
The use of a giaq ~carbon.ekctrode for detecting elecctrochemicaf~yy oxidizable 
compounds wi& high crrmnt yield in high-performance liquid chromato,~phy is 
t+x&e~. : 

-The-vafious properties of the detector, sum ES sensitivity, dynatic behatiour, 
lineg working range; detection limit and selectivity are discussed on .the basis of 
theoretic& c&siderat&ns and q+iperim&tal rest&s. The detector has a detection 
limit in the picqram range with good dynamic behavjotrr. 

-The appECsrtion of the detector to the iapid separation.of biogenic aromatic 
acids-is de&r&d md its applicability to .the analysis of neuroleptics is discussed. 
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larger potential range compared with metals. such a_ gofd or &&i+rn” (froth ab& 

: 

-1.0 V to f 1.0 V vs. S.C.E.), glassy carbon was chosen as the el&t&de mate&& 
The po$sible deactivatioti of the electrode surfacefdtie.to adsorption, can be 2 

disadvantage of these solid eledtrodes. Knowledge of these effects and -tif the efectro- 
chemical behaviour above f 0.4 V vs. S.C.E. is limited compafed tith &numerous 
detailed studies that have been mtide with the dropping mercury electrode. 

Detection in liquid chromatography by means of solid glassy Fbon electrbdes 
has been rcported’~s, using electrodes with small surface are&s; but-t& detectors have 
not been characterized with respect to dynamic behaviour; linear ~tige, sensitivity 
and noise. In this -paper, the use of a glassy &bon. electrode with a reiatively large 
surface area is described. 

It is necessary to define the concept of coulometric yield as used throughout 
this p2per; it is defined as i/thF, where i = current (A), riz = .mass flow (moI$sec), 
n = number of eIectrons transferred per molecule and F = F-day constant (C/ 
mole). The term coulometric yieid should not be confused with the term current 
efficiency which is used in electrochemistry. 

A large surface area has the following advantages, all of which result frolm the 
fact that nearly all molecules can react at the electrode: 

(a) an increase in the oxidation yield and therefore an improvemect in the 
chromatographic signal will be obtzined; 

(b) small variations in the flow-rate will not asect the peak area, as the cell is 
acting ef&tively as a mzss flow-sensitive device; 

(c) the amount of compound can be calculated f&h the peak area directly 
if the number of electrons involved in the reaction is known; 

(d) small variations ti the temperature will .have little effect; and 
(e) partial deactivation of the e&&ode surface by adsorption of reaction 

products will have 2 relatively small i&lu@ce, 

APPARATUS 

C~mtmctZon 
The detection cell, presented in Fig. i, consists of two glassy carbon plates 

(V25, Czrbone tdrrzine, Paris, France) of dimensions 15 x 100 x. 1.5 mm. The plates 
are polished with carbortmdum powder. In one pIate the inlet tube (3cm stainiess- 
steel tube, LD. 0.25 mm) and the outiet tube (3-cm silver tube, I.D. 1 mm) we cemen- 
ted in~electrically insulating epoxy resign (Araldite AV129). .The necessary holes in 
the p!ates were made by ultrasonic drilling with carb&utidum powder. -The cell 
volume is formed by a Teflon spacer between -the plates, the thickness _of the spacer 
being the height of the c&I; Teflon sheets of im and 50 pm were used. The Ien,& of. 
the duct is 80 mm and the width 7 mm. The plates are pressed together by-means of 
two stain&s-steel plates (thickness 10 mm) and six screws (M6). The gltisy &bon 
plates are insulated from the steel by~means of a Teaon sh&t (&ickness 1 -mm). Elec- 
trical contact .with the pIates is mzde by means of a silver .contact at the fop. of a 
Tefldn screw. 

