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I. INTRODUCTION

This article deals with a new analytical
methodology based on rapid electrolysis on one
hand and liquid phase chromatography on the
other. From the standpoint of rapid electrolysis,
many attempts in the instrumentation have been
made. Eckfeldt! used a small cell (1.5 ml) with a
working electrode of relatively large surface area
to achieve a rapid electrolysis and determined
iodide and dissolved oxygen in a flowing sample.
In 1963, Fujinaga with other collaborators®
investigated a rapid electrolysis at a series of
column electrodes with silver grain as the elec-
trode.material. The electrode potentials of column
electrodes were kept at different potentials. They
termed the procedure ‘electrolytic chroma-
tography” and quantitatively separated copper,
lead, and cadmium by the method.

In the same year, Bard® used platinum gauze as
the working electrode, agitated with nitrogen gas
and ultrasonic wave, and achieved a quantitative
electrolysis within 70 sec (A = 0.1 sec™?, see
Section IV. A). Fujinaga et al.* developed a
column electrode of continuous potential gradient
and of programmed potential control against the
reference electrode. As reported in their paper,
they investigated precise experimental conditions
for the consecutive determination of metals;
conditions examined included species of electrode
materials, grain size of the working electrode,
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species and flow rate of the carrer-supporting
electrolyte solution, material of semipermeable
membrane between working and auxiliary elec-
trodes, composition of the counter electrodes, etc.
The recommended conditions are discussed later in
the text. Roe® suggested amalgamated nickel
powder as an electrode material to be applied to
electrochemical fractionation. Eckfeldt and
Shaffer® determined dissolved oxygen using silver
grains as the working electrode.

Blaedel and Strohl” used graphite grains as the
material for a working electrode in the preparation
of cerium (IV); in the differential reduction of
Iron (IIT) and uranium (VI); and in the deposition
of copper, lead, cadmium, and zinc. Then, they®
discussed the relationship between the electrode
potential and the retention time at the column
electrode of amalgamated platinum grains in the
deposition of thallium, lead, tin, and indium.
Finlayson and Mowat® introduced tantalum gauze
for the preparation of uranium (IV). Johansson'®
developed a rotating platinum gauze electrode,
which reached the value, A, of 0.18 sec™ in the
determination of silver and copper. Takata and
Muto!! determined gold, copper, and iron by flow
coulometry at the platinum coil electrode.
Okazaki'? and Fujinaga et al.'? analyzed the
characteristics of the cell and the column electrode
of glassy carbon grain; the A value reached 1.0
sec™!, and the quantitative electrolysis was
performed within 7 sec. Recently, a few authors



16: 32 17 January 2011

Downl oaded At:

discussed basic characteristics of the column
electrolysis, such as current (coulomb)-potential
curves'® and relationships between the limiting
current and the flow rate of the carrier solution.'*
In combination with other technical develop-
ments, the electrolytic chromatography has been
utilized in various investigations, the details of
which have been summarized'¢+!' 7 and are discuss-
ed further in the following sections.

From the chromatographic standpoint, many
separation methods have been proposed based on a
heterogeneous phase formation, such as adsorp-
tion, ion exchange, solvent extraction, etc. Recent-
ly, most of these methods, except precipitation
and electrolysis, have been applied to the multi-
stage separation technique, i.e., chromatography.

As is discussed later, electrolytic chroma-
tography utilizes the principle of controlled poten-
tial electrolysis: it produces a separated and
localized deposition of metals followed by step-
wise dissolution. For the detection and determina-
tion of metals in the effluent, DC and AC
amperometric, spectrophotometric, radiometric,
and coulometric methods were employed as
necessary. The use of radioactivity was extremely
effective in the detection of trace amounts if the
active isotope was available. The method of
coulometric detection was the most successful in
the sense that it is relatively sensitive, versatile to
most of the metals examined, and convenient as it
uses the same principle, i.e., electrolysis at the
column electrode.

In the course of the study of flow coulometric
detection, the method with controlled potential
scanning, called coulopatentiography, gave more
precise and selective quantitative data than
conventional flow coulometry at constant poten-

tial. As the amount of electricity, i.e., coulomb, is
recorded against the applied potential and the
coulomb-potential curve appears similar to the
current-potential curve in the conventional
voltammetry, the authors'® proposed the name of
“coulopotentiography” for the method. One of
the advantages of coulopotentiography over other
voltammetric methods is that the absolute deter-
mination of amounts is possible without preparing
a standard. Moreover, by combining anodic
stripping, very high detection sensitivity with high
specificity can be obtained; anodic stripping
coulopotentiography detects metals of a concen-
tration down to 10~ mol/l.

In this review, some applications of analysis of
metals, preparation of unstable substances, and
elucidation of reaction mechanisms are presented
together with instrumentation and theories of
column electrolysis.

II. PRINCIPLE

The principle of electrolytic chromatography is
schematically shown in Figure 1. Tube AB is the
chromatographic column, in which an electrically
conductive material is packed. DC voltage is
applied to the conductive electrode material so
that the inlet side will be positive and the potential
gradient from C to D will be formed in the
column. Therefore, if a carrier solution containing
some electroreducible substances flows through
the column from A to B, the substances may be
locally deposited on the electrode according to
their electromotive series: noble metals may be
deposited close to C and less noble metals close to
D. After the deposition is completed, the applied
voltage is lowered while flowing the carrier solu-

FIGURE 1. Principle of the electrolytic chromatograph.
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FIGURE 2. Schematic apparatus of electrolytic chromatograph with coulometric detector.
(WE) Working electrode. (AE) Auxiliary electrode. (RE) Reference electrode. (E-I) Chromato-
graphic column electrode. (E-II) Detector column electrode.

tion; the deposited metals may dissolve out
successively. The metal coming out from outlet B
may be determined by the flow coulometric
method or by other possible detection methods.

The total set-up of practical electrolytic
chromatography is shown in Figure 2. As seen
from the figure, the carrier solution which
contains the supporting electrolyte and which is
deagerated, if necessary, flows continuously
through the chromatographic and detector
columns. The sample solution, usually less than
0.1 ml, is injected into the system ahead of the

226  CRC Critical Reviews in Analytical Chemistry

chromatographic column. As the potential of the
chromatographic column is properly controlled,
the metal jons in the sample are separated while
flowing through the column and are conveyed into
the detector cell one after another. The detector
column, controlled at a proper potential, coulo-
metrically measures the amount of each ion; the
result is recorded as a current-time curve or a
coulomb-time curve. Other methods of detection,
e.g., radiometric or spectrophotometric methods,
were also used; however, unless otherwise
mentioned, coulometric detection is applied as
shown in Figure 2.
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IH. INSTRUMENTATION

Potentiostats used for the control of electrode
potential of the working electrode of both the
detector cell and the chromatographic cell have
the same characteristics, i.e., maximum electro-
lytic current: 250 mA, maximum terminal voltage:
15 V, maximum set voltage: 0 + 2.00 V with the
accuracy of * 0.001 V and the response rate of
1078 sec, input impedance: 10'® £, and set
voltage switching velocity: 1072 sec.

The block diagram of the potentiostat is shown
in Figure 3. The main part consists of the
operational amplifiers of all transisterized integrat-
ed circuits and programming mechanisms compos-
ed of an electric timer and many switches set to
the proper signal voltages to be applied to the
column electrode at a predetermined time.

Figure 4 shows three types of chromatographic
and detecter cells. The working electrode of each
cell was filled with 60 to 100 mesh glassy carbon
grains (prepared by the Tokai Denkyoku (Elec-
trode) Manufacturing Company) or with glassy
carbon fibers 10 to 12 um in diameter (made by
Tokai Denkyoku (Electrode) Manufacturing
Company or the Nippon Kayaku Company).

@

Electroylsis was performed between the column
electrode of the glassy carbon grains or glassy
carbon fibers packed in a porous glass or porcelain
tube. The counter electrode of silver wire or glassy
carbon fiber was wound around the outside of the
tube, which was inserted into an outer plastic tube
containing an anolyte solution.

The current-time curve at the cell is recorded
by a potentiometer recorder. The number of
coulombs is calculated from the area under the
current-time curve or is indicated directly by an
integrator mounted ahead of the recorder (Photos
1 and 2).

IV. THEORY

Time Required for the Quantitative Electrolysis

Electrolysis is a heterogeneous reaction at a
solid/liquid interface; it is, therefore, a relatively
slow process. In conventional electrolytic analysis,
it takes from 10 min to several hours to obtain a
quantitative result.

