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THE DIRECT ELECTROCHEMICAL DETECTION OF 
AMINO ACIDS AT A PLATINUM ELECTRODE IN 

AN ALKALINE CHROMATOGRAPHIC EFFLUENT 

J.A. Polta and D.C. Johnson* 
Department of Chemi stry 

Iowa State University 
Ames, IO~la 50011 U.S.A. 

ABSTRACT 

It is the general experience that most organic compounds 
including amino acids do not produce reversible or even quasi
rev(rsible anodic waves at a Pt electrode under conditions of 
conventional cyclic voltammetry. Furthermore, amperometric 
detection of thes0 compounds at a constant electrode potential 
is not successful because of the accumu'ation of adsorbed 
reaction p,oducts and/or an oxide film <,~ the electrode 
curl"ace. However, it is observed that a Pt electrode surface is 
cleaned 'juite effectively of adsorbed organic,. molecles and 
radicals simultanaeously with the anodic formation of the oxide 
layer. This oxidation of adsorbed organic species is concluded 
',(" be eiectrocatalyzed by PtOH formed as the first step in the 
production 0f the oxide layer (Pta). A pulsed-potential 
waveform applied at a frequency of ca. J Hz is demonstrated to 
provHe di rect amperometri c detecti on of adsor'bed ami no dC ids at 
a Pt electrode. Satisfactory analytical precision (i.e •• < 3% 
rel. std. dev.) results because the waveform reproducibly 
generates the catalytically active surface state at the Pt 
electrode. Both primary and secondary amino acids are 
determin.ed with satisfactory detection limits: e.g., ca. 13 ng 
for glycine, 7 ns., for phenylamine and 23 ng for hydr'oxyproline 
in 50-Ill samples. Anal) tical response is concluded to depend on 
the adsorption isotherm of the amino acid bein§ detected. 
Hence, the !alibrat<oll plot of l/Ipeak vs. l/C is linear for 
low sUI'face covera ,5. Resul ts are shown for amperometri c 
detection of a syr.:hetic mixture of amino acids by anion
exchange ch. omatography lIsing ~JaOH as the eluent and supporting 
elecLrolyte. 

1727 
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I NTRODUCTI ON 

An extensive literature (1-5) has accumulated during the 

last three decades as a result of studies of the electrochemical 

oxidations of organic corrpounds at noble-metal electr'odes, in 

general, and Pt electrodes, in particu"lar. Nevertheless, 

cOJ1llarat"ively few electroanalytical procedures have received 

wide acceptance for the anodic detection of organic compounds at 

noble-metal electrodes in aqueous solvents. The reasons are 

easi ly under'stood by observing that the anodi c reactions 

generany yie"ld voltammetric responses (e.g., I-E curves) 

characteri zed as bei ng "surface-control 1 ed It. Surface-control 1 ed 

reactions are those in which the total faradaic charge passed is 

controlled by the surface area of the electrode. Strong 

chemical interaction of the surface with the reactants and/or 

reaction products usually is concluded to exist for surface

controlled reactions. In the case of the anodic detection of 

simple alcohols at a Pt electrode, for example, H~urface

catalyzed dehydrogenation occurs for the adsorbe't molecules with' 

the concomitant oxidation of the adsorbed hydro~en atoms, i.e. 

(H)ads + H+ + e (6,7).' The remaining carbonaceous products' of' 

the dehydrogenation reaLtion are strongly adsorbed at the 

electrode, thereby blocking effectively those adsorption sites 

from further participation in the anodic dehydrogenation of 

unreacted molecules from the ~olution phase. " Hence, the 

electrode current decays quickly to zero for the case of a 

constant applied potential. Surface-controlled anodic re~ctions 

of organic analyte prev"iously have not found significant 

appl"ications for detectiol<inliquid chromatography. 

It has long been the general experince in conventional 

voltammetric studies of inorganic systems that the presence of 

even trace levels of organic cO'lllpounds can alter' significantly 

the I-E response of electroactive species. As a result~'it has 

become standard practice to prescribe certain rites of surface 

pretreatment for noble-metal electrodes to insure the 
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reproducibi'lity of voltammetric data (8). Pretreatment 

inevitably includes the alternate anodic and cathodic 
polarizations of the electrode at potential values near the 

limits for decomposition of the aqueous solvent to bring about 

the rapid, repeated formation and dissolution, respectively, of 
an oxide layer at the electrode surface. It is our premise that 

surface-controlled anodic reactions of organic compounds at Pt 

and other noble-metal electrodes can be applied for amperometric 

detection with satisfactory sensitivity and precision if the 
active surface-state of the electrode can be reproduced exactly 

prior to each measurement of the faradaic signal. We conclude 
further that the oxide-catalyzed oxygenation reactions 

responsible for the anodic cleaning of Pt electrodes can be used 
as the basis for amperometric detection of those compounds in 

aqueous chromatographic effluents. 

Traditional procedures for voltammetric analysis of large 
volumes of solution in conventional cells have required 

po "Aial wavefoN" '"hich were designed to provide resolution of 
the separate I-E nJpunses for each comporlent of a mixture of 

e'lecti oactive species. Hence, the various wa"eforms (e.g., 
linear Sl'leep, normal pulse, differential puls_, etc.) were 

requirpd to produce a plot of the electrode current over a 
substantial portion of the available potential range for the 

particular electrode material in use. In applications of 
amperometric detection to LC, we develop our waveforms on tile 

premise thac the chromatographic system is responsible for 
resolution of mixt~Jres. Furthermore, the background signal is 

eas'j Iy determi ned in LC/EC from the detecrr"Jr response between 

elut-ion peaks. Consequently, extensive freedom is allowed in 
the design of the waveforms to maximize the beneficial 

electrocatalytic properties of the elfctrode surface. 

There I"~,,e been a few observations of greater stability in 
the electrochemical response of solid electrodes resulting from 

appl ication of pulsed-potential waveforms. Brown [9J expressed 
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the obser'vation that for anodic organic electro'lysis, the 

"coating of the anode with insoluble, insulating, polymeric 

films is a common hazard but it can be alleviated by use of 

periodic polarity rever'sal techniques," Clal'k, et ~" DOJ 
applied pulsed voltammetry for oxidation of propylene at a Pt 

electrode to maintain electrode surface activity. MacDonald and 

Duke [l1J observed an improvement in stability for the anodic 

detection of p-aminophenol at a Pt flow-through electrode when 

normal pulse amperornetry was used instead of DC amperornetry. 

Stulik and Hora [12J applied periodic potential pulses during 

the cathodic detecton of Fe 3+ and Cu+ 2 at a Pt electrode and 

reported improved stability of the cathodic signal when the 

pulse amplitude was sufficiently large to result in formation 

and subsequent dissolution of the oxide film on the electrode 

surface. In previous work from our laboratory (13-16), a 

triple-step potential waveform was applied successfully for the 

anodic detection of the C-OH moiety of alcohols and 

carbohydrates at a Pt electrode in alkaline solutions. 

According to this waveform, see Fig. 1 of (15), the faradaic 

current for oxi dat ion ('f adsorbed mol ecul es is measured usi ng an 

analog sample-hold circuit in the last few millisecon~s of the 

detection period at potential' E1" The potential then is stepped 

to a value E2 near the limit for anodic breakdol'/n of the aqueous 

solvent which causes the formation of an oxide layer at the 

electrode surface with sirrultaneous oxidative removal of the 

adsorbed organic radicals which had been produced during the 

detection period. Further anodic detection of molecules from 

the solution does not occur at the oxide-covered surface ~nd the 

subsequent step of potential to E3 is necessary to bri ng about 

cathodic reduction of the oxide layer, t-blecules of unreacted 

analyte from the solution phase are adsorbed at E3 which, 'in 

turn, are detected following the subsequent potential step to 

E1- The electrical current corresponding to the "residual" 

surface processes following the step to E] (i.e., double-layer 
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FIGUBE 1. 
Current-potential curves for glycine by cyclic linear scan voltammetry 
a t a Pt RDE. 

Conditions: 0.25M NaOH, 0 = 7.2 V min-I, w = 168 rad sec-I. 
Concentrations(mM): a - 0.00, b - 0.050, c - 0.15, d - 0.35, 
e - 0.70, f - 1.20: 

charging, anodic dissolution of adsorb~d hydrogen atoms produced 

at E3' and the formation of a small amount of PtOH) decays more 

quickly than the current for oxidation of the adsorbed alcohols 

and carhohydrates Hence, measurement of the desired analytical 

signal can be made accurately after a delay of only a few 

milliseconds. The use of a pulsed-potential waveform for 

detection of alcohols and carbohydrates at Au electrodes has 

a 1 so been demonstrated recent ly for detect ion in I.e (17). 

The general experience amnng electroanalytical chemists 

that the quantitative determination of aliphatic amines and 

am'ino acids in aqueous solutions cannot readily be achieved by 

conventional voltammetry and amperometry is illustrated here by 

selected quotations. Adams (18) stated: ", •• aliphatic amines 

are difficult to anodically oxidize in any quantitative 
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fash"ion." ~la1foy and Reynaud (19) claimed: "Among the 20 allrino 

acids present in the proteins only tryptophan and tyrosine are 

selectively oxidized at a gold, platinum or carbon electrode. 

Histidine "is ox"idizabl('~ only at a car'bon electrode." Joseph and 

Da vi es (20) reported: "Most ami no aci ds are not 

electroactive ••• " They proceeded to describe the ~ priori 

derivitization of amino acids to enable their electrochemical 

detection in LC. 

The direct anodic detection of amino acids at a constant 

electrode potentia 1 has been reported recent ly by Huber ~"i!l. 
(21,22) at an oxide-covered Ni electrode in alkaline 

solutions. The detection reaction has been diagnosed by 

Fleischman et al. (23) to occur with direct involvement of the 

oxide. The amino acids reduce NiO(OH)2 to Ni(OH)2 with 

subsequent anodic oxidation of Ni (OH)2 back to NiO(OH)2. 

Disadvantages of using the Ni electrode result from 1) a long 

start-up time, during which the thickness of the nide layer i!" 

stabilized and the background current decays to a steady value; 

and 2) the finite solubility of the oxides in "UI1e' alkaline 

electrolyte solutions. 

Here we report on the successful testing of triple-step 

potential waveforms for the direct anodic detection of primary 

and secondary ami no aci ds at a Pt el ectrode in 0,. 25 M NaOH. 

MAIERIALS 

Current-potential curves (I-E) were obtained by cyclic, 
linear ~'can voltammetry at a Pt rotated disk electrode (ROE, 

0.460 cm2; Pine Instrument Co., Grove ~ty, PA) using a model 

PIR rotator and a model ROE3 potentiostat (Pine Instrument 

Co.). The I-E curves ~Iere recorded by an X-V recorder (model 

RE0074, EG&G Princeton Applied Research). The chromatographic 

system consisted of a CMA-l chromatographic module and a PMA-l 

pumping module (Oionex Corp., Sunnyvale, CA). Separations were 

achieved with an anion-exchange column (model 48F, Oionex Corp.; 
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10-~n, 1 cm i.d. x 25 cm) at 40°C using 0.25 M NaOH as the 

eluent at a now rate of 0.6 mL min,·1. Samp"le volumes were 50 

Ill. Flow-injection detections were performed with the 

chromatographic instrumentation after removal of the anion

exchange column from the fluid stream. 

The amperometric detector was constructed from 22-ga. Pt 

wire which was heat-sealed into a 100-pl disposable glass 

pipet. The fl ow-through detector cell was constructed in the 

Iowa State University Chemistry Shop according to a previous 

design (16). Glass-filled Teflon (Crown Plastic, Inc., St. 

lJ33 

Paul, MN) was used for the major portion of the detector body 

with PTX plastic (Mitusi Petrochemical Ind., ltd., Tokyo, Japan) 

for the inlet system. Back pressure was applied to the solution 

in the detector cell by a needle-valve connected into the outlet 

tubing to eliminate eluent degasing and accumulation of bubbles 

at the detector electrode. The triple-step waveform was 

gener;ated automatVClJly by a microprocessor- controlled 

potentiost.at (model UEM, Oionex Corp.). All electrode 

potentials are repor:;'ed in volts (V) vs. the saturated calomel 

electrode (SCE) as a reference. 

CHEMICALS 

All chemicals were reagent grade. Water was distilled, 

demineralized, and passed through an activated carbon column 

prior to use. All eluent solutions of NaOH were prepared from a 

saturated stock solution (18.0 M) using freshly boiled water to 

minimize carbonate contamination. All eluents were passed 

through a 0.45-pm filter prior to use. 

RESULTS AND 0 I SSION 

The voltammetric responses of amino acids at Pt electrodes 

in 0.25 t~ NaOH are illustrated adequately by the I-E curves for 

glycine obtained for a cyclic, linear scan of potential as ',hovm 

in Fig. 1 for the Pt ROE. The residual response of the 
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elecU'ocie (cul've a) obtained in the absence of the amino acid is 

chal'ac.terized by an anod'ic wave during the pos'itive scan for E > 
,·0.3 V which corresponds to the formation of the oxidelayel' 

(I) [;0 II an c1 P to) • Ra p i c1 e vol uti 0 n 0 f 0;: ( g) 0 c. cur s for E > O. 6 

V. The oxide layer is cathodically reduced on the negative 

potentia'i scan to produce the peak at -0.3 V. The cathodic and 

anodic peaks in the region -0.6 to -0.9 V correspond to the 

electrochemical production and dissolution, respectively, of 

adsorbed atomic hydrogen. Rapid evolution of H2 (g) occurs for E 

< -0.9 V. Additions of the amino acid result in a decrease in 

the quantity of adsorbed atomic hydrogen which can be produced 

during the negative potential scan. This is explained if the 

amino acid is adsorbed at the electrode surface thereby 

depleting the number of available Pt sites. Oxidation of the 

adsorbed amino acid produces an anodic wave on the positive 

potential scan in the region E = 0.3 - 0.6 V, with the current 

increasing as a nonlinear function of the bulk concentration of 

the amino acid (C b ). There is virtually no evidence for 

oxidation of the amino acid on the subsequent negative potential 

scan in the region E = 0.6 - 0.3 V. 

The anodic wave for the amino acid obtained on the positive 

potential scan was determined to vary in height as a linear 

function of the rate of potential scan and to be virtually 

independent of the rotationul velocity of the ROE. Such 

behavior is consistenL with the conclusion that the oxidation is 

a surface-controlled reaction. Furthermore, the oxide film 

produced on the positive potential scan to 0.65 V prevents 

further detection of the amino acid on the negative potelltial 

scan. 

Various triple-step potential waveforms were developed on 

the bas is of the I -E curves in Fi g. L Three such I'laveforms are 

described in Table 1. Anodic detection of the amino aciJs 

occurs at potential El' The anodic signal is measured using an 

analog sample-hOld circuit after the delay period td; ca. 50 
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TABU 1. Description of three triple-step potent'ial waveforms 
for detection of anri no a c i ds at Pt electrodes in 
0.25 M NaOH. 

Waveform Step Potent i a'l Pe ri od Function 

A. 

B. 

c. 

(V} (mse c) 

1 [1 0.50 tl 580 anodic detection 
(t d 530) (de 1 ay before sampl ing) 

2 E2 -0.89 t2 750 reduction/adsorption 
3 E3 0.78 t3 50 anodic activation 

1 E1 0.50 t1 250 -as above-
(td 200) 

2 E2 -0.89 t2 650 
3 E3 0.78 t3 50 

1 E1 0.50 tl 510 -as above-
(td 460) 

2 E2 -0.89 t2 360 
3 E3 0.70 t3 50 

c 
40 

<t: 30 

20 

10 
b 

20 40 60 

t (sec) 

FIGURE 2. 

Current-time curves for glycine at a Pt ROE. 

Conditions: 0.25 M NaOH; w = 41.9 
Curves: a - 0.00 mM glycine, E 

glycine, E = 0.50 V; C -
waveform A. 

rad sec-I. 
0.50 V; b - 0.50 mM 
0.50 mM glycine, 
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IIlsec was allov/ed fot' the sampling opel'atian. rhe fJotential 

required to oxidize the amino acids is significantly more 

positive than required for alcohols and carbohydrates in the 

sallie alka'iine med'iulIl" HEc:I'ICP, the cover'(]cJe of the electrode 

surface by oxide at the respective detection potentials (Ell is 

substantially greater for amino acids than for carbohydrates, 

and the corresponding residual current is slow to decay to a 

negligible value. The expected need for a long delay period 

(t d ) before the analytical signal sampled is obviated in the 

case of the amino acids by use of the large value for E3 \~ith 

the step back to the detection potential E1- For E3 > [I' the 

oxide coverage produced during the short period t3 is greater 

than the equilibrium coverage for potential [I' Hence, the step 

from E3 to [1 results in the immediate cessation of oxide 

growth. Electrochemical reduction of PtOH and PtO does not 

occur at El and, therefore, the residual current is negligible 

after several milliseconds. The potential step from E1 to E2 

does result in the rapid r~duction of the oxide layer followed 

by the adsorption of unreact",d amino acids from the bulk 

solution. Clearly. thG surface-controlled oxidation of amino 

acids commences immediately upon the potential step from E2 to 

E3• The analytical success obtained for these waveforms results 

because the period for decay of the faradaic current for the 

amino acids is slow relativ2 to the combined time periods t3 + 

td' The waveforms are app'l ied at a frequency of ca. 1 Hz which 

is sufficient for the "continuous" monitoring of a 

chromatographic effluent stream. Because the values of El and 

[3 are near the limit for anodic breakdown of the alkaline 

medium, retention on the electrode surface of free-radical 

products generated during the detection period does not persist 

substantially beyond the next repetition of the waveform. 

The difficulty associate~ with application of surface 

controlled reactions for amperometric detection at a constant 

applied potential is i'llustrated for g'lycine in Fig. 2. Prior 

to recording the current-time (I-t) data, the potential of the 
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20 min 
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e 

FIGURE 3. 

Flow-injection detection peaks for glycine~ 

.173/ 

11 

Q 

T~2.0 fLlI 

J_ b 

d 

e 

I-- 20 < I mIn, 

Conditions; 50-~L injections; 0.25 M NabH flowing at 0.80 mL min- 1 
; waveforms as indicated. 
COllcentrations(mM): a - 1.0.0, b - 0.50, c - 0.33, d - 0.25, e - 0.20. 

Pt ROE was cycled repeatedly in the manner used for obtaining 

Fig. 1. The final scan was terminated at the negative 1 imit, 

the potential was stepped to 0.50 V and the I-t curve 

f'ecorded. The anodic signal in tile presence of the amino acid 

(curve b) decreased rapidly. The residual response in the 

absence of the ami no acid (curve a) is shown for comparison. 

The I-t curve for glycine is also shown in Fig. 2 which was 

obtained using the triple-step waveform A (curve c); no 

pretreatment of the electrode was need~d in conjunction with 

curve Co No deCf'ease of the Signal was observed over a 1O-I11i n 
peri od. 
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Vlaveforms !\ and B in Table 1 were applied for the detect-ion 

of var-j ous am-j no aci ds -j n tile fl ol'/-through detector under' 

conditions of nOI'/-injection detection 11ith repeated injections 

of 50--)11 samples of the amino acids. The concentration of NaOH 

in the samples and the carrier stream was 0.25 M. 

Representative results are shown in Fig. 3 for glycine. 

Baseline drift is less for waveform A, whereas sensitivity is 

greatest for waveform B. For the purpose of cOrJ-paring the 

sensitivity of detection for various amino acids by the 

waveforms in Tabl e 1, tIle average peak currents obtai ned by flow 

injection detection are given to Table 2 for 21 amino acids at a 

concentration of 5.0 x 10- 4 M. Precision is satisfactory for 

all amino acids by the flow-injection technique with a relative 

standard deviation < 3%. 

Calibration plots for glycine (Ipeak~' Cb ), prepared from 

data obtained by the flow-injection technique, approached 

linearity at low concentrations (i.e., Cb < 0.6 mM) but deviated 

significantly from linearity at higher concentrations. This 

behavior is the same as that observed for detection of alcohols 

and carbohydrates (13-16) by the tri pl e-step technique and is 

concluded to be the consequence of a reaction mechanism in which 

only adsnrbed species are detected. Hence, the anodic signal is 

proportional to the surface coverage (6) by the adsorbed 

analyte. Based on the Langnuir isotherm, which is expected to 

be valid for e« 1 (i.e., small Cb), plots of l/Ipeak vs. l/Cb 

are predicted to be linear. This prediction is verified by the 

data in Fig. 4 for glycine. 

Df'tection limits (signal:noise ~ 2) for sc-!vf'ral amino acids 

using waveform B determined by flOlo/-injection detection are 

given in Table 3. 

The applicability of the triple-step waveform for 

amperometric detction of amino acids in the flow-througll 

detector is further demonstrated in Fi g. 5 for the 

chromatgraphic separation of a synthetic mixture of anrlno 

acids. The potential waveform was C (Table 1). Response for 



TABLE 2" 

Ami no Ac i d 

alanine 
f3·alanine 
arginine 
asparagine 
cystei ne 
cystine 

/\ver'dtje peak curTent (pA) obtained by flow-·injection 
detection for 21 amino acids. 

l:lectr'olyte: 0.2S M NaOH at 04S0 m!. llIin- 1 
Amino Acids: 50 ilL, 5.0 x 10- M in 0.25 M NaOH 

Haveform Ami no AC'i d Haveform 
A [3 A Il ._-------._- -----

6.44 13.9 1 euci ne 4.32 8.13 
10.46 17.8 ly cine 18.6 22.7 
26.9 32.0 methionine 23.7 26.5 
1l.8 20.6 phenylalanine 23.5 30.3 
20.6 21.4 proline 2.19 5.19 
13.6 16.7 serine 9.40 18.3 

g 1 u t ami c a c i d 3.92 7.19 threonine 10.38 18.3 
g'lyci ne 8.58 16.4 tryptophan 
Histadine 21.6 29.6 tyros i ne 
hydroxyprol i ne 5.30 9.50 valine 
isoleucine 3.86 7.68 

0.7 

0.6 

0.5 

0.4 

0.2 

0.1 

. __ -L ___ ,----L....-,.,,, __ ,, .. ,,,,,,,,._ 

2 3 
Ifeb (1O· 3M,1) 

FIGURE 4. 

._J 
4 

25.9 
20.3 
3.56 

31.6 
23.7 
6.53 

o 

5 

Calibration curves (l/Ipeak vs. l/Cb) for glycine by flow
injectibn detection. 

Conditions: 50-pL injections; 0.25 M NaOH flowing at 
0.80 mL min-l. 

Curves: a - waveform A; b,c - waveform B. 



TABLE 3. Detect'ion limits fOI' several amino acids using 
waveform B. 

ami n 0 a c i d n g 

phenylalanine 
rneth'j ani ne 
glycine 
hydroxYPI'ol ine 
proline 

<ll 

<ll 
,!:: 
c c 0 

,!:: £ 2' <ll 

'" E 

<ll 
c 

'U; 
>-

<ll 
<I> C 
<J) '(3 
c >-
0 c;, 
Cl. <ll 
<J) C 

~ 'c 
ro 

0 'iii 
u 
~ 

u 
<I> 

<U 

..l<! 
ro 

" 0-
U 
'0 
> 

<ll 
,!:: 
c 
'" 'iii 
>-c 
Q) 

.!:. 
0-

time 

~I 
15 min 

Q) 

c 
'0 

.~ 

.!:. 

0.12 
0.12 
0.23 
0.45 
0.86 

7 
7 

13 
23 
43 

Column: Dionex 48F (10 ~m, 40°C, 
1 em i,d. x 25 em) 

Eluent: 0,25 M NaOH, 
0.60 mL min-1 

Sample: 50 ~L, 1.0 mM for each 
amino acid 

Waveform: C (see Table 1) 

FIGURE 5. 

Chromatogram of Selected Amino Acids Using Triple
Step Pulsed-Potential Arnperometric Detection. 

Peaks, in order of appearance: void, arginine, lysine, 
alanine, glycine, methionine, phenylalanine, histadine. 
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\~avefol'ln Cis sim"ilar to that for I'laveform 1\ (i.e., low baseline 

clri ft); however, the frequency "j s somevlhat 1 arger (i .e" L 1. liz 

vs, 0.6 Hz for' I'laveform A). The improvement "in frequency came 

by a substantial decrease of period t 2 • Further decrease of t2 

resulted in a serious sacrifice of sensitivity, presumably 

because adsorption of the amino acids did not reach the 

equi"librium value of surface coverage. \-ie hasten to emphasize 

I'lith regard to Fig. 5 that we are stressing the feasibility of 

the amperometric detection system and not the quality of the 

separation. The Dionex 48F anion-exchange column was used for 

separations of carbohydrate mixtures under elution with dilute 

solution of NaOH and conditions were not optimized for 

separati ons of ami no aci ds. The freedom to use a lkal i ne 

solutions for elution is certainly advantageous, although use of 

post-column addition of the electrolyte can be successful 

(15,16). 

We predict, on the basis of work with amino acids and 

carbohydrates, that triple-step potential waveforms will make 

available many additional surface-controlled anodic reactions of 

organic functional groups at noble-metal e)ectrodes for 

amperometric detection in liquid chromatography. 
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TENSAMMETRIC DETECTION IN HIGH PERFORMANCE LIQUID 
CHROMA'rOGHAPHY. 

APPLICATION '1'0 LYNESTHENOL AND SOME CARDIAC GLYCOSIDES 

H.G. de Jong, W.ll. Voogt, P. Bos and R.W. Frei* 
Department of Analytical Chemistry, F'ree University, 

De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands 

ABSTRACT 

The application potential of tensammetric flow-through detec
tion in high-performance liquid chromatography is studied. 
Batch experiments are performed to obtain optimal detection poten
tials. Lynestrenol, a steroid hormone used for birth control and 
the cardiac glycoside digoxin are used as mo,lel compounds. Detec
tion limits have been found in the order of 20 ng per injection 
and permit the analysis of low dosage of pharmaceutical formula
tions. The operation of the flow-through tensammetric detection 
system is tested by detecting six cardiac-glycosides after rever
sed-phase chromatographic separation. For these analytes direct 
tensammetric detection has been shown to be a feasible technique. 
'1'he use of such adsorption properties at a me:ccury electrode has 
pot.ential as a complementary electrochemical detection technique 
for certain groups of compounds with no conventional electroche
mical activity. 

INTRODUCTION 

The application of electrochemical flow-through detectors in 

HPLC based on the dropping mercury electrode (DME) has been demon-

Copyright © 1983 by Marcel Dekker, Inc. 0148-3919/83/0610-1 '145 $3 .50/0 
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str-ated by seve:lCal workers [1··4]. 'l'hesu DME detectors wure mostly 

used in the reductive mode. Some stud:i.es reported [5,6] on the 

applica'tion oftensmmnetry as detection technique in chromatogra-· 

ph:i.e sy,;t.ems. TensGllmnetry allows Lhe deLec'tion of e] eet:ro···in-· 

acLive compounds that adsorb at the mercury elec·trode surface. 

In batch experiment:s a wide range of compounds have been sLud:i.ed 

[7-9]. Several theoretical aspects of tensammetry in non-flowing 

systems were subject to extensive 'treatment by various authors 

[7-12] . 

A classical tensammogram [7,8] is presented in Fig. 1, i·t shows 

two adsorption-desorption waves and baseline depression with res

pect to the blank electrolyte between these waves. Not only the 

heights but also the position of the adsorption-desorption waves 

in thetensammogram depends on the analyte concentration [7]. This 

makes the use of the adsorption-desorption process troublesome 

for deLection in continuous flow sysLems when using commercially 

available AC polarographic equipmenL. By introducing computer ope

rated devices or scan techniques as used in ba'tch experimen·ts on 

both capacitive and faradaic processes, this problem can be over

come [13,14]. However, the most straight foreward approach to the 

application of tensammetry to continuous flow systems is the-use 

of the properties in the adsorbed state. Adsorption of Lhe analy'te 

causes a depression in the electrochemical double layer capacity. 

'This change can be measured by monitoring Lhe double lilyer capil" 

clt:.y on il displily device [5,15] m: by moni.toring t.he capClc.it.y c11.r-· 

rent [6]. When using the la·tter method calibration of Lhe measu

ring device is not necessary. The double layer capacity depression 

can be observed ovel: a wiele poLenLial J:iJ.nge. The sLrOllljcsL de· 

pression is found in the neighbourhood of Lhe el,ecLro··capillary 

maximum. This position is not specific for Lhe analyte stUdied. Be-· 

cause of Lhis properLy of Lhe adsorpLion process, Kemula claimed 

tensammetry to be the mosL universal electrochemical detec·tion 

Lechnique [5]. 

Besides the usual limitaLions in eluent choice introduced by the 

demands of electrochemical detection, one is, when operating a ten-
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Fir]. 1. Schematic representation of a tensammogram. E peak 
p,l 

potential of the positive tensammetric wave. 

E 2: peak potential of the negative tensammetric wave. 
P, 

------ tensammetric curve 

----- blank curve 

sammetric detector in reversed-phase high-performance liquid chroma-

tography (RP-HPLC) I faced with adsorption of the polarity modifier 

al: ·l:he electrode surface. Methanol and acet.oni:trj 1e seem ·to be ·the 

mos·t ,juiti1ble modi fj ers in t.hi s ront.ext:. F:t.hanol and higher alcohols 

adsorb so strongly that only a few percent in a I~-eluent can be to

lerated. In general, addition of a polarity modifier gives rise to a 

10!3s ill signal. A compromise is therefore oft.en neressary bet.Heen 

optimal separation and opt.imal detection eondi·l:ions. 

In this !3tudy the application of a ten!3ammetry based detec·tor is 

illustrated by the detection and separation of several cardiac gly

cosides and by the detection of lynestrenol (19-Nor-17a-pregn-4-en

-20-·yn-17-(1) I a s·teroid hormone used in formulations for birth re·

gulation. In litera·ture the chromatographic behaviour of cardiac gly·

cosides was s·tudied in both normal--phase and reversed-phase systems 
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[16···1<)]. Most det.erminations ot lynestrenol loJere car-ried out with 

'fLC and GC methods [20·";.:>3]. No HPLC data are available on lynestre

nol because of de·tection problems. Using a tensammetric detector we 

shall demonstrate :i n ·this paper that RP-HPLC can be operated lor the 

determination of t:he compounds mentioned in pharmaceutical formula

tions. 

EXPERIMENTAL 

For obtaining the most suitable detection potential complete 

tensammograms were recorded in batch with a classical polarographic 

setup. In continuous flow and chromatographic systems a PAR 310 

electrode or a polarographic HPLC detector developed by Hanekamp et 

al. [24] was used. Both detectors enable synchronization of drop

-time and electronics, hence sampled AC measurements can be perfor

med. 

Apparatus 

A princeton AppliRd Research (PAR) model 174 polarograp~ and a 

PAR 129A lock-in amplifier (EG & G, Princeton Applied Research Co., 

Princetor" NY, USA) buth modified by our \'lOrkshop for sampled AC 

operation were used with the PAR 310 static mercury drop electrode. 

These devicRs were interconnected wi t.h a PAR 1. 74/50 AC polarographic 

interfacR. A Peekel 053A sinewave oscj].l.ator was uRe~ for generating 

the alternating voltage. The frequency of the alternating voltage 

was measured with a HP 5300A measuring system (Hewlett"Packard, Co

lorado, USA). A Fluke 8000A cUgital mult.imcter (John Fluke, MFG Co, 

Inc., we.shington, USA) was used for checking the dc-detection po

tential. 1'he overall current was monitored on a Tektronix 5103A 

oscilloscope (1'ektronix, Beverton, OR, USA). The current. was recor .. 

ded on Kipp BD8 multirange recorder (Kipp en Zonen, Delft, The 

Nether lands) • 

In ·the second setup, the home .. made detector [24] was connected 

with a Bruker E 310 modular research polarograph (Bruker Spectrospin 
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Sol\" Brussels, Belg:ium). 1\ PAn model 1'/5 programmer was used for 

genera Ling a drop dislodge pulse as describecl e.lsewhere [24J. The Len

sammograms were recorded on a HP 7046A XY--recorder (Hew1e-tt---Packard). 

