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TRANSPORT PHENOMENA IN FLOW INJECTION ANALYSIS WITHOUT
CHEMICAL REACTION

J4. M. REIJN* W. E. VAN DER LINDEN? and H. POPPE

Laboratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht
166, 1018 WV Amsterdam (The Netherlands)

(Received 20th October 1980)

SUMMARY

Dispersion phenomena play a very important role in flow injection analysis. In this
paper, physical transport phenomena in flow injection methods are discussed. Three dif-
ferent types of reactor — a straight tube, a helically coiled tube and a new single bead
string reactor — are compared. Under similar flow conditions, the dispersion in the single
bead string reactor is the lowest. The specific advantages of single bead string reactors are
their very simple preparation and maintenance and the good reproducibility of the peaks.
It is shown that in open capillary tubes (coiled or not) the Taylor dispersion equation is
of very limited use, because the residence times are too short, and because secondary flow
occurs in the case of coiled tubes.

One of the less understood aspects of flow injection analysis (f.i.a.) is the
dispersion process which takes place during the transport of the sample from
the injection device towards the detector. The total peak broadening con-
tains contributions from three sources

2 1 2 2
Opeak = Uinjection + Otransport + O detection (1)

In a previous article [1] attention was focussed on the contribution of the
injection to the total peak broadening, whereas in the present study the role
of transport is investigated. If very small sample volumes are injected, and
injection and detection devices causing negligible additional peak broadening
are used, eqn. (1) can be reduced to 0}cax = 0fansport- 1N this study only the
physical aspects of the dispersion will be considered, and it is assumed that
no chemical reaction between the sample and reagent stream takes place.
Two types of model have been frequently used to describe the dispersion
process. The first model is the tanks-in-series model which is closely related
to the concept of age distribution functions and was introduced by
Danckwerts [2]. This model has the advantage of mathematical simplicity
and elegance (see, e.g., [1]). The second model is the axial dispersion model
of Levenspiel and Bischoff [3]. This model has the advantage of analogy to

8Present address: Technical University, Laboratory for Chemical Analysis, Afd. CT-THT,
P.O. Box 217, 7500 AE Enschede, The Netherlands.
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the differential equation which describes a diffusion process in the presence
of convection. In some cases this model leads to direct solutions [4], for
which reason it will be used in the subsequent argument. For a full discus-
sion of the merits of the two models, reference is made to Levenspiel and
Bischoff [3] and Froment and Bischoff [5].

THEORY OF THE AXIAL DISPERSION MODEL

Basically the axial dispersion model is described by a one-dimensional dif-
fusion equation containing a convective term. The mass balance for the axial
dispersion model is (for the symbols used, see Table 1)

(3CJat) + (W dC/[dz) = Dy.0*C/d? (2)

The system 1is, as usual, assumed to be infinitely long; boundary conditions
have been discussed [3]. For a delta injection (total mass M present atz = 0
for t = 0), this equation has the solution

C(z,t) = (M[nR?) (4nDyt)"'? exp[—(z — W)t)*/4D¢t] 3)

which is a modified Gaussian function. When a detector is placed at z = L,
eqn. (3) describes the concentration as a function of time, i.e., the elution
curve. Important parameters of this curve are the first and second statistical
moments, i.e., the mean m and the variance ¢?. From eqn. (3), these para-
meters can be derived as

m = (L/w)) + (2D L/w)®) and o = (2 D, L/wY’) + (8 Dy [(0)*)

The dimensionless group ()L /Dy, is referred to as the axial or longitudinally-

TABLE 1

List of symbols

A absorbance h reduced plate height (v»  true mean fluid

C concentration M total mass injected velocity

C,, mean value L reactor length (uy superficial mean
concentration m mean fluid velocity

Dy, axial dispersion N number of beads z axial coordinate
coefficient Ny, plate number € void fraction

D,, molecular diffusion AP  pressure drop peak width reduction
coefficient Pe;, axial Peclet number coefficient

Dn Dean number Pe, radial Peclet number A aspect ratio (dy/d;)
(Dn = Re/aA'?) R tube radius v kinematic viscosity

de column diameter Re Reynolds number p column-to-particle

dyp  helix diameter Re, Reynolds number diameter ratio (d./dp)

dy equivalent hydraulic based on Ps specific gravity
diameter particle diameter a} variance

dy particle diameter r radial coordinate T dimensionless time

d;  tube diameter Sc  Schmidt number (r =tDy/R?)

fv volumetric flow rate t time Ty dimensionless

H plate height t, residence time residence time
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based Peclet number Pe;,. When Pe;, > 100, m = L/(w) and of = 2Dy L/(v)?,
and eqn. (3) can be simplified to

C.ty = Cmax €xp[—(m —t)?/2 0] (4)
where C,,, = (M/rR?) ()/AnLDy)"2.

It must be stressed that Dy, (or Pe;,) is still an entirely empirical parameter,
as is the number of tanks in the tanks-in-series model [1]. In the subsequent
paragraphs, the physical meaning of D;, will be investigated in some detail
for various reactor types.

Straight tube

For the case of laminar flow in a round tube, a direct solution of the con-
vective diffusion equation was given by Taylor [4]. The convective diffusion
for this case reads (in cylindrical coordinates)

(3C/3t) + 2w)(1 — r*/R?) (3C/3z) = D, [(32C/dr?) + (r8C/ar) + (32C/02)]
(5)

If the time elapsed from the time of injection is long enough to stabilize the
radial concentration changes, eqn. (5) can be simplified to

D.3%C,, 823 =03C,, /0t (6)

The symbols in this equation are defined by z, = z — W)t; C,, = 2R fff Crdr;
and D, = R*)*/48 D,,.

In fact, egn. (6) describes the dispersion as a diffusion process relative to a
point moving with the mean velocity ) of the fluid stream. The apparent
diffusion coefficient is Dy,. When again a delta injection is applied to eqn. (6)
the solution is equal to eqn. (3). However, the axial dispersion coefficient
Dy, is no longer an empirical parameter, but is directly connected to physical
quantities via the above definition of Dy,.

Later, Aris [6] gave a refined treatment and found

Dy =D, + R*?*/48 D, (7)

However, under f.i.a. conditions, the second term on the right-hand side of
eqn. (7) is always much larger than the first term, and so the first term can
be neglected. For low D, values, eqn. (7) can then be rewritten

o= R*m/24 D,, (8)

An important question arises about the time which is necessary to fulfil
the condition for stabilization of the radial concentration changes. For this,
Taylor gives the condition ¢t > R?/(3.8)*D,, or 7 > 0.07, where r is a dimen-
sionless time defined by r = ¢t D, /R Later investigators gave more exact
criteria. Lighthill [7] gives r > 0.5 and Ananthakrishnan et al. [8] give
7 > 0.8. Recently, Golay and Atwood [9] reported a computer simulation
of the early stages of the development of the concentration profile in
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laminar flow; the criterion 7 > 0.8 can again be derived from this work. As
will be shown later, 7 is less than 0.8 in nearly all published f.i.a. work. For
this reason, the Taylor theory is of limited use for f.i.a.

In the same study, Golay and Atwood demonstrated the possible occur-
rence of double peaks which were also predicted by the numerical analysis
of Gill and Ananthakrishnan [10]. It also follows from [10] that the detec-
tion process (mean value or cup-mixing detection) can greatly influence the
shape of the elution curve at small values of r. For the case of pure convec-
tion, this was shown theoretically by Reijn et al. [1].

Coiled tubes

In a helically coiled tube, secondary flow phenomena cause a decrease in
the peak broadening because of increased radial mass transport. As was
pointed out by Tijssen [11] and Van den Berg et al. [12], this improves the
analytical usefulness of tubular reactors. According to Van den Berg et al.

Dy, = R*wY -« /A8 D,, 9)
where k = 5.6 (DnSc!?)™%¢7 (for 12.5 < DnSc!? < 200) (10a)
k=1 (for DnSc?2 < 12.5) (10b)

(for listing of symbols, see Table 1). For a liquid with Sc = 500 (D, = 2 X
10 m?s™ in water), condition (10a) becomes 0.56 < Dn < 8.9.

As the Dean number Dn is given by Dn = Re/AY? (A is the aspect ratio,
i.e., coil diameter/tube diameter) and practical f.i.a. is carried out in the
range 10 < Re < 500, it can be seen immediately that even for a very slight
coiling with say X = 1000, serious deviations from Taylor dispersion caused
by secondary flow are to be expected in f.i.a. As the trend in f.i.a. is towards
miniaturization, the secondary flow effects are even more likely to be
present (in tightly coiled tubes A is much smaller, so Dn is much larger).
Only for very low flow rates where Dn < 0.56, can Taylor dispersion be
expected (provided that the residence time requirements are fulfilled).

Packed bed reactors

Packed bed reactors have been used both by engineers and by chromat-
ographers. As has been indicated by Horne et al. [13], the influence of the
ratio p of the column diameter to particle diameter has been investigated for
chromatography in the range 5 < p < 50. Recently Scott et al. [14] used a
reactor with p - 1. These authors used porous beads (pellets) and introduced
the term ‘‘single pellet string reactor’” SPSR. For the case of non-porous
beads and p - 1, the name “‘single bead string reactor”’, (SBSR) is proposed.

According to Horne et al. [13], the axial dispersion coefficient Dy, for
liquids in a packed bed (5 < p < 50) is given by

M, < Dy, < 2v)d, (11)

where (v) is the mean interparticle fluid velocity and d,, the particle diameter.
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In chromatography the plate height H is generally used to describe dis-
persion phenomena. In order to facilitate comparisons, some chromato-
graphic terms are defined here. For a given column (reactor) of length L,
plate height H is defined by H = L ¢?/m? = L/Ng, = 2L /Pe;,, where N, is the
number of plates in the column. From this definition it follows that Dy, = H
(v}/2. In packed beds, a reduced plate height is introduced: h = H/d,,, and so,
in chromatographic terms, expression (11) can be written as 2 < h < 4.
Further details are given by Horne et al. [13]. It must be stressed here that
expression (11) for Dy and the expression 2 < h < 4 arevalidonly for 5<p <
50. For the behaviour of Dy, and h when p - 1, no results seem to have been
published for liquids.

Pressure drop
For the case of laminar flow in a straight tube, the pressure drop AP is
given by the Hagen-Poiseuille relation

AP/L = 8n(w)/R? = 8nf,/nR* (12)

As pointed out by Tijssen [11] this relation remains valid for helically coiled
tubes provided that Dn < 100, as will nearly always be the case in f.i.a.

For packed bed reactors, a well known equation for the pressure drop is
the Ergun relation

AP[L = p((we?/d,) [(1 —e€)/e?] [150 (v/Wwed,) (1 —e) + 1.75] (13)

For the case of gases, Scott et al. [14] found that the pressure drop for a
SPSR could be described adequately when the Ergun relation was used with
a modified particle diameter d,,, which these authors defined as

dy =dy/[1+ (d,L/d;N)] (14)

In this definition wall effects have been taken into account. For the case of
liquids this modified Ergun relation has not yet been verified.

FLOW CONDITIONS IN FLOW INJECTION ANALY SIS

It is convenient to use dimensionless quantities for the description of the
flow conditions in f.i.a. experiments. The Reynolds number relates the mean
fluid velocity (), the tube radius R and the kinematic viscosity v

Re = 2RW)/v = 2f Jvn R (15)

In the case of packed beds and for the SBSR, a modified Reynolds number is
used

Re, = WY d, /v = (o)d, Jve (16)

For the case of very dilute aqueous solutions, eqn. (15) can be simplified to
Re = 21.2 f,/d, when the volumetric flow rate f, is expressed in ml min™ and
the tube diameter d, is given in mm. The Schmidt number, Sc, is the ratio of



the kinematic viscosity, », and the molecular diffusion coefficient, D,,: Sc =
v/Dp.

Time is made dimensionless by the transformation 7 = ¢t D, /R?. Time is
thus “‘reduced” to a molecular diffusion scale.

For a number of singleline f.i.a. experiments reported in the literature,
some relevant dimensionless quantities were calculated (Table 2). All sample
and reagent solutions were assumed to be very dilute aqueous solutions with
a kinematic viscosity v = 10 m? s™. For the molecular diffusion coefficient
D,,, the value taken was 2 X 10™® m? s™ (so that Sc = 500). To date, most
flow injection procedures have involved flow rates higher than 0.5 ml min™
and tube diameters smaller than 1 mm. From the recalculated data in Table 2
it can be seen that the lower limit of Re is 12. As the Schmidt number for
pure water is 200, the product ReSc will be higher than 2000. This means
that the first term on the right-hand side of eqn. (7) can indeed be neglected.

Furthermore, it can be seen that nearly all determinations are made at
7, values <0.8. Therefore in the case of straight tubes, the validity of the
Aris—Taylor model is questionable. As was pointed out above in the case of
helically coiled tubes, the Aris—Taylor model is not valid because of the
secondary flow (even when 7, > 0.8).

TABLE 2

Flow conditions in f.i.a.?

Flow rate  Line length  Tube diameter Re ReSc t, Ty Ref.
(ml min™) (m) (mm) (s)
7.06 3.00 0.766 195 97000 11.7  0.16 [11]
3.36 10.00 0.25 283 142000 35 4.48 [12]
1.5 0.05 0.50 63 31500 0.4 0.012 [15]
1.5 0.25 0.50 63 31500 2.0 0.062 [15]
1.5 0.75 0.50 63 31500 5.9 0.188 [15]
1.5 1.25 0.50 63 31500 9.8 0.314 [15]
1.5 1.75 0.50 63 31500 13.7 0.439 [15]
1.5 2.50 0.50 63 31500 19.6 0.628 [15]
1.5 3.00 0.50 63 31500 23.6 0.754 [15]
1.5 3.50 0.50 63 31500 27.5 0.880 [15]
18 2.50 1.00 350 175000 6.5 0.052 [16]
10 1.50 1.00 212 106000 7.1  0.057 [16]
8.6 4.90 1.00 182 91000 26.8 0.21 [17]
8.6 5.00 1.00 182 91000 27.4 0.22 [18]
0.6 0.50 1.00 12 6000 39.3 0.31 [19]
4.0 0.85 1.00 84 42000 10.0 0.08 [20]
3.0 1.06 1.00 63 31500 16.7 0.13 [21]
1.0 0.80 1.00 21 10500 23.6 0.188 [22]
2.0 0.30 1.00 42 21000 7.1 0.056 [23]
1.0 0.37 0.80 37 18500 11.2  0.139 [24]

aSome of the data for this table were obtained from a review by Betteridge [25].



EXPERIMENTAL

Three different reactors were used in a f.i.a. arrangement: (1) a straight
tube, which was not bent at all, with the dimensions L = 1.48 m, d, = 0.592
X 107 m, and V = 407 X 10® m?; (2) a helically coiled tube of the same
dimensions with an aspect ratio A = 10; (3) a SBSR, for which the relevant
data are summarized in Table 3, and which was dry-packed; the design of
the SBSR is shown in Fig. 1(a).

The carrier stream was a 0.1 mol 1" solution of potassium nitrate. The
sample solution was also a 0.1 mol I"! solution of potassium nitrate that con-
tained potassium permanganate (10™® mol 1I"'). The potassium nitrate was
added to reduce the concentration dependence of the molecular diffusion
coefficient of the potassium permanganate. The injection volume was ca.
14 X 10”® m?. The injection was of the slug type and was done with an
Altev injection valve. This valve was automatically switched by means of a

.amatic actuator (Durrum).

The detector was a home-made borosilicate glass optical cell (Fig. 1b) with
a pathlength of ca. 5 mm and an inner diameter of ca. 0.5 mm. Connections
with the spectrophotometer (Zeiss PMQ II with a digital read-out and an
analog absorbance output) were made with glass fibers, so that dead volumes
from the connections were negligible. All measurements were made at a
wavelength of 525 nm (the absorption maximum of potassium permanga-
nate). The elution curves were digitized with a 12-bit A/D converter and
punched on paper tape. Data processing was done on a Varian minicomputer
(Varian V76).

RESULTS

Figures 2—4 show the peak shapes obtained in these experiments. In the
case of the straight tube (Fig. 2) two extremes are clearly shown: the Taylor

TABLE 3

Hydrodynamic and geometric constants for the SBSR

Tube diameter, d 0.750 X 10°m Number of particles/ 1730 m™

Particle diameter, dy, 0.600 X 10> m unit length, N/L

Void fraction, ¢ 0.56 Equivalent diameter, dy; 2.72 X 10 m

Reactor length, L 1.64m Flow-rate range, f, 0.2—1.5 ml min™

Open volume, Vo 724 X 107 m? Reynolds number, Re, 4—35

Void volume, ¢ Vo 406 X 10° m? Specific gravity, pg 998 kg m™?
Kinematic viscosity, v 10° m?s™

LIGHT

CoCO00 -

Fig. 1. Some experimental details. (a) Principle of the single bead string reactor; (b) home-
made optical flow-through cell.
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Fig. 2. Peak shapes in straight tubes. On the vertical axis, absorbance is plotted. For each
peak a different time-scale is used on the horizontal axis: from left to right r = 1;7 = 0.7;
7= 04;7~03;7~0.2;7=01;7r~0.05.

Fig. 3. Peak shapes in coiled tubes. See legend for Fig. 2.

0.361
0.32+
0.28+
0.24r
0.20F
Q.l6r

Absorbance

odar

0.08f \
0.04+ L
C)A()()P'_J ¥ L 4 i T 1
Fig. 4. Peak shapes in the SBSR. Flow conditions (from left to right): 0.2;0.4;0.6;0.8;
1.0;1.5mlmin™.

dispersion for large values of r and convective dispersion for low values of 7.
A transition region of 7 can also be distinguished, indicated by the occur-
rence of double peaks. In the coiled tube (Fig. 3) double peaks are not
observed, but for low values of r convective dispersion again becomes more
important. In the SBSR, approximately Gaussian peaks were found for all
measurements (Fig. 4).

From these experimental data, several peak parameters were calculated.
A statistical analysis program with a baseline correction procedure provided
values for the peak height, the mean and the variance. In order to obtain
some quantitative data on the peak shape, the peak widths at 60% of the
height (w,6) and at 10% of the height (w,,) were also calculated. From the
variance and the mean, the axial dispersion coefficient Dy, was calculated.
This parameter has no significance for double peaks or for convective peaks,
because the axial dispersion model is not valid in these cases.
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In order to facilitate comparison with other literature data, the axial
Peclet number Pe;, and the inverse of the radial-based Peclet number (Pe,)”
were also calculated.

All the calculated data are summarized in Tables 4—6 and Figs. 5—9 show

TABLE 4

Results for the straight tube?