Eleciriraipak (Fig. 2) 
A thre&electrode system was used in order tq mini@ze the i&en& -of the 
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a workmg electrode 

Fig. 1. Cell construction. A znd B, glassy cxbon pIates constituting auxiliary and working electrode, 
respectively; C, Tefion isoIation sheets; D, Teffon spacer; E, steel plates; F and G, inlet azd outlet 
capilhu-ies. respectiveiy (the outlet tube is the reference electrode)); not shown, six screws for pressing 
steel plates together_ 

Fig_ 2. Detector e!ectronics. A, Amplifier (Philbrick 1700); B, Fairchild 725.5; C, F&chiId 741 (the 
current range can be chosen by switching the resistors at tie s=,-cond amplifier); P, potential control; 
Z, zero control, S, polity of zero control. 

resistance of the solution (iR drop) on the potentizf of the working e&&ode. Silver 
wzs used for the outlet tube because a reference electrode can be obtained with it. 
Two different electrode arrangements were used: 

(a) both glassy carbon pIates as the working electrode and downstream from 
the silver tube 2 stainless-steel tube (I.D. 2 mm) as the auxiliary electrode; and 

(bj the upper plate as the auxikry de&rode and the opposite one as the 
tyorkkg electrode. 

The potential is controlled by a low-noise chopped operational amplifier 
(Philbrick 1700) and the ctu-ren~ is amplified by a low-noise operational amplifier 
(Fairchild 723, followed by an a&e first-order filter (RC time 48 nsec). 



~For tesring the detector under chromatographic coRditions, a pump (Eabotron 
LDP 13A or Orhta DMP I515), 2 St2iRlesS-steel cohmrR, 2 manometer with sUr.iRless- 

. steel cormecting tubes, a syritge injection device and an injection valve (aomatro- 

nix HP sv 20) were used. 

Potassium chloride, acetic acid, sodium acetate and L-ascorbic acid @HO 
Bnalysi grade, E. Merck, Darmstadt, G.F_R_j and doubly d&i&d water were used. 
.Amines 2nd acids rased as solutes were of difherent origiin, most of them being of 

analytical-reagent grade. 

IHEORUTICAL 

General 
\VheR the eluent flows through the cell, electrochemicahy active compounds 

wih react at the electrode Surface 2nd an ekzctric CurreRt, proportiond to the mass 

flow, will result at a constant Bow-rate of the ehrent. The liquid flows over the surface 
as a thin film of thickness about 0.1 mm and width 0.7 cm. As a result of the reaction 
at the electrode, trafisport by diffusion will start from the bulk towards the electrode 
surface. With the ff ow-rats encountered in chromatography 2nd with dimeRSiORS of 
the cell used, the flow in the cell will be lammaP. Therefore, transport of electro- 
chemically active material from the bulk towards the electrode surface can occur by 

m&cUlar diffusion Only. 
In this paper, 2~ expression is derived for the current as a function of the flow- 

rate and the surface area of the electrode. Mathematically, the problem hzs aR aRalo,q 
with heat conduction by flowing &rids. Graetz’ was the frrst to describe the combina- 
tion of heat coRductioR and lammar Aow. Eince then, sever21 workers have dealt 
with this problem under dif5erent conditions and using different mathematical 
methods*-l0 . 

For the theoretical discussion the following assumptions are made: 

(a) the cell is a rectangular duct in which aR instant2Reous reaction takes pI2ce 
at one wall of the cell ; 

(b) the flow is laminar; 
(c) in the entrance rectaqydar cross-sect&x the velocity is constant and the 

concentration is constant; 
(d) ah fluid properties are constant; * 
(e) diffusion in the direction of the Bow is neglected; and 

ff) m2ss traRSfer is two-dimensional, which means that the boundary effects 
at the vertical. wahs are RegIected- 

The following ncmeRcE2ture is used : 
b = width ofthe duct; 

c, = concentration of oxidizable compound a; 

GO = CORceRtratiOR at X = 0; 
(c,i = b&c coRceRtratioR zt x; 

d = height of the duct ; 

0, = diffusion coefficient of a in the duent ; 
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CC.7 
k&F ‘zi, 

= dimensionless Graetz number = xD; 
cr 

J--- = m0ra.F a&x; 
k In = convective mass transfer coefkient, based on the log mean concen- 

tration; log mean concentration = <cLu> - ca0 _ 

In <cQs> ’ 
cl70 - 

str %fl d = dimensionless Sherwood number = D; 
a 

V_X = velocity in x-dire&ion; 
F= = metrn veiocity in x+irection; 

VXO = vetocity at x = 0; 

VY = velocity in y-direction; 
x = coordinate in Row direction; 