The chromatograms were recorded on a Servo 901 RE 571 Y--t: recorder 

(Goerz Electro GmbH, Vienna, Austria). The overall current was moni

tored on a 'rektronix type 502 osc illoscope. The applied potenLials 

were always measured vs. a Ag/AgCl/1 M Lic1 methano1--water 50/50% 

v/v reference electrode. In both chromatographic systems a PE 601 

pump (perkin-Elmer, Connecticut, USA), a Rheodyne 7120 injection 

valve (nheodyne, Inc., Berkeley, CA, USA) and a stain1ess--stee1 co--

1umn (10 cm x 4.6 mm LD.) were used. 'rhe columns were packed with 

ODS Hypersi1 5 ~m (Shandon, Rumcorn, UK) or LiChrosorb RP-2 10 ~m 

(Merck, Darmstadt, GFR). 

Chemicals 

The measurements were performed in water-methanol mixtures con

Laining 0.1 M KN0
3

" The stock solutions were deaerated by purging 

with nitrogen (A28)" water was diminera1ized and distilled. The car-

diac glycosides were supplied by Sandoz Ltd, Basel, Switzerland 

and LynestrenG1 by Organon Ltd., The Netherlands. All other chemi

cals were analytical reagent grade (Baker "Analyzed" or Merck p.a.). 

The samples were de aerated by purging with nitrogen for abo,_t 10 

minutes. 

AND I)1SCUSSTON 

Batch Experiments 

Complete tensammograms of digo:(in and J,ynestrenol were recor

ded as a function of the methanol-water ratio in the supporting 

electro1y-te. In Fig. 2 some results obtained for digoxin are pre

sented. The current depression (analytical signal) by adsorption 

of digoxin measured at a constant potential (-400 mV vs. Ag/AgCl) 

was observed to decrease considerably in going from 0% methanol 

(lII = 3.83 )1A) to 80 96 (1\1 = 0.54 )1A). This potential is chosen from 
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t_he t_cnsarnrnogrmn d b;playcd :i.n Fiq, /.a, At: t_his pot_ent_tal L11e cur

r-ent reaches a maximum value which is caus(ed by a change ofUw 

doublc layer capacity due to specific adsorption and desorption of 

-t_he anions from the supporting electrolyt_e [9]. 

Methanol addition to the electrolyte induces a Change in posi-

tion of -this maximum in -the tensammogram as can be seen :f:Lom Fig. 

2a and 2b. When the relative amount of methanol is increased even 

further the characteristic maximum disappears completely as can be 

seen from Fig. 2c and 2d. From Fig. 2 it can be concluded that va

rious elec-troly-te compositions have different optimal detection po

tentials. Even at optimal detection potentials a net decrease in 

current depression and hence in sensitivity is observed when chan

ging from a purely aqueous electrolyte -towards larger amounts of 

methanol in the electrolyte. At methanol concentrations exceeding 

60 percent (v/v) this effect is less obvious; then methanol ad

sorption is almost completely governing the capacity-potential 

curve. Lynestrenol qualitatively shows the same behaviour. The 

current depression is less strong as for digoxin in the potential 

range considered. The optimal detection potentials for lynestre·· 

nol ill the electrolyte compositions studied differ_ approximately 

50 millivolts from those for digoxin. 

cont.inuous Flow Experimen~~ 

In a continuous flow '\ stem -the peak heig11-t, which is acteually 

the depression of the baseline was found to be linearly dependent 

on the applied modulation-frequency and the modulation amplitude. 

In Fig. 3 the peakheight (Ip) versus phase-angle (q,) is plotted 

fox- digoxin. From Lhis CjJ::-aph it can be seen thaL Lhe maximulil cur

rent depression is observed at about 30 degrees with respect to the 

applied modulation voltage. This is a large deviation from the theo-

retical expected 90 degrees. In similar experiments with lynestre

nol, performed with the PAR 310 detector, the maximum baseline de-

pression vias found between 80-100 degrees, which is more acceptable 

[9]. These observations suggests that the cell geometry might be 

responsible for the phase angle difference observed. 
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Peak height (I ) vs. phase-angle (<1» in continuous flow 
p 

system with the home made DME detector for 200 III injec-

tions of 10-
4 

M digoxin. Condj.·tions: f = 35 Hz, amplitude 

30 mV
eff

, detection potential = -150 mV vs. Ag/AgCl, td 

1 s, h = 30 cm. Eluents: ,vater-methanol 40%-60 96 (v/v) 
Her 

containin" 0.1 M KN0
3

• Flow rate: 1 ml/min. 

Thc applicG\"tion of rontj nnons fJ 0\-7 j,ensammet:d c detection was 

studied with two HPLC systems. Detection limits, linear dynamic 

range and precision were investigated with the PAR apparatus. Six 

cardiac glycosi<lcs were detce; teel, <:lft.cr '3 epilXi1t. ion wi t.h t:he Rn'.ker 

polarograph. 

Resul ts for lynestrenol ~_ Lynestrenol was chromatographed in a RP-

-system using a LiChrosorb RP2 10 11m packed column and a flow rate 

of 2 ml/min (30%-70% (v/v) water-methanol, 0.1 M KN0
3
). The capaci

ty factor k' was 3.2. The detection potential was chosen from 

batch experiments to be "·-150 mV vs. Ag/AgCl. From Fig. 2a it can 
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be seen that dl/dE is large at this potential in a blank electro--

lyte solution. Availability of a more stable potentiostat might 

have been resulted in a smaller baseline noise caused by potentio

stat instability. Fig. 4 shows a logarithmic plot of the calibra-

10--6 M, 2 x 10··1) tion curve for lynBstrenol. In the range trom 2 x 

~1, a linear relationship exists bet:ween peak height and concen-tra

tion. In -this region a calibra-tion line is calculated usi.ng the me

thod of least-squares. The regression coefficien-t was 0.996 and 

the sensitivity was 8 x 10-
4 

AL/mole. At concentrations exceeding 
-4 

2 x 10 M deviation from linearity is observed. In this region 

saturation of the electrode surface with lynestrenol starts to be

come important. In our setup a typical noise of 1 nA was observed. 

The detection limit for lynestrenol (M = 284.42) at a signal to 

noise ratio of 3: 1 lyaS calculated to be 1.0 x 10-
6 

M or 28 ng per 

injection. The standard deviation of peak height for 11 consecutive 

injections (1.7 ~g lynestrenol per injection) was 2.4%. 

Results for Cardiac Glycosides: Cardiac glycosides were chromato

graphed in a RP system usi"lg an ODS Hypersil 5 ~m packed column at 

a flow rate of 1 ml/min (40 96-60% (v/v), water-methanol, 0.1 M KN0
3
). 

The detection limit (conditions see Fig. 5) for digoxin (M 
-7 

780.92) was found to be 1.0 x 10 M or 16 ng pe~ injection (with 

typical -leak height 3 nA). The capacity factor for digoxin was 3.5. 

In Fig. 5 a HPLC separation of six cardiac glycosides is presented. 

Note the peak height diffe)~ences between digitoxin and gi toxin 

on one hand and Ule other compounds on the uther hand. These diiie-· 

rences are caused by differences in adsorption strength at the de

tection potential chosen. 

~~':!:.:::.:':.'::.:'~~':"_L.~,--_r:.'~::'!:':Ll)-"":.':'.:'-"-'::::'::_::'.::'':L_.;F~"~o::_:rLm~llu~,~I':.'a'",.tj_ons: The potential of -this 

detection technique for the analysis of pharmaceutical formula-

tions was tested with digoxin ampoules and tablets. The chromato-

graphic and detection conditions were the same as for Fig. 5. Am

poule solutions 20 ~l, were injected directly without any further 

pretreatment. The tablets containing 0.25 mg digoxine were pul

verized with a mortar. After shaking for a few minutes with a mix-
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100 

10 

I 

1000 

Fig. 4. Peak height (I ) vs. concentration lynestrenol. Conditions: 
p 

f = 20 Hz, amplitude 10 mv
eff

, ¢ = 85 degrees, detection 

potential -200 mV v.s, Ag/AgCl, td = 2 s, drop size: large 

(r 0.0935 em), time constant = 3 s. Injection volume: 100 

~l. Eluent: water-methanol 30%-70% (v/v) containing 0.1 M 

KN0
3

. Flow rate = 2 ml/min. 
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Fig. 5. Chromatogram of 6 cardiac glycosides: (1) digoxin,. (2) 

digi"toxin, (3) gitoxin, (4) lanatoside A, (5) lanato-

side B, (6) lanatoside C. 20 \11 of a mixture containing 

10-
4 

M of each compound was injected. Detection condi-

tions: h = 40 cm, time constant 2.5 so Further condi-
Hg 

tions see Fig. 3. 
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Fig. 6. Chromatogram of 0.25 mg digoxin tablet. Conditions: 

h = 18 em, t = 0.8 s, further condi t:ions see figure 5. 
Hg d 
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tUl:e of EtOlI 0.25 mI, MeOH 0.25 ml and JL
2
0 005 ml, 20)11 of tJ1C' 

,mpernatant, l:Lquic1 were i,njected. )\ chromatogram for a di.goxin ta

blet is shown in Fig. 6. Detection limits and reproducibility are 

comparable to those report.ed for standard solutions. 

CONCLUSIONS 

Tensammetric detection in HPLC is a feasible complementary 

technique to oxidative and reductive electrochemical detection. 

It is particularly favourable for groups of compounds 

which do not possess a strong chromophore. Lynestrenol is a good 

example in this regard. For cardiac glycosides the detection limits 

obtained are about comparable to UV detection at 220 nm [25] and 

thus no advantage would be gained by using this technique for for

mulations analysis, although some improvements could be made as ,to 

using more stable potentiostats. From the experience gained in this 

work we tend to agree with Kemula and Kutner [5] that tensammetric 

detection can be more universally applicable than other electroche

mical detection modes. Further work is needed to explore other po

tentially interesting groups of compounds. 
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ABSTRACT 

The constrlJCtion of a flew-through poluxograph.ic 
detector is described, based on introduction of the 
test solution into a space filled with mercury. Two 
variants of the detector have been developed, with the 
inlet jet placed vertica11y and hod >contally. The 
dynamic properties of the two detector variants, the 
Ijnear dynamic rS.Y1Ge and the response rGproduc~_l:.i.lity 
wure tested using o-n~tropheYlol as a modeJ_ sUbstance. 
The detector with the vertical jet has a wjde Ijnear 
dynam:ic ran§;e Ecnd that w:Lth the hor:i >con tal jet ezh.i.b.i ts 
an extren1ely rap.i.d response with a time consts,nt of the 
order tenths of a second. 

Il'\ITRODUCTHJN 

Most practical] y used fJ ow-thr01Jgh voltammetric 

detectors operate with solid e1ectro~es and re to 

Ecnoclically oxid izable subst&nces. However, l;hel·e (,xi.st; 

m::lDY important compounds containinc fUlJctional groupE: 

that can be cathooicalJ y reduced under certEcin ronditi

ons (nitrc-, nttroso- and azo~compouncls, aldehydes, 

oximes, hydrazones, etc,). '1'0 cletect these compolmu.8 

i.n flovi-' instr'uments, a numbc:,r of po1arogyc\ph.:: c 

detectors have been cOYlsi;r1Jcteo over 128t tWGJ1ty yeays, 

emp1oY:lng the ad.vantages of mercury electrodes and sup-
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prcss to a o7tent their undosirable proper-

ties. A}.l the pO]f detectors that have 80 far 

beon ~escribed (1,2) are basically flow- versions 

of a common polarogrE,phic ce] 1, constructed so trla-t, the 

intcl'118,l ·vollunc iE:1 EUJ sinall El,S posG:il~le /I 

tai:n a mercury electrode con:Ttst of a glasEl 

c 11ary, which .i.s the most sensitive a.nd most expen-

sive part of the detector. 

This paper describes the construction and proper

ties of a flcw-through polarographic detector based on 

a new pr:iLcip]e, W1tlJOllt a glass capille.ry. 

EXPERIlVIENTAL 

Or.emicals 

Methanol, acetic acid, sodium acetate, o-nitro

phenol and 2,6-dinitrophenol (all from Le,chema, BrYto, 

Ozechosle'!akia) were of p. 2. purity and Vlere not further 

purified. The samples a,nel. the base electrolyte were 

deaerateel. prior to mea~~rcment by passage of argon. 

Inf:truments 

~he detector was tested in a system ~onsisting of 

a kJ.gh-p'eflsure Ij near pL'1lP (EI)P 4001, Laboraterni pr·i

stroj c ,I'rague, Cz,echoslcvakia) and a [.lamp] j.ng valve 

whose construction is d~scribed below. For the con

necticms, a stainleSfl-sl;eel cap=il1a,ry, 0.4 mr I.D., 

WEJ,S employed. 

The c hroITIi" t measurements were carrJ.ed out 

on an LC-,XP Ij quid. chY'Ofnatograph (Pyt) Uricem, OWi;lJrj d.ge, 

Great Brit~in), wi~h a Separon 018 coluDn, 25 em lcng, 

0.8 em I.D., 10 }',m (:J:,aboratorni Pr'istroje, PraglJe, 

Cz.echoslovakia,). Sa,wples were inj ected. through a 20 ul 

samplin£ loop. 

A three-electrode polarograph with circuits ~er 

handling the curren';: signH1 and the circui'l; for the 
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measurement or electrolytic conductance were assembled 

from operational ampl.if:i ers. '['he cond.uctance wa,s m0lU-, 

sured with a l2xge-·nre::;J, plcd,inum electrocle in the 

working electrode compnrtment at a frequency of 1 kH,,;, 

The output signal was recorded usj~g a TZ 4200 

lj ne recorder CLaboratorr:l I'r:lstro;j e, , Czecho-' 

slovakia) or a Tektronics 5103 storage oscilloscope 

(Tektron.ics, Beverton, USA). 

Sampling Valve 

One requirement of the sampling valve is to introduce 

the smnple .into the flowirlg strelUL as a zone VJith a 

sharp front edge. As the detectors tested do not cause 

a perceptible presEmre gradient in the liquid stream, 

the sampling valve was' constructecl as a low--pressure 

device. The rotating sandwich valve with a rotor 

between two stators is macle of ple~iglass. The adjacent 

surfaces cl,re 1 ulll'icatecl w1th grclphite and the bored. 

channels are 0.4 ImO :i.n diameter, Fig. 1 d.epicts the 

val ve in position "LOAD", when the sClmplj.ng loop is 

fiJ led. wittl tl:s sample using pressurized. argon. Or 

turni.ng the rotor by 60 0 the loop content, inclucling 

th.e re c t anguJ. Cir chciDn el s, .is SViS P tint 0 the s -Cream 

between the pump Elnd. the detectcr. 

Detector 

The cl.et.(:]ci;or COYlst:r'lJctio:n 'is fjcher:ta-l-i ce1.1 

in Pig. 2. The whole detector is also ITIs.C:.e of plexi

gls'sf) ELnd :it:::: body consists of two lim.in parts, Oile 

COL the reference electrode and the other the 

mercnry co:r;lpartl1lent, The two m::ri n EJr(~ con:t\ected 

by Cl. thread Elnd the connection 'between tlJem and 

between the jet hal del' Wed tb8 front 0:[' the m~,reury 

corJpartn.ent are seal.eC: .• The inlet channel (0.4 rrmJ I.D.) 

and the jet aTe tightly snd flexibly connected by s 

small seal 2.t the channel circlllllerence. The two 
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sample-----i>- \=='=9F -",waste 

pump ----'» ----'» detector 

FJGURE 1. Sempljng valve. 

outlets in the mercury (;;OmpE1rtment permit the work wtth 

the detector in both vertical and horizontal position. 

The most important part of tho detector is the jet 

through wldch tho test solution is introcJuceo into the 

n:ercury. It is made of p :,rous ceram.:ics "mel pressed into 

the plE:xigJass holder. '-1-he jet has El channel 0.4 l1'11.1 .in 

diamnter, and the jet is narrowed to 0.2 mm for 1 mm at 

the ~.ip. The part of -Lhe jet that .iEl in contEct wii;h 

mercury iEl covered with a protective lacql18r (Brush-on 

Plastic 'rape), l\To. 1 S72-f'C, TechSpray, USA). Corm:on 

epozicl8 ffif)terj 811'3 are li', Jui tab] e for the jet insulation, 

DecEillf:e they CFmnot resl .. ct prolonp;ed actton of methano]. 

After dry.ing of the] E.cquer, the jet tip we.f) grollnel 

wiLh a fj.ne emlny paper, thus obtaining a non~.insula.tec1 

contact arca wjth a diemeter 0.
0 ahout 0.7 mm with the 

0.2 mm jet and ahvclt 1 mm with the 0.4 mIn jet. 

An Ag/AgCI referenoe electrode with 1M LiCl in 

50% LJe'!,l aDO] Vias useel, 

;;.-=--=-=-=-.e:oc::._ •• A,...c]\.TI, __ ) ....;:D I 8 C U S S I 0 1'T 

The pl'inc:LpJe 0:[' the cletectc:r is intl'o(I1:.ction of 

tbe test solution .into a space fjllecl vri tIl me:ccllry. 
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1cm 

]'IGUHE 2. Schematic d.iagram of the detector. 
a) m8rcury compartmcjut, b) porcus jet in the pleyiglass 
holder, c) reference electrode conpartment. Contacts 
to the workjng (W) and refRrence electrodes (Ref) are 
devicted. 

The workintj eJ ("0 trade is the mercury surface surround

ing the drop cr layer of the test liquid. and ca,n rw 
connecteCi with the other electrod es j,n various W'dJ"s, 

To test the propertiHs of this CI~~ector, we used the 

inlet staj,nless-steel capilJ cLry as the F:\UJdljary 

electrode anel the working and reference electrodes 

were connected by the jet made of a porous material. 

Among t1:.e properties j,mportsnt faY' practical use, 

the response stability and rate, ~he linear dynamic 

ranGe (the concentration range WJ, ,bin vvhicb the 

response is lj nHar) and LllH endences of the mec18u:L'b(i 

quanti ties on the flcvv-rate were CI eterrnjnec1. As the 

model substance, o-nitrophencl (ONPh) WBS selected in 

a med.iulY! c,f' 0.1 M 8,cetate buf'fer of' pH 4.6 containing 

':)0% vol. methanol. Thus the detector W8,S ~LntentionEdly 

tested urEer difficult chrom~tograpbic conditions with 

a low electric cond.uctance. When the detector conta.ined 

this electrolyte, a resistance of ca. 200 k~w8s 

measured between the tip of the jet and. the auxiljary 

electrode. In the rreasurement, 400 pI of the sample was 



TROJANEK AND KRESTAN 

118ua1 Ly t:njected -jrd:o tf-!e detector, thus ens that 

tb.e am01.U t eCGed lAc,S su:fficient for the atta:LmLent oT 

11 st tate CUTl'e:rlt sigrLal. 

Trw ax.is o:f the detector jet can baeicalJy be 

oriented in two d~rections, vertically or horizontally. 

As will be seen below, different directions of the jet 

axis with respect to the direction of the gravitational 

force and buoyancy lead. to detectors with different 

propert.ies and thus they are discussed sepa.rately. 

Detector with Vertical Jet Axis ---------
Due to the formati_on of droplets of the liquid at 

the jet tip and their discom:ection caused by buoyancy, 

the current signal obtained oscilJates eimilar to that 

measured with a dropp.ing mercury electrode. The oscil

lations cause d.ifficulties in the evaluation of the 

cU~Tent signal, especially at low concentrations of the 

electroE:,ctive substance (Fig. J). The cscillations C231 

be suppressed by us.ing :he sa:cpling method based on n 

peak detector that dOE~ not re~uire synchronization 

wit'l the drop d:i sconnection (J). 

Re~pons,: _Rate 

Tn'; response rHte an impertant pToperty thEl,t is 

after leG (;>c' as the ')18, i 1;1 c1'1 t erion fe r the compa,ri son c f 

detectors of various des • However, it is practi.cal-

ly impo 2.:lble to comp2,.re det.ectors o:n ·U;," l·,;c;,siE' of i;ne 

data given in the Ii teTature .in terms of geometric, 

response, internal, 81.'1'ect.i ve, rinse, hold-up, wa.sh-out, 

dead, ate. I volumes, as the relatioD~hipD among thoco 

quantities 8,re net un cleLinecL anc. I;n811' 

values variously deperd on the experimental conditiors. 

A n31ati vely'"eli able dynamic parameter -j s the 

response time constant, whose value generalIS depenc:.s 

on the flow-rate and possibly on ether experimental 

parameters. The finding of these dependencos can be 
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time 
t 

FIGURE 3. Response of tho vertical jet detector; 
400 pI of 2x1 d M Ol'ilPh inj ected; Jet die.ometer 0.4 Il'.m, 
flow-rate 0.5 ml/m:in. a) signal; b) sampJed signal. 

ccnsidered as a sufficient characteristic of the 

response rate of the detector or, ~ore preciseJy, of 

the whele detect:1on. systen,o [rhe t.1-I11e cunstant of the 

deLector reiC;pOHSE:j Ccln be de l;E:;f'fj,ineo :Ll'Olll UH:)l 

siKC1al recorded after 8, stepwise c'>ange in the input 

concertration. It is often possihle (and the present 

detectc'~s are not an except.ion) to expT88s the time

-CCU1'se of' Ghe cutpvt signal w.:LUJ a 8ufficj,ent preci

sion by the exponential ec1uation, )S = 8M( 1-exp (-t/'l:)) , 

where S :18 the signal ampLitude at tiL,e, t, 2M is the 

me'ximEl,1 ampi itucJe and. ~ is the response time constant. 

'J1herefcli'e, the ~ value c&n be four"d froD] the known 

signal 2,mpJj tude at any time after the beginning of' the 
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FIGURE 4. Dependence of the response tiKe const8nt an 
the flow-rate. Vertical jet detector, jet diameter 
0.2 mm. 400 pI of 2:x1v's M ONPh injected. 

sig:nalgrowth and it can be usee. tc compc'Y'e tb.e per

formance of Vc)xi.(·· '8 C:.etectors Unc.ei the SEnne experi
.) 

mental conditi6ns. 

An accurate determination of the response time 

cens.tant is eomewhat 'ifficult for the detector with 

the vertical jet a:x:js, because the steepest pe,ri; of 

the C;U:t'V8 must be ap e. by a s l:raigl] t l.ine. The 

time constant values given in .~. were tlms obtainee: 

from the a.bove ee;uation by evaluating the part 0'[:' the 

curve between the points at which the detector e'gnal 

attained 50 and. 90% of the steady-state value. 

The product of the voJ.ume fJ ow-ra, and the time 

constant, the respcnse volume, V (4), remained virtual
I' 
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ly constant over the whole range of the flow-rates 

studied and smouni:ed on aver·a.ge to 31,7 ul with a 

etanclard deviation of 1.8 pl. The droplet volume, Vd' 

found from the period of dropping s.t a krown flow

-rate, was also constant within this range. The meBD 

droplet v01urrw was 58.8 ul (standard deviation, 0.7 pJ.) 

for 0.2 rmn jet and 52 p1 'for 0.4 mm jet. 

It fo110ws from the equation of the exponentia1 

responDe that 99.5% of the steady-state e.mpl5ttlde can, 

under optima1 conditione, be s,ttaj,ned after discon

nection of the 5.3 Vr/Vd drop1ets, i.e. after about 

three drop1ets. However, a simp1e consideration shows 

that fu11 deflection can be reached. at tLe latest afi,er 

two drcp1ets on a step change in the concentration. The 

samp1e zone that just p2.ssed thrcugh the jet tip 1ead.s 

to a drop of electrolyte in which the zone is diluted, 

but the f0110wing drop .is composed only of the sample 

zone and. the detector shou1d. inC' . .icate the fu11 de

flection. The s10wer response 01s~rved can be exp1aine~ 

by aD assumpticn that the drapE! are impE:'rfect1y discon

:r.ected frum the jet tip. It mus+ be berne in mind that 

a sphel'.:i '. ~,J drop 60 }I1 in volume wou1d have a diameter 

of almost 5 rmn and : i~e translationa1 ve10ci ty 01 the 

liqu.id is more than ha1f metre per se )nd with a 0.2mm 

jet aXle a flow-rate of 1 m1/m:;_n. Thus the detector 

operates probab1y wit~ elongated electr01yte drops, 

deposited a10ng the externa1 circlmfereDce of the Jet, 

flom wl1.ich a part j:3 al'vvH;/S imperfectly separated.$ 

Oal.i brEt Lio.n Curve 

Wh,:m the 0.2 mm jet was used., a ljnear calibration 
-6 -~ curve "!,,1,8 obtained from IJ x 10 to 10 'M concentrations, 

at a 'flow-rate ef 0.5 lEI/min. The slope of the oa1 i

brati.on straight line with a regression coefficient of 

0.9994 was 2.26 x 105 uA.l.mo1-
1

• The response non-ljne-
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arity at er currsy't denr::ities j 8 most probE,bly 

caused by a hi pctential lent inside the electrc

lyte drop that cannot be compensated, even il a pc 81.ti~· 

ve feedback is introduced. Th1.s is supported by the 

an elee te vd.th a h 

co:t'.ductance (0. 2M acetate bUller ccnta1.n.in[; 5% methanol, 

in which the measured resistance between the mercury 

and the auxiliary electrode WE.'oS 65 kQ) the linear 

section of the calibration curve is doubled with the 

positive feedback. 

On the cther hand, a linear calibration curve 

(with a regression coefficient of 0.9987) was obtained 

in a concentration range of 5 x 10-6 to 2.5 x 10-4M 

eve:t'. in a medirurl of 50% methanol, when using the O. 4mm 

jet. The upper lim.:' .. t of this interva.l wa.8 give:t'. by the 

operational range of the potentiostat that attained the 

saturation voltage E),t a current of ca. 55 )J.A. The de

tection with the larger jet was virtually equaJly sen

sitive as that with t1'0 narrovver jet, 2.23 x 105 
-1 ;;tA.l.JYlo}, • 

Th~ Dee.cnd~nce of_.th~_~~al Amplitude on the F low"Rate 

Tle conditions of the transporL of the elcctro

activ mbstance toward the surl" )1 a hal] OV! drop 

electrcc'Le are v'eT:" complicated.. /onvection caused by 

the gr~wth of the drop and that Cf 3ed by the flow of 

the electrolyte are combined ane. the s' cu.ation is 

further complj cated by the &bove mE' 'Loned i,nhomoge

neit J of the potential distribution over the working 

e1 ~ode surface. Therefore i1 will only be stated 

that ihe current signaJ incr8t ~88 ljnearly with increa

sin[; velum,·" flow-,rate (:B'ig.5) and that the dependence 

deviates from linearity wheY! usi.ng the [~mal] 81' jet in 

the region of higher current densities, similar to the 

calibration curve. 
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FIGUHE '). Dependence of the sigm'l amplj tude on the 
flow-Y'i,te. Vertical jet detect. , jet diameter 0.2 mm. 
400 j • .l of a) 2x10-5 M ONPh and t) 5x10-" lVi Om'h.~njec-f;ed. 

~~spon'3e Reproduc:L~L,=-~ 

The detector ~ Gonse reproducibility is compa

rable to that of a classical dropping mercury 

electrode. Twenty ':l.Duremen-Gs of samples at a C~ ncen~ 

tratio~ of 5 x 10- J at a flow-rate of 0.5 ml/mi~ 

YLE."lde Eel meaD value of ',11,:; curren' 0:[' 11,46 pA v" 

a standard deviation of .US pA. 
De -eb Forizontel det Axis 

In tbe detector with the r:ori2',m, tal jet axi::J the 

current signal has no oscillations, because the solution 

doeE, not drop, but :forms 8, thin layer between the exter-· 

r;c1,1 f3urface of the jet and the mercury. The effec tive 
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FIGURE 6. Dependence of the response volume and tIn 
time corstant on the flow-rate. Hori;?'onta1 jet detector-, 
je-I; diap "ter 0.4 rm-n. 400 )AI of 2x10-S' M ONPh injected. 

surface area of the working elec1 ,':l (all. w:hich tr.r.e 

electrochemical reaction can occur) is ':hot exaotly 

defined, which 1e,)0.s to certa.in pecnliari ties in the 

detector behaviour, as descril ed below. 

Respen!::;e Rate 

can be seen fTom 

the detector with 

As 
}i1ig. 6, 

dynamie behaviour simils,r 

the 

the 

to 

time constants given in 

0.4 mm jet exh.ibits a 

that of the detector with 

the vertical jet. However, the response volume does not 

remain consts,nt when the flow-rate is changed and 

relatively rapidly decreases with increasing flow-rate. 
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Q5 to 1.5 2.0 w(ml/min) 

:B' IGURE 7. Horizoni;c.]_ jet detec+;cr: time con.stant vs. 
the flow-n~ie (3) a.nd. tt:e concE;r,"~raticn of 
o-nit:eopllenol (b). Jet diameter 0.2 mm, 5400)11 
injected. a) constant concentration 2x10- M, 
b) constant flow-r8te 0.5 mT/min. 

When the 0.2 rum jet is used, the response rate s 

substantialJy iner' 'd and. the time constant - ;omes 

to a cert~in extent ~0pendent on the electroacc ~e 

F'I,11lf,tnY1Ce conGentr~ 1 (Fig. 7). This somewhat UD-

eZIJeeted depencl.c ',ee can be lUJc.erstood when realj zing 

that with concentr2,tion, i. e. increasing 

cTcctrolytic curr";;'nt, the 

tiaT distritution over ttu 

eity of the poten

electrode sur1ace 

also inCrE-;aE.les. Thus th.e {;lee trod e effective surf'ace 

area decreases, Tead,ing to a decrease in the volume in 

whj ch the detec tion takes place. 

Calibration Curve 

TtLe deterioration of the geometry between the 

referer.ee electrode tip s.nd 1;1],e working electrode Bur," 
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FJGURE 8. Hortzontal jet detector: chl'oDl5,togram of 
5 Me; ot' 2, 6-dini troani] jne and the correspoycU.ne; 
cCl,lj.bration curve. Jet diameter 0.2 mm, flov!-rs,te 
1 .5 ml/min. 

face (compared with the previous detector) causes a 

of the l:ine[T range. Even if the 

O,~. D'Jn ~"t 1Nclfl lwed, tl1e J-i.near caltlJrD.tjon curve wc),[: 

only obtained from 5 x 10- 6 to 10-4M concentration at 

a flow-rate of 0.5 ml/m~n. and this jnterval could be 

extended to 2 x 10-4M by introducing positive feedback. 

The slope of the calibration curve with a regression 

coefficient of 0.9986 was 2,13 x 10 5 MA.lomol- 1 • There

fore the d.etection sensitivity was virtually the same 

8S that for the detector with vertical jet. 
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When s 88 were inj scted in amounts correspond.ing 

to about one third of the st~tionBlY curr~nt signal 

(18.6 yJ), a Ijnear calibration curve was obtained in 

a concentration range of 1 to 3 x 10-4M. The straight 

I.ins Witll a regression coeff'jcient of 0.9970 had a 

slope o:f 5.7 x '10 4 )-lA.l.rrol ~1 for amounts o:f 25 .• 8 to 

775.5 ng of o-nitropLenol. For the detector with the 

0.2 mm jet, a substantially narrower linear dynamic 

range was obtained wit11 the same flow-r2.te, namely, 

from 5 x 10- 6 to 2 x 10-5M. The calibration curve ob

ta.ined from four experimental points had a regression 

coefficient of 0.9983 and a slope of 4.3 x 105 

-1 )-lA.I.mol • In spite of the discouragingly narrOVI 

Ij ~1ear dynamie range, this detector was tested .. in 

eom1)ination with a l.iquid chromatograph, as it could be 

expected that its rapid response would be favourable. 