In the presence of supporting electrolytes, the
rate of mass transfer in the electrode process is
mainly controlled by diffusion. Therefore, the rate
of decrease in concentration of the metal ion in

Output
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l Current meter
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FIGURE 3. Block diagram of the potentiostat.
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FIGURE 4. Actual design of chromatographic and coulometric column electrodes. (A) Column electrode for
coulometry: (a, c) lead for working electrode; (b, g) silver wire auxiliary electrode; (d) solution outlet; () solutioninlet; (f)
glass or plastic tube; (h) porous glass or porcelain tube; (i) silver spiral wire electrode; (j, p) porous carbon tube; (k) glassy
carbon grains working electrode; (1) saturated KCI solution; (m) glass wool; (n) silicone rubber; (o) silver-silver chloride
reference electrode, SSE. (B) Column electrode with gradient potential for electrolytic chromatography: (a) lead to
potentiostat; (b) potentiometer; (c) silver wire auxiliary electrode; (d) solution outlet; (e) glassy carbon grains working
electrode; (f) sample inlet; (g) solution inlet; (h) silver-silver chloride reference electrode, SSE. (C) Two-step column
electrode for uniform potential electrolytic chromatography and elucidation of reaction mechanisms: (a) glassy carbon
fibers working electrode; (b) glassy carbon fibers auxiliary electrode; (c) silver-silver chloride reference electrode, SSE; (4)
porcelain cylinder; (d) saturated KCl solution; (e) sample inlet; (E-I) preparatory column electrode; (E-II) detector column
electrode.
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FIGURE 4C
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PHOTO 1. Standard type cell used for electrolytic
chromatography and detection with reference electrode
(left) and sample injection inlet (below). (Courtesy of
Shibata Chemical Instrument Manufacturing Company,
Ueno, Tokyo, Japan.) '

PHOTO 2.

meter.

Detector cell (above), chromatographic cell
(center), and pretreatment cell (below) with flow-rate
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solution or in current due to the electrolysis of the
metal ion is proportional to the present concentra-
tion of the metal ion or the present current,
respectively. Then,

—dc/dt = Ac 1)
~di/dt = Ai 2)

Here, A is the proportional constant, called
attenuation constant of the cell. Therefore, a
current at time t is given by the following
equation.

i=igexp(-At) 3)

Now if the time (t) is defined as the time when
99.9% of the metal ion is electrolyzed, i.e., when
ifiy reaches 1072, then

t=6.9/a “)

In conventional electrolysis, more than 20 min is
needed to obtain quantitative deposits; the
attenuation constant (A) never exceeds 0.005 sec.

Lingane'® represented A asa function of the
diffusion coefficient (D cm?-sec7i), the surface
area of the electrode (A ¢cm?), the thickness of the
reaction layer (8 cm), and the volume of the
electrolytic solution (V cm?®).

A=DA/sV (5)

According to Equation 5, more rapid electrolysis
can be expected by increasing D and A and with
decreasing 6 and V. As described above, many
efforts have been made to carry out electrolysis
where the value of A is large; however, A has never
reached a value over 0.1. The column cell describ-
ed above and shown in Figure 4 has an extremely
large surface area (A) relative to the cell volume
(V). The value of A reached 1.0 sec™® with glassy
carbon grains and 1.5 sec™ with glassy carbon
fibers as electrode materials. As can be seen from
Figures 5 and 6, the electrolysis is completed
within 7 sec with carbon grain electrodes and S
sec with carbon fiber electrodes.

In practice, the current-time curve and the
integrated current (coulomb)-time curve were
recorded as shown in Figure 7. The curves are
reproducible within the error of 0.1%, the main
source of which seems to be introduced by sample
injection with a syringe, i.e., the inaccuracy of the
injection volume.

B. Chromatographic Consideration
As Blaedel® discussed, the distribution coeffi-
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FIGURE 5. Oscillograph obtained in the electrolytic
deposition of 5 p1 of 1.0 X 10~? M Pb* solution injected
into the carrier stream. (Vertical axis) 0.4 mA/div.
(Horizontal axis) 2 sec/div.
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FIGURE 6. Analysis of current-time
curve data taken from Figure 5.

cient is so sharply dependent on the electrode
potential that with a column electrode of uniform
potential distribution, effective chromatographic
separation is hardly expected.

When the following electrode reaction proceeds
reversibly at the electrode surface:

M™+ne=M (6)

The Nernst equation holds as:

E = E® + (RT/nF) In[M™ | /[M] Q)]

Therefore, the distribution coefficient (Kp) is
given by:
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FIGURE 7. Coulometric curves of lead ions. Carrier solution: 0.1 M HCI. Flow
rate: 3.5 ml/min. Electrode potential: -0.6 V vs. SSE. Sample: 1.00 X 10~% A

Pb**;(A) 25 ul, (B) 5, 10, 20, 30, and 40 ul.

Kp = [M]/[M™] = 10 f,‘%;@—m 25°C ®
Equation 8 shows that the distribution coefficient
differs ten times with the change of 0.0591/nV.
Accordingly, at the constant potential column
electrode, metal ions, whose standard potential is
more positive than the column potential, are
deposited quantitatively and show large retention
volumes. On the other hand, metal ions whose
standard potential is more negative than the
column potential pass together through the
column at zero retention volume. This means that
at the constant potential column all the metal ions
are separated into two groups, a retained and an
eluted. In order to improve the situation, the
authors tried to use: (1) a series of column
electrodes having stepwise electrode potential and
(2) a long column electrode having a gradient
electrode potential. In either case, the potentials
were properly selected by the manual or pro-
grammed switching; thus, selective deposition
and/or elution can be performed. Relevant details
are presented below.

C. Nature of the Coulomb-potential Curve at the
Column Electrode

The coulomb-potential curve was obtained by
successively injecting samples and measuring the
net quantity of electricity at a series of fixed
potentials (E) of the column electrode.* The
coulopotentiogram (Q-E curve) was quantitatively
discussed by Kihara'® on the basis of the work
done by Levich?® and Blaedel and Klatt.?!
Sioda%?+23 and Sioda and Kambara'® examined
the relation between the limiting current and the
flow rate of carrier solution. Klatt and Blaedel?*
extended the study of a tubular electrode to the
quasireversible and irreversible charge transfer
systems.

In the case of the column electrode of which
a working electrode is made trom carbon fibers,
the solution path in the electrode can be assumed
to be an assembly of tubular electrodes of small
radius. Therefore, comparing the conception of
the current-potential curve at the tubular electrode
to the current (coulomb)-potential curve at the
column electrode, we can obtain the basic nature
of column electrodes.

*A new method of automatic recording of the coulopotentiogram was developed recently?®? (see Section VII).
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FIGURE 8. Mass transfer model at the tubular elec-
trode.

When the reversible electrode reaction is
between soluble oxidant Ox and soluble reductant
Red, the reaction takes place in the following way
at the tubular electrode.

Ox + ne 2 Red 9)

Linear velocity of solution V, at the point (x,y) in
Figure 8 is given by -

RY
Vy =va[1 G df) ] (10)
where
V, = theaxial linear velocity;
X = distance paralle] to the $tream;
y = distance from the electrode surface;
d =

the diameter of the tubular electrode.

When the stream is fast enough, d>y; then,

2V,y

x =7 an

According to Levich, the mass transfer flux is
given by:
s 2%

e = D
Vi P i 5y7

(12)

Therefore, soluble oxidant and reductant are
transferred in accordance with the following
equations:

2V,y 3Cox a“'cox
@ % Dox—3 13
2V,ay 3Cred 37 Cox
“Pred /3 14)
d 0x dy

At the point far enough from the electrode
surface, the concentrations (C,, C,.4) of depolar-
izers are equal to those (C*,,, C*..4) in the
solution. Next, at the electrode surface, the sum of
the mass transfer of both depolarizers to and from
the electrode is equal to zero, and the concentra-

232 CRC Critical Reviews in Analytical Chemistry

tions are defined by the Nernst equation. Accord.
ingly, when y = oo,

Cox = Céx ©(15)
Cred = Cled (16)
Wheny =0,
ac 3C;ed
Dox —5o— * Drea 5y O an
Cox _ nF . .
a= Crog = exp [ﬁ (E I:oil (18)

The decrease of Ox at the electrode surface due to
the electrode reaction (Equation 9) is given by the
flux of the substance Ox obtained from the
solution of Equations 13 to 18.

X
dNgx 9C,x
3 = 217dj‘ Dox(———-ay y=0 dx

0
Cax - ecr'ed)

-KDgy /2 (

= 1 + k@ (19)
where

k = (Dox/Drcd)2/3;

X = the effective length of the tube for
substance Ox;

Nyx = the amount of Ox in moles;

K = a characteristic constant for the
electrode.

Constant K involves an effective cross section of
solution path term and a term for the effective
surface area for the depolarizer. Here, as the radius
of the solution path is sufficiently smaller than its
length in the column electrode, it is assumed that
the variation of bulk concentration of Ox may be
proportional to the decrease of Ox at the electrode
surface. When Ny mol of total amount of Ox and
Red in a u-iter volume of sample solution is
introduced into the column electrode, Equation
19 can be rewritten as Equation 21 using:

A = KD #1/° (20)

N, )
_ _)‘Cax'o v - Céx
dt  u dt 1 + k@

dCgyx 1 dNox _

Q@1n
Then, the concentration of Ox at time t, C*,, ,is
given as the following equation by using the initial
condition: t =0, Ng, =xNo,
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where

x = the mole ratio of Ox in the sample
solution.

