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Cnrical Reviews in Anafyrical Chemistry, 25(2):91-141 (1995) 

Potentiometric Stripping Analysis: A Review 

J. M. Estela, C. Toma's, A. Cfadera, and V: Cerda 
Department of Chemistry, University of Balearic Islands, 07071 Palma de Mallorca, 
Spain 

ABSTRACT: A bibliographic review (150 references) on potentiometric stripping analysis 
(PSA) is performed. Theoretical, instrumental, analytical applications and advantages, and 
inferences of other modem PSA techniques are considered, like derivative PSA, constant-current 
PSA, multichannel potentiometric monitoring stripping analysis, differential PSA, constant- 
current enhanced PSA, derivative adsorptive PSA, kinetic PSA and reductive PSA. 

Implementation of PSA in flow systems is also considered, namely continuous-flow and 
flow-injection systems. 

KEY WORDS: potentiometric stripping analysis (PSA), background, instrumentation, 
applications, flow systems, continuous flow, flow injection analysis. 

I. INTRODUCTION 

In 1976, Jagner and Granelil reported a 
novel analytical technique for the determi- 
nation of metal traces that they called poten- 
tiometric stripping analysis (PSA) because 
analyses based on the oxidation of species 
previously deposited on an electrode by oxi- 
dants carried convectively to the electrode 
surface had not yet been included among 
electroanalytical techniques by the Interna- 
tional Union of Pure and Applied Chemists 
(IUPAC). However, as admitted by its pro- 
ponents themselves, the technique should be 
referred to more accurately as chrono- 
potentiometric stripping analysis. This tech- 
nical alternative arose from polarographic 
methods (more specifically, from anodic 
stripping voltammetry, ASV). In both tech- 
niques, metals in a sample are electrolyti- 
cally concentrated by deposition on an elec- 
trode (usually a rotating mercury film 
electrode) prior to analysis proper. The two, 
however, differ in the way deposited metals 
are stripped and the analytical signal is ob- 

tained. In ASV, stripping is done electro- 
chemically (Figure 1) by applying a usually 
linear potential scan to the working elec- 
trode over a given period during which the 
current circulating by the electrode is re- 
corded as a function of the applied potential. 
When such a potential equals the oxidation 
potential of one of the deposited metals, the 
metal in question is stripped from the elec- 
trode, which is accompanied by an increase 
in the measured current. Each metal is thus 
identified by the presence of a maximum in 
the currentlpotential recording obtained, as 
the position of the maximum (E,) is charac- 
teristic of each metal and its height (iJ is 
proportional to the metal concentration in 
solution. The signal is overlapped with a 
non-Faradic background current originating 
from the electric charge at the electrode- 
solution interface, which is the greatest hurdle 
to be overcome in order to lower determina- 
tion limits. The effect of such a current can 
be lessened by using several variants of ASV 
based on the application of nonlinear poten- 
tial ramps; such variants include alternate 
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FIGURE 1. Timing of anodic stripping voltametry analysis. 

current ASV (acASV) and differential pulse 
ASV (dpASV), which provide substantially 
improved detection limits. 

In PSA, however, no control is made of 
the potential of the working electrode during 
metal stripping (Figure 2), which is accom- 
plished by using a chemical oxidant in solu- 

tion - usually Hg(I1) or dissolved oxygen. 
The working conditions are set in such a 
way that the rate of oxidation of deposited 
metals remains constant throughout the strip- 
ping process; such a rate is determined by 
that of oxidant diffusion from the solution to 
the electrode surface. Under these condi- 
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FIGURE 2. Timing of potentiometnc stripping analysis. 

tions, the analytical signal is recorded by 
monitoring the potential of the working elec- 
trode as a function of time. The curves thus 
obtained can be interpreted as being pro- 
vided by a redox titration of deposited met- 
als in which the titrant is added over them at 
a constant rate. The distance between the 
two consecutive equivalence points in a curve 
will be proportional to the metal concerned 
in solution, whereas the potential of the cen- 
tral zone (EO) will be characteristic of it. 

The most salient feature of stripping tech- 
niques is that dissolved metals concentrate 
at the working electrode during the elec- 

trodeposition step (zone l), thereby substan- 
tially lowering their detection limits. In ad- 
dition, the sensitivity can be adjusted to the 
particular requirements by choosing an ap- 
propriate electrodeposition time. The PS A 
technique is comparable to ASV in terms of 
sensitivity but lags slightly behind acASV 
and dpASV in this respect.2 On the other 
hand, it features several major advantages 
over voltammetric techniques: 

1. Potentiometric stripping can be imple- 
mented by using straightforward equip- 
ment such as a three-electrode cell, a 
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hgh-impedance operational amplifier, 
an x/t recorder, and a potentiostat. Use 
of the potentiostat can be simplified to 
operating at a single potential (e.g., 
-1.25 V vs. SCE, where all metals suit- 
able for analysis will be reduced and 
hydrogen formation avoided). In addi- 
tion, times can be measured more 
readily and precisely than microcurrents 
and no potential ramp need be used (in 
contrast with ASV), which results in 
diminished instrumental costs. 
Both ASV and PSA are multielement 
techniques. The width of ASV bands 
and hence discrimination between 
different elements is a function of the 
analyte concentration and the potential 
scan rate. This somehow complicates 
the analysis of samples containing rather 
different concentrations of the species 
to be determined because adequate reso- 
lution can only be achieved by applying 
a slow potential ramp (which lengthens 
analyses) or altering the scan rate dur- 
ing stripping. Because the electrode 
potential in PSA is controlled by an 
oxidation process, the “scan rate” is 
self-optimized, so signal discrimination 
is more than adequate whatever the 
analyte concentration ratios. This, how- 
ever, has one major limitation. Because 
the electrode potential remains virtu- 
ally constant during stripping until the 
analyte concerned is depleted, those 
elements being deposited at the poten- 
tial in question will continue to be de- 
posited until the analyte is fully stripped. 
The end result is that the signal for an 
element depends, however slightly, on 
the concentration of the elements that 
are stripped before it. 

3. Potentiometric stripping analysis has 
proved to be feasible in samples with 
ionic strengths down to lW M ,  as well 
as polar organic solvents such as pro- 
pan01 and acetic acid, and in the pres- 

2. 

4. 

5. 

6. 

ence of electroactive organic species 
provided they are not deposited on (and 
hence do not alter) the eIectrode or 
change the rate of oxidation of depos- 
ited elements. In contrast to ASV, no 
current is drawn through the sample 
during the stripping phase. 
The structure of the thin mercury film 
changes during preelectrolysis because 
of the sustained increase in film tluck- 
ness. Frequently, the film is also af- 
fected by adsorbents or nitrogen 
bubbles. The net effect is that the trans- 
port rate of analytes into the mercury 
film differs slightly between the analy- 
sis of a sample as such and from a 
standard aliquot. In PSA, the rate of 
transport of oxidants is similarly af- 
fected, thus partly compensating for this 
effect. This also holds with changes in 
the electrode rotation rate. Neither ef- 
fect is offset, for example, in ASV. 
As in ASV, PSA signals overlap with a 
background signal due to charge cur- 
rents at the electrode/solution interface. 
However, PSA background signals are 
less significant. 
PSA has also proven suitable for the 
analysis of heavy metals at concentra- 
tions in the range 0.1 to 1 .O ppm, where 
no deaeration is required. The constant 
oxygen concentration in the sample can 
be advantageously used for oxidation 
during stripping., Due care should be 
exercised, however, that the analyte 
solubility in the mercury phase is not 
exceeded. In addition, samples must be 
buffered in the acid region during 
preelectrolysis in order to avoid the 
formation of insoluble or irreversible 
hydroxo species. 

On the other hand, PSA also has several 
pitfalls, some of which are common to all 
techniques involving mercury film elec- 
trodes. Thus: 
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1. 

2. 

3. 

4. 

Like all other thin mercury film tech- 
niques, PSA is affected by the forma- 
tion of intermetallic compounds. Thus, 
the 1 : 1 copper-zinc intermetallic com- 
pound poses severe interferences, 
which, however, can be overcome by 
the addition of gallium. 
One unique disadvantage of PSA is the 
decrease in the oxidant concentration 
during preelectrolysis. This shoxtcom- 
ing can be circumvented by making the 
electrode surface small relative to the 
overall sample volume. 
The analytical signals provided by 
mercury film electrodes are markedly 
influenced by the electrode’s history. 
In PSA, the use of Hg(II) as the oxidant 
eliminates the risk of destroying the 
mercury film between consecutive 
analyses; during stripping, the poten- 
tial of the working electrode will auto- 
matically stop before it reaches the re- 
gion of mercury oxidation (zone 3 in 
Figure 2) .  Formation of, for example, 
calomel on the film surface, is thus 
hindered. Also, there is no risk of oxi- 
dation of the glassy carbon surface. 
Using an oxidant other than Hg(II) con- 
siderably increases the risk of the 
mercury film being destroyed, so that it 
must be regenerated more frequently. 
Fortunately, the electrode can be 
regenerated in situ if desired and 
analyses performed by using the, 
standard-addition method. 
Stripping analysis, both potentiometric 
and voltammetric, is particularly well 
suited to the determination of heavy 
metals in liquid samples, no pretreat- 
ment of which is often needed. The 
time-consuming step of analyses in such 
conditions is plating. This has made 
automating the technique mandatory. 
On the other hand, plating can be fur- 
ther expedited by using microproces- 
sor-controlled units enabling rapid ac- 
quisition and processing of stripping 

data; use of such units has led to new 
PSA variants of improved sensitivity, 
selectivity, and expeditiously. The 
added use of continuous-flow and flow- 
injection systems for this purpose con- 
tributes to further increased throughput 
and selectivity. 
One other major limitation of ASV and 
PSA is that direct stripping analyses 
with adequate sensitivity are only fea- 
sible for a small number of analytes. 
This is particularly true of PSA when 
dissolved oxygen is used as the oxi- 
dant. One way of extending application 
to a wider range of analytes entails 
improving deposition (whether anodic 
or cathodic) and/or the stripping step 
by using an electrode other than that of 
mercury film or an oxidant different 
from Hg(I1) and dissolved oxygen, by 
altering the stripping solution or by 
using an alternative technique to record 
or process the analytical signal. 