Fig. 8 depicts the response in tho detection of 2,6-

dinitroan~Jjne. The calibration curve, obtained inten

tionally for Jarge amounts injected. (1.5 to 15 ug) at 

-1 .OV is reliably linear because of low concentrationE 

of the electroactive subs'I;Emc<-- i,n the eluted zone, 

It can be si.mpJy cl.erived (5) that the concent:cation at 
_h 

the peak top WI.S 1.2 x 10 JM for 10 pg of 2,6-djD~tro-

Dependence--.?.L._the Signal Amplitude on the Flow-Rate 

This c,:nd.enc" was ELgair. folJ ovrecl for the 

fit sts,tc current aL concentrations 0 

2 x 10-5 and 5 x 10-5M, from 0.25 to 2.4 mJ/min. 

With the 0.4 mIn. ;:iet, thE) pJot in the logarithmic 

coordLnates yieJded straight lines with slopes of 0.47 

anc .. 0.52 and the respective regression coeffj,eiellts, 

0.9929 and 0.9983. The current signal amplitude thus 

incre2.ses with the square root of tl--.e flow-rate, si

milEI' to thin-·layer detectors vrtth solid eJectrodes. 

The e is compljcated by the high pctential 



TROJANEK AND KRESTAN 

ienl when the small jet is used, and the dependence 

exhibits :3 negative deviation from the square-root 

ce for fJow-rates. 

Response Reproducibility 

As mentioned above, the effective surface area of 

the working electrode is not exactly defilled in this 

a.etector type. rrherefore, certa.in rules must be observed 

to obtain reproducible results, in contrast to the 

detector with the vertical jet. 

The detector exhil)j.ts optimal performance when 

the mercury Burface is virtually dry, whjch can be at

tained by modifying the Ijquid outlet from the detector. 

The outlet to the waste that is lovIer than the detector 

is through a staj.nless-steel tube brought through the 

detector wall to a distance of about 1.5 cm above the 

jot base. After fj IJ ing the compartn;ent with merC1..1ry, 

the mercury is forced to the waste by tt.e liquid; 

utilizing the siphon effect (for short-time opening of 

the v.pper closing), all excess mercury snd electrolyte 

are removed. When tho upper closing is again sealed, 

the absence of tt.e electroJyte on tt.e surface of the 

mercury and a constant mercury level are ensured. The 

detector prepared in thjs way yields welJ. reproducible 

response ~fter condit under flow cond5tions for 

sever~lJ rd.nutes. Twenty measurements on sEl.illples wi.tt" 
_h 

e, concentration of 2 x 10 ./M, using the 0.2 mm jet and 

Q flew-rate of 0.5 ml/m~n., gave the meBD current value 

of 8.83 pA with a standard deviation of 0.17 ~A. 

The results obtained in the testing of the de

tectors, some of which EI,r6 given in the tahle, indi cate 

that detectors of good propE~Y't:ies can be constrlJcted 

using this principle. The vertical jet detectcr is 

sui table 8. g. for continuous an",]y:z,ers, becanse of its 

s10wer response and a broElcl I ineaT clyr'.8mic range. The 

constr1.lct:i on vrlth the clesecl rrercury ,",leo ensurc-)s ite 
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'lIAB:LE 

Important ]:)ropertj_es of '-~estecl Detectors 
------_._-------------------_.-_._--------, 
Detector 

Vertical 

Jet 
diameter 

(Ill],l) 

0.2 

'-[lime 
constant 
at 1 ml/min. 

(s) 

1.8 

Hosponso Linear c 
volume range -1 

(pl) (moLl) 

31.7 5x10-6_10- 4 
jet 0.4 e -6 -·4 '5x10 -2.5x10 

Horizontal 0.2 b 0.22 4.0 5x10- 6_2xlO- 5 
jet 0.4 1.0 15.0 -6 -4 5x10 -10 

8"Limited by the operational range of tbe potentiostat 

bDepcndent on the electroactive substcl.Jlce concen·'.rat.1.oYJ 

safety cf the operator cl.uring the measurement. The 

detector with a horizontal jet w.itL a small d.iameter, 

which rL8s some properties similar to those of soli d

-electrocl e thin-layer detectcI's, seems to be su:; table 

for d.etection in l.iqu.icl chrol1latogre.phy where small 

amolmts are involved and a fast response j s requirec. 

In a further lleveloplIlent of detectors of thi2 type, 

the atLen[;:loLl Sl1Ol11c1 be directed to broadeni.ng of tt.eir 

l:illear c;yucuJiic range, wh:Lch "i;' clirect1y corlYlocteo with 

tbe gcoDiei,ry of '~he e1 Ectrodes. 

1. §tuJik, K. end Pac~kov~, V., Electrochemical 
Detection 'l'ecn.:niques in High = Performance Liquid 
Chromatography .• J. ElfctroanaJ.. Ctem. l.?3, 1, 1981. 

2. Trojanek, A., Elektrocnenl'icke cletektor;y v Etrw.ly··, 
tickych prutokovycb z.ariYenich, Che];' .• Lj sty 76, 
695, 1982. --
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ROLE OF INTFRFACIAL TENSIO~I IN REVERSE PHASF LWllIn CJ1RnMATnGI{APHV 

G.K. Vemulapalli and 1. Gnanasamhandan, nepartment of Chemistry, 
Iini vers ity of Ari zona, Tucson, Ari zona RSl?l 

ARSTPACT 

A thermodynamic equation relating chromatographic equilibrium 
constant to the interfacial forces between the stationary phase 
and the mobile phase is derived from the first principles. 
Advantages of uSing this equation in the analysis of honded phase 
chromatographic data are discussed. 

I NTRnnllf:TION 

!luring the last decade chromatography with chemically honded 

phases has evolved into an indispensable technique for chemical 

separation. It has been widely recognized that both kinetics and 

equilibrium thermodynamics control chromatographic separation pro

cess (1,2). Many attempts have been made to correlate equilibrium 

constants derived from liquid chromatography with the known 

solvent-solute interactions (3,4,5). Theoretical attempts have 

also been made to formulate the equilihrium constant expressions 

in terms of solvent and solute parameters (G,l,R). 

In most of these studies it has been tacitly assumed that the 

thermodynamic equilibria involved in chromatographic separation 

are the same as those involved in liquid-liquid partition. 

However, we should expect interfacial forces to playa crucial 

role; yet there have been only sketchy discussions on this point 

1777 
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in liquid chromatographic literature and only empirical correla

tions hetween interfacial forces and retention times have been 

made with ad _hoc theoretical machinery. The interfacial forcps 

considered in previolls investiCjations arp hetvlPen two solvpnts (q) 

or between solute and a solvpnt cavity (In). Thesp are not as 

directly related to chromatoqraphic pquilibrium as the interfacial 

forces hetween the mobile and the stationary phasps considered 

here. 

In the followinq article we will show how interfacial tension 

directly enters into the liquid chromatoCjraphic equilibrium. we 

derive a general expression for the equilibrium constant for the 

distribution of solute between bulk phase, where surface forces 

may be safply ignored, and an interfacial phase, where surface 

forces dominate. 

Even though the derivation qiven below is hased on familiar 

theoretical procedures, it is not described in the literature. In 

tracing the expression for the equilibrium constant back to first 

principles, we have found that theory gives valuable insiqhts into 

(a) the role of intprfacial tension in the separation process, (h) 

the compOSition of the stationary phase and (c) the dependence of 

selectivity on lenCjth of carbon chains in the stationary phase. 

These are discussed in the last section of the article. 

nlFnRY 

Let the suhsc ri pt s b and~_ represent bu 1 k and su rf ace phil s PS 

respectively. The chemical potential of a solute ilt constant tem

perature and pressure in the bulk phase is qiven hy 

b b 
d lJ = RT d 9-n a , (1 ) 

b where ~ represents the activity of the solute. The chemical 

potential of the solute in the surfilce phase is given by (11) 

(? ) 

since thp interfacial tension, y, is givpn by 
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y =(~n T,P,a 
(1) 

where A is the area of the interface. In the chromatographic 

experiments A is usually constant and y varies with composition of 

the solution. Hence we need 1-1 as an explicit function of y. This 

is accomplished hy the follol'linq Leqendre transformation (l?): 

P = 1-1 - A (~A ) = 1-1 - yA 
T,P,a 

(4) 

From the ahove expression it follows that 

(S) 

Since surface forces are negligible in the hulk phase, 

d ~b d b 
]J = ]J (fi) 

The condition for distribution of solute hetween the two phases is 

(7) 

from vlhich we have 

RT d.!1.n as - A dy. (R) 

So far no approximations have heen made in the derivation. 

Eq. R is valid for any solute distributed between any pair of hulk 

and surface phases regardless of the nature of intermolecular for

ces in these phases. To proceed further, vie need to know how 

interfacial tension varies l'iith composition. Priqogine and nefay 

(13) showed that surface tension (liquid-vapor interface) for a 

binary solution is accurately given by 

where the subscripts denote the two components, X, the mole frac

ti ons and 13, a small constant. In order to avoi d unnecessary con

fusion we shall denote surface tension hy (J and interfacial ten

sion hy y. The third term on the right hand side of Fq. q is 

usually small and may he safely ignored when one of the mole frac-
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tions is small. [q. q should also apply for interfaciAl "~ens"ions 

of binary solutions. 

In order to be able to integrate Fq. R we have to follow a 

convention regarding standard states. Standard stales hased on 

Henry's Law are commonly used for studies of solute distribution 

between two phases. Integration of [q. R with this convention 

gi ves , 

A 
(10) 

RT 

where Fq. 9 (with y in place of 0) is used for the evaluation of 

the term involvinq interfacial tension, Suhscripts 1 and? denote 

solvent and solute respectively. Note that we have suhstituted 

mole fractions for activities. Since 

(l/X~) '"' (l-X~) (11 ) 

and XS

l 
is very nearly equal to unity Eq, 10 takes the form: 

A 
9-n K (12 ) 

RT 

It should be noted that a simple expression for equilihrium 

constant, such as the one g"iven in Eq. I?, dot'S not follow frolll 

theory unless the solution is dilute. 

n ISCIISSION 

Fqs. A and 12 relate equilibrium constant to other measurahle 

quantities, A and y. Reliahle methods have been devised for esti

mation of solid-liquid and liquid-liquid interfacial tensions 

(14,lS) since these quantities are significant in the studies of 

wetting, surface energies of solids and many industrial processes. 

Thus Eqs. A and 12 provide a hridge between liquid chromatography 

and interfacial studies. 
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We will now show that Fq. 12 is consistent with experimental 

observations. According to this equation, lnK for a series of 

compounds (solutes) should vary linearly with their interfacial 

tens"ions (Y2) pl'ovided YI and A reiliain constant U-,-~, S<1l1le 

solvent and co"lumn). Notp that Y2 refers to interfacial tension 

between the solute and the stationary phase and hence depends on 

both these phases. (Similarly, Yl depends on both the solvent and 

the stationary phase.) Y2 valups for systems involving the sta

tionary phases of chromatography are not available at present. In 

order to demonstrate the quantitative validity of Eq. 12, we will 

use reasonable estimates for Y2' According to Fowkes (Pi) inter

facial tension between two phases (say a and b) may be estimated 

from the surface tension of each phasp aqainst its own vapor. 

Fowkes theory has been remarkably successful in predicting inter

faci al tensi ons (10). For systems of interest in the present 

study, his equation has the form: 

(13 ) 

where O
2 

and as are the surface tensions of solute and stationary 

phases. Since the stationary phase is the same for all solutes in 

an experiment, we should expect interfacial tensions of solute

stationary phase systems to he proportional to the surface ten

sions of the solutes. Hence, 1nK and lnk, where k is the capacity 

factor, should increase with surface tension. Fig. 1 shows that 

this is indeed the case. 

txperilnental points (17) in Fig. 1 follow a straight line 

graph closely indicating that as is relatively small. From the 

experimental val ues of capaci ty factors in Fi g. 1. we concl urie 

that Y
2

>Yl • Even though Eq. 12 relates K, and not k, to inter

facial tension, this statement is still correct since k '" K¢ where 

the constant <p is the volume ratio (stationary phase to mohile 

phase) which has been estimated to be less than unity (18). Small 

interfacial tension between the solvent and the stationary phase 

results if the stationary phase has solvent molecules incorporated 

into it. (The more the stationary phase approaches the solvent 
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phase in composiUon the less \'lOulci be their' 'interfacial tension.) 

This conclusion also agrees with the results of previous investi

gations (19). 

It is known experimentally that retention and separation are 

influenced by chain length of the stationary phase. Practicing 

chromatographers use this phenomenon in designing appropriate 

columns for a given system. Attempts have heen made to explain 

the variation of selectivity with chain length hy such factors as 

the surface structure of the stationary phase or steric effects. 

It should be noted that the mechanisms suggested previously 

(3,5,6,7,8,9,10) do not explicitly consider the effect of chain 

length on separation. The theory developed here, however, gives a 

handle on ths problem through the quantity A in Eq. 12. 

Eq. 8 follows from first principles of equilihrium ther

modynamics and Fq. 12 has no serious approximations. However, 

interfacial tensions for materials of chrmoatographic interest are 

not readily available. Otherwise application of Eq. l? would be 

simple and straightforward. We have demonstrated here, with the 

aid of the available data, the vailidity of Eq. 12. Work in 

progress is aimed at (i) evaluation of interfacial tensions from 

experiment and theory ann (ii) numerical estimation, with the aid 

of Eq. 12, of parameters such as the volume ratio ann areas of 

stationary phases. 
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LIQUID CHROMATOGRAPHIC BEHAVIOR OF BIOLOGICAL THTOT,S AND 
THE CORRESPONDING DISULFIDES 

L.A. Allison, J. Keddington and R.E. Shoup* 
Bioanalytical Systems Inc. 

Research Laboratories 
1205 Kent Avenue 

West Lafayette, Indiana 47906 

ABSTRACT 

Reverse-phase, ion-exchange, and reverse-phase iOil-pa~r~ng 

were evaluated as liquid chromatographic modes for the isocratic 
separation of cysteine, cystine, glutathione (reduced and oxi
dized), homocysteine, and penicillamine (reduced and oxidized). 
A series dual Hg/Au amperometric detector was used to detect both 
thiols and disulfides. Reverse-phase ion-pairing was determined 
to provide the most satisfactory performance for a liquid 
chromatographic separation of the compounds of interest. 

INTRODUCTION 

There are a number of thiol compounds which are of biological 

interesl. In living systems, glutalhiollC (GSH) , cysteine (Csn), 

and the correspondIng disulfic1es (GSSG and CSSC) are intricately 

involved in maintaining proper cellular function. The thiol 

moiety is also present in penicillamine (PSH), a therapeutic 

agent used as an anti-arthritic and in heavy metal poisoning. 

One pathway for penicillamine metabolism involves formation of 
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di sul fi des by reaction \>lith another penic] U.amine molecule or 

other physiological thiols. 

Determination of thiol compounds by liquid chromatography has 

recently receIved cOllsiderable attention, utllizLng various 

detection schemes. The most common approach for cysteine (1, 2, 

6, 8-10), glutathione (1, 2, 7-10), and penicillamine (1--3) has 

employed strong cation-exchange chromatography with mobile phases 

of acidic pH. Reverse-phase chromatography with heptane sulfonic 

acid as an ion-pairing agent has also been used in the separation 

of cysteine, homocysteine (HSH), and penicillamine (4), and a 

strong anion-exchange separation has been reported for several 

thiols, including glutathione and cysteine (9). 

Often, measurement of both the thiols and disulfides in a 

given biological or chemical matrix is desirable, to provide a 

complete profile of the system. Due to the scarcity of suitable 

detectors for disulfides, there have been few reports on chroma

tographic characteristics of underivatized disulfides. Eggli and 

Asper (6) used strong cation-exchange for a mixture containing 

cystine (esse), cysteine and penicillamine, as did another report 

on glutathione, cystine, cysteine, and methionine (10). Strong 

anion exchange with a mobile phase of pH 8.4 was used for GSSG 

and cystine (5), although the resolution and peak shapes were 

rather unsatisfactory. 

A series dual Hg/Au electrochemical detector has recently 

been developed in our laboratory for the detection of both thiols 

and disulfides in liquid chromatographic eluents (11). Briefly, 

the detector reduces disulfides at an upstream electrode and 

detects the resultant thiols and any naturally present thiols at 

the downstream electrode. Using this detector, we 

the liquid chromatographic behavior of mixtures 

thiols and disulfides. Strong cation-exchange, 

now report on 

of selected 

reverse-phase, 

and reverse phase ion-pairing were evaluated as separation 

schemes for cysteine, cystine, glutathione, homocysteine, penicil

lamine, glutathione disulfide and penicillamine disulfide. 
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MATERIALS 

Chemicals 

L-cysteine, L-cystine, glntathione (reduced), glutathione 

(oxidized), and D-penicillamine ",ere purchased from Sigma 

Chemical Co. (St. Louis, MO). D-penicillamine disulfide was 

obtained from Aldrich Chemical Co. (Milwaukee, WI) and DL-homo

cysteine was purchased from ICN Pharmaceuticals, Inc. (Cleveland, 

OlI). Sodium octyl sulfate and ethylene diamine tetraacetic acid 

were obtained from Eastman Kodak Co. (Rochester, NY). All other 

reagents, including buffer salts, acids, and methanol, were 

reagent grade. 

Apparatus 

A Bioanalytical Systems LC-154 liquid chromatograph with dual 

mercury/gold detector 

with stainless steel 

was used. All teflon tubing was replaced 

to exclude oxygen. The system has been 

described in detail elsewhere (11). Columns used were BAS 

Biophase ODS 5r, 4.6 x 250 mm, and DuPont Zorbax 300 SCX, 4.6 x 

250 mm. Detector output was integrated using either an LDC-308 

Integrator or Hewlett Packard 3390A Reporting Integrator. Mobile 

phase flow rates were either 1.5 rnL/rnin or 1.0 rnL/rnin. 

Methods 

All mobile phases were prepared using deionized distilled 

water and filtered with 0.2 p Nylon 66 membranes (Rainin Instru

ment Co., Inc., Woburn, MA). Mobile phases were refluxed at 

slightly above room temperature and continually purged with 

nitrogen to remove dissolved oxygen. 

Stock standard solutions of individual compounds were pre

pared to a concentration of 1 mM in deionized, distilled water 

containing giL Na
2

EDTA. The cystine stock solution was 

prepared in dilute NaOH at a concentration of 0.1 mM. All stock 

solutions were stored at 4°C and prepared weekly. Dilutions and 
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FiGURE 1. Capacity factors (k') of thio1s and disulfides as a 
function of mobile phase pH. Hobile phase consisted of O.lM 
phosphate buffer adjusted to the desired pH. A Biophase ODS 5 j.l 

column was used with a flow rate of 1.5 mL/min. Curves represent 
cysteine (.), cystine (.), reduced glutathione (.), 
homocysteine (.), oxidized glutathione (0), reduced 
penicillamine (0), and oxidized penicillamine (6). 
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mixtures of standard solutions were prepared every two or three 

days from the stock solutions. Cystine solutions were acidified 

using dilute HC10
Lr 

prior to injection. Injections were made by 

overloading a 20 ~l1, or 100 tIL loop with deoxygenated standard 

solution. 

The dual Hg/ Au electrodes Ivere prepared as described else'-' 

where (11). The flow channel was defined with the two electrodes 

in the series arrangement. The upstream electrode was held at 

-1.0V and the downstream electrode was monitored to obtain the 

chromatographic tracing. 

RESULTS AND DISCUSSION 

Reverse-Phase Chromatography 

The behavior of the thio1s and disu1fides of interest was 

first investigated by using a reverse-phase column (Biophase ODS, 

5)1) and varying the pH of the 0.1 M phosphate mobile phase over 

the range from 2.5 to 7.0. Figure 1 illustrates the measured 

capacity factors (k') versus mobile phase pH. At acidic pH 

values, reasonable retention is obtained for GSH, GSSG, PSH and 

PSSP, but they are observed to elute earlier with increasing pH. 

This is as expected from the ionizable functional groups in the 

molecules, which include carboxylic acids (pK:= 2), amines (pK:= 
a a 

and thio1s (pK := 9-11). 
a 

In regions of intermediate pH 8-9) 

(4-7) , the majority of these compounds exist as zwitterions, with 

little or no retention on the hydrophobic column. As the pH 

decreases, the carboxylic acid groups are becoming increasingly 

protonated, with a concomitant increase in retention. The maxi

mum capacity factor for the longest retained compound, however, 

is only 7.0, demonstrating that these small, relatively polar 

molecules are not retained to any great extent, and limiting the 

flexibility of the separation. Cystine and cysteine are not 

retained or resolved at any available pH on an ODS column. 

It is interesting to note that penicillamine disulfide does 

not reduce as readily as the other disulfides at the upstream 
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FIGURE 2. Capacity factors (k') of thiols and disulfides as a 
function of concentration of sodium octyl sulfate. A Biophase 
ODS 5 f1 column was used with 0..1 M monochloroacetate buffer, pH 
3.0., flow rate 1.5 mL/min. Curves labeled as in Figure 1. 

electrode. Response for PSSP as measured at the downstream 

electrode is approximately one-hundred fold less than that for 

cystine and glutathione disulfide, except at pH 5.0., where the 

response for PSSP is comparable to other disulfides. 

Reverse-Phase Ion-Pair Chromatography 

A more useful set of mobile phase conditions for the thiols 

and disulfides was that using sodium octyl sulfate as an ion

pairing reagent with a C18 column. The mobile phase consisted of 

0..1 M monochloroacetate (MCAA) buffer, adjusted to pH 3.0. to 
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FIGURE 3. Capacity factors 
function of concentration of 
octyl sulfate concentration 
monochloroaceta te buff er, pH 
Curves labeled as in Figure 1. 
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(k') of thiols and disulfides as a 
methanol in mobile phase. Sodium 

was fixed at 1.0 roM in O.lM 
3.0, with a Biophase ODS column. 

ensure tho. t the compounds carried a net posi ti ve charge. in 

Figure 2, k' is plotted versus concentration of sodium octyl 

sulfate, demonstrating the large increase in retention which can 

be effected using this approach. Each of the compounds underwent 

similar shifts in retention, although penicillamine disulfide was 

changed to a markedly greater extent than the others. The ion

pairing was successful in resolving cysteine and cystine from one 

another. 

Figure 3 shows the effect on k' of increasing percentages of 

methanol in the mobile phase. In this manner, the ion-pairing 

was utilized to increase retention and resolution of cysteine and 
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cystine, and methanol l'laS added to speed eluti.on of longer· 

retained compounds. Cysteine and cystine were not si.gnificantly 

affected by addition of methanol, while PSSP, GSSe, and penicil

lamine were moved in to more reasonable retention times 0 The 

chromatogram in Figure 4 illustrates the separation obtained 

using 1.0 mM sodium octyl sulfate Ivi.th 4% metl.anol and a flow 

rate of 1.5 mL/min. Excluding PSSP, the chromatogram was 

complete in thirteen minutes and the peak shapes were quite 

satisfactory. 

A third variable which was manipulated in ion·-pairing chroma

tography was the ionic strength of the mobile phase buffer. By 

changing the molarity of 

could be correspondingly 

ionic strength variations 

monochloroacetate, the retention 

changed. The effects obtained 

were of less magnitUde than 

times 

with 

those 

observed when changing sodium octyl sulfate or methanol concen-

tration. Ionic strength, then, can be used to "fine-tune" the 

reverse-phase ion-pairing separation to achieve the desired 

chromatographic characteristics. Figure 5 shows a chromatogram 

of the selected compounds using 0.25 M monochloroacetate buffer, 

with 1.0 ruM sodium octyl sulfate and 6% methanol, flow rate 1.0 

mL/min. The chromatogram was complete within 10 minutes, 

although cysteine and cystine were closer to the void volume 

response than with 0.11'1 HCAA, which could pose a problem with 

real samples. 

Based on the described studies, the chromatographic condi.

tions that were adopted for future studies utilized the Biophase 

ODS 5 P column with a mobile phase containing 0.1 H NCAA buffer, 

pH J.O, 1.0 illHsodium oetyl sulfate, wHh 11% met.hano]. 

As the majority of literature work on these compounds has 

been performed using cation exchange, a column of this type was 

also investigated. The initial conditions consisted of the 

Zorbax sex column with a mobile phase of 18.4 ruM ammonium citrate 

and 60.7 ruM phosphoric add (final pH 2..49), producing the separa-
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FIGURE 4. Reverse-phase ion-pair separation of thiols and 
disulfides. Column: Biophase ODS 5 ~; mobile phase: O.lM 
monoehloroaeetate buffer, pH 3.0, 1.0 mM sodium oetyl sulfate, 4% 
methanol. 
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12 

FIGURE 5. Effect of ionic strength on reverse-phase ion-pair 
separation of thiols and disulfides. Chromatographic conditions 
as in Figure 'I, except monochloroacetate buffer was O. 25M. 
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FIGURE 6. Strong cation-exchange separation of thiols and 
disu1fides. A Zorbax SCX column was used, with a mobile phase 
containing 18.4 rnM ammonium citrate and 60.7 rnM phosphoric acid, 
flow rate 1.0 mL/min. 
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FIGURE 7. Capacity factors (k') of thiols and disulfides as a 
function of mobile phase buffer concentration. Hobile phase was 
phosphate/citrate buffer at a flow rate of 1.0 mL/min. with a 
Zorbax SCX column. Curves labeled as in Figure 1. 

tion shown in Figure 6. This separation was considered to be 

less than optimum, as cysteine/glutathione and homocysteine/ 

cystine were not completely resolved. Increasing the mobile 

phase to pH 3.5 moved all peaks into the void volume. 

The ionic strength was decreased in order to modify the 

separation; Figure 7 details the effects of ionic strength on k'. 

When the molariti.es were 75 and 50% of initial values, several 
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compounds coeluted, as shown. Peak shapes began to rapidly 

deteriorate after a k' value of about 5, with broadenj.ng and 

severe tailing. 

Cat ion-exchange chromatography VIas found in these experiment£> 

to be inferior to reverse-phase ion-pair chromatography for 

applications requiring resolution of all of the thiols and disul-

fides ion our mixture. It could, however, be optimized to pro-

vide satisfactory performance for one or two selected compounds. 

CONCLUSIONS 

In summary, three types of liquid chromatographic separations 

were evaluated for the LCEC determination of cysteine, cystine, 

homocysteine, glutathione (reduced and oxidized), and penicil-

lamine (reduced and oxidized): reverse-phase, reverse-phase 

ion-pairing and strong cation-exchange. Conditions were found 

which produced satisfactory performance with both reverse-phase 

ion-pairing and ion-exchange. The reverse-phase ion-pairing mode 

was determined to be preferable, based on better peak shapes and 

the high degree of flexibility possible by va;:ying methanol 

content, ion-pairing reagent concentration, and ionic strength. 
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SINULTANEOUS DEURHINATlON OF CADNIUH, COBALT, COPPER, 
LEAD, MERCURY AND NICKEL IN ZINC SULFATE PLANT ELECTROLYTE 

USING LIQUID CHROHATOGRAPHY WITH ELECTROCHEHICAL 
AND SPECTROPHOTOMETRIC DETECTION 

A.M. Bond* and G.G. Wallace 
Division of Chemical and Physical Sciences, 

Deakin University, 
Waurn Ponds, Victoria 3217, Australia 

ABSTRACT 

The current efficiency (cost) of electrolytic production of high 
purity metallic zinc from zinc sulfate plant electrolyte is 
critically dependent on the concentration of a number of trace 
elements. The matrix, containing a very large concentration excess 
of zinc sulfate in concentrated sulfuric acid presents difficulties 
for determining low concentrations of other metals with many 
analytical methods. In this work it is shown that Cd, Co, Cu, Pb, 
Hg and Ni impurities may be simultaneously determined at 
concentrations less than or equal to 1 ppm using a combination of 
solvent extraction, high performance liquid chromatography and 
electrochemical or spectrophotometric detection. Solvent extraction 
utilizes the formation of pyrrolidine dithiocarbamate complexes, 
which after removal of zinc complexes and excess ligand on an anion 
exchange column can be separated on a C-lS reverse phase 
chromatographic column and detected by UV/Visible spectrophotometric 
or electrochemical detection. Other combinations of chromatographic 
and detection procedures were thwarted by the very large 
concentration excess of zinc and other problems. 
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INTRODUCT ION 

The determination of trace elements in the presence of a very 

large excess of another element is a problem frequently encountered 

by the analytical chemist (1). Even so called specific methods, 

can exhibit interference effects when confronted with a matrix of 

thi s type (2-4). 

In the mining industry, the industrial process to produce high 

purity metals frequently requires the preliminary production of a 

concentrate where obviously the concentration of the element to be 

refined is very high. Nevertheless, in many metal refining 

processes it is extremely important to monitor the concentration of 

trace impurities present at various stages of the refining. The 

overall efficiency of the process may be severely decreased Ln the 

presence of certain metals, even at trace levels. A number of 

methods have been reported for the determination of specific 

elements in various concentrates (5-11). Commonly, electrochemical 

techniques or atomic absorption spectrometry have been used. These 

methods become time consuming if a number of elements need to be 

determined. For example, Beyer and Bond (0) have deLennined both 

the major and some minor elements (Cd, Cu, Pb and Zn) simultaneously 

in lead and zinc concentrates by polarographic techniques. HOI.Jever, 

in this procedure the number of elements which can be determined 

simultaneously is limited, which LS typically true Ln problems of 

this kind. 

The electrolytic production of high purity metallic zinc uses a 

plant electrolyte which is essentially a very concentrated solution 
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of zinc sulfate (100-108 giL) in sulfuric acid (up to 110 giL). The 

current efficiency for zinc production decreases substantially ~n 

the presence of trace impurjties; i.e. cost of production is 

increased. Consequently, the zinc sulfate electrolyte has to be 

monitored very closely during the production process. Unfortunately 

this is not a matrix conducive to the atomic absorption method and 

many problems exist in the analytical work (11). In these 

laboratories, a method has been developed for trace metal analysis 

using liquid chromatography (LC) with electrochemical (LeEC) and/or 

UV-Visible spectrophotometric (LCUV) detection (12,13), which 

can be automated (14) with microprocessor based instrumentation. In 

the present report, the application to multi-element determination 

in the presence of a huge excess of zinc is examined on samples of 

zinc sulfate. 

The method is based on formation of dithiocarbamate complexes 

followed by separation and subsequent electrochemical or 

spectrophotometric detection. Two modes of operation are available: 

(i) The metal-dithiocarbamate complex can be formed external to the 

chromatographic system and prior Lo injection onlo Ule separating 

column. Complex formation may be undertaken in a solvent identical 

to that for chromatographic separation or 1n aqueous solution 

followed by extraction into a suitable organic solvent (15). 

(ii) If the kinetics of dithiocarbamate complex formation ~s 

sufficiently rapid, the complex can be formed 'in situ' by including 

the ligand in the chromatographic solvent. This is the method 

amenable to complete automation (14). With this method, Ni and Cu (111) 
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as well as Pb, Co, Hg and Cd US) can be determined in a single 

injection within ten minutes. 

Other elements (e.g., Cr, As, Sb and Se) cannot be determined in 

this mode for various reasons (13,15), and recourse to the first 

mentioned method with external complex formation may need to be 

considered. 

In the present work both modes of operation were considered for 

the simultaneous determination of Ni, Cu, Co, Pb, Hg and Cd in zinc 

concentrates. 

It might be anticipated that the very large concentration of 

zinc would mitigate against successful development of a 

chromatographic method based on electrochemical and/or 

spectrophotometric detection. In principle, the chromatography 

might be expected to be inadequate to achieve the required 

separation which must be high with either spectrophotometric or 

electrochemical detection since zinc dithiocarbamate gives a 

response with both detectors. However, two major factors influence 

the possibility of success applying our new method for metal 

analysis to zinc plant electrolyte: (1) The stability constant of 

the zinc dithiocarbamate is small compared with most other 

metal-dithiocarbamates (16-18), (ii) Evidence for the formation of 

anionic zinc dithiocarbamate complexes has been reported (19-21). 

