrode surface of any 
surface functional groups. Conditioning and pretreatment 
are accomplished by using both the circuit shown in 
Figures 1 and 2 and the PAR, Figure 9.

Prior to the start of each experiment, nitrogen 
gas was bubbled into the storage tank for one hour before 
any new experiment to remove dissolved oxygen to avoid
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FIGURE 9. Electric circuit for 3-electrode system 
using scanning technique. (1) flow cell. (2) polaro- 
graphic analyzer. (3) x-y recorder. (4) digital 
voltmeter. (C) platinum counter current electrode.
(R) Ag/AgCl reference electrode. (W) glassy carbon 
electrode.
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all interference with the current-voltage data. A 
stream of nitrogen gas was also passed over the test 
solution in the storage tank during the whole experiment. 
The flow system was kept at a constant temperature of 
26°C (± 0.1°C).

Following pretreatment, the SSV method and the 
scanning method were used to obtain current-potential 
curves (voltammograms) at the applied potential range of 
-O.IV to +0.7V. The Re values of 7174, 10782, 14307 
and 24882 are used to get voltammograms for one elec­
trode only (#5). The electrode is held at 0 V for about 
30 minutes before each voltammogram so the background
current can return to its normal state, that is within

(80 83)a few nanoamperes of the fresh background current ' 
After the background voltammogram determination, a 
fresh stock solution of NADH/NAD+ was added to the buffer 
to bring the test solution to 10 yM in NADH and 20 yM 
in NAD+. Then voltammograms for NADH/NAD’’" solution were 
obtained at the same conditions and same flow rates 
using the same procedure as used for the background 
current determination.

With the SSV method, the 2-electrode setup.
Figure 1, and 3-electrode setup. Figure 2 and Figure 9 
were used to obtain voltammograms, pointwise in incre­
ments of 20 mv. The initial voltage (-0.lv) was applied 

first between the working electrode and the reference
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electrode. When the resultant current reached its steady 
state value, this value was recorded. The applied voltage 
was increased by an increment of 20 mv and the procedure 
repeated for recording the steady state current. The volt­
age was increased and the above procedure repeated until 
we reached 0.7V.

With the scanning method, only the 3-electrode set­
up, Figure 9 was used to obtain continuous voltammograms. 
The initial potential was set at -O.lV by the initial 
potential controls on the PAR. The digital voltmeter was 
used to monitor the initial potential. The polarity con­
trol of the initial potential on the PAR was set on nega­
tive. The scan rate was set to 5 mv/sec. The direction 
of the scan was positive. The voltage range control was 
set at 3V, and the current range control was set at 5 yA 
(this gives a 0.5 yA/in on the "x-y" recorder since the 
full scale "Y" axis is lOV). These procedures were chosen, 
so that the scan begins at -O.IV and automatically advances 
to 2.9V, but scanning was manually terminated at 0.7V. 
NADH/NAD+ Stock solution was added after reproducible back­
ground voltammograms were obtained and after the electrode 
was held at 0. V . Three voltammograms were obtained for 
each Re with the scanning method. A fresh NADH/NAD+ solu­
tion was used to obtain each voltammogram.

To evaluate the performance of the flow system, 
voltammograms at the three values of Re for electrodes 
numbers 1, 10, 15, 20, 25, and 30 were also recorded by 
scanning, following the same procedure described above.



CHAPTER V 

RESULTS AND DISCUSSION

Voltammograms

Figures 10 and 11 are voltammograms obtained by 
the SSV with the 2-electrode set-up and 3-electrode set­
up at the glassy carbon disc electrode #5 for Re = 7174. 
Curve A is the background voltammetric curve, curve B is 
the NADH voltammetric curve and curve C is voltammetric 
curve B corrected for the background. Curve C indicates 
a very well-defined transport region (plateau). The 
limiting current value (Iĵ ) obtained with the 2-electrode 
system (Figure 10, curve C) is 0.404 yA. The limiting 
current value (I_) obtained with the 3-electrode systemjj
(Figure 11, curve C) is 0.37 yA. The agreement between 
these two values is within 8.4%. Both electrode set-ups 
are compatible. The 2-electrode set-up avoids using a 
counter electrode inside the flow cell which might dis­
turb the flow and enhance the mass transfer. However, 
to avoid the problem of drawing current through the 
reference electrode, and to measure the true electrode 
potential, the 3-electrode set-up was used in all our 
experiments.