Re Ty ReSc (Pe,)! Pey, Dy, (m?s™)
7.2 2.62 5040 25.4 96.5 1.87 x107*
10.8 1.35 7560 36.2 66.0 4.09x10°
14.4 0.97 10100 50.0 47.5 7.58 X 107*
18.0 0.72 12600 66.7 35.0 1.29 x 107*
21.6 0.69 15100 71.4 32.5 1.66 x 107*
25.2 0.58 17600 76.9 27.5 2.29 x 107?
28.8 0.51 20200 80.6 26.5 2.71 x 107?
324 049 22700 98.0 25.5 3.17 %107
36.0 0.40 25200 109 23.0 3.91x107?
54.0 0.28 37800 139 18.0 7.50 x 107?
72.0 0.20 50400 161 15.5 1.16 x 1072
108 0.13 75600 192 13.0 2.08 x 1072
144 0.10 101000 238 10.5 3.42x107?
180 0.085 126000 263 9.5 4.74 x 1072
216 0.072 151000 263 9.5 5.68 x 1077
288 0.055 175000 313 8.0 7.88 x 107

a2Although the axial dispersion model is no longer valid for Re > 54.0, apparent values for
(Pe,)", Per, and Dy, are included here to indicate any possible trend in the dispersion
behaviour.
TABLE 5

Results for the coiled tube

Re Ty ReSc (Pe,)! Pey, Dy, (m?s™) DnSc®#
7.2 2.02 5040 9.3 270 6.67 X 10°° 60
10.8 1.35 7560 11.9 210 1.29x 10 90
14.4 0.97 10100 14.7 171 2,11 x 107* 120
18.0 0.72 12600 15.7 160 2.81x 10 150
21.6 0.69 15100 18.2 137 3.94 x10* 180
25.2 0.58 17600 20.0 125 5.10 x 10 211
28.8 0.51 20200 21.5 116 6.21 x 10* 241
324 0.47 22700 23.7 106 7.64 x 10°¢ 271
36.0 0.40 25200 26.0 96 9.38x 10" 301
54.0 0.28 37800 35.7 80 1.69 X 107? 452
72.0 0.20 50400 42.7 60 3.00x10°° 602
108 0.13 75600 51.5 50 540x%x 1073 903
144 0.10 101000 51.0 50 7.20 x 1073 1204
180 0.085 126000 55.5 45 1.00x 1072 1506
216 0.072 151000 53.7 47 1.156 X102 1807

288 0.055 175000 49.5 51 1.23 x107? 2108
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TABLE 6

Results for the SBSR

Re, Ty Re,Sc (Pep)™ Pey, h Dy, (m?s™)
6.1 1.94 4270 4.1 610 9.0 1.36 x 10°°
9.1 1.26 6370 4.9 510 10.7 2.43 x10°¢

12.1 0.97 8470 4.9 510 10.7 3.24 x10°°

15.1 0.77 10600 4.9 530 10.3 3.89x10°¢

18.2 0.70 12700 5.4 460 11.9 541 x10°°

21.2 0.58 14800 5.4 460 11.9 6.30 x 1073

24.2 0.51 17000 5.5 450 121 7.35 x10°°

27.3 0.47 19100 5.3 470 11.6 7.94 x10°°

30.3 0.41 21200 5.4 460 11.9 9.00 X 10°°

454 0.30 31800 4.6 540 101 1.15x 10"
0‘2(5*’)
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Fig. 5. Peak broadening in three different reactors. Variance of ¢} plotted against mean
residence time m: (®) straight tube; (4) coiled tube; (=) SBSR.

Fig. 6. Peak height (in absorbance units) as a function of the mean residence time m;
symbols as in Fig. 5.

graphical presentations of the results. (Pe,)™ is plotted as a function of ReSc
in Fig. 8.

From the measurements in the straight tube with long residence time
(7, > 0.5) the value for the molecular diffusion coefficient D,, of potassium
permanganate was calculated by linear regression from eqn. (8): D, = (1.41 +
0.03) X 10 m? s!. This value of D,, corresponds to Sc = 700. All tabulated
values of 7, were calculated with this value for D,,. The transformation
factor D,,/R* equals 1.61 X 1072 (s™).
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DISCUSSION

Straight tubes

Taylor dispersion is observed for 7 > 0.5. When r, becomes smaller, con-
vective dispersion starts to dominate the dispersion process. Theory for a
purely convective case was given by Reijn et al. [1]. The transition region
(with the double peaks) is very complicated to describe mathematically.
From Fig. 7(a) it can be seen that w,e suddenly decreases at 7, = 0.3. The
transition region can also be detected from the discontinuous change in the
peak height (Fig. 6) at 7 = 0.3. The changes in w,, are less pronounced,
mainly because the diffusion process is more effective in the tail of the peak.

For f.i.a. the use of straight tubes is very impractical, but it is a convenient
tool for fast determinations of molecular dispersion coefficients, provided
that a 7, value of at least 0.5 is used (for the method, see also Huber and Van
Vught [26]).

Coiled tubes

The expected secondary flow effects are unambiguously demonstrated
under f.i.a. flow conditions. Reasonable agreement with the correlation of
Van den Berg et al. [12] (egns. 9 and 10) was obtained (Fig. 10). A possible
explanation for the deviations at high flow rates is the small value of 7 in the
present experiments (r <€ 1) whereas Van den Berg et al. had 7 > 1 in all their
experiments. Under f.i.a. conditions, the determination of D, is not possible
in a coiled tube because the values of DnSc!’? are too high. Tijssen [27]
stated that for negligible deviations from straight tube behaviour, Dn?*Sc
must be less than 30. In the present experiments the lowest value of Dc?*Sc
was 3600.
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Fig. 7. Peak width at (a) 60% of peak height (w, ) and (b) 10% of peak height (w,,)asa
function of the mean residence time m; symbols as in Fig. 5.
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Fig. 8. Inverse radial Peclet number (Pe,)” as a function of ReSc. Broken line represents
the Aris—Taylor dispersion theory. Symbols as in Fig. 5.

Fig. 9. Axial dispersion coefficient Dy, as a function of ReSe. Symbols as in Fig. 5.
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Fig. 10. Peak width reduction coefficient « as a function of DnSc'’2. Full line is the cor-
relation of Van den Berg et al. (eqn. 9).

Single bead string reactor

For this reactor the dispersion behaviour was quite constant over the
whole flow range as expected from the expression 2 < h < 4. The flow rate
was limited to f, = 1.5 ml min™ (Re, = 45). Above this flow rate, leakage in
the connections occurred because of the increased pressure. In a subsequent
study, details of the hydrodynamic and dispersion behaviour of the SBSR
will be presented. The peak height in the SBSR system was almost constant,
independent of the flow rate, as can be seen in Fig. 6. This feature seems
very advantageous for f.i.a.

Conclusion

The Aris—Taylor theory is valid in straight tubes only and provided that
the residence time is long enough. An experimental criterion for the mini-
mum required residence time was found to be 7 > 0.3. This value has to be
compared with the theoretical values r > 0.5 found by Lighthill [7] and



13

7 > 0.8 given by Ananthakrishnan et al. [8]. For coiled tubes the theory used
should take secondary flow into account. Van den Berg [28] and Tijssen
[29] have made valuable contributions to such theories.

In an attempt to fill the gap between open capillary tubes (coiled) and
columns packed with small particles as used in chromatography, the SBSR
was introduced [30]. The dispersion behaviour of this reactor was found to
be better than that of comparable straight or coiled tubes. From preliminary
experiments [30] the micromixing properties of the SBSR also appear to be
very promising. The logical extension to this work is a study of the influence
of chemical reactions on the dispersion; such a study is in progress.

The authors are greatly indebted to Dr. R. P. J. Duursma and Ing. H.
Steigstra for their aid in instrumentation and data processing and to Dr.Ir.H.C.
Smit for valuable discussions.
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SUMMARY

A simple flow-through system is described for collection of liquid samples into a
closed loop. This arrangement can be used for coulometric determinations by the strip-
ping method without previous calibration. The usefulness of the system is demonstrated
on the determination of manganese (ca. 10® M) in acetate buffer by cathodic stripping
voltammetry.

The demands for detectors in flow-through systems such as liquid chroma-
tography, flow-through analyzers, etc., have gradually led to modification of
classical electroanalytical techniques to unambiguous flow-through forms.
Compared with other electrochemical methods, the application of stripping
voltammetry has a distinct disadvantage in that the detection cannot be
carried out continuously; the method is, by nature, discontinuous. The
measuring period in which analytical data are obtained is always preceded by
a preparation period: deposition of the test substance, conditioning of the
electrode surface, and possibly deposition of a mercury film. However, the
high sensitivity of the method and its relative irreplaceability in analysis for
traces of heavy metals have led to this method being used successfully in a
number of cases for measurement in flowing liquids.

For example, the use of a tubular electrode permits treatment of large
solution volumes and thus attainment of high sensitivity in determinations
f1]. In contrast, if only small sample volumes are available, a rotating elec-
trode can be used; transport of the electroactive substance to this electrode
is very good even at relatively low flow rates [2, 3]. The anodic stripping
voltammetric method with collection [4] can be used in flowing systems,
similarly to the ring-disc method [5]; this system allows suppression of the
undesirable charging current, as in the differential mode of stripping voltam-
metry with a pair of identical electrodes [6]. Some new electrode materials,
such as reticulated vitreous carbon (RVC), can be used for stripping deter-
minations in flow-through arrangements; these materials permit construction
of porous flow-through electrodes, on which up to 100% material conversion
is attained under suitable conditions [7].

0003—2670/81/0000—0000/$02.50 © 1981 Elsevier Scientific Publishing Company
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The work described here was carried out in order to construct a flow-
through system which would allow simple collection of samples into a closed
liquid loop and determination of their components by stripping coulometry.

EXPERIMENTAL

A schematic diagram of the liquid flow circuit is depicted in Fig. 1. The
liquid flows through polyethylene tubes (1 mm i.d.) at a flow rate deter-
mined by a fivechannel peristaltic pump (Zalimp 304, Poland). An important
element, in addition to the electrolytic cell itself, is stop-cock 4, which is
made of plexiglas (body) and teflon (internal part). This stop-cock separates
the liquid circuit into two sections, the filling section and the working area.
In position 4a (filling), the two parts of the circuit are connected by the
filling channel in the stop-cock and the sample is drawn into the working
area. Any air bubbles are removed through an auxiliary channel in the stop-
cock (not shown). In position 4b (measuring) the filling and working parts are
separated and form two separate loops. Thus the separated amount of sample
can be treated without turning off the pump.

The body of the flow-through cell (Fig. 2), consisting of two parts joined
by clamps, is made of plexiglas. The working electrode is a glassy carbon rod
(40 mm long, 2.7 mm diameter; type GC 10, Tokai Electrodes, Japan)
placed in the central hole of the auxiliary tubular electrode made of spectral
carbon impregnated with paraffin. The diameter of the central hole is 3.1
mm and the electrolysis proceeds in an electrolyte layer about 0.2 mm thick.
Exactly central placing of the working electrode is ensured by two plexiglas

) —]
-

\ — I 1

2 KCI

Ag

=10
[]

dISeMe—
sample—»

Fig. 1. The liquid flow circuit for coulometric stripping analysis: (1) flow-through electro-
lytic cell (see Fig. 2); (2) reference electrode (see text); (3) pump; (4) stop-cock shown in
the filling position (4a) and during electrolysis (4b).
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Fig. 2. The electrolytic cell: (1) working electrode; (2) auxiliary electrode; (3) seals;
(4) top section of cell body; (5) bottom section of cell body. The arrows indicate the
direction of liquid flow,

cylinders, which have internal grooves for entrance and exit of liquid and are
fixed firmly at the ends of the auxiliary electrode. Escape of liquid around
the working electrode is prevented by rubber seals which are pressed onto
the electrode rod by a hollow screw which simultaneously forms the body of
a spring contact. The Ag/AgCl reference electrode (Fig. 1) is made from a
plastic hypodermic syringe, which is fitted at the tip with a porous ceramic
stopper and filled with saturated potassium chloride; this was found to be
very practical. Electrolytic contact with the liquid flow is ensured by a capil-
lary channel with a diameter of 0.13 mm (Fig. 1), from which any air
bubbles can be removed by gently pressing the syringe plunger. A classical
potentiostat and an electronic circuit for potentiostatic-galvanostatic work
in a three-electrode arrangement [9] were constructed from operational
amplifiers.

The supporting electrolyte was 0.1 M acetate buffer (pH 5.5), prepared
from analytical-grade chemicals. A stock solution (10™* M) of manganese(II)
sulphate (p.a.) was prepared and working solutions were made by appropriate
dilution.

THEORY
The discontinuous character of stripping voltammetry is a good reason for

the use of combined working techniques, where the substance to be deter-
mined is deposited during flow through a closed loop, previously filled from



18

the medium to be analyzed in an on-line system or from an individual vessel
with samples. In the establishment of optimal working conditions, it is neces-
sary to consider the rules valid for electrolysis in such an arrangement, where
the amount of substance deposited corresponds to the height of the stripping
current peak.

If the electrolysis is carried out with the flow-through electrolytic cell in
the loop position, then the concentration of the electroactive substance ¢ at
time ¢ from the beginning of the electrolysis is given by (c/c,), = Al, where
¢, is the initial concentration, exponent i corresponds to the number of flow
cycles of the solution through the cell, and A is the ratio of the concentra-
tions of the electroactive substance at the entrance to the electrolytic cell
and at its exit at an arbitrary moment during the electrolysis. Number i is
given by the relationship i = t0/V,, where U is the mean volume flow rate and
V, is the liquid volume in the closed loop. The decrease in the concentration
C., resulting from deposition of amount m, (in moles) on the electrode, can
be expressed by the height of the stripping peak I,, c. = m¢/V, = k1I,/V,,
and similarly ¢, = ky(I;)o/ Vi, where (1), is the peak height corresponding to
dissolution of the substance after complete deposition from volume V,. As
(¢/co)e= (1 —ce)/co, itisalso true that (c/co), = (1 —I,)/(I,)o and thus log A =
log [1 —Ip/(lp)O] Vi/tu.

This relationship yields the efficiency of the electrolysis during passage of
the solution through the flow-through cell, which generally depends on the
flow rate. If a dependence in the form A = 1 — k,i "is assumed [8], an
equation is obtained which allows characterization of the flow-through cell
by the values of constants k, and n, which can then be determined experi-
mentally from

log(l1—A)=logk,—nlogio (1)
The equation
(ele) = (1 — koo ") 1% (2)

then enables the degree of depletion of the electroactive substance to be
determined at an arbitrary time and under various experimental conditions
on the basis of the determined values of k, and n. The value of exponent n
can also be found from the height of the stripping peak in an open flow-
through system, where a fresh solution with a constant concentration of the
electroactive substance ¢, is fed to the entrance to the electrolytic cell. The
concentration of substance ¢ at the outlet from the cell is given [8] by the
relationship ¢, — ¢ = ¢4k, 07", where the decrease in the concentration can
again be expressed by the amount deposited on the electrode and found
from the height of the stripping peak: ¢, = m/V = k,I,/V, where V is the
volume of electrolyte treated, given by the value of the product to. Substitu-
tion leads to the relationship

1,/0 = teoh,0 " [k, = Bo ™" (3)
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which yields the value of n by plotting the ratio I,/0 vs. 7 on a logarithmic
scale for deposition for a constant time at various flow rates.

RESULTS AND DISCUSSION

The use of the simply constructed electrolytic cell without a separated
reference electrode ensures that the products of the anodic reaction are
accumulated in the solution volume during cathodic deposition on the
working electrode. The presence of these products affects the amount of
substance deposited and makes it practically impossible to deplete the solu-
tion completely. Thus a system which can be determined by cathodic
stripping voltammetry, the Mn?*/MnO, system [10, 11], was chosen to
demonstrate the usefulness of the proposed arrangement.

The volume of liquid required to fill the working compartment of the
liquid circuit was 0.9 ml and filling was done from a vessel with a volume of
at least 3.5 ml. A flow rate of 21.3 ml min™ was sufficient to fill the working
part of the circuit and to remove all bubbles in time periods of less than 10 s.
In Fig. 3, the dependence of the height of the stripping peak of manganese
dioxide on the electrolysis time at a potential of +1.0 V, in a circuit filled
with a 107® M solution of manganese(1I) salt in acetate buffer, is depicted by
points. The peak height is related to that corresponding to complete dep-
letion of manganese(Il) ions, here peak height (I,), after electrolysis for
9 min. The values of constants k, = 1.4 X 1072 ml¥? s"¥3 and n = 0.65 were
found, by using eqn. (1), from the determined dependence of the efficiency
of the electrolysis A on the flow rate in the range 1.2—30 ml min™. Measure-
ment in an open circuit according to eqn. (3) yielded the value n = 0.67, in
agreement with the assumed value [8] of n = 2/3. These constant values
were then employed to calculate the curve corresponding to complete elec-
trolysis for various volumes of treated solution. Figure 4 depicts the calcu-
lated dependence of the time necessary to achieve 95% (I,), in a volume of
V, at various flow rates. The efficiency of the electrolysis (A) generally
decreases with increasing flow rate. Here, for example, at a flow rate of 21.3
ml min™, only 4% of the substance is converted during flow through the cell,
whereas almost 20% is converted at a flow rate of 1.2 ml min™ . Nonetheless,
the use of a larger flow rate results in an increase in the rate of complete
electrolysis because of the increased number of times that the solution flows
through the cell per unit time. It is apparent from Fig. 4 that this effect is
not very marked at higher flow rates and that eventually an increase in the
flow rate tends rather to introduce problems connected with work at
increased pressures in the liquid circuit.

Coulometric determination of manganese

The technique based on quantitative deposition of all the material con-
tained in a closed loop allows determination by the stripping method with-
out prior calibration. This was confirmed by measurements on a set of
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Fig. 3. Calculated time course of complete electrolysis for £, =1.4 X 10" m1*? 573 and
n = 2/3 and various sample volumes V,: (1) 0.5; (2) 0.9; (3) 1.5; (4) 3 ml. The points
correspond to measured experimental values.

Fig. 4. Calculated dependence of the necessary time to achieve 95% conversion on the
sample volume for k, = 1.4 X 10°* mI*?, s72”® and n = 2/3 for various flow rates (in ml
min~'): (1) 3;(2) 12;(3) 21;(4) 30;(5) 39;(6) 48;(7) 57;(8) 66.

samples with manganese contents of 5 X 107"—5 X 107® M at a flow rate of
21.3 ml min™'. Because of the necessity of measuring the charge, a galvano-
static technique was chosen, using an apparatus which automatically counted
the transition times [12]. This apparatus requires the differentiated form of
the chronopotentiometric curve. The pulsing potential produced by the
peristaltic pump made it impossible to differentiate the E—t curve in the
classical manner, and so differentiation was achieved by measuring the dif-
ference between two subsequent values of the potential sampled synchron-
ously with the pump pulses [13]. Thus the charge corresponding to the
amount of deposited substance was found at a known value of the stripping
current. The samples were subjected to electrolysis for 5 min at a potential
of +1.0 V (cf. Fig. 4).

The concentration values found from Faraday’s law for the range specified
above generally differed from the expected values by less than 5%.

Conclusions

The proposed modification of the stripping voltammetric technique in
flowing systems is an approach that can be used for mass treatment of
chemically analyzed samples and for periodic collection of liquid samples
from the analyzed medium. Coulometry, carried out as described, permits
attainment of complete electrochemical conversion even when electrodes
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with relatively low efficiency are used, and thus determinations are possible
without the use of standard solutions. Galvanostatic stripping of the deposit
lends the required degree of selectivity to the coulometric procedure.