5 .  

II. VARIANTS OF PSA TECHNIQUE 

The PSA techniques can be classified 
into the following variants. 

A. Derivative Potentiometric 
Stripping Analysis (dPSA) 

This variant of PSA was developed by 
Jagner and Aren2 in order to facilitate evalu- 
ation of the analytical signal by using its 
derivative. The signal is obtained in the same 
way as in conventional PSA. The dPSA tech- 
nique involves preconcentrating metal 
analytes in a thin mercury film covering a 
glassy carbon electrode and subsequently 
measuring the electrode potential subject to 
controlled transport of oxidant to the elec- 
trode surface. After plating, the potential of 
the working electrode is recorded with the 
aid of an operational amplifier coupled as a 
voltage monitor. The time derivative of the 
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signal is registered on a second recorder 
channel by means of derivative circuitry. 
The dWdt vs. t graph thus obtained (Fig- 
ure 3) exhibits maxima at those points where 
a conventional PSA curve would show a 
sharp variation of the potential with time. 
The distance between two consecutive 
maxima corresponds to an analytical signal 
equivalent to the plateau length in conven- 
tional PSA but is easier to determine with a 
higher precision. 

B. Constant-Current Stripping 
Analysis (CCSA) 

Whereas some authors regard this tech- 
nique as a variant of PSA,3 others claim that 
it should be called “chronopotentiometc 
stripping analysis”.2 In this technique, the 

metal analyte is stripped by a constant oxi- 
dizing current passed through the working 
electrode rather than by a chemical oxidant. 
In both PSA and CCSA, the time needed for 
the analyte to be oxidized is directly propor- 
tional to the metal ion concentration (Fig- 
ure 4). This technique has been used inten- 
sively by Renman et al.4 in flow systems, as 
well as in some special applications, includ- 
ing the determination of lead in gasoline5 
and the use of polymer-modified  electrode^.^ 
As in voltammetry,6 passing an electric cur- 
rent during stripping gives rise to interfer- 
ences from electroactive species present in 
samples; such interferences, however, can 
readily be overcome, particularly in flow 
systems, by subjecting a matrix other than 
that of the sample to stripping (Le., using the 
matrix-exchange technique) or employing a 
physically or chemically modified electrode. 
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FlGURE 3. Timing of derivative potentiometric stripping analysis. 
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FIGURE 4. Timing of constant current stripping analysis. 

C. Multichannel Potentiometric 
Monitoring Stripping Analysis 
(MSPSA) 

This technique was originally developed 
and subsequently used intensively by 
Mortensen et al.’ The stripping time is 
electrochemically enhanced by using a com- 
puterized data acquisition technique, viz., 
multichannel potentiometric monitoring (Fig- 
ure 5) in conjunction with potentiometric 
stripping analysis (MSPSA). After a single, 
short deposition period, a substantial frac- 
tion of the accumulated metal may be 
forced to undergo several oxidations and 

rereductions in a precisely timed sequence. 
The computer acquires and adds up the ana- 
lytical signals, viz., the number of time units 
(clock pulses) resulting from the oxidation 
steps within the preselected potential win- 
dow. Thus, even after a short plating period, 
a relatively small amount of preconcentrated 
metal may produce a significant analytical 
signal. The feasibility of enhancing signals 
by using computerized multiscanning in con- 
junction with voltammetric stripping analy- 
sis has been demonstrated beyond doubt. 
The extent to which the analytical signal can 
be enhanced depends heavily on how effi- 
ciently freshly oxidized metals can be recov- 
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I Counts 

I I 1  111 

FIGURE 5. ( I )  Potential vs. time behavior of working electrode during redissolution 
of three amalgamated metals. E, - E, is the potential window studied. (11) Computer 
memory section: the data storage area starting at address A,, holds a record of 
accumulated clock pulse counts. (111) The resultant multichannel potentiogram. (From 
Mortensen, J.; Ouziel, E.; Skov, H. J.; Kryger, L. Anal. Chim. Acfa. 1979, 712, 297- 
31 2. With permission.) 

ered (rereduced) after each cyclic scan. If 
the time available for oxidized metal to es- 
cape from the working electrode by diffu- 
sion in a quiet solution is short, its recovery 
will be quite high. Optimal signal enhance- 
ment can be achieved by using fast anodic 
scans; the oxidation potential is scanned only 
as far as required to obtain the signal, and 
this is followed by a prompt return to the 
reduction potential. Similarly, in  multi- 
scanning PSA, chemical oxidation should 
proceed rapidly, followed by resumption of 
potentiostatic control at the reduction poten- 
tial. As in potentiometric stripping, the rate 
of the oxidation process may be controlled 
by the amount of oxidant added to the solu- 
tion; a high recovery of metals can be ex- 
pected if a proportionally large excess of 
oxidant is used. This technique is suitable 

for stripping analysis with preconcentration 
times of 60 to 90 s at a mercury film elec- 
trode and provides linear responses from 1 to 
100 pg/l Cd(1I) and Pb(I1). The detection 
limit falls to -5 ng/l for a preconcentration 
time of 30 min. 

D. Differential Potentiometric 
Stripping Analysis (DPSA) 

This is a computer-assisted variant of 
PSA originally developed by Kryger.* In 
DPSA, as in PSA, stripping of precon- 
centrated analytes is caused by some oxidant 
in the sample solution being transported to 
the working electrode, and the process is 
recorded potentiometrically. If the rate of 
stripping is high relative to that at which the 
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newly stripped material can escape (by dif- 
fusion or convection) from the vicinity of 
the working electrode, a high concentration 
region of analyte is created around the work- 
ing electrode during the stripping step. The 
DPSA technique exploits the formation of 
such a region: after plating is finished, 
potentiostatic control is stopped and the po- 
tential of the working electrode is recorded 
as a function of time with the aid of a micro- 
computer. The electrode potential is (Fig- 
ure 6), however, allowed to undergo only a 
small change (AE’ = 10 to 50 mV) and, as 
soon as a preset potential threshold is reached, 
potentiostatic conditions are resumed over a 
short period at a plating potential slightly 
anodic of the previous one, AE. In this way, 
a substantial amount of newly oxidized ma- 
terial can be replated and reoxidized in a 
subsequent stripping step going from the new 
plating potential across the selected poten- 
tial window. The procedure is repeated until 
the entire potential range of interest has been 

covered. With a suitable choice of potential 
windows, the stripping signal at any poten- 
tial interval is recorded several times and the 
results are accumulated in the computer 
memory. Hence, for a given plating period, 
a signal enhancement is likely to result. The 
process is analogous to the multiscanning 
effect that provides the increased sensitivity 
of differential pulse stripping voltammetry 
relative to the linear sweep technique. The 
differential potentiogram obtained is essen- 
tially the derivative of time with respect to 
potential, and where the stripping potentio- 
gram exhibits a plateau signalling the strip- 
ping of a component, the differential 
potentiogram shows a maximum (Figure 6). 
The signals for trace elements such as cad- 
mium and lead, which exhibit transport-con- 
trolled potentiometric stripping, can be en- 
hanced by using a scheme involving multiple 
stripping and rereduction of preconcentrated 
analytes, the detection limits for which are 
below 5 x M if a 60-s plating time is 

d 

a 
E 

time counti 

FIGURE 6. Principle of differential potentiometric stripping analysis. Curve a, normal potential 
vs. time behavior during stripping of a plated component; curve b, potential vs. time behavior 
during differential potentiometric stripping; curve c, differential stripping potentiogram. (From 
Kryger, L.; Anal. Chim. Ada. 1980, 720, 10-30. With permission.) 
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used. The accuracy of this technique was 
tested on a biological reference material. Like 
PSA, the DPSA technique is insensitive to 
reversible redox couples present in solution. 

The technique is somehow related to 
multiscanning PSA; however, the latter uses 
a single plating potential and the potential 
interval for each scan is on the order of 
several hundred millivolts, so cadmium and 
lead, for example, may be stripped in the 
same scan. This results in an unwanted cor- 
relation of the cadmium recovery with the 
lead concentration: a high concentration of 
lead forces the working electrode to remain 
at the stripping potential of lead for a long 
time. At such a potential, newly stripped 
cadmium can escape from the working elec- 
trode by diffusion-convection, so there will 
be a poor recovery of this metal between 
scans. In DPSA, the magnitude of AE’ is 
kept sufficiently small, so cadmium and lead 
are not stripped in the same scan and the 
previous correlation vanishes. The correla- 
tion problem in the multiscanning technique 
is overcome by allowing the magnitude of 
the stripping interval to increase gradually. 
Thus, the component with the most cathodic 
stripping potential is determined by multiple 
scanning; then, another component is in- 
cluded in the scan, and so on. This “inter- 
rupted stripping” can be considered a crude 
type of DPSA, but requires prior knowledge 
of the stripping potentials involved. Also, 
achieving substantial analyte recoveries in 
multiscanning potentiometric analysis entails 
stripping in a quiet solution, which is unnec- 
essary with DPSA. 