40



41

0.6

0.5

0.4

0.3

0.2■ooc<

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
AppIled Voltage (V)

FIGURE 10. Voltammetric curves by SSV at glassy carbon 
disc electrode no. 5. Conditions; 10yM/NADH/20yM NAD+ 
in 0.05M phosphate buffer, pH 9.2. Re = 7174. 2-electrode 
set-up. (A) Background, (B) lOyM NADH, (C) Curve B 
corrected for background current.
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FIGURE 11. Voltammetric curves by SSV at glassy 
carbon disc electrode no. 5. Conditions: lOyM NADH/ 
20yM NAD+ in 0.05M phosphate buffer, pH 9.2. Re = 7174, 
3-electrode set-up. (A) Background, (B) 10yM NADH,
(C) Curve B corrected for background.
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Figures 12, 13 and 14 are voltammograms obtained 
by SSV at disc electrode #5 for Re = 10782, 14307 and 
2482 respectively. Curve C in these figures is curve B 
corrected for the background. Curve C in these figures 
indicates a very well-defined transport region. At the 
high value of Re = 24882, we faced a mechanical problem 
with the platinum sheet counter electrode located down­
stream of disc electrode #5. The platinum sheet was 
bent several times due to this high flow rate. Therefore, 
it was decided to use only the other smaller values of 
Re = 7174, 10782, and 14307.

The limiting current values obtained by SSV of 
Figures 11, 12, 13, and 14 are listed in Table 1 which 
shows that as the value of Re increases, the limiting 
current increases. These results are in agreement with 
the studies of Blaedel and J e n k i n s w i t h  a glassy- 
carbon rotating disc electrode.

Although the SSV method produces well-defined 
voltammograms, it requires about 10 hours to obtain just 
one voltammogram for only one electrode for our flow 
system. It is clear that this is a tedious and time 
consuming task to carry out for the rest of the electrodes. 
In addition, too much fluctuation in the current read­
ing was observed with the SSV. Therefore, we switched 
to the automatic scanning method which is a fast and easy 
data-taking technique. Besides, the scanning method had
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FIGURE 12. Voltammetric curve by SSV at glassy carbon 
disc electrode no. 5. Conditions: lOyM NADH/20yM
NAD'*’ in 0.05M phosphate buffer, pH 9.2. Re = 10782.
(A) Background, 
background.

(B) lOyM NADH, (C) Curve B corrected for
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FIGURE 13. Voltammetric curves by SSV at glassy carbon 
disc electrode no. 5. Conditions; lOyM NADH/20yM NAD+ 
in 0.05M phosphate buffer, pH 9.2. Re = 14307. 3-electrode 
set-up. (A) Background, (B) lOyM NADH, (C) Curve B
corrected for background.
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FIGURE 14. Voltammetric curves by SSV at glassy carbon 
disc electrode no. 5. Conditions: lOuM NADH/20yM NAD+ 
in O.IM phosphate buffer, pH 7.7. Re = 24882. 3-electrode 
set-up. (A) Background, (B) lOyM NADH, (C) Curve B 
corrected for background.
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TABLE 1

LIMITING CURRENT VALUES (I?) OBTAINED BY SSVXj
AT GLASSY CARBON DISC ELECTRODE #5

Re Il (ViA) Figure

7174 0.37 11
10782 0.48 12
14307 0.53 13
24882 0.69 14
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/ g 2 g 2 \been successfully used by Moiroux and Elving ' with 

the NADH system. The technique involves using the PAR 
with the x-y recorder to record voltammetric curves (at 
a certain voltage range, selected scan rate,and selected 
current sensitivity) for the background and the NADH/
NAD'*' solution. The NADH curves have to be corrected for 
the background to get the true limiting current value 
(Iĵ ) . For our flow system, we used a voltage range of 
-0.1 V to + 0.7 V, and a scan rate of 5 mv/sec. Figures 
15 to 21 are voltammograms recorded by scanning at 
Re = 7174 for 10 yM NADH + 20 yM NAD'*' in 0.05M phosphate 
buffer, pH 9.2 at glassy carbon disc electrodes numbers 
1, 5, 10, 15, 20, 25 and 30.

Figures 22 to 28 are voltammograms recorded by 
scanning at Re = 10782 for the same disc electrodes under 
the same conditions as Figures 15 to 21.

Figures 29 to 35 are voltammograms recorded by 
scanning at Re = 14307 for the same disc electrodes and 
under the same conditions as Figures 15 to 21.

In the aforementioned figures, curve A is the 
background voltammetric curve, curve B is the NADH curve 
and curve C is curve B corrected for the background 
which indicates a very well-defined transport region 
(plateau).