Y = coordinate perpendicular to the plates. 
By means of a mass bzdance in the xy plane, the following equation is obtined: 

& 
-0 + ac 

vx ax 
y .o = D af C, 

y ay “3F 
This equation must be solved for the following boundary conditions: 

(a) x = 0: -3 < y < f +2; v, = v,; c, = CC0 

(b) x>O:y= -+-+&v,= v,=O;c,=O 

ac, (c) y = --jd; Y, = vx = 0; - = ay * 

The identid case for ener_gy transport has been cakuktted numericzlIy9. The 
dimensionless Nitsselt number has been given as 8 function of 1/Gz; for mass tran- 
sport, Sh is the analogous number. FOF tie number of moles transferred per second 
to the electrode we have : 

Jbx- = iL&b(c, - <c,>) 

The definition of the mass transfer coe&ient glveP 

(1) 

and the de&&ion of the Sherwood number for this geometry is 

FFCW eqns. 2-3, we obtain 

(3) 



As Str is known to be a function of Sz, the number of mofes transferred to the surface 
can be calculated from this fonnuIa. The result for the coulometric yield is 

Caicdation of the codome~ric yield under chromatographic conditions 
Using the cell described under normal chromatographic conditions, the 

Graetz number will be less than IO. According to Stephang, StZ has then approached 
a constant value, which means that the mass transfer coefficient is no longer a func- 
tion of the flow-rate. This value for Sh is 4.86. 

Using eqn. 5, the yield can be calculated as a function of the electrode surface. 
This is illustrated in Fig. 3, and it can be seen that with reasonable cell dimensions it 
is possible to obtain nearly 100 % coulometric yield (91%). 

b 

x- ------- 
L x* 8cm 

Fig. 3. CaIcuIated percentage of reacted compound (a) and fnction of mean concentrztion from the 
beginning concentration (b) versxs distaxe to the inlet point. Conditions: fix = 0.8 cm/xc; 
D., = 10m5 cm%cc: height of the spacer = lOO.um: width = 0.7 cm. 

Prediction of dynamic behaviour 
For 100 % coulometric yield, each molecule will reach the electrode within the 

residence time in the cell. The dynamic behaviour of the cell is described by the re- 
sponse to a concentration impulse, i.e., the current verszs time curve after an amount 
of substance in a very small volume has entered the cell. This current versus time 
curve will be exactly the same as if the -oxidation took place after difhtsion from a 
stagnant firrid film, as the chance of molecules reaching the electrode is independent of 
the movement alongside the electrode caused by the Eow. Diffusion from a stagnant 
fhrid f&n has been described”.“. The bulk concentration as a function of time is 
given as 



The current caused by the impulse will be the derivative of this expression. In this 
way, a theoretical estimate of the peak broadening elect would be possible. However, 
‘comparison- of theoretical with experimental va&s of the standard deviation, Go, 
caused by the detector is diEcub, as the experimental value is based on measurement 
of the width at 0.6 maximal height of the peak. The same procedure applied to the 
F&eoreticacurve would yiefd zero for CT~, as the ‘theoretical equation predicts an in% 
nite value of the current for the moment that the substance enters the cell. A means of 
dealing with this problem is to consider the time interval in which a certain percentage 
of the substance reacts, and to compare it with the value expected for a gaussian curve. 
From Jo&, it can be derived that when dt = 0.95 4d2/r?BQ, 68.5 oA of the substance 
has reacted. For a gaussian curve, the same percentage of the area is present between 
the boundaries &,-CT and t m + G, where rm is the time of the maximum. When we 
equate 20 to At = Q.95 &P/&DC, we obtain a rough estimate of cr, and accordingly we 

Put 

0.95 4& 
0, = - -- 

2 irz 23, 

These estimates are included in Table ILL 

Although there may be other causes, non-linearity in electrochemical cells is 
caused mainly by the voltage drop in the electrolyte solution when a current flows. This 
so-called iR drop decreases the potential difference prevailing at the worhing 
electrode-solution interface. As a linear relationship between concentration and 
current can be expected only for a constant value of this potential difference, this iR 
drop must be kept as small as possible. There are several methods of accomplishing 
this requirement : 

(ij Use of a solution of high conductivity (water with a high concentration of a 
conducting inert electrolyte). From both the chromatographic and electrochemical 
points of view, this procedure gives serious limitations. 