From Equations 21 and 22, the current i, at time t
is given as: '
dNgx AnFN,  6(x-1)+x

k=-nF 5= e

1+6 At
exp (_ 1+k6  u @3

Total electricity (Qy) for the period 0 to T is

T
Qr= iy dt
0

=nFN, (x -

24
¢} 1 1+6 _)_T_
1+o> TEXP AT TR0 u
As the current is controlled by diffusion, the

limiting coulomb (Qy.) at the cathodic process is
given by:

0=0: Qg = nFN, [1-exp(—-"—:-] 25)

and the limiting coulomb (Q4,) at the anodic
process is given by:

0 =00 3 Qda=-n_FN°(l-x)v vl—exp (— %})] (26)

From Equation 25, the electrolytic efficiency (€)
of the column electrode with diffusion controlled
electrode reaction can be obtained as:

E=1-exp(- -Aul) Qn

The time(T) in which substance Ox passes through
the column electrode can be expressed by using
the length of the column (L), the volume flow rate
(f), and the effective cross-sectional area of solu-
tion path (S);

T=SL/f ) (28)

Finally, the relation between E, f, and L is given
by Equations 20, 27, and 28.

log(1 - €) = —K'f"*/*p3/2 SLu"! 29)
where
K'= constant.

From Equations 18, 24, 25, and 26, when k is
nearly unity, the relation between coulomb and
potential can be expressed approximately by the
following equation:

RT  [Dox\ ** - RT (Qdc—QT
= —— 4+ — —e
E=E, - —In (Dred) 7l or—apr) GO
Equation 30 represents the coulopotentiographic

curve (Q-E curve), and the half-coulomb potential
(E; /2) is a constant defined as:

E,/, = Ey - oin (—20x . 31)
T B T TE B ‘

The nature of the Q-E curve, therefore, resembles
that of the polarographic i-E curve (Figure 9).’

In the case of the totally irreversible process
(Figure 10), the Q-E curve is represented by the
following equation for the cathodic process'*:

E=E, ~ o 1p 2T e ¢ 32
=B~ oor | M iass 0 gpmer ) | @2

a = the transfer coefficient;
A = the effective surface area of the electrode;
kg = the standard rate constant.

V. ELECTROLYTIC
CHROMATOGRAPHY AT THE
UNIFORM POTENTIAL ELECTRODE?*

In simple electrolytic chromatography, two
column cells of the same dimension, shown in
Figure 4C, were used. The first cell acted as the
chromatographic cell to differentiate mixed
components, to concentrate trace components, to
remove some interfering components, or to
prepare a uniform oxidation state of a component
in question; the second cell acted as the detector

June 1977 233
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cell. This two-step combination was applied to the
basic investigation of the column properties, to the
analysis of various substances, and to the elucida-
tion of the electrode reaction mechanism. Some of
the experimental results are presented here.

A. Fundamental Investigations on the Column
Electrode

Various kinds of experiments were carried out
with lead and copper ions in the stream of 0.5 M
perchloric acid solution. The mercurous sulfate
electrode with 1M H,S0,; solution (MSE) was
used as the reference electrode. The carrier solu-
tion of 0.5 M HCIO, was kept in a one-liter
reservoir and was supplied to the cell after
deaeration by bubbling nitrogen gas into the
reservoir. The flow rate was controlled by chang-
ing the height of the reservoir or by changing the
pressure of nitrogen on it, if necessary. The
working electrode (the glassy carbon grains) was
pretreated in the carrier solution by applying +1.5

234  CRC Critical Reviews in Analytical Chemistry

V for 5 min and then -1.5 V for 5 min. The
procedure was repeated five times before use.

Deaerated carrier solution is allowed to flow
through both cells (E-I and E-II). Potential of
-1.10 V vs. MSE is applied to both the cells using
two independent potentiostats (P-I and P-II); 1.0
to 100 ul of a sample solution is injected with a
microsyringe. The deposition current flows in the
first cell (E-I) circuit because both cupric and lead
ions are reduced to the metallic state at the
potential. Keeping the potential of E-II at -1.10
V, the potential of E-I is raised to -0.50 V. Lead
in E-l is dissolved out, conveyed into the second
cell (E-II), and reduced to a metallic state again
when the deposition current flows through the cell
circuit of E-IL

In a series of fundamental deposition-
dissolution studies, it was demonstrated that the
number of coulombs required in the metal deposi-
tion in E-I at -1.10 V was equal to that discharged
in the dissolution in E-I at -0.50 V and also to
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FIGURE 10. Typical coulopotentiogram for the totally ijrreversible electrode reaction.

Sample: 1072 M Fe** or Fe?*, 10 p1 (1.0 X 1077

mol). Carrier solution: 1 Af H, SO, solution.

Column length: 2 cm. Working electrode: glassy carbon fibers.

that required in the redeposition in E-II at -1.10
V. The amounts of electricity required and
exhausted are in good agreement with those
calculated by Faraday’s electrochemical equival-
ency. Similar quantitative results were obtained in
the -deposition of copper ions at -1.10 V and in
the dissolution at +0.20 V. .
The most interesting phenomena were observed
when the above experiments were carried out with
a mixture of both lead and copper ions. As can be
seen from the deposition and dissolution curves,
when both lead and copper ions are injected one
after another into E-I, both of the deposited ions
dissolve out quantitatively at -0.50 and +0.20 V,
respectively, irrespective of the order of injection,
i.e., even when copper is introduced after lead, the
lead is dissolved out quantitatively at -0.50 V
(Figure 11). From the standpoint of analytical
methodology, this phenomenon is extremely
favorable, although the reason has not been made
clear: the exchange dissolution of lead by copper -
and the redeposition of lead onto a farther part of

>
_B3_3__ 3388 __ 3
8,, O ~ o] O O (e
NS 0o — - - N's Ao - -
o0 o RN 1~ 00 ot 3 3 -
+~ 1 Q o += 1 9 ol
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- Time
FIGURE 11. Effect of the order of electrodeposition on

the separation of ¢opper and lead. (a) Current at El (b)
Current at E-II.
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the column would probably be taking place in the
deposition step, and the localized deposits of both
metals may dissolve out independently.

B. Successive Determination of Traces of Metals

In a carrier stream of 0.5 M perchloric acid,
cadmium, lead, and copper ions were deposited
onto glassy carbon fiber electrodes of E-I kept at
-0.40 V vs. MSE and were eluted successively by

raising potential: first at -1.00 V to dissolve

cadmium, second at -0.50 V to dissolve lead, and
finally at +0.20 V to dissolve copper. The deter-
minations were made coulometrically at the detec-
tor cell E-2 whose potential was kept at -1.40 V
vs. MSE.

In a solution of 0.5 M perchloric acid, lead and
tin jons were reduced at the potentials close
together, but the separation was possible by the
careful selection of an elution potential at -0.925
V vs. MSE, where tin alone was eluted quantita-
tively.

Instead of injecting a small amount of sample
solution into the carrier stream, extremely

dilute solutions (ie., 10.1 of 2.00 X 107831

cadmijum, lead, or copper solutions in 0.5 M
perchloric acid) were passed through E-I at -1.40
V to concentrate them on the column; then, they
were eluted at -1.00, -0.50, and +0.20 V, respec-
tively. Averages of 1.92 X 1078M for cadmium,
1.96 X 1073Mf for lead, and 2.03 X 1073Af for
copper were obtained. In conclusion, it was
demonstrated that:

1. The successive determination of metals is
possible by the proper control of the potential of
the chromatographic column electrode in com-
bination with the flow coulometric detection at
the column electrode.

2. Even with a difference of 20 mV in the
deposition potentials, the two metals can be
quantitatively separated when the electrode proc-
esses are reversible (rapid). _

3. By the use of preconcentration with the
chromatographic cell, concentrations of metals
down to 1078 can be determined by the present
method.

C. Rapid Determination of Traces of Oxalate
Tons?®

Oxalic acid may be conveniently used for the
removal of contaminants from the reactor because

236  CRC Critical Reviews in Analytical Chemistry

it dissolves most fission products, including urani-
um, as oxalate complexes and decomposes itself
by radiation. Therefore, it becomes necessary to
determine very dilute oxalate ions in strong
radioactive solutions,

Coulomb-potential curves of various ions in 0.5
M sulfuric acid are shown in Figure 12. In the
figure, it is shown that at +1.20 V vs. the saturated
silver chloride electrode (SSE), chromate and ceric
ions are reduced to Cr(f1) and Ce(III) and ferrous
and uranjum ions are oxidized to Fe(IlI) and
U(VI), respectively. On the other hand, at the
potential of +1.60 V, none of these ions, ie.,
Cr(1II), Ce(11I), Fe(11I), and U(VI), is electrolyzed,
but the oxalate ions are quantitatively oxidized. In
conclusion, the following procedure is recom-
mended for the determination: supporting elec-
trolyte solution of 0.5 M sulfuric acid is flowed
through the first cell, E-I, at +1.20 V vs, SSE and
then the second cell, E-II, at +1.60 V. The 5- to
10-u1 sample solution of 107 to 107" M oxalate
jon is injected before the E-I cell, and the
oxidation current of oxalate ions in the E-II cell is
recorded. In the procedure, the E-I cell removes
most of interfering substances except hydrogen
peroxide. The oxalate ion is oxidized in the E-II
cell according to the following mechanism:

C,H,0, — 2C0, + 2H' + 2¢

The time required for the determination is approx-
imately 20 sec. 1075 to 10~ A oxalate ion can be_
determined within an error of 4% and above 107>
M within 2%. Other carboxylic acids such as citric,
formic, glycolic, and tartaric acid are not oxidized
at +1.60 V. The interference from hydrogen

_peroxide can be eliminated by the addmon of

vanadyl ion (Figure 13).