E. Constant-Current-Enhanced 
Potentiometric Stripping Analysis 
(CCEPSA) 

In this technique, a constant cathodic 
current is applied to the electrode system 
during the chemical stripping step in order to 
force freshly stripped analyte to be redepos- 
ited into the mercury film. Some of the 
stripped species undergo several “oxidation- 

reduction” cycles, so the stripping time is 
extended. Zie and Huberg used rotating mer- 
cury film electrodes, Cd(II) during stripping 
and dissolved oxygen as oxidant to develop 
and thoroughly test this technique, the foun- 
dation of which is inspired by catalytic strip- 
ping as applied to ASV and CCSA in order 
to improve the sensitivity. The cathodic ca- 
talysis process is very strongly influenced 
by the prevailing hydrodynamic conditions. 
In order to achieve the maximum possible 
catalytic effect, stripping should be carried 
out in a quiet solution so as to ensure the 
formation of a high concentration zone of 
freshly stripped analyte in the vicinity of the 
electrode surface. The CCEPSA technique 
is more sensitive than conventional PSA by 
at least one order of magnitude. This en- 
hancing factor is equally applicable to 
CCEPSA detection limits. Figure 7 shows 
some typical stripping curves for Cd(I1) ob- 
tained by using this technique. 

F. Derivative Adsorptive 
Potentiometric Stripping Analysis 
(d APSA) 

This technique, another variant of PSA, 
was originally developed by Jin and Wang,l0 
who called it “derivative adsorption strip- 
ping potentiometry”. The dAPSA technique 
was conceived to extend the application of 
PSA to organic compounds and some inor- 
ganic elements (e.g., iron, cobalt, and nickel) 
that cannot be electrolytically precon- 
centrated on mercury. It exploits the adsorp- 
tive capacity of some organic compounds 
and inorganic complexes to preconcentrate 
them at an electrode. The adsorbed com- 
pounds are subsequently stripped by the ef- 
fect of an oxidant or reductant. The process 
involves the following reactions: 

Osoi 4 ‘ads 

m Rads + n’ Ox + m Oads + n’ Red (3) 
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0.5 0.6 0.7 0.8 
-E (V VS. SCE) 

FIGURE 7. Effect of the imposed cathodic 
current on the shapes of the stripping curves. 
(a) 0; (b) 3.5; (c) 4.5; (d) 5; (e) 5.75 pA. 1-0 x 
1 O4 M Cd*+ in pH 5 acetate buffer; deposition 
time (6) 2.0 min; deposition potential (Ed) -0.9 
V vs. SCE. S = 4.8 s for curves a, b, c, and d 
and 20 s for curve e. (From Zie, Y.; Huber, 
C. 0.; Anal. Chim. Ada. 1992, 263, 63-70. 
With permission.) 

where 0 and R denote oxidized and reduced 
species, respectively; the subscripts sol and 
ads the solution phase and adsorption phase, 
respectively; and Ox the oxidant and Red its 
reaction product. 

Potential (E) and time (t) data are digi- 
tized, converted to dt/dE values, and plotted 
against the potential, which results in in- 
creased sensitivity and resolution. The tech- 

nique is applicable to quiet and stirred solu- 
tions dike. Equations for the reversible pro- 
cess involved were derived and tested by 
using 1 -hydroxyanthraquinone as analyte and 
Hg(I1) as oxidant in deaerated solutions. 

G. Kinetic Potentiometric Stripping 
Analysis (KPSA) 

This automated variant of PSA origi- 
nated from the findings of Cladera et al." in 
studying various oxidants and working elec- 
trodes for the determination of mercury by 
PSA. They found the shape of the stripping 
curves for mercury deposited on a gold elec- 
trode by using the periodateliodide system 
as oxidant to deviate from conventional PSA 
curves and resemble kinetic profiles more 
closely (Figure 8). Pertinent calibration 
curves can therefore be constructed by using 
ordinary kinetic treatment methods such as 
those of the initial rate and fixed potential. 

The overall process can be interpreted as 
follows: in the electrolysis step, mercury is 
reduced on the gold surface, with which it 
amalgamates: 

Hg2+ + 2 e- -+ Hg(Au) (4) 

When the amount of deposited mercury is 
large enough, a layer of unamalgamated 
mercury may also be formed in addition to 
the previous one. During stripping, the curve 
obtained on addition of periodate after 
preelectrolysis is consistent with a process 
in which mercury is either oxidized with a 
very slow kinetics or not oxidized at all. In 
the presence of iodide, addition of periodate 
to an acid medium results in the release of 
iodine, which gives rise to the kinetic curve 
for mercury oxidation through the following 
reaction: 

Hg(Au) + I, + 2 I- + HgIj- ( 5 )  

When the amount of mercury present is quite 
large, the metal ion cannot penetrate the elec- 
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0.0 10.0 20.0 30.0 40.0 60.0 

Time (s) 
FIGURE 8. Kinetic potentiometric stripping analysis. Potentiograms obtained and 
slopes calculated at different Hg(ll) concentrations. (From Cladera, A.; Estela, J. M.; 
Cerda, V. J. Elecfroanal. Chem. 1990, 288, 99-1 09. With permission.) 

trode completely, so, initially, the situation 
is equivalent to working with a pure mercury 
electrode; this gives rise to the typical pla- 
teau of PSA curves, the potential of which 
can be calculated by applying the Nernst 
equation to the HgI,2-/Hg system. Once the 
entire mercury surface is depleted or if the 
amount deposited is small enough to pen- 
etrate the gold electrode, the redox process 
may be limited by the kinetics of transfer 
from the bulk electrode to the interface. This 
phenomenon, together with slower transfer 
kinetics than those of the chemical oxidation 
reaction, accounts for the appearance of ki- 
netic curves after the typical plateau (or even 
from the beginning of stripping if the amount 
of deposited mercury is rather small). This 
interpretation is supported by the fact that 
only the copperized graphite electrode gives 
rise to the expected plateau: that for copper 
followed by that for mercury. As the copper 

has already been stripped by the time the 
mercury is, the latter does not need to diffuse 
through the electrode, so it is only reoxidized 
in a step controlled by the chemical process 
and diffusion of the oxidant. The shape of 
the kinetic curves obtained, with two dis- 
tinct slopes, can be explained by assuming 
the electrode potential to be determined first 
by the mercury concentration at the elec- 
trode surface, which in turn depends on its 
rate of diffusion through the gold. Once all 
the mercury has been oxidized, the slope 
changes again and becomes steeper as it 
reaches the plateau yielded by the blank. 

H. Reductive Potentiometric 
Stripping Analysis (RPSA) 

This modification of PSA was devel- 
oped in order to extend application of con- 
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ventional PSA to those analytes that cannot 
be deposited cathodically owing to their low 
solubility in mercury or markedly cathodic 
half-wave reduction potentials. Such ele- 
ments may occasionally be preconcentrated 
anodically and determined by cathodic strip- 
ping voltammetry. In addition, interferences 
may be overcome in some favorable cases 
by switching from anodic to cathodic strip- 
ping analysis. The RPSA technique was first 
implemented by Christensen and KrygeP 
using the determination of manganese as 
chemical model; the metal was precon- 
centrated by anodic oxidation at a platinum 
electrode and stripped by using hydroquinone 
as reductant (Figure 9). In this way, manga- 
nese was determined at concentrations in the 
microgram per milliliter range. The accu- 
racy of the technique, tested on a standard 
biological material, is quite satisfactory. 

In later work, Christensen et a l . I3  dem- 
onstrated the suitability of amalgamated 
metals as reductants in RPSA. The amal- 
gams were electrolytically generated from 
dissolved metals in a mercury pool. During 
stripping, the reductant, which was stored 
inside the working electrode, reacted with 
sparingly soluble mercury compounds of the 
analytes preconcentrated at the electrode 
surface (Figure 9). With amalgamated so- 
dium, the technique proved to be suitable for 
the determination of selenium and sulfur at 
the lo-’ M level with a 1- to 2-min precon- 
centration. Halides can be determined at the 

M level with a few seconds of 
preconcentration and use of a less powerful 
reductant such as amalgamated zinc. 

111. THEORETICAL FOUNDATION OF 
POTENTIOMETRIC STRIPPING 
ANALYSIS 

After the potentiostat is switched off once 
the electrodeposition of metals in a PSA 
experiment is finished, the potential of the 
working electrode rises rapidly untd it reaches 
the nearest oxidation potential for the depos- 

I * 
tEmV t 

I * 
*E mV t 

FIGURE 9. Time sequences of potentials gen- 
erated during electrolysis by three-state 
potentiostat module. (A) Oxidative potentiomet- 
ric stripping analysis. T, + T2 + T3 is the elec- 
trodeposition time. (6) Reductive potentiomet- 
ric stripping analysis with water-soluble reducing 
agent. T2 + T3 is the electrodeposition time 
and T, is the electrode regeneration time. (C) 
Reductive potentiometric stripping analysis with 
electrolytical generated amalgamated metal as 
the reducing agent. T, is the electrode regen- 
eration time, T, is the amalgam creation time, 
and T3 is the electrodeposition time. (From 
Christensen, J. K.; Keiding, K.; Kryger, L.; 
Rasmussen, J.; Skov, H. J. Anal. Chem. 1981, 
53, 1847-1 851. With permission.) 

ited metals. At this point, the metal in ques- 
tion is reoxidized and the potential remains 
virtually constant until the metal has been 
stripped completely. Then, the potential rises 
rapidly again until that of the next metal is 
reached. The process is repeated until all 
deposited metals have been stripped, after 
which the potential continues to rise until 
equilibrium with the bulk solution is reached. 
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As a result, each deposited metal gives rise 
to a horizontal segment (a “plateau”) in the 
potential-time curve. The potential at which 
each plateau appears is characteristic of each 
metal and its length gives the time the metal 
takes to be oxidized. The rate at which each 
metal is oxidized is determined by the diffu- 
sion of the dissolved oxidant to the elec- 
trode, its oxidizing power, and the reaction 
kinetics. Consequently, it will depend on the 
nature and concentration of the oxidant, as 
well as the experimental conditions (stirring, 
nature and surface of the electrode, etc.). 