(ii) Use of a cell of suitable geometric shape, in which the resistance between the 
working and reference electrodes is as small as possible. This procedure means a short 
disiance and a wide cross-section between the electrodes. 

(iii) Use of a three-electrode system. The two functions, conducting the current 
and serving as a reference point for the potential, normally performed by one electrode 
are separated in this instanaz, between a reference electrode and an auxiliary electrode 
which carries the current. A small reference electrode with high impedance can be 
used. These electrodes can be positioned very near to the working electrode 
(method ii)_ 

A properly designed coulometric liquid chromato,oraphy detector should be 
capable of conducting fairly large currents, should have a smail eiktive cell volume 
and should be compatible with difiirent efuents. Therefore, a combination of methods 
ii and iii is the most suitable. 

The relative positions of the working, reference and auxiliary electrode are im- 
port&t. The geometry should be such that the voltage drop that exists between the 
working and aux&ry electrodes as a result of the current is observed by the reference 
electrode to only a very sm& extent. This means that the current paths from the 
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pmrrfverysmaEIresistance_ - _- 
Kissinger et al.’ described an ekctrochemlczd de&&or with a three-ekctrode 

arrangement in which almost the whole of the voltage drop from the working to the 
atiiary electrode is “seen” by the reference eIectr&de. -In this__arrang&ment the elu- 
ent flows from the small cell through a high-resistance czpiIlary into a larger vessel in 
which the reference and auxiliary electrodes are positioned. In this way, the essential 
advantage of a three-electrode system with respect .to Enearit~i is lost. The method 
used by Heet and LittleS, where the auxiliary and reference eiectrodes are placed in 
separate outlets of the cell, is adequate. In the device described in this paper, the am& 
iary electrode, having the same surfase area as the working electrode, is placed 
-directly in front of the latter. In this tiay, the tota! resistance is so small that large cur- 
rents can be tolerated. 

During testing of the detector, the working electrode had a constant potential 
of + 0.75 V vs. Ag[AgCljO.OS M Cl-. The eluent was a soluGon 0.03 M in sodium 
ace&ate, 0.16 M in acetic acid (pH 4) and 0.05 M in potassium chloride. The silver 
tube was electrolytically covered wi’& silver chloride. Together with the chloride added 
to the efuent, this arrangement results in a stable reference potential. L+4scorbic 
acid was used as the test compound because it oxidises easily and no adsorption at 
the working electrode was observed. In order to redcce oxidation by air, the solvent 
for the samples was deaerated with nitrogen and cooled in ice before use. During tie 
test, the temperature was heid consrant at 22”. 

Static properties 

Standing current. With eluent only ‘ihere is a standing current due to impurities 
in the eluent. When using nylon connecting tubes only and hydrostatic syphoning, this 
cnrrent was 0.32 PA at the chcsen voltage and using a spacer thickness of 1OOpm. 

Using stainless-steel tubes, a pump (Orlita DMP 1515), a manometer and a 
co!umn (stainless steel), the standing current was 0.58 PA. The difference is probably 
due to metals dissolved from the~tubes. 

Sensitivity_ The static mass flow sensitivity is defined as 

where S = sensitivity (A set/mole), i = signal (A), w = flow-rate (l/se& -and 
c = concentration (mole/i). It was measured using a sampling valve with a large 
loop*. 

W%n the coulometric yield is 106) %, the sensitivity (C/mo!e) ca,n be caktiated 
by the equation 

where n = number of electrons transferred per mole&e and F = Faraday constant. 
The dependence of the coufometric yield on the flow-rate is shown in Fig. 4, in Which 
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Fig. 4. Coulometric yield versus flow-rate; straight line, experimental; broken line, calculated. 

I 

Conditions; voitage, + 0.90 V; spacer thickness, 50pm; compound, ascorbic acid; concentration, 
2.19-lO-c mole/i. 