In previous work (14) an anion exchange guard column was designed to 

trap excess negatively charged dithiocarbamate ligand. The same 

guard column may therefore at least partially remove the zinc 

dithiocarbamate complex. 
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EXPERIMENTAL 

Reagents and Standa~d Solutions 

All chemicals used were of analytical grade purity unless 

otherwise stated. Comnercially available diethyl and pyrrolidine 

dithiocarbamate salts were recrystallized from ethanol prior to use. 

Standard solutions of the metals concerned were prepared by 

dissolving copper nitrate, nickel chloride, cobalt nitrate, lead 

nitrate, mercuric nitrate, cadmium chloride and selenium dioxide ~n 

distilled deionized water. Standard solutions were also prepared in 

a 'zinc sulfate-sulfuric acid' matrix corresponding to "pure" plant 

electrolyte. These standards were always used in analytical 

determinations. 

Acetate buffer was prepared using the method described by Vogel 

(22) . 

Liquid chromatographic grade (LC) grade acetonitrile, methanol, 

dichloromethane and chloroform were used throughout this work. 

Zinc sulfate electrolyte samples were provided by the 

Electrolytic Zinc Company, Risdon, Tasmania, Australia. 

LnstrumenLaLion 

Instrumental details concerning the chromatographic and 

electrochemical instrumentation have been described previously 

(12-14). Chromatography equipment and spectrophotometric 

detection were based on Waters equipment whil.st electrochemical 

instrumentation was either from Princeton Applied Research (PAR) 

Corporation, Hioanalytical Systems (BAS), or home built. In this 

work the electrochemical detector was a Bioanalytical Systems (BAS) 
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Figure 1 

Flow Diagram of Instrumentation. 

1. Chromatographic solvent: e.g. External mode: 70% 
30% acetate buffer, pH = 6 (.02 ~), .01 ~ NaN03' 
: as above but add 10-4 ~ NH4Pydtc. 

acetonitrile 
In situ mode 

2. Solvent Delivery System Typical flow rate = 1-3 mL/min. 

3. Injection System: can be either manual or automatic. Typical 
injection is 10-100 yL. 

LI. Guard column containing (;) separator resin to protect 
separator column, e.g. C-18 resin and (ii) ion exchange resin to 
trap excess dithiocarbamate (external mode), e.g. Arnberlite 
CG-400. 

5. Separator column: e.g. C-18 reverse phase from Waters Assoc. 
Length = 30 cm; i.d. = 3.9 mm. 

6. Suppressor column: to remove excess dithiocarbamate (in situ 
mode), packed with ion exchange resin as in guard column. 
Length = 20 em; i.d. = 3.9 mm. 
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1'L5 cell with glassy carbon working electrode, and an aqueous 

Ag/AgCl (3~ KC]) reference electrode. Columns were basi.cally as 

described in reference 14. A typical experimental arrangement is 

shown schematically 1n Figure 1. 

Electrochemical experiments in a conventional cell were 

performed using glassy carbon working and auxiliary electrodes and a 

Ag/AgCl (satd. LiCl ; methanol or dichloromethane) reference 

electrode. 

Unless otherwise stated all data were obtained at (22 + l)oC 

and all solutions were degassed with nitrogen. 

RESULTS AND DISCUSSION 

The two methods of dithiocarbamate complex formation described 

in the introduction were exami~ed to ascertain the effect of the 

large Z1nc concentration present in zinc sulfate electrolyte. 

(i) External Dithiocarbamate Complex Formation 

In this mode, diethyl or pyrrolidine dithiocarbamate complexes 

need to be formed in a buffered aqueous sample of zinc sulfate 

electrolyte by addition of an aqueous solution of diethyl or 

pyrrolidine dithiocarbamate sall. The metal complexes ace then 

ext rac ted into an organic phase (d ich locome thane or ch 101'0 form were 

found to be suitable) prior to injection onto the colnmn. The 

7. Spectrophotometric detector. 

8. Electrochemical detector. 

9. Readout device. 

10. Microprocessor. 
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buffer solution was made 1% (w/v) in NaN03 to enhance the 

extraction efficiency (23). Injection of very pure zinc sulfate 

electrolyte without any guard column gives an extremely large zinc 

dithiocarbamate response using spectrophotometric detection ( Ie 

254 nm) or electrochemical detection (DC potential = 0.80 V) as 

shown in Figure 2(a,c). However, insertion of an anion exchange 

guard column is very efficient in removing this response, as shown 

in Figure 2 (b,d). This method can therefore be used for trace 

metal determination ~n zinc sulfate electrolyte with considerable 

advantage since Cd, Co, Cu, Pb, Hg and Ni may be determined 

simultaneously if no interference effects are ~n operation. 

Initial studies to examine the extraction behaviour of the 

various metals in the presence and absence of zinc sulfate were 

undertaken with differential pulse voltammetry at a glassy carbon 

working electrode. Each of the dithiocarbamate complexes gives very 

well defined oxidation responses in organic solvents (19,24). The 

metal complexes were extracted into dichloromethane, and the 

electrochemistry then investigated in this solvent after addition of 

0.1 ~ Bu
4

NCI0
4 

as a suitable supporting electrolyte. 

The extraction efficiency and stability of the metal complexes 

10 the presence and absence of zinc sulfate electrolyte could be 

investigated conveniently in this manner. For those metal complexes 

which could be measured directly by voltammetry in a conventional 

electrochemical cell in the presence of a large excess of zinc, data 

agreed well with that found in liquid chromatographic work after 

chromatC" removal of zinc. In all cases it was found that the 
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TAIlLE 1 

J~xtraction of Metal Pyrrolidine Di thiocarbamate Complexes ]_n 
Presence and Absence of Zinc Sulfate Electrolytea,b. 

180/ 

Heta] Percentage of metal dirhiocarbamate 
signal obtained for extraction Ln 
presence and absence of zinc 
sulfate electrolyte. 

Percentage of 
original metal 
dithiocarbamate 
signal remaining 
after tlvO hours. 

Without Zn With Zn 

Ni 18% 95% 100% 
Co 15% 100% 100% 
Pb 75% 100% 100% 
Hg 85% 100% 100% 
Cd 10% 100% 100% 
Cu 100% 100% 100% 

(a) Percentages quoted typically have a mean deviation of + 3%. 

(b) 'Extractions were performed with dichloromethane as 1.n text (see 
later). Results are average values obtained by two methods. 

(i) Differential pulse voltammetry (conventional cell). 
Scan rate = 5 mY/sec. Duration between pulses = 0.5 
sec. Modulation amplitude = 50 mY. 

(ii) Extractions were performed and samples injected into 
the LCEC/UV system described in Fig. 1. Injection 
volume = 10 VI. Flow rate = 2 mL/min. 
UV detection A = 254 nm. Electrochemical detection 
DC (+ 1. 20 V) vs Ag/ AgCl (3 i'1 KCl). 

stability of the metal dithiocarbamates was increased in the 

presence of zinc dithiocarbamate as has been reported by other 

workers (25,26). Results are summarized in Table 1. 

The ligand chosen for extraction in all quantitative studies was 

pyrrolidine dithiocarbamate (pydtc ) rather than 

diethyldithiocarbamate, (dedtc ) for a number of reasons. 

Firstly, pydtc has been shown to exchange more readily than 
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Figure 2 

Injection (l0 II L) of a ZnS04 solution (l08 g Zn/L) in disti lled 
H20. Chromatographic system as described in Fig. 1. Solvent flow 
rate = 3 mL/min. 

(a) spectrophotometric detection (A = 254 nm). 

(b) as for (a) but insert ion exchange guard column. 

(c) electrochemical detection DC (potential = + 1.20 V). 

(d) as for (c) but insert ion exchange guard column. 
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dedtc (I8) . Secondly, pydtc ]8 more stable than the dedLc 

ligand 1n acidic solutions, such as encountered with zinc sulfate 

electrolyte. Finally, a signifJcant response attributable to 

Zn(dedtc)2 is observed when the dedtc ligand is used. Thi s 

complex has a retention volume similar to Cu(dedtc)2 and causes 

interference. 

Acetate buffer (pH 4) was found suitable for extraction of all 

metals considered. 

The basis of the extraction is shown in the reaction scheme 

below. 

+ + + + + pydtc 

~ Fast 

"Zn(pydtc)n" + M~+ + M~+ + M;+ + ..• +Zn
2
+(excess) 

~ 81 O\~er 

M2 (pydtC>y + 

"Zn(pydtc)n" is then trapped on anion exchange guard column and 

+ + + 

are separated on a reverse phase C-18 chromatographic column and 

detected. Zn 2+ does not respond at either detector operating 

under appropriate conditions. 

In this reaction scheme, "Zn(pydtc)n" 1S probably a mixture of 

neutral and anionic complexes. Upon injection some of these 

complexes break down to give free (pydtc) (15) which is trapped 

on the guard column. 

x+ HY+ 3+ 
Ml , 2' M3 are trace metals and Zn 2+ 18 
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In a very large concentration excess over other metal Ions being 

detected. 

In such an extraction it would be ideal to use as much ligand as 

possible in order to increase the rate of formation of the metal 

dithiocarbo.mate complexes. However, if more Lhan 5 mL of 1% (w/v) 

pydtc is used with 1 mL of zinc sulfate electrolyte and 10 mL of 

extracting solvent, "Zn(pydtc)n" begins to precipitate at the 

organic/aqueous interface. 

For the determination of low concentrations of metals it IS also 

obviously desirable to use as much zinc electrolyte (sample) as 

possible. However. use of too much electrolyte introduces too much 

zinc and therefore decreases the signals (extraction efficiency) of 

most of the other metals. Variation of zinc concentration at the + 

10% level was found experimentally to produce a constant trace metal 

signa 1 (.::. 3%). There are obviously a number of constraints on the 

extraction procedure that can be used prior to chromatography and 

detection. 

folloy,s: 

In summary, the recommended analytical method IS as 

(i) Add 10 mL 1 M acetate buffer (pH = 4.2) containing 1% 

(i i) 

(i ii) 

(i v) 

(v) 

NaN0
3 

(w/v) to 1 mL of ZInc 

Add 5 mL 0 f 1% aqueous pyd Lc 

plant electrolyte. 

(w/v). Shake mechanically 

for ten minutes. 

Add 10 mL extracting solvent (dichloromethane. or 

ch loro form) . 

Shake for a further ten minutes. 

Leave to separate for five minutes. 
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(vi) Draw off sample from organic layer and inject a 10]J L 

sample into the chromatographic system consisting of 70% 

acetonitrile/30% buffer etc. as the running solvent, a 

guard column to remove excess pydtc and "zinc 

dithiocarbamate" and a reverse phase C-18 separating column 

(see Figure 1). 

(vi i) De tect the metal with electrochemical or spectrophotometric 

detection after chromatographic separation. 

With the above procedure, calibration curves were constructed 

for the metals concerned. All were linear for concentrations from 

the detection limit to at least 20 ppm. Fig. 3 shows a typical 

chromatogram. Chromatographic resolution between the Cu and Hg 

responses can be achieved by replacing 70% acetonitrile with (50% 

acetonitrile + 20% methanol) in the chromatographic solvent. 

The only chemical interference observed with other elements 

known to be present was when mercury was monitored in the presence 

of selenium. In this situation, complex behaviour was observed in 

that the mercury response was spliL inLo Lwo peaks (Fig. 4), 

implying that mercury selenium complexes are being formed via 

exchange reactions. (Results are similar wi th or \'li.thout ZnS0
4 

present). 

Detection limits for both electrochemical and spectrophotometric 

detection are listed in Table II. Note that in previous \'lork 

(13-14) the electrochemical detector has proved superior \'lith 

respect to sensitivity. However in this \'lork, even though the guard 

column does trap most of the pydtc and "Zn(pydtc) " some 
n 
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Determination of cadmium (2 ppm), lead (5 ppm) [peak 5], nickel (5 
ppm) [peak 6], cobalt (5 ppm) [peak 7], mercury (5 ppm) and copper 
(5 ppm) [peak 8] in ZnS04 008 g Zn/L). Peak 4 is due to 
thiuramdisulfide. 

Extraction performed as ln text using dichloromethane as extracting 
solvent. Peaks (1), (2) and (3) in blank. Chromatographic system 
as in Fig. 1. Injection voluwe =, 10 )JL, flow rate ~ 2 mL/min. 
Spectrophotometric detection (A = 254 nm). 

materia1(s) inhibiting the electrochemical response must be entering 

the detector since the current per unit concentration is less than 

that obtained in the absence of zinc when relatively positive DC 

potentials are used for detection. 

Examination of plant electrolyte zinc samples was successfully 

carried out (see Fig. 5). Data obtained using the me thad of 
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A 

B 

2 

c 

I I I I I I 

o 2 

Figure 4 

Injection of mercury (peak 2) in the presence of selenium (peak 1) 
results in another discrete response (peak 3). System as in Fig. 
1. Flow rate = 3 mL/min. Injection volume = 10 ~L. 

(A) 10 ppm selenium. Peak 1 may be the thiuram disulfide dimer 
rather than selenium. 

(B) 10 ppm mercury. 

(C) 10 ppm selenium + 10 ppm mercury. 

Extraction performed as outlined in text using clichloromethanc as 
cxLrllctin solvent (no {,nSO; present), SpecLrophotometric 
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A 

3 

I B 

50nA 

1 
I I 

0 2 4 6 8 10 

Tr(min) 

Fi 

Injection (10 ]J L) of a zinc plant electrolyte. Determination of 13 
ppm cadmium (peak 1), 2 ppm cobalt (peak 2) and 7 ppm Cu(peak 3). 
Chromatographic system as in Fig. 1. Flow rate = 3 mL/min. 
Injection volume = 10 pL. Extract·i.on as outlined in text using 
dichloromethane as 'xtracting solveat. 

(A) spec trophotome ,.ric detection (), 254 nm). 

(E) electrochemical detection. DC (potential = +1.20 V). 
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standard additions were 1n excellent agreement with those obtained 

by conventional techniques based on individual determinations by 

atomic absorption spectrometry (100 fold dilution) or polarography 

(11), implying that the method is relatively interference free. No 

problems from other major constituents in the electrolyte (e.g. Nn, 

12 giL) were observed. Direct rather than standard addition methods 

of calibration was also satisfactory, except for the 

mercury-selenium combination noted above. This again is indicative 

that interferences are generally minimal. 

(ii) 'In situ' Dithiocarbamate Complex Formation 

Several problems arise with this mode of operation. 

The highly ionic zinc concentrate ( - 100 giL Zn) needs to be 

miscible with a suitable chromatographic solvent. Both 

acetonitrile-water and methanol-water chromatographic solvents 

previously employed (14) were investigated with respect to 

miscibility. The zinc electrolyte was found to be immiscible with 

70% acetonitrile solution, although this problem can be eliminated 

by a preliminary twenty-:bld dilution and a corresponding 

loss in sensitivity. Although the zinc concentrate is in fact 

miscible with 701. methanol, zinc dithiocarbamate is not as soluble in 

methanol and precipitation may occur 111 the chromatographic system 

which is undesirable. If the UV-visible spec trophotome tric detector 

is set at 254 nm or the electrochemical detector operated at 

potentials more positive than +D.80 V a very lar~e zinc 

dithiocarbamate response 1S obsci"ved as shown ].n 'Fig. 6. Tuning of 

the spectrophotometric detector to A = 400 nm 01· electrochemical 

detector to +0.60 V alleviates this problem significantly. However, 
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Blank (10 lJL inject;'on of ZnS04 electrolyte (108 g Zn/L) diluted 
twenty fold) detenninations under various conditions. 

(A) spectrophotometric detection 254 nm). 

(B) spec trophotometric detection 350 nm). 

(c) electrochemical ctetection DC (potential +0.80 V). 

(D) electrochemical detection DC (potenlial + 0.60 V). 

Chromatographic system as in Fig. 1 (in situ mode). Flow rate 3 
mL/min. 
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De teclllinaLion of cobalt (20 ppln) [peak IJ and copper (260 ppm) 
[peak 2J in a zinc pl ;'llt elec trolyte (2 giL H2S04) sample after 
a twenty fold dilution. 

(A) spectrophotometric detection (A = 350 nm). 

(B) electrochemical detection. DC (potential = + 0.60 V). 

Chromatographic system as in Fig. I (in situ mode). Flow rate 
3 mL/min. Injection volume =, 10 11 L. 
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under these cOlldil:iollS, deLeccioll is limited l:o Ni, Cu and Co 

(spectrophotometric detection) and lli and Cu (electrochemical 

detection). Data obtained in the presence and absence of %1nC 

electrolyte show that the trace metal response is not the same as 

that observed whell no zinc is present for metals other than Cu. The 

ratio of signal observed in the presence and absence of zinc is 

100% for copper, 65% for nickel and 48% for cobalt. Thus, whilst 

copper determinations retain their sensitivity, the sensitivity for 

nickel and cobalt are decreased. Fig. 7 shows an example of an 

injection of a zinc plant electrolyte sample which demonstrates that 

the method does work. Data are presented in Table 2. 

However, a further problem which mitigates against the long term 

use of the 'in situ' complex formation method was observed wi th long 

term monitoring under automated conditions. Repeated injections of 

the zinc electrolyte lead to relatively rapirl deterioration in the 

performance of the separating column and column re",cneration is 

required at more, requent intervals than required 0,' zinc fno," 

samples. In an endeavour to provide improverl performance, the 'in 

situ' complex formation mode was examined YJi th A suppressor (Column 

in the system prior to the detectors in order to trap the excess 

ligand as well as the zinc dithiocarbamate complex. However under 

the conditions of ligand being included in the running solvent, this 

cal! only work for a few injections unti I the .;uppressor col umn i,' 

overloaded and fails to work. 

In summa'cy, for the particular example of trace metal 

determination in zinc plant electrolyte, the external 

dithiocarbamate complex formation method is considel'ably superior 
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TABLE 2 

Limi ts of detectiona in presence of zinc sulfate electro lyte. 

Detection Limits 

External Mode b , c 'In situ' moded,e 

Metal spectrophoto'" electro~' spectro electro·' 

Cu 
Ni 
Co 
Pb 
Hg 
Cd 

metric 
detection 

(ppm) 

0.1 
0.5 
0.2 
0.1 

1 
0.5 

chemical 
injection 

(ppm) 

0.1 
2 
2 
1 
I 

0.5 

photo- chemical 
metric detection 
detection 

(ppm) (ppm) 

0.1 0.1 
0.5 0.5 
0.2 

(a) For signal to noise ratio of 2, using a 10 ]J L injection. 

(b) Using recommended extraction procedure (see text) with 
d;chlorometh~ne. 

(c) External mode: A 254 nm - DC (+ 1.20V) linear to 20 ppm. 

(d) Direct injec'ion. 

(e) 'In situ' moJe: A 400 nm - DC potential + 0.60 V. 

Resu] ts obtajned on chromatographic system as outlined in Fig. 1. 

and must be recommended, even though it requires more time consuming 

procedure s. 
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ABSTRACT 

Conditions of electrokinetic detection are elaborated for volatile fatty acids 
(acetic, propionic, isobutyric and valeric) in reversed phase high performance liquid 
chromatogl'aphy, HPLC. A simple, open tube capillary electrokinetic detector was 
constructed. The working unit of the detector was a capillary made of poly tetra
fluolOethylene, PTFE, or STainless-steel, The output signal of the detector was the 
streaming potential 'Jf the capillary which was measured against earth. When chro
matogri1ms were developed in non-buffered polar solution of mobile phase, the 
retention volume, VR , of ac;ds increased with the increase of concentration of acids 
in the sample, The detectability of the detector with PTFE capillary used ClS a 
working unit was of the order of 10-12 mole for a 5 /-11 injected sample and the 
reproducibility was 5% (relative standard deviation, RSD., for ten consecutive 
injections). The linear dynamic range was close to two orders of magnitude of the 
cOllcelli1aliol1s or ilcius. 

INTRODUCTION 

In the search for a new reliable universal detector for liquid chromatography, ele

ctrochemical detectors based on the measul'ement of streaming current and sHea

ming potential have been I'ecently tested and applied [1-3]. In 1964 a patent was 

drawn for the first electrokinetic detector for liquid chromatowaphy by And 0 

et al. [4]. The working unit of that detector is an open tube dielectric capillary 01-
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packed with <1 dielectric support. At both ends of that capillal'y there am Pt or Au 

electrodes between which the streamin~l potential is measured. The detector has 

been used for reversed phase liquid chromatography. In further models of electro

kinetic detectol's the streaming CLIITent WClS measured. The latter devices were ap, 

plied both for normal and reversed phase liquid chromatography, LC. The streaming 

current and streaming potential encoutered undel' conditions of revel'sed phase LC 

[4, 5] al'e described by the S mol u c how ski equation [3, 6-9], and for flow 

conditions relevant to normal phase LC [10-15] the streaming current is described 

by the G a vis and Koszman theory[16-20].ltwasalsoshown 

that the electrokinetic detection signal could be measured directly at a chromato

graphic column [12-14]. This is advatageous especially for capillary liquid chroma

tography where extra-column effects of chromatographic band broadening are cru

cial [12-14]. Only an electrokinetic detector makes it possible to measure the exclu

sion volume directly during chromatographic elution [11]. Moreover, the electroki

netic detector is useful for studing the so-called "vacant" peaks [11]. The spray 

impact detector operates on a similar principle as the electrokinetic one [21]. The 

spray impact detectol' is based on the Len a r d effect discovered in 1892 where 

the electric charge is non-uniformly distributed when liquid droplets are sprayed 

onto the conducting target. 

In the present paper the results are given obtained with the use c" our simple 

electrokinetic detector as applied to the detection of volatile fatty acids in the 

effluent of the reversed phase chromatographic column. In the detector the strea

ming potential was measured at the working unit wrjich consisted of an open 

dielectric or metal tube capillary. 

Volatile fatty acids play an important role in food industry when manufacturing 

wi ne, cheese or processi ngs fru it as flavou r i ngred ients. Also thei r determ i nation in 

blood plasma and lymph may make it possible to follow the mammals metabolism 

paths [22]. So there is a need for the determination of these acids both in trace 

amounts and in a wide range of concentrations. Volatile fatty acids were' determi

ned chromatographically many times before especially by gas [23-28] and thin 

layer chromatographies [29, 30]. Classical and high fJerformam\e LC were also used 

for the purpose [31-36]. However, serious detection problem" were encountel'ed 

for acidS with short (Jli~hatic chains, which led to the need of (J~plying cornplex 

detection methods or on or off line derivatization of substances in the sample. 

Sus h et al. [22] succeeded to separate volatile fatty acids, i.e. acetic, propionic, 

butyric, valeric and isovalel'ic ones, by reversed phase H P L,C with UV (210 nm) de

tection on the C18 pBONDPAK column in less than 20 minutes. The quoted authors 

lIsed MeOH + 0.1 M NaH2 P0 4 , pH 3.5 (10 + 90) v/v as the mobile phase. It seemed 

interesting to repeat their measurements with another type of detection for compari

son, since t~ ,; UV (210 mn) detector is sensit ive to even trace amounts of contamina

tions. Volatile fatty acids C4 - C22 were also recently separated by the reversed pha

se HPLC on a Nukleosil 7 C18 column using electrokinetic detection in which the 
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strGClmin~l cUrl-ent WCiS measured [5]. The disadvanta~le encountered was, however, 

the strong dependence of the baseline current on the flow rate, J, of the mobile pha

se. With the increaseof J byO.lmlmin-1 the baseline current increased by 1.B x 10-8 

A, while the heights of the chromatographic peaks were only of the order of 10-9 

- 10-8 A. Thus a minor instability in J already deteriorated markedly the reproduci

bility. Besides, the size of the sample used was as large as 2 cm 3 and was comparable 

to the dead volume of the column. Such a large sample size is considered 

disadvantageous in HPLC because of the disturbance to the column it causes during 

sample injection. 

EXPERIMENTAL 

The design and electronic diagram of the electrokinetic detector is shown in 

Fig. 1. The eluate from the chromatographic column (1) is pumped through a 50-

60% porous filter (2), and next through a stainless-steel junction (16 x 1 mm 1.0.) 

(4) to the working capillary (3). A PTFE or stainless-steel lH1BN9T open tube 

capillary of 0.4 or 0.2 mm 1.0., respectively, and 20 mm long was used as the work

ing unit of the detector. The stainless-steel capillary was insulated from the rest of 

the system b~1 a PTFE .tightening ferrule (5). The eluate was drained off to waste by 

the stainless-st,eel capilary (6) of 1 mm 1.0. which was insulated from the earthed 

screen (7) by a PTFE connector (B). The chromatographic column and its pumping 

system, joint and the screen vyere earthed. The streaming potential, A<{!, as measu

red as the potential ot the capillary (6) against earth using an electronic circuit with 

an operational RCA-715 ampl ifier of 1011 [2 input resistance (9). The potential A<{! 

was re.corded with a Mera-Tronik V-543 (Warszawa, Poland) multimeter and Ra

delkis OH-B14/1 (Budapest, Hungary) potentiometric recorder. The operational 

ampl i fiGr was fGd from a stabil ized U nitra-U nima ZT-9BO-2 (Warszawa, Po land) 

electric faeder. The Institute of Physical Chemistry, Polish Academy of Sciences 

(Warszawa, Poland) chromatograph HPLC type 302 was used. The pump of the 

chromatograph was tI syringe type pump with mobile phase flow rate adjusted in the 

range from 0.06 to 6.0 mlmin-l. It was equipped with a 5 MI high pressure injection 

valve. fhe column used was a stainless-steel lH18N9T column 150 x 4 [,lin 1.0. 

slurry packed by a rnodified viscous method [37] with LiChrosorb RP-18, 10 Mm 

(E. Merck, Dannstadt, FRG) in a mixture of dioxane + tetrachloromethane (50 + 
50) v/v at 42 M Pa, or packed with glass beads BO mesh (B.D.H., Poole, England) by 

a dry method. A mobile phase solution was prepared using redistilled water and ana

lytical grade methanol (E. Merck, Darmstadt, FRG). Other chemicals were of ana

lytical grade (P.O.Ch., Glivvice, Poland). The mobile phase was degassed for two 

hours prior to chromatographic measul-ements in an ultrasonic bath c.lder a water 

aspirator. 
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F I GU R E 1. Diagram of the electrokinetic detector and its electronic set-up for 
the measurement of streaming potential. 
1 - HPLC column packed with LiChrosorb RP-18, 10 pm, 
2 porous filter, 3 working PTFE capillary, 4 - stainless steel M12/M12 joint, 
5 PTFE tightening ferrule, 6 - stainless-steel draining capillary, 7 - earthed 
shield, 8 - PTFE connectOl-, 9 - operational amplifier RCA-71!::i, 10 - rv112 nut, 
11 M6 nut, 12 - stainless-steel M12/M6 joint, 13 - stainless-steel 5/10 ferrule, 
14 stainless-steel 4/3.5 ferrule, 15 1011 Ohm resistor, 16 - digital voltmeter, 
17 X-t recorder. 

RESULTS AND DISCUSSION 

Elektrokinetic measurements were carried out using a PTFE (20 x 0.4 mm 1.0.) or 

stainless-steel (20 x 0.2 mm I.D.) capillary. The results, if not stated otherwise, re

fer to the PTFE capillary. 

Preliminary expel-iments performed without the chromatographic column show

ed (Fig. 2) that peak heights, .0.(.0.'1'), decrease with the increase of the flow r-ate of 

the mobile phase of the composition MeOH + H2 0 (10 + 90) v/v which is further 
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FIG U R E 2. Dependence of the streaming potential changes (heights of chroma
tographic peaks), Ll (Ll",), on the concentration of propionic acid obtained using the 
electrokinetic detector with PTF E capi Ilary (20 x 0.4 mm I. D.) without chromato
graphic column. Mobile phase: MeOH + H2 0 (10 + 90) v/v, sample size - 5/--l1. 
Flow rate: 0.6 (0), 1.8 (0),3.0 (6) mlmin-l. 

used, from 0.3 to 3.0 ml min-I. The value of 6(Ll",) was measured as the difference 

between the streaming potential value at a peak maximum and the background po

tential, Ll"'b' The detection limit of acids per 5 /--ll injection size was close to 10-12 

mole (10-6 M) for the PTFE capillary and 10-10 mole (10-4 M) for the stainless

-steel capillary. A similar derendence or peak heights on the flow rate and concen

tration has been observed for other studied substances [38J. It was found that the 

detectability of the detector- is nearly by two orders of magnitude higher for ionic 

compounds (e.g. ali,Jhatic or aromatic carboxylic acids or inorganic salts) than for 

nonionic ones (e.g. ketones). 

Fig. 3 shows the HPLC reverseu phase chromatograms of mixtures conlaining 

10-4 M and 10-3 M of each of the acids: acetic, propionic, isobutyric and valeric in 

Figs. 3 a and 3 b, c, respectively. The mobile rhase used was of the composition 

indicated earlier and the flow rate was 1.2 (Fig. 3 a, b) and 4.2 ml min-1 (Fig. 3 c). 

As it is shown in Figs. 3 band 3 c, Ll (Ll<p) changes its sign from positive to negative 

when the flow rate increases above a certain value, Jo' At the same time Ll<Pb increa

ses. Sample injection is accompanied by two spikes, the first being negative and the 

second one positive (in Fig. 3 they are not separated and are indicated by a vertical 

segment because of the r-ecorder delay). These spikes are caused by the flow rate 

disturbance which accompanies sample injection. The first negative spike which 
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FIGURE 3. HPLC chromatograms of volatile fatty acids recorded with the use 
of the electrokinetic detector with PTFE capillary (20 x 0.4 mm I.D.), separated on 
stainless-steel column 150 x 4 mm I. D., packed with LiChrosorb RP-18, 10 /1m. 
Mobile phase: MeOH + H2 0 (10 + 90) v/v, sample size - 5/11. Concentration of 
acids, in M, and flow rate, in ml min-I: a - 10-3 ,4.2; b - 10-3

, 1.1,; c - 10-4
, 

1.2. The peaks: acetic (1), propionic (2), isobutyric (3), and valeric (1\) acid. 

appears is attributed to the decrease of the flow rate, and th( following positive one 

is due to the increase of flow rate caused by the instantaneous increase of pressure. 

Heights of both spikes increase with the increase of the mobile phase flow rate. 

Fig. 4 shows the Ll(Ll'P) vs J plot for all 10-3 M acids. It is seen that for the smallest 
available flow rate, i.e. for J = 0.06 ml min- ' the sign of Ll(Ll'P) is positive, and it 

decreases with the increase of flow rate. With the increase of J, Ll'Pb always increa

ses. For J close to 2.7 ml min-I all peaks disappear in the chromatogr'am, and 

for J > 2.7 ml min-' the peak changes its sign. With the further increase of J the 

ab:olull viJlue of Ll(Ll'P) iJlso incr-eases. This is presumably due to some constant 

pe':8' tials, e.g. potential from the electrochemical cell or changes of the potential 

during sample injection (as a result of changes of capacity) interfering with the strea

min~ potential. When the flow rate exceeds 5.4 ml min-' a decrease in the absolute 

value of t.(Ll'P) is observed. Fig. 5 shows the dependence of the height (Fig. 5 a) and 

surface area (Fig. 5 b) of peaks on the logarithm of concentration of acids. The de

tectability for the deteotor with the PTFE capillary (20 x 0.4 mm I.D.) at the signal 

to noise ratio of two and J in the range from 0.6 to 1.2 ml min-' was close to 10-12 

mole. The peak to peak reproducibility of signals calculated as a relative standard 

deviation (R.S.D.) of separate measurements of the peak height in ten consecutive 
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FIGURE 4. Plot of chromatographic peak height, Ll(Ll<p}, vs. mobile phase flow 
I'ate, J, of 5/11 sample of mixture of 1 mM acetic (0), propionic (6), isobutyric (0), 
and valerie ('il) acid. Other conditions as in Fig. 3. 
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FIGURE 5. Dependence of height (a) and area (b) of the chromatographic peaks on 
the logarithm of concentration of volatile fatty acids: acetic (0), propionic (M, isobutyric 
(l'J), valerie (V). Flow rate 1.2 ml min -1. Other conditions as in Fig. 3. 
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FIGURE 6. HPLC chromatogram of 1 M propionic acid, flow rate - 1.2 ml min-~ 
column 150 x 4 mm 1.0., packed with glass beads ca. 80 mesh. Other conditions as 
in Fig. 3. 

injections each containing 1 mM of every acid was better than 5%, and for lower and 

higher concentrations was somewhat poorer and varried in the range from 5 to 15%. 
For smaller concentrations it was limited by the noise level of LI'Pb and for higher 

concentrations it resulted most probably from the irreversible adsorption of acids on 

the surface of the capillary inner wall. Day to day reproducibility was not as good as 

that mentioned above. However, it could be improved by repeated sample injecting. 