Using the proposed method, the decomposmon
of oxalate ions by light was studied: with de-
creasing concentration of oxalate, the effect of
radiation becomes more pronounced. In the pres-
ence of metal ions which have multiple oxidation
states in aqueous solution, the oxalate ion decom-
poses more rapidly.

In conclusion, for the determination of oxalate,
electrolytic chromatography is advantageous with
respect to the small ‘sample size, speed, high -
precision, and possibility of remote controlled
analysis. The method is applicable in many cases.
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FIGURE 12. Coulomb-potential curves of various ions. (1) Cr(VI) + 3e=Cr(11I).
(2) Ce(V) + e~Ce(Ill). (3) Fe(lll) + e~Fe(D). (4) C,0,?>2C0, + 2e. (5)
H,0,—-0, + 2H" + 2e. (6) Fe(Il)»Fe(Ill) +e. (7) UAV)=U(VI) + 2e. Sample: 10
pl of 4.0 X 1073M for Cr(VD) and of 1.0 X 10~ for others. Flow rate: 10

ml/min.

D. Smoothing of Oxidation States and State
Analysis?? :

For the purpose of preparing a sample solution
of desirable oxidation states, a uniform potential
column electrode has been extensively used in the
authors’ laboratories. The two-step flow coulo-
metric system (Figure 4C) was effectively used in
the study. The first cell, E-I, acts as a pretreatment
apparatus to remove interfering elements in some
cases and in other cases as a smoothing apparatus
to make the oxidation state of the sample uniform
before it enters into the detector column, E-II.

The proposed system was used to prepare an
iron solution of uniform oxidation states and to
determine the ratio of ferric to ferrous ions in an
aqueous iron solution. In 0.5 A sulfuric acid
solution, ferric ions are reduced completely at
+0.5 V vs. SSE and ferrous jons are oxidized
completely at +0.65 V vs. SSE. With the two
column electrodes, the potential of E-I is con-
trolled at +0.10 V and that of E-Il at +0.65 V. Ten
microliters of the iron solution, a mixture of
0.0106 M ferrous and 0.0094 M ferric ions, is

injected into the column electrode. Figure 14
shows current-potential curves. The reduction
begins 3 sec after sample injection at E-1(+0.10 V,
curve 1), and after 6 sec the oxidation occurs at
E.Il (#+0.65 V, curve 2). The arrow shows the time
of sample injection. The oxidation curve of the
sample at E-I with +0.65 V was obtained sepa-
rately and added in Figure 14 (curve 3). The sum
of the integrated values of curves 1 and 3 is equal
to that of curve 2. Consequently, it is evident that
the analysis of oxidation states in solution is
possible from curves 1 and 2 by using the two-step
coulometric system.

E. Elucidation of the Reaction Mechanism at the
Glassy Carbon Electrode® %28

The two-step flow coulometric system is ef-
fective to elucidate the electrode reaction mech-
anism, particularly when the reaction products are
unstable or oxidizable in air. A sample solution as
small as 10 pl could be analyzed, and the unstable
product with a halflife of 107 to 30 sec could be
measured.
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FIGURE 13. Coulomb-potential curves of various organic acids in 0.5 M
H, S0, . (1) 1072M oxalic acid. (2) 102 M glyoxalic acid. (3) 10~ M tartaric acid.
(4) 107* M citric acid. (5) 10~' M glycolic acid. (6) 10 "' M formic acid. (7) 1072M
glyoxal. Succinic and acetic acid are not oxidized at potentials more negative than
+1.9 V vs. SSE. Sample size: 10 pl. Flow rate: 10 ml/min.
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FIGURE 14. Current-time curves recorded with 10 ul of
1.06 X 1072M Fe(Ill) and 0.94 X 1072M Fe(ll). Carrier
solution: 0.5M H, SO, . Flow rate: 5 m!/min.
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As a preliminary test, the electrolytic reduction
of cupric ions was investigated: various kinds of
coulomb-potential curves (Q-E curves) were ob-
tained (Figure 15). These curves obtained by
two-step flow coulometry are the same shape and
give the same information as those obtained by
rotating ring-disk voltammetry.

1. The quantity of electricity (Q,) is meas-
ured at a definite potential (E,) with a definite
amount (1077 mol; 1072M, 10ul) of cupric ion
using E-I. The measurements of Q, are made at
various potentials (E,), and a Q;-E; curve similar
to the polarographic current-potential curve is
obtained. The Q;-E, curve shows two waves. Both
correspond to one electron reduction; therefore,
the first wave is the reduction to the cuprous state
and the second wave, to the metal (curve 1).

- 2. The quantity of electricity (Q,) was
measured at the coulometric detector (E-II), at a
constant potential (#0.50 V vs. SSE). The meas-
urement of Q, was made at various potentials
(E,), and the coulomb-potential (Q, (+0.50
V)-E, ) curve was plotted, which is shown as curve
2. This curve clearly demonstrates that the cupric



16: 32 17 January 2011

Downl oaded At:

20} . 800 o] 2.0
®* o
1 e 1 O
N
—_ ©
G ° o
00 © © ooooo&ooooo x
2 10f ° aaanlto ~
2 o A o >
ts =
@ , A A g
© © v, 3 : =
Q
‘S o} A A ©
o) a
. 02 A & A A A & AA -
3 0ot—ogR C : 2888 co——1oo ©
;E, 0.4 A 0.0 -0.2 X -0.4
- X 2
< =N V wv.s. SSE =
X @ o
ﬁ 3
A [}
X
& * 2
a® 8x x x x x XX
ohass 123 G g8 a6 a8 8 8%a go 1o
Potential
FIGURE 15. Coulomb-potential curves of copper in 0.1 M HCI-0.9 A KCI. Sample: 1072 M

Cu*, 10 pl (1.0 X 10°7 mol). Flow rate: 5.02 ml/min. Column length: 2 cm. Working
electrode: glassy carbon fibers. Potential control (V vs. SSE): Curve 1. 1’ — E, = +0.50, E,
variable; Curve 2, 2' — E, variable, E, = +0.50; Curve 3, 3' — E;, =0.00, E, variable; Curve 4
— E, = -0.50—variable, E, = +0.50. Curves 1’ and 3’ were obtained with copper-plated glassy

carbon fiber working electrode.

ions are reduced at E-I with the potential ranging
from +0.3 to -0.3 V to form cuprous ions, which
are then oxidized to a cupric state at E-II, showing
the oxidation current of curve 2. At a potential
more positive than +0.3 V, cupric ions are not
reduced; at a potential more negative than -0.3 V,
all cupric ions are further reduced to the metallic
state. Therefore, in both regions no current due to
cuprous ions flows at E-II.

3. The quantity of electricity (Q,) was
measured at a definite potential (E, ) by using E-I1.
The potential (E,) was kept constant at 0.0 V vs.
SSE. The measurements of Q, were made at
various potentials (E;), and the Q;-E; curve was
plotted and shown as curve 3.

In order to elucidate the reaction mechanism of
uranyl ions in chloride media, a similar investiga-
tion was carried out with a series of carrer
solutions of varying acidity. Some of the results
are shown in Figures 16 and 17.