Fig. 5. Linearity of the detector signal for two electrode arrangements: (A) working and auxiliary 
electrodes opposite each other; (B) glassy car’bon plates as the working electrode and the auxiiiwy 
electrode down&r- from the Giver outlet. Conditions: tzbotron pump; flow-rate, 20mVin; 
spacer thickness, !3opm; vokage, + 0.75 v. 

both experimental results ad data calculated according to the theory described under 
Theoretical are plotted. The &Eusion coefficient for ascorbic acid has been caIculated 
to be 0.69. IO+ cmt/sec at 22” using Wilke’s equationf3. The corriometric yield of 
100% corresponds to two electrons transferred pzr molecule, in agreement with the 
results in the Iiterature14. As can be seen, the difference between the two lines is less 

than 10%. The concentration of the ascorbic acid solution w2?s determined by titra- 
tion with N-bromosuccinimide*5, which had been standardised with arsenic (III)l’. 

Dependence of codomerric yfeZd on spacer ~t3ickties.s. The couiometric yield, as 
can be cahxlated from eqn. 5, will increase when the term ShlLfC&’ increases. In Table 
I, the yield is given for various duet heights. From these data, it can be concluded that 
tha coulometric yield is higher when using thinner spacers. Moreover, peak broaden- 
ing will decrease under these circumstances. Spzcers thinner than 5Opm should be 
avoided because of the limited Fatness of the electrode material. 

Linewity and fizear dyamic range. The linearity was tested for the two differ- 
ent electrode arrangements described under Eh~ricai part. The reason for usii;g a 
downstream auXikry electrode was to prevent reduction after the oxidation, which 
could occur for reversibfe reactions. However, as can be seen in Fig. 5, the arrange- 
ment of-the working electrode opposite to the auxiliary electrode has a fzr greater 
linear range;-The IineaE range is much larger than given in Fig. 5 (up to 10W3 A). 

As most &c&ode reactions of interest for chromatographic applications are 
irreversible, the Iatter urangemeat was chosen for dt ftiher experiments. The smaller 
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TABLE I 

CXXJLCMETRIC YIELD AT VARIOUS DUCT H!ZIGhTS 
For Da, -1 value of 0.69. 10m5 cm2/sec wzs ‘&en, corresponding to thd value c2Icul2ti for azorbic 
acid. Duct width, 0.7 cm; length, 7.6 cm; sow-rate, 20 ml/h. 
- 
Spacer height Coufometric yield (7;) Measured 
Irtm) cahdated 

50 96 97 
75 88 

107 75 z 
xl0 57 - 

_ - 

linear range can be explained as a result of the electrode arrangement as described 
under Liplearity. 

The linear dynamic range is the ratio between the upper linearity limit and the 
noise of the standing current, and gives the useful working range of the detector. Its 
value is given in Table II. The very Iarge dynamic range is noteworthy, especially 
when compared with those for other ekctrochemica! detectors used in high-perform- 
ance liquid chromato,mphy’-“_ 

Noise and detection limit. The me&&hod for measurement of noise has been de- 
scribed previo~usly’~‘. The inte_mated noise of the standing current was calculated for 
inte_gration times corresponding to chromatographic peaks. The noise observed is 
present or& when connecting the glassy carbon working e!ectrode. Two explanations 
of the noise can be given. 

(a) As the electrode material is porous, its complete wetting by the eiuent 
takes place only after a very long time. Electrodes in use are therefore incompletely 
wetted. Changes in the area covered by the eIuent will generate electric currents. If a 
new pore is EJJed with eiuent, a spike will result; indeed, the noise observed seems to 
be composed of current spikes. A remarkable improvement was achieved by condi- 
tioning the working electrode in hot para@n wax. After cooiing, the solid wax was 
removed from the upper surface by wiping with tetrachloroethane. The improvement 
can be explained from the fact that part of the cooled wax stayed in the pores and a 
fiat electrode surface was obtained. 

(b) Voltage noise of the amplifier, which regulates the potential difference 
between the working electrode and the reference electrode at the desired vaiue, will 
generate voltage fluctuations at the working eIectrode-solution interface. As this 
interface behaves like a large capacitor, this results in current ffrrctuations. The situa- 
tion can easily be simttlated. T&e result was that, with the amplifier used, a noise level 

of about 1O-1o A can be expected from this source, assuming a capacity of ZoOI;cF~cmz 
across the interfad. This is of the same order of magilitude as the observed noise and 
therefore this effect may give a significant contribution. 