Figure 36 shows the three plateaus (voltammetric 
curves) obtained at the three values of Re = 7174, 10782,
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FIGURE 15. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 1, Conditions: lOyM 
NADH/20yM NAD"^ in 0.05M phosphate buffer, pH 9.2.
Re = 7174. (A) Background, (B) lOyM NADH, (C) Curve
B corrected for background.
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FIGURE 16. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 5. Conditions; lOyM NADH/ 
20yM NAD+ in 0.05M phosphate buffer, pH 9.2. Re = 7174, 
(A) Background, (B) lOyM NADH, (C) Curve B is corrected 
for background.



51

-PcdJ
u 0.50U
ü•H
O

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Applied Voltage (V)

FIGURE 17. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 10. Conditions: lOyM NADH/
20yM NAD"*" in 0.05M phosphate buffer, pH 9.2. Re = 7174 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 18. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 15. Conditions: lOyM NADH/
20yM NAD"^ in 0.05M phosphate buffer, pH 9.2. Re = 7174, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 19. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 20. Conditions: lOyM NADH/
20yM NAD"*" in 0.05M phosphate buffer, pH 9.2. Re = 7174 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 20. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 25. Conditions: lOpM NADH/ 
20yM NAD'*' in 0.05M phosphate buffer, pH 9.2. Re = 7174 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 21. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 30. Conditions: lOyM NADH/
20yM NAD'*’ in 0.05M phosphate buffer, pH 9.2. Re = 7174. 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 22. Voltammetric curves by scanning at glassy 
carbon disc electrode no, 1. Conditions; lOyM NADH/ 
20yM NAD+ in O.OSM phosphate buffer, pH 9.2. Re = 10782 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 23. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 5. Conditions; lOyM NADH/ 
20yM NAD"*" in O.OSM phosphate buffer, pH 9.2, Re = 10782. 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 24. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 10. Conditions; IOjjM NADH/ 
20yM NAD"*" in O.OSM phosphate buffer, pH 9.2. Re = 10782, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 25. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 15. Conditions: lOyM NADH/
20yM NAD"*" in 0.05M phosphate buffer, pH 9.2. Re = 10782, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 26. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 20. Conditions; lOyM NADH/ 
20yM NAD+ in O.OSM phosphate buffer, pH 9.2. Re = 10782, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 27. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 25. Conditions: lOyM NADH/
20yM NAD"*" in O.OSM phosphate buffer, pH 9.2. Re = 10782. 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 28. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 30. Conditions; lOyM NADH/ 
20yM NAD"*" in 0.05M phosphate buffer, pH 9.2. Re = 10782, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 29. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 1. Conditions: lOyM NADH/
20yM NAD+ in 0.05M phosphate buffer, pH 9.2. Re = 14307 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for the background.
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FIGURE 30. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 5. Conditions: lOyM NADH/
20yM NAD"*" in 0.05M phosphate buffer, pH 9.2. Re = 14307 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 31. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 10. Conditions; lOyM NADH/ 
20yM NAD+ in 0.05M phosphate buffer, pH 9.2. Re = 14307. 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 32. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 15. Conditions; lOyM NADH/ 
20yM NAD"^ in 0.05M phosphate buffer, pH 9.2. Re = 14307 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 33. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 20. Conditions: lOyM NADH/
20yM NAD"*" in 0.05M phosphate buffer, pH 9.2. Re = 14307, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 34. Voltammetric curves by scanning at glassy 
carbon disc electrode no. 25. Conditions: lOyM NADH/
20yM NAD"** in 0.05M phosphate buffer, pH 9.2. Re = 14307. 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 35, Voltammetric curves by scanning at glassy 
carbon disc electrode no. 30. Conditions: lOyM NADH/
20yM NAD+ in 0.05M phosphate buffer, pH 9.2. Re = 14307, 
(A) Background, (B) lOyM NADH, (C) Curve B corrected 
for background.
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FIGURE 36. Combined voltammetric curves at Re = 7174, 
10782, and 14307 for glassy carbon disc electrode #5.
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and 14307 for the glassy-carbon disc electrode #5 in
our flow cell. These three plateaus are the plateaus
(curve C) of Figures 16, 23, and 30. They have been
combined just to compare our results to the literature.
Figure 36 shows voltammograms which are qualitatively

(81)similar to the ones obtained by Blaedel and Jenkins
To our knowledge, no study has been reported in 

the literature of the electrochemical oxidation of NADH 
nor any other macromolecular system in flow cells which 
produced well-defined plateaus similar to the ones 
shown in Figures 15 to 35. The studies by Blaedel and 
Jenkins^^^'^^) and by Moiroux and E l v i n g ^ ® ^ a r e  for 
the electrochemical oxidation of NADH at rotating, or 
stationary gAassy carbon disc electrodes in H-type cells 
or in three compartment cells. In these studies 
well-defined voltammograms were obtained at different 
rotations per minute (RPM). These studies were designed 
to determine the NADH concentrations at micromolar 
levels or to detect the presence of impurities by their 
reaction with NAD"** to produce NADH.