The phenomena involved in the elec- 
trodeposition-stripping cycle at a mercury 
film electrode have been studied theoreti- 
cally14J5 in order to derive equations for the 
potential-time curves provided by the PSA 
technique. 

During electrodeposition, the following 
generic reaction takes place at the electrode 
surface: 

+ n e- -+ M,(Hg) (6 )  

where denotes the metal ions that can be 
reduced at the potential of the working elec- 
trode, the elemental forms of which are 
mercury soluble. If Equation 6 is rapid 
enough, the concentrations of metals in the 
vicinity of the electrode start to fall rapidly 
and a diffusion layer is established between 
the electrode surface and the bulk solution. 
On the other hand, because the electrodes 
have a fairly small surface, concentrations in 
the bulk solution can be assumed to remain 
constant throughout the experiment. Under 
these conditions, according to Fick’s law of 
diffusion, the overall amount of metal that is 
deposited on the electrode over an interval 
t,, is given by the following proportionality 
relationship: 

where M,(Hg) is the overall amount of de- 
posited metal, [ w ]  the metal concentration 

in the bulk solution, DMi the diffusion coef- 
ficient of the metal ion in solution, 6, the 
diffusion layer thickness during the elec- 
trodeposition time (tdep), and S the effective 
surface area of the working electrode. 

During stripping, the following generic 
reaction takes place: 

Mi(Hg)+ (dm)  Aj(ox) + + (rdm) Aj(red) 
(8) 

where Aj denotes the potential oxidants 
present in solution. Again, a diffusion layer 
is formed, only by Aj this time. On the as- 
sumption of rapid electrode reactions and 
the diffusion of Aj to the electrode as being 
the rate-determining step, the overall amount 
of Aj that reacts at the electrode during the 
stripping step can be expressed as 

where [Aj(ox)] is the oxidant concentration 
in the bulk solution, DAj(ox) its diffusion co- 
efficient, T the stripping time, and 6, the 
diffusion layer thickness during stripping. 
As in the previous case, concentrations in 
the bulk solution can be assumed to remain 
constant during stripping. A combination of 
Equations 7 and 9 yields an expression for 
the overall time required for the complete 
stripping of M,(Hg): 

according to which the signal obtained at a 
given metal concentration will increase with 
increasing elec trodeposition time and de- 
creasing concentration of oxidants in solu- 
tion. On the other hand, the thicknesses of 
the diffusion layers formed during elec- 
trodeposition and stripping (6, and 6,, re- 
spectively) are directly related to the stirring 
of the solution in such steps. If stirring is 

104 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



maintained constant in both steps, 6, and 6, 
will be virtually identical, so they can be 
eliminated from Equation 10. On the other 
hand, if stirring is stopped during stripping, 
6 ,  will be smaller than 6,, so the signal will 
be increased as a result. However, this sen- 
sitivity-enhancing procedure is only recom- 
mended when a highly reproducible stimng 
system is available. 

Finally, according to Equation 10, on 
constancy of the hydrodynamic conditions, 
oxidant concentration, and electrodeposition 
time, the signals obtained in a series of ex- 
periments will be proportional to the metal 
concentration in solution. This relationship 
is the basis for application of the PSA tech- 
nique to quantitative analysis. 

The equations above rely on the assump- 
tion that the rate-determining step of the 
process is the diffusion of species from the 
bulk solution to the electrode surface, which 
involves considering any processes poten- 
tially occurring in the thin mercury film 
formed on the electrode to have a negligible 
influence. However, such processes must be 
considered if an accurate equation for the 
potential-time curves is to be derived. 

The potential of the working electrode at 
any time is given by the Nernst equation: 

where [Mi"+] is the concentration of dis- 
solved metal in the vicinity of the elec- 
trode and [M,(Hg)], that of amalgamated 
metal in the mercury layer at the elec- 
trode-solution interface. As a rule, as one 
of the metals, Mi, starts to be stripped, two 
diffusion layers are formed: one in the 
solution and the other in the mercury film 
covering the electrode. After a transition 
interval, a steady state is reached where 
concentrations at the electrode-solution 
interface, and hence the electrode poten- 

tial, remain essentially constant until all 
deposited metal is stripped. On the assump- 
tion that diffusion in the mercury film on 
the electrode was the rate-determining step, 
Chau et al.15 derived the following equa- 
tion for the potential-time curve obtained 
from the metal stripping: 

where 1 is the thickness of the mercury film 
covering the electrode, Do the diffusion co- 
efficient for dissolved ions, and z the time 
needed for deposited metal to be fully 
stripped. 

So far, no mention has been made of 
electric bilayer phenomena at the electrode- 
solution interface. Such phenomena can be 
interpreted as the appearance of excess elec- 
tronic charge at the electrode surface during 
application of the electrodeposition poten- 
tial in order to counter the bilayer capaci- 
tance. When the potentiostat is switched off 
in order to start stripping, the excess elec- 
tronic charge can give rise to the following 
generic reaction: 

eexc + (Urn,) Aj(ox) -+ (Urnj) Aj(red) (13) 

In contrast to the above reactions, where 
the potential is determined by electrons at 
well-defined energy levels, Equation 13 pro- 
vides no constant-potential zones, but rather 
a semiexponential background signal that 
adds to the signal resulting from the strip- 
ping of the metals. 

The literature abounds with theoretical 
studies aimed at elucidating, predicting, and 
checking for the phenomena involved in PSA. 
Mortensen and Britz16 derived a model for 
predicting the background signal (E vs. t) in 
PSA and concluded that, in the absence of 
oxidizable materials at the working electrode, 
the E-t function is determined by the bilayer 
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capacity, which is strongly affected by dis- 
solved surfact ants. 

Labar and Lamberts17 demonstrated the 
feasibility of controlling the transport of 
oxidants to the surface of the working elec- 
trode (PSA at a stationary electrode) and 
found that, when linear diffusion of oxidiz- 
ing species was the rate-determining step at 
the working electrode-solution interface and 
the physical properties of the medium were 
assumed to lower the diffusion coefficient of 
such species, the relative sensitivity of the 
technique was increased by a factor of 50 for 
all common ions assayed by PSA (Cu, Cd, 
Zn, Pb, Bi, TI, and Ga). 

Hussam and Coetzeel* reported a theo- 
retical treatment based on the assumption of 
an initial parabolic concentration gradient of 
the metal in mercury and stripping in a stirred 
solution, which is the usual condition for 
PSA. They derived and experimentally vali- 
dated equations for the transient potential as 
a function of time, as well as for the transi- 
tion time, and established the theoretical 
bases for generating stripping pseudo- 
polarograms by PSA: 

n c,",,+ c 

and 

where td is the deposition time; z the transi- 
tion time; C&n+ and Cig2+0 the bulk concen- 
trations of the metal and mercury ions, re- 
spectively; D M n +  (or D) and DHg2+ the 
diffusion coefficients of the metal and mer- 
cury ions, respectively, in the mercury phase; 
1 the mercury film thickness; 6 the diffusion 
layer thickness; E, the transient potential; 
@ = (nF/RT)(E, - EO), Ed being the reaction 
potential; and all other symbols have their 
usual meanings. 

The results obtained by using conven- 
tional electrodes and fiber microelectrodes 

showed the latter to minimize the interfer- 
ences arising from bilayer perturbations or 
precipitation of metal derivatives on the sur- 
face of the working electrode. 

Hoyer and Kryger19 carried out a theo- 
retical and experimental study of the poten- 
tial-time transient in PSA by using a rotating 
mercury-film electrode. The data obtained 
by digital simulation using the Cranck- 
Nicholson finite-difference method were 
quite consistent with the experimental re- 
sults and were used to derive relationships 
between peak width and signal duration in 
reversible analyte systems. Severe signal 
overlap was found to result in distorted com- 
posite signals. 

Xia et al.*O also performed theoretical 
and experimental studies on film potentio- 
metric analysis using stirred and quiet so- 
lutions of copper(I1) and lead(II), and de- 
rived and validated equations descriptive 
of the transition time in both types of so- 
lu  tions: 

z = Ko,t;C,* 

for quiet solutions, and 

z = ~ ' [ O X ] - ' D ~ ( O ~ O ~ ) ' " ~ ~ C ~  (17) 

for stirred solutions, where z is the transition 
time, Co* the concentration of metal analyte 
in solution before preelectrolysis, [Ox] the 
oxidant concentration at the electrode sur- 
face, k the rate constant, o, and o, the rota- 
tion speed during preelectrolysis and after 
the potentiostat is disengaged, t, the 
preelectrolysis time, Do the diffusion coeffi- 
cient of the metal analyte, and 

K = 0.30D,7/3V-1'3A2k-2[O~]-2V-2 (18) 

A being the surface area of the electrode and 
V the volume of the diffusion layer. 