The standard deviations of the noise are represented in Table II. 
When the amount of sample is limited, for instance in clinical and biochemical 

analysis,~ it is more relevant to give the de&m&on limit as an absolute amount; The 
detection limit, expressed in moies, can be calcuiated using the equation 



TABLE 11 
STATIC NOISE OF THE DETECTOR AND LINEAR DYNAMC RANGE 
Conditions: spacer thickmzss, KiO~m; potential of working electrode, +.X75 V vs. AglAgCljO.05 
,W CI-; tem&ature, 22’; the ehent wzs syphoned hydrostttically and nylon connecting tubes were 
ILserl. 

Standard da-iatiorz, Standard deviation, Correspond&g I&ear dynamic 
integral CKrreni co~entratin -we 
(A set x iWg) (A x IO-‘) (mole/i x 10sgj 

a’ b 
.I) 

a* b 
*I 

a* b 
a.2 

1 0.27 0.48 0.27 0.48 0.40 0.32 > lo-6 
3 0.48 1.2 0.16 0.40 0.28 0.27 

IO 0%) 2.4 0.09 0.24 0.15 0.16 
30 2.2 7 0.07 0.23 0.12 0.16 

loo 10.5 22.5 0.10 0.23 0.17 0.16 
300 145 110 0.48 0.37 0.82 0.26 

l Flow-rste 13.5 ml/h. 
=- FIOW-rate 53.5 -ml/b 

where qdct = lowest detectable amount of component present in the sampIe, ~~~~ = 
the concentration corresponding to the standard deviation of the noise and Vpeak = 
peak volume. In modem liquid chromatography, the peak volume is often of the 
order of 50 ~1. Using the value for o,,, from Table 11, qdet is found to be 5 - 10-‘4 mole. 

llymmzic properties 
Peak broadening. A good detector must follow a chromatogr~p~c. sj@al 

suEGently rapidly, in other words, peak broadening caused by the detector must be 
small compared with that of the column. fn order to measure the peak broadening of 
the detector, 0.5 ~1 of a 3.4 - 10S3 LW soIution of ascorbic acid was ipjected by means of 
a precise syringe and a sampling device Ii. The peak broadening, zs given in Table III, 
was determined by measuring half the width of the peak srt six tenths-of the maximal 
height. Calculated. v&ies, acco~din, - to the method desqibed under Prediction of 

dynamic behm&wr, are also given. It can be seen that these values agree with the ex- 

CONTRIBUTION TO PEAK WIDTH FOR ASCORBIC ACID EXPRESSED AS THE STAND- 
ARD DEVIATION, MEASURED AS THE HALF-WIDTH AT SIX TENTHS OF THE 
rwxIMa frEI0Hr 0~ THE PEAK 
The caicuhted values correspond to 100% coulometric yield. 

Peak broadenirg 

Eqer fmetztu f Cahiiared 

set 
(set) 

crl 

40 50 0.65 f 0.03 7.2 0.7 
20 50 0.64 & 0.4 3.5 0.7 
10. SO 0.7 & 0.8 1.9 0.7 
$0 130 0.87 * 0.02 9.7 2.8 
20 :z 1.44 i 0.02 7.9 2.8 
10 2.80 & 0.0s 7.7 2.8 

- 
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p&mental results provjded that lOC% co&met&c .yieid is~approached,Y.&,. witha 
-spacer thickness of 50 pm and for a spacer thickness of 100 p&at the~~ow~st~~ow&ate. -- 
For the difksion coefkient, a ,value of 0.69 - lW5 tiz,kc~_;pias fa&k. -_ _ 

: 
_. 

SELEcX’IV-ITY .--. :. : .:- 

When changing the potential of the working electrode, the sensitivity for some 
compounds can be changed, debending on their half-steppate&& Men the scpara- 
tion of two peaks is bad, the peak of the compound with the higher lqlf-step potential 
can be made to disappear by lowering the potent&z& The amount of both compounds 
can then be calculated from the two peaks areas. Information on the peaks can be 
obtained by varying the potential. 