The limiting current values taken from curve C 
of the above figures are listed in Tables 2, 3 and 4. 
These tables show that the limiting current values at 
electrode #'s 1 and 5 are lower than the limiting current 
values of the following electrodes. Since the entry 
effects were eliminated by preceding the test section by
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TABLE 2

LIMITING CURRENT VALUES OBTAINED BY SCANNING
AT Re = 7174

Elect. No. (yA) Figure

1 0.40 15
5 0.40 16

10 0.43 17
15 0.43 18
20 0.43 19
25 0.43 20
30 0.43 21
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TABLE 3

LIMITING CURRENT VALUES OBTAINED BY SCANNING 
AT Re = 10782

Elect. No. (yA) Figure

1 0.43 22
5 0.43 23

10 0.61 24
15 0.61 25
20 0.61 26
25 0.61 27
30 0.61 28
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TABLE 4

LIMITING CURRENT VALUES OBTAINED BY SCANNING 
AT Re = 14307

Elect. No. 1^ (yA)
9

Figure

1 0.50 29
5 0.51 30

10 0.63 31
15 0.63 32
20 0.63 33
25 0.63 34
30 0.63 35
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a length of about 80 d i a m e t e r , and since the adsorp­
tion problem has been compensated for by adding excess

/ Q  Q  p  3  \amounts of NAD"^ ’ , possible interpretations for this
phenomena are: 1) the platinum sheet counter electrode
located downstream of electrode #5 disturbed the flow 
pattern and increased the effective Re, 2) there could be 
small variation in the dimension of the flow cell along 
the length of the channel in this region. These factors 
could have enhanced the mass transfer rates for the down­
stream glassy carbon working disc electrodes numbers 6 to
30, i.e. This would increase the limiting current value
for electrode number 6 and up. The investigation of this 
phenomenon is recommended for further study.

Assuming that the limiting current values obtained 
at electrode #5 represent the true value of the mass 
transfer, the values listed in Table 1 are compared with 
those listed in Tables 2, 3 and 4. Table 5 shows the 
percent of agreement among those values.

TABLE 5

PERCENT OF AGREEMENT BETWEEN THE SSV VALUES
AND THE SCANNING ONES FOR ELECTRODE #5

Re

iL(yA)
by

SSV
by

Scanning % Agreement Figure
7174 0.37 0.40 7.50 11,16
10782 0.48 0.43 10.40 12,23
14307 0.53 0.51 3.80 13,30
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We can say that the limiting current values 
obtained by scanning is within 3.8 to 10.4% of those 
obtained with SSV.

Mass Transfer Coefficient 
The experimental local mass transfer coefficient 

(k) was calculated from equation (6),

The area A in equation (6) is the effective area of the
electrode surface. This area can be found by recording
current-time decay curve under linear diffusion conditions
for potassium ferrocyanide and using the Cottrell equa-
tion^^^'^^), or by measurement of the current peak of
potassium ferrocyanide cyclic voltammetry and using
Randles-Sevick e q u a t i o n . It was found^^^^ that
the first method is more practical to use. The effective
area of one of our glassy carbon disc electrodes has
been measured using the facilities in the chemistry
department and utilizing the first method. The current-
decay curve is shown in Figure 39 and the calculation of
the effective area is shown in Appendix B. The effective

2area of our electrode is found to be 0,0789 cm . The
geometrical area of this electrode (.3cm in diameter)

2 (82) is found to be 0.071 cm . Moiroux and Elving have
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used a 5 Iran in diameter glassy carbon disc electrode.
2They have found the effective area to be 0.23 cm com-

2pared to the geometrical area of 0.2 cm . This shows
that the geometrical area is a very good estimate of the

(93)effective area especially for glassy carbon electrodes
Therefore, the experimental local mass transfer coeffi-

2cients using equation (6) with A = 0.0789 cm were 
calculated for all the limiting current values listed 
in Tables 1 to 4. The results are shown in Tables 6 to 
9. These tables indicate that as the flow rate increases 
the local mass transfer increases too. All these results 
shown in Tables 6 to 9 are consistent with the litera- 
ture^^^^. Tables 7 to 9 also indicate that the local 
mass transfer coefficient has been enhanced for elec­
trodes numbers 10, 15, 20, 25, and 30. This enhance­
ment is due to the mechanical problem previously men­
tioned concerning the platinum sheet counter electrode 
located downstream of electrode #5, A sample calculation 
of the experimental, local k's is given in Appendix C.