Adsorption equilibria are then probably attained. The first peak in a series is usually 

lower than the subsequent ones. The value of LI'Pb does not assume its orginal value 

when acids of concentration higher than 10-3 M are injected but remains at lower 

level. This creates some difficulties in peak height or' sur'face area determinations. 

The orginal value of i>'Pb is reached after several LIP to several dozen minutes. This is 

probably the result of the irreversible adsorption of acids. Such a bahaviour was 

exemplified in Fig. 6 for 1 M propionic acid atJ = 1.2 ml min-I, (150 x 4 mm I.D.) 

column packed with glass beads. The largest peak surface area was obtained for 

valerie acid (Ie ig. [) b) to which corresponds the broadest band in the chromatogram 

(Fig. 3). The reproducibility of the peak surface area was pomer than the corres 

ponding peak height and was approximately equal to 10% (R.S.D. for ten consecu

tive injections) for 1 mM propionic acid at J 1.2 ml min-I. The linear dynamic 

range was close to two or'ders of magnitude of the acid concentration. 

The heights of the chromatographic peaks obtained using the detector with the 

stainless-steel capillary (20 x 0.2 mm 1.0.) were about three times smaller than those 

obtained using a PTFE capillary. The stainless-steel capillary revealed also worse 

detectability, equal to ca. 5 x 10-5 M, and reproducibility which was better than 

30% (R.S.D. for ten consecutive injections). 
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FIGURE 7, Changes of the streaming potential in time for consecutive injections 
of ca, 1 M TEA+ C6 Hs COO- ion-pair without a column, Flow rate-O,6 ml/min, 
sample size - 5 /11, mobile phase: isopropanol + methylene chloride + hexane (20 + 
+ 60 + 20) v/v/v the detector working unit - stainless-steel capillary 100 x 0,2 
mm I,D, 

The measUl"ements presented above were performed using a nonbuHered mobile 

phase, Addition of any electrolyte e,g, buffer to the mobile phase causes a decrease 

of the heights of chromatographic peaks due to the increase of conductivity which 

results in the so-called "short circuit effect", This leads to the decrease of repro

ducibilily and detectability, But in the absence of a buffer in the mobile phase 

the retention volume, Vn, was highly derencirmt on the concentration of acids in the 

sample (ef. Figs, 3 band :3 c) which would be inconvenient for analytical purposes, 

This effect resulted from retaining of mainly non-dissociated substances by the re

verseci phase, RP, support. The degree of dissociation of acids and their pH increase 

with dilution, and the dissociated acids are eluted in shorter time [39], ihe most 

pmnOl.lllced changes in the VI=1 wel'e observed for high concentrations of the acid, 

For concentrations smaller than 10-5 M these changes were practically independent 

of the concentration of acid, We tl"ied to eliminate dependence of VR on acids con

celltration by: 

(i) Applying dilute buffer solutions, However, phosphate or citrate buffers 

diluted as much as 10-4 M proved useless, since their buffer capacities are insu

fficient to prevent VR of acids from being independent of their concentration, 

When more concentrated buffers were used, L>(L><p} decreased drastically due to the 

"short circle effect", 
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(ii) Applying the mobile phase of high content of ol-ganic solvent MeOI-! 

01 AcCN in older to decrease the degree of dissociation of acids and Lo eliminate the 

necessity of buffering the solution. This I-esulted in the increase of heigh't of peaks 

but at the same time the retention volume of all acids decreased so much that they 

were eluted all together. 

(iii) Separating acids using ion-pair normal phase chromatography with a buffer 

and tetraalkylamillonium ions as the stationary phase on the LiChrosorb Si 100, 10 

pm support (as it was proposed in [40,41 j). However, it appeard that ion-pairs 

formed of acid anions (injected to the column) and tetrabutylammoniulll cations, 

TBA +, (present in the stationary phase) were irreversibly adsorbed on the inner 

surface of the capillary wall, what is exemplified in a model experiment in the 
absence of a column shown in Fig. 7. After the injection of benzoic acid /';<p re

turned to the value characteristic for the baseline potential after a long time (curve a). 

In the succesive injections smaller peaks were obtained (curve b). 

(iv) Separating acids using ion-pair reversed phase chromatography. The addi-

tion of the tetraethylammonium cation, TEA+, to the mobile phase resulted in 

the decrease of peaks and also of the detectability as well as of reproducibility as 

a result of the irreversible adsorption of TEA+ on the inner surface of the capillary 

wall. We made therefore an attempt to separate acids in very dilute solutions of 

TEACI0 4 without buffers what will be described in part 2 of this work [42]. 
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ABSTRACT 

The conditions 01' electrokinetic detection were elaborated for tetraethylammo
nium, TEA+, ion-pairs of volatile fatty acids(acetic, propionic, isobutyric and va
leric) in reversed phase high performane liquid chromatography, HPLC. To eliminate 
the dependence of the retention volume VR, on the concentration of acids found in 
the first part of this work, TEA+ was added to the non-buffered mobile phase. In 
the presence of pairing TEA+ ions, VR appeared to be invariant with the concentra
tion of acids in the sample in a definite concentration range. The detectability of 
the detector, with a polytetrafluoroethylene, PTFE, capillary as its working unit, 
was of the order of 10-10 mole and the reproducibility was 5% (relative standard 
deviation, R.S.D., for ten consecutive injections), The linear dynamic range exten
ded over two orders of magnitude of the acid concentrations. 

EXPERIMENTAL 

The detector and chromatograph construction as well as the chromatographic 

procedure have been described in part 1 of the present work [1], As working units 

of the detector PTFE, borosilicate glass (Jena, GDR) or 1 H18N9T stainless-steel 

open tube capillaries of different diameter and lengh were used, 

1837 
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The rnobile philse solu tion WilS pl-epilled using redistilled wilter ilnd analytical 

grade methanol (E. Merck, Darmstadt, FRG). Tetraethylammonium perchlorate, 

TEACI0 4 , was prepared according to [2] by precipitation of the water insoluble 

TE!\CIO" from the ilqUGOUS solution of analylicill grade tetraethylammonium bro

mide, TEABr, (Reahim, USSR) and HCI04 of the same grade (VEB Laborchemie

-Apolda, GDR) at 600 C. 

RESULTS AND DISCUSSION 

In part 1 of the present work [1] the H P LC separation and electrokinetic detec

tion conditions of volatile fatty acids (acetic, propionic, isobutyric and valeric) were 

eleborated. The retention volumes of acids appeared, however to be strongly depen

dent on their concentrations. That is why in the present paper attempts are made to 

eliminate this effect by separating the acids in the ion-pair reversed phase HPLC 

mode. 

The electrokinetic measurements were carried out with dielectric, i.e. PTFE, 

borosilicate glass or metal, i.e. stainless-steel, capillaries of different dimensions as 

working units of the detector. The results, if not stated otherwise, have been obtained 

with the PTFE capillary (20 x 0.4 mm I.D.). 

The retention volumes of the studied acids in ion-pair reversed phase chromato

graphy appeared to be independent of the concentration of acids in the injected 

sample in a definite range of concentrations, depending on the concentration of 

TEA + in the mobile phase. Thus, the chromatogram obtained under these cond itions 

(Fig. 1) does not differ much from that obtained for acids in the absence of TEA + 
(cf. Fig. 1 [1 n. Also the dependence of changes of the streaming potential, 6(6'1'), 

on the mobile phase flow rate, J, was analogous to that presented in Fig. 4 of ref. 

[1]. The change of the sign of chl-omatoglaphic peak heights (Figs. 1 a and 1 b) is 

observed as previollsly for flow I-ates higher than some r:riticcil value, .10 When th0 

mobile phase of the same composition as previously (MeOH + H2 0 (10 + 90) v/v) 

contained additionally 10-4 M TEACI0 4 (this mobile phase was used in further 

experiments), the retention volume is independent of concentration of acids in the 

injected sample in the acid concentration range 10-5 -10-3 M (Fig. 2). Practically up 

to the acid concentl-ation of 5x 1 0-3 M the changes of the retention volume are so 

small that a change of the sequence of chromatographic peaks is not likely. In Fig. 2 

the dependence of the retention volume on concentration of acids is shown as de

terminated directly (dashed line) and by the ion-pair method (solid line) at 10-4 M 
TEACI0 4 . That figure shows that after add ition of TEACI0 4 to the mobile phase 

at a concentration not exceeding 10-4 M (without a buffer) the retention volume of 

the studied acids is independent of the acid concentration in a wider range of their 

concentrations than in the absence of the pairing counter ion (cf. rigs. 1 b, c and 

3 b, c in [1]). In Table 1 the influence is presented of TEA+ concentration on the 
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FIGURE 1. HPLC chromatogram of volatile fatty acids separated as ion-pairs on 
stainless-steel column 150 x 4 mm 1.0., LiChrosorb RP-18, 10 11m, recorded using 
the electrokinetic detector with PTFE capillary (20 x 0.4 mm I. D.), sample size 
5111; mobile phase 10-4 M TEACI0 4 in MeOH + H2 0 (10 + 90) v/v; acids con
centrations in M, and flow rates in ml min-!: a - 10-3

, 4.2; b - 10-3
, 0.6; c -

10-4
, 0.6. The peaks: 1 - acetic, 2 - propionic, 3 - isobutyric, and 4 - valerie 

acid. 

(T) 

E 
-'2 
~ 
10 

5 

elM 

FIGURE 2. Dependence of retention volume on concentration of volatile fatty 
acids (dashed lines): acetic (0), propionic (6), isobutiric (0), and valerie (V) and 
of their ion-pairs (solid lines). Flow rate 0.6 ml min- ' , other conditions as ill Fig. 1. 
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FIGURE 3. Dependence of height (a) and logarithm of height (b) of HPLC chro
matographic peaks recorded using the electrokinetic detector with PTFE capillary 
(20 x 0.4 mm I. D.) on concentration (a) and logarithm of concentration (b) of 
propionic (.6.), isobutiric (0), and valeric (0), acids separated as ion-pairs in re
versed phase HPLC; other conditions as in Fig. 2. 

acids detectability, W, and on the maximum concentration of acids, e max , at which 

the changes of VR are so small that a change in the elution sequence of acids could 

not occur. As it is seen, the increase of TEA+ concentratioll in the mobile phase 

causes a decrease of detectability but also a shift of the acid concentration range, 

in which VR is independent of the concentration of acids, towards higher concen

trations. When the concentration of TEA + increases by one order of magnitude, the 

peak heights decrease several times. At the concentration of TEA + equal to 10-4 M 

the peak heights are about ten times smaller than in the ahsence of TEA + Fig. 3 

shows the dependence of the peak heights (3 a) and the logarithm of the peak heig

hts (3 h) on concentration (3 a) and the logarithm of concentration of acids (3 b) 

determined as ion-pairs. From this figure it is seen that the linear dynamic range 

extends to at least one order of magnitude, i.e. 2x 10-5 -7x 10-4 M or 2x 10-5 -1 X 10-3 

M for the cases pr'esented in fCig. 3 a nu 3 IJ, respectively. The slope of all curves in 

Fig. 3 b, dlog[.6.(.6..p)]/dloge, is the same and equal to about unity. Within the linear 

sections of the calibration curves the response of the detector may be described by 

the known formu la 

.6. (LI..p) = .6.(LI..p)o + ken, 

where: .6. (.6..p)o is the residual signal of the changes of streaming potential, k the 

sensitivity and 17 the detector response index. 

Then for .6. (.6.~o)~ LI. (LI.<p)o we have 

log k I- 17 log e. 
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TABLE 1 

Dependence of the Detectability of Propionic Acid, WC2H5COOH' and Its Maxi

mum Concentration CC~aH5COOf+ at which lha Changes of VR are so Srnall That 

the Change in the Sequence of Peaks Could not Occur, on TEA + Concentration. 

[M] WC2HsCOOH [M] 
max 

[M] cTEACI0 4 cC2HsCOOH 

0 5x 1 0-7 5x 1 O-s 

10-6 (2-5)xlO-7 Sx lO-s 

lO-s (2-5)xlO-6 5x 10-4 

10-4 (2-5)x10-S 5x 10-3 

10-3 5xlO-4 ---
10-2 5x 10-4 ---

For the studied acids in the range of almost two orders of magnitudes of concentra

tion n = 1, and the sensitivity of the detector for all acids is in the limits of (2-S)x 

xlO-4 for concentrations of acids smaller than 7xlO-4 M, and for higher concen

tration it is about hal·f that value. In ion-pair HPLC of acids the reproducibility is 

better than 5% (R.S.D. for ten consecutive injections), like in direct HPLC deter

mination of acids. With the increase of flow rate in the ion-pair chromatography 

method for J < 3.4 Inl min-! a decrease of the peak heights was observed. For 

J = 3.4 ml min-! the peaks disapear altogether in the chromatogram. For J > 3.4 

ml min-! the peaks change their sign La negative and their absolute value increase. 

In Fig. 4 the de[lendence of HPI.C chromatographic peak heights of propionic 

acid of different concentration (1 x10-4
, 5x10-4

, lOx10-4
' M) on the flow rate is 

presented. Analogous curves were obtained for other acids. As it is seen, the value of 

the flow rate at which the relationship 6(6<p) = f(J) passes the zero point, JO
, is 

independent of the acid concentration. For the PTFE capillary (20 x 0.35 mm 1.0.) 

this value is 1.65 ml min-!. It should be noted that at higher flow rates, in this case 

higher than 4.S ml min-!, we observe like in the direct method a decrease of the 

absolute value of peak heights (i.e. at J = 4.S ml min-! the relationship 6 (6'1') = f(J) 

has a minimum). 

With the increase of the PTFE capillary diameter, of 15 mm length, the peak heights 

decrease (Fig. 5). At the same time the stability of the baseline potential is impro

ved. Changes in the capillary diameter do not influence the relative reproducibility 

of the detector. However, for capillaries of smaller diameters longer time was requi

red for the baseline potential to stabilize. With the increase of the capillary length (Fig. 
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FIGURE 4. Plot of chromatographic peak height, ""(""<,0), against flow rate, J, for 
0.1 (11), 0.5 (0), and 1 mM (£1) propionic acid, dashed line-the baseline poten
tial; other conditions as in Fig. 2. 
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FIGURE 5. Plot of chromatographic peak height, ""(""<,0), vs inner diameter, d, 
of PTF E capillary 15 mm long for 1 m M propionic (0), isobutric (£1), valerie (0) 
acids; other conditions as in Fig. 2. 



> > 
f E -:: - ~ ~ &- '9 <J 

'\ <J 

300 

\ 400 

200 600 

100 
800 -

1000 

20 40 60 80 IImm 

FIGURE 6, Plot of chromatographic peak height, Ll,(Ll,<p), vs length, t, of PTFE 
capi Ilary (0.2 mm 1.0.) for 1 mM propionic (LI), isobutric (0), valeric ( 11 ) acids; 
dashed line-the baseline potential; other conditions as in Fig. 2. 
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FIGURE 7. Dependence of height of HPLC chromatographic peak, 6 (6<p), on 
flow rate, J, for 1 mM acetic (0), propionic (Ll,), isobutyric (0), valerie (11) acids, 
The detector working unit-borosilicate glass capillary (20 x 0.13 mm 1.0,) other 
conditions as in Fig, 2. 
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FIGURE 8. Dependence of flow rate, JO, corresponding to the zero point of the 
relationship i>(i><,O) on J, on diameter, d, of dielectric capillary 20 mm long; PTFE 
(e), borosi I icate glass (0); other conditions as in Fig. 2. 

6) the peaks heights increased as well but at the same time the baseline potential 

became less stable and shifted towards more negative values. 

Substitution of the PTFE capillary (20 x 0.4 mm 1.0.) for the borosilicate glass one 

(20 x 0.13 mm 1.0.) led to a fortyfold increase of the peak heights (Fig. 7). 

However, the baseline potential was less stable, what was the reason why the rela

tive reproducibility was only about 5% (R.S.D. for ten consecutive injections). 

Hence, the general conclusion can be made that the application of a capillary of a 

smaller inner diameter leads to the increase of the absolute value of the baseline po

tential (this was why the use of the borosilicate glass capillary at J > 1.2 ml minot 
was impossible) and of the peak heights, and also makes Ll (VO) more sensitive to 
changes of J. For the glass capillary JO ~ 0.21 ml min-!. Fig. 8 shows the dependen

ce of JO all the diameter- of the capillary made of a dielectric. As it is seen, JO increa 

ses with the increase of the "arillary diameter. 

The chromatographic peaks obtained using a stainless-steel capillary (40 x 0.2 

mm I.D.) were about twice smaller than these obtained when using the PTFE one 

(20 x 0.4 mm I.D.); when a stainless-steel capillary (20 x 0.2 mm I.D.) was used 

the peaks were hardly distinquishable from noise. The reproducibility for the slain

less-steel capillary (40 x 0.2 mm I.D.) was better than 30% (R.S.D. for ten consecu

tive injections). The nature of the recorded chromatograms was unaffected irrespec

tive of whether streaming potential was measured against earth at the working (3) 

or at draining (6) capillary (see Fig. 1 in [1]). No change of sign was observed at the 

dependence of peak heights on the flow rate in the accessible range of J, i.e. from 
0.06 to 6.0 ml min-! for the stainless-steel capillary (40 x 0.2 mm I.D.). Moreover, 

in contrast to the working capillary made of a dielectric, only a minor incr'ease of 

heights of the chromatographic peaks with the increase of flow rate was observed. 

This is why the stainless-steel capillar-y seems to be more useful for analytical pur

poses. 
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GENERAL DESCUSSION AND CONCLUSIONS 

The electrokinetic detector is specific fm ionic and universal fm non ionic subs

tances [3j. This may be explained by the S mol u c how ski equation [4 - 6j, 

which may be 8xpl-essed in following tOI rns 

were: 

q surface density of charge, C m-2 
, 

8 thickness of the rnobile part of the electric double layer, rn, 

AP pressure difference at capillary ends, Pa, 

TI dynamic viscosity coefficient, P, 

K specific conductivity, .\I.-I rn-I , 

e dielectric constant, n. dim., 

eo dielectric constant of vacuum, 8.9x10-12 F rn-I , 

\ electrokinetic potential, V, 

v -flow velocity of fluid, m S-I, 

radius of capillary, rn. 

After sample injection the value of e, K, \, and TI of the mobile phase change. In di

lute solutions the change of E and T] are very small. If, in injected sample solution, 
an ionic substance is present, K and (' also change rnarkedly, due to the change of the 

thickness of the electric double layer. For instance, for water of very high purity 

at 200 C TI = 1.002 cP and K = 10-8 10-7 .\1. -I em-I, wheres for 20% acetic acid at 

the same temperature TI = 1.41 cP and K = 1.61 .\I. -I em-I [7j. 

The electrokinetic detector appeared to be very sensitive even to minor contami

nations of the surface of the inner capillary wall_ If the surface was "poisoned" with 

irreversibly adsorbed substances (e.g_ quaternary ammonium ions, or higher fatty 

acids of high concentration) two or even three peaks were observed. To avoid this 

effect the detector had to be washed with 20 or even 200 cm 3 of the mobile phase 

which was pUlilpecJ through it [8]. 

In the presented detector design the wOI-king capillary was connected directly 

to the chromatographic column. Because of the very small dead volume of the de

tector of ca. 2 J-li the detector seems to be particulal-Iy suited for liquid capillary 

chromatography [9, 10j. 

The detector model described here was used for measuring the potential. There

fore it is particularly useful for reversed phase liquid chromatography in which the 

electrokinetic conductivity of the mobile phase is usually higher than 10-7 _10-6 

.\I. -I cm-I . 
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Ihe construction of the presented rnodel of the electrokinetic deteclOi is very 

simple. The detector may be made hom materials availCible in any laboratory The 

peak heights measured ar-e almost invar-iant with temperature. The detector is cheap 

and easy to handle. However, its reproducibilty might be the object of improvement. 

T he detector can bc) usc)d clrlly to the limiteci nL.Jrl1ber of separat(-)d systems. I t is less 

sensitive to non-polar substances and it is difficult to use when the mobile phase 

contains buffers or substances which adsor-b specifically on the irlner surface of the 

capillary wall. It cannot be used in LC with gradient elution or flow rate. The mobi

le phase must be degassed before use because any bubble of gas when entering the 
detector cuts the electric circuit and as a result a peak is formed on a chromatogram. 

As it was shown, better detectability and reproducibility were obtained with the 

dielectric capillary than with the metallic one. The detectability for acids determi

ned with the use of the PTFE capillary (20 x 0.4 mm I.D.)was of the order of 10-12 

mole, and for non-ionic substances (e.g. ketones) of the order of 10-10 mole [11]. 

The reproducibilty for this capillary was better than 5% (R.S.D. for ten consecutive 

injections). The linear dynamic range of the detector extended to more than one 

order of magnitude of concentration. Nearly the same linear dynamic range of fatty 

acids was reported for the electrokinetic detector in which the streaming current was 

measured [3] and for the UV (210 nm) detector [12]. But the detectability of the 

former one was only 5x 10-9 ---1 x 1 0-8 g [3], and the lower lim it of the I i near dynam ic 

range of the latter was 2.5xlO-7 mole [12]. 

The presented detector model reveals a much smaller dependence of its baseline 

on the flow rate as compared with the detector with which streaming current was 

measured [3]. With the increase of J by 0.1 ml min-I in the range of 0.6-1.8 ml 

min-I, the baseline potential increased by only 35 mV for the mobile phase of the 

composition MeOH + H2 0 (10 + 90) v/v or of 2.5 mV for 10-4 M TEACI0 4 in 

MeOH + H2 0 (10 + 90) v/v, respectively. 

I t has been shown that even at concentrations of the quaternary ammonium 

cCiLions wilhout buffers as small as 10 5 _10 4 M lhedeterrnination of va ICiti Ie fatty 

acids WilS possible in the ion-puir chromiltogr-aphy system. The addition of qUilter

nary ammonium pairing cations to the mobile phase made the retention volume 

independent of acid concentration in the injected sample in a definite range of con

centrations. However, in this case the reproducibilty of the detector was poorer (e.g. 

10-10 mole for cTEA+ 10-4 M). 

For- capillaries made of a dielectric a pr-onounced dependence was observed of 

chromatographic peak heights on the flow rate. The value of JO was independent of 

the concentrations of acids, but it was the higher the greater was the diameter of 

the capillary used. The longer was the capillary or the smaller was its diameter the 

higher were the peaks observed, but the relative reproducibility for all of them was 

unaffected. 

The reproducibility and detectability of the detector equipped with the stain

less-steel capillary was in fact poorer than that of the detector with the PTFE ca-
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pillory and equaled abou l 30% and 2.5xl 0'10 !'vi, respeclively; however, the heights 

of peaks in the former were less dependent on the flow rate, what might be advan

tegeous in analytical practice. 
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FABRlCATI(~ AND CHARlIC'l'1'.1USATION QJ,' LEAK-'I'IGHT GLASSY Cl'IHBCN E£.EC'I.'ROOl--:8, 

SEMED IN GLASS EMPLOYIN:i SILI~ a:lI\TIN:i, FCR USE IN ELECTROCHEMICAL 

I:lE'T!'X::'l'ION 

J.C. Hoogvliet*, J.A.G. van Bezooyen, A.C.J. Hermans-Lokkerbol, 

C.J. van der Poel and W.P. van Bennekom 

Department of Pharmaceutical Analysis and Analytical Chemistry, Gorlaeus 

Laboratories, Subfacultyof Pharmacy, State University, Wassenaarseweg 76, 

2333 AL Leiden, The Netherlands 

Glassy carbon discs have been coated with silicon in a chemical vapour 

deposition process to obtain leak-tight electrodes, sealed in glass. Elec

trodes with coatings thicker than 5'pm prove to be leak-tight in contrast with 

uncoated ones. Silicon-coated electrodes show faster decay of charging cur

rent, less noise and decreased background current. Leak-tightness and elec

tron microscope information correlate well with the electrochemical data. All 

results can be ascribed to the absence of a void between glassy carbon :md 

glass at Si-coated electrodes. By silicon coating, signal-to-noise ratios are 

improved with a factor of about 5, as is demonstrated for catecholamines and 

metabolites in liquid chromatography with electrochemical detection. 

Copyright © 1983 by Marce] Dekker, Inc. 0148-39] 9/83/0610-1849$3.50/0 
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IN'fnODUC'rION 

Electrochemical flow--throuqh detectors are widely used for low--level, 

selective and inexpensive analysis of a large variety of substances. Nowadays 

thoc;e I>lhicb employ some form of carbon as \'lOrki nq electrode consti tllte the 

majori ty, being used for mainly oxidative detection in liquid chromatography. 

From experience it is known U1al newel eclrodes behave differently from 

repolished ones. This (long---term!) dd:erioration, being reflected in more 

noise and a higher background current, is known as "aging" and is of extreme 

importance for lowest-level determinations. Since it was believed that elec

trode fabrication plays an important role in aging, this aspect of electro

chemical detection has been studied in detail. 

There are several ways to fabricate glassy carbon (GC) electrodes for 

detectors. Electrodes can be press-fitted or sealed in Kel-F, Teflon, plexi

glas or glass. In the PB-2 confined wall-jet flow-through detector El], the GC 

working and auxiliary electrodes (WE resp. AE) are sealed in holders of boro

silicate glass (Fig. 1). The coefficient of thermal expansion of the glass 

matches that of the used GC within a narrow range (resp. 32 and 35 x lO-7 j oC). 

Wi th these electrodes used directly aft_er fabrication, very low detection 

limits can be obtained [1]. In the time, however, electrochemical behaviour 

gradually deteriorates. We have observed even faster deterioration in organic 

solvents like acetonitrile and methanol, eventually leading to cracking of the 

glass holder. Mostly, the initial electrode characteristics can not be re

covered by repolishing. It appears that solvents can penetrate in a thin void 

between the GC and glass in spite of the matched expansion coefficients. Simi

lar aging behaviour has been observed by us with GC electrodes, press-fitted 

or glued in Kel-F. 

According to Levy and Farina [7.1, leak-tight electrodes can be obtained by 

coating the GC wi th sil icon (Si). For the same purpose SiO and Si0
7 

coating 

techniques have been described [3,4]. These GC electrodes, sealed in glass, 

have been developed for and only appl ied (as far as we know) in high tempe

rature electrochemical studies (ca. sao °C). It seemed likely to us that Si

coated electrodes would offer comparable advantages in aqueous and organic 

solvents at room temperature. 

In the present \o,>;)rk Si-coated GC electrodes, sealed in glass, are manu

factured and compared with conventional ones. The influence of the thickness 

of: the coating on charging and background currents, noise and long-term stabi

lity is studied in batch and flow experiments. The electrochemical results 

are correlated with leak--tightness and electron microscope (EM) information. 
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EXPERIMENTAL 

Electrode fabrication 

Circular GC discs (VIO, Le Carbone fnrraine, Pari,3, Prance) with a dia-

meter of 10 rrrn, aU made fr:om a single plate, were grolmd with 40 ,I'm carbo-

r:undunl powder and cleaned ul trasoni cal1y in methanol before coating. 

The discs were placed in a cold wall chemical valXlur deposition reactor, 

operating at atmospheric pr:essure with hydrogen as carrier gas, and brought to 

1250 °c by an inductively heated graphite susceptor. Polycrystalline Si 

coatings were deposited by thermal decomposition of trichlorosilane (2% by 

volume). The growth rate of the Si layers amounted to 3 I'm/min. Si coatings of 

5, 15 and 40 pm were prepared. The thermal expansion coefficient of Si is 

30 x 10-7/ "C. 

Next, the discs were sealed in tubes of borosilicate glass (Duran 8330, 

Jena Glaswerk, Mainz, GFR). Si was removed from the fronts ide by grinding. The 

surface was polished to a minorl ike finish with fi and finally with 1 j(m dia

mond spray (Engis Ltd., Maidstone, U.K.). Electrical contact (shielded cable) 

was established with silver paint (Elecolit 325, 3M, Leiden, The Netherlands) • 

The connection was mechanically fixed with a non-conductive resin (Araldite, 

AW 136/HY 994, Ciba Geigy, Arnhem, The Nethet:"lands). Electrodes without Si 

coating were prepared in an identical manner. For EM studies, unpolished dummy 

electrodes were made by cutting off the glass holder just above the GC. 

Electrode characterisation 

All electrodes have been checked for leak-tightness with a helium leak 

detector (Leybo Id-Heraells, Kllln, GFR). wi th an EM (Cambridge 5180) secondary 

electron image (SEI) and backscattered electron imaqe (BSEI) pictures of the 

dummy electrodes were made for surface and material contrast information res

pectively. A thin layer of gold has been sputtered onto the samples to prevent 

charging of the glass. 

Electrochemical measurements were performed with a Bruker E310 modular 

research IXllarograph (Bruker, Brussels, Belgium). The currents in the chrono

amperometric experiments were sampled and digitized by a MINC-ll/03 micro

computer (Digital Equipment Corporation, MA, USA). Data-acquisition and 

--processing was controlled by a Fortran program and curves were plotted with 

a HP 7220C plotter (Hewlett Packard Company, San Diego, CA, USA). 

The GC AE (diameter 10 mm and coated with 40j(m Si), the SCE reference 

electrode (home made) and one of the WE's were placed in the PB--2 detector 
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(Fig. 1). In the batch experiments a 0.05 M phosphate buffer of pH 3.5 

containing 0.1 M NaCl04 , and methanol with 0.1 M NaCI0t! as supporting electro

lyte, aci.dUied to "pH" 1.') with HCl0t! were used. The distance between WE and 

AE was abo ut. .1 em" 

C"hromatography 

Polygosil 60-5C8 (5)1m, Machery-Nagel & Co., OOren, GFR) was packed in a 

stainless steel Valco column (100x3.0 mm i.d.) and coated in situ wit.h 

tri-n-butyl-phosphate (TBP). The eluent, saturated with TBP and thermostatted 

at 25°C, was an aqueous 0.05 M phosphate/O.l M HCl04 solution, adjusted to pH 

3.5 with NaOH [6]. About 10 mg of EllA per lit.re eluent was added in order to 

decrease the (steady-stat.e) background current. 

An Orlita 1515 reciprocating pump (Giessen, GFR) and an injection valve 

with fixed loop (Rheodyne 7010, Berkeley, CA, USA) were used. In the chromato

graphic experiments, the distance between WE and AE was 50 ~m, adjusted with a 

PVC spacer. 

Mixtures of noradrenaline HCI (Sigma), adrenaline bitartrate (Boehringer

Ingelheim), bis (4-hydroxy-3-methoxy) phenylglycol piperazine salt (Sigma) and 

3-hydroxytyramine HCl (Aldrich) were prepared in 1 M NaCI04 aqueous solutions, 

acidified to pH 3.0 with HCI04 • 

The chromatographic conditions of the recordings of brain tissue (Fig. 7) 

are described by Van Valkenburg et al. [71. 

All chemicals were reagent grade and used as received. Demineralized water 

was additionally purified by a Milli-Q Water Purification System (Millipore, 

Bedford, MA, USA). 

RESULTS AND DISCUSSION 

Leak-tightness of the electrodes 

The influence of the thickness of the Si coatings on the leak-tightness 

was investigated by a helium leak test and EM. Both methods reveal that 5)J-m 

of Si is not sufficient to obtain leak-tight seals. From the EM results it 

seen that the carbon surface at the side is not entirely covered with Si. 

Polishing and a better controlled coating procedure =uld probably give better 

results. Electrodes with 15 and 40;urn Si coatings were leak-tight in all 

cases. 

