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SUMMARY 

The performance of several voltammetric detectors, namely, a tubular detector 
with a platinum working electrode and thin-layer and wall-jet detectors with glassy 
carbon and graphite paste, was compared using d.c. and differential pulse polari- 
zation and adrenaline as the test substance_ The parameters studied were the residual 
current, the accessible potential range, the detection limit, sensitivity, reproducibility, 
the time constant, the response volume and the dependence of the signal on the eluate 
flow-rate. The theoretical detector response was calculated and compared with the 
experimental values. 

INTRODUCTION 

The recent great progress in high-performance liquid chromatography (HPLC) 
has stimulated development of many new detectors. Among them, an important role 
is played by electrochemical detectors that exhibit a high sensitivity, good reproduc- 
ibility and a wade linear dynamic range for certain groups of substances’-3. Of elec- 
trochemical detectors, voltammetric ones have found by far the widest use. Detectors 
employing dropping mercury electrodes have the advantage that the electrode surface 
is periodically renewed and they exhibit a large negative potential range. However, a 
serious drawback lies in the construction of a reliable dropping electrode in a suf- 
ficiently small working space. This disadvantage is removed by using stationary mer- 
cury electrodes, but these no longer have the advantage of electrode surface renewal 
and are prone to adsorption and passivity effects. A common drawback of mercury 
electrodes is the limited anodic potential range and thus various solid electrodes must 
be used to monitor substances that are anodically oxidized. The materials used are 
most often various forms of carbon and less often platinum. The hydrodynamic 
systems empioyed are generally based on the thin-layer and wall-jet principles and 
less frequently on other systems, e.g., tubular. 

The performance of several detectors with dropping mercury electrodes has 
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been compared4 with a commercial wall-jet detector Detektorzelle EA 1096 (Met- 
rohm, Herisau, Switzerland) and with a UV detector; wall-jet detectors with glassy 
carbon, graphite paste and mercury electrodes were compared’ with the EDT Re- 
search6 and Bioanalytical Systems’ commercial detectors. The parameters of the 
EDT Research detector were compared’ with those of UV and fluorescence detectors. 
The function of detectors with various carbon electrodesg*” and with a dropping 
mercury electrode l1 has recently been studied. 

In the present work, the performance of voltammetric detectors of our own 
construction based on tubular, thin-layer and wall-jet hydrodynamic systems and 
employing platinum, g!assy carbon and graphite paste working electrodes is com- 

pared. 

EXPERIMENTAL 

The tubular detector with a platinum working electrode has been described 
elsewhere12. The thin-layer and wall-jet detectors with glassy carbon and graphite 
paste working electrodes are constructed as a single unit (see Fig. 1). The detectors 

CC?) (f) 

Fig. 1. Constr~~ction of the tbsn-layer and wall-jet detectors_ a, Side view; b, top view; c. the O.Oknm PTFE 
spacer m the thin-layer detectors, showmg the pos~tmns of the working electrode, mlet and outlet; d. as c 

for the wall-Jet detectors; e, expanded view of the grapbitt paste electrode; f, expanded view of the glassy 
carbon electrode 1 = FTFE body (7 cm III &meter, 3 em high), upper part; 2 = ETFE body (7 em 1x1 
diameter, 2 cm iugh), lower part; 3 = plastic screws; 4 = &et (sties+steel capdIary, 0.23 tnrn I.D.); 5 = 
~ork~~~g electrode (3 mm III dxameter); 6 = brass contact; 7 = PTFE spacer (0.05 mm thick); 8 = inlet 
PTFE capdkary (0 2 mm); 9 = working space; 10 = outlet (0.5 mm); II = reference and auxiliary 
electrode space; 12 = SCE; 13 = FTFE O-ring; 14 = platinum Hnre aMary electrode; 15 = plastic 
screw; 16 = outlet from the detector_ 
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consist of two cylindrical PTFE parts that are tight@ screwed together and separated 
by a thin PTFE spacer. The upper part contains the eluate inlet, the compartment for 
a reference and an auxiliary electrode and an outlet. The lower part contains the 
working electrode; in the thin-layer detectors, the electrode is located 2 mm from the 
mlet (Fig. lc), whereas in the wall-jet detectors the inlet is directed to the centre of the 
working electrode (Fig. id). The hole cut in the O-05-mm PTFE spacer defines the 
working space of the detectors_ The bases of the PTFE cylinders that are pressed to 
the PTFE spacer are polished to a mirror-like fimsh with metallographic papers @IA, 
Chur, Switzerland) and damp velvet. The SCE (saturated calomel electrode) reference 
and platinum wire auxiliary electrodes are fixed in a plastic screw and screwed into 
the reference compartment (Fig. la). 