Labar et aL21 extended their studies on 
film PSA by investigating the variables that 
control the preconcentration and stripping 
steps using a rotating glassy carbon disk 
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electrode (rde), Pb(1I) as the analyte, and 
Fe(II1) as the oxidant. The results obtained 
were compared with previously reported 
data and, except for the influence of the rde 
rotation speed on each step and on the ana- 
lytical parameters, experiments and theory 
were in close agreement. Discrepancies in 
the effects of the rotation speed were inves- 
tigated by potentiostatic coulometry and 
voltammetry in regard to the precon- 
centration step: the effects of the rotation 
speed were found to arise from the physical 
behavior of the rde. Use of the standard- 
addition or internal-standard method was 
recommended in preference over calibra- 
tion curves for analytical purposes owing 
to the occurrence of an activation period in 
the electrodeposition step. 

Garai et a1.22 reported a theoretical treat- 
ment for PSA as regards anodic stripping of 
metals in quiet solutions involved in revers- 
ible and quasireversible electrode reactions 
by using mercury film electrodes. The ex- 
perimental results were quite consistent with 
calculated data, and derivations based on 
various assumptions ( e g ,  stripping in stirred 
solutions, a diffusion layer of constant thick- 
ness) were compared. These authors sup- 
ported the recommendation by Labar et al. 
as regards recording the transition time for a 
quiet solution, but pointed out that the re- 
ported 6,$$, = 20 (where 6 is the diffusion 
layer thickness) was too high a ratio for a 
quiet solution, and assigned it a value of 5 to 
10, depending on the rotation speed during 
plating. The equation derived for the transi- 
tion time was 

where T is the transition time, z the number 
of electrons exchanged in the electrode reac- 
tion, D the diffusion coefficient, 6 the diffu- 
sion layer thickness, tel the preelectrolysis 
time, and c the concentration of metal or 
mercury ions in solution, which is depen- 

dent on the mercury film thickness (this is at 
variance with the values reported by,Chau et 
aI.l5 and proportional to the first power of 
the charge of the metal ion, in contrast to the 
peak current observed in ASV). 

On the other hand, in calculating the 
function relating the potential and time in a 
PSA experiment, Garai et al. assumed the 
metal to distribute uniformly within the 
mercury film. This assumption differs from 
those of Hussam and Coetzeel* and De Vries 
and Van Dalen,23.24 who postulated a para- 
bolic metal distribution in the mercury film. 
A uniform distribution of the metal appears 
to be more realistic according to Garai et al. 
because the literature almost unanimously 
demonstrates that a homogeneous metal dis- 
tribution in the amalgam can be reached in a 
very short time. The equation 

and that derived by Hussam and Coetzee 
show that the E-t functions have identical 
forms, irrespective of the assumption regard- 
ing the metal distribution in the amalgam 
and the stripping conditions (whether strip- 
ping is done in a stirred or quiet solution). 
The two equations differ by a shift in the 
potential of 9 or 14 mV, depending on 
whether the electrode process involves the 
exchange of one or two electrons, respec- 
tively. 

Jin and Wang'O derived and experimen- 
tally validated equations for the derivative 
of time with respect to potential, as well as 
the peak half-width €or a reversible process 
in adsorption stripping potentiometric analy- 
sis in both stirred and unstirred solutions on 
the assumption of strongly adsorbed oxi- 
dized and reduced forms and obeyance of 
the Langmuir isotherm. The equation for an 
oxidant in a stirred (or unstirred) solution is 
of the form 
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IlFt Garai et al.25 developed and experimen- 
tally checked the theory of dPSA, based on 
the equation 

(21) 

where 
RT(z + t) 

(22) dt 2t(z - t) 

r R t a  

-kDoxv 0 0  cox (26) _ _  zF dE - 
z =  

n’ 213 -116 112 

m 

for stirred solutions, and 

- ~ o x c o  m 

for unstirred solutions, z being the transient 
time; m and n’ the stoichiometric coeffi- 
cients for the reaction between the reduced 
species adsorbed at the electrode and the 
oxidized species, respectively, Do, (cm2/s) 
the diffusion coefficient of the oxidant, v 
(cm2/s) the kinematic viscosity, m0 (rads) 
the angular velocity in the bulk solution, cox 
(moVcm3) the oxidant concentration, I-, (moV 
cm2) the surface concentration of the 
adsorbed reduced species, and t, the 
preconcentration time. 

At the peak half-height, 

as well as differential potentiometric analy- 
sis, which designates the technique based on 
the derivative of time with respect to poten- 
tial against the potential function as the 
measured signal. Notwithstanding the vast 
application and flexibility of both techniques, 
no related mathematical expressions have so 
far been reported. The technique called 
“differential potentiometric analysis” by 
Kryge? does not correspond exactly to the 
function discussed by Garai et al. as differ- 
ential potentiometric stripping analysis; how- 
ever, the latter closely approximates the read- 
out obtained by the former method, as well 
as multiscanning PSA as conceived by 
Mortensen et aL7 and Renman et aL4 

Zie and Huberg derived the equation for 
the transient potential-time curves in 
CCEPSA: 

so the peak half-width will be given by 

3.52RT 
nF Y 1 2  = 

(at 25”C, W,, = 90.6/n mV). 
A comparison of the equations for the 

peak potential, peak half-width in adsorp- 
tion chronopotentiometry, and adsorption in 
PSA with oxidation in a stirred or unstirred 
solution reveals that their forms are identi- 
cal. So is that for the dt/dE function, except 
for the sign and the definition of the transi- 
tion time. 

where 1 is the mercury film thickness, Do the 
diffusion coefficient of the metal ion in so- 
lution, t time, and 

0.62Di13v-’o”2tdC Ex 
zc = 

(28) kC gx-l, 
nFA 

the stripping time for catalytic current PSA 
with stirred deposition and quiescent strip- 
ping conditions, I, being the constant ca- 
thodic current applied during the stripping 
step, t d  the deposition time, cox the oxidant 
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concentration in the bulk solution, k the 
oxidation rate constant, Do the diffusion co- 
efficient of dissolved metal ions, v the kine- 
matic viscosity, and o the angular velocity 
of the solution phase, which is the same as 
that for conventional PSA. From Equation 
27 it follows that, whether oxidation of de- 
posited amalgam is effected by a constant 
oxidation flux or a "reduced" oxidant flux, 
the shape of the transient potential-time 
curves will be the same. 

IV. INSTRUMENTATION IN PSA 

The basic experimental set-up needed 
for a potentiometric stripping experiment 
comprises a potentiostatic circuitry, a three- 
electrode electrochemical cell, and an im- 
pedance recorder (Figure 10). However, the 
inception of novel PSA variants and attempts 
at improving their performance calls for some 
extent of automation. This has been imple- 
mented in various ways, including commer- 
cially available instruments such as the Ra- 

diometer ISS 820 Ion Scanning System or 
the Radiometer PSU 20 TraceLab potentio- 
metric stripping unit, as well as customized 
microcomputer-controlled configurations 
built from electrochemical equipment typi- 
cally available at laboratories (Figure 11). 

Potentiometric stripping, particularly at 
very high stripping rates, very short plating 
times, or very low concentration levels of 
the determinants, entails recording relatively 
rapid potential changes. In addition to chemi- 
cal and hydrodynamic conditions affecting 
detectability in a given determination, the 
time resolution of the analog strip-chart re- 
corder is also greatly influential. Several 
authors have found it advantageous to use 
digital signal processing in this context. This 
can be done by using a customized dedicated 
microprocessor systemz6 or a minicomputer 
with satellite process controlling measure- 
m e n t ~ . ~ ~  Most often, commercially available 
microcomputers are employed,4J 1.28-33 and 
the potential of the working electrode is 
sampled at frequencies from 729 to 26 W Z . ~  
By equipping the electrochemical module 

FIGURE 10. Basic instrumentation for potentiometric stripping analysis. 
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FIGURE 11. Block diagram of a computerized instrumental for PSA experiments with galvanic or 
chemistry stripping. (From Cladera, A.; Estela, J. M.; Cerda, V. J. Elecfroanal. Chem. 1990, 288, 
99-1 09. With permission.) 

with separate memory, which is updated 
in hardware during the recording of the 
stripping step, an extremely high acquisi- 
tion rate (660 kHz) was achieved with a 
system interfaced to an Apple IIe micro- 
computer.30 

A. Electrochemical Cells and 
Electrodes 

The earliest working electrodes used in 
PSA were of the dropping mercury type;’ 
however, they soon proved impractical and 
were superseded by the rotating glassy car- 
bon rod electrode, in which the carbon rod 
was coated with a mercury film, and a plati- 
num wire was used as the counterelectrode 
and calomel as the reference electrode.* The 
three-electrode suite was connected to a glass 
or polyethylene vessel of 20 to 100 ml that 

allowed samples to be deaerated if desired 
and an oxygen-free atmosphere to be main- 
tained by bubbling a nitrogen or argon stream 
(Figure 12). 

The working electrode has received the 
greatest attention in PSA studies and appli- 
cations. Although the glassy carbon rod elec- 
trode has to date been the most widely used 
in both analytical applications and theoreti- 
cal studies, several alternative electrodes have 
been tested in order to improve the applica- 
bility, reproducibility, sensitivity, and selec- 
tivity of this technique (Figure 13). 

For Hg(II) determinat i~n,~~ the glassy 
carbon rod electrode is coated with a copper 
film and potassium permanganate is used as 
the oxidant. 