Curve 1 in Figure 16 is the Q,-E; curve of the
reduction of uranyl ions (1.0 X 10~7 mol UO%}" in
0.1 M HCI and 0.9 M KCI). Curve 2 is the Q;-E,
curve of the reduction and oxidation of the
mixture of UO%" and small amounts of U(IV)
prepared at E-I with E; =- 0.6 V. Curve 3 is the
Q,-E, curve of the oxidation of U(III) prepared at
E-l with E; =-1.15 V. As can be seen from these
curves, redox reactions of the UO%'/UO3 couple
proceed fairly reversibly, and U(IV) is oxidized to
UO%" at a potential more positive than the
oxidation of UQj. At the potential range from
-0.05 to +0.1 V, the oxidation currents of UO3
and U(III) ions are detectable, but that of U(IV) is
not. The reduction products at E-I with various
potentials are detected at E-II with E; =+0.05 V.
The results, Q,(+0.05 V)-E; curve, are shown as
curve 4 in Figure 17. This curve is obtained by
plotting Q, at E-II with E, = +0.05 V against
various potentials E; at E-I. The minimal quantity
of electricity at the potential near -1.0 V shows
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FIGURE 16. Coulomb-potential curves of uranium in chloride solution. Sample: 1072M
U0, 10 pl (1.0 X 10°7 mol). Carrier solution: 0.1 A HC!1-1.9 M KCI. Flow rate: 1 ml/min.
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FIGURE 17. Current-time curves for reduction and oxidation of uranium in
0.1Af HCI-1.9 M KCI1. Sample: 10724 UOZ%*, 10 £1(1.00 X 10~7 mol). Flow rate:
1 mYmin. E, =+40.05 V vs. SSE (constant).
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that the reduction of UQ; to U(IN) proceeds via
U(1V) step. The current-time curves corresponding
to curves 1 and 4 in Figure 16 are shown as curves
a and b in Figure 17. In the potential range from
-0.15 to -0.7 V, the peak of E-I in curve a shows
the reduction of UO}* and the peak of E-I in
curve b shows the reoxidation of UO3. At poten-
tials more negative than -0.85 V, another new
peak appears in the curve of E-I. This new peak
indicates the further reduction of UQ;. The peak
of E-II begins to decrease at E; = -0.85 V; at
potentials more negative than -0.925 V, a new
peak begins to appear and the first peak is
displaced by the new peak at E; =-1.10 V. The
decrease of the first peak indicates that U(IV) is
generated, and the appearance of the second peak
indicates that U(III) is prepared at E-I.

In low acidity chloride media (2.0 M KCI, pH
3.5, unbuffered), the reduction and oxidation of
the UO¥*/UO; system show fairly reversible
properties, but the reduction of UO3 occurs at the
potential more positive than that at higher acidity
(pH 2), as shown in Figure 18. The one-electron
reduction product of UQ3 at E-I is deposited on
the electrode surface and consequently is not
detected at E-II, as shown by curve 1. The Q-E
curves (broken lines) for the reduction of UOj are
irregular and not reproducible and have a gentle
slope probably due to the hydrolysis of UO3 or

uav).

The comparison of the coulometric results at
the two-step column electrode with the polaro-
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FIGURE 18. Coulomb-potential curves of uranium in
1.0 M KCI (ph 3.5, unbuffered). Sample: 1072 UO}*,
10 pl (1.00 X 10°7 mol). Flow rate: 1 ml/min. Column
length: 4 cm.

graphic observations at the dropping mercury
electrode is very interesting; it will, however, be
discussed elsewhere.

F. Determination of Plutonium in the Presence of
Other Metal Ions>’

The aim of this study is to analyze plutonium
in the presence of other metals in a shielded glove
box as a protection from its strong activity and
poison. Plutonium is well known to have many
oxidation states, such as Pu(VI)0%, Pu(V)03,
Pu(1V), and Pu(Ill), in aqueous solution. More-
over, oxidation states of plutonium are unstable
due to the disproportionation or air oxidation
reactions. It is difficult to prepare a solution of
uniform ionic state by simple chemical procedures.

In the present study, two-step column elec-

- trolysis was applied. The first cell was used to

remove interfering elements and at the same time
to smooth the oxidation state of plutonium; the
second cell was used to coulometrically measure
the amount of plutonium.

Figure 19 shows coulomb-potential curves of
plutonium and some other elements in 0.5 M
H,S04. It was experimentally confirmed that
plutonium exists as a mixture of Pu(lll) and
Pu(IV) in 0.5 M H,S0,.2° From the Figure, it
becomes clear that Pu(lIl) and Fe(Il) are quantita-
tively oxidized and Cr(VI) and Ce(IV) are quanti-
tatively reduced at +0.75 V, but other elements
are not affected. When the sample enters the
second column, quantitative reduction of Pu(IV)
and Fe(Il) proceeds at +0.10 V, whereas other
elements are not electrolyzed. That is to say, the
element from which a coulomb-potential curve
arises between the potentials of E-I and E-II
interferes with the determination of plutonium,
but other elements do not. To eliminate the
interference of iron, potentials of E-I and E.II
must be chosen more severely, e.g., E; =+0.75 V,
E, =+0.45V as shown in Table 1.

As for the results, the following procedure is
recommended for the semiautomatic analysis of
plutonium. A 0.5 M H,S0; solution as carrier is
continuously allowed to flow through the two
column cells and the potential of the first cell is
controlled at +0.75 V and that of the second cell
at +0.45 V using two independent potentiostats.
The sample solution is introduced into the carrier
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FIGURE 19. Coulomb-potential curves of plutonium and other metal ions. Sample: 102
mol, 10 pl of air-saturated 0.5 A H,S0,. Carricr solution: 0.5 A H,SO,. (Broken lines)
Oxidation or reduction of medium took place prior to those of samples.

TABLE 1

Determination of Plutonium in the
Presence of Iron

Electricity consumed

E, Calculated Found
V vs. SSE ©) ©

+0.500 2.017107? 1.2710®
1.39
2.41
+0.475 2.01710°? 1.89 1073
1.81
1.97
+0.450 2.017107? 2201072
2.21
2.23
+0.425 2.01710°? 2241072
2.31
2.30

Note: Sample — 2.09 X 10* mol Pu,
2.00 X 10°® mol Fe. Carricr solu-
tion - 0.5 M H, S0, . IFlow rate —
5 ml/min, E, = +0.75 V vs. SSE.

stream. As the sample contains both Pu(IIl) and
Pu(1V), the current recorder of the first column
measures the quantity of Pu(lll) due to the
reaction Pu(III) -e — Pu(IV). The current recorder
of the second column measures the quantity of
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Pu(IV) based on the reaction Pu(IV) +e - Pu(Ill);
hence it represents the sum of Pu(IIl) and Pu(IV)
in the sample.

If the sample contains ferrous iron or other
reducible substances, the first recorder will mea-
sure them in addition to Pu(IIl). However, the
second recorder measures only Pu(IV) and not
other ions because they are hardly reduced at
+0.45 V; Ce(IV) and Cr(VI) are reduced at the
first column (E; = +0.75 V), and Fe(IIl), Ce(lII),
Cr(1I), Cu(I1), Ni(II), U(VI), and CI™ are neither
reduced nor oxidized at the second column (E, =
-0.45 V). Hence, few ions interfere with the
determination of plutonium. Various amounts of
plutonium (mixture of IIl and IV) were analyzed,
and the results are summarized in Table 2. The
effect of various ions is shown in Table 3.

In conclusion, the proposed analytical method
is accurate within * 3% with 0.05 mlof 4 X 1073
M Pu(Ill and IV) solution and is sensitive down to
0.02 mi of 2 X 107% M Pu. The determination is
automatically performed except for the introduc-
tion of samples.

The determination of the ratio of plutonium to
uranium is often important because the mixed
oxides or carbides are used as nuclear fuels. A
coulometric procedure similar to that described
above was developed as follows. A 100-mg sample
of the mixed oxide was dissolved in 5 ml of 10 M
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TABLE 2

Determination of Plutonium

Pu taken X10°% mol taken . Coulomb calculated Coulomb found Pu found (%)

1.03 mg/ml 21.5 2.08x 1072 2.04x 1072 98.1
50 ul i 2.07 99.5
2.06 99.0

2.01 96.7

2.04 98.1

515 pg/ml 10.8 1.04 X 1072 1.05x 102 100.9
50 ul i 1.03 99.0
1.03 99.0

1.04 99.6

1.05 100.9

51.5 pg/ml 1.08 1.04 x 1073 1.07 x 1073 102.8
50 ul 1.04 99.6
1.05 100.9

1.03 98.9

1.05 100.9

10.3 pg/ml 0.22 2.08x 1074 220x 107 105.9
50 ul 2.07 99.6
2.02 97.1

2.15 103.5

2.05 98.5

5.0 pg/ml 0.042 4.02x10° 3.97x10°° 98.7
20 ut 3.94 98.0
4.07 101.1

3.93 971.8

3.92 91.5

Note: Carricr solution — 0.5 M H,S0,. Flow rate — 5 ml/min. E; =+0.35 V, E, = 40.75 V vs.

SSE.

TABLE 3

Determination of Plutonium in the Presence of Various
fons

Pu Pu
taken found
(X 107% mol) (X 107% mol) %
4.18 4.12 101.2
4.07 - 99.9
4.19 - 102.7

Other ions present
Ce: 6.42(10°* mol)
Cr: 16.0

Cu: 4.01

Ni: 8.00

U: 398

Cl: 8.00

Note: Carrier solution — 0.5 M H,S0,. Flow rate — §
mYmin. E, =+0.75 V, E, =+0.10 V.