The glassy carbon working electrodes (Tokai Electrode Mfg. Co, Nagoya, 
Japan), 3 mm in diameter, are fixed in a brass contact, pressed into the PTFE body at 
a temperature of 200°C (Ftg. If) and polished to a mirror-hke finish as above. Grap- 
hite paste electrodes were prepared from finely pulverized spectral graphite (Kablo, 
Topolfany, Czechoslovakia) by mixing it with a-bromonaphthalene (p-a.) or NUJOI 
(Lachema, Bmo, Czechoslovakia) to form a thick, smooth paste. The paste was 
placed in a depression in the PTFE block over a brass contact (Fig. le) and its surface 
was smoothed with a glazed paper card. Details of the detectors are given in Table I. 

The measurements were performed with Pye Umcam LC-XP liquid chroma- 
tograph, LP-7e and PA-3 polarographs (Laboratomi, Piistroje, Prague, Czechoslo- 
vakia) and a Varian-Techtron line recorder_ The samples were injected either directly 
into the detector through a short stainless-steel capillary (0.23 mm I.D.) or through a 
Partisil 10 ODS (10 q) column (250 x 4.6 mm) (Pye Umcam, Cambridge, Great 
Britain). A 20-~1 sampling loop was used for sample injections, as it has been showni 
that two to three times better sampling precision is attamed than when using a 
syringe. 

TABLE I 
DETAILS OF THE DETECTORS 

Detector 

No. Type 

Workmg 
electrode 

EIectrode 
sw-face area 

(mm2) 

Geometrical 
volume 

(dl 

1 Tubular Platmum 12 57 2 26 
2 Tbm-layer Glassy C 7.07 0 65 
3 Thm-layer Carbon’paste 7.07 0 65 
4 Wall-jet Glassy C 7.07 0 3.5 
5 Wall-jet Carbon paste 7.07 0.35 

Adrenaline hydrogen tartrate (MW 333.3; Fluka, Buchs, Switzerland) was 
used as the test substance_ A citrate-phosphate aqueous bufIer14 (300 ml of 0.1 l!: 
citric acid and 160 ml of 0.1 1M Na,HPO,, pH 4.7) was used as the mobile phase. 
Before use it was deaerated by purified nitrogen and degassed in VQCLLO. A 1O-3 A4 
adrenaline stock solution was prepared in the buffer solution and diluted immediately 
before measurement. 

The measurements were carried out at laboratory temperature, at +0.8 V 
(SCE) and all current values were scaled to the electrode surface area of 7.07 mm2. 
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PSSULTS AND DISCUSSION 

The results are summamed m Table II and Fig. 2. 

Accessible potential range 
All the electrode materials have similar anodic potential limits (for a current of 

1 PA) [about + 1.2 V (SCE) at the buffer pH of about 4.51, except for graphite paste in 
the wall-jet detector which has a somewhat lower value. The negative potential limit is 
lowest with the platinum electrode, and the most negative for the graphite paste 
electrode. From this point of view, the graphite paste is undoubtedly the most 
surtable electrode material_ 

Residual current avd noise 

In this respect, graphite paste is by far the best electrode material, as its residual 
current is more than an order of magnitude lower than with glassy carbon and 
platinum and exhibits a very low and regular noise. The residual current and noise 
level with platinum and glassy carbon strongly depend on the quality of the electrode 
surface polishing. Glassy carbon is espectally sensitive to polishing and is easily dam- 
aged by passage of high currents. An improvement in the reproducibility of the 
residual current magnitude and noise level was reported after impregnation of glassy 
carbon with ceresine waxIs. The noise with the platinum electrode is regular and 
increases umformly with increasing sensitivity of measurement; that with glassy 
carbon is low and increases suddenly when currents below ca. lo-’ A are measured_ 

On the other hand, platinum and glassy carbon electrodes, when polished well, 
yield reproducible values for a long time (about one month m the absence of surfac- 
tams) and virtually the same absolute current values are obtained after repolishing. 
Graphite paste electrodes require frequent replacement (every day for those contain- 
ing a-bromonaphthalene, at least once a week for those with Nujol) as their response 
detenorates quickly (the residual current increases and the measuring sensitivity de- 
creases). This is apparently caused by bleeding of the diluent from the paste, leading 
to roughemng of the electrode surface, and by mechanical damage to the electrode at 
high flow-rates, especially in the wall-jet system. Graphite paste electrodes cannot be 
used in non-aqueous media that dissolve the paste diluent. After replacement of the 
paste, recahbration must always be carried out, as the absolute current values are not 
reproducible. 