The uncoated electrode leaked; on the EM picture (Fig. 3), it 

can be seen that a void of about I pm i.s present between GC and 
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flow out,--------, 

AE 

flow in t 
Fig. 1. The PS-2 confined wall-jet detector. 



Fig. 2. I;;M photoqraphs of an uncoate(j electrode. Sill (upper) and BSEI (lower) 

picl".urceo of. the, inted:ace bot\vcen C;C (t\) and qlass (Ll). 'l'\w eourfaco Lo 

nu I: In I ic;ll,xj. 



Fiq. 3. EM photographs of a 1\0}J.1ll Si--coatcc1 01cctroclc. SEI (upper) and BSEI 

(I.owor) plcl:ure~; of Ul<-' il\terfac(' bOtW00tl C;C (1\), si (15) and 

qia,;c; (C) _ The, ,;ll) fdeo j not pol j'_;\1('(L 
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Fig. 4. Current-time plots after application of a potential step from 0 to 

+ 0.5 V vs. SCE for an uncoated (a) and 40)lm Si-coated (b) electrode, 

directly after fabrication, both recorded in phosphate buffer. 

Sampling frequency: 100 Hz. Data have not been averaged. 
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Fig. 5. Current-time plots for the uncoated (a) and 40 pm Si-coated (b) 

electrode, recorded after been in use for 100 h at + 0.8 V vs. SCE. 

Experimental conditions as in Fig. 4. 
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glass. In electrochemical experiments leakage of methanol was 

observed. 

In Figure 3, the 40 pm S1-coated electrode is shown. 'l'he EM 

pictures indicate that the seals between GC and Si and between Si 

and glasf; are very good. The good seal between si and c;c can be 

ascribed to the formation of a thin layer of silicon carbide (SiC) 

during the coating process. The sealing between S1 and glass is 

ascribed to the fact that Si is well wetted by glass, due to 

formation of Si0
2 

at the surface in contact with air. 

The long-term stability of the electrodes (>5fLm Si) proved to be good. In 

the period between fabrication and this moment (8 months), none of the 8i

coated electrodes broke down and all are still leak-tight. 

Influence of Si coating on the charging current 

The influence of the thickness of the 8i coating on the magnitude and 

decay of the charging current in the phosphate buffer and the methanolic solu

tion was investigated by chronoamperometry. ~ potential step from 0 to + 0.5 V 

vs. SCE was applied. The resulting currents are entirely due to recharging of 

the electrical double layer and to formation/oxidation of surface groups of 

the electrode material itself [51. 

In Fig. 4, the results in the phosphate buffer for uncoated and 40;um Si

coated electrodes (new ones) are shown. NO significant differences between the 

current-time curves recorded in methanol and phosphate buffer were observed. 

The curves for 5 and 15;um Si-coated electrodes very much resemble the one 

wi th 40?m Si. The experiments were repeateo with the uncoated and 40 pm si

coated electrode after both had been in use for about 100 h at + 0.8 V vs. SCE 

(Fig. 5). The conclusion is that there are important differences in decay 

between uncoated and Si-coated electrodes. 'l'his difference is aheady signifi-

cant directly after fabrication, but becomes more pronounced when the electro

des have been in use for some time. 

COInIBrable differences in charging current "Jere observed in cyclic voltam

metry and in differential pulse amperometry (DPA). In DPA, e.g., the recorded 

background current of a 40;um Si-coated electrode is 4 times smaller than of 

an uncoated one. These differences in behaviour are explained by the absence 

of the extra impedance due to the void between GC and glass. Accumulation of 

impurities and electrolyte in the void may also contribute to the observed de

terioration. Nevertheless, some residual current persists at GC electrodes, 

even in absence of a void, because of micropores in the material and of for

mation/oxidation of surface groups (51. 
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Fig. 6. Chromatograms of a mixture of 1.6 ng 3-methoxy-4-hydroxyphenylethyleneglycol 

(1), 1.0 ng adrenaline (2), 2.8 ng noradrenaline (3) and 1.1 ng 

dopamine (1\) at the uncoated (1\) and 1\0 pm Si --coated electrode (8). 

The flowrate was 0.7 mL/min and the used time constant was 1.0 s. 

The peak-to-peak noise levels are about 2.0 (A) and 0.<1 nA (B). 

(E = + 0.8 V vs. SCE, 20jUL loop). 
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I"ig. 7. Chromatograms of a sample obt.a ined from rat. tuberculum 01 factorium 

at the uncoated (A) and 40 I'm Si-coated electrode (B). The supernatant 

derived from about 0.5 mg tissue was dissolved in 0.1 M HC104 and 

injected. Peaks: noradrenaline (1), homovanillic acid (2), dihydroxy

phenylacetic acid (3) and dopamine (4). The flow rate was 0.8 mL/min 

and the used time constant was 2.2 s. The peak-to-peak noise levels 

are about 0.5 (A) and O.l. nA (B). (E = + 0.8 V vs. SCE, 100-fL loop). 
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Application of the elt.'Ctr-odes in electwchemical detection 

Si coatings have also a pronounced effect on the noise and SIN ratio. '1'he 

improvement is illustrated by chromatograms, recorded with an uncoated and 40 

pm Si· -coated electrode. Both electrodes were repol ished after about 200 h of 

use. Since repolishing, the electrodes had been used for about 50 h at + 0.8 V 

vs. seE before the chromatograms were recorded (Fig. I». Because both elec

trodes, wi th equal geometric area, were not pretr-eated electrochemically, the 

I/E relationships of the detected compounds may be different, being reflected 

in differences in sensitivity (Figs. I) and 7). 

Because of the influence of Si coating on the decay of the charging cur

rent, the background current at the Si-coated electrode reached a steady state 

(35 nA) within 30 min, while about 2 h were needed for the uncoated one (55 

nA). '!'he electrodes were also compared in the determination of dopamine and 

its acidic metabolites in rat brain tissue [71. Both were repolished and the 

chromatograms were recorded after a 24 h equilibration at + 0.8 V vs. SCE 

(Fig. 7). '!'he recorded background currents were 95 and 55 nA at the uncoated 

and coated electrode respectively. 

The SIN ratios in both determinations are improved with a factor of about 

5 by si coating. 

Preliminary experiments indicate that the electrochemical phenomena, ob

served at uncoated GC electrodes, sealed in glass, are also more or less 

present at electrodes, press-fitted or sealed in Kel-F, Teflon and plexiglas. 

Work on further characterisation of these Si-coated GC electrodes is in pro

gress. 

~WSlOOS 

It is concluded that the noise, background current and decay of charging 

current, ar-e partly determined by a void between GC and glass, in which elec

trolyte can penetrate. This void is not present at electrodes coated with 15 

p-m or more Si, resulting in improved electrode performance. Thus, because of 

faster decay of charging current, decreased noise and lower background cur-

rent, Si coating of GC is advantageous in those fields of electrochemistry 

where low detection limits and/or low charging currents are required, notably, 

in liquid chromatography with electrochemical detection. 
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DETERMINATION OF THE OXIDIZED AND REDUCED FORMS OF BIOPTERIN 
IN TISSUE SAMPLFS 

C. E. Lunte and P. T. Kissinger 

Depa i'tment of Chemi s try 
Purdue University 

I·Jest Lafayette, Indiana 47907 

ABSTRACT 

Biopterin, in its reduced form, is a cofactor to the enzymes catalyzing 
the rate-limiting reactions in the synthesis of both the catecholamines and 
serotonin. It has been suggested that it may serve a role in the regulation 
of these neurotransmitters. Altered biopterin concentrations have also been 
reported in various neural disorders. In this report, we describe a met~od 
using liquid chromatography/electrochemistry to quantitate both the oxidized 
and reduced forms of biopterin in mouse tissue samples. This method employs 
a dual-electrode amperometric detector in the parallel-adjacent configuration. 
Subpicomole detection limits were achieved for all oxidation states. 

INTRODUCTION 
~--~-----

L-eI'IIthro-tetrahydi'obioptei'in (Figui'e 1) has been shol·m to be a cofactoi' 

-in sevei'al hydroxylaLion i'eacLions. These include the hydroxylaLion of 

phenylalanine (1), tryptophan (2) and tYi'osine (3). Recently, there has been 

speculation that the concentration of tetrahydrobiopterin may serve a function 

in the regulation of these reactions (4). In order to elucidate the role of 

tetrahydrobiopterin and to study the mechanism of its function. a method is 

needed to quantitate it at the picomole level in various tissue samples. 

Several methods of determining biopterin concentrations are available: 

a bioassay using Crithidia fasciouZata (5), a radioenzymatic assay (6), 
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5,6;7,8"TETRAHYDR0810PTERIN 
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HN~N~~H-CH-CH3 
H2N~NAN";H 

H 

BIOPTERIN 7,8-DIHYDROBIOPTERIN 

Figure 1. Structures of the oxidized and reduced forms of biopterin. 

an immunoassay (7), and 1 iquid chromatography with fl uorescence detection (8,9). 

None of these methods can directly detect all of the oxidation states of biopterin. 

We have recently reported a method employing liquid chromatography/electrochemistry 

(LCEC) for the determination of a variety of pterin species and oxidation states 

in urine (10). Brautigam and Dreesen have also described the detection of 

tetrahydrobiopterin by LCEC (11). In this report, a method using LCEC with 

a dual-electrode detector is described for the determination of the stable 

oxidation states of biopterin in tissue samples. 

EXPERH1ENTAL 

Chemic!l.l~. All chemicals were reagent grade or better. Biopterin was 

purchased fl'om Calbiochem-Behring (La Jolla, CAl. Octyl sodium sulfate ,las 

obtained from Eastman Kodak Co. (Rochester, NY). Tetrahydrobiopterin was a 

gift of Dr. A. Niederl'leiser (Zurich, S,litzerland). Tetrahydrobiopterin and 

7,8-dihydrobiopterin were prepared as described previously (10). 

Apparatus. The chromatography system employed consisted of an Altex 110 

pump and dual LC-4B amperometric detectors (Bioanalytical Systems, West Lafayette, 
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IN). Chromatography \'las pCl'formcd on a l3iophasc ODS 5\-1 col umn (25 em x t\. 6 mm). 

The co"! umn vias thermos tated at 300 e by an l.C .. 23 col umn heater and an LC .. 22 

tempel'a ture cont ro 1'1 er (I3AS). A 20 ]lLi njecti on! oop \'Ias emp"! Dyed. 

'=i.9ui d ChromatograJllly. An" i on··pa i r" reverse-phase chromatographi c 

system \'las used to achieve separation. The mobile phase was 3 mM octyl sodium 

sulfate in a 0.1 [1 sodium phosphate buffer, pH 2.5, \1ith 15% methanol. A 

standard separation is shown in Figure 2. The mobile phase \'las prepared from 

distilled, deionized \'later and filtered through a 0.22 ]lm filter (Millipore, 

Milford, MA). Oxygen was removed by continuous purging of the mobile phase 

\'lith nitrogen and maintaining the mobile phase reservoir at a temperature of 

400 C. A flow rate of 1.0 mL/min was used for all experiments. 

Sample Preparation. Mice were sacrificed by decapitation. The organ of 

interest was removed, weighed wet, and homogenized in 0.1 M phosphoric acid 

containing 2 mM ascorbic acid. Approximately 1 mL of acid solution per gram 

of tissue was used. The sample was centrifuged at 15,000 x g for 15 minutes. 

The supernatant was saved and the pellet resuspended in a second volume of the 

acid solution. This was recentrifuged and the two supernatants combined. The 

combined supernatants were then filtered through a 0.22 ]lm filter. The filtrate 

was injected onto the analytical column. 

RESULTS AND DISCUSSION 

Voltammetry of Biopterin 

Hydrodynamic voltamograms (HDV's) of the oxidation states of biopterin are 

shown in Figure 3. It can be seen that a potential of only +300 mV versus Ag/AgCl 

is necessary for the detection of tetrahydrobiopterin while a potential of 

+600 mV is required if 7,8-dihydrobiopterin is to be detected. For the 

determination of oxidized biopterin a potential of -700 mV versus the Ag/AgCI 

electrode is needed for reduction. 

Dual-Electrode Detection 
-------~----

The dual-electrode amperometric detector can be used to advantage in two 

modes for the detection of biopterin in tissues. Both techniques employ the 
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Figure 2. Standard separation of the oxidation states of biopterin. Chromatographic 
conditions: 3 mr·, octy1 sodium sulfate in 0.1 M sodium phosphate buffer, pH 2.5,\5% t~eOH. 
loll = +600 mV, ,JZ = -700 mV. Peak identities: B, biopterin; HZB, 7,B-dihydrobiopterin; 
H4B, 5,6,7,8-tetrahydrobiopterin; AA,ascorbic acid. 

electrodes in a parallel configuration with the electrodes adjacent to each other 

and normal to the di rect ion 0 f flow. I f it is necessary to detect all oxi da t ion 

states of biopterin, one electrode is poised at +600 mV to detect both reduced 

forms and the other electrode is poised at -700 mV to detect oxidized biopterin. 

However, if it is desired to detect tetrahydrobiopterin with greater selectivity 

and/or lower detection limits, one electrode can be operated at +300 mV to 
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biopterin, 

Hydrodynamic voltammograms of biopterin oxidation states. ............ oxidized 
-.-.. tetrahydrobiopterin, ..-... dihydrobiopterin. 

detect tetrahydrobiopterin and the other electrode at +700 mV to detect both 

tetrahydrobiopterin and 7,8-dihydrobiopterin. Figure 4 shows typical chromatograms 

obtained for both mouse brain and liver samples using potentials of +600 mV 

(lower trace) and -700 mV (upper trace). Figure 5 shows chromatograms obtained 

for the same samples ~Iith the electrodes operated at +600 mV (lower trace) and 

+300 mV (upper trace). 

Linearity and Detection Limits 

Response was linear over several orders of magnitude, from nanomoles to 

femtomoles injected, for all biopterin oxidation states. The limit-of-detection 
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Detection of the oxidized and reduced forms of biopterin in mouse tissue 
I == Liver, II = Brain. Conditions and peak iden ti ties as in Figure 2. 

(SIN = 3) was 0.53 picomoles for oxidized biopterin and 0.66 picomoles for 

7,S .. dihydrobiopterin. The detection 1 imit for tetrahydrobiopterin depended upon 

the detector potential used; at +600 mV a limit of 0.69 picomoles was found 

while at a potential of +300 mV a limit-of-detection of 0.53 picomoles was 

achieved. 

Peak Identification 

Peaks in the sample chromatogram were identified in two ways. First, the 

retention time of the sample peak was compared with the retention time of the 
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Figure 5. Selective detection of tetrahydrobiopterin in mouse tissue samples. 
I = Liver, II = Brain. HI = +600 rnV, H2 = +300 mV. Conditions and peak identities 
as in Figure ?. ~ 

authentic compound. Peaks were secondly identified by the voltammetric 

characterization procedure as described previously (10). Table 1 shows Lh~ 

voHammetric characterization data for a"ll the oxidation states of biopterin. 

These two peak identification procedures allow structures to be assigned with 

a high degree of certainty. 

Biopterin Concentrations in Mouse Tissues 

As seen from Figure 4, little oxidized biopterin was detected in either 

the liver or brain samples. Both tetrahydrobiopterin and 7,8-dihydrobiopterin 
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TABLE 

Voltammetric Characterization of Tissue Samples 

DIHYDROBIOPTERIN 

E(mV) Std. a Liver Brain 

+550 0.98 0.98 0.97 

+500 0.68 0.68 0.66 

+450 0.32 0.32 0.31 

+400 0.07 0.07 0.06 

TETRAHYDROBIDPTERIN 

E(mV) Std. b Liver Brain 

+250 0.95 0.95 0.94 

+200 0.78 0.77 0.78 

+150 0.28 0.23 0.26 

+100 0.06 0.07 0.06 

BIOPTERIN 

E(mV) Std. c Liver Brain 
----~-~-~-

-650 0.97 0.95 0.95 

-600 0.91 0.89 0.88 

-550 0.75 0.73 0.76 

-500 0.51 0.49 0.49 

aCurrent normalized to that observed at +600 mY. 

bCurrent normalized to that observed at +300 mY. 

cCurrent normalized to that observed at -700 mV. 
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TAGLE 2 

Biopterin Concentrations (ug/g) in Mouse Tissues 

(n ~ 9) IOPTERIN BIOPTERIN 

Liver 1. 96 0.189 0.071 

Std. Dev. 0.28 0.087 0.028 

Brain 0.189 0.079 0.053 

Std. Dev. 0.034 0.056 0.027 

were detected in both tissues, but the prevalent form was tetrahydrobiopterin 

in both cases. The 7,8-dihydrobiopterin is likely derived from quinonoid 

dihydrobiopterin, which has been reported to be the immediate oxidation product 

of tetrahydrobiopterin (12). The reported half-life for the tautomerization of 

qUinonoid dihydrobiopterin to 7,8-dihydrobiopterin being about 5 minutes (13), 

the detection of quinonoid dihydrobiopterin would not be expected considering 

the time for sample preparation. The concentrations of biopterin found in 

mouse tissues are listed in Table 2. 

As has been shown, LCEC with dual-electrode detection offers a powerful 

method for the detection of the various oxidation states of biopterin in 

tissue samples. The ability to directly detect both the oxidized and reduced 

forms of biopterin is an advantage over previous methods. Dual potential 

monitoring also allows more selective detection of the easily oxidized 

tetrahydrobiopterin while still detecting the more difficult to oxidize 

dihydrobiopterin. 
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ABSTRACT 

A comparison is made of chronoamperometric data recorded 
from the striatum and chromatographic data obtained from 
extracellular striatal perfusate. Three specific cases are 
considered: the initial sampling period in "hich a decline in the 
observed oxidation current occurs; the effect of haloperidol, a 
dopamine receptor blocker; and the effect of amphetamine. The 
perfusate is analyzed for ascorbic acid (AA), the dopamine 
metabolites dihydroxyphenylacetic acid (DOPAC) and homovanillic 
acid (HVA), and the serotonin metabolite S-hydroxyindoleacetic 
acid (S-HIAA). Using the relative response of these compounds at 
a carbon epoxy or carbon paste electrode, and the relative 
concentration of each in the extracellular fluid, the expected 
changes in oxidation currents for the three cases mentioned above 
are calculated. It is shown that the decline in oxidation 
current during the initial sampling period is due primarily to a 
decrease in ascorbic acid. It is also sho'·m that different 
electroactive components of the extracellular fluid are the cause 
of changing oxidation currents under different stimulus 
conditions. 
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1 NTlWDQC Tl ON 

Work in our laboratory is directed towards development and 

application of methods for in vivo chemical analysis of the 

central nervous system. One promising approach for monitoring 

extracellular neurochemistry in freely moving animals is 

voltammetry(1-8). There has been some confusion, however, 

concerning which compounds in the extracellular fluid contribute 

to the observed oxidation currents at small electrodes implanted 

in the brain(9). Adams and Marsden have recently reviewed in 

vivo electrochemical methods and have discussed the problems of 

interpretation of in vivo voltammetric data extensively(lO). For 

voltammetric recording in the striatum the major concerns are the 

degree to which ascorbic acid(AA) contributes to the observed 

increases in oxidation currents following various stimuli and to 

what extent dopamine and its metabolites dihydroxyphenylacetic 

acid (DOPAC) and homovanillic acid (HVA) contribute to the 

increases. The extent that serotonin and its metabolite 

5--hydl-oxyilldoleaceLic acid (5-'HIAA) contribute to the oxidation 

current in the striatum has also been unclear. In addition, it 

is not clear "lhether it is always the same neurochelllicals causillg 

the increased currents or whether different stimuli (such as 

neuroleptics, electrical stimulation of the amphetamine, 

nigrostriatal 

neurochemical 

pathway, feeding, etc. ) cause different 

changes which are indistinguishable in the 

voltammetric measurements. In order to resolve some of these 
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questions we began a series of experiments in which the 

extracellular fluid of the brain is sampled by dialyzed perfusion 

and analyzed by high performance liquid chromatography with 

electrochemical detection. The chromatographic results are 

discussed relative to voltammetric data obtained under similar 

conditions. 

METHODS 

Monitoring System 

The on-line monitoring system for chromatographic analysis 

of dialyzed perfusate consists of the components illustrated in 

Figure 1. The system has two main parts: the perfusion 

components and the chromatographic components. These two parts 

connect at the HPLC injection valve. The perfusion components 

include a model 975 Harvard infusion pump which has been modified 

to perform simultaneous push-pull perfusion, a three channel 

fluid swivel(Alice King Chatham Hedical ArLs, Los Angeles, CA.) 

located at the top of the test chamber, and a dialysis cannula 

for perfusion o[ local brain regions. Two 2.5 illl i:Iamilton gas 

tight syringes are used in the infusion pump. These are fitted 

with three way valves for filling with solution and for removing 

air bubbles. Artificial cerebrospinal fluid (CSF) flows from 

the push syringe through the fluid swivel into the dialysis 

cannula. Low molecular weight components of the extracellular 

fluid from the surrounding region cross the dialysis membrane 
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FIGURE 1. Monitoring system for chromatographic analysis of 
dialyzed perfusate. The pull side of the flow passes through 
the sample loop of the HPLC system. 

and are carried to the sample loop as the flow leaves the cannula 

and passes through the fluid swivel to the injection valve 

(Rheodyne 7010). Model studies characterizing the performance of 

the dialysis cannula have been described previously(ll). 

Di~ysis Cannula Construction 

The dialysis cannula (Figure 2) is constructed from 

Spectrapor HF hollow fiber dialysis tubing with a molecular 

weight cutoff of 5000 amu and a diameter of 200 um. To construct 

the device, the dialysis tubing is cut into 24 lllm lengths and 
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FIGURE 2. Details of the dialysis cannula. Diameter of the 
cannula is about 200 micrometers. The length depends upon the 
structure to be perfused. The six pin connector which surrounds 
the top of the cannula is not shown. 
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sealed at one end with a cyano-acrylate adhesive. Glass tubing 

of 2 mm diameter is then pulled over a flame to make glass 

capillaries of less than 100 UIU diameter. One length of this is 

inserted into the sealed dialysis tuLing to approximately 0.5 mm 

from the sealed end. A second glass capillary is inserted to 6 

mm above the end of the first. The two glass capillaries are 

then trimmed to extend about 7 mm from the open end of the 

dialysis tube. To connect the dialysis cannula to the flexible 

tubing coming from the fluid swivel at the top of the test 

chamber, 23 gauge stainless steel tubing is cut into two pieces 

approximately 

angle about 

15 

4 

mm in length. One tube is bent at a slight 

mm from one end to make attachment of the tubing 

from the swivel easier. The two tubes are then held together 

with 24 gauge heat-shrinkable teflon tubing, making sure that the 

bottom ends of the two tubes are flush with each other. The ends 

of the glass capillaries are then inserted into the flush ends of 

the stainless steel tubing. This junction is sealed with 

cyano-acrylate adhesive. In order to reinforce the rather 

flexible dialysis cannula, a length of fine (0.012 inch) wire 26 

mm long is attached at the tip of the cannula and at the junction 

of the stainless steel tubes. To provide for secure attachment 

and accurate placement of the cannula, the dialysis cannula is 

mounted in the center of six pin male connector (Plastic 

Products, Roanoke, VA.) which has been drilled out in the center 

to hold the cannula. This connector mates with a six pin female 
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connector secured to the skull. The female connector contains a 

central 20 gauge stainless steel guide cannula 15.3 mm long wtd ch 

extends just below the dura. 

Dialysis Perfusion Procedure 

Hale Sprague Dawley rats (Harlan Laboratories) are used in 

all experiments. Rats are implanted with a cannula guide 

described above using standard stereotaxic procedures. The lower 

end of the guide is placed at the following coordinates: AP 8.6, 

Lat 2.5, height 0.5 mm below dura(12). 

After all instrumentation has been turned on and a steady 

chromatographic baseline achieved, standards of DOPAC, HVA, 

5-HlAA (10 ng/lOO ul) and AA (100 ng/lOO ul) are injected for 

calibration. Peak heights of samples are compared to peak heights 

of standards for quantitation. After chromatography of the 

standards the syringes of the perfusion pump are filled with 

artificial CSF and the lines checked for air bubbles. The 

dialysis cannula, which has been previously checked for leaks, is 

attached to the two lines of the perfusion pump. Before the 

dialysis cannula is placed in the brain, the animal is lightly 

anaesthetized with ether to prevenl breakage of the cannula 

during insertion. After the cannula has been inserted and locked 

in place, the perfusion pump is started at 4 ul/min. The first 

perfusate injection is made 40 minutes after the start of 

perfusion, by which time the animal has visibly recovered from 
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anesthesia .. This also allows lime foc the pe1'fusate to travel 

to and fill the sample loop. After the first injection, 

perfusate Is jnjected every thi1'ty minutes. 

The first three hours of sampling are used to obtain a 

baseline. Subsequently, pharmacological or behavioral stimuli 

are introduced. For the pharmacological experiments, animals are 

either given the drug of interest or saline. The samples 

continue to be chromatographed every thirty minutes for the 

duration of the experiment. At the termination of the 

experiment, the push-pull lines are disconnected from the 

cannula, the dialysis cannula is gently removed and the animal is 

returned to its home cage. The dialysis cannula is examined and 

the system is cleaned with distilled water. 

subsequently done to verify cannula placement. 

S:.l!..roma tograph>: 

Histology is 

A Waters model 6000 solvent delivery system is used with a 

Rheodyne 7010 injection valve. A 100 ui sample loop ie; used for 

sample introduction. The detector is an LC-3 amperometrjc 

detector from Hioanalytical Systems with n glassy carbon working 

electrode set at a potential of +0.75 V vs. Ag/AgCl. Peak 

heights are measured on a Fisher Recordall 5000 strip chart 

recorder set a 1 V full scale for the neurotransmitter 

metabo1:L tes while the ascorbic acid peak height is measured on a 

HcKee-Pederson recorder set at 10 V full scale. 
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The analyLical column is a 11 .6 mm by 25 em stainless steel 

10 um Zorbax C8 reverse phase column (DuPont, HilI:lington, DE). 

The analyses are done at ambient temperature with isocratic 

elution using a 0.05 M phosphate buffer at pH 4.0, containing 3 

percent methanol. The mobile phase is prepared by dissolving 6.9 

grams sodium phosphate monobasic in 970 ml distilled I"ater. 

Thirty ml of methanol are then added and the resulting solution 

is adjusted to pIl 4 with 6N HCl. The eluent is filtered through 

a 0.45 um filter before use and is degassed vigorously with 

helium for approximately 15 minutes prior to use and slowly 

during the chromatography. The eluent flow rate is 1.6 ml/min. 

NATERIALS 

All chemicals were purchased from Aldrich (Nilwaukee, WI) 

except for haloperidol (lIaldol, HacNeil Laboratories) and 

d-amphetamine sulfate (Sigma). 

Stock solutions of DOPAC, HVA and 5-HIAA were prepared in 

0.01 M HC] containing 0.] percent sodiwn metabisulfite as an 

antiox:idant. Standard solutions (10 ng/100 ul) were made from 

thesc stocks in artLfi.ci a] CSF on the day of the analysis. The 

ascorbic acid stock was made up fresh each day in artificial CSF 

at a concentration of 100 ng/ 100 ul. 

KC1, 

The artit icial CSF was made by adding 7.46 g NaCI, 0.190 g 

0.140 g CaCl 
2 

and 0.lB9 g MgCI to one liter distilled 
2 

water, as described in (13). 
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RESULTS AND_.I2JJ?CUS~ 

The system illustrated in Figure 1 was built to provide 

additional jnforIl1ation to aid in the interpretation of in vivo 

voltammetric data. Several approaches to the problem of 

inLerpretation of voltammetric daLa obtained in brain Lissue have 

been used, including differential pulse voltammetry and 

semidifferential pulse voltammetry(14,lS,16). He have taken a 

different approach in which the extracellular fluid of the 

striatum is sampled for chromatographic analysis. This allows us 

to determine which electroactive compounds in the extracellular 

fluid of the striatum contribute to the changes in oxidation 

currents observed following the administration of various drugs 

and during certain behaviors such as feeding. The results 

reported here concern the initial period of sampling and the 

drugs amphetamine and haloperidol. 

The dialysis/chromatography system illustrated in Figure I 

has several advantages for analysis of extracellular fluid. The 

chl'omatography is aided because the sample is pcepul'ified of any 

protein which could degrade column performance. This allmvs 

elimination of protein precipitating agenLs which obscure early 

eluting compounds such as ascorbic acid. Removal of protein very 

early in the sampling process also eliminates enzymatic 

degradation of compounds in the perfusate. In addition, tissue 

damage is minimized because the fluid flow and associated 

turbulence are contained within the dialysis tube. Because slm" 
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flow rates can be used, and the device has a relatively large 

surface area, recoveries are high. Dialyzed perfusion has been 

shown to be suitable for analysis of amino acids and for 

monitoring dopamine release in freely moving rats (17,18). 

One of the main difficulties in the analysis, aside from the 

difficulty in obtaining samples, was finding chromatographic 

conditions which would resolve all the compounds of interest. 

Hhile suitable conditions could be found for the neurotransmitter 

metabolites, ascorbic acid Ivas obscured by protein precipitating 

agents such as perchloric acid which eluted in the solvent front. 

Conditions which were suitable for ascorbic acid (19) were 

inappropriate for the other compounds. Accordingly, in the 

initial studies on the effect of amphetamine, the sampled fluid 

was analyzed for ascorbic acid in one set of eXperiments (20) and 

for the neurotransmitters and metabolites in another series(21). 

Later, with the on-line analysis, it became possible to determine 

the compounds of interest with one set of chromatographic 

conditions, as illustrated in Figure 3. The on-line system meant 

that protein precipitants could be eliminated from the sample. 

A consistent observation of in vivo voltammetry is the 

decline in oxidation current from the initial measurement to some 

steady state baseline after a series of measurements. Figure 4 

illustrates this phenomena for four separate recordings from the 

same electrode every other day over an eight day period. These 

data were obtained using a one second chronoamperometric pulse of 
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FIGURE 3. Chromatogram of dialyzed perfusate from anterior 
striatum. Horking electrode potential at +0.75 V vs. Ag/AgCl. 
Hobile phase is pH 4.0 phosphate buffer with 3 percent methanol 
at a flow rate 1.6 ml/min. The stationary phase is 10 um Zorbax 
C8 reverse phase in a 4.6 mm by 25 cm stainless steel column. 
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50 

40 

30 60 90 120 150 MIN 

FIGURE 4. Chronoamperometric recordings from anterior striatum 
of unanesthetized, freely moving rat. Oxidation currents 
obtained at 100 um carbon epoxy electrodes using one second 
pulses of +0.6 V vs. Ag/AgCl at three minute intervals. 
Recordings obtained every other day in order A,B,C,D. 

+0.6 V vs. Ag/AgCl every three minutes with a 100 um diameter 

carbon-epoxy electrode in the anterior striatum of a freely 

moving unanaesthetized rat. In each case the oxidation current 

became progressively smaller until a steady state was 

established. A model has been proposed to account for these 

observations(22) in which a small "pool" of extracellular fluid 

surrounds the electrode tip. As the oxidation at the electrode 
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FIGURE 5. Time course of extracellular ascorbic acid, DOPAC, 
HVA, and 5-HIAA from anterior striatum of unanesthetized, freely 
moving rat. Samples obtained by dialysed perfusion at 4 ul/min. 
The data are expressed per 100 ul sample. 

surface lowers the concentration in this pool, the current 

becomes progressively smaller and a concentration gradient is 

established with respect to the surrounding tissue. Eventually, 

as material flows into the pool as a result of the gradient, a 

steady state is reached in which consumption at the electrode 

surface is equalled by influx from the surrounding tissue. The 

model has been modified(23) to include differences in mass 

transfer rates for different molecular species. This latter 

model seems more appropriate as the data of Figure 5 suggest. 
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The data in this figure were collected during dialyzed perfusion 

of the anterior striatum of the rat as described in the methods 

section. 