It can be expected that the use of a more complicated electrolytic cell
with separated electrodes would enable samples to be treated by the a.s.v.
method in the same manner.
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SUMMARY

Selective, multipurpose electrodes have been developed from the previously described
glucose electrode based on amperometric detection of hydrogen peroxide. Several single
or multi-enzyme systems, including galactose oxidase, cholesterol oxidase, glucoamylase
with glucose oxidase, and invertase with glucose oxidase, can be covalently bound to
collagen membranes and attached to a platinum anode for monitoring the hydrogen
peroxide generated. The probes allow fast and sensitive measurements of galactose, free
cholesterol and maltose. Analogous electrodes are convenient for the assay of sucrose and
lactose, with lower sensitivity. For disaccharide measurements, a comparative study of
membranes produced by random co-immobilization, stacking of membranes and asym-
metric coupling is reported. Asymmetric coupling improved the electrode performances
in every case. One enzyme membrane is readily replaced by another in the electrode con-
struction, and the sensors can be used for hundreds of assays.

Since the pioneering work of Katchalski and co-workers, enzyme immo-
bilization on various carriers has been extensively developed [1, 2] . Numerous
studies have been reported concerning the kinetic behaviour of bound
enzymes and the achievement of new enzymatic devices, such as enzymatic
reactors or analytical systems. Among the new analytical methods, enzyme
electrodes, which consist of an enzymatic reaction taking place near an
electrochemical sensor, appeared to be very promising [3]. Electrochemical
monitoring of the reaction (by amperometry or potentiometry) leads to an
attractive and reagentless technique, adaptable to numerous determinations
of clinical or industrial interest [4].

In this laboratory, a mild method of general use for surface covalent
binding of proteins on industrial collagen films has been developed [5, 6]
and successfully applied to the design of polymembrane reactors [7, 8)
and enzyme electrodes. In a first approach, such an electrode for trace
glucose determination has been designed [9}. The device consists of a
platinum anode which allows the detection of hydrogen peroxide at +650
mV vs. Ag/AgCl, KCl, covered by a collagen membrane bearing covalently
immobilized glucose oxidase catalyzing the oxidation of glucose according
to the reaction

0003—2670/81/0000—0000/$02.50 © 1981 Elsevier Scientific Publishing Company
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g-D-glucose + O, #ucose oxidase 3y slucono-§-lactone + H,0,

A compensating electrode mounted with a non-enzymatic collagen mem-
brane permits the detection of electrochemical interferences which can then
be subtracted. The enzyme electrode response was routinely found to be
proportional to glucose concentration in the range 1077—2 X 102 M. Such
performances, allowing determinations within more than four orders of
magnitude, led to an exploration of the possibility of obtaining a multi-
purpose electrode using the same basic amperometric sensor for hydrogen
peroxide, associated with various mono- or polyenzymatic collagen mem-
branes, provided that hydrogen peroxide was the final product to be detected.

EXPERIMENTAL

Chemicals

Glucose oxidase (EC 1.1.3.4, grade I, of fungal origin, 210 units mg™),
alcohol oxidase (EC 1.1.3.13, from Candida boidinii, 5 units mg™), mutarotase
(EC 5.1.3.3, from hog kidney, 5 000 units mg™), invertase (EC 3.2.1.26,
from yeast, 150 units mg™ of dry powder), $-galactosidase (EC 3.2.1.23,
from Escherichia coli, 30 units mg™) and peroxidase (EC 1.11.1.7, from
horseradish, 250 units mg™) were obtained from Boehringer, Mannheim.
Galactose oxidase (EC 1.1.3.9, type IV, from Dactylium dendroides, 140
Sigma units mg™; Sigma Chemical Co.) cholesterol oxidase (EC 1.1.3.6,
from Mycobacteria, 140 units ml™ in a Triton X-100 solution; Miles Labora-
tories, France) and glucoamylase (EC 3.2.1.3, 50 units mg™; Merck) were
obtained. These enzymes and all other reagents were used without further
purification. All other reagents were of the highest grade commercially
available. ABTS (*2,2'-azino-di-[ 3-ethylbenzthiazoline sulfonate] (6)) was
obtained from Boehringer, Mannheim. Lyophilized normal control sera
(Lyo-Trol N) were a gift from Bio-Mérieux, France. Each vial of serum was
reconstituted with distilled water before use.

Immobilization of enzymes on collagen membranes

Films of highly polymerized insoluble collagen (20 cm wide, 0.1 mm
thick in a dry state, F 70 type) were prepared in bulk quantities by the
Centre Technique du Cuir, Lyon, France. Pieces of the required area were
cut out from this crude film and activated as described previously {6] which
consists of three steps: acidic esterification with methanol, hydrazine treat-
ment, and formation of the acylazide with nitrous acid. After removal of all
excess of reagents by washing, the activated membrane was ready for enzyme
immobilization. Enzymes were linked by reaction with acylazide by direct
immersion of the activated membrane in the enzyme solution at an alkaline
pH [6]. In the case of a two-enzyme system, in addition to the random co-
immobilization procedure on both membrane faces, it is possible to perform
an asymmetric coupling, each enzyme being bound on only one face of the
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membrane [10]. Unless otherwise stated, the concentration of enzyme in
the coupling solution was 1.3 mg ml™. In every case, the coupling occurred
spontaneously during 2—4 h at 4°C. Each membrane was washed in 1 M
potassium chloride and stored in the buffer solution giving the optimal
stability for the enzyme system considered according to the available tech-
nical data [11]. In these conditions, the enzyme membranes can be kept for
years at 4°C without any leakage of enzyme. Thermal, operational and
storage stability and resistance to denaturing reagents have been tested on
enzyme collagen membranes. The proteinic environment provided by the
carrier appears to be very favorable for the bound enzymes [12].

Immeobilization for maltose electrode

Asymmetric coupling [10]. A special vessel was used into which 1 ml of
glucose oxidase solution (1.3 mg ml™?) in 0.2 M borate buffer, pH 9, was
poured. One face of the activated collagen membrane was laid on this enzyme
solution and to allow intimate contact between the membrane and the
enzyme during coupling, a slight suction was applied by means of a peri-
staltic pump. This produced a small depression into which 0.6 ml of gluco-
amylase solution in the same buffer (13 mg ml™?) was deposited. After
coupling, the glucose oxidase face was pressed against the platinum surface,
the glucoamylase face being exposed to the reaction mixture.

Random co-immobilization. In this case the coupling solution consisted of
1.3 mg of glucose oxidase and 13 mg of glucoamylase per ml in 0.2 M borate
buffer, pH 9. After coupling, both enzymes are randomly co-immobilized
on each face. Either face can be pressed against the platinum surface.

Two membranes stacked in the sensor cap. One membrane carried gluco-
amylase on both faces (coupling solution 13 mg ml™) and the other carried
glucose oxidase on both faces (coupling solution 1.3 mg ml™), the latter
being fitted directly to the platinum surface.

Apparatus and procedure
The enzyme electrode consisted of a platinum anode, the potential of
which was fixed at +650 mV vs. Ag/AgCl, 0.1 M KCl, associated with an
enzymatic collagen membrane maintained in close contact by a screwed cap.
The principle of the measurement is based on the general reaction

substrate + O, 249%%¢ product + H,0,

The hydrogen peroxide produced is oxidized to oxygen at the platinum disk
by the well known two-electron reaction.

In a typical experiment, the enzyme electrode is immersed in 20 ml of
the appropriate buffer (at 30°C) for optimal activity of the chosen enzyme
(Table 1). The electrode is allowed to equilibrate for 30 min and after a
baseline current is obtained electrode calibration is achieved by successive
additions of substrate. To cover a wide range of final concentrations for the
calibration graph, standard substrate solutions in the range 10*—10" M
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TABLE 1

Immobilized enzyme activities

Enzyme Buffer? Optimal substrate Specific
concn.? immobilized
activity
(nmol min™
em™?)°
Oxidases
Glucose oxidase 0.2 M Sodium acetate— 0.1 M Glucose 40—60
acetic acid, pH 5.5
Alcohol oxidase 0.1 M Sodium phosphate, 0.25 M Methanol <1
pH 7.4
Cholesterol oxidase Buffer—detergent solution, 3.7 x10™ M 2—3
pH 6.6 containing Cholesterol

0.3% Polyethylene glycol
0.4% Sodium cholate
0.3% Triton X-100
0.12 M NaCl
0.15 M K,HPO,
0.15 M KH,PO,
Galactose oxidase 0.1 M Potassium phosphate, 0.55 M Galactose 1520

pH 7.0

Disaccharidases

Glucoamylase 0.2 M Sodium acetate— 25 mM Maltose 50—150
acetic acid, pH 4.7

Invertase 0.2 M Sodium acetate— 75 mM Sucrose 3—5
acetic acid, pH 5.5

g-Galactosidase 0.1 M Potassium phosphate, 35 mM Lactose 70—80
pH 7.0

agelected from [11] and suppliers’ data. ®For maximal enzyme activity. ¢ Amount (nmol)
of substrate reacted per minute per cm? of enzyme membrane surface.

are used; to avoid a large variation of the final reaction volume substrate
additions of 5—100 ul are made. When the substrate is added to the buffer
solution into which the electrode is immersed, hydrogen peroxide is produced
and a current vs. time curve is recorded. A plateau is reached after a few
minutes corresponding to the steady-state response time. When this plateau
is reached, more substrate can be added to the same vessel, and so on. The
reaction mixture is renewed only after a number of additions (see below).

The tighter is the fit between the platinum surface and the enzyme mem-
brane, the shorter is the response time. With multienzyme systems the
response time is generally larger because of the relative V, /K, ratios of the
enzymes and diffusional limitations. In order to obtain a reliable value in a
shorter time a differentiating amplifier was used, and di,/d¢ = f(t) was
recorded simultaneously with i, = f(¢). A peak was obtained and its height,
the dynamic response, which was proportional to the substrate concentra-
tion, was measured (Fig. 1). This response was obtained within 1 min.
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When electrochemical interferences may occur in biological fluids, a
compensating electrode mounted with a non-enzymatic collagen membrane
is also used and the interfering current (i,) is also recorded. A differential
current amplifier allows the measurement of (i, — i,). i.e. measurement of
the enzymatically generated hydrogen peroxide, and then d(i, — i,)/dt.
As tested with a glucose oxidase membrane as a model, successive substrate
determinations are possible, provided that the steady-state current is obtain-
able without washing out the reaction mixture. The number of determina-
tions possible between washings depends on the concentration in the added
sample solutions; at the upper limit of linearity of the calibration graph, the
current increase on successive additions is no longer proportional to the
increase of substrate concentration in the medium and the buffer in which
the electrode is immersed must be renewed. These electrodes were used with
the same membrane for months with periodic calibration.

Electrodes and electronics (PRGH5 polarograph, Derivol differentiating
amplifier and Deltapol differential current amplifier) were from Solea-
Tacussel and recorders were from Sefram, France.

Measurement of membrane enzyme activities

Membrane enzyme activities were determined by either spectrophotometric
or electrochemical procedure.

Spectrophotometric determination. This method was used for the measure-
ment of disaccharidase activities (glucoamylase, invertase and g-galactosidase).
The immobilized disaccharidase catalyses the reactions

disaccharide + H,O

The reaction was initiated simply by dipping the enzymatic membranes into
9 ml of the suitable buffer [11] containing the disaccharide at optimal
concentration (Table 1). The reaction mixture was carefully thermostated
at 30°C and continuously stirred, while 0.2-ml aliquots were withdrawn
every minute for 4 min. The glucose formed was measured by the use of two
auxiliary soluble enzymes and a chromogenic reagent [13]

disaccharidase
——% glucose + -ose

glucose oxidase
pisshihduti st

g-D-glucose + O,

H,0, + (ABTS)eq 2252495 (ABTS),, + H,0

B-D-glucono-é -lactone + H,0,

Glucose was determined by adding 0.8 ml of the glucose oxidase—peroxidase—
ABTS reagent and measurement of the dye absorbance at 420 nm after 30
min. A calibration graph using glucose standard solutions was obtained in
the same way at the same time.

Electrochemical determination [14]. This method was used for the
measurement of oxidase activities. In this case, the electrode was mounted
with a membrane not containing enzyme. It was immersed in 20 ml of
reaction mixture at 30°C, containing the appropriate buffer and the sub-
strate at optimal concentration (Table 1), under constant magnetic stirring.
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Fig. 1. Typical recording of steady-state (s) and dynamic (d) responses of the enzyme
collagen electrode. After stabilization of the baseline current (b}, a portion of substrate to
be determined (here, 2 X 107 M glucose) is injected into the medium (i) and the current
is recorded.

Fig. 2. Calibration graphs and response times for a maltose electrode with asymmetric
glucoamylase/glucose oxidase collagen membrane. Calibration graphs correspond to the
steady-state current (o) and the dynamic response (= ). Response times vs. log [maltose] are
plotted for steady-state () and dynamic (hatched area) signals. Other conditions as in
Table 1.

After equilibration, the reaction was started by dipping into the reaction
mixture a piece of active film. Hydrogen peroxide produced was oxidized at
the platinum disk and the current obtained recorded vs. time. Since hydrogen
peroxide is constantly increasing in the bulk phase, a linear variation of
current is recorded, and after calibration of the electrode with hydrogen
peroxide, the activity of the bound oxidases is determined.

RESULTS AND DISCUSSION

After the coupling of enzymes had been achieved, the activities of enzyme
membranes were determined as described above. These activities are given in
Table 1.

Monoenzyme electrodes
Three monoenzyme systems were tested, each of them producing hydrogen
peroxide

galactose + O,
cholesterol + O,

alcohol oxidase
alcohol + Q, &2 2778

galactose oxidase
caaelose Rmaw

galactohexodialdose + H,0,
cholesterol oxidase A“-cholestenone-3 + H202

aldehyde + H,0,

Response to galactose. Galactose oxidase, as demonstrated by Avigad
et al. [15], is not specific for galactose but also oxidizes galactosides (such as
lactose and raffinose) and polysaccharides containing galactose end-groups.
However, when interfering sugars are not present, galactose determination
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with such an enzyme is possible. The electrode was mounted with a galactose
oxidase membrane and its calibration done by injection of galactose solutions.
A steady-state response was obtained after 5—6 min and a dynamic response
in 1 min. The lowest galactose concentration detected was 5 X 1077 M. The
sensor exhibited calibration linearity from 5 X 107—6 X 10™ M. Above the
latter value, a response was still obtained but the current increase was no
longer proportional to the galactose concentration. Similar calibration graphs
were obtained with the previously described glucose electrode with linear
ranges of 1072 X 1073 M, the upper limit corresponding to the Michaelis
constant of the immobilized enzyme [9]. The slope of the calibration curve
was in the range 1—3 mA M™ depending on the membrane activity.

Very few studies have been reported concerning galactose determinations
with enzyme electrodes. Taylor et al. [16] described the use of galactose
oxidase bound to a cellulose acetate membrane by glutaraldehyde and the
amperometric detection of hydrogen peroxide. Their electrode could detect
galactose at least up to 2.8 X 102 M, but the lower limit was not stated
precisely.

Response to free cholesterol. In a similar way, a free cholesterol electrode
has been designed using cholesterol oxidase bound to a collagen membrane
[17]. Cholesterol was detected at a very low concentration, such as 1078 M,
and the calibration graph was linear over the range 10778 X 107° M. The
steady-state response was obtained after 3—5 min whereas the dynamic
response was a maximum within 1 min. Because of the great selectivity of
cholesterol oxidase (only 3-f-sterols with a double bond in the A® or A*
position are oxidized [18]) only electrochemical interferences have to be
considered. The use of the differential system with the non-enzymatic
compensating electrode enables the frue response to cholesterol to be
ascertained.

This electrode was used for free cholesterol determination in reconstituted
human serum and exhibited good accuracy and reproducibility. Repeated
(10) additions of 10 ul of serum to the reaction mixture gave an average
serum level of free cholesterol of 1.46 X 107* M (with a standard deviation of
0.28 X 1073 M), which was within the range (0.7—1.8 X 107 M) quoted by
the supplier. Depending on the membrane activity, the slope of the calibration
curve was 2—4 mA M. Satoh et al. [19] have described a free cholesterol
electrode giving a linear relationship up to 2 X 10™ M of free cholesterol in
serum. Huang et al. [20] have used immobilized cholesterol ester hydrolase
and cholesterol oxidase for the amperometric determination of total
cholesterol in serum. Their calibration graph for total serum cholesterol was
linear from O to 5 g 17!,

Response to methanol. Although alcohol oxidase catalyses the oxidation
of many primary alcohols to the corresponding aldehydes, methanol is the
best substrate. Therefore one could expect to produce a convenient electrode
for this compound. However, an electrochemical response was obtained for
methanol in the absence of enzyme. Furthermore, the enzyme membrane
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exhibited a very low activity (1 nmol min™ c¢m™). Guilbault and Lubrano
[21], describing an amperometric enzyme electrode with alcohol oxidase,
used the enzyme in solution, because the insolubilized enzyme had an activity
too low to be useful in enzyme electrodes.

Multienzyme electrodes

The detection of several species by an enzyme electrode needs two or
more enzymes. The compound to be determined is the substrate of the first
enzyme of the sequence; one of the final products must be hydrogen
peroxide. Most of the multienzyme systems described have had the enzymes
randomly co-immobilized in a gel or on a membrane [22—24]. In addition
to random co-immobilization, two other possibilities are considered here:
stacking of several collagen membranes, each of them bearing a different
enzyme and coupling of a different enzyme to each side of the membrane, a
technique recently developed in this laboratory [10] (asymmetric coupling).

Two-enzyme electrode for maltose determination. Glucoamylase mainly
hydrolyses «-1,4-glucan linkages in polysaccharides, removing successive
glucose units from the non-reducing ends of the chains. In the case of
maltose hydrolysis, two glucose units are released, which are oxidized in
the presence of glucose oxidase. Several collagen membranes, chemically
activated under the same conditions, were tested for maltose assay, using
three different modes of enzyme co-immobilization: asymmetric coupling,
random co-immobilization and two membranes placed one on the other.
Calibrations for maltose were achieved with the three types of membrane
electrodes. Their main characteristics are compared in Table 2 and a typical
calibration curve obtained with an asymmetric membrane is given in Fig. 2.
In this case, as for the other enzyme electrodes, the detection limit is defined
as the lowest concentration which gives a detectable current (0.5 nA, here).
As is well known, generally accepted conventions for expressing the per-
formances of such sensors at the lower detection limit are not available,
As shown in Table 2, the detection limit was 1.25 X 107 M and the response
was linear up to 107 M.

TABLE 2

Two-enzyme electrodes for maltose determination

Membrane? Membrane activity Maltose determination
GOD GA Detection Linear Slope Response time (min)
(nmol (nmol range range (mA M™H Steady- D :
min“t cm™, min"'em2, (M) (M) statz ¥ ynamic
glucose) maltose)

Asymmetric 40 146 1.25 X 1077to 1.25 X 107to 4.3 2-~22 2—3

GA/GOD 4 X103 1 X103

Co-immobilized 44 94 1.25x 107to 1 X 10%to 4.1 2—20

GA + GOD 7 X 1073 2 X103

Membrane GA + 63 48 3.75X 107to 1X 107 to 3.3 2—22 23

membrane GOD 4% 107? 1X 103

2GOD, glucose oxidase; GA, glucoamylase.
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A two-enzyme electrode for the determination of maltose using magnetic
enzyme membranes and a pO, electrode was described by Cordonnier et al.
[22]. Although the maximum linear range was not precisely stated, linearity
was obtained from only 0.5 X 1073—2 X 107 M according to the reported
calibration curve.