The current value stabilizes almost instantaneously after adjustment of the 
potential at a graphite paste electrode, whereas at glassy carbon and platinum elec- 
trodes it drifts for tens of seconds or even several minutes. No drift of current after 
initial stabilization, as is sometimes reported’, was observed. In the presence of 
strongly adsorbing substances (e.g., phenols), the activity of all electrodes decreases 
raptdly. 

Thus it can be concluded that for most measurements graphite paste electrodes 
are most suitable. Glassy carbon and platinum electrodes are useful for measure- 
ments in non-aqueous and mixed media and under conditions when the paste would 
be mechanically damaged (e.g., high flow-rates). 
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Detection Cimit 
The detection limit was calculated as twice the standard deviation of the noise. 

It is generally lower for wall-jet than for thin-layer systems and the lowest detection 
hmit is obtained for graphite paste in the wall-jet system. The detection limit obtamed 
with the tubular system lies between that of the thin-layer systems and the graphite 
paste wall-jet detector. 

Linear dynamic range and parameters of the calibration curves 
All the detectors exhibit a broad linear dycamlc range, whose upper llmlt is 

dependent virtually only on the properties of the electromc circmtry. The calibratton 
curves, obtained by the least squares method, exhibit good linearity (see the corre- 
lation coefficients of the regression straight lines in Table II), except for detector 5, 
where the linearity IS poorer for larger mjected amounts. The detectors with glassy 
carbon electrodes generally exhibit a higher sensitivity than graphite paste and platt- 
num electrodes (see the slopes in Table II)_ All the cahbration curves have a positive 
intercept (see Table II), which is apparently caused by adsorption of adrenaline over 
the whole measuring system. After several injections of adrenalme, a peak is obtained 
even when pure mobrle phase is injected, which decreases and finally disappears on 
repeated Injections of the mobile phase. 

Time constants and response volumes 
The time constants of the detectors were determined for a flow-rate of 0.3 ml 

min-’ as the time required for attaining a current Z = 0.632 I,,, m a step change m 
the adrenaline concentration (see ref. 4). The response volumes were then calculated 
as the products of the time constants and the flow-rate. The time constants are not 
very different and the response volumes are somewhat greater than the geometrical 
volumes of the cells, indlcatmg that diffusion plays a r61e m the overall hydrody- 
namics of the systems. 

Reproducrbihty of measurement 
The reproducibility of peak heights, half-widths and areas strongly depends on 

the state of the electrode surface and is similar for all the detectors. Typtcal values of 
the relative standard deviations for these values are 1 y0 for amounts greater than 500 
ng adrenaline, 3 oA between 100 and 500 ng, 5 y/, for 20-100 ng and about 10 % for 
lower amounts. 

D@erentiaC pulse polarization (DPP) measurements 
The performance of the detectors was also tested using drlferentlal pulse polan- 

zation of the electrodes. As already showu in our previous paper”, differential pulse 
measurement has the same sensitivity as d-c. measurements, the residual current and 
noise are somewhat higher and the reproducibility of peak height is somewhat poorer. 
Therefore, it seems that there is no advantage in using DPP with detectors contauung 
solid electrodes, except for an improvement in the selectivity over d-c. measure- 
ment16. 

Response dependence on the spacer thickness 
Tests of the dependence of the detector response on the spacer thickness gave 
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results similar to those reported previously I7 On decreasing the spacer thickness, the . 
linear flow-rate increases with consequent increase in the sensitivity; however, the 
noise also increases, so that the detection limit remains unchanged. The noise value is 
dependent chiefly on the quality of polishing of the walls of the cell; the better 
polished they are, the thinner the cell can be and the lower is the detection Limit. 

With decreasing thickness of the cell the electric impedance increases, which 
places greater demands on the potentiostat used. With a cell thickness of 0.05 mm, a 
typical value of the electric resistance between the working and reference electrodes is 
104 S-2. 

Response dependence on the flow-rate 
The dependences of the peak height and half-width on the flow-rate are given 

in Fig. 2. There are no deviations from the theoretical assumptions and no significant 
differences among the detectors tested. For a comparison with the theoretical depen- 
dences see below. 

Comparison of the detector performance with theoretical assumptions 

The theory of thin-layer detectors is based on the relationship derived by 

6- 

I 

0 Q2 04 0.6 06 10 12 1.4 L6 
ml/mm 

Fig. 2. Dependence OF the peak height (a) and half-width (b) on the flow-rate Curves 1-5 are for detectors 
I-5, respectively (see Table I). Sample 560 ng adrenaline; to.8 V; chart rate 3 l/3 cm m~n-~. 