HNOj; and three drops of 1 M HF. The solution
was nearly evaporated to dryness. The addition of
HNOj; and HF and the evaporation were repeated
three times, followed by dissolution with 25 ml of
0.5 M H,S0,. Ten microliters of the aliquot was
taken as the sample and injected into the carrier
stream of deaerated 0.5 M H,SO,;. For the
determination of plutonium, the potential, E,, of
the first column was kept at +0.10 V vs. SSE, and
the quantity of electricity, Q,, consumed at the
second column was measured at the potential, E,,
of +0.75 V. For the determination of uranium, E,
was kept at +0.10 V and Q, was measured at
-0.60 V. Therefore, the electrode reactions of
Pu* -e = Pu** and U®* + 2e — U* were used,
respectively, for the determinations. The results of
the determination by the proposed procedure are
summarized in Table 4.

June 1977 243



16: 32 17 January 2011

Downl oaded At:

VI. ELECTROLYTIC CHROMATOGRAPHY AT
THE GRADIENT POTENTIAL ELECTRODE??

A. Separation of Cadmium, Lead, and Copper

In the separation and determination of lead and
copper, the chromatographic cell having the gradi-
ent potential column electrode shown in Figure 4B
was used; this method could be considered liquid
phase chromatography with the column of contin-
uously changing partition coefficient. After
thorough preliminary experiments with the cou-
lomb-potential curves, the following conditions
were found adequate for the determination.

A carrier solution of 0.5 M hydrochloric acid,
deaerated by bubbling nitrogen gas, was passed
through the column at the rate of 1.0 ml/min; the
rate was controlled by a constant velocity pump.
Then, -0.70 V against SSE was applied to the
outlet part of the chromatographic cathode using a
potentiostat, and a voltage drop of 0.30 V was
applied along the column, resulting in the poten-
tial of the inlet part of the cathode being
maintained at -0.40 V vs. SSE.

One to 100 pl of the sample solutions of 1.0 X
107% M lead and copper was introduced using a
microsyringe, as is customary in gas chromatogra-
phy. The cupric ions in the solution were first
deposited at the inlet of the column, but the lead
ions passed through it and were deposited close to
the outlet. After several minutes the cathode
potential of the outlet was raised to -0.40 V,

TABLE 4

Determination of Plutonium in Plutonium-uranium Mixed
Oxide Samples

Pu/Pu+ U Pu U Pu/Pu+U
taken? found found found
(%) (mg) (mg) (%)
25.0 21.83 65.53 24.97

30.44 90.68 25.13
22.13 66.15 25.06
30.0 33.25 82.20 28.80
32.80 84.04 28.07
32.76 80.01 29.02
33.0 . 24.27 49.83 32.75
23.00 47.00 32.89

3These are the standard samples prepared at the Japan
Atomic Research Institute.
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resulting in an increase of the potential of the inlet
to -0.10 V. By this procedure, lead was dissolved
and conveyed into the coulometric detector cell,
in which the cathode potential was set at -0.7 V
vs. SSE, and copper was moved and redeposited at
the outlet. After completion of the dissolution of
lead, which could be seen on the coulometric
recorder, again the cathode potentials were
changed to E; = E, =+0.40 V. By this procedure,
copper was transferred to the coulometric cell and
the current was recorded (Figure 20).

Determinations were made with the solutions
of lead and cupric ions in various ratios; the size of
the sample solutions was 1 to 100 ul. The results
obtained were satisfactory, with an accuracy of
3% with 10-ul samples and +5% with 1-yl
samples.

B. Radiometric Determination of ThB, ThC, and
ThC"”

Electrolytic chromatography is especially suit-
able for rapid separation and can be operated
under remote control, so that its application to the

60 min

- S

3

250 A

Pb2*

Cu2+*

- _JL LU

1 1 1 i 1 1 1 {

FIGURE 20. Successive determination of Cd*, Pb?,
and Cu®* with the potential gradient electrode. Sample: 1
X 10~7 mol.
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separation of unstable radioactive nuclides is
promising. This section deals with the quantitative
aspects of the separation of ThB, ThC, and ThC"
as tracers of lead, bismuth, and thallium, respec-
tively.

1. Reagent and Apparatus

A carrier-free solution of a mixture of ThB,
ThC, and ThC" in radioactive decay equilibrium
was prepared from “radiothorium” from the
Radiochemical Centre, Amersham according to the
usual method. A single-channel pulse-height ana-
lyzer equipped with a 1.5 X 2 in. Nal well-typed

crystal was used for the radioactivity measure-

ments,

2. Experimental

The potential of the chromatograph column
electrode was controlled so as to distribute be-
tween E; = ~0.40 V vs, SSE at the inlet and E, =
-0.70 V at the outlet. A deaerated solution of 0.5
M hydrochloric acid was passed through the
system at 1 ml/min. From the injection inlet, 0.20
ml of the sample solution (containing ThB, ThC,
and ThC" with or without 1 X 1072 3 Pb** o
Bi** as carrier) was mtroduced using a microsy-
ringe.

By this procedure, ThC and bismuth jons were
deposited at the inlet, ThB and lead ions at the
outlet, and ThC" came out immediately without
deposition on the electrode at the potential. The
solution coming out was divided into fractions of
1 ml each, always using a fraction collector after
the sample introduction.

After 10 min the electrode potentials were
changed to E; =0.00 V and E; =-040 V. Then,
ThB with lead ions was eluted out. Finally, the
electrode potentials were adjusted to E; = E, =
0.00 V. Then, ThC with bismuth was dissolved and
transported to the fraction collector.

It can be seen from the decay scheme of
radiothorium shown in Figure 21 that ThB (half-
life ty; = 10.6 hr), ThC (t; = 60.5 min), and ThC"
(ti, = 3.1 min) are the measurable nuclides when
existing in equilibrivm. Figure 22 shows the

chromatograms of radioactivities obtained with

the fractions collected by the procedure described.
Decay curves for the three peaks are presented in
Figure 23. As can be seen from the figures, the
activities of the first chromatographic peak were
eluted out with:a very short retention time and

showed -a half-life of 3.3 min which agreed well .
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FIGURE 21. Decay scheme of Th series. ~

with that of ThC". The activities of the second
peak were eluted out when E; was changed to
-0.40 V, and the half-life was measured to be 10.6
hr which is the same as the accepted value for
ThB. The activities of the third peak resulted when
E, became 0.00 V and a half-life of 60 min was
obtained, in good agreement with the accepted
value of 60.5 min with regard to ThC. The total
recovery of the activities injected was 101.4%
which indicates that the quantitative elution is
possible with the glassy carbon grain electrode.

Figure 24 shows the elution curves of a
carrier-free mixture of ThB, ThC, and ThC" under
the same experimental conditions; the concentra-
tions of ThB, ThC, and ThC" are approximately
10711, 1072, and 107'3 M, respectively. The
results are summarized in Table 5. ThB and ThC in
the sample were quantitatively deposited even
from the extremely dilute solution and were
eluted out anodically without leaving any detected
activity due to absorption. When the sample
solution was passed through the column in an
open circuit, all of the radioactive compounds
came out of the column, as shown in Table 5.

For the quantitative deposition of lead and
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FIGURE 22. Elution chromatogram of radioactivities in the presence of their
stable isotopes. Sample: 20-ul solution containing 2.0 X 10~ mol Pb** (ThB),
Bi**, and ThC". Carrier solution: 0.5 M HCL. Flow rate: 1.0 m!/min. (Straight
line) Histogram not corrected for decay. (Dotted line) Histogram corrected for
decay. (1) ThC" (ty, = 3.1 min). (2) ThB (ty, = 10.6 hr). (3) ThC (ty, = 60.5 min).

E, =-0.40V
104

(ThB)

103

Radioactivity, cpm

E, =-0.65V

N {(ThC" + ThB)

102

Tima, hr

FIGURE 23. Decay curves of separated components.

ThB, the potential was more negative than -0.70
V. When the potential was maintained at -0.65 V,
about 5% of the lead ions was eluted without
being deposited. The electrode potential of -0.70
V was also sufficient for the quantitative deposi-
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Radioactivity, cpm
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E, = -0.70V E, = ~0.40V E; = -0.00V i

¢ £, = -040v —P¢— E, = -0.00V E, = -0.00V

FIGURE 24. Elution chromatogram of carrier-free
radioactivities. Sample: 20-ul solution containing about
10°'¢ mol ThB, 10~'7 mo!l ThC, and 10 ~!'® mol ThC".
Other conditions same as Figure 22. (1) ThC” (ty, = 3.1
min). (2) ThB (ty, = 10.6 hr). (3) ThC (t,, = 60.5 min).

tion of carrier-free ThB.

The fact that the 107'! M Pb?* (ThB) solution
was quantitatively electrolyzed at the same
potential as the 1072 M Pb?* solution cannot be
explained by the Nernst equation; under potential
deposition is responsible, but further investi-
gation must be carried out to solve this problem.
ThC"”, which is a daughter of ThC and is an
isotope of thallium, was eluted out and isolated
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TABLZ 5

Recoveries of Radioactivities

Radioactivities Radioactivities found (cpm)
Exp. taken Recovery
no. (cpm) ThC” ThB ThC Total (%)
12 19,532 . 19,183 98.3
2b 18,400 (No applied voltage) 18,097 98.0
33 46,750 17,763 26,690 2,221 46,675 99.9
4b 58,336 19,075 34,896 5,238 59,209 101.4

Note: All activities are corrected for decay.