The local mass transfer coefficient was also 
calculated by equation (8) cited in reference (65),

St = I = 0.0165 Re"*^^ Sc"'G7 (8)

where Sc = ^ (9)
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TABLE 6

LOCAL MASS TRANSFER COEFFICIENT (k) FOR LIMITING 
CURRENT VALUES (I_) OBTAINED BY SSV AT

1j

DISC ELECTRODE #5

Re 1^ (yA)
k X 10^
(cm/sec) Figure

7174 0.37 2.43 11
10782 0.48 3.15 12
14307 0.53 3.48 13
24882 0.69 4.53 14
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TABLE 7

LOCAL MASS TRANSFER COEFFICIENT FOR LIMITING CURRENT
VALUES (Iĵ ) OBTAINED BY SCANNING AT Re = 7174

Elect. No. II (yA)
k X 10^
(cm/sec) Figure

1 0.40 2.63 15
5 0.40 2.63 16

10 0.43 2.83 17
15 0.43 2.83 18
20 0.43 2.83 19
25 0.43 2.83 20
30 0.43 2.83 21
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TABLE 8

LOCAL MASS TRANSFER COEFFICIENT FOR LIMITING CURRENT 
VALUES (I_) OBTAINED BY SCANNING AT Re = 10782

iJ

Elec. No. (yA)
k X 10^
(cm/sec) Figure

1 0.43 2.83 22
5 0.43 2.83 23

10 0.61 4.00 24
15 0.61 4.00 25
20 0.61 4.00 26
25 0.61 4.00 27
30 0.61 4.00 28
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TABLE 9

LOCAL MASS TRANSFER COEFFICIENT FOR LIMITING CURRENT 
VALUES OBTAINED BY SCANNING AT Re = 14307

Elec. No. II (;A)
k X 10^
(cm/sec) Figure

1 0.50 3.28 29
5 0.51 3.35 30

10 0.63 4.14 31
15 0.63 4.14 32
20 0.63 4.14 33
25 0.63 4.14 34
30 0.63 4.14 35
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The kinematic viscosity (v) and the diffusion 
coefficient (D) needed in equation (9) were calculated in 
our laboratory for our test solution. The details of the 
calculation are shown in Appendices D and E respectively. 
The value of Sc was 4730. Table 10 summarizes the 
experimental local values of the mass transfer coeffi­
cients for electrode #5 (taken from Tables 6 to 9) and 
the literature-based local values calculated by equation 
(8). The values of the velocities needed in equation (8) 
were calculated and listed in Table 11 in Appendix A. A 
sample calculation of the literature-based local mass 
transfer coefficients (k) is shown in Appendix P.

For electrodes numbers 10, 15, 20, 25, and 30, 
the percent of agreement between the experimental local 
values of k obtained by scanning (Tables 7 to 9) and the 
literature-based local values obtained by equation (8) 
are; 65% at Re = 7174, 65% at Re = 10782, and 57% at 
Re = 14307. The large discrepancy between the experi­
mental values and the literature-based values of k for 
all the electrodes is not surprising since equation (8) 
and other correlations found in the literature 
have been developed for small molecules. Rigorous study, 
similar to that of Berger and Hau^^^^ needs to be estab­
lished to develop correlations suitable for large mole­
cules. These studies could be recommended for further 
research using our flow system.
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TABLE 10

SUMMARY OF THE EXPERIMENTAL AND LITERATURE-BASED LOCAL 
MASS TRANSFER COEFFICIENTS (k) OBTAINED 

FOR ELECTRODE #5

Re

3kxlO (cm/sec) 
Experimental 3kxlO (cm/sec) 

Eqn. (8) *% AgreementSSV Scanning

7174 2.43 2.63 1.00 59-62
10782 3.15 2.83 1.40 51-56
14307 3.48 3.35 1.80 46-48

%  Agreement = iBlPerimental - Eqn. 8) values
Experimental values



CHAPTER VI

CONCLUSION

The electrochemical technique was applied in the 
study of the mass transfer rates for macromolecules in 
a flow system. The direct oxidation of NADH (nicotinamide 
adenine dinucleotide, reduced) which represents a macro- 
molecular substance (MW = 709.4) was studied in a rec­
tangular duct. Glassy carbon disc electrodes were used 
as the working electrodes. Platinum sheet was used as 
the counter electrode and the reference electrode was 
Ag/AgCl.

The values of Re = 7174, 10782, and 14307 were 
used in this study. The value of Schmidt number (Sc) 
was 4730.