276 K. STULiK. V. PACkOVA 

Levich’* for the limiting current at a planar electrode immersed in a medium with 
laminar fIow 

I1 = 0.68 nFD2’3b1”2u’12v-“6c0 

where the symbols have their usual significance; b and I are the dimensions of the 
plate, perpendicular to and parallel with the flow, respectively. As shown in our 
previous paper 12, the tubular detector described behaves similarly to thin-layer detec- 
tors, because the gap between the working and auxiliary electrodes is so thm that the 
curvature of the electrode surface can be neglected. 

For the limiting current at wall-Jet electrodes, the relationship 

I, = (I.60 x k) nFD2j3v - 5l12 V3”a- 112r314co (2) 

was derived by Matsuda “**O, in which volume flow-rate, V, appears instead of linear 
flow-rate, t(, a is the diameter of the jet, r is the radius of the working disk electrode 
and k is an empirical constant. 

Using eqns. 1 and 2, theoretical maximum currents were calculated for the 
given detectors and the system studied. As the diffusion coefficient of adrenaline 
could not be found in the literature, the value D = 0.8 x 10m5 cm2 set-’ was 
selected” (the diffusion coefficient of resorcinol, which is structurally the most similar 
to adrenaline among the substances for which diffusion coefficients were available)_ In 
the electrochemical oxidation of adrenaline two electrons are exchanged22, z.e., n = 2. 
The kinematic viscosity of the buffer solution is v = 0.0104 St. The value of the 

Fig. 3. Experimental and theoretical calibration cuks- 1-5, detectors 1-5 (see Table I); A, theoretical 
curve for the &m-layer detectors, B, theoretical curve for the wall-jet detectors; C, theoretical curves for 
the tubular detector. Cond~hons: CO 8 V (SCE): flow-rate 0.3 ml min-‘. The expermentzl curves were not 
corrected for the peak caused by adsorption of adrenalme (see text). 
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empirical constant k in eqn. 2 was taken from ref. 20 (k = 0.86) where it was 
determined with hexacyanoferrate(III) and a gold electrode. The charge-transfer re- 
action of adrenaline IS reversible (k’ = 0.27 see-’ at pH 4.5)22. The concentrations of 
adrenaline in the eluate at the peak maximum were calculated and substituted into 
eqns. I and 2. 

The theoretical calibration curves are given in Fig. 3, together with the experi- 

mental curves. Fig. 4 depicts the dependences of I_ on & for all the detectors and 
of log I_= on log Vfor the wall-jet detectors. It can be seen that the theory predicts a 
somewhat higher sensitivity for thin-layer detectors than for wall-jet detectors_ The 
tubular detector has a greater internal volume than the other detectors and thus its 
theoretical sensitivity is lowest. 

(0) 

11 I I 0 1 
0 1 2 3 4 

VT 

I- 
(b) 

160 

5. slopes = 0 37 
002 

4,slope=O16 

Fig. 4 Dependence off,, on fi (a) and of log I_, on log V(b) Curves l-5, detectors 1-5 (Table I) 
Condltlods +0 8 V (SCE); 506 ng adrenalme mpzted 

The detectors tested exhibit somewhat lower sensitivities than predicted. This is 
probably caused by several factors: (a) uncertainty in the values substituted into eqns. 
1 and 2 (chiefly in D, and k in eqn. 2); (b) the specific effects of the electrode material 
(chielly the lower sensitivity with graphite paste compared with glassy carbon); (c) the 
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effect of adsorption on the electrode surface, leading to its passivity; (d) deviations 
from laminar flow with thin-layer systems; (e) the effect of a very small working space 
(Le , the assumption that the thickness of the hydrodynamic boundary layer is neglig- 
ible compared with the cell dimensions is invalid). The contribution from effects (d) 
and (e) will certainly strongly depend on the quality of electrode surface polishing and 
on the precision of the detector construction_ The wall-jet detectors exhibit a better 
agreement with the theory, because the turbulent flow, also assumed by the theory, is 
apparently the predominant parameter. 

The dependence of I_= on fi is hnear as predicted by the theory; however, 
sometimes a relatively large scatter of the indrvidual points is observed, as a result of 
differences m the state of the electrode surface when the dependence is constructed 
from the results of several separate measurements. 

The experimental slopes of the log I,,, vs. log V dependence for the wall-jet 
detectors are substantially less than 3/4. This is most probably caused by the mode of 
construction of the given detector, which does not permit free flow of the eluate 
radially in alI directions along the electrode surface, as the spacer directs the flow in 
one direction, toward the outlet from the working space. The break in this depen- 
dence for the wall-jet detector with a graphite paste electrode is apparently caused by 
mechanical damage to the electrode at high flow-rates_ 
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