Three-enzyme electrode for sucrose determination. Amperometric deter-
mination of sucrose needs the use of three enzymes. The reaction sequence is

invertase

sucrose + H,O a-D-glucose + fructose

mutarotase
a-D-glucose —————— B-D-glucose
(and spontaneous)

glucose oxidase
i

g-D-glucose + O, B-D-glucono-§ -lactone + H,0,

A sucrose electrode was composed in three different ways: co-immobilization
of invertase and glucose oxidase on the same collagen membrane (both faces);
asymmetric coupling with invertase and mutarotase co-immobilized on one
face, and glucose oxidase on the other; or of mutarotase and glucose oxidase
co-immobilized on one face and invertase on the other,

Calibration curves were obtained for the three systems. Asymmetric
coupling permitted better sensitivity than random co-immobilization (Fig. 3).
The steady-state response was obtained in 8—12 min for asymmetric coupling,
whereas it took about 30 min for the random co-immobilization electrode.
The detection limits linear ranges and slopes of the calibration curves for the
three systems are compared in Table 3. The addition of mutarotase, either
soluble (2500 units) in the sensor cap or immobilized in the asymmetric
systems does not significantly affect the response or the linear range.

The sucrose electrode was less sensitive than that for maltose. However,
this device, especially when asymmetric membranes were used, had a wider
linear range than the electrode described by Cordonnier et al. [22] (estimated
linear range 1.4 X 103—1.4 X 102 M). The present results are similar to
those of Satoh et al. [23] (linear range 1 X 10™—2.5 X 10 M) who combined
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Fig. 3. Calibration graphs for the sucrose electrode using asymmetric membranes. (o) Glu-
cose oxidase and mutarotase are bound to one face, and invertase to the other. («) Glu-
cose oxidase is bound to one face, and mutarotase and invertase to the other. Steady-state
current is measured. Other conditions as in Table 1.
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TABLE 3

Characteristics of sucrose electrode for different types of immobilization on collagen
membranes (GOD, glucose oxidase; MUT, mutarotase; INV, invertase)

Immobilization procedure Detection  Linear range Slope of calibration
limit (M) (M) graph (mA M™)

Random co-immobilization 6x 1073 6x 10°—1.5x%x 107 6.4 x 107
INV + GOD

Asymmetric coupling 25X 10" 1x103-3x 107 1.1x 107
(INV + MUT) + GOD
Asymmetric coupling 1x10* 1x10™—2x 107 6.9x 103

INV + (MUT + GOD)

invertase and glucose oxidase co-crosslinked on a collagen membrane and
detected dissolved oxygen by amperometry. Barker and his group [24]
developed enzyme electrodes for the determination of sucrose and amylose
using the technique of titanium tetrachloride coupling on glass disks with
invertase and glucose oxidase. A linear response was thus obtained in the
range 0.1—1.0 mmol of sucrose.

Two-enzyme electrode for lactose determination. Lactose is hydrolysed to
galactose and glucose in the presence of §-galactosidase. To obtain hydrogen
peroxide as the final product glucose oxidase was chosen because it does not
react with lactose and galactose. Calibration curves were obtained for lactose in
two different systems: one with two membranes stacked in the sensor cap, one
bearing §-galactosidase, and the other with a membrane with g-galactosidase
on one side and glucose oxidase on the other side, facing the sensor (Fig. 4).
The main characteristics of both lactose electrodes are compared in Table 4.
Asymmetric coupling gave the better performances but the detection limit
was rather high (3.5 X 10 M) and the linear range narrow. The slope was
low compared to those obtained for other electrodes based on hydrogen
peroxide measurement, even the two-enzyme system for maltose (Table 2).

100

i (nA)

50+

5 A 1

0 i 2 3

Lactose {mM)

Fig. 4. Calibration graph for lactose electrode based on an asymmetric g-galactosidase/
glucose oxidase membrane. Steady-state current is measured. Other conditions as in
Table 1.
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TABLE 4

Characteristics of lactose electrode for different types of membranes (GOD, glucose
oxidase; g-gal, g-galactosidase)

Immobilization Detection limit  Linear range Slope Steady-state

procedure (M) (M) (mA M) response
time (min)

Stacking of g-galand 3.5 x 107 Non-linear 25—50

GOD membranes in

the sensor cap

Asymmetric 3.5 X 107 6.7 X 105—1 x 10 0.03—0.35 4—10
coupling

CONCLUSIONS

The uses of the previously described glucose electrode based on ampero-
metric detection of hydrogen peroxide [9] have been extended to the deter-
mination of various other species. The same basic electrochemical sensor,
when associated with collagen membranes bearing different enzymes, leads to
simple and reagentless methods for the determination of various substrates.
Galactose, cholesterol, maltose, sucrose and lactose can be determined in
this way, but other species able finally to yield hydrogen peroxide through
a specific enzyme sequence, should be measurable by this method. Electro-
chemical interferences can be detected by a non-enzymatic electrode and the
current subtracted, providing an accurate measurement of the hydrogen
peroxide generated enzymatically.

For the determination of disaccharides, asymmetric coupling, recently
developed in this laboratory [10], gave the best electrode performances,
i.e., higher sensitivity and wider linear ranges. As previously emphasized
by other authors, when multienzyme systems are used, the substrate for each
enzyme may interfere [24]. In the present study, disaccharide electrodes
were tested in glucose-free media. If glucose is present in the sample, its
determination must be included in the overall procedure.

Few multienzyme electrodes have been described so far [21—24}. When
proper comparisons can be made, i.e. when the detection limit is clearly
indicated, and not merely stated as zero, the enzyme—collagen electrodes
generally have a wider useful concentration range. For example, a range of
4 orders of magnitude was obtained with the glucoamylase—glucose oxidase
system for maltose determination.

The enzyme electrode systems described here present numerous advantages
arising from the collagen membranes themselves. Enzymatically active
collagen disks which are placed close to the platinum anode allow the
substitution of an active membrane by another in a few minutes. Further-
more the mechanical strength of these membranes is excellent and numerous
assembling and disassembling procedures can be undertaken without damage.
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For example, glucose oxidase collagen membranes could be used periodically
for more than 500 assays within 300 days and even stored mounted in the
electrode at room temperature (20—22°C). g-Galactosidase was found to be
more sensitive to denaturation, losing 75% of its activity within one week.
But it must be emphasized that even when the enzyme activity of the
membrane decreases, leading to a decrease in the slope of the calibration
graph, the linearity is retained and measurements remain possible. All these
properties permit the construction of multipurpose enzyme electrodes which
are very convenient for numerous routine assays that are normally time- and
reagent-consuming,

The authors thank the DGRST for financial support (grant EGC 77-7-1617)
and B. Duclot and E. Frey for skilful assistance. This work is part of the
Docteur-Ingénieur thesis of C. Bertrand, Lyon, 1979,
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SUMMARY

The coenzyme pyridoxal-5'-phosphate (PLP) is determined by in situ measurement
of the rate of ammonia production using a potentiometric gas-sensing membrane elec-
trode. It is shown that the initial rate of ammonia liberation from L-tryptophan by action
of tryptophanase apoenzyme and the coenzyme can be linearly related to PLP levels in
the nanogram range with minimal interference from related compounds. Calibration data
for the 1 X 10°7—2.5 X 10* M range for PLP yielded a least-squares equation of rate
(mV min™?) = (0.64 + 0.01) C — 0.01 + 0.02 with a standard error of 0.02 mV min™,
where concentration, C, is expressed in units of 10°7 mol 1",

Vitamin By is a dietary constituent required for proper nutrition. In con-
trast to the great majority of vitamins, no pathological or clinical conditions
in human beings can be directly related to its deficiency; however, the
various members of the vitamin B, group and their derivatives are known to
owe their vitamin activity to the ability of the organisms to convert them
into the enzymatically active form pyridoxal-5'-phosphate (PLP) whose level
is a characteristic manifestation of vitamin deficiency [1]. Several methods
have been reported for the determination of PLP, but most of these suffer a
lack of selectivity [2]. The most sensitive and selective methods are those
based on the role of PLP as coenzyme in enzymatic reactions involving gluta-
mic oxalacetic transaminase [3], tyrosine decarboxylase [4] and tryptophan-
ase [B] apoenzymes.

Determinations of PLP by currently used methods based on tryptophanase
apoenzyme [5—9] are based on the ability of PLP to restore the activity of
tryptophanase apoenzyme for the degradation of tryptophan substrate fol-
lowed by measurement of either indole [5—7] or pyruvate [5, 9] products.
Extraction of indole followed by reaction with p-dimethylaminobenzaldehyde
(Ehrlich’s method) and reaction of pyruvate with 2 4-dinitrophenylhydrazine
to form chromogenic adducts has been employed in all the available spectro-
photometric methods. However, these procedures are applicable to con-
centrations of PLP higher than the microgram level and involve several
manipulation steps resulting in low recoveries and poor precision.

20n leave from Ain Shams University, Cairo, Egypt.

0003—2670/81/0000—0000/$02.50 © 1981 Elsevier Scientific Publishing Company



36

In an attempt to increase the sensitivity of these methods to cover the
measurement of PLP at the nanogram level, radioactive and chromogenic
substrates have been suggested. Reaction with radiolabeled tryptophan,
removal of the excess by ion exchange, extraction of the radioactive
pyruvate product as hydrazone, centrifugation, drying and activity counting
have been described [10, 11]. A chromogenic substrate (S-o-nitrophenyl-L-
cysteine) was also used [12] instead of tryptophan to permit direct spectro-
photometric measurement of its degradation product (o-nitrothiophenolate).
These methods, however, involve several time-consuming reaction and
separation steps, preparation of the substrate [12] and the use of radioactive
reagents and sophisticated instruments [10, 11}.

In this paper, a simple, precise and rapid approach is described for deter-
mining PLP in concentrations as low as the nanogram level, by following the
rate of the reaction of tryptophan with tryptophanase apoenzyme as a func-
tion of PLP concentrations. A novel aspect of the present procedure is the in
situ potentiometric measurement of the initial rate of ammonia liberation
using the ammonia gas-sensing electrode.

EXPERIMENTAL

Apparatus and reagents

The reaction was conducted in a 20-ml double-jacketed cell thermostatted
at 30 £ 0.1°C by a Haake Model MF Magnibath. Potentiometric measure-
ments were done with an ammonia gas sensor (Orion Model 95-10) and a
Corning Model 12 Research pH-meter. The readings were recorded with a
Heath-Schlumberger chart recorder (Model SR-255B).

All chemicals used were reagent grade and freshly deionized ammonia-free
water was used to prepare all solutions.

Tryptophanase apoenzyme (80 U mg™ protein) from E. coli, pyridoxal-5'-
phosphate (PLP), pyridoxal hydrochloride, pyridoxamine-5'-phosphate
hydrochloride, pyridoxine hydrochloride and pyridoxamine dihydrochloride
were obtained from Sigma Chemical Co. (St. Louis, MO). Tryptophanase
apoenzyme working solution (2.5 mg ml™) was prepared by dissolving 12.5
mg of the apoenzyme in 2 ml of 0.1 M Tris-HCI buffer of pH 8.1 containing
0.1 M KClI and dialyzing the solution in a cellophane bag for 7—10 h at 4°C
against 2000 volumes of the same buffer, The contents of the bag were made
up to 5 ml with the buffer and kept in crushed ice during measurements. The
enzyme solution was freshly prepared daily and used directly. L-Tryptophan,
2 X 102 M at pH 8.1, was prepared by dissolving 0.408 g of L-tryptophan in
about 50 ml of deionized water, and 0.1 M KOH was added dropwise to
adjust the pH. The solution was then filtered and made up to 100 ml with
deionized water. Pyridoxal-5'-phosphate (PLP) stock solution, 107 M, was
prepared by dissolving 2.74 mg of PLP in 100 ml of deionized water, and
kept refrigerated in the dark. Working solutions were prepared by 10-fold
and 100-fold dilution from the stock solutions prepared freshly each day.
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Procedure

A series of 10—100-ul aliquots of 10® M PLP standard solution (27-270
ng ml™) was transferred to the 20-ml thermostatted reaction cell containing
a small teflon-covered spinbar. The tryptophanase apoenzyme working solu-
tion (100 ul, 2.5 mg ml™) was added and the total volume of the solution
was made up to 1.8 ml with the 0.1 M Tris-HCI buffer containing 0.1 M KCIl.
After stirring, the ammonia gas sensor was immersed in the solution and the
potential was allowed to reach a stable reading (15 min). The recorder speed
was then adjusted to 0.1 in. min™ and a 200-u1 aliquot of 2 X 10 M L-tryp-
tophan solution of pH 8.1 was added to initiate the reaction. The response
curves were recorded and the maximum initial rate of potential change
(mV min™) was determined. A blank experiment was done under identical
conditions but without PLP. The initial rate was plotted as a function of PLP
concentration in the range 10—135 ng ml™ . Lower PLP concentrations were
determined by following the same procedure, but with the use of 300 ul of
the apoenzyme working solution, 10~100-ul aliquots of 10°® M PLP (2.7—
27 ng ml™) and 350 ul of 2 X 102 M L-tryptophan.

RESULTS AND DISCUSSION

The rate of ammonia liberation from excess of L-tryptophan by the action
of tryptophanase apoenzyme as a function of PLP coenzyme (reaction 1)
was effectively followed by using the ammonia gas sensor. The conditions
were optimized to attain maximum reaction rates suitable for accurate
potentiometric determinations of low Ievels of PLP.

CHy, —— CH —— COOH + H,0 + CHz COCOOH + NH3 eh]
| i | Tvyp?ophanose
NH? apoenzyme
N 4

H
Under the optimum reaction conditions (see below), PLP catalyzed the
cleavage of L-tryptophan with a 10°-fold amplification in terms of ammonia
production. The concentrations of ammonia released by the action of PLP at
levels as low as 10® M were in the 107*—10" M range which is conveniently
within the detection range of the ammonia sensor.

Reaction conditions

A preliminary investigation of the commercially available tryptophanase
apoenzyme showed considerable contamination by ammonium salts. Com-
plete elimination of the ammonia background was satisfactorily attained by
dialysis at 4°C for 7—10 h using Tris-HC1 buffer of pH 8.1 containing 0.1 M
KCI. The presence of high potassium concentration was necessary to stabilize
and activate the purified apoenzyme.

The effect of the purified apoenzyme concentrations on the rate of the
reaction of 2.5 X 1077 M PLP and 2 X 107> M L-tryptophan in a total volume
of 2 ml of 0.1 M Tris-HCI buffer of pH 8.1 at 30°C was investigated. The
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results (Fig. 1) showed that 0.25 mg of the enzyme was sufficient for the
release of ammonia at a detectable rate by 2.5 X 10°—107 M PLP in the
presence of excess of substrate. Moreover, an increase of the enzyme con-
centration to 0.8—1 mg was sufficient for substrate cleavage and ammonia
liberation in the presence of as little as 10 M PLP.

The concentration of L-tryptophan substrate required to saturate 0.25 mg
of the enzyme in the presence of 2.5 X 107 M PLP in 2 ml of 0.1 M Tris-HCI
buffer (pH 8.1, 30°C) was 1.5 X 1073 M (Fig. 2). A Lineweaver-Burk plot of
the reciprocal of initial reaction rate vs. substrate concentrations revealed a
K,, value of 0.33 X 107 M (Fig. 3) compared with the values of 0.32 X
107° M [13], 0.33 X 10> M [14] and 0.25 X 10™* M [6] obtained by other
workers. A 2 X 107 M concentration of tryptophan was used throughout
this study.

The temperature dependence of the reaction in the range 25—40°C was
investigated by measuring the initial rate of ammonia liberation from 2 X
107% M L-tryptophan using 0.25 mg of tryptophanase apoenzyme and 2.5 X
107 M PLP in 2 ml of 0.1 M Tris-HCI buffer (pH 8.1). A 10°C increase in
temperature increased the reaction rate 1.3 times (Fig. 4). However, fluctua-
tion of the potential readings and slow attainment of the steady readings
(>30 min) by the electrode system were observed at temperatures higher
than 30°C. Thus, the reaction was conducted at 30°C to allow fast and stable
potential response.

The effect of pH in the range 7—8.5 on the reaction was examined by fol-
lowing the initial rate of ammonia released from the reaction of 2.5 X 107 M
PLP, 0.25 mg of the apoenzyme and 2X 1073 M L-tryptophan in 2ml of 0.1 M

.[E 1.6+ /o/)—”" _?

E =

N L E

E z

w 12 E

b s

= b

b o

= o8- z

z =

= z

0.4}
I " 1 1 H i i A i 2
0.12 0.24 0.36 1.0 2.0 X10™3

ENZYME (mg/2ml) TRYPTOPHAN (M)

Fig. 1. Effect of tryptophanase apoenzyme concentration on the rate of the reaction of
2.5 x 107 M PLP and 2 x 107® M L-tryptophan at pH 8.1 and 30°C.

Fig. 2. Effect of L-tryptophan concentration on the rate of the reaction of 2.5 X 1077 M
PLP and 0.25 mg of tryptophanase apoenzyme at pH 8.1 and 30°C.
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Fig. 3. Lineweaver-Burk plot of 1/S vs. 1/V for the deamination of L-tryptophan using
0.25 mg of tryptophanase apoenzyme and 2.5 X 107 M PLP at pH 8.1 and 30°C.

Fig. 4. Effect of temperature on the rate of the reaction of 2.5 x 107 M PLP, 0.25 mg of
fryptophanase apoenzyme, and 2 X 10"®* M L-tryptophan at pH 8.1,

Tris-HCI] buffer solutions at 30°C. The results showed that the reaction pro-
ceeded with reasonable efficiency over this pH range with a maximum rate
(1.6 mV min™) at pH 7.8—8.2. Since the increase in pH improves the detec-
tion limit and expands the measurement range of the ammonia gas sensor,
the present study was conducted at pH 8.1.

The effect of preincubation was investigated by following the initial rate
of ammonia liberation by three parallel series of experiments using identical
concentration of the reactants (2.5 X 1077 M PLP, 0.25 mg of apoenzyme,
and 2 X 107 M L-tryptophan) at pH 8.1 and 30°C. In the first series, PLP
and the apoenzyme were incubated until a steady potential reading was
reached (ca. 15 min); then tryptophan substrate was added to initiate the
reaction. The second set of experiments was conducted by initially incubat-
ing the substrate and the apoenzyme followed by addition of PLP after
attainment of a steady potential reading. The third set was carried out by
incubating PLP and tryptophan to constant potential readings, and then
adding the apoenzyme. The results showed that the initial rate obtained in
the first set of experiments was two and three times those rates obtained in
the second and third series of experiments, respectively. 1t is thus apparent
that the association of the apoenzyme and PLP coenzyme to form the
holoenzyme by preincubation for 15 min at 30°C prior to reaction with the
substrate significantly affects the initial reaction rate. A further increase of
the incubation time to 40 min did not change the reaction rate.
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Determination of PLP

Pyridoxal-5'-phosphate in the concentrationrangeof 1X 107—2.56X10° M
was satisfactorily determined by using 0.25 mg of apoenzyme and 2 X 107> M
tryptophan substrate at pH 8.1 and 30°C. Under these conditions, a linear
relationship between the PLP concentration and the initial rate of ammonia
liberation (mV min™) was obtained. Least-squares statistical evaluation of
the data yielded a value of 0.64 = 0.01 for the slope of the calibration curve,
an intercept of —0.01 + 0.02, and a standard error of 0.02 mV min™. The
mean standard deviation, calculated from the repetitive assay of ten samples
with 25 ng PLP ml™, was +2.5%.