A copper coating over a gold film elec- 
trode has also been used for the indirect 
determination of chlorine-containing spe- 
c i e ~ . ~ ~  
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a 

FIGURE 12. Electrochemical cell for potentio- 
metric stripping analysis. 1, rotating film mercury 
glassy-carbon electrode; 2, reference electrode; 
3, Pt auxiliary electrode; 4, N, trap. 

lf91 b 
C d 

Hg 

glassy carbon - Ptwire 

glass tube 

FIGURE 13. Working electrodes used for potentiometric stripping analy- 
sis. Electrodes a, b, and d have a total electrode area of 8 mrn2 and 
electrode c, 110 mm2. (From Jagner, D.; Aren, K. Anal. Chim. Ada. 1978, 
700, 375-388. With permission.) 
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In RPSA,I3 the working electrode is usu- 
ally a small mercury pool that is placed in a 
conical cavity in the bottom of the cell when 
an amalgamated metal is employed as a re- 
ductant in the stripping step. If a dissolved 
chemical reductant is used instead, a glassy 
carbon or platinum electrode is fit for the 
purpose (e.g., in the determination of Mn(II) 
by use of dissolved hydroquinone as reduc- 
tant and a Pt electrode because of its higher 
reproducibility relative to glassy carbon. 

Arsenic(1II) can be determined by using 
a gold electrode or a glassy carbon electrode 
coated in situ with gold plus arsenic during 
the preelectrolysis step.36 The coating film is 
obtained by adding Au(II1) to the sample, 
which also acts as the oxidant during the 
stripping step. 

Dexiong et al.37 used a rotating glassy 
carbon disk electrode with a mercury film 
coating for the adsorption PSA for germa- 
nium, where Alizarin Red complex is formed 

C 

d 

A B 

and adsorbed at the electrode, thereby in- 
creasing the sensitivity. 

In 1984, Schulze and FrenzeP8 introduced 
high-modulus carbon fibers as working elec- 
trodes for PSA. They used four types of such 
electrodes (Figure 14): single-fiber, cut-fi- 
ber, fiber-bundle, and cut-bundle electrodes, 
the small surface area of which resulted in 
decreased background signals and hence 
excellent signal-to-noise ratios. Also, because 
of their small size, fiber electrodes (particu- 
larly the cut-fiber electrode) offer major 
advantages for processing small sample vol- 
umes and as detectors for flow systems. 

Baranski and Q ~ o n ~ ~  used a mercury- 
coated carbon fiber microelectrode as the 
working electrode in the microdetermination 
of heavy metals; they used microelectro- 
chemical cells (Figure 15) and an amalgam- 
ated gold wire as reference electrode. 

FrenzeP designed a microcell (Figure 
16) consisting of a glassy carbon tube in- 

:.,-, 

C 

D 

1 cm 

FIGURE 14. Carbon fiber electrodes. (A) single-fiber electrode; (B) cut-fiber electrode; (C) fiber 
bundle electrode; (D) cut-bundle electrode. (a) Silver wire; (b) epoxy resin; (c) mercury; (d) carbon 
fiber; (e) cyanacryl glue. (From Schulze, G.; Frenzel, W. Anal. Chim. ACta. 1984, 759,95-103. With 
permission.) 
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AB 

Y 
FIGURE 15. Electrochemical cell used in 
microanalysis. (a) Working electrode (carbon 
fiber sealed in polyethylene); (b), analyzed 
solution; (c), reference electrode (amalgam- 
ated gold wire). (From Baranski, A. s.; Quon, 
H. Anal. Chem. 1986, 58, 407-412. With per- 
mission.) 

tended to act as an auxiliary electrode. The 
tube was stuck on a nipple in the center of a 
perspex cylinder. In this way, a small bea- 
ker-like vessel was formed with an approxi- 
mate volume of 20 pl- sample volumes as 
low as 5 p.1 could be used, however. A labo- 
ratory-made Aghaturated AgCl reference 
electrode was inserted upward into the 
perspex block and connected to the cell via 
a 0. l-mm bore in the center of the nipple. A 
diaphragm was made by plugging a small 
portion of quartz wool into the bore. The 
fiber working electrode was held by an ordi- 
nary laboratory stand and was carefully low- 

ered into the beaker until the tip was dipped 
into the sample solution. 

Based on the results reported by Albery 
and Bru~kenstein,~~ who demonstrated the 
complete hydrodynamic equivalence of the 
wall-tube electrode and the rotating disk elec- 
trode, Kapauan4* constructed a PSA cell by 
using a wall-tube electrode configuration with 
a built-in centrifugal pump (Figure 17). The 
reproducibility of the system was tested by 
using 0.4 pg/ml solutions of zinc, cadmium, 
and lead at a plating voltage of -1.37 V vs. 
Ag/AgCl that was applied for 10 s. The rela- 
tive standard deviations of the measured pla- 
teau lengths in six runs were 1.1, 0.6, and 
1.8% for zinc, cadmium and lead, respec- 
tively. 

Altemative types of working electrode 
used for enhanced selectivity include chemi- 
cally modified electrodes (CMEs) and physi- 
cally (membrane-coated) modified elec- 
trodes. A dimethylglyoxime chemically 
modified graphite paste electrode was used 
for the determination of Ni(II).43 The elec- 
trode was made by mixing spectroscopic- 
grade graphite powder, dimethylglyoxime, 
and DC200 silicone oil in a l-ml polyethyl- 
ene syringe. The surface of the working elec- 
trode (3 mm2) was renewed daily by press- 
ing out of the syringe a l-mm layer of paste 
and removing it with filter paper. Electrical 
contact was effected by means of a silver 
wire inserted in the paste. The potentiomet- 
ric stripping determination of Ni(I1) with 
this graphite-paste CME involves three steps; 
the first and second are similar to those in 
conventional voltammetric stripping deter- 
minations, viz., chemisorption of Ni(I1) ions 
on the CME surface and reduction of the 
preconcentrated nickel at a sufficiently nega- 
tive potential. In the third step, however, 
nickel reduced on the electrode surface is 
oxidized chemically by atmospheric oxygen. 

Two general types of polymer-modified 
electrodes (PMEs) have also been used in 
stripping analysis in order to improve the 
selectivity (by protecting the surface of the 
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glasswool 
diaphragm 

Rofwonco 
chamber 
Pwspex 
cy I inder 

1- Silver 
wire 

FIGURE 16. Schematic representation of a microliter-capacity cell. (From Frenzel, W. Anal. 
Chim. Ada. 1987, 796, 141-152. With permission.) 

M I  I I  
I I  U 

FIGURE 17. Cross section of a wall-tube PSA 
cell. (From Kapauan, A. F.; Anal. Chem. 1988, 
60, 21 61-21 62. With permission.) 

114 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



working electrode from adsorptive interfer- 
ences): specific and nonspecific. Specific 
PMEs are ion-exchanging polymers (iono- 
mers) that selectively preconcentrate the 
analyte within the polymer, whereas non- 
specific PMEs control access to the elec- 
trode surface by acting as diffusion barri- 
ers. The peffluorosulfonate cation-exchange 
resin Nafion has been used as a specific 
PME material in both anodic stripping 
voltammetry (ASV) and PSAU for the de- 
termination of heavy metals in various en- 
vironmental and clinical samples. For non- 
specific PMEs, cellulose acetate dialysis 
membrane-modified mercury film elec- 
trodes (CM-MFEs) have been used in ASV 
and PSA.3 The nonspecific cellulose ac- 
etate PME material is more advantageous 
in routine applications than is the specific 
Nafion PME material, primarily as a result 
of significant preconcentration by the lat- 
ter. Six or more replicates per sample are 
required to obtain a steady signal using a 
Nafion-modified MFE in ASV, and con- 
secutive samples exhibit ~ a r r y o v e r . ~ ~  The 
nonspecific cellulose acetate dialysis mem- 
brane-modified MFE does not precon- 
centrate analyte so severely, so it requires 
fewer replicates per sample and minimizes 
carryover. The main disadvantage of using 
a C M - M E  arises from the presence of a 
relatively thick membrane at the redox sur- 
face, which results in diminished sensitiv- 
ity. However, the sensitivity of a CM-MFE 
(1000-amu cutoff) is lower than that of an 
unmodified MFE by a factor of - 18 in ASV 
but only -6 in PSA. 

For a nonspecific polymer such as cellu- 
lose acetate, dialysis occurs across the solu- 
tiodmembrane-electrode interfaces. The 
driving force of dialysis is the concentration 
gradient across the membrane, where the 
membrane's permeability governs partition- 
ing between it and adjacent phases. The flux 
J across the membrane is given by 

dx 
dt 

J = -C, = P(Cs - C,) (29) 

where x is the direction normal to the mem- 
brane surface, t time, P the membrane per- 
meability, and C, and C, the analyte concen- 
trations on the sample and detector side of 
the membrane surface, respectively (both 
differ from the bulk concentrations except at 
equilibrium.& The electrochemical driving 
force across the membrane gives rise to a 
steeper concentration gradient from the 
change in oxidation state on amalgamation 
(in a 1:l stoichiometry). The use of CCSA 
with a dialysis membrane-modified electrode 
cancels an opposing gradient of divalent 
cations within the membrane (i.e., the analyte 
vs. the Hg(II) oxidant), thereby increasing 
the dialysis efficiency. 