3Carrier free: ThC” = 107 mol, ThB =104 mol, ThC = 10! ¥ mol.
bWith carrier: ThC” = 107! ¢ mol, ThB + Pb?** = 2 X 107 mol, ThC + Bi** =2 x

107 mol.

from other species without being deposited; it
was the first time that ThC" was successfully
isolated, because its half-life is too short (3.1
min) for the effective isolation by the convention-
al electrolytic method.

VII. COULOPOTENTIOGRAPHY AT
THE COLUMN ELECTRODE

In the course of the study of electrolytic
chromatography, a kind of new voltammetric
method at the column electrode was developed in
these laboratories.>®> The new method is carried
out with scanning the potential and deals with a
flowing solution which contains the supporting
electrolyte and intended depolarizer.

At the column electrode, the electrolysis
proceeds very rapidly if the electrode potential is
selected properly to obtain the limiting current.
Then, the number of coulombs (Q) required is
proportional to the electrochemical equivalent (W)
and hence to the concentration (C) of the depolar-
izer, volume (V) of the solution, and number (n)
of electrons involved in the reaction

Q = 96500W = 96500nCV - 33)

Therefore, the instantaneous electrolytic current is
proportional to the concentration as shown by the
following equation:

=40 _ av
I= 3t 96500nC Tt 96500nCf (34)
where

f = the flowrate (Ifsec) of the solution.

L4
S
—— e —e
— B
! T

b ]

g <
| = il
- . Recorder
—1 H | [

FIGURE 25. Block diagram of the coulopotentiograph.
(A) Column electrode. (W.E.) Working electrode. (A.E.)
Auxiliary electrode. (R.E.) Reference electrode. (V)
Voltage scanner. (S) Electrolysis source. (P) Volumetric
pump.

Accordingly, if the electrolytic current is re-
corded against the applied voltage according to the
proper conditions mentioned below, the curve
appears in a shape similar to that of the polaro-
gram, and the limiting current gives the concentra-
tion of the depolarizer in the solution. Moreover,
the estimation of concentration can be made by
Equation 34 without preparing the standard.
Figure 25 shows the schematic diagram of the new
method termed “coulopotentiography.” Part A is
the column electrode. The carrier solution, in
which both the depolarizer and the supporting .
electrolyte are dissolved, is made to flow through
the column electrode by a volumetric pump (P).
The scanning potential is applied to the working
electrode (W.E.). The potential is scanned by a
voltage scanner (V) and is controlled against the
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. dCdyx t

reference electrode (R.E.) by a potentiostat. The
instrumentation is identical to that of the polaro-
graphy of the three-electrode system.

A. Nature of the Coulopotentiogram??

On the basis of the discussion for the mass
transfer mentioned in Section IV. A, Equations 9
to 19, characteristic of the current-potential curve
for coulopotentiography (i.e., the coulopotentio-
gram), are studied as follows.

When a reversible electrode, reaction 9, takes
place in a column electrode, the decrease of the
amount of Ox at the electrode surface is given as
in Equation 19. Here, instead of u in Equation 21,
a volume (§), height of unit, length, and base area
of S are considered. S is the effective cross section
of the solution path in the column electrode.
Then, the following equation is given by using the
total concentration (Cy) of Ox and Red.

dCéx 1 dNgyx A | Cox —0(C, - C(‘)x):l

= [‘—‘__1 5 35)
Considering the potential scanning with the rate of
r > 0 (Vesec™!), the relationship between
potential E, the flow rate f, the electrolytic time t,

“and transferring length 1 for solution within time t

can be shown as in Figure 26. The solution that
exists at present in the vicinity of point 1 with
potential E was introduced into the column
electrode at Sl/f sec before the present time with
the potential [E + (rSl/f)] (see Equation 28). The
variation of concentration of Ox at time t and at
point 1" with potential [E + (1SI/f) - rt] is then
given from Equations 20 and 35 as (0 <t =SI'/f <
SI/f).

Cox,t=(Co —C8x,1) 0 exp o R'rr St t)

T -
1 + kO exp —r(SI )

=_2
dt S

(36)

Stream of carrler solution

Then, Equation 36 is solved on the simplifying
assumption of k = 1 and under the condition of
Céx=xCoatt=0.

GA SM 6A
* = B L i
COX,' CO 3 [1 +0A A (l + 0A)5

6A
1d(n)§ T+0A ]

AR gtn

+...F

1+6B A (1+06B)

:I exp (— X % @7

+|}_ 6B _SM__ 0B

_S¥M? 6B(1 -6B) _
A2 Q +BB)’

_ nF (81
A =exp = \T t):l (38)
= L) 39
Beexp( p57 T 39
nF

The cument (Aij) that flows through the small
region (Al) in the vicinity of point 1 with potential
Eis

dN
Ai; =-nF (—(—“"—") t= syt

- 0 SM? 6(1 - 6) ]
= nFSCoAl{[M(l T oy! +—7\— Q7o) +...

0B___sw*
[ ( 1+BB (l+0B)’ A
] exp (— i;_-l)} (41)

Finally, the total current (I) that flows through
the column electrode of length L is given by:

OB(1 -0B)
(1+l9B)3

1 | 1 S |

I | 1 !

0 t SL/¢ time

0 y L position

{E + {sS1/¢)] [E + (¢S1) - 1t} [E]}

potentls!

FIGURE 26. Relation betweenE, f, t,and L.

248  CRC Critical Reviews in Analytical Chemistry



16: 32 17 January 2011

Downl oaded At:

L
I =J Aj di
0: nFC, {xf [1 - exp (—%)]
—f[l_zg I+OB (_ _)]
*Mr [(1 ¥0)’ (SL =
+2)\Sf T +0B)y? +6c[;3) XP( —)]
v ar e )
+ 30 %lexp (_ "_f’“)] P } “2)

When AL/f is sufficiently large and electrolytic
efficiency E[= 1 - exp(- AL/f)] is large, Equa-
tion 42 becomes

[ = nFCo{xf[l—exp -if':)] -

[?]
nF (S 2Sf

RT U+ey\ -~ X
'nF \? 6(1-9) asf
oL ) T (SL—- ..... } 43)

If the current is controlled by diffusion, the
limiting current (I;.) at the cathodic process is
given by:

0=0: Ig.= nFCoxf[l —exp (- "TL)] “4)

and the limiting current (14,) at the anodic process
is given by:

= 114, = nFC,f(1 - x) [l - exp (— }fl'-)] (45)

In Equation 43, when r is sufficiently small
and/or A is sufficiently large, higher order terms
can be neglected and the equation becomes

i= nFCu{xf [1 —exp (- "—f“)] -~
25¢
RT oy +o) (SL ) } (6)

The coulopotentiogram given by Equation 46
shows a peak current (Ip) proportional to the
concentration at the peak potential (E ,), when

fRT
r>(51, — 2Sf/A)nF°

2r
_w LRT 47
E,=E, +—zIn{1-  oF_ 257
p o F —r
i ( e 5t x )

St

p 1 nFr 2Sf ;
—_— SL - 4
dc l+6p RTf (l+e)’( “48)

6p = exp [R; p—Eo )] 49

As shown by Equations 44 and 45, the limiting
current is directly proportional to the concentra-
tion of Ox or Red in sample solution when
electrolytic efficiency (E) is large and flow rate (f)
is constant (see Equation 34). When r = 0 or very
small, the current-potential curve for the coulo-
potentiography shows the same curves as that for a
practical DC polarography.

E=E, +=tln pde ,;: (50)

Figure 27 shows coulopotentiograms obtained
with a column electrode of large A value for a
reversible electrode reaction, ferrocyanide/ferri-
cyanide system in 1 M KCI. From this figure, it is
evident that the curve obtained with fast flow rate
and slow scan rate has no peak and that with slow
flow rate and fast scan rate has a peak as expressed
by Equations 45 to 49.

The coulopotentiograms for an irreversible elec-
trode process are shown in Figure 28. Theoretical
consideration of the mathematical model, how-
ever, is in progress.

B. Continuous Determination of Copper, Lead,
and Cadmium by Coulopotentiography>3

The coulopotentiogram obtained is shown in
Figure 29, which was recorded with a solution of
1.0 X 10™* M copper, lead, and cadmium ions in 1
M KCI and 0.1 A acetic acid under the condition
of very slow scan rate, r = 0.0006 V sec ™. As the
flow rate (f = 0.000333 Ifsec ') and the limiting
current of lead ions measured in the curve was
0.64 mA, the concentration of lead ions can be
estimated by the following equation:

C=0.64X10"%/(96500X 2 X 3.33 X 10™%)

=9.97X 10"* M

This calculated value agrees well with the true
value of 1.00 X 10™* M.