\oIhile dialyzed perfusion does not offer the sampling rate of 

vol talllme try, it permits the reso lu tion of the various 

electroactive components of the extracellular fluid. Thus Figure 

5 illustrates the time course of extracellular levels of ascorbic 

acid, the dopamine metabolites DOPAC and HVA, and the serotonin 

metabolite 5-HIAA over an eight hour period from the start of 

perfusion for an N of seven. The interesting observation here is 

that ascorbic acid is behaving differently from the 

neurotransmitter metabolites. While the neurotransmitter 

metabolites appear to be unaffected by the perfusion, there is a 

considerable decrease in the initial ascorbic acid level to a 

steady state baseline. This implies that the extracellular level 

of ascorbic acid is more seriously affected by the sampling 

method. It may be that the neurotransmitter metabolites are part 

of a process with a high turnover rate relative to the rate of 

removal by voltammetry or perfusion and are therefore unaffected 

by the sampling process, while ascorbic acid has a much slower 

turnover rate so that the extracellular "pool" of ascorbic acid 

in the vicinity of the sampling device is apparently seriously 

affected by the sampling process. This interpretation of course 

requires additional data before it or any other interpretation 

can be said to explain the difference. 
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UsinB the relative concentrations of the electroactive 

species present in the extracellular fluid and their change over 

time, it is possible to predict the change in oxidation current 

of an electrode in response to changing extracellular 

concentrations. The additional information needed to calculate 

such a curve is the relative response of these compounds at a 

given electrode type. The general form of the equation for the 

relative oxidation current at time tis: 

i(t) ~ (relative response x relative concentration(t» 

for all compounds electroactive at the applied potential. For a 

carbon-epoxy electrode and a potential of +0.6 V vs. Ag/AgCl, 

this equation becomes: 

i(t) 0.40(AA(t» + 1.0(DOPAC(t» + 0.S3(HVA(t» + 

0.8S(S-HIAA(t» 

where 1(t) is the relative current rather than the absolute 

current, and the abbreviations in parentheses represent relative 

concentrations. The coefficients ,-lere determined by 

chronoamperometry of 1. 0 mN solutions of each component in 

physiological saline (pH 7.4). To determine the relative 

concentrations, the nanograms of each component from each 100 ul 
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sample were converted to a percent of the baseline for each 

component. These percentages are then mUltiplied by the baseline 

amount of the components to account for the quantities of the 

components relative to each other. Calculation of an absolute 

current would require absolute extracellular concentrations, the 

active area of the electrode and diffusion coefficients in the 

extracellular matrix. 

A comparison of calculated and observed voltammetric data for 

the initial period of decreasing response is shown in Figure 6. 

The observed voltammetric data are the four curves of Figure 4, 

averaged and grouped into periods of fifteen minutes. The data 

for both the calculated and observed cases are expressed as a 

percent of the baseline obtained from the three points at the end 

of each curve. The agreement is surprisingly good given that 

two different sampling processes are being used. This agreement 

supports the suggestion that ascorbic acid is the principal 

source of the initial decline in oxidation current. 

The dia]ysis/perfusion process is analogous to voltammetry in 

that material is removed, although the rates of removal and 

geometries are different. An additional difference is that the 

dialysis/perfusion process removes all compounds with a molecular 

,~eight less than the cutoff for the membrane, while the 

electrode 

potential. 

removes only compounds oxidizing at the applied 

A comparison of the two sampling processes may be 

made using the geometry and rate of removal for each process. A 
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Comparison of calculated and observed change in 
current during initial period of voltammetry and 

Data are expressed as a percent of the baseline for 

100 urn diameter electrode has a geometric surface area of 0.0008 

2 
mm _.,hile a dialysis cannula Lf mlll long has an area of 2.5 lllm

2
• 

The electrode of Figure 4 has about a 45 nA baseline current for 

one second chronoamperometry every three minutes. This 

corresponds to about 0.07 pllloles/min for a two electron 

oxidation, or 9 pmoles/mln/mm
2

. For the dialysis cannula, about 

2 pmoles/min/mm
2 

of ascorbic acid are being removed, with 
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correspondingly smaller amounts of the neurotransmitter 

metabolites. Thus the rate of removal per unit area is higher 

for the electrode than the dialysis cannula. These approximate 

calculations may help to explain "hy the observed voltammetric 

curve decreases more rapidly than the voltammetric curve 

calculated from the dialysis data. 

A calculation similar to that for the initial decrease in 

current can also be done for the effect of drugs on extracellular 

levels of electroactive compounds. Haloperidol is a dopamine 

receptor blocker which leads to increased release of dopamine 

that in turn increases the level of dopamine metabolites. A 1.0 

mg/kg dose i. p. generates the voltammetric curve shown in Figure 

7. The data were obtained using chronoamperometry at +0.5 v vs. 

Ag/AgCI at a carbon paste electrode with one second pulses every 

one minute in the anterior striatum of anaesthetized rats. 

Previous work in this laboratory using dialyzed perfusion of the 

anterior striatum of unanaesthetized rats during a 1. 0 mg/kg 

injection of halopcridol(i. p.) has demonstrated that the 

dopamine metabolites DOPAC and HVA increase by 226 percent as a 

resu1 t ,-Jhi1 e ascorbi. e ae td and the sero toni n me ta boli te 5-IlTAA do 

not increase(24). Dopamine and serotonin were not detectable 

under the conditions used and therefore probably does not 

contribute significantly to the change in oxidation current for 

this particular pharmacological treatment. The equation for the 

expected change in oxidation current is: 
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FIGURE 7. Comparison of calculated and observed change in 
oxidation current following administration(Lp.) of 1.0 mg/kg 
haloperidol. Three hour baseline preceded drug administration. 
Chronoamperometry performed with a carbon paste electrode_, at 
+O.S V vs. Ag/AgCl for one second at one minute intervals. 

i(t) O,40(AA(t» + 1.0(DOPAC(t» + 0.24(HVA(t» + 

O. 72(S-HIAA(t» 

where the coefficients are based on chronoamperolletry of 1,0 mM 

solutions of each compound in physiological saline with a carbon 

paste electrode at +O.S V vs Ag/AgCl. The perfusion data of 

Blakely et al.(24), when used in the above equation yield the 

results of Figure 7. It can be seen that the calculated increase 

is greater than but similar to the observed increase. The lower 

increase for the observed voltammetric data may be due to the 

effect of the anaesthesia. 
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FIGURE 8. Comparison of calculated and observed change in 
oxidation current follo\.;ring lop. administration of 1.0 mg/kg 
amphetamine. Data expressed as percent of baseline. 
Chronoamperometry done at +0.6 V vs. Ag/AgCI for I second at 
three minute intervals with a carbon-epoxy electrode. 
Chronoamperometric data collected for 3 hours before 
administration of 1 mg/Kg d-amphetamine sulfate. All data 
obtained in anterior striatum. 

Amphetamine has been the source of considerable confusion 

with respect to the changes it causes in eRl~acellular levels of 

electroactive compounds in the brain. The various voltammetric 

results have been reviewed by Admns and Marsden(lO). 

Chromatographic data obtained previously with conventional push 

pull cannulae which demonstrated that amphetamine increases 

extracellular ascorbic acid in the striatum(20) and that it 

decreases extracellular DOPAC and HVA (21). A calculation of the 

expected change in oxidation current can be made from these data. 
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The results of this calculation are shown in Figure 8, Ivhere the 

calculated change from baseline is superimposed on the observed 

change in oxida tion curren t. Because the push pull data were 

obtained from two separate cannulae (and therefore at possibly 

different exchange rates) and because 5-HIAA was not measured, it 

is, as with Samuel Johnson's dog, remarkable not that the data 

agree reasonably well, but that they agree at all. These data 

support the observations of Dayton et al.(16) and Conon et 

a1.(6,9). 

These experiments demonstrate that different e1ectroactive 

components of the extracellular fluid are contributing to 

alterations in the vo1tammetric signals under different stimulus 

conditions. They also indicate that in vivo voltammetry can be 

used to monitor these alterations if independent experiments to 

interpret the changes in the oxidation currents are conducted. 
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ABSTRACT 

The use of high performance liquid chromatography (HPLC) 
for the determination of phenylenediamines has been studied. 
Detection limits using both ultraviolet (UV) and electrochemical 
(EC) detectors have been determined and EC is superior in most 
cases. Chromatographic conditions and sample preparation 
procedures are described for many phenylenediamines of environ
mental significance. 

INTRODUCTION 

Diaminobenzenes (herein the term "phenylenediamines" will 

be used) arc of considerable environmenta] significance because 

of the carcinogenic prop(Ort~ies of mnny of theRe compounds (J). 

These compounds are currently in widespread use as industrial 

chemicals for the production of dyes and pigments as well as 

polyurethane resins. Consequently Ulere is a great need [or 

routine methods [or determini.ng these compounds in environmental 

media. 

Unfortunately the highly reactive and nonvolatile nature of 

the phenylenediamines makes gas chromatographic (GC) determina

tion difficult, although a few studies have used GC for the 
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determination of relatively high levels of certain phenylene"

diamines (2). HPLC is therefore the most suitable method for 

determining phenylenediamines and several studies have been 

reported (3-5). lIm'lever, none of these st\!dies have examined 

the separation, detection, and sample preparation parameters 

for determining a large number of phenylenediamines. 

The objective of the study described herein was to establish 

suitable separation and detection parameters for the determination 

of as many phenylenediamines in commercial use as possible. 

EQUIPMENT 

All HPLC studies were performed using a modular system 

consisting of an Altex 100A pump. a Spherisorb ODS, 5 wm particle 

diameter, 250 x 4.6 mm stainless steel column, and a Rheodyne 7120 

injector valve. Two detection systems were used; (1) an LDC 

Model 1203 fixed wavelength (254 nm) UV detector and (2) a 

Bioanalytical Sys terns Hodel LC-2A electrochemical detec tor_"li th a 

glassy carbon working electrode. 

MATERIALS 

All reagents were "analytical reagent" grade conforming 

with ACS specifications unless otherwise stated. Solvents were 

"distilled-in-glass" quality from Burdick and Jackson Laboratories. 

Analytical standards were the highest purity available and were 

checked for purity using HPLC. 

Reagent water was obtained from a Mill-Q water purification 

system consisting of reverse osmosis, ion-exchange, and activated 

carbon treatment modules. HPLC mobile phases were filtered through 

a Nucleopore 0.22 wm polyester membrane filter and degassed by 

heating in a loosely covered erlenmeyer flask before use. 

Strong cation exchange resin (AG 50H-x8) was purchased from 

Biorad Laboratories. 
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Two sample preparation approaches were employed for the 

determination of the full range of phenylenediamines. The first 

procedure involved solvent extraction of the water [3amp] e and 

was found to be suitable for most of the compounds of interest. 

However, the unsubstituted phenylenediamines (i.e. 0-, m-, 

p-phenylenediamine) were not efficiently extracted and an 

alternate scheme involving ion-exchange isolation of the com

pounds was developed. 

The solvent extraction scheme involved the following steps. 

An aliquot (500 mL) of the water sample was adjusted to pH 7 

with 0.4 H Na
3

P0
4 

or 0.4 !! phosphoric acid. The sample was then 

extracted serially with 100 mL, 50 mL, and 50 mL portions of 

methylene chloride. The extracts were combined and concen

trated to ~l mL on a Kuderna-Danish (K-D) evaporator. Four 

milliliters of acetonitrile was added to the extract followed 

by r'~concen tra tion to 'VO. 5 mL. The ex trac t was then placed in a 

25 mL volumetric flask, diluted to the mark with HPLC mobile 

phase, and analyzed by HPLC. 

The ion-exchange sample preparation procedure was conducted 

as follows. One gram of AG 50-X8 (sodium form) was hydrated 

,.;rith 3 mL of reagent water. The resin was then transferred to a 

disposable plastic column and eluted with 15 mL of 0.05 !i, 
pH 3, NaH

2
P0

4
. The sample was adjusted to pH 3 with 2 M 

phosphoric acid and a 10 mL aliquot eluted through the ion

exchange column. The column was then rinsed with 5 mL of 0.05 Ji., 

pH 3, NaH
2
P0

4
. Finally the compounds of interest were eluted 

using 10 mL of 30/70 methanol/pH 5.5, 0.5 M sodium acetate buffer. 

The eluate was then analyzed using HPLC. 

RESULTS AND DISCUSSION 

Comparison of UV and EC detection limits immediately demon

strated t.he superiority of EC for this application. Figure 1 
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FIGURE 1. HPLC Separation of Various Phenylenediamines 

Represents 0.8 ng on column for each PHD 
with the exception of 4-Cl-m-PHD 0.9 ng 
and 4-ethoxy-m-PHD (30 ng). See Table 1 
for HPLC conditions. 

graphically illustrates the 10-50 fold lower detection limit for 

EC compared to UV. Obviously the EC detector has the additional 

advantage of greater selectivity. The EC selectivity can be 

improved for selected compounds by reducing the detection potentials 

below that chosen for this study (700 mV). However, the nitro-

aud halogen-substituted compounds are not detecte.d at lower 

potentials. Table 1 lists the retention and detection para-

meters for the various phenylenediamines of interest in this 

study. In general detec tion limi ts on the order of 0.2 nanograms 

injected were obtained for the various compounds. Most of the 

compounds of interest were chromatographically resolved although, 

as shown in Table 1, a few compound pairs (e.g. 2,5- and 2,6-

toluenediamine) \.;rere not adequately resolved for simultaneous 

determination. 

Recovery data for the groups of compounds determined by the 

two sample preparation procedures are shown in Tables 2 and 3. 



TABLE 1 

HPLC Retention Times and Detection Limits for Pheny1enediamines 

Compound 

p-Pheny1enediamine 
m-Pheny1enediamine 
2,5-To1uenediamine 
2,6-To1uenediamine 
2-Methoxy-p-pheny1enediamine 
2-Nitro-p-pheny1enediamine 
2-Ch1oro-p-pheny1enediamine 
o-Pheny1enediamine 
4-Nitro-o-pheny1enediamine 
2,4-To1uenediamine 
4-Methoxy-m-pheny1enediamine 
4-Ch1oro-m-pheny1enediamine 
4-Ethoxy-m-pheny1enediamine 
3,4-To1uenediamine 
4-Ch1oro-o-pheny1enediamine 

Retention 
Time 

Olin.) (a) 

4.8 
5.6 
6.0 
6.2 
6.4 
7.8 
7.9 
8.2 
8.4 
8.8 
8.9 

12.1 
15.9 
17.1 
18.4 

Estimated 
Detection Limit 

(Nanograms Injected)(b) 

0.2 
0.2 
0.2 
0.2 
0.6 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.7 
1.2 
0.7 
0.6 

(a) HPLC conditions as follows: Column-Spherisorb ODS, 5 ~m particle 
diameter, 250 x 4.6 mm; Mobile phase - 30/70 methanol/O.l M, pH 3.5, 
potassium phosphate with 0.01 H heptane sulfuric acid and 0.02 mH 
EDTA; flow rate - 1 mL/min.; Injection Volume 20 ~L; Detector potential -
+700 mV vs. Ag/AgC1. 

(b) Using electrocha~ical detection at 0.7 volts, and a signal to noise 
ratio of 5. 
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TABLE 3 

Recovery of m,o,p-Phenylenediamine Spiked at 
the 50 ]lg/L Level from Aqueous Media Using 

Ion Exchange Chromatography 

m-PHD o-PHD 

D. I. H
2

0 (% Recovery) 

Process Blank (ppb) 

73 + 7.S(a) 73 + 6.7 

<3 

Wastewater (% Recovery) 45 + 8.3 

Process Blank (ppb) <2 

(a) Data for triplicate analyses. 

l,nA 

2 min 

A. 

<3 

55 + 1.7 

<2 

P-PHD 

M-PHD 

O-PHD '" 

B. 

1903 

-----------

p-PHD 

62 + 1.6 

<2 

46 + 3.2 

2 

FIGURE 2. Chromatogram of Extracts of Wastewater (A) and of 
Wastewater Spiked at the 50 ppb Level With 0, m, 
and p-Phenylenediamine (PHD) 
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As shown in these tables, recoveries were quite good for many 

of the compounds. Hmvever poor recovery ('\,30 percent) was 

obtained for 2,5-toluenediamine and only ~50 percent recoveries 

were obtained for the unsubstituted phenylenediamines from 

authenic wastewater samples. Fj.gure 2 shmvs the HPLC separation 

of the three unsubstituted phenylenediamine isomers spiked into 

an authentic wastewater sample at the 50 ]Jg/L level. The waste

water referred to in Tables 2 and 3 and Figure 2 is an industrial 

effluent, after secondary treatment, from a plant producing a 

variety of substituted aromatic amines. 

CONCLUSIONS 

Hhile much work needs to be done to improve recoveries for 

some of the phenylenediamines, this study has demonstrated the 

clear advantage of using EC detection in conjunction with reversed 

phase, ion-pair HPLC for this application. Detection limits of a 

few ]Jg/L were achieved for most of the phenylenediamines studied. 

This level of detectability is adequate for most environmental 

applications. 
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ABSTRACT 

The dual electrochemical detectors for ordinary and 
micro high-performance liquid chromatography were 
briefly reviewed. 

The electrochemical behaviors of biogenic amine 
metabolites were studied by cyclic semi-differential and 
semi-integral voltammetry with a glassy carbon working 
electrode. It was found that the electrochemical reactions 
of many biogenic amine metabolites are quasi-reversible. 
The dual electrochemical detector based on thin-layer 
electrolytic cell with two working electrodes (anode and 
cathode) in series configuration was tested for selective 
detection of biogenic amine metabolites on their 
electrochemical quasi-reversibility. The detector was 
successfully utilized for the simultaneous determination 
of 3, 4-dihydroxyphenylacetic acid, homovanillic acid 
and 5-hydroxyindole-3-acetic aci.d in human urine di.rectl.y 
injected by micro high-performance liquid chromatography. 

INTRODUCTION 

Electrochemical detection in high-performance liquid 

chromatography (HPLC) has become very popular for the 

determination of trace amounts of organic substances in 

biomedical and environmental samples (1-3). An innovative 

* Author for correspondence. 
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approach Lo elec Lr'ochemical de LecLion involves Lhe use 

of two working electrodes oparated simuJ.taneousJ.y at 

different potentials. Several dual electrochemical 

detectors have recently been developed which provide for 

enhanced performance (4 2J). They can basi.cally be 

classified into the three types in configuration of the 

two working electrodes wiLh respect to the flO\'I' axis, as 

shown in Figure 1. In the "parallel-adjacent" configuration, 

the working electrodes are placed adjacent to each 

other on one side of the rectangurar thin-layer channel. 

In the "series" configuration, the working electrodes 

are positioned along the flow stream on one side of the 

channel. In the "parallel-opposed" configuration, the 

working electrodes are placed opposed to one another on 

both sides of the channel. 

Dual electrochemical detection in HPLC 

All dual elect.rochemical det.ectors can simultaneously 

provide two chromatograms of both oxidations or both 

reductions or oxidation and reduction by using the same 

or different material and size for each working electrode. 

Glassy carbon is most widely used as the material of 

working electrodes. 

Parallel-ajacent type 

The parallel-adjacent dual electrochemical detector 

(PADEC) is analogous to the dual-wavelength UV absorbance 

detector, and can provide useful qualitative information 

from peak current ratios at different potentials. By 

using PADEC, Roston and Kissinger performed the 

identificaLion of phenolic const:iLuents in conunercial 

beverages and benzene metabolites by comparison with the 

standardS (8, 16). Shoup and Mayer used PADEC for 

additional information on peak identity in determination 

of environmental phenols and biogenic amines and their 

metabolites (14, 18). 
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A 

Parallel-Adjacent 

I I 
/W1T ,-w21 

Series 

Parallel-Opposed 

1909 

B 

IW1 •• W2 1 

FIGURE 1. Three types in configuration of dual electrochemical 
detector. (A) Front view, (B) side view. Wi and W2 represent 
the two working electrodes. The arrows show the direction 
of flow. 

Series type 

The series dual electrochemical detector (SDEC) is 

analogous to the fluorecence detector, and the product 

of electrode reaction at the upstream working electrode 

is detected at the downstream working electrode. Blank 

employed SDEC for instrumental separation of compounds 

which overlap chromatographically, but have differing 

electrochemical formal potentials (4). Schieffer 

reported a series dual coulometric-amperometric detector 

(6). The upstream coulometric cell was held at lower 
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pot.ential t.han the downstream amperometric cell Lo 

completely oxidize and make undetectable other species 

oxidizable at potentials lower than that of the analyte. 

MacCrehan and Durst employed SDEC for the downstream 

oxidative detection of reduction products from the larger 

upstream mercury amalgam working electrode and demonstrated 

the detection of analytes with high redox potentials 

with good sensitivity and selectivity (7). Bratin and 

Kissinger used SDEC for elimination of oxygen interferences 

in reductive electrochemical detection (10). Allison and 

Shoup employed SDEC with mercury amalgam electrodes for 

simultaneous determination ofthiols and disulfides in 

human blood and citrus leaf homogenate by using their 

catalytic oxidation of the mercury surface (19). 

Roston and Kissinger employed SDEC for the downstream 

reductive detection of oxidation products from the 

upstream working electrode and estimated the collection 

efficiency, the magnitude of fraction of upstream 

products that are converted at the downstream working 

electrode, to be less than 0.37 (11). Mayer and Shoup 

used SDEC for assay of biogenic amines and their 

metabolites in brain tissue (18). 

Parallel-opposed type 

The parallel-opposed dual electrochemical detector 

(PODEC) is analogus to the photomultiplier tube and the 

product of the electrode reaction at one working electrode 

can diffuse to the opposite working electrode where 

starting material may be created. Fenn et al. explored 

the possihi.lit.y of POORe t.o improve det:ect.ion limit of 

catecholamines in blood plasma at flow rates below 0.2 

ml/min (5). Kurahashi used PODEC for selective detection 

of the analyte from peak current difference at different 

potentials (12). Inoue et al. employed PODEC to lower 

the background current (17). They applied the same 

potential ·to the two working electrodes and monitored 

the current from only one working electrode. Weber and 
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Purdy derived the theory concerned with the currents 

from a cou1ometric PODEC and approximately confirmed the 

theory by using a ferricyanide and ferrocyanide redox 

couple (15). They switched the working electrodes 

in and out of the current-to-voltage conversion circuit 

to defeat the large noise current generated by low cell 

impedance and obtained picogram detection limits for 2,4-

toluenediamine in an aqueous methanol solvent. 

Dual electrochemical detection in micro HPLC 

1911 

Goto et al. developed a sub-microliter SDEC suitable 

for micro HPLC which was used for the downstream reductive 

detection of oxidation ?roducts from the upstream working 

electrode (9, 13). The detector was successfully utilized 

for the selective detection of catecholamines in human 

urine based on their electrochemical reversibility. We 

obtained the collection efficiencies of 0.68 to 0.78 

for catecholamines at a flow rate of 8.3 ~l/min. These 

values are much higher than those of 0.30 to 0.31 obtained 

in SDEC at a flow rate of 1.6 ml/min in the ordinary 

HPLC (18). 

For slower flow rates, catalytic amplification of 

detector response for reversible and quasi-reversible 

analytes may be achieved by recycling the redox couple 

between the two working electrodes in PODEC. Goto et al. 

recently developed a coulometric PODEC with small working 

elecL..codes fOL' mlc.!L'o IIPLC (20, 21). The current 

amplification in the detector at flow rates of 1.4 to 

11.2 ~l/min was investigated by using ferricyanide as 

analyte. The effective current amp1ifi.cation efficiency, 

tJle rat.io of anodic (or cathodic) current to coulometric 

current for oxidant (or reductant), of 19.5 was observed 

for ferricyanide at the flow rate of 1.4 lll/min (21) 

The collection efficiencies from 0.98 to 0.84 were 

obtained in the flow rate range from 1.4 to 11.2 ~l/min 

(21). The detector was successfully utilized for the 

selective and sensitive detection of catecholamines in 

human serum by micro HPLC (20, 21). 
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Tn the present paper, the electrochemical Lehaviors 

of biogenic aminemetabolit:es are investi<]aU,d and t-.hc,ir 

dual electrochemical detection with SORC is tried for 

urJ.ne analysis by micro HPLC. 

AND METHODS 

Apl2aratus 

A cyclic voltammetric instrument (Bioanalytical 

Systems Co., Model CV-IB) and a home-made analogue semi

differ-integrating circuit were used for cyclic semi

different,ial and semi--in'tegral voltammetric measurements 

(22-25). Two x-y recorders (Yokogawa Co., Model 3086) 

were used to simul,taneously record the cyclic semi

derivative and semi-integral voltammograms. A glassy 

carbon disk of 3 mm diameter was used as the working 

electrode. A silver/silver chloride electrode and a 

platinum wire were used for the reference and the 

counter elec-trode, x'espec ti vely. 

The micro HPLC system used is schematically shown 

in Figure 2. A micro feeder (Azuma Denki Co., Model MF-

2), a micro syringe (Terumo Co., Model MS-CAN 100) and 

a three way valve were used to feed the mobile phase. 

A micro sample inject,or (Jasco, Model MI.-422) ,'lith 0.3 

)11 loop was used for sample injection. The twin-

electrode thin-layer electrolytic cell in series 

configuration as shown in Figure 2 of the previous paper 

(9) was used for dual electrochemical detection. The 

thin-layer cavity was constructed of two fluoro-carbon 

resin blocks separated by a PTFE sheet 50 )lm thick and 

2 MR wide. Two working electrodes were made with glassy 

carbon. disks of 3 mm diameter contained in one of the 

blocks. The referende electrode, silver/silver chloride 

electrode, was held in a cylindrical hole in the other 

block. A platinum tube served both as the counter electrode 

and the exit line. A dual potentiostat (Nikko Keisoku 

Co., Model DPGS-2) was employed to control independently 

the potentials of U1e two working electrodes and ,to 
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FIGURE 2. Block diagram of the micro HPLC system with series 
dual electrochemical detector. 1 = Mic~o feeder, 2 = micro 
syringe, 3 = three-way valve, 4 = mobile phase, 5 = micro 
sample injector (0.3 ~l). 6 = micro guard column, 7 = 
micro separation column, 8 = series twin-electrode thin
layer electrolytic cell, 9 = dual potentiostat, 10 = 
dual pen recorder, 11 = waste. 
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measure the currents. The anodic and cathodic chromatograms 

were simultaneously recorded on a dual pen recorder ( 

Yokogawa Co., Model 3056). 

The micro guard column and micro separation column 

wece made by packing ODS (Yanapak ODS, 10 ~m) in a PTFR 

tube 2. 0 cm x O. 5 rom 1. d. and 16. 5 cm x O. 5 mm 1. d., 

respectively. 

Chemicals 

Analytical reagent grade chemicals were used 

without further purification. All solutions were prepared 

from distilled and deionized water. For standard samples, 

3, 4-dihydroxyphenylacetic acid (DOPAC), vanillylmandelic 

acid (VMA), homovanillic acid (HVA), serotonin (5-HT) 

and 5-hydroxyindole-3-acetic acid (5-HIAA) were dissolved 

in Britton-Robinson (B-R) buffer of pH 1.8 to prepare 

the stock solutions. The mobile phase used for analysis 

was B-R buffer of pH 3.6 containing 10 % methanol, 50 mM 

sodium perchlorate and 0.1 mM EDTA (disodium salt). 

Procedures of urine analysis 

Typically only 0.3 VI of supernatant of raw human 

urine was injected into the micro HPLC system. The 

biogenic amine metabolites were separated at the flow 

rate of 8.3 VI/min. For dual electrochemical detection, 

the upstream working electrode was held at + 0.80 V 

(vs. Ag/AgCI) while the downstream working electrode was 

done at - 0.05 V. The quantitation was performed 

selectively by using the response of the downstream 

electrode. 

RESULTS AND DISCUSSION 

Electrochemical behaviors of biogenic amine metabolites 

By means of the cyclic semi-differential and semi

integral voltarometry (22-25), the electrochemical 

behaviors of biogenic amine metabolites were studied in 
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FIGURE 3. Cyclic semi-derivative voltammograms of 1.0 mM 
DOPAC, HVA and 5-HIAA in the B-R buffer of pH 3.6 containing 
10 % methanol, 50 mM sodium perchlorate and 0.1 mM EDTA 
(disodium salt) at a scan rate of 100 mV/sec. 

the mobile phase of micro HPLC, the B-R buffer of PH 3.6 

containing 10 % methanol, 50 mM sodium perchlorate and 

0.1 mM EDTA (disodium salt). Figure 3 shows the cyclic 

semi-derivative voltammograms, which are the semi

derivative of current, e, versus electrode potential, E, 

curves, for DOPAC, HVA and 5-HIAA. VMA and 5-HT showed 

the roughly similar cyclic semi-derivative voltammograms 

as HVA and 5-HlAA, respectively. All the species 

investigated showed oxidation and re-reduction peaks. 

It is interesting that three successive oxidation steps 

were observed for 5-HlAA, while only one oxidation step 

was substantially observed for DO PAC and HVA. On the 

other hand, two re-reduction steps were observed for HVA 

and 5-HIAA, while only one re-reduction step was observed 

for DOPAC. These facts indicate that the electrode 

reaction of DOPAC is nearly reversible, while those 

of HVA, VMA, 5-HIAA and 5-HT are quasi-reversible in this 

medium. For selective detection of biogenic amine 

metabolites, the potentials (vs. Ag/AgCl) of + 0.80 V and 

- 0.05 V were chosen as the suitable pot-.entials of the 

upstream and down stream working electrode, respectively, 

from Figure 3. 

Figure 4 shows the semi-integral voltammograms, the 

semi-integral of current, m, versus E curves, of 1.0 mM 
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FIGURE 4. Semi-inteyral voltammograms of 1. a mM Fe (CN) 6 4-, 
DOPAC, HVA and 5-HIAA in theB-R buffer of pH 3.6 containing 
10 % methanol, 50 mN sodium perchlorate and 0.1 mN EDTA 
(disodium salt) at a scan rate of 100 mV/sec. 
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each of b~ogenic amine metabolites and ferricyanide 

for anodic process. It is clear that the electron 

transfer number for each oxidation reaction at + 0.8 V 

is -two for DOPAC, four for HVA and four for 5-[-UAA, on 

comparison of their wave heights with that of ferricyanide 

, whose electrode reaction is one electron transfer, in 

the sem~- ~n tegral voltammograms. 

Chromatography and quantitation 

The retention of biogenic amine metabolites in 

reversed-phase chromatography was investigated in order 

to attain a good separation. Figure 5 shows the effect 

of pH of the mobile phase on retention time. The retention 

of three b~ogenic amine metabolites investigated decreased 

with increasing pH, while that of 5-HT tended to increase 

with increasing pH. In this study, pH 3.6 was chosen as the 

suitable pH value of mobile phase for urine analysis. 

Figure 6 shows typical chromatograms of a standard 

solution of VMA, 5-HT, DOPAC, 5-HlAA and ElVA by the 

micro ElPLC system with SDEC. Parts A and B are, respectively 

, the anod~c and cathodic chromatograms. The peak 

separation is satisfactory, and both the anodic and cathodic 

peak currents were linear with the amounts of species 

injected, with correlation coefficients better than than 

0.99, as shown in Table 1. The detection limits (SIN = 2) 

of biogenic amine metabolites by this system were 10 pg 

for DOPAC, 20 pg for 5-HlAA. and 20 pg lor EVA, LespecLively, 

and the range of linearity was about 1000. The relative 

standard deviations for repetitive deteLmination of 3 ng 

level by using Lhe caLhodic response in Lhe sysLem weLe 

1.5 % for DOPAC, 1.8 % for 5-HIAA and 1.2 % for HVA, 

respectively. 

The collection efficiencies in the system were 

found to be 0.61 for DOPAC, 0.20 for 5-HIAA and 0.30 for 

HVA, respectively, at the flm., rate of 8.3 pl/min. It 

should be noted that these values are much larger than 

those of 0.31 for DOPAC, 0.05 for 5-HIAA and 0.05 for 
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FIGURE 5. Effect of pH of the mobile phase on the retention 
time of 5-HT(O) I DOPAC(~), 5-HIAA(O) and HVA(O). Mobile 
phase: B-R buffer containing 10 % methanol. Solid sodium 
hydroxide was used to get the desired pH. Flow rate of 
mobile phase: 8.3 ~l/min. Separation column: silica-ODS 
(16.5 cm x 0.5 mm i. d.). 