Even lower PLP concentrations, in the 1 X 10%—2.5 X 1077 M range, were
determined under conditions where the apoenzyme and substrate concentra-
tions were increased 3—4 and 2 times, respectively. A linear relationship
between the PLP concentration and the initial rate of ammonia liberation
was also obtained under these conditions. The slope of this calibration curve
was 0.66 £ 0.01 with an intercept of 0.1 + 0.1 and a standard error of 0.02
mV min™. A precision of +5.7% was obtained for determinations at the 5 ng
PLP ml™. These concentration ranges would accommodate the low levels of
PLP found in biological materials [15—17].

The selectivity of the method was demonstrated by measuring the rate of
ammonia liberation at PLP levels of 25 ng ml™? in the presence of other
members of the vitamin B4 group and their phosphate derivatives. No inter-
ferences were noticed in the presence of 100-fold amounts of pyridoxal
hydrochloride, pyridoxamine-5'-phosphate hydrochioride, pyridoxine hydro-
chloride, pyridoxamine dihydrochloride, phosphate or sulphate ions.

The present method, which incorporates elements of earlier methods that
employ fryptophanase apoenzyme, has many inherent advantages over most
of the available procedures. Apart from its simplicity, selectivity, precision,
and rapidity, few manipulation steps are involved owing to the in situ
measurement of the ammonia. The limit of detection is lower than that
obtained by the spectrophotometric methods [4, 6—8] and almost as good
as that obtained by radiometric procedures [10, 11]. The assay time is about
a quarter of that required by the other techniques.

We gratefully acknowledge support of this work by grant GM-25308 from
the National Institutes of Health.
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SUMMARY

The guanine electrode is based on guanase used with an ammonia gas-sensing membrane
electrode; immobilization of the enzyme is optimized. Guanine in the range 10*—102 M
gives a linear potential vs. log(concentration) plot with a response time of 4—1.5 min
over the range specified. Guanase (0.12—12 LU. 1) is determined in serum by adding
guanine to the sample, and measuring the ammonia evolved with the gas-sensing electrode.
Results compare favourably with the xanthine oxidase method.

Much attention has recently been given to the development of specific
biosensors for various substrates of biomedical and biochemical interest by
using immobilized enzymes in conjunction with potentiometric ion- or gas-
sensing membrane electrodes {1, 2]. The possibility of devising enzyme—
substrate sensors employing deaminating enzymes for the determination of
various nucleotides has been explored [3], and the utility of ammonia gas-
sensing electrodes in the determination of adenosine deaminase has been
reported [4]. Such potentiometric sensors for purine compounds have not
previously been described, despite the important role of these compounds
in biochemical processes.

Selective methods for the determination of guanine have been based on
polarographic [5], spectrophotometric [6] and gas chromatographic tech-
niques [7]. Attention has also been given to estimation of the activity of
serum guanase (guanine aminohydrolase) because it is a sensitive index of
hepatic cell necrosis [8, 9]. Most of the proposed procedures are time-
consuming and expensive [9—12].

This paper describes the development and evaluation of an immobilized
guanase probe for guanine monitoring. The optimum operating conditions
were established to ensure linearity and maximum slope of the calibration
graph and minimum response time. Guanine was determined with this
electrode in the range 10™—10"2 M. A potentiometric method was developed
for the determination of guanase activity in human serum by using an
ammonia gas sensor. The results obtained compare favorably with those
obtained with the conventional xanthine oxidase method.

0003—2670/81/0000—0000/$02.50 © 1981 Elsevier Scientific Publishing Company
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EXPERIMENTAL

Apparatus

An Orion Model 95-10 ammonia gas-sensing electrode was employed in
construction of the enzyme electrode. Potentials were measured with a
Corning Model 12 pH/mV meter connected to a Heath-Schiumberger SR-255
B strip chart recorder. All measurements were done in a thermostatted cell
at 37+ 0.2°C.

Reagents

Guanase E.C.3.5.4.3, from rabbit liver (Sigma Chemical Co., St. Louis,
MO) was obtained as a suspension in 3.2 M ammonium sulphate solution,
pH 6.0, with an activity of about 1.2 I.U. ml™. One unit of guanase is the
amount of enzyme which deaminates 1.0 umol of guanine to xanthine per
min at pH 8.0 and 25°C. The guanase activity was measured as recommended
by the supplier. All other chemicals were of analytical grade. Distilled
deionized water was used throughout.

A stock solution of 0.1000 M guanine was prepared by dissolving 1.510 g
of free guanine in a few ml of 1 M sodium hydroxide solution and diluting
to 100.0 ml with water; this solution was stored in a refrigerator. Working
solutions were prepared daily by appropriate dilutions of the stock solution
with 0.1 M Tris-HCl buffer, pH 8.0, just before the measurements. Calibration
curves for the determination of guanase in human blood serum were con-
structed from results obtained by use of Wellcomtrol reference solutions
(Wellcome Reagents Limited, Beckenham, England) to which known
amounts of guanase had been added. Aqueous standard guanase solutions
were prepared by appropriate dilution of the commercial enzyme preparation
just before measurement.

Electrode preparation

The guanine electrode was constructed by placing 10 ul of enzyme suspen-
sion (approximately 0.012 1.U.) between an outer circular cellophane
dialysis membrane and the gas-permeable membrane of the ammonia elec-
trode. The enzyme suspension layer was about 0.2-mm thick. The electrode
was preconditioned by soaking for 2 h in 0.1 M Tris buffer, pH 8.0, and was
stored in this buffer at 4°C when not in use [3].

Procedures

Determination of guanine. Pipet 5.00 ml of standard guanine or unknown
sample solution into the thermostatted cell, immerse the guanine electrode
in the solution, start the stirrer and read the e.m.f. when it is constant to
within £0.1 mV (in 1.5—4 min). Calculate the guanine concentration from
a calibration curve of e.m f. vs. log (guanine concentration).

Determination of guanase. Pipet 5.00 ml of standard 0.01 M guanine solu-
tion (in 0.1 M Tris buffer, pH 8.0) into the thermostatted cell, immerse the
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ammonia gas sensor in the solution, inject 100 ul of standard guanase or of
unknown sample solution, start the stirrer and read the e.m.f. when it is
constant to within 0.1 mV. Calculate the guanase activity from acalibration
graph of e.m.f. vs. log(guanase activity).

RESULTS AND DISCUSSION

The guanine electrode
The basis for the guanine electrode is the specific deamination of guanine
according to the reaction

Guanine + H,0 $¥255¢ Xanthine + NH,

Guanine diffuses into the immobilized enzyme layer of the electrode produc-
ing a stoichiometric quantity of ammonia which gives rise to a constant
potential directly related to the logarithm of guanine concentration in the
sample solution. This reaction is also the basis for the estimation of guanase
activity. A small volume of the enzyme sample is mixed with a standard
guanine solution and the ammonia produced gives rise to a potential directly
related to log(guanase activity).

A typical calibration graph for the enzyme electrode in stirred guanine
solutions, buffered at pH 8.0 with 0.1 M Tris buffer, is shown in Fig. 1A.
The electrode has a linear response for about two decades of guanine con-
centration, 10™—107 M; the slope is 29 mV per decade at 37°C, with a
correlation coefficient of —0.999.

Other procedures were investigated for the immobilization of the enzyme,
such as cross-linking with glutaraldehyde on albumin as described by Brown
et al. [13] or on activated glass beads [14]. The enzyme activities of the
immobilized preparations were found to be about 20% and 50% of the
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Fig. 1. Calibration graphs for guanine electrodes prepared with (A)the enzyme suspension;
(B) the enzyme immobilized on activated glass beads; (C) cross-linked enzyme layers.
Other conditions as in text.
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initial enzyme activity, respectively. These preparations were used in the
same way as the enzyme suspension for the guanine electrode construction.
Calibration curves obtained with these guanine electrodes are also shown
in Fig. 1. Both electrodes were less sensitive and had greater response times
than the electrode prepared by direct use of the enzyme suspension; they
were not studied further.

Effect of the amount of enzyme. The effect of variations in the amount
of enzyme used for the enzyme layer on the sensitivity of the electrode is
shown in Fig. 2. The slope of the calibration curve increases with the amount
of enzyme used up to 10 ul (0.012 L.U.) of enzyme suspension, which was
chosen for the construction of the electrode.

Dynamic response of the electrode. The response rate was tested for 10™
and 1072 M guanine solutions; it was 4 and 1.5 min, respectively, whether
the sequence of measurements was from low to high concentrations or
vice versa,

Effect of buffer, pH and interferences. Since the selection of optimum
solution conditions represents, by necessity, some compromise between
optimum conditions for the enzyme reaction [15] and those of the NH,—
NH; equilibrium [16] involved in the ammonia sensor, the effects of buffer
composition and pH were studied in some detail. The buffers tested were
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Fig. 2. Effect of amount of enzyme calibration graph: (A) 10 ul of enzyme suspension
diluted 1:10; (B) 10 ul of enzyme suspension as purchased; (C) 25 ul of enzyme suspen-
sion, Other conditions as in text.

Fig. 3. Calibration curves for the guanine electrode in 0.1 M Tris-HCI buffer at (A)pH7.5;
(B) pH 8.0; (C) pH 8.5; (D) pH 9.0. Other conditions as in text,
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phosphate, borate, glycine and Tris. The best sensitivity was obtained with
the Tris buffer. Further investigations in this buffer system as a function of
pH (Fig. 3) demonstrate that the widest linear range is obtained at pH 8.0
(curve B), which lies in the middle of a broad pH optimum in the range
pH 6—10 for the enzymatic reaction.

Few interferences would be expected because guanase specifically hydro-
lyses guanine; guanosine and other purines are not attacked [17].

Temperature effect. The effect of temperature on the electrode perform-
ance was studied. The results obtained are summarized in Table 1. An increase
of temperature in the range 27—37°C improved the performance of the
enzymatic electrode (smaller response times and larger response slopes), so
37°C was chosen for the recommended procedure because no further improve-
ment in electrode characteristics was observed at higher temperatures.

Long-term stability and operating life. The stability in performance and
the operational lifetime of the guanine electrode depend on operational
conditions and storage. The lifetime of the electrode was found to be about
6 weeks, if stored at 4°C when not in use. During this period the slope of
the response curve of the electrode remained constant at 29.0 + 0.4 mV per
decade at 37°C. As the electrode began to age, an increased curvature in
the upper limit region was noted, and the upper limit of the linear region
decreased to 5 X 10 M, whereas the lower limit was unaffected. When the
guanine electrode was stored at room temperature, its lifetime was shortened
drastically; the slope of the response curve remained constant for only 4
days, thereafter decreasing continuously.

Application. Results for the determination of guanine in aqueous solutions
are given in Table 2. It can be seen that guanine in the range 10™—102 M
can be determined with an average error of £1.6%. The relative standard
deviation was 1.7% for a 1.0 X 10 M guanine sample (6 results).

Determination of guanase

Results for the determination of guanase in aqueous solutions are given
in Table 3. The same procedure was used for the 0.12—1.2 and 1.2—12 L.U.
17 ranges, but the slopes of the calibration curves were different for the
two ranges. The results indicate that guanase in the range 0.12—121.U, 1!

TABLE 1

Effect of temperature on response time and slope of the guanine electrode

Temperature (°C) Response time (min) Slope (mV/decade)
27 2.5%-6P 20.0
32 25 23.0
37 1.5—4 28.6
42 1.6—4 28.6

2102 M guanine solution. P10~ M guanine solution.
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TABLE 2

Determination of guanine in aqueous solutions

Guanine (X 10° M) Relative
Taken Found? error (%)
10.0 9.86 —1.4
20.0 19.9 —0.5
50.0 51.3 +2.6
100 102 +2.0
200 202 +1.0
500 488 —2.4
1000 1010 +1.0
Mean: 1.56

2From interpolation of calibration graph, average of two determinations. Regression
equation: £ = —28.6 log [guanine] + 35.8; corr. coeff., —0.9990.

can be determined with an average error of 1.1%. The relative standard
deviations for 0.5 and 6 LU. 17! guanase were 1.2% and 1.1%, respectively
(6 results each).

The accuracy of the method was tested by adding guanase to a serum
calibration reference and control (Wellcomtrol), formulated so as to ap-
proximate normal levels for frequently tested serum constituents. Accuracy
and precision were very similar to those obtained in the determination of
guanase in aqueous solutions. Typical results of recovery studies are shown
in Table 4. Recovery experiments were also carried out with hospital serum
samples, containing normal amounts of guanase. The recovery of guanase

TABLE 3

Determination of guanase in aqueous solutions

Guanase (1.U. 1) Relative Guanase (I1.U. 1) Relative
Taken Found®? error (%) Taken Found®¢ error (%)
0.120 0.123 +2.5 1.20 1.22 +1.7
0.300 0.304 +1.3 3.00 2.97 —-1.0
0.500 0.496 —-0.8 6.00 5.91 -1.5
0.800 0.810 +1.2 9.00 9.01 +0.1

1.00 0.997 —0.3 12.0 119 —0.8

1.20 1.19 -0.8

Mean* 1.02%
Mean: 1.15%

2From interpolation of calibration graph, average of two determinations. PRegression
equation: £ =—28.8 log [guanase] + 155.2; corr. coeff., —0.9999. Regression equation:
=—47.5 log [guanase] + 157.2; corr. coeff,, —0.9995,
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TABLE 4

Determination of guanase added to a Wellcomtrol standard?®

Guanase (LU, I'') Relative Guanase (LU, 1'") Relative
Taken Found®P error (%) Taken Found®¢ error (%)
0.120 0.121 +0.8 1.20 1.19 —0.8
0.300 0.298 —-0.7 3.00 3.02 +0.7
0.500 0.492 —1.6 6.00 5.94 -1.0
0.800 0.819 +2.4 9.00 9.21 +2.3
1.00 0.992 —0.8 12.0 11.9 —0.8
1.20 1.21 +0.8
Mean: 1.12%
Mean: 1.18%

8 Average of two determinations. Calibration graph obtained with four standard guanase
solutions. PRegression equation: E = —28.9 log [guanase] + 135.1; corr. coeff., —0.9999.
®Regression equation: E = —47.7 log [guanase] + 135.5; corr. coeff., —0.9998.

(amount added, 0.12—0.5 1.U. 1) ranged from 92 to 110% (average 101.2%).

The accuracy of the method was further tested by comparing values for
serum from a calibration curve with those obtained with the conventional
xanthine oxidase spectrophotometric method [18]. Comparison of the
results for 50 individual serum sampies analyzed by both methods, gave a
linear plot, y = 0.997x — 0.015, with a correlation coefficient of 0.996,
showing that there is satisfactory agreement between the two methods, The
proposed method is faster than the spectrophotometric method (2 min
compared with 15 min for a spectrophotometric determination). Also, the
additional use of xanthine oxidase increases the cost of a determination.
The reported normal values for ammonia nitrogen are in the range 0.75—1.95
pug N ml™; the free ammonia concentration in serum at pH 8.0 should be
3 X 10°%—8 X 10® M. These small concentrations cause negligible inter-
ference.

The authors are indebted to Dr. E. Nikoleli-Sideri (IKA Hospital, Athens,
Greece) for providing samples of human blood serum. This work was supported
in part by grants from the University of Athens and the National Research
Foundation of Greece. The paper was presented at the 1st Balkan Chemistry
Days Conference, Athens, April 1980.
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SUMMARY

A 3,5-dinitrosalicylate (DNS)-selective electrode with a liquid membrane of either
tetraphenylphosphonium-DNSH dissolved in p-nitrocumene or dimethyldioctadecyl-
ammonium-DNSH dissolved in 1-decanol is described. The liquid membrane electrode
exhibits rapid and near-Nernstian response to DNSH™ activity from 1072 to 10°° M. The
response is unaffected by pH in the range 2.5—6.5. The electrode has been successfully
applied in the direct potentiometric titration of iron(III) and copper(Il) with EDTA and
in the indirect titrimetric determination of aluminium(III) and nickel(II). It is also useful
in titrations of bulky quaternary cations such as cetyltrimethylammonium, cetylpyridin-
ium and didodecyldimethylammonium ions with DNSHNa.

Several liquid-membrane ion-selective electrodes have been described
which respond selectively to organic anions. Salts of bulky quaternary
ammonium ions with various anions have been widely used for constructing
liquid-membrane anion-selective electrodes. Several of these electrodes have
been used as indicator electrodes in potentiometric compleximetric and
precipitation titrations [1—4].

In this paper, new 3,5-dinitrosalicylate (DNS)-selective electrodes are
described. Tetraphenylphosphonium 3,5-dinitrosalicylate, Ph,P*DNSH", dis-
solved in p-nitrocumene, or dimethyldioctadecylammonium 3,5-dinitro-
salicylate, (CH;),(C,sH;,),N"-DNSH", dissolved in 1-decanol is the electro-
active substance in the DNS-selective electrode. These electrodes exhibit use-
ful analytical characteristics for direct determinations of DNS and can be
applied in potentiometric compleximetric and precipitation titrations of
several metal ions and of bulky quaternary ammonium ions.

EXPERIMENTAL

Instrumentation and reagents

The electrodes, the reaction cell and the recording system were the same
as previously reported [ 5], except where stated.

All solutions were prepared with deionized-distilled water from reagent-
grade materials.

0003—2670/81/0000—0000/$02.50 @ 1981 Elsevier Scientific Publishing Company
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A 0.02 M monosodium 3,5-dinitrosalicylate (DNSHNa) solution was pre-
pared by dissolving 5.360 g of DNSHNa (Eastman Kodak) in water and
diluting to 11; it was standardized against standard sodium hydroxide solu-
tion. More dilute standard solutions were prepared by dilution.

Solutions (0.0100 M) of dimethyldioctadecylammonium bromide, cetyl-
trimethylammonium bromide (CTAB), cetylpyridinium chloride (CPC) and
didodecyldimethylammonium bromide (DDAB), were prepared by dissolving
appropriate amounts of pure substances (Eastman Kodak) in 15% (v/v) or
5% (v/v) (for CTAB and CPC) water—isopropanol mixtures. A 0.1000 M solu-
tion of tetraphenylphosphonium chloride was prepared by dissolving the
appropriate amount of salt in water.

Solutions (0.010 M) of iron(IIl) and copper(II) were prepared by dissolving
appropriate amounts of ammonium iron(Ill) sulfate in 2% H,S0,, and of
copper(Il) sulfate pentahydrate in water. The molarity of these solutions was
checked titrimetrically with EDTA. More dilute solutions were prepared as
needed.