The steady state voltammetry (SSV) and scanning 
methods were used to obtain voltammograms. The SSV 
produced voltammograms with well defined mass transfer 
regions but the SSV was a slow and time consuming method. 
The scanning method was successfully used to obtain 
such voltammograms.

84
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The experimental local mass transfer coefficients 
(k) were calculated from the limiting current values of 
the obtained voltammograms by the expression,

nF A (6)

The experimental values of k were compared with the 
literature by using the correlation developed by Berger 
and Hau^^^^, which is valid for 8x10^ < Re < 2x10^ and 
Schmidt number between 1000-6000, The correlation is,

St = I = 0.0165 Re"°'14 (8)

Table 10 gives a summary of the experimental local values 
of k's and the literature-based values of k's. The 
discrepancy among these values of k's is due to the
fact the correlation used as well as the others found in
the literature have been developed for simple mole- 
oules'29'31).

The applications of our flow system with macro­
molecules are numerous. The local and average mass 
transfer rates with and without turbulence promoters 
and the development of correlations are such applications. 
The attachment of larger molecules (polylysine) to NADH 
will allow us to extend our studies to a homologans 
series of macromolecules.
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Several recommendations have been submitted for 
our flow system that might help in any further study.



CHAPTER VII 

RECOMMENDATIONS

The design and description of a flow system suit­
able for measuring the mass transfer rates for macro­
molecules has been presented. However, for the flow 
system to be widely applicable, I submit the following 
recommendations for further research:

A special electric circuit suitable for applying 
equal voltage ranges (-0.1 V to +.75 volts) to all 
electrodes in the flow cell is needed to enable us to 
study the local and overall mass transfer coefficient.
The circuit built by B l a n k c a n  be modified and can 
be used with the SSV only. A similar circuit for scanning 
has to be constructed. The electronic system used by 
Leitz and Marincic^^®^ could be used for the scanning 
method.

The regeneration of NADH is necessary to save 
time and chemicals and to maintain constant concentra­
tion in the system. Several investigations 
of such systems have been reported for flow rates up to 
60 ml/min. Systems for higher flow rates are also needed.
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The attachment of polylysine to NADH could be 
investigated to reveal the wide application of our flow 
system to larger molecules. W i l l s h a s  given details 
of attaching polylysine to NADPH.

The effects of turbulence promoters on mass 
transfer rates for macromolecular systems should also 
be studied using our flow system. Rigorous studies need 
to be established to develop correlations with and 
without turbulence promoters suitable for large mole­
cules .

Also, for further studies, the glassy carbon 
electrodes could be chemically modified to enhance the 
reaction at the electrode surface. The studies cited 
i n(96,97) ghow some methods for modifying carbon elec­
trodes which could be utilized. One method is to chemi­
cally attach quinones to the surface of the carbon 
e l e c t r o d e s . A second method is to chemically bond
suitable enzymes (LDH and NAD) to the surface of the

(97)carbon electrodes
The mechanical problem that we found with the 

counter electrode platinum sheet located downstream of 
electrode #5 should be investigated. Its effects should 
be eliminated before any further studies are conducted.



APPENDIX. A

Calibration Curves

Figures 37 and 38 show the calibration curves for 
two rotameters, the first one with a maximum flow rate 
of 4 gal/min, and the second one with a maximum flow rate 
of 9.4 gal/min. Water is used as the working fluid, and 
the working temperature is 26"C.

Reynolds number 
For our rectangular flow cell, Reynolds number 

^Re' calculated from the mean hydraulic radius,

Rh = I (10)
2where S is the cross section of the stream in cm , and Z

is the wetted perimeter in cm. The flow cell has a width
(w) of 2.86 cm and a height (h) of 0.635 cm. The kinematic

—2 2viscosity of water at 26°C is 0.87207 x 10” cm /sec.

^h ” 2{w+h)

and
4R. V

«Re = - T -  <“ )
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FIGURE 37. Calibration curve for rotameter of range 
up to 4 gal/min.
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FIGURE 38. Calibration curve for rotameter of range up 
to 9.4 gal/min.
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where V is the velocity in cm/sec and v is the kinematic
2viscosity in cm /sec,

-Re = I
3but the flow rate Q in cm /sec is

Q = VS = V(wh) (14)

by combining equations 10 and 11, we get

^Re (w+h)v

To convert the measured value of Q from gal/min to cm^/sec, 
multiply by 63.08333,

M = ______(2) (63.08333)0-----  (i6)
(2.86+0.635)(0.87207x10"^)

= 4148.9488Q (17)

The four values of used in this study were calculated 
by equation (17), and listed in Table 11.