APPLICATION TO CHEMICAL ANALYSIS 

At present, there is increasing interest in the analysis of endogenous metabe 
lites and. drugs and their metaboiites in body Suids. As many -of these compounds 
are oxidizable, Iiquid chromatography with electrochemiczd detection is of interest 
because of its low detection limit and its selectivity. Detection by means of anodic 
electrochemical oxidation has been applied by Kissinger et eLq and Fket and Littf2 
for the detection of ascorbic acid, uric acid and some catechofamines. 

Some psychopharmaceuticak that are oxidizable at + 0.9 V are as follows: 
ne~ruleptics: chlorpromazine, thioridazine, periciazine, thiethyQera.zine, thioproper- 
azine, perphenazine, fluphenazine, chlorprothixene, clopenthixo!, flupenthixoi and 
thiothixene; antidepressants: amitriptyline, nortriptyline, imipramine; desipramine 
and doxopine. The detection of the so-called “!&g-acting depot” neuroleptics such 
as the decanoic esters of fluphenazine, perphenazine, clopenthixoI and -fhipentbixol. 
is of special interest. 

Reversed-phase chromatography using coulometric detection might be a use- 
ful method for analysis in blood serum. Fig. 6 shows a aeak of 0.5 ng of Buphenazine, 
separated from the solvent peak by a.column filled r&h modified silicaz8. 

The rest&s of the separation of some biogenic amines are given in gig. 7. Fig. 7a 
gives the result for W detection; the phase system will be described elsewhere’g.-‘Ihe 
coulometric detector was placed in series with the W detector. Fig. 7b gives the. 
result when the applied voltage is 0.75 V; only peaks Sand 5 are detected. Fig. 7c 
gives the resuit when the applied potential is i 0.6 V. W%en the UV detector is placed 
in series after the coulometric detector, the peak belonging to 5aminosalicyZic -&id 
appears 20 be much higher. This interesting increase in sensitivity is illustrated in 
Fig. 8, which should be compared with Fig. 7a. 

CONCLUSION 

The results show that the use of a large electrode surface area has a number of 
advantages, &mong w’hich the most .important are:. the higher. se%tivity and. the 
smaller influence of electrode contamination on- the. sensitivity. The d.etection Jimit 
lies in the pi&gram range and the ehsctrodc arrangement results in a.b@ardynamic 
range of_ltP. --, 

: 
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Fig. 6. Peak from OS ng of Buphenazine. Conditions: voltage, 0.5 V; column, 3 cm stainless-steel 
tube, I.D. 2.8 mm, filied with modified siiicz (par&b size 4-7fzm); eluent, 60% methanol, 44),% 
water_ 0.05 A4 phosphate buffer, $2 6-4; ffow-r&e, 3.5 p&ec; pressure, 20 bar_ 

Fii 7. Separation OF biogenic amines. (2) Rapid sepamtion of biogenic 2n~r~2tics: 1 = 3-amino’ 
toluenesulphonic xid; 2 = 5sminoszEcyIic acid; 3 = 3-hydroxymandeiic acid; 4 = 3,5dihydroxy- 
benzoic acid; 5 = 4methylaminobenzoic acid. Conditions: UV detection at 265 nm; c&mm, IO-cm 
s*&ess-steel tube, I.D. 2.8 mm, tz11ed with modified silica (partic!e size 47ym); eluent, 0.05 M 
percbloric acid, 0.05 M potassium chloride, l-.7% buwnot in water; ffow-rate, 28,ul/sec; pressure, 
220 bar. (b) Gxdometric detection at 0.75 V; peaks 2 and 5 are detected. (c) Cotrlometric detection 
2t 0.60 V; only peak 2 is detected. 

2 

Fig_ 8. UV detection after reaction in the electrochemical ceH (potential + 0.75 V). Tke reaction 
products of pezk 2 have a grester UV zzbsorption .F& the chosen waveleagtb compared with Fig 7a. 

Other eIuents having a Iower electric4 conductivity can he used. More com- 

pounds wiI1 be detectable with, e.g., acetoni’tie 2s the mobile phase bemuse of its 
wider ~znodic range lg_ Tke possibility of using eke& of tow conductivity permits a 
tide; choice of chromato~q&ic phase systeems_ 
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For 100 % coulometric yield, the-appzatus can also be used for the determitia- 
tion of the umber of electrons transferred per molecule. 
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