Preparation of the liquid ion-exchangers

Tetraphenylphosphonium 3,5-dinitrosalicylate was precipitated by mixing
3.0 ml of 0.100 M tetraphenylphosphonium chloride solution with 30 ml of
0.010 M monosodium 3,5-dinitrosalicylate solution. Similarly, dimethyl-
dioctadecylammonium 3,5-dinitrosalicylate was precipitated by mixing 30
ml of 0.010 M dimethyldioctadecylammonium bromide solution with 30 ml
of 0.010 M monosodium 3,5-dinitrosalicylate solution. The salts are readily
soluble in p-nitrocumene and 1l-decanol, respectively, which were therefore
used for their extraction. The organic phases (ca. 30 ml) were washed twice
with double-distilled water to remove traces of the chloride or bromide salts
(and NaCl or NaBr), and then dried thoroughly with anhydrous sodium
sulfate.

Construction of the electrode

The body of an Orion series 92 electrode equipped with a teflon mem-
brane (Millipore LCWPO 1300) was used. The electrode was assembled as
recommended by the manufacturer, and the internal reference and liquid
ion-exchanger solutions were injected into the appropriate ports in the
electrode body. The internal reference solution was 0.01 M monosodium
3,5-dinitrosalicylate in 0.1 M NaCl. A 0.01 M liquid-ion exchanger solution
was used. The DNS electrode was conditioned by soaking in a stirred 0.01 M
solution of DNSHNa for 12 h before use, and was also stored in this solution
when not in use. The operative life of the electrode was more than 2 months,
with daily usage of at least 5 h.

Procedures

Semi-automatic titration of iron(Ill) in presence of DNSHNa. (For the
range 3.0 X 107°—107®> M iron, with 1.000 X 107> M EDTA.) Pipet into a
100-ml beaker a 50.00-ml aliquot of the sample and 1.00 ml of 0.0100 M
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DNSHNa solution. Start the stirrer, and after the potential has stabilized
(ca. 1 min), start the burette and the recorder simultaneously to obtain the
titration curve. For the greatest accuracy calibrate the recorder for each
titration, using the burette reading.

Semi-automatic titration of copper(Il) in presence of DNSHNa. (For the
range 7.2 X 1075—1.8 X 1073 M copper, with 1.000 X 10> M EDTA.) Pipet
into a 100-ml beaker a 25.00-ml aliquot of the sample and 25.00 ml of
acetate buffer (3 M, pH 4.3), and continue as in the titration of iron(III)
from the point of adding the DNSHNa solution.

Semi-automatic titration of CTA, CP and DDA with DNSHNa. (For the
range 2—12 X 10™* M, with 1.000 X 1072 M DNSHNa.) Pipet into a 50-ml
beaker a 25.00-ml aliquot of the sample, and continue as in the titration of
iron(III) from the point of starting the stirrer.

RESULTS AND DISCUSSION

Characteristics of the electrode

Linear response range. Typical calibration curves for the DNS-selective
electrodes in stirred monosodium 3,5-dinitrosalicylate solutions showed
linear response in the 10°2—10" M range. The slope of the calibration curve
was 58 mV/decade change in concentration at 25°C. After a few days, there
was a decrease in slope in the 107*—107 M range.

Effect of pH. To check the pH-dependence of the potential of the DNS-
selective electrode, potential—pH curves at various DNSHNa concentrations
were constructed. The pH of the initial solution was altered by addition of
very small volumes (less than 0.1 ml per 20 ml of test solution) of sodium
hydroxide or sulfuric acid solutions. The plots (Fig. 1) show that between
pH 2.5 and 6.5 the potential is practically independent of pH. At higher pH
values there is an increase in potential because of the decrease in the DNSH™
concentration caused by its dissociation to give DNS?~ ions (for DNSH,:
pK, = 0.70, pK, = 7.25) [6, 7]. During the operative life of the electrode,
no discernible change in the potential—pH behavior was observed.

Dynamic response of the electrode. The dynamic response was tested for
10?-10" M monosodium 3,5-dinitrosalicylate solutions; the sequence of
measurements was from low concentration to high concentrations and back.
The response times were quite short (less than 3 s, including the mixing and
recorder time) and depended on the concentration change, the stirring rate
and efficiency of mixing. It was therefore possible to employ the DNS-
selective electrodes in titrations with continuous addition of titrant and for
the continuous monitoring of changing systems.

Potentiometric selectivity coefficients. The interference of various anions
was studied by the graphical mixed solution method [8]. The concentration
of the tested anion was kept constant, while the DNSH™ concentration was
varied in the range 1072—107 M. Selectivity coefficients are presented in
Table 1. The two DNS electrodes respond to picrate ion in the range 1072 —
107 M with a slope of 55 mV/decade change in concentration.
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Fig. 1. Effect of pH on the potential of the 3 5-dinitrosalicylate-selective electrode at the
different concentrations of monosodium 3,5-dinitrosalicylate marked: (a) Ph,P*DNSH"
in p-nitrocumene; (b) (CH,),(C, H,,),N*DNSH" in 1-decanol.

TABLE 1

Potentiometric selectivity coefficients of DNS-selective electrodes

Anion® J L. ; AnionP K%OX&SHAJ

tested e - e - tested - - s -
Ph,P*DNSH (CH,),(C,,H,.),N*"DNSH PhP*DNSH™ (CH,)(C H;,),N"DNSH

Periodate 1.5 X 1072 2.0X107? Bromide 5.0 X10™* 3.0x107?

Perchlorate 1.3 X1072 1.8 X107? lodide 5.0 X107* 6.0 X 10™

Chromate 4.0 X107? 5.0 X 1072 Chloride 4.0 X107 6.0 X107

Benzoate 3.0x107 2.3X107? Nitrate 4.0 X107 5.0X10™*

Citrate 3.0X107? 3.0%x107? Sulfate 3.0 X10™* 3.0Xx10™*

Phthalate 3.0 X107 3.0X 1072

2The concentration of the anion, j, was 0.01 M. bPThe concentration of the anion, j, was
0.1M.



55

Analytical applications

The DNS-selective electrode can be used as indicator electrode in potentio-
metric titrations of many metal ions with EDTA using 3,5-dinitrosalicylic
acid as metallochromic indicator, and of bulky quaternary cations with
DNSHNa. As examples, the titrimetric determinations of Fe(IIl), Cu(ll),
Al(IIT) and Ni(II), and of cetyltrimethylammonium, N-cetylpyridinium and
didodecyldimethylammonium ions were examined.

Typical recorded curves for the direct titration of iron with EDTA in the
presence of DNSHNa and the indirect titration of nickel are shown in Fig. 2.
For the indirect titration of nickel or aluminum, a known excess of standard
EDTA solution was added to the sample and the unreacted EDTA was back-
titrated with standard iron(III) solution. In the case of aluminum, boiling
for 1—2 min was necessary to ensure its quantitative binding, before the
back-titration. Under the experimental conditions used, there was a blank
of 0.02 ml of 0.01 M EDTA in the titration of iron in the range 3 X 107°—
10* M. No blank was observed for more concentrated iron solutions or for
copper. Results of determinations of iron, copper, aluminum and nickel in
aqueous solutions are presented in Table 2. The data indicate that these ions
can be determined with average errors of about 1% in the ranges specified.

Typical recorded curves for titrations of didodecyldimethylammonium,
tetrapentylammonium and tetraphenylarsonium ions with DNSHNa are
shown in Fig. 3. The point of maximum slope of the curves was taken as the
end-point. There was a blank of 0.10 ml of 0.01 M DNSHNa solution in the
titration of three organic cations tested (CTA, CP, DDA) at a titrant delivery

- E{mV)
*— E (mV)

Titrant volume Titront volume

Fig. 2. Recorded curves for (a) direct titration of 5 X 107* M iron(III), and (b) indirect
titration of 15.00 mi of 1.7 X 10°* M nickel (+7.00 ml of 1072 M EDTA) with 2 x 10 M
iron(IIT) in presence of DNSHNa as indicator.

Fig. 3. Recorded curves for titration of 25 ml 10" M solutions of (1) tetrapentyl-
ammonium, (2) didodecyldimethylammonium and (3) tetraphenylarsonium ions with
107 M DNSHNa.
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TABLE 2

Summary of results for agueous solutions of Fe(III), Cu(II), Ni(II) and AI(III)

Ion Amount in sample Average error
(mg) (%)
Fe(III) 0.08—2.8 1.2
Cu(Il) 0.1-3.2 0.6 -
AYIII) 0.5—1.4 1.2
Ni(II) 1—3 1.3
TABLE 3

Semi-automatic potentiometric precipitation titration of quaternary cations with DNSHNa

Cation Amount (x10° mol) Error Cation Amount (x10°®* mol) Error
Taken Found (%) Taken Found (%)
CTA 0.530 0.530 — Cp 0.520 0.510 —1.9
1.060 1.050 -—0.9 1.040 1.020 —1.9
212 2.10 —0.9 1560 1.550 —0.6
2.63 2.62 —0.4 2.09 212 +1.4
Av. 0.6 2.59 2.58 —0.4
DDA 0.490 0.501 +2.2 Av. 1.2
0.980 0.999 +1.9
1.72 1.74 +1.2
Av. 1.8

rate of 0.33 ml min’. No blank was observed for the tetrapentylammonium
and tetraphenylarsonium cations. Results for titrations of CTA, CP and DDA
cations are given in Table 3. The data indicate that amounts of these cations
in the range 0.5—2.5 X 107° mol can be determined with average errors of
about 1%.

The authors are grateful to E. P. Diamandis for stimulating discussions.
This research was supported in part by research grants from the Greek
National Institute of Research and the Alexandros Onassis Public Benefit
Foundation.
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SUMMARY

The combination of a thin-layer electrochemical cell with differential pulse voltam-
metry can be used to determine chlorpromazine in plasma and urine. The thin-layer cell
(23 ul capacity) has a wax-impregnated graphite electrode. Direct determination of chlor-
promazine in urine gave a linear calibration curve for the range 4.8 X 107*—2.4 x 10* M
with 97% recovery. No interference from glutethimide, dextropropoxyphene, meprobam-
ate, diazepam, and methaqualone-HCl was detected. Direct measurement of chlorproma-
zine in plasma gave a linear calibration curve for the range 2.4 X 10°—4.8 X 10™* M with
89% recovery. The procedure for plasma and urine requires only 2 min per determination.
Detection levels are below that required for monitoring therapeutic levels of chlorproma-
zine in urine,

In 1952, Delay et al. [1] first reported the use of chlorpromazine (CPZ)
for the treatment of psychoses. Two years later, chlorpromazine was recog-
nized as a drug which radically alters the treatment, course and prognosis of
various mental illnesses.

Since then various methods have been used for the determination of chlor-
promazine: fluorescence [2—4], gas chromatography with electron-capture
detection [5—7], thin-layer chromatography [8—10], mass fragmentography
[11], spectrophotometry [12—14], and gas chromatography—mass spec-
trometry [15]. Each one of these methods has its own limitations, such as
interference, insufficient sensitivity, or complexity of procedure or instru-
mentation.

Merkle and Discher [16] showed that chlorpromazine is electrochemically
oxidized via two 1l-electron steps. The first oxidation step produces the
cation radical (CPZ*®). The second step involves oxidation of CPZ*® to pro-
duce the sulfoxide. Patriarche and co-workers used chronopotentiometry to
measure the E,, for chlorpromazine oxidation [17,18]. They also developed
a method for the coulometric titration of chlorpromazine with electro-
generated cerium(IV) in which they were able to determine 0.25—20 mg of
chlorpromazine.

0003-—2670/81/0000—0000/$02.50 © 1981 Elsevier Scientific Publishing Company
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Differential pulse polarography has been successfully used for the deter-
mination of drugs [19—25]. The feasibility of combining the low detection
limit of differential pulse voltammetry (d.p.v.) with the small volume
capability of thin-layer electrochemical cells for determining small amounts
of metal ions and organic compounds has recently been demonstrated [26,
27]. Thin-layer d.p.v. measurements on the drug diazepam gave a linear
calibration curve over the range 1—60 ug I with a detection limit of 0.1
ug 1" on 60 ul of sample [27].

This work demonstrates the capability of using a thin-layer electrochemical
cell in conjunction with d.p.v. for the determination of chlorpromazine in
phosphate buffer pH 7.00, plasma, and urine. The good detection limit of
d.p.v. combined with the need of only a few microliters of fluid in the thin-
layer cell makes this technique competitive with other methods.

EXPERIMENTAL

Instrumentation

Determinations were performed in the small volume (ca. 23 ul) thin-layer
cell shown in Fig. 1. Holes for A, B, and C (diameters of 0.2390 in., 0.1610
in, and 0.1610 in., respectively) were drilled in a 1.75 in. diameter plexiglas
rod (G). In order to connect the three holes, 0.0125 in. diameter channels
(E) were drilled. Two teflon tubes (B, C) of 0.1452 in. diameter and 0.40 in.
length were press-fitted into the cell body with silicone rubber. A wax-
impregnated graphite electrode with a diameter of 0.181 in. was inserted
into a piece of cylindrical teflon (D, 0.183 in. diameter) which served as a
brace for adjusting the volume of the thin solution layer in the cell. The
brace enabled a given volume to be easily reproduced when the electrode
was removed for polishing. A standard calomel reference electrode and an
auxiliary platinum electrode were positioned in B and C, respectively.

ey

D——-—1@

Ff——

Fig. 1. Thin-layer cell. (A) Wax-impregnated graphite electrode; (B) reference electrode
compartment; (C) auxiliary electrode compartment; (D) volume brace; (E) channel con-
necting the three compartments; (F) thin solution layer undergoing electrolysis; (G) cell
body.
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In all experiments, a Princeton Applied Research Model 174A Polaro-
graphic Analyzer was used with a Houston Instruments Omnigraphic 2000
x-y recorder. A Harrick plasma cleaner was used to clean the thin-layer cell
prior to each determination. Instrument settings were as follows except
where stated otherwise: differential pulse mode; 5 mV s scan rate; 50 mV
modulation amplitude; 1 s/drop clock time; 1.5 V range; positive scan; and
200 mV initial potential.

The wax-impregnated graphite electrode was made from POCO FXI spec-
troscopic graphite rods. The electrode was polished as previously described
[26]. The electrode was cleaned by briefly polishing prior to each voltam-
metric run.

Reagents

Phosphate buffer was Buffer—Titrisol (EM Laboratories, Elmsford, NY).
Plasma was obtained from Cincinnati General Hospital. Vials of freeze-dried
urine control containing the drugs glutethimide, dextropropoxyphene, chlor-
promazine, meprobamate, methaqualone-HCl and diazepam, plus one vial
without drugs were obtained from Applied Science Laboratories, Inc. Each
vial contained 50 ug of each drug and produced 5 ml of reconstituted urine
when distilled water was added to the contents. Solutions of chlorpromazine
were protected from light and heat by wrapping the containers with alu-
minum foil and refrigerating them.

Procedures

Two procedures were followed for determining chlorpromazine in plasma
and urine. In the first procedure, two samples of 8 X 1073 g of chlorproma-
zine were mixed with 3 ml of plasma or 25 ml of urine and were then
extracted by the methods described earlier for plasma [28] and urine [8].
The extracted chlorpromazine was then dissolved in phosphate buffer pH
7.00 and determined by thin-layer d.p.v. The second procedure did not
utilize any pretreatment or pre-extraction steps: chlorpromazine was dis-
solved in plasma or urine, and differential pulse voltammograms were
recorded with no additional treatment of the sample.

The method of standard addition was used to determine the recovery of
chlorpromazine in urine, freeze-dried urine control, and plasma. In the case
of the freeze-dried urine control, the standard solution was prepared by mak-
ing the urine control vial without drugs 1.00 X 10 M in chlorpromazine.

RESULTS AND DISCUSSION

Thin-layer cyclic voltammetry

Thin-ayer cyclic voltammetry was used to determine the optimum solu-
tion conditions and electrode material for the determination of chlorproma-
zine. A typical voltammogram of chlorpromazine in pH 7.00 phosphate
buffer at a wax-impregnated graphite electrode is shown in Fig. 2. The well-
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Fig. 2. Thin-layer cyclic voltammogram at wax-impregnated graphite electrode for 4.8 X
10-* M chlorpromazine, phosphate buffer pH 7.00. Scan rate 5 mV s™.

Fig. 3. Thin-layer differential pulse voltammograms of (a) 5.0 X 10" M chlorpromazine in
urine; (b) urine,

defined anodic peak (E, = 757 mV vs. SCE) corresponds to the 1-electron
oxidation of chlorpromazine to CPZ*®. Instability of the radical cation at
this pH is indicated by the absence of a cathodic wave on the reverse scan.
The radical cation is more stable in acidic solution as shown by a more
reversible cyclic voltammogram obtained in 3 M H,SO, at a gold minigrid
optically transparent thin-layer electrode. However, this electrode was not
chosen for the chlorpromazine determination since adsorption of CPZ** on
the gold was troublesome. Use of the wax-impregnated graphite electrode in
strongly acidic conditions resulted in its rapid deterioration.

Thin-layer differential pulse voltammetry

Well-defined thin-layer differential pulse voltammograms were obtained
for the oxidation of chlorpromazine in phosphate buffer pH 7.00, plasma,
and urine. A representative voltammogram for chlorpromazine in urine is
shown in Fig. 3. The following values of peak voltage were found in the
three media: 670 mV in phosphate buffer, 700 mV in plasma, 800 mV in
urine. A sharper peak and a lower residual current were obtained with the
phosphate buffer as supporting electrolyte. The well-defined waves for chlor-
promazine in plasma and urine suggested that direct measurement in these
media might be feasible.

The peak current for the chlorpromazine oxidation wave was optimized
by systematic variation of modulation amplitude (pulse height), clock time
(pulse length), and scan rate. The effect of modulation amplitude at dif-
ferent scan rates on peak current is shown in Fig. 4. The effect of clock time
(pulse length) at a 5 mV s scan rate and 50 mV modulation amplitude is
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Fig. 4. Effect of modulation amplitude on peak current at varying scan rates for 4.8 X
10"* M chlorpromazine in phosphate buffer pH 7.00 at the thin-layer electrode. Scan rates:
()1mVst;(o)2mVst', (0)5mVsg! (e)10mVs?,

Fig. 5. Effect of clock time (pulse length) on peak height for 4.8 x 10°* M chlorproma-
zine in phosphate buffer pH 7.00 at the thin-layer electrode. Scan rate 5 mV s, modula-
tion amplitude 50 mV |, initial potential + 200 mV.

shown in Fig. 5. Conditions for maximum sensitivity were as follows: 5
mV s scan rate, 50 mV pulse height, and 1 s clock time.