Velocity
The velocity at the calculated flow rates is

found by

V = 4  (18)
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where Q in cm /sec, using the conversion factor 63.08333, 
we get

63,083330V = (2.86) (0.635) (19)

V = 34.73560 (20)

The corresponding four values of velocity V is calculated 
by equation (20), which is shown above. The results are 
shown in Table 11.

TABLE 11

SÜI1MARY OF COMPUTED FLOW RATES, AND
VELOCITIES AT 40%, 60%, 80% FLOW

% Flow
Q

gal/min ^Re
V

cm/sec Figure

40 1.73 7174 60.1 37
60 2.6 10782 90.3 37
80 3.45 14307 119.8 37
60 6 24882 208.4 38



APPENDIX B

Effective Area

To calculate the effective area of one of the 
glassy carbon electrodes, a current-time decay curve 
has been recorded for 3.88 mM of potassium ferrocyanide 
under linear diffusion (that is to say the quantity 
(it) is a constant). Figure 39 shows the current-time 
curve for the ferrocyanide system. The Cottrell 
equation is

UnF A tP  C.
i = ------ ^  (21)

(nt)^

where i is the current in amperes, n is the number of
electrodes involved in the reaction, A is the effec- 

2tive area in cm , is the bulk concentration in moles
per milliliters, t is time in seconds and D is the

2diffusion coefficient in cm /sec. The equation is 
rearranged and solved for A as follows;

A = (22)
nF
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FIGURE 39. Current-time decay curve for effective area 
of a disc electrode.
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The reaction is

Fe (CN)g"4 Fe (CN) g"^ + e (23)

The values of the known parameters in equation (22) are:

n(from equation 23) = 1  

F, the Faraday = 96500 col/mole
Cĵ  = 3.88 X  lO”^ mol/mil
D = 6.29 X  lO”^ cm?/sec

/ 78 )The value of D is taken from Table 8-2 in Adams for
1 MkCl which is equivalent to 3.88 mM for ferrocyanide.
Therefore,

A = ------------- ^ 1°"^ 6 g---------- (i) (t)^
(1) (96500) (6.29x10"*)^(3.88x10)

A = 1.8875 X 10"3 (i)(t)% (24)

The current in expression (24) is in yA. This expression
and Figure 39 are used to calculate the average area of
the electrode surface. Table 12 summarizes the calcula­

istion of A. The value of (it) is fairly constant between 
t = 5.5 sec. to t = 8 sec. The average value of A 
between 5.5 to 8 sec. is 0.0789 cmf.
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TABLE 12

EFFECTIVE AREA CALCULATION FOR GLASSY CARBON DISC 
ELECTRODE DETERMINED BY CURRENT-DECAY METHOD

Time (t) 
sec.

Current (i) 
yA (it)%

Area (A) 
cm^

2.0 29 0.0076 0.07741
2.5 26 0.0081 0.07760
3.0 23.75 0.0084 0.07765
3.5 22.15 0.0088 0.07822
4.0 20.75 0.0091 0.07833
4.5 19.65 0.0094 0.07868
5.0 18.70 0.0097 0.07893
5.5 18.00 0.0099 0.07968
6.0 17.15 0.0101 0.07929
6.5 16.55 0.0104 0.07964
7.0 16.00 0.0106 0.07990
7.5 15.50 0.0108 0.08012
8.0 15.00 0.0110 0.08008



APPENDIX C

SAMPLE CALCULATION

Experimental Local Mass 
Transfer Coefficient

The experimental local mass transfer coefficient 
(k) was calculated from equation (6). One sample calcu­
lation based on the limiting current value (1̂ )̂ of 
Figure 11 is shown below,

^ " nF A Cĵ  (G)

where k is the local mass transfer coefficient in cm/sec,
I^ is the limiting current value in amperes, n is the
number of electrons involved in reaction (1) , F is the

2Faraday, A is the electrode surface area in cm , and C^
3is the bulk concentration in moles per cm . The value 

of the known parameters for equation (6) are:

I- = 0.37 yA = 0.37 x 10  ̂A = 0.37 x 10  ̂ col/sec.Jj

nCfrom equa. 1) = 2 
F = 96500 col/mole
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Cj^(NADH) = lOwM = 10x10”® Itiol/lit
= lOxlO”  ̂mol/cm^

2A (from Appendix B) = 0.0789 cm

Therefore, the mass transfer coefficient using equation 
(6) was calculated as follows,

k [=] col mol cm^
sec col 2cm mol

[=] cm/sec (25)

k = ---------------   zg- (26)
(2) (96500) (.0789) (10x10 )̂

k = --------------------------------------- (27)
1.5228x10

0.37x10”® k = -------
1.5228x10”*

k = 2.43x10  ̂cm/sec

All values of local mass transfer coefficients for all 
limiting current values listed in Tables 1 to 4 were 
calculated by equation (27) and are shown in Tables 6 to
9.