TABLE 1 

Relationship between Anodic and Cathodic Peak Height 
and Amount of Species Injected 
Potentials (V vs. Ag/AgCl): anode + n.80, cathode - 0.05, 
flow rate of mobile phase: 8.3 ~l/min. 

Species Relationship* 

VMA Anodic y -11. OOx - 0.96 

Cathodic y 0.76x + 0.37 

5-HT Anodic y -7.25x 

Cathodic y 1. 08x + 0.07 

DOPAC Anodic y -7.49x - 0.05 

Cathodic y 4.53x + 0.23 

5-HIAA Anodic y -6.63x - 0.28 

Cathodic y 1. 30x + 0.28 

HVA Anodic y -3.33x - 0.17 

Cathodic y 0.97x + 0.13 

* Y = peak height measured in nA, x 
measured in ng. 

Correlation 

coefficient 

0.998 

0.991 

1. 000 

0.999 

1. 000 

1.000 

0.999 

0.998 

0.999 

0.999 

amount of species 
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FIGURE 6. Typical chromatograms of a standard solution 
by the micro HPLC system with SDEC. (A) Anodic response, 
(B) cathodic response. Peaks: 1 = VMA, 2 = 5-HT, 3 = 
DOPAC, 4 = 5-HIAA, 5 = I-IVA. Potentials (V vs. Ag/AgCl): 
nnode + 0.80, cathode - 0.05. Mobile phase: B-R buffer 
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of pH 3.6 containing 10 % methanol, 50 mM sodium pcrchlorat.p 
and O. 1 mM EDTA (disodium salt). Flow rate of mobile 
phase: 8.3 ~l/min. 

HVA, respectively, obt.ained in SDEC at t~~E? flow rate of 

1. 6 ml/min (18). 

Selective det.ection of DOPAC, 5-HIAA and HVA in human urine 

'Typical chromatograms for the simUltaneous determination 

of DOPAC, 5-HIAA and HVA in 0.3 WI of human urine directly 

injected without any pretreatment in the micro HPLC 
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FTC;nm~ 7., Cl1romat.ograms of directly injecLec1 urlneo Lcom 
three healthy individuals to the micro HPLC system. (A) 
Anodic response, (B) cathodic response. Peaks: 3 = DOPAC, 
4 = 5-HIAA, 5 = HVA. Potentials (V vs. Ag/AgCl): anode 
+ 0.80, cathode -0.05. Sample: 0.3 WI of human urine. 
OLher conditions are the same as in FIGURE 6. 

system are shown in Figure 7. Parts A and B are, respectively 

, the anodic and cathodic chromatograms. Figure 7 a, b 

and c correspond to the urine from three different healthy 

individuals, respectively. Peaks 3, 4 and 5 are due to 

DOPAC, 5-HIAA and HVA in urine, respectively. These were 

identified by the retention time and/or the peak current 
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FIGURE 7C 

TABLE 2 

Analytical Results of DOPAC, 5~HIAA and HVA in Human 
Urine from Healthy Individuals 

Sample number 

1 

2 

3 

4 

5 

6 

7 

concentration 

DOPAC 5-HIAA 

0.29 9.53 

0.24 5 .. 93 

0.25 2.40 

0.31 8.00 

0.28 19.00 

0.47 4.07 

0.41 2.10 

(l-lg/ml) 

HVA 

8.77 

6.13 

1. 73 

8.27 

5.93 

4.33 

3.30 

192) 



1922 GOTO, SAKURAI. AND ISHII 

ratio of cathodic to anodic by comparing with the standards. 

Of paticular interest is the peaks of x, y and z in par~ 

A of Figure 7. By recording the cathodic response, it 

was shown that there were essentially no cathodic peaks 

corresponding to the anodic peaks of y and z, suggesting 

that the compound or compounds producing the anodic 

peaks are irreversibly oxidized. Since the main compounds 

responsible to the anodic peak of x were also irreversibly 

oxidized, DOPAC could be selectively detected on the 

cathodic chromatograms, as shown in part B in Figure 7. 

Human urine from seven healthy individuals was 

analyzed from the linear regression equations in Table I 

using the cathodic chromatograms. The results are shown 

in Table 2. The concentrations for DOPAC, 5-HlAA and 

HVA in Table 2 are within the range of results reported 

in the literature for normal human urines (26-29). 

The present system appears to be the first method 

which simultaneously determines DOPAC, 5-HlAA and HVA 

with resonable precision in human urine directly injected 

without any pretreatment into the micro liquid chromatograph. 

CONCLUSION 

The series dual electrochemical detector with anode 

and cathode is a powerful tool for selective detection 

of reversible and/or quasi-reversible species for micro 

HPLC, because the collection efficiency increases with 

decreasing the flow rute of mobile phuse. The purullcl 

opposed dual electrochemical detector with anode and 

cathode may provide an enhancement in sensitivity by 

recycling oxidation and re-reduction between the two 

working electrodes at slow flow rates of mobile phase. 

Thus the PODEC is -the most advantageous type of detector 

for reversible and/or quasi-reversible species in micro 

HPLC (20, 21). 

The simultaneous determination of DOPAC, 5-HlAA 

and HVA in healthy human urine could be performed on 

direct injection of only 0.3 Vl by using the micro HPLC 

system with SDEC. 
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LC NEWS 

GPC COLUMNS FOR POLYMER ANALYSIS & TESTING offer ultra-resolution 
at low cost and high speed for detection of subtle differences 
between polymer samples that can significantly influence polymer 
processability. The columns are available in 500, 1,000, 10,000, 
and 100,000 angstroms nominal exclusion as well as a mixed-bed 
column that provides resolution from 100 Daltons to well over 20 
million. They are available packed in any of several commonly used 
GPC solvents and in many polymer solvents not generally available 
with GPC columns. Jordi Associates, Inc., JLC/83/10, 397 Village 
Street, Millis, MA, 02054, USA. 

EC/LC FLOW CELL FOR AMPEROMETRIC DETECTION features negligible dead 
volume, minimum IR drop, improved detection limit, and better peak 
shape. IBM Instruments, Inc., JLC/83/10, Orchard Park, Box 332, 
Danbury, CT, 06810, USA. 

CELL DEBRIS REMOVER is a modified cellulose formulated to remove 
contaminants from crude animal, microbial, or plant extracts. It 
binds cell debris, nucleic acids, polar lipids, many colorants, and 
other unwanted components more effectively than standard filtration 
and centrifugation techniques. It provides clarified protein 
solutions with lower viscosities, while improving column life. 
Whatman, Inc., JLC/83/10, 9 Bridewell Place, Clifton, NJ, 07014, 
USA. 

DETERMINATION 
also includes 
important, as 
efficiencies. 
CA, 94086, USA. 

OF GOLD in gold plating baths by ion chromatography 
speciation between Au(l+) and Au(3+). This is 
an increase in Au(3+) content can lower plating 
[)ionex Corp., JLC/83/IO,1228 Titan Way, Sunnyvale, 

AUTOMATED GRADIENT CONTROLLER allows automatic control of external 
dccessories such as valves and fraction collectors for sensitivity, 
selectivity and speed; isocratic to ternary compositional and flow 
control of up to 3 solvent delivery systems. A CRT display is used 
to guide the operator thru setup and operation. Up to ten methods 
may be stored for -j nstant recall. Waters Associ ates, Inc. , 
JLC/83/10, 34 Maple ~treet, Milford, MA, 01757, USA. 

1927 
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TH1N-I..AYF~R CELL H)R EI.ECTROCHEM1CAI. DETECTION allows placement of 
the auxilliary electrode both downstream and across from the 
working electrode. A highly polished stainless steel top extends 
cen lHe, per'mits compatibility with new "high speed" columns, and 
allows for connection of low dead volume fittings for use with 
micro columns. Bioanalytical Systems, Inc., JLC/83/10, 1205 Kent 
Avenue, Purdue Research Park, West Lafayette, IN, 4/906, US/I. 

LIQUID PROCESSING UNIT can be used to feed most analytical 
instruments. It performs all of the crucial sample pickup, mixing 
and dispensing operations. A pair of syringes whose plungers are 
driven by a stepper motor and precision ball lead screws, a mixing 
chamber, and a hand-held control unit are the principal working 
parts. A computer program directs all operations. Processing 
parameters such as time, volume, ratios, and increments are entered 
thru the control unit and become a part of an individual routine 
program. Hamilton Company, JLC/83/10, P. O. Box 10030, Reno, NV, 
89510, USA. 

BINARY GRADIENT HPLC CAPABILITIES include easy setting of flow 
rate, initial and final solvent composition, and times for 
equilibration, gradient, and hold steps directly from the front 
panel. The controller also includes the necessary connections for 
automated operation with many auto samplers and data handling 
devices. Perkin-Elmer Corp., JLC/83/10, Main Avenue, Mail Station 
12, Norwalk, CT, 06856, USA. 

PROGRAMMABLE UV-VIS DETECTOR FOR HPLC may be optionally equipped 
with fast scanning and wavelength capabilities. It is capable of 
wavelength speeds up to 100 nm per second. The system is 
microprocessor-based and accessed via an HP-41 programmable 
calculator. Automatic baseline zero is featured for offsetting 
wavelength-induced baseline shift. Kratos Analytical Instruments, 
Inc., JLC/83/10, 170 Williams Drive, Ramsey, NJ, 07446, USA. 

PNEUMATIC CLAMPING SYSTEM is for use with HPLC columns and 
cartridges. No-fault connections ensure consistent results. 
Columns are added or removed easi Iy by relatively untrained 
operators without aHering analytical integrity. They are useful to 
5000 psi. EM Science, Inc., 480 Democrat Rd., Gibbstown, NJ, 
08027, USA. 

PUMP PRIMING VALVE is designed to simplify purging of HPLC pumps 
when change of solvent is made. When fitted between pump and 
injector, it permits new solvent to be purged through the pump to 
waste via a drain tube. Only half a turn is required to open the 
valve fully. Negretti & Zambra (Aviation), Ltd., JLC/83/10, The 
Airport, Southampton, S09 3FR, Hampshire, England. 

UNIVERSAL HPLC SOLVENT CLARIFICATION MEMBRANE accomplishes 
filtration of all commonly used HPLC solvents. The membranes have 
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an extensive range of chenrica"1 cOlilpatibilHy, are hydrophil ie, and 
do not requ"ir'e a pre--wet t"i ng step. Ihey al so exh i bH an ext reme 1 y 
101'1 ex tractab I es content, ther'eby eli nri t1at"i ng concern of 
contamination fr'OIlI the melllbrane. ~1"inipore Corp" JLC/83/"IQ, 80 
Ashby Road, Bedford, MA, 01730, USA. 

Ii PLC ["I LTl::Ri s lIIade of a new 1"'1 uoropol ymer Illembrane andi s housed 
in solvent resistant polypropylene. It is pressure rated at 75 psi 
and is available in a 0.45 micron pore size. Gelman Sciences, 
Inc., JLC/83/10, 600 S. Wagner Rd" Ann Arbor, MI, 48106, USA. 

FLAME IONIZATION DETECTOR FOR LC is said to overcome general 
limHations of prior "universal" LC detectors. A rotating disc, 
"ringed" by a fibrous quartz belt, conducts samples to a dual-flame 
ionization detector for analysis. Volatile solvent is vaporized 
and removed by vacuum. Solutes are carried into the FID, and 
residual sample is then removed by hotter hydrogen/oxygen cleaning 
flames. Tracor Instruments, JLC/83/10, 6500 Tracor Lane, Austin, 
TX, 78721, USA. 

HPLC REAGENTS & COLUMNS are described in a new brochure. Included 
are buffers, ion pair reagents, derivatizing reagents, hardware, 
and solvents. Fisher Scientific Co., JLC/83/10, 711 Forbes Ave., 
Pittsburgh, PA, 15219, USA. 

LAB AUTOMATION SYSTEM FOR SAMPLE PREPARATION combines robotics and 
lab stations to automate procedures. The controller interfaces the 
operator with the robot. Software is menu-based and uses familiar 
1 aboratory terms. Zymark Corp. , JLC/83/1 0, Zymark Center, 
Hopkinton, MA, 01748, USA. 

APPLICATIONS GUIDE deals with sample preparation, highlighting 
background, principles, and techniques of solid phase extraction. 
The guide contains over 40 detailed procedures for preparing 
environmental, pharmaceutical, biological, food, and cosmetic 
samples, such as priority pollutants, crude oil, trace metals, 
aflatoxins, steroids, etc. J. T. Baker Chem. Co., JLC/83/10, 222 
Red School Lane, Phi l"l"i psburg, i~J, 08865, USA. 

HPTLC/TLC BIBLIOGRAPHY SERVICE is available free of 
Publications may be included by mailing to the publisher. 
Analytical Industries, Inc., JLC/83/10, Route 6, 
Wilmington, NC, 28405, USA. 

charge. 
Applied 

Box ~55, 

DETERGENT REMOVING GEL is an affinity chromatographic support that 
selectively removes detergents from protein solutions, with 
proteins being recovered in virtually 100% yields. The support can 
be regenerated for repeated use. Pierce Chemical Co., JLC/83/10 P. 
O. Box 117, Rockford, IL, 61105, USA. 
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LC CI\LENDI\I~ 

AUGUST 10-12: 22nd Canadian High Polymer Forum, Univ. of 
Waterloo, Canada. Contact; A. Garton, NRC of Canada, Div. of 
Chem., Ottawa, Ont., Canada, KIA OR6. 

AUGUST 14-19: 25th Rocky Mountain Conference, Denver Convention 
Complex, Denver, Colorado. Contact: E. A. Brovsky, Rockwell 
International, P. O. Box 464, Golden, CO, 80401, USA. 

AUGUST 15-19: Coa 1 Sci ence: 1983 I nt' 1 Conference, Pi ttsburgh, 
PA. Contact: N. Maceil, JWK Int'l Corp., 275 Curry Hollow Road, 
Pittsburgh, PA, 15236, USA. 

AUGUST 22-26: 7th Australian Symposium on Analytical Chemistry, 
Adelaide, Australia. Contact: D. Patterson, AMDEL, P.O.Box 114, 
Eastwood S.A. 5063, Australia. 

AUGUST 26 SEPTEMBER 2: Int'l. Symp. on Solvent Extraction, 
Denver, CO. Contact: D. Nowak, AIChE, 345 E. 47th St., New York 
NY, 10017, USA. 

AUGUST 28 - SEPTEMBER 2: 11th World Petroleum Congress, London. 
Contact: Amer. Petrol. Inst., 2101 L St., N.W., Washington, DC, 
20037, USA, 

AUGUST 28 - SEPTEMBER 2: ACS 18Gth Nat'l Meeting, Washington, DC, 
Contact: A. T. Winstead, ACS, 1155 16th St., Nv), Washington, DC, 
20036, USA. 

I\UGUST 29 - SEPTEMBER 2: 4th Danube Symposium on Chromatography & 
7th I'nt'l. Sympos. on Advances & Applications of Chromatography 
in Indudtry, Bratislava, Czech. Contact: Dr. J. Remen, Anal. 
Sect., Czech. Scientific & Technical Soc., Slovnaft, 823 00 
Bratislava, Czechoslovakia. 
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SEPTEMBER 22 23: Symposium: "Columns in Il'igh Per'formclnce Liquid 
Chromatography," Lady Mitchell Hall, University of Cambridge, 
Contact: /\. G. vi. Mulders, Hewlett Packard, GmbH, Postfachl280, 
0-7517 Waldbronn 2, West Germany. 

SEPTEMBER 25-30: Federation of 
Societies (IACSS) ConL, Frankl'in 
Contact: M. OIBrien, Merck, Sharp & 
PA, 19486, USA. 

Anal. Chem, & Spectroscopy 
Plaza Hotel, Philadelphia. 

Oohme Res. Labs., West Point, 

OCTOBER 2-6: 97th Annual AOAC Meeting, Shoreham Hotel, 
Wash'ington, DC. Contact: K. Fominaya, AOAC, 1111 N. 19th St., 
Suite 210, Arlington, VA, 22209, USA. 

OCTOBER 3-5: Chemexpo 183, Harbor Castle Hilton Hotel, 
Ont., Canada. Contact: ITS Canada, 20 Butterick Rd., 
Ont., Canada, M8W 3Z8. 

Toronto, 
Toronto, 

OCTOBER 3 - 6: Advances in Chromatography: 20th Intll Symposium, 
Amsterdam, The Netherlands. Contact: A. Zlatkis, Chem. Dept., 
University of Houston, Houston, TX, 77004, USA. 

OCTOBER 12-13: 8th Annual Baton Rouge Anal. Instrum. Disc. Grp. 
Sympos., Baton Rouge, LA. Contact: G. Lash, P. O. Box 14233, 
Baton Rouge, LA, 70898, USA. 

OCTOBER 12-14: Analyticon l83 - Conference for Analytical Science, 
sponsored by the Royal Soci ety of Chemi stry and the Sci ent ifi c 
Instrument Manufacturers l Assln of Great Britain, Barbican Centre, 
London. Contact: G. C. Young, SIMA, Leicester House, 8 Leicester 
Street, London WC2H 7BN, England. 

NOVEMBER 3-4 ACS 18th Midwest Regional Meeting, Lawrence, Kansas. 
Contact: W. Grindstaff, SW Missouri State Univ., Springfield, MO, 
65802, USA. 

NOVEMBER 9-11: ACS 34th SE Regional 
Contact: J. Iv1. I~redericksen, Chem. 
Davidson, NC, 28036, USA. 

Meeting, Charlotte, NC. 
DepL., Davidson College, 

NOVEMBER 10-11: Electrofocusing and Electrophoresis Workshop, 
Birmingham, AI" USA. Contact: Workshop Registrar, LKB Instruments, 
Inc., 9319 Gaither Rd., Gaithersburg, MD, 20877, USA. 

NOVEMBER 14-16: 3rd Intll. Sympos. on HPLC of Proteins, Peptides 
and Polynucleotides, Monte Carlo, Monaco. Contact: S. E. 
Schlessinger, 400 East Randolph, Chicago, IL, 60601, USA. 

NOVEMBER 16-18: Eastern Analytical Symposium, New York Statler 
Hotel, New York City. Contact: S. David Klein, Merck & Co., P. O. 
Box 2000, Rahway, NJ, 07065, USA. 



LIQUID CHROMATOGEAPHY CALENDAR 1933 

NOVEMBER 22-23: Short Course: "Sample Handling in I.iquicl 
Chromatography," sponsor'ed by the Int'·I. I\ssoc. of Env·ironmenta1 
and B·iological Samples in Chroillatoqraphy, Palais de Beaulieu, 
Lausanne, Switzerland. Contact: Dr. A. Donzel, Workshop Office, 
Case Postale 130, CH-1000 Lausanne 20, Switzerland. 

NOVEMBER 24-,25: Workshop: "Hand'i i ng of Envi ronmenta 1 and 
Biological Samples in Chromatography," sponsored by the Int'l. 
Assoc. of Environmental Anal. Chem., Palais de Beaulieu, Lausanne, 
Switzerland. Contact: Dr. A. Donzel, Workshop Office, Case 
Pastale 130, CH-1000 Lausanne 20, Switzerland. 

NOVEMBER 29-30: Electrofocusing and Electrophoresis Workshop, San 
Francisco, CA, USA. Contact: Workshop Registrar, LKB 
Instruments, Inc., 9319 Gaither Road, Gaithersburg, MD, 20877, 
USA. 

DECEMBER 6-7 
Workshop, Los 
Instruments, 
USA. 

and 8-9: Electrofocusing and Electrophoresis 
Angeles, CA, USA. Contact: Workshop Registrar, LKB 
Inc., 9319 Gaither Road, Gaithersburg, MD, 20877, 

FEBRUARY 12-16: 14th Australian Polymer Symposium, Old Ballarat 
Travel Inn, Ballarat, Australia, sponsored by the Polymer Div., 
Royal Australian Chemical Inst. Contact: Dr. G. B. Guise, RACI 
Polymer Div., P. O. Box 224, Belmont, Victoria 3216, Australia. 

APRIL 8-13: National ACS Meeting, St. Louis, MO. Contact: 
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA. 

MAY 20 - 26: 8th Intl. Symposium on Column Liquid Chromatography, 
New York Statler Hotel, New York City. Contact: Prof. Cs. 
Horvath, Yale University, Dept. of Chem. Eng., P. O. Box 2159, 
Yale Stn., NevI Ilaven, CT, 06520, USA. 

JUNE 18-21: Symposium on Liquid Chromatography in the Biological 
Sci ences, Ronneby, Sweden, sponsored by The SVledi sh Academy of 
Pharmaceutical Sciences. Contact: Swedish Academy of 
Pharmaceutical Sciences, P. O. Box 1136, S-111 81 Stockholm, 
Sweden. 

AUGUST 26-31: National ACS Meeting, Philadelphia, PA. Contact: 
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA. 

OCTOBER 1-5: 15th Int'l. Sympos. on Chromatography, 
West Germany. Contact: K. Begitt, Ges. Deutscher 
Postfach 90 04 40, D-6000 Frankfurt Main, West Germany. 

Nurenberg, 
Chemiker, 



LIQUID CHRONATOGRAPlIY CALENDAR 

FEBRUARY 11-14: Polymer 85, Int'l Symposium on Characterization 
and Analysis of Polymers, Monash University, Melbourne, Australia, 
sponsored by the Polymer Div., Royal Australian Chemical Inst. 
Contact: Polymer 85, RACI, 191 Royal Parade, Parkville Victoria 
3052, Australia. 

APRIL 28 MAY 3: 189th National ACS Meeting, Miami Beach. 
Contact: A. T. W-instead, ACS, 1155 16th Street, NW, Washington, 
DC, 20036, USA. 

SEPTEMBER 8-13: 190th National ACS Meeting, Chicago. Contact: A. 
T. Winstead, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA 

1986 

APRIL 6-11: 191st National Am. Chern. Soc. Mtng., Atlantic City, 
NJ. Contact: A. T. Winstead, ACS, 1155 16th Streeet, NW, 
Washington, DC, 20036, USA. 

SEPTEMBER 7-12: 192nd National Am. Chern. Soc. Mtng., Anaheim, 
Calif. Contact: A. T. Winstead, ACS, 1155 16th Street, NW, 
Washington, DC, 20036, USA 

1987 

APRIL 5-10: 193rd National Am. Chern. Soc. Mtng., Denver, Colo. 
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington, 
DC, 20036, USA. 

AUGUST 30 - SEPTEMBER 4: 194th Nac-ional Am. Chern. Soc. fvltng., Nevi 
Orleans, LA. Contact: A. T. Winstead, ACS, 1155 16th Street, NW, 
Washington, DC, 20036, USA. 

The Journal of Liquid Chromatography will publish 
announcements of interest to liquid chromatographers 
in every issue of the Journal. To be listed in the 
LC Calendar, we will need to know: Name of the 
meeting or symposium, spon~oring organization, when 
and where it will be held, and whom to contact for 
additional details. You are invited to send 
announcements to Dr. Jack Cazes, Editor, Journal of 
Liquid Chromatography, P. O. Box 1440-SMS, Fairfield, 
CT, 06430, USA. 



INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS 
FOR DIRECT REPRODUCTION 

Journal of Liquid Chrornatographv is <1 bimonthly 
publication in tb€ English language for the rapid com
munication of liquid chromatographic research. 

Directions for Subnlission 

One typewritten manuscript suitable for direct 
reproduction, carefully inserted in a folder, and two 
(2) copies of the manuscript must be submitted. Since 
all contributions are reproduced by direct photography 
of the manuscripts, the typing and format instructions 
must be strictly adhered to. Noncompliance will result 
in return of the-, manuscript to the authors and delay 
its publication. To avoid creasing, manuscripts should 
be placed between heavy cardboards and securely 
bound before mailing. 

Manuscripts should be mailed to the Editor: 

Dr. Jack Cazes 
Journal of Liquid Chromatography 

P. O. Box 1440-SMS 

Fairfield, Connecticut 06430 

Reprints 

Owing to the short production time for articles in 
this journal, it is essential to indicate the number of 
reprints required upon notification of acceptance of 
the manuscript. Reprints are available in quantities 
of 100 and mUltiples thereof. For orders of 100 or 
more reprints, twenty (20) free copies are provided. 
A reprint order form and price list will be sent to the 
author with the notification of acceptance of the 
manuscript, 

Format of Manuscript 

1. The general format of the manuscript should be 
as follows: title of article; names and addresses of 
authors; abstract; and text discussion. 

2. Title and Authors: The entire title should be in 
capital letters and centered on the width of the typing 
area at least? inches (5.1 cm) from the top of the 
page. This should be followed by three lines of SP8CIJ 

and then by the names and addresses of the authors in 
the following way (also centered): 

A SEMI-AUTOMATIC TECHNIQUE FOR THE 
SEPI\RI\TION AND DETERMINATION OF 

BARIUM AND STRONTIUM IN SURfACL WATEI\S 
BYIONEXCHANGECHROMATOGRAPHYAND 

ATOMIC EMISSION SPECTROMETRY 

F. D. Pierce and H. R. Brown 
Utah Biomedical Test Laboratory 

520 Wakra Way 
Salt Lake City, Utah 84108 

3. Abstract: Three lines below the addresses, the 
title ABSTR ACT should be t'!ped (capitalized and cen
tered on the page). This should be followed by a 
Single-spaced, conCise, abstract comprising less than 
10% of the length of the text of the article. Allow three 
lines of space below the abstract before beginning the 
article itself. 

4, Text Discussion: Whenever possible, the text dis
cussion should be divided into such major sectIons as 
INTRODUCTION, MATERIALS, METHODS, RE· 
SULTS, DISCUSSION, ACKNOWLEDGMENTS, and 
HEFERENCES. These major hcaclin~Js should be sepa
rated from the text by two lines of space above and 
one line of space below. Each heading should be in 
capital letters, centered, and underlined. Secondary 
headings, If any, should be flush with the left margIn, 
underscored, and have the first letter of all main words 
capitalized. Leave two lines of space above and one 
line of space below secondary headings, 

5. Paragraphs should be mdented five (5) typewriter 
spaces. 

6. Acknowledgment of collaboration, sources of re
search funds, and address changes for an author should 
be listed in a separate section at the end of the paper. 

7. References (including footnotes) in the text will 
be numbered consecutively by numbers in parentheses. 
All references (and footnotes) should then be aggre
gated in sequence at the end of the communication. 
No footnotes should be shown at the bottom of pages. 
The reference list follows Immediately after the text. 
The word REFERENCES should be capitalized and 
centered above the reference list. It should be noted 
that all reference lists should contain initials and names 
of all authors; et al. will not be used in reference lists. 
Abbreviations of journal titles and styles of reference 
lists will follow the American Chemical Society's 
Chemical Abstracts List of Periodicals. References 
should be typed single-spaced with one line space be
tween each reference. 

8. Each page of manuscript should be numbered 
lightly at the bottom of the sheet with a light blue 
pencil. 

g, Only standard symbols and nomenclature ap
proved by the International UnIon of PUre and Ap
plied Chemistry should be used. 

10. Any material that cannot be typed, such as Greek 
letters, script letters, and structural formulae, should 
be drawn carefully III black IndIa ink ~do not lise blue 
ink). 

Typing t nstructions 

1. The manuscript must be typewritten on good 
quality wh ite bond paper measuring approx imately 8;12 

x 11 inches (21.6 cm x 27.9 cm). Do not lise Corrasl· 
ble bond or its equivalent. The typing area of the 
article opening page, including the title, should be 5% 
Inches wide by 7 inches deep (14 cm x 18 cm). The 
typing area of all other pages should be no more than 
5% Inches Wide by 8!f;, inches deep (14cm x 21.6cm). 

2. I n general, the chapter title and the abstrGct, as 
well as the tables and references, are typed slngle
spaced. All other text dIscussion should be typed 1 %
line spaced, if available, or double-spaced. Prestige elite 
characters (12 per Inch) are recommended, If ('waliable. 



3. It is essential to use black typewriter rIbbon (car 

bon filrn is preferred) in good condition so that a clean, 
clear Impression of the letters is obtained. Ff'asun~ 

marks, smudges, creases, etc., may result in return of 
the manuscript to the authors fOI retyping. 

4. fables should be typed as part of the text but in 
such a way as to separate them from the text by a 
three-line space at both top and bottom of each table. 
Tables stlould lJe inserted in the text as close to the 
point of reference as possible, but authors must make 
sure that one table cloes not run ove! to the next page, 
that IS, nO table may exceed one page. The word TA
BLE {capitalized and followed by an Arabic number} 
should precede the table and be centered on the page. 
The table title should have the first letters of all main 
words in capitals. Tit'le~ should be typed sjngle~spaceci. 
Use the full width of the type page for the table title, 

5. Drawings, graphs, and other numbered figures 
should be professionally drawn in black India ink (do 
not use blue ink) on separate sheets of white paper and 
placed at the end of text, Figures should not be placed 
within the body of the text, They should be sized to 
ht within the width andlor height of the type page, 
including any legend, label, or number associated with 
them, Photographs should be glossy prints, A type
writer or lettering set should be used for all labels on 
the figures or photographs; they may not be hand 
drawn, Captions for the pictures should be typed single
spaced on a separate sheet, along the full width of the 

type paU8, and preceded by the word '·IGUnE and a 
number in flrabic numerals. 1\11 fIgures and ICtleru1g 

must be of a sIze to remam legible after a 20% reduc
tion from orrninal sire. FIgurf~ numbers, fli1me of senIOr 
author, and arrow indicating "top" should be written 
in light blue pencil on the back or typed on a gummed 
label, which should be attached to the back of the 
illustration. IndIcate approximate placement of the il
lustrations ill the text by a margInal note In lIght blue 
lJencil. 

6. The reference lIst should be typed single-spaced 
although separated from one another by an extra line 
of space. Use Chemical Abstract abbreviatIons for jour
nal titles. References to journal articles should in
clude (1) the last name of all author(s) to anyone 
paper, followed by their initials, (2) article title, (3) 
journal, (4) volume number (underlined), (5) first page, 
and (6) year, in that order, Books SllOUld be cited 
SImilarly and include (1) author, surname, first and 
middle initials, (2) title of book, (3) editor of book (,f 
applicable), (4) edition of book (if any), (5) publisher, 
(6) city of publication, (7) year of publication, and (8) 
page reference (if applicable). E,g" Journals: Crolg, 
L, C, and Konigsber, W" Use of Catechol OXygenase 
and Determination of Catechol, Chromatogr" 10,4:11, 
1963, Books: Albertsson, p, A., Partition of Cell Parti
cles and Macromolecules, Wiley, New York, 1960, 
Article in a Book: Walter, H., Proceedings of the Pro
tides of Biological Fluids, XVth Colloquim, Ptccters" 
H" eds .. Elsevier, Amsterdam, 1968, p, 367, 



Custom packing HPLC 
columns has become our 
specialty. Any length, 
several ID's (including 
3.2mm) and almost any 
commercially available 
packing material may be 
specified. We'll supply the 
column others won't. 
With each column, you 

will receive the original 
test chromatogram plus 
a vial of the test mixture. 
Our advanced technology 
and computer testing 
is your assurance of a 
quality product. 
When custom packi ng 

and testing isyuurspecial 
concern, we make the 
difference. 

For further information contact : 

ALLTECH ASSOCIATES, INC. 
2051 Waukegan Road 
Deerfield, Illinois 60015 
312/948-8600 

t:acn 
one 
• 
IS 
our 
special 
concern 
[USIOm 
PA[HED 
HPl[ 
[OlUm 

The way 
you want it! 

Circle Reader Sel"Vice Card No. 102 



HPLC 
addsupto 
the right sys em 
at the right price. 

A Representative Will Call· Reader Service Card No. 116 For Literature · Reader Service Card No. 11 
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