Calibration curves

Calibration curves were obtained for standard solutions of chlorpromazine
in the three media. Thin-layer differential pulse voltammograms were re-
corded in a non-sequential order. A linear relationship between peak height
and concentration from 4.8 X 10™® to 2.4 X 10™* M chlorpromazine with a
detection limit of 4.8 X 107° M was obtained in both phosphate buffer and
urine. A calibration curve for chlorpromazine in urine is shown in Fig. 6. A

0.8-

-0.2-

-0.4 1 ] | ]
-10 -8 -6 -4 -2
Log molar concentration

Fig. 6. Calibration curve for chlorpromazine in urine. Bars indicate range for three deter-
minations.
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more restricted linear range of 2.4 X 107°—4.8 X 107* M with a detection
limit of 4.8 X 10°® M was obtained for chlorpromazine in plasma. Least-
squares results for all these data are included in Table 1. The smaller range in
plasma is attributed to fouling of the electrode by components in the plasma.
In all cases, optimum reproducibility resulted when the electrode was re-
moved from the cell and polished briefly after each voltammogram was
recorded. Failure to clean the electrode caused progressive decrease in peak
currents, presumably due to fouling of the electrode by adsorbed CPZ** or
other solution components in the case of plasma and urine.

Recovery and interferences

The recovery of chlorpromazine for a variety of samples by the two pro-
cedures is shown in Table 2. A recovery of 96% was obtained for chlor-
promazine in urine when the commonly used extraction procedure was
employed. By comparison, recoveries of 97.5% and 97.3% were obtained

TABLE 1

Linearity of the calibration curves for phosphate buffer, urine, and plasma?

Sample Slope Intercept Standard error
of estimate

Phosphate 0.189 + 0.004P 1.411 + 0.028° 0.020

buffer

Urine 0.204 + 0.003 1.389 + 0.018 0.012

Plasma 0.126+ 0.012 0947 + 0.059 0.031

aBased on 4 determinations for each calibration curve. ®Standard deviation of slope.
¢Standard deviation of intercept.

TABLE 2

Recovery of chlorpromazine (CPZ)

Sample Procedure CPZ added CPZ average Standard Number Recovery

(mg) found (mg) deviation of trials (%)
(mg)

Urine Extraction 8.00 7.68 0.83 6 96b

Urine Direct 8.00 7.80 0.71 5 97.5¢

Freeze-dried Direct 0.050 0.0487 0.0029 6 97.3°¢

urine?

Phosphate Direct 8.00 7.57 0.81 5 94.6¢

buffer

Plasma Extraction 8.00 5.94 0.97 6 74.3P

Plasma Direct 8.00 7.11 0.87 5 88.9¢

2 Also contains glutethimide, dextropropoxyphene, meprobamate, diazepam, and metha-
qualone-HCl, 50 ug each. bRelative recovery. ©Absolute recovery.
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when measurements were made directly on urine and freeze-dried urine
respectively with no sample treatment. This substantiates the feasibility of
directly determining chlorpromazine in urine by thin-layer d.p.v. These
results compare favorably with the 95.5% recovery reported for t.l.c. [8]
and the 84.2% for fluorescence [4]. A recovery of 88.9% was obtained by
direct measurement on plasma. Although this recovery is lower than that
obtained for urine, direct determination is still feasible within the linear
concentration range reported above. The low recovery by extraction of
plasma (74.3%) is attributed to loss of chlorpromazine during the lengthy
procedure.

The voltammogram for freeze-dried urine control containing 50 ug each
of chlorpromazine, glutethimide, dextropropoxyphene, meprobamate, diaze-
pam, and methaqualone-HCl exhibited a single oxidation wave which is
attributed to chlorpromazine. Determination by a standard addition pro-
cedure gave 48.7 ug of chlorpromazine, indicating no measurable inter-
ference from the other drugs.

Conclusions

The feasibility of using thin-layer d.p.v. for the determination of electro-
active drugs has been demonstrated with chlorpromazine. No sample pre-
treatment is necessary for urine over the chlorpromazine range 4.8 X 107%—
2.4 X 10™* M. This linear range extends well below the average urine level
of 5.8 X 10°® M found for patients receiving a therapeutic dose of 600
mg/day for 6 months [8]. The procedure is simple and rapid (ca. 2 min per
determination) and requires only 23 ul of solution for filling the cell. Direct
determination of chlorpromazine in plasma is also feasible over the linear
range 2.4 X 107°—4.8 X 10™* M. The average chlorpromazine blood level has
been reported as 1.1 X 107° M [28] and 4.7 X 10°® M [29] for patients
receiving therapeutic doses of 400 mg and 200 mg (three times per day)
respectively. Therefore, direct determination in blood is suitable for patients
receiving more than 400 mg three times per day. The extraction procedure
should be used for the lower concentrations of chlorpromazine in plasma.

We are grateful to P. T. Kissinger who suggested using the wax-impreg-
nated graphite electrode and D. A. Roston who helped in constructing the
thinlayer cell. This work was supported by the National Science Foundation.
T. B. d. acknowledges support by a University of Cincinnati Summer Research
Fellowship.
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SUMMARY

A basic study for possible kinetic-catalytic methods in non-aqueous solvents with
vanadium as a redox catalyst is deseribed. The redox behaviour of the V(V)/V(IV) couple
is studied by cyclic voltammetry at a carbon electrode in acetonitrile. Vanadium oscillates
between the two oxidation states without chemical side reactions, and is thus promising
as a redox catalyst in non-aqueous media. The oxidizing power of the couple is increased
with increasing p-toluenesulphonic acid concentrations and is decreased in the presence of
solvents of increasing donor strength. The influence of common activators on the formal
potential of the couple is discussed.

The most sensitive homogeneously catalyzed chemical reactions used for
kinetic-catalytic determinations of trace metals are based on redox mech-
anisms [1—3]. In many examples, the catalyst acts as an electron mediator
between the oxidizing and reducing agents. In its higher oxidation state the
catalyst oxidizes the substrate (amines, phenols, azo dyes etc.) and is
regenerated by oxidants such as peroxides and halates.

The redox behaviour of the catalyst is strongly influenced by its co-
ordination sphere which can be affected by complexing agents as well as by
the solvent. Kinetic-catalytic determinations are generally carried out in
aqueous solutions. By change of the solvent, new features are to be expected
with respect to the selectivity and sensitivity of homogeneously catalyzed
reactions. An example of an analytically applicable homogeneously cata-
lyzed reaction in non-aqueous media is the vanadium(V)/(IV)-catalyzed
oxidation of o-dianisidine by organic peroxides such as t-butyl hydroperoxide
or cumene hydroperoxide. This reaction proceeds in the presence of an
organic acid in solvents such as acetonitrile or methylene chloride [4]. In
order to characterize the redox behaviour of the catalyst in the presence of
solvents of different donor ability in more detail, an electrochemical study
of the vanadium(V)/(IV) couple became necessary.

Some voltammetric investigations of vanadium in non-aqueous solvents
have been carried out. Michlmayr and Gutmann [5] studied the reduction
of VOCI, polarographically in dimethylsulphoxide (DMSOQO) and dimethyl-
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formamide (DMF). The redox behaviour of bis(acetylacetonato)oxovanadium
complexes in acetonitrile for oxidation states of vanadium less than (IV) was
also described; polarography was used as well as voltammetry at a platinum
electrode [6]}. Electrochemical measurements of vanadium in mixed solvents
have also been published [7]. Unfortunately, no data for the redox behaviour
of the vanadium(V)/(IV) couple in non-aqueous media can be deduced from
these studies. In order to gain detailed information, cyclic voltammetry was
chosen for studying this redox system in acetonitrile as well as in the presence
of other solvents with different donor abilities.

EXPERIMENTAL

The electrochemical studies were done at 22°C under an argon atmosphere
by use of a conventional three-electrode compartment on a Beckman Electro-
scan 30. A carbon disc electrode (Radelkis, Budapest) or a glassy-carbon
electrode (VEB Elektrokohle, Lichtenberg) served as working electrode. The
saturated calomel reference electrode was separated from the measuring
solution by a frit filled with agar gel. A platinum wire was the auxiliary
electrode (Forschungsinstitut Meinsberg, G.D.R.). Because of the uncon-
trolled diffusion potential between the measuring solution and the aqueous
SCE, all potentials were measured vs. the SCE and the ferrocene/ferricinium
couple as a reference redox system [8]. The potentials could be reproduced
to within 13 mV. Ferrocene was purified by sublimation.

Because no stoichiometric compound of a vanadium—acetonitrile solvate
could be obtained [9], vanadium(IV) was used as VOCI, - 3DMSO which was
prepared by the method of Gutmann and Laussegger [10], recrystallized in
acetone—ethanol and stored in vacuum over phosphorus(V) oxide. The con-
centration of vanadium(IV) for the electrochemical measurements was
adjusted to 1—5 X 103 M from a 5 X 10-2 M stock solution in acetonitrile
prepared daily from pure VOCI, - 3DMSO. Acetonitrile was purified by
fractional distillation [11]. The water content was checked by Karl Fischer
titration. In view of the potential analytical applications of the redox system,
the investigations were undertaken at a definite water content of 0.3% (v/v).
Other solvents were reagent-grade or pure chemicals and were used without
further purification.

All measurements were done in 0.1 M tetraethylammonium perchlorate
(TEAP) which was prepared from tetraethylammonium hydroxide and
perchloric acid and recrystallized from acetonitrile. The hydroxide was
obtained from commercial tetraethylammonium halides by ion exchange on
a strong anion exchanger (Wofatit-SBK, VEB Chemiekombinat Bitterfeld,
G.D.R.). Anhydrous p-toluenesulphonic acid was prepared from the mono-
hydrate by azeotropic distillation with benzene and vacuum-dried over
phosphorus(V) oxide [12].
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RESULTS

The electrochemical study of the vanadium(V)/(IV) couple in non-aqueous
solvents is rendered more difficult by its relatively high redox potential (the
thermodynamic value is given as 1.0 V [13]). Thus, solvents as DMSO,
ethanol or hexamethylphosphoric acid triamide (HMPA) are ruled out
because they are more easily oxidized than vanadium(IV). Acetonitrile was
the most suitable solvent for these studies. Furthermore, the investigations
had to be carried out with solid electrodes. Of those tested (Pt, Au, SnO,
and C) only a carbon electrode could be used. A typical cyclic voltammogram
of the quasi-reversible vanadium(V)/(IV) couple in acetonitrile in the presence
of the internal reference redox system is shown in Fig. 1a. Compared to the
single systems (Figs. 1b,c) both redox couples are somewhat affected by the
presence of each other because of chemical side reactions of the electro-
chemically generated species and because reduction to vanadium(111) occurs
at potentials lower than 0.4 V vs. SCE. For that reason the ferrocene/
ferricinium reference system had to be measured separately. The formal
potential (£, + E.)/2 of the vanadium couple ranged from 0.514 to 0.829 V
vs. the reference redox system, depending on the p-toluenesulphonic acid
concentration (Table 1).

In order to characterize the electrode processes in more detail, the
dependences of the peak current (i ) upon the square root of the scan rate
(v) and on the vanadium concentration (C,) [14] were studied for p-toluene-
sulphonic acid concentrations of 0.0, 0.01, 0.1 and 0.5 M. The equation
relating these parameters is

ip = k(ne)*nADVCpV?

Fig. 1. Cyclic voltammograms of V(IV)/V(V) (a) in the presence of ferrocene and (b)
alone; (c) ferrocene/ferricinium alone in acetonitrile vs. aqueous SCE (0.1 M TEAP, scan
rate 20 mV s7', 0.1 M p-toluenesulphonic acid).
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TABLE 1

Influence of p-toluenesulphonic acid (TS8) on the vanadium(V)/(IV) redox potential in
solutions of 0.1 M TEAP in acetonitrile (reference redox system: ferrocene/ferricinium)

[TS] (M) (Ea + E)/2(V) AES (mV)
0.00 0.514 310
0.01 0.510 280
0.1 0.593 190
0.5° 0.738 150
1.0° 0.829 120

aDifference between anodic E, and cathodic E, peak potentials; scan rate 40 mV s*';
1073 M V(IV) solution. PWithout TEAP.

where k is the Randles-Sevéik constant, n is the number of transferred
electrons, A is the electrode area (cm?), D is the diffusion coefficient (cm?s™)
and « is the transfer coefficient. From the straight lines obtained it may be
concluded that both the oxidation of vanadium(IV) and the reduction of
vanadium(V) are diffusion-controlled processes. Because, also, the ratio of
anodic to cathodic peak current was always unity, it is evident that no side
reactions occur under the experimental conditions. This also followed from
plots of i,v~1? vs. v!/? [14], varying the scan rate from 10 mV s~! to 100 mV
s~!, which were all lines parallel to the abscissa.

The reversibility of the vanadium(IV)/(V) couple can be estimated from
the differences in the anodic and cathodic potentials which correlate with
the heterogeneous rate constant 2, [15]. As isseen in Table 1, the reversibility
increases with increasing p-toluenesulphonic acid concentration. Attempts to
determine k from the peak potentials by use of the supplementary y-function
[14] as well as the electron transfer coefficient according to Nicholson and
Shain [16] did not give reliable results for the following reasons. Firstly, the
necessary determination of the diffusion coefficient by chronopotentiometry
failed in the solvent studied, a difficulty already found by others [14] i
solvents of low viscosity such as acetonitrile. Secondly, the reversibility of
the system is too low to study the electrode processes over a wide range of
scan rates, which complicates the evaluation of k,and makes the determina-
tion of a nearly impossible. As mentioned above, the influence of solvents
on the vanadium redox potential could not be studied by a complete change
of the solvent because representative cyclic voltammograms were not obtained
from the few applicable solvents. For that reason the solvent influence was
investigated in acetonitrile as a reference system by adding small amounts of
other solvents to the measuring solution. The change in the formal potential
in the presence of methylene chloride, water, DMSO and HMPA is illustrated
in Fig. 2. In the concentration ranges tested, the solvents did not affect the
reversibility (AFE, values) or the magnitude of the anodic and cathodic
currents.
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Fig. 2. Solvent influence on the V(V)/V(IV) redox potential in acetonitrile as reference
solvent (0.1 M TEAP, 0.1 M p-toluenesulphonic acid, 2 X 10> M V(IV), 20 mV s~!, refer-
ence redox system ferrocene/ferricinium). Solvents: (e) methylene chloride; (o) water;
(x) DMSO; (+) HMPA.

Fig. 3. Influence of (e) citrate, (o) t-butyl hydroperoxide, (Xx) acetylacetonate on the
formal potential of the V(V)/V(IV) couple in acetonitrile solution. Conditions as in Fig. 2.

In the same way the effect of some ligands of interest as activators in
vanadium-catalyzed homogeneous redox reactions was tested. From the
selected ligands only citrate and acetylacetone could be applied because
other known activators such as 8-quinolinol and 1,10-phenanthroline are
oxidized at >0.7 and >1.0 V vs. SCE, respectively. The influence of citrate
and acetylacetone is shown in Fig. 3. Again, the ligands do not affect the
reversibility of the system, but change the formal potential of the vanadium
couple. An additional effect was observed in the presence of the oxidant in the
catalytic reaction [4], t-butyl hydroperoxide, because the ratio of anodic to
cathodic peak currents decreased with increasing peroxide concentration.
The solution turned from green through yellow to red; this is caused by the
reaction of vanadium(IV) with the peroxide to give the yellow vanadium(V)
species and a red vanadium(V) peroxo complex [17].

DISCUSSION

The great catalytic activity of vanadium in homogeneously catalyzed
reactions in aqueous solutions is related to its capability of changing between
two oxidation states in a one-electron step, i.e. V(V) « V(IV) [1—3]. This
behaviour seems to be a necessary basis for efficient redox catalysis even in
non-aqueous solutions. From the cyclic voltammetric study it became evident
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that vanadium changes between oxidation states (IV) and (V) without any
side reactions. When the substrate and the oxidizing agent were replaced by
suitable voltage sweeps, the vanadium oscillated between the two oxidation
states as often as was wished. Thus the vanadium couple is very promising as
a redox catalyst in non-aqueous solvents.

The shift in the formal potential (as a measure of the conditional redox
potential of vanadium(V)/(IV)) with p-toluenesulphonic acid concentration
shows an increase in the oxidizing power of the catalyst with increasing acid
concentration. In a similar way the redox potential can be changed by
suitable choice of solvent or mixed solvent. From Fig. 2 a general tendency
can be deduced. The formal potential is decreased with increasing donor
strength of the mixed solvents as is seen by comparison with Gutmann’s
donor numbers [18]: HMPA (38.8) > DMSO (29.8) > water (18.0) > aceto-
nitrile (14.1) > methylene chloride (<2). The mixing of solvents affected the
vanadium redox potential by the same order of magnitude as in the presence
of organic ligands (Fig. 3) which have already been applied in kinetic-catalytic
analysis as activators for the metal ion catalyst.

Interestingly, the effect of acetylacetone is to be classified between that
of DMSO and water; this correlates with the estimate of the donor number
of 20 for acetylacetone [19]. The effect of citric acid cannot be interpreted
because no equilibrium data for vanadium complexes are available. From the
fact that the redox potential of the vanadium(V)/(IV) couple is changed by
solvents at similar concentrations as it is by ligands, it can be concluded that
for activation of catalytic reactions, mixed solvents will have the same
importance in non-aqueous systems as do organic ligands in aqueous solutions.
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SUMMARY

In acidic media, at pH <5, the carbonyl group of «,a,e-trifluoroacetophenone (1) is
reduced in the protonated form to give alcohol and pinacol, whereas at pH >7 the first
reduction step involves hydrogenolysis of the trifluoromethyl group of the unprotonated
form of I to yield acetophenone, which can undergo further reduction at more negative
potentials. Reduction of both the carbonyl group at lower pH and of the C—F bonds in
the unprotonated form are accompanied by hydration-dehydration equilibria. At pH >7
these reactions involve addition of water and of hydroxide ions. The increase of current
at pH >8 is due to a shift of the equilibria in favor of the geminal diol anion of I; the
decrease at pH >10 is due to an increase in the rate of the addition of hydroxide ions
with increasing pH. Spectrophotometric measurements at u = 0.1 gave the following
values for the acid dissociation constant of the geminal diol of I: K, = 6.4 X 10™" in 2%
ethanol and 5 X 107'? in 40% ethanol. Formation of the hemiketal results in an increase
of the absorbance of the free carbonyl form with increasing ethanol concentration.
Formation of the hydrate and hemiketal of I in dimethylformamide is compared.

Analytically important 1,3-diketones bearing one or more trifluoromethyl
groups adjacent to the carbonyl group are subject, in aqueous and water-
containing solutions, to complex equilibria involving hydration-dehydration
of carbonyl groups and to keto—enol and acid—base equilibria resulting in
formation of both geminal diol anions and carbanion-enolates. The identi-
fication of species present at various pH values and in various solvents is too
complex to be solved with a single model compound. Methodology for study
of acid—base and keto—enol equilibria was developed using non-halogenated
1,3-diketones [1—3]. To study hydration-dehydration and acid—base
equilibria involving the geminal diol group —C(OH),CF; by spectro-
photometric and electrochemical methods, o, ,«-trifluoroacetophenone
(CsHsCOCF;), referred to subsequently as trifluoroacetophenone or (I) was
chosen as a model compound. Conjugation of the benzene and carbonyl
groups shifts the reduction to more positive potentials, increases the
intensity of the n > n* band and shifts the » > #* absorption band to longer
wavelengths.