Wang and Tian47 assessed the perfor- 
mance of screen-printed electrodes for 
voltammetric and potentiometric stripping 
measurements of trace metals with a view to 
their exploitation for single-use decentral- 
ized testing. Mercury-coated carbon elec- 
trodes screen-printed on a plastic strip were 
found to perform comparably to conventional 
hanging mercury drop and mercury-coated 
glassy carbon surfaces. Reproducible mea- 
surements of lead in 1OO-pl drops were thus 
obtained, and a detection limit of 30 ng/ml 
was estimated following a 10-min precon- 
centration. Convenient quantitation of lead 
in urine and drinking water was achieved in 
this way. A TraceLab potentiometric strip- 
ping unit (the PSU20 model from Radiom- 
eter) furnished with an ordinary Ag/AgCl 
electrode and a platinum wire auxiliary elec- 
trode, a SAM20 sample station, and an IBM 
PS/2-55X computer were used to obtain 
potentiograms. In addition to having a great 
potential for single-use decentralized clini- 
cal or environmental testing, the highly stable 
response of screen-printed electrodes make 
them especially attractive for routine, low- 
cost, centralized operations. 

Subsequently, Wang and Tian4* used a 
mercury-free disposable lead sensor based 
on PSA at a gold-coated, screen-printed elec- 
trode. The combination of gold-coated car- 
bon strips and PSA was found to yield an 
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analytically attractive behavior in contrast to 
many earlier unsuccessful attempts at moni- 

M,Cl,, . . . ), DMi (cm2/s) the diffusion con- 
stants for such species, o (cm) the cell spacer 

toring Iead without the involvement of mer- width, v (cm2/s) the kinematic viscosity, 
cury-Changes in peak intensity and position 
(relative to mercury-coated strips) provide 
new selectivity dimensions. 

V. POTENTIOMETRIC STRIPPING 
ANALYSIS IN FLOW SYSTEMS 

The implementation of PSA in flow sys- 
tems was first proposed by Anderson et aI.49 
as a logical response to the inception of 
microcomputers, the high data-acquisition 
capabilities of which allowed the pre- 
electrolysis time to be substantially short- 
ened; as a result, throughput was after that 
determined by how expeditiously sample 
changeover and electrode cleaning were 
done. This limitation could obviously be 
overcome by using a flow system, with the 
added advantage that the stripping step need 
not involve the sample - in contrast to batch 
operation - so use of a suitable stripping 
solution (and a matrix-exchange technique) 
was bound to result in enhanced sensitivity 
and selectivity in PSA, irrespective of the 
composition of the sample concerned. 

The theoretical foundation of PSA in flow 
cells was established by Anderson et al.49 
from equations previously derived for MiC1+, 
M,Cl,, . . . , and D,, by Hanekamp and 
Niewerkso for diffusion-controlled PSA. The 
amount of Mi(n) reduced and simultaneously 
amalgamated, M,(Hg), by potentiostatic depo- 
sition on a mercury-coated glassy carbon elec- 
trode in a thin-layer cell is given by: 

where tdep (s) is the time of potentiostatic 
deposition, M,(n) the molar concentrations 
of reducible Mi(n) species (e.g., MiC1+, 

1 (cm) the electrode length, udep (cm/s> the 
mean linear flow during potentiostatic depo- 
sition, and y and p two numerical constants. 

The amount of amalgamated metal that 
is reoxidized (stripped), in millimoles, over 
a given interval t, - t, (s) is given by: 

’ t-l 

where [Ak(ox)] is the molar concentration of 
one of the j different oxidants present in the 
stripping solution and capable of diffusion- 
controlled oxidation of M,(Hg) according to 
the reaction 

Mi (Hg) + nm;’A, (ox) + Mi (n) + nm;’A, (red) 

(32) 

and usuip is the mean linear velocity during 
stripping. 

If t ,  and t, are used to designate the 
beginning and end, respectively, of M,(Hg) 
stripping, the potentiometric stripping signal 
for Mi at tMi,suip = t, - t, can be represented by 

k = l  

provided the kinematic viscosity is the same 
in the sample as in the stripping solution. 
From Equation 33 it follows that the potentio- 
metric stripping signal for M,(n) will be inde- 
pendent of the overall electrode surface area. 
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Because in most potentiometric experi- 
ments the concentrations of the major sample 

provided complexation is not the rate-deter- 
mining step in the combined oxidation-com- 

matrix components (e.g., H+ and Cl-) are kept 
constant and the composition of the stripping 
solution is the same from one analysis to the 
next, Equation 33 can be rewritten as 

which is the fundamental equation for quan- 
titative PSA in flow cells. Based on previous 
findings of Levich,sl Hanekamp and Van 
Nieuwerk50 calculated p = 0.5 for a thin- 
layer cell as opposed to the experimental 
value of 0.3 obtained by Swar t~fager .~~ 

The potential of the working electrode, 
E (V), during the stripping of M,(Hg) is 
given by 

E = Eo +RT ln(lO)n-'F-' bg[(Mn')(Mi(Hg))]' 

(35) 
where Eo is equivalent to the half-wave po- 
tential in polarography and (M!+) is the 
steady-state activity of MY+ accumulated at 
the electrode surface during stripping. From 
Equation 35 it follows that the stripping 
potential is independent of the mercury film 
thickness. In PSA, however, the glassy car- 
bon working electrode is usually precoated 
with a film of mercury, so the relative in- 
crease in film thickness during consecutive 
analyses can be neglected. A side-reaction 
coefficient, a = [M(N)]/[M"+], due to rapid 
complexation reactions at the electrode sur- 
face with different ligands thus needs to be 
introduced. If L is used to designate the pre- 
dominant complexing agent at the electrode 
surface and the free concentration of L is 
changed from [L], to [L], in two consecutive 
experiments, the stripping potential shift for 
M!+, AE (V), will be 

~- 

plexation reaction. 
PSA as a detection technique has been 

used primarily in two types of flow systems: 
continuous-flow (CF) and flow-injection (FI) 
systems. Both CFSPSA and FIPSA systems 
are highly automated and differ in the fact 
that the sample is continuously driven to the 
detection cell during the preelectrolysis step 
in the former, whereas a sample volume is 
injected into a carrier stream that leads it to 
the detector (where preelectrolysis is con- 
ducted) in the latter. 

CFSPSA configurations typically con- 
sist of a flow-cell accommodating a three- 
electrode system, in addition to a microcom- 
puter-controlled, six-step PTFE inlet valve 
for sample or reagent inlets and a propulsion 
system that can be a peristaltic pump or a 
water-column suction unit via which the flow 
rate can be regulated. The remaining ele- 
ments are those typical of conventional PSA 
and include a potentiostat (or, occasionally, 
a galvanostat) and an x-t recorder with a 
high-impedance input or, more commonly, a 
microcomputer for data acquisition and pro- 
cessing. The computer can also be used to 
actuate the six-way valve, engaged and dis- 
engage the potentiostat (galvanostat), con- 
trol a sampler, and enact a series of predeter- 
mined steps. In some instrumental setups, 
several of these operations are performed by 
commercially available dedicated instru- 
ments (e.g., the Ion Scanning System ISS820 
from Radiometer). 

The first step in a CFSPSA application 
involves conditioning the working electrode. 
For example, a mercury film electrode can 
be conditioned prior to insertion into the 
flow cell or in situ (by having the valve 
circulate the mercury solution through the 
cell and applying a potential program to 
ensure deposition of the film). Then, the 
sample is circulated through the cell by 
switching the valve and the potentiostat is 

(log - log a[LJ=[L], simultaneously engaged at the desired elec- 

AE = RTn-'F-' In(l0) 
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trodeposition potential and flow rate over a 
preset interval. Subsequently, the stripping 
step can be carried out by disengaging the 
potentiostat and either using a chemical oxi- 
dant previously added to the sample or pass- 
ing an electric current. Alternatively, strip- 
ping can be accomplished by changing the 
matrix; for this purpose, the valve is switched 
before the potentiostat is disconnected in 

order to circulate a suitable stripping solu- 
tion containing an oxidant or pass an electric 
current. After the sample channel is flushed, 
the cycle can be repeated by inserting a fresh 
sample. 

The literature abounds with reported 
applications of CFSPSA systems. Anderson 
et al.49 used a thin-layer cell (Figure 18) 
accommodating a mercury-coated glassy 

@l mm, 

FIGURE 18. (A) Flow cell. A, PTFE block with glassy carbon 
electrode and sample inletloutlet; B, PTFE cell spacer; C, Pt 
counterelectrode; D, PTFE block; E, reference electrode compatt- 
ment. (B) Details of cell spacer, glassy carbon electrode, and sample 
inlet/outlet. (From Anderson, L.; Jagner, D,; Josefson, M. Anal. 
Cbern. 1982, 54, 1371-1376. With permission.) 
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carbon working electrode, and matrix-ex- 
change stripping, for the selective determi- 
nation of Tl(1) in the presence of a 104-fold 
excess of Cd(II), provided the stripping so- 
lution contained at least l M ammonia. They 
employed the flow system (Figure 19) to 
determine Pb(II) in wines by using a matrix- 
modifying solution containing 1 M CaCl,, 
0.1 M HC1, and 0.25 nM Hg(II) in 40% 
ethanol. 

Later, Jagner et al.53 employed CFSPSA 
systems for the determination of mercury(I1) 
in various samples of clinical (urine) and 
environmental interest (sediments), as well 
as digests from biological materials (orchard 
leaves and fish muscle), by use of a gold 
working electrode. The preelectrolysis step 
was carried out in a sample previously con- 
ditioned with ammonia and iodide, while 
stripping was done in an acidified bromide 
solution containing Cr(V1). By using mer- 
cury standard solutions, a detection limit of 
2 nM was achieved after a 90-s preelectrol- 

ysis, the dynamic range encompassing nearly 
3 decades. Copper(II) and silver(1) were 
found to interfere in a 1000- and fivefold 
excess, respectively, over mercury(I1). 