APPENDIX D

Kinematic Viscosity Calculation

The kinematic viscosity(v) for our test solution 
(.05M phosphate buffer + lOyM NADH + 20yM NAD+, pH 9.2) 
was determined by using size 50 Cannon-Fenske viscometer, 
It was calibrated at 26®C with deionized water to give 
the following expression,

V = (3xl0“^)t (28)

2where v is in cm /sec, and t is the flow time in seconds, 
For our test solution, the flow time was measured three 
times and the average flow time was found to be 315.32 
seconds. The value of v is

V = (3xlO"S)(315.32)
— 9 pV = 0.946x10 cm /sec.
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APPENDIX E

Diffusion Coefficient Calculation

The diffusion coefficient (D) for our test solu­
tion (.05M phosphate buffer + lOyM NADH + 20yM NAD"*", 
pH 9.2) was determined by voltammetry at one of our
glassy carbon disc electrodes. The same experimental

( 81 )set-up described by Blaedel and Jenkins was used to 
obtain the limiting current at a rotating disc electrode. 
The limiting current was 0.34 yA at an RPM of 1000. The 
value of D was determined from the Levich equation cited 
in reference (73),

= 1.5x10^ nA D^/S (29)

where is the limiting current in microamperes, n is
the number of electrons involved in the reaction, A is

2the effective electrode area in cm , D is the diffusion
2coefficient in cm /sec, v is the kinematic viscosity in 

2cm /sec, N is the rotation rate of the electrode in 
revolutions per second, and Cĵ  is the bulk concentration 
in millimoles per liter. The values of the known
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parameters in equation (29) are: 

n(from equation 1) = 2
2A(from Appendix B) = 0.0789 cm

— ? Ov(from Appendix C) = 0.946x10” cm /sec
N = 1000 RPM =16.7 EPS
Cĵ  = lOyM = lOxlO”  ̂millimolors/lit

= 0.34yA

= 1.5xl0^(2) (.0789) (D)^/^(0.946x10"^)"^'^® (N) *^(10x10"^)Jj

= 523.53 (0)2/3 (30)

Solving for the diffusion coefficient D, we get
3/2

D = [---- ^---cl (31)
523.53 N'̂

Substituting the value of = 0.34yA and N = 16.7 RPS, 
in equation (31), we get

0 = ,-----
523.53 (16.7)%

D = 0.2x lO” cm /sec.

This value of D was also calculated with the
(81)limiting current value obtained by Blaedel and Jenkins 

The value of v was not given by those investigators for 
their test solution (O.lM NaCl -O.OOM phosphate buffer, 
pH 7.8). We used our measured value of v since our test
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solution is similar to the one used by Blaedel and 
( 81 )Jenkins . The value of obtained by Blaedel and

J e n k i n s w a s  0.375yA at RPM = 1007. Substituting
these two values of I_ = 0.375yA and N = 16,78 RPS inJu
equation (31) we get,

D . [--------W .7.5
523.53 (16.78)%

D = 0.23x10 ^ cm^/sec

Schmakel et al^^^^ obtained the diffusion coeffi­
cient of NAD'*’ and other biological compounds using pure
water as a solvent. The value of D for NAD"*" was 0.55x10  ̂

2cm /sec. This indicates that our value of D is of the 
same order of magnitude.



APPENDIX F

Sample Calculation for Local Mass Transfer Coefficient 
Based on the Literature Correlations

The local mass transfer coefficient (k) was calcu­
lated from the literature correlations of equation (8).
One sample calculation, based on Re = 7171 and v = 60.1 cm/sec 
from Table 11 in Appendix A, is shown below.

St = I  = 0.0165 (Re)"°'14 (sc)"°*®^ (8)

where Sc = ^ (9)

^ 0.946x10"^
0.2x10"^

= 4730

Since the value of Sc is constant, equation (8) becomes

I = 0.0165 (4730)"°'G7 (Re)"°*^^

= 5.69x10"^ (Re)"°'14 (32)
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Substituting the value of Re = 7174 and v = 60,1 crti/sec in 
equation (32) we get.

^ = 5.69x10"^ (7174)"°'1460.1
= 1.64x10“^

and k = (1.64x10"^)(60.1)

k = 1.00x10”^

The other values of k based on equation (8) at Re = 10782 
and V = 90.3 cm/sec, and Re = 14307 and v = 119.8 cm/sec 
are listed in Table 10.
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