2Part 18. L. Deshler and P. Zuman, Anal. Chim, Acta, 73 (1974) 337.
bpresent address: Technicon, Tarrytown, NY 10591, U.S.A.
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The literature contains little information on the electrochemical behavior
of trifluoroacetophenone. Formation of radical anions between —40° and
—50°C by controlled potential electrolysis in acetonitrile solutions contain-
ing tetraethylammonium perchlorate has been demonstrated [4] by es.r.
measurements. Failure to obtain pinacols was attributed [5] to carbon—
fluorine bond fission preceding the attack on the carbonyl group. Products
and their yields from controlled potential electrolysis of I at a large mercury
pool cathode and a single pH have been briefly described {6]. The choice of
1.5 M acetic acid containing 1 M lithium chloride in aqueous 80% ethanol as
the reaction medium was based on experience with electroreductions of
other acetophenones [7]. However, while acetic acid is a suitable medium
for a study of pinacol formation, it is less suitable for study of carbon—
fluorine bond fission, as proved in the present study. In the pH region used,
two competing processes result in a mixture of products. At more positive
potentials acetophenone formation predominates, whereas at more negative
potentials the reduction proceeds further and yields pinacol. At both poten-
tials during the initial stages of electrolysis, where less than 60% of I had
been converted, formation of a-fluoroacetophenone was reported [6].

Electrolytic cleavage of a carbon—fluorine bond was first reported [8] in
the reduction of phenacyl fluoride. Such reduction has been also assumed to
occur in aliphatic compounds bearing fluorine adjacent to a carbonyl group
or to a double bond of «,f-unsaturated ketones [9—12]. Reports [13, 14] of
the reduction of C—F bonds in compounds bearing both a trifluoromethyl
and a sulfamido group on a benzene ring have not been confirmed for reduc-
tion at the dropping mercury electrode, where reductive cleavage of the
—SO,NH, group has been proved [15]. Lund has, nevertheless, observed
[16] a hydrogenolysis of the CF; group in these compounds when elec-
trolysis was carried out on a preparative scale at a mercury pool cathode.

Comparison of half-wave potentials, wave-heights and their pH-dependence
reported for trifluorothenoylacetone [17, 18] with those for 2-acetyl-
thiophene and thenoylacetone seems to indicate that the CF; group under-
goes electrolytic hydrogenolysis in the first reduction step rather than the
reduction of the y-carbonyl group assumed by the authors [17, 18]. The
reduction is evidently complicated by hydration-dehydration in addition to
keto—enol and acid—base equilibria. Results reported [18] for the con-
trolled potential electrolysis at the limiting current of the first wave of
trifluorothenoylacetone do not exclude the possibility of thenoylacetone
formation.

The carbonyl group adjacent to the trifluoromethyl is hydrated in
aqueous solutions. Reported values [19, 20] for the equilibrium constant
K4 = [CHsCOCF,]/[CHsC(OH),CF;] are of the order of 1072, and the
dissociation constant [21] of the geminal diol is pK, = 10.0. These values
indicate that at pH <9 only about 1% of compound I is present in the un-
hydrated, free carbonyl form, with geminal diol predominating.

The present authors indicated [20] that electrochemical methods yield
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values of Ky smaller by a factor of four than do optical methods. The
mechanism of electroreduction of trifluoroacetophenone, the role of ac-
companying acid—base and hydration-dehydration equilibria, and conditions
for evaluating equilibrium constants are dealt with in the present study.

EXPERIMENTAL

Apparatus

D.c. polarographic current—voltage curves were recorded by means of a
Sargent Mark XVI polarograph. Current—voltage curves using a.c., pulse and
derivative pulse techniques were obtained by means of a PAR Model 170
Polarographic Analyzer and recorder (Princeton Applied Research, Princeton,
NJ). Linear voltage sweep and cyclic voltammograms were obtained by
means of a voltage sweep source constructed for us by courtesy of R. N.
Adams (University of Kansas, Lawrence) with scan rates from 0.25 to 2 X 10°
V min™; a Tektronix type 564B storage oscilloscope equipped with type
3A9 and 2A63 differential amplifier units was used for recording. Current—
voltage curves with rectangular voltage polarization were recorded with a
commutator constructed according to the principle suggested by Kalousek
[22] and built to the design proposed by Némec and Holub [23]. The
auxiliary potential was held constant at a potential corresponding to the
limiting current of the wave to be studied with a Bipolar Potentiostat Model
100A (MI Associates, Cambridge, MA), which was also employed for prep-
arative controlled-potential electrolyses.

Aqueous solutions were placed in a 10-ml Kalousek cell, generally with a
saturated calomel electrode (s.c.e.) as reference. On occasion, a mercury—
mercury(l) sulfate (m.s.e.) reference was used. Temperature-controlled
experiments were carried out in a water-jacketed vessel with the reference
electrode separated by a sintered glass disc and an agar plug. Non-aqueous
solutions were polarographed in a single compartment cell fitted with a
silver—silver chloride reference employing 0.1 M lithium chloride as support-
ing electrolyte.

Preparative controlled-potential electrolysis at a dropping mercury elec-
trode (d.m.e.) was carried out in small volumes (1—2 ml) of electrolyzed
solution stirred by the falling mercury drop, in a cell designed by Manou$ek
[24], equipped with a separated saturated calomel reference electrode.

The pH values of the solutions were measured with a Sargent digital pH
meter (model DR) and a Sargent combined glass electrode (type S-30072-15).
For solutions containing 30 or 40% ethanol, the electrode was standardized
with ethanol-containing buffers.

Electronic absorption spectra were recorded with a Pye-Unicam SP8QO0A
spectrophotometer (Cambridge, England) using a matched pair of 1-cm fused
quartz cells, and a Cary 14 spectrophotometer using a matched pair of 10cm
cells. The temperature of the cells was kept constant by circulating water
from a Haake FJ water-bath (Germany) at 25.00 £ 0.03°C. Water or alcohols
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were added to non-aqueous solvents with a Manostat Digi-pet with a full
load capacity of 1.0 ml.

The gl.c. traces were recorded on a Varian Aerograph Model 1200 gas
chromatograph equipped with a hydrogen flame ionization detector. The
stationary phase employed was 3% SE-30 silicone gum rubber on Varaport
30, 100—120 mesh. The column was 5 feet long (1/8 in. i.d.).

Substances and solutions

a,0,0-Trifluoroacetophenone (Aldrich, 99% pure) was used as received; stock
solutions, usually 0.01 M, were prepared by dissolving weighed amounts in
absolute ethanol and were stored at 4°C in the dark for a maximum of a
week. For measurements in non-aqueous solvents, the stock solution was
prepared in the particular solvent. Reagent-grade acetophenone was distilled
prior to use (b.p. 202.0°C).

Acetonitrile, benzene, carbon tetrachloride, chloroform and dimethyl-
formamide (DMF) were Eastman spectral grade and were used as received.
Baker reagent-grade dioxane was freed from peroxides by filtration through
a column of activated alumina.

Chemicals for the preparation of buffers and other supporting electrolytes
were of analytical-reagent grade. Preliminary experiments were carried out in
five supporting electrolytes: 0.1 M sulfuric acid, acetate buffer pH 4.7, phos-
phate buffer pH 6.9, borate buffer pH 9.2, and 0.1 M sodium hydroxide. For
more detailed investigations, Britton—Robinson universal buffer (pH 2—12)
was employed. Values of pH below 2 and above 12 were obtained by the use
of sulfuric acid and sodium hydroxide solutions, respectively. The effect of
buffer concentration was examined in borate and in acetate buffers.
Ammonium chloride and ethylammonium chloride buffers were obtained by
titration of the pure base with hydrochloric acid.

Procedures

For polarographic experiments, the supporting electrolyte (9.9—9.5 ml)
was deaerated for 5 min with a vigorous stream of nitrogen; the required
amount of stock solution (0.1—0.5 ml) was then added and deaeration con-
tinued for a further 30 s prior to the recording of the i—FE curves. Single
sweep and cyclic voltammograms were measured at the end of the drop life.
Deaeration of non-aqueous solvents required 10—15 min.

Preparative controlled-potential electrolysis was carried out in a 2-ml
sample of 1 X 10™®* M solution. Long periods of time (40—60 h) were
required for the electrolyses as the current was kinetically controlled. At the
end of the electrolysis, aliquots of the electrolyzed solution were examined
by u.v. spectrophotometry and gas chromatography. Fluoride was deter-
mined by the lanthanum—alizarin fluorine blue method [25] at 620 nm.

For spectrophotometric measurements, aqueous solutions of the required
concentration were prepared by addition of ethanolic stock solution to
individual buffers. Measurements were made against blanks containing the
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same concentrations of ethanol. Non-aqueous solutions were prepared in
spectral-grade solvents from stock solutions in the same medium. When
mixed solvents were used, the second solvent was added directly to the cells.
Spectra were recorded within 2 min of preparation of the solution. Any
spectral time-dependence was checked at 10-min intervals.

To exclude the role of ketal formation when ethanol was used as solvent
for the stock solution, spectra in various buffers were compared when an
ethanolic stock solution of trifluoroacetophenone was added to the buffer
(resulting in a 2.5% ethanol content) and when the neat compound was
added. No differences in the spectra were found and no changes with time
were observed when the pH was lower than about 12 (at 25°C).

In sodium hydroxide solutions at 25°C, measurable irreversible changes
were observed during the first two hours. Absorption increased in the 230—
250-nm region and a new absorption band was formed at 275 nm. In more
dilute (1 X 107*—3 X 107* M) sodium hydroxide solutions these changes were
proved to be affected by the presence of oxygen. All spectra in alkaline
media were therefore investigated with the use of stoppered cells after de-
aeration of solutions by a stream of nitrogen.

RESULTS

Electrochemical studies

Aqueous solutions. Current—voltage curves for aqueous solutions of «,o,«-
trifluoroacetophenone (I) containing 2.5% ethanol or less were recorded by
means of d.c., a.c. and pulse polarography, linear sweep voltammetry and
rectangular voltage polarization (Kalousek commutator). Two processes are
involved in the reduction of I at the dropping mercury electrode over the pH
range 0—14. The process observed in acidic media results in the formation of
a wave Iy,, that at pH >7 is characterized by a wave i,. The latter is accom-
panied at more negative potentials by the acetophenone reduction wave i,.

The height of wave iy, between pH 0 and 4 remains practically constant
with all techniques used (Figs. 1, 2, Table 1) and decreases with increasing
pH in the shape of a dissociation curve with inflexion point at pK' about
5.5. In the region of decrease, wave iy, is not well separated from wave iy,
unless the concentration of I is below 3 X 107 M in media which contain
less than 2.5% ethanol. Characteristic potentials of waves (E,,,), summits
(Ey or peaks (E) are shifted with increasing pH to more negative values by
about 50 mV /pH (Fig. 3).

The height of wave i, that replaces wave iy, reaches a limiting value at pH
about 6 and remains pH-independent up to pH about 7 (Figs. 1, 2). With
further increase in pH, the height of this wave increases to a maximum value
and then shows a decrease in the shape of part of a dissociation curve with a
pK' value of about 11 (Fig. 4). The shape of the increase at pH >7 depends
on the technique used (Figs. 1, 2), the greatest differences being for cyclic
voltammetry at high scanning rate (Fig. 2). For a.c. polarograms, the half-
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Fig. 1. Dependence of currents of o, ,a-trifluoroacetophenone on pH in Britton—Robinson
buffers for (1) d.c. polarography (1 X 107> M ketone, 5% ethanol); (2) a.c. polarography
(2.5 X 107° M, 2.5% ethanol); (3) pulse polarography (2.5 x 10* M, 2.5% ethanol);
(4) derivative pulse polarography (2.5 X 10™* M, 2.5% ethanol). Current scale (on the left):
(1) 0.20 tA;(2) 0.22 uA;(8),(4) 0.15 uA.

Fig. 2. Dependence of currents for 4 X 10> M a,x,a-trifluorcacetophenone on pH
obtained by linear sweep voltammetry in Britton—Robinson buffers containing 2%
ethanol. Scanning rates: (1) left current scale 33 V s ; (2) right hand scale 0.066 Vs,

width of peak i, increases at pH >5, reaches a limiting value at pH 6.5 and
remains constant up to pH 7.5.

The growth of wave i, at pH >8 is accompanied by an increase of an
acetophenone wave i, observed at more negative potentials. The characteris-
tic potentials of this wave were found to be practically identical with those
of an authentic sample of acetophenone. The ratio i, :i, is independent of
pH up to pH 10. In linear sweep voltammetry, peak i, appeared only at scan-
ning rates higher than about 20 V s7.

The change in the measured current signals with pH is accompanied by a
variation in the character of the current. The d.c. polarographic curves of
trifluoroacetophenone are kinetically controlled over the entire pH range,
i.e. their height is governed by the rate of a chemical reaction. This is shown
by the independence of the limiting current of both waves iy, and i, on the
height of the mercury reservoir, by the large (ca. 10% deg™) temperature
coefficient and by the fact that observed currents were less than 10% of the
corresponding theoretical diffusion current. The latter deduction was based
on a comparison of the wave-height of trifluoroacetophenone with that of
an equimolar solution of acetophenone obtained under identical conditions.

With rapid voltage scanning techniques the current is limited by the rate
of chemical reaction only when the scanning rate is slower than about 20
V s™'. Under such conditions the current iy, or i, is independent of the
scanning rate (Fig. 5). At scanning rates above about 20 V s™', the current
is diffusion-controlled, as is shown by the linear dependence on the square
root of the scanning rate (Fig. 5). These results resemble those reported for
formaldehyde [26], pyridine carboxaldehydes [27, 28], and glyoxalic acid
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[29]. Further, only at scanning rates above 20 V s™ are the i—E curves peak
shaped, as observed for diffusion currents, whereas at lower scanning rates
steps are formed. The dependence of the current (Fig. 5) and the shape of
the i—FE curves follow a similar pattern even at pH 12, where the peak i, is
less than 10% of the peak current at pH 10 (Fig. 4). The current at scanning
rates above 20 V s is thus diffusion-controlled, but even then shows de-
crease with increasing pH. This indicates that the decrease of current i, with
increasing pH at pH >10 is due to a shift in the position of an acid—base
equilibrium rather than to a change in the rate of generation of the acid form.
The shape of the i—E curve for the more negative reduction of acetophenone
(i,) was more a wave than a peak even at 30 V s7, indicating that the current
i, is governed by the rate of a chemical reaction transforming the electro-
inactive product of the electrode reaction i, to acetophenone, the reduction
of which produces current i,.

The increase of current i, at pH >8 in d.c. polarography is independent of
buffer concentration, buffer composition, presence of boric acid and ionic
strength varied by addition of sodium chloride. The chemical reaction govern-
ing this increase thus does not involve participation of bases other than
hydroxide.

Temperature coefficients of waves iy, and i, between 25 and 45°C are
large and vary between 7.2 and 14.5% deg™!. Between 45 and 55°C the
temperature coefficient of wave iy, at pH 4.1 remains high (10% deg™),
resulting in a doubling of the wave height over a 10°C interval, whereas the
temperature coefficients of wave i, at pH 6.8 and 9.3 decrease (2.5 and 2.9%
deg™, respectively) and tend towards the theoretical value for diffusion cur-
rents (1.8% deg™). This indicates that with increasing temperature the rate of
the chemical reaction increases so much that it becomes comparable with the
rate of transport by diffusion.

No changes of wave-heights of trifluoroacetophenone with time were
observed over the first hour at 25°C up to pH 12. When alkaline solutions
were acidified, the same wave was obtained as for solutions prepared by
direct addition of trifluoroacetophenone to the corresponding acidic media.
The decrease in wave-height at pH 10—12 at 25°C is thus not caused by
cleavage of the trifluoroacetophenone.

The absence of anodic peaks in cyclic voltammetry even at 50 V s™ indi-
cates the irreversibility of the process. Logarithmic analysis gave linear log
i/(ig — i) vs. E plots with the following values for trifluoroacetophenone
(values for acetophenone in brackets): at pH 4, an, = 1.93 (0.44); at pH 8,
an, = 0.78 (0.568); and at pH 10, an, = 0.48 (0.72). Results with rectangular
voltage polarization, where the auxiliary voltage in the Kalousek commuta-
tor [22, 23] was adjusted to correspond to the limiting currents of waves
iga O ip, showed no anodic wave over the whole pH range, confirming the
irreversibility of the reduction process.

Ethanolic solutions. The limiting current of wave iy, in 0.1 M hydro-
chloric acid and in acetate buffer pH 4.7 decreases markedly with increasing
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TABLE 1

Comparison of characteristic potentials (V vs. s.c.e.) and currents obtained by various
electrochemical techniques for currents igs and iy of the reduction of o,o,a-trifluoro-
acetophenone and iy, for the reduction of electrogenerated acetophenone at 25°C

D.c. polarography? A.c. polarography?
pH —E,, i(uA) pH —E i(uA)

HA A P HA A P HA A P HA A P
2.3f 0.72 0.26 4.1%8 0.76 0.15
3.1f 0.74 0.24 468 0.78 0.22
4.0f 079 0.23 5.48 (.82 0.24
5.1f 0.85 1.0 0.21 0.06 57" 0.89 0.10
6.3f 0.94 0.50 5.80 0.95 0.10
7.1f 1.01 0.60 6.60 0.99 0.17
7.6t 1.05 1.50 0.70 0.05 .90 1.02 1.51 0.15 0.02
8.1f 1.06 1.52 0.77 0.07 7.6 1.05 1.53 0.25 0.05
8.5% 1.04 1.50 0.87 0.10 10.1f 1.11 1.59 0.35 0.16
g.of 1.05 1.50 091 0.12 10.8f 1.11 1.62 0.26 0.14
9.3f 1.06 1.52 1.07 0.12 11.9f 1.14 1.63 0.10 0.08
9.8f 1.08 1.55 1.27 0.10 11.8f 1.16 1.65 0.03 0.03
10.2f 1.08 1.55 1.08 0.12
10.6f 1.09 1.55 0.94 0.13
11.1f 111  1.57 0.73 0.16
11.6f 1.10 1.58 042 0.10

45% ethanol, 1 X 10" M compound L. ®2.5% ethanol, 2.5 X 10"* M compound I; 100 Hz,
10 mV peak-to-peak amplitude. ®Derivative pulse polarography, scan to —1.6 V, 2.5%
ethanol, 2.5 X 10™* M compound 1. 42% ethanol, 4 x 10~* M compound I, 33 V s™. €Ratio
of peak currents iy and iy at 33 V s™ and 0.066 V s™. fBritton—Robinson buffer,
E Acetate buffer. PPhosphate buffer. iSmall.

ethanol concentration up to about 30% ethanol and shows a slight increase
at higher concentrations ( Fig. 6).

In Britton—Robinson buffers containing 30% ethanol, the pH dependence
of the limiting current had a shape similar to that observed in the presence of
2.5% ethanol (Fig. 7), but the current iy, (and wave i, at pH 6—8) is about
half that for 2.5% ethanolic solutions. Separation of waves iy, and i, at pH
5—7 in the presence of 30% ethanol was poor and the presence of two waves
could be proved only by logarithmic analysis. The relative increase of wave
in at pH >8 is more pronounced in the presenc