In present coulopotentiography, the amount of
electricity consumed in the electrolysis can be
estimated by Faraday’s law and no calibration
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{V vs. SCE)

FIGURE 27. Coulopotentiogram for a reversible electrode reaction. Sample: 5
X 10°% M K,Fe(CN),. Carrier solution: 1 A KCl. Flow rate: curve 1, 4.52
ml/min; curve 2, 0.550 ml/min. Scan rate: curve 1, 0.125 V/min; curve 2, 0.500
V/min. Column electrode: two-step column clectrode with glassy carbon fiber
working electrode of 2 cm (E, = +0.6 V vs. SCE).

Flow rate (mi/sec)
1:0.030,2:0.021
3:0.013,4 : 0.0040

Scan rate = 12.5 (mV/sec)

= const.

(E - E,)
1 Scan rate (mV/sec)
2:250,b:16.7

€:125,d:833
e:4.17,§:208 .
Flow rate = 0.021 (ml/sec)
= const.

FIGURE 28. Coulopotentiograms for an irreversible electrode reaction. Sample:
107% M iron in 1 M H,S0,. k; = 4.8 X 107° cm/sec; a = 0.42 (cathodic) — both
obtained with glassy carbon rotating disk electrode.

curve is necessary. This means that the limiting
current is independent of the electrode characteris-
tics as long as the electrode process is fast enough.
Moreover, the sensitivity and accuracy are much

250 CRC Critical Reviews in Analytical Chemistry

higher than those of conventional polarography.
Therefore, the coulopotentiographic method is
valuable in trace analysis of flowing samples. It
may be applied to the elucidation of the
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FIGURE 29. Coulopotentiogram of
Cu®, Pb*, and Cd?**. Sample: 104
MCu?*, Pb?*, and Cd**. Carrier solution:
0.1 M CH,COOH-1 M KCl. Flow rate:
2.0 ml/min. Scan rate: 0.036 V/min.

mechanisms of the electrode reaction and will give
fundamental data used for electrolytic chromato-
graphy at the column electrode.

VIIl. ANODIC STRIPPING
COULOPOTENTIOGRAPHY

Although coulopotentiography is a sensitive
electrochemical method, due to the scanning of
the electrode potential, the background current
becomes appreciable when the concentration of
the depolarizer decreases as low as 107% M. Two
kinds of stripping coulopotentiography have been
developed to eliminate the defects of ordinary
coulopotentiography.

A. Stripping Coulopotentiography with Single
Cell®?

As in the case of electrolytic chromatography
at uniform electrode potential, the potential of the
column electrode is kept at a sufficiently negative
potential and all the metallic ions are deposited on
the column for a definite period of time; then, the
electrode potential is scanned to positive potential
by using the same circuit as demonstrated in
Figure 25. The dissolution current is recorded
against the scanning potential as shown in Figure
30. The anodic stripping coulopotentiogram or the
inverse coulopotentiogram was obtained with
solutions of 5X 107 M copper, lead, and

+1.0}
T ool
Cu*
-1.0}
Cdz * Pb: *
2 [ 2 '
-1.2 -08 -04 0.0

E(V vs. SSE)

FIGURE 30. Stripping coulopotentiogram
of Cu?*, Pb?*, and Cd**. Sample: § X 1077
mol of Cu?, Pb**, and Cd**. Carrier solu-
tion: 0.1 Af CH;CQOH-1 M HCI. Flow rate:
2 ml/min. Scan rate: 0.036 V/min.

cadmium ions, which were preelectrolyzed for 50
min at the flow rate of 2 ml/min~'. Then,
stripping was carried out at the scan rate of 0.036
V/min™!.

When the sample solution involves both large
amounts of soluble ions and small amounts of
depositing ions, the simultaneous determination of
both ions is possible by using the proposed
method as shown in Figure 31.>% This figure was
obtained with a solution of 107 M copper and
1.5 X 107 M iron. The electrode potential was
scanned from +0.80 to -0.79 V and stopped for a
definite period of time; then, it was scanned again
to the positive side. Peak A or the limiting current
at the cathodic process indicates the concentration
of iron, as mentioned in the preceding chapter;
peak B gives the amounts of copper deposited
during the concentration time.

The determination was made from the peak
area using Faraday’s equation or simply from the
height of the peak if the scan rate was consider-
ably fast and the electrode reaction proceeded fast
enough, as shown in Figure 31, peaks 1, 2, and 3.
In this connection, Figures 30 and 31 were
obtained by using glassy carbon grain and glassy
carbon fiber working electrodes, respectively.

B. Stripping Coulopotentiography with Double

Cell33
Similar to electrolytic chromatography, the
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FIGURE 31. Coulopotentiogram of 1.5 X 10™* M Fe** and 107¢ M Cu?.
Carrier solution: 0.1 Af HC1-0.1 M KCL. Flow rate: 2.10 ml/min. Scan rate: 0.75
V/min. Waiting time at potential a, -0.79 V; curve 1, 5 min; curve 2, 10 min;

curve 3, 20 min.

eluted metal ions are detected at the second cell.
Different from electrolytic chromatography, the
potential of the first cell (chromatographic cell) is
kept at the extremely negative potential for a
definite period of time and then scanned to
positive potential at a definite rate. The redeposi-
tion current at the second cell (detector) is
recorded against the potential of the first column
electrode. This E;-1, curve again gives the positive
coulomb-potential curve as shown in Figure 32.

IX. CONCLUSION

The authors have discussed rapid electrolysis at
the column electrode packed with glassy carbon
grains or fibers. The column electrode is used not
only as the coulometric detector, but also as the
chromatographic column for the separation of
metals, the concentration of the dilute solutions,
the elimination of interfering ions, the elucidation
of electrode reaction mechanisms, and the smooth-
ing of the oxidation states. Although the discuss-
jon is omitted here, the column cell has been use?,
for the preparation of free radicals in nonaqueous
dipolar solvents and similar unstable substances
which otherwise cannot be prepared in high
concentration. By the use of electrolytic chroma-
tography with coulometric detection, the deter-
mination of micro amounts of metals (1 gl or less

volume of 10™* M sample) is possible, as well as_

that of trace amounts of metals (1078 M or less
concentration of several liters) with satisfactory
accuracy.

As modifications of coulometry, coulopotentio-
graphy and anodic stripping coulopotentiography
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FIGURE 32. Indirect stripping coulopo-
tentiogram of Pb**. Sample: 250 ml of 1.0
X 10°% AM Pb*. Carrier solution: 0.1 A
CH;COOH-1 M KCL Flow rate: 2 ml/min.
Scan rate: 0.09 V/min. (Peak B shows trace
amounts of copper contained in the carrier
solution.)

have been proposed. One of the great advantages
of these methodologies is that absolute determina-
tions are possible without preparing any standard
for the calibration. Another advantage is the
simplicity of the remote control instrumentation.
For instance, very dilute lead or cadmium ions in
river water can be recorded continuously by the
use of electrolytic chromatography: using the two
column cells, both of which are kept at the
potential of metal deposition, and by a simple
switching of the potential of the first cell (E-I) to a
dissolution potential with a definite time interval,
the record of the current flowed through the
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second cell (E-II) indicates the amount of metal
concentrated during the interval. The interfering
substance, if present, may be removed by the
preliminary column cell connected to the first cell.

In this review, two methods have been given,
ie., ordinary electrolytic chromatography and
coulopotentiography. In the former, a solution of
small volume is introduced into the carrier solu-
tion as a sample by a microsyringe; in the latter,
the depolarizer in question is contained in the
continuously flowing carrier solution. Therefore,
electrolytic chromatography is convenient in such
experiments for elucidation of electrode reaction
mechanisms which require rapid and repetitive
procedures and for analysis of samples of small
volume or strong radioactivity. This method,
however, has disadvantages such as smaller sample
size than in the gas chromatographic analysis; that
is, though the detection limit is as small as 10~°
mol, the lowest determinable limit of concentra-
tion is fairly large, 1075 M. On the other hand,
coulopotentiography has a high sensitivity and,
therefore, determination of dilute solution is
possible. However, sample volume required is large
{more than 50 ml) and the time required to obtain
a stationary current is fairly long.

As rﬁentioned above, proposed methods have
many methodological possibilities in analytical
chemistry and electrochemistry. The authors, how-

ever, believe that the following problems should be
solved to facilitate further development.

1. Electrode materials. Glassy carbon is ex-
pected to be the most practical material for the
working electrode from the standpoint of permiss-
ible potential range. Nevertheless, further studies
on preparations and pretreatments will give more
reproducible results.

2. Background currents. As the column elec-
trode has a working electrode of a relatively large
surface area, the background current is consider-
ably larger than that of polarography Instrumental
or methodological reductions, e.g., stripping
methods, should be studied.

3. Other possibilities of the proposed
methods. Further studies are desired for instru-
mental developments such as alternating current
superimposed on column electrolysis. On the other
hand, applications to the process control or
continuous analysis with andfor without other
instruments are expected.
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