M a n n i n ~ ~ ~  used a CFSPSA system simi- 
lar to one previously employed by Anderson 
et al.49 in order to determine the optimal 
conditions for the separation and determina- 
tion of lead and tin in fruit juices and soft 
drinks. Preelectrolysis was carried out in a 
strongly acidic medium using a coated glassy 
carbon working electrode, while stripping 
was done in a deaerated ammonium nitrate 
solution at pH 4.6. By using the stopped- 
flow operational mode during stripping, lead 
and tin could be determined at concentra- 
tions as low as 0.1 ppb. 

Eskilsson and TurneF used CFSA (Fig- 
ure 20) with PSA detection (Figure 21) for 
the determination of manganese@) over the 
concentration range 2 nM to 30 p.M in natu- 
ral waters, as well as total manganese, fol- 
lowing pretreatment with hydroxylamine. 

b- =II ly-c-r coN!rRoL 

+ SUCTION 

f A  
ROTATING VALVE 

FIGURE 19. Flow system designs. (A) Continuous flow; (9) flow injec- 
tion. (From Anderson, L.; Jagner, D.; Josefson, M. Anal. Chern. 1982, 
54, 1371-1 376. With permission.) 
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STRIPPING SOLUTICN 

m C U R Y  m G  
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FIGURE 20. Block diagram of a PSA flow system. (From Eskilsson, H.; Turner, D. R. Anal. Chim. 
Acta. 1984, 767, 293-302. With permission.) 

FIGURE 21. PSA flow cell. (a) Perspex block with reference electrode compartment and 1-mm 
flow channel; (b) teflon block containing glassy carbon working (we) and counter (ce) electrodes; 
(c) clamp to hold cell together. (From Eskilsson, H.; Turner, D. R. Anal. Chim. Ada. 1984, 767,293- 
302. With permission.) 
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The experimental procedure involved re- 
moval, chemical clean-up, and subsequent 
regeneration of the mercury film formed over 
the glassy carbon working electrode after 
each measurement, as well as using a C a r , -  
saturated solution for stripping. In this way, 
the main problem posed by the CFSPSA 
determination of manganese - too rapid 
stripping rates arising from an incompletely 
irreversible reoxidation of Mn(I1)-amalgam- 
ated manganese and resulting in broad, ill- 
defined peaks - was circumvented. The rate 
of chemical oxidation during stripping is a 
crucial parameter that is controlled by the 
concentration of oxidant in the stripping 
solution and its rate of transport to the elec- 
trode (the flow rate or rotation speed). The 
two parameters are adjusted in such a way as 
to ensure a low stripping rate for both batch 
and flow measurements. The oxidant con- 
centration can be lowered for flow measure- 
ments by using saturated C a r ,  as the strip- 
ping solution. This approach is necessitated 
by the difficulty involved in transporting a 
deoxygenated solution through flexible tub- 
ing, which is highly permeable to oxygen - 
the problem does not emerge if oxygen is 
insoluble in the solution used, as is the case 
with the calcium bromide solution. The oxi- 
dant in the stripping solution is assumed to 
be residual oxygen. On the other hand, inter- 
ferences arising from manganese-copper in- 
teractions in the mercury electrode can be 
suppressed by adding zinc or gallium, de- 
pending on the concentration of interfering 
copper. 

Dyrssen et al.s6 studied the effect of us- 
ing concentrated solutions of salts on the 
stripping time in computerized flow PSA. 
They demonstrated that, for 1:l salts, the 
effect was mainly due to salting out of the 
oxygen, while for 1:2 salts, the effect was 
mainly due to salting out of the oxygen, 
while for 1:2 salts, the effect was due to both 
salting out and an increased viscosity of 
oxygen (q) in the salt solution. They also 
showed the stripping time to be strongly 
correlated with the q l S  ratio, where S de- 

notes the solubility of oxygen in the salt 
solution. 

Almestrand et al.” determined cadmium, 
lead, and copper in milk and milk powder 
with minimal pretreatment by using a highly 
automated CFSPSA system that enabled 
control of the pump rate, electrolysis time 
and potential, and opening and closing of 
valve inlets, in addition to digital evaluation 
of stripping times. Samples were diluted five- 
fold with Suprapur hydrochloric acid and 
electrolyzed for 0.5 to 4 min prior to strip- 
ping (also in Suprapur HCl). The analytical 
results were consistent with the certified 
values for three milk powder reference 
samples. The detection limits for cadmium, 
lead, and copper in milk samples achieved 
after 4-, 1-, and 0.5-min preelectrolysis were 
0.8, 4, and 8 pgA, respectively. 

Renman et al.4 developed a computer- 
assisted system for PSA measurements in a 
CFS configuration using a chemical oxidant 
or a constant electric current for stripping, 
and a new cell design (Figure 22). The thin- 
layer cell was designed for accommodating 
Teflon-embedded glassy carbon electrodes 
in a spring-regulated holder, allowed ready 
fastening, and exhibited leak-free behavior. 
Subsequently, the design was used for the 
determination of molybdenum(V1) in sea 
wateP by potentiostatic adsorption of the 
8-quinolinol complex of the metal onto a 
mercury-film electrode and subsequent re- 
duction of the complex by constant-current 
stripping in 5 M CaCI,. 

Huiliang et al.59 used carbon fiber elec- 
trodes in flow potentiometric and constant- 
current stripping analysis applications. The 
signal-to-noise ratio was approximately 1.6 
times higher for an 8- to 10-pm carbon fiber 
relative to the glassy carbon disk electrode. 
The use of fiber electrodes for the deter- 
mination of metal ion concentrations by a 
current-measuring technique such as amper- 
ometry or voltammetry often poses instru- 
ment problems arising from the very low 
currents to be monitored. This problem does 
not apply to PSA because the technique’s 
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- 
10 mrn 

FIGURE 22. Flow cell assembly. (a) Calomel reference; (b) reference com- 
partment lid; (c) reference compartment; (d, e) platinum tube flow inlet and 
outlet; (f) ceramic plug; (9) polyethylene spacer; (h) spacer holder; (i) glassy 
carbon rod; (j) teflon body; (k, m) titanium holder; (0) spring; (n) holder top. 
(From Renman, L.; Jagner, D.; Berglund, R. Anal. Chin?. Ada. 1986, 788, 137- 
150. With permission.) 
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performance is independent of the surface 
area of the working electrode. For this rea- 
son, fiber electrodes were recognized as suit- 
able for use in PSA.38,39,60 In contrast to the 
potentiometric stripping signal, the magni- 
tude of the constant-current stripping signal 
is dependent on the surface area of the work- 
ing electrode. Consequently, fiber electrodes 
can be assumed to be inferior to glassy car- 
bon disk electrodes and other types of 
macroelectrodes used in CCSA. However, 
based on the experimental results obtained 
by using fiber electrodes with chemical or 
electrical stripping in addition (usually) to a 
matrix-exchange technique, in the determi- 
nation of lead in urine,61 cadmium and lead 
in whole blood62 with carbon fiber electrodes, 
arsenic(V) in sea water with a gold-coated, 
platinum-fiber electrode,63 silver(1) with a 
platinum-fiber electrode,@ gold(II1) with 
carbon and platinum fiber electrodes,& and 
Zn(II), Cd(II), and Pb(11)44 or organic com- 
pounds such as e ry thr~mycin~~ in urine by 
use of modified Nafion carbon fibers and 
mercury-coated fiber electrodes, they are as 
good as or even better than other types of 
electrodes typically used in PSA. 

In flow injection PSA (FIPSA) (Figure 
23), fixed-size aliquots of the unknown are 
inserted at preset times into a carrier flow- 
ing stream by using an autosampler operat- 
ing in conjunction with a sample-loop/chro- 
matographic switching valve combination. 
With proper consideration of variables such 
as the tubing diameter and flow rate, the 
sample plug is carried along the system 
with very limited dispersion into the camer 
on either side. The injected plug can be 
passed by an electrode where plating of the 
metal ions to metal occurs. After the plug 
has passed by this point, potentiometric 
stripping can occur in the carrier environ- 
ment. The working glassy carbon electrode 
is usually plated with mercury in situ by 
adding mercury ion to the sample, thus lead- 
ing to the formation of analyte amalgam 
during the plating process. 

The theoretical foundation of the FIPSA 
technique, as established by Hu et a1.,68 is as 
follows: the limiting current i, at a flow- 
through planar electrode was formulated by 
Levichsl as 

i, = nkFC,v; (37) 

W 

R:FU)W CELL 

SAMPLE LOOP 
A:SAMPLER 
E:ELECTROLY TE 

dWPS r I 
PS:POTENTIOSTAT 
W:WORKING ELECTRODE 
C:COUNTER ELECTRODE 
R:RJ3FERJ3NCE ELECTRODE 

W:WASTE 
Q:PUMPING RATE m1- 
P:PERISTALTIC PUMP 

FIGURE 23. Block diagram, FINPSA instrument. (From Hu, A.; Dessy, R. E.; Graneli, A. Anal. 
Chem. 1983, 55, 320-328. With permission.) 
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where n is the number of electrons involved (iJ will give a straight line of slope x. Like- 
in the process; F the Faraday constant; C, the 
bulk concentration of the electroactive spe- 
cies; v, the flow velocity; k a complex func- 
tion of the diffusion coefficient, the kine- 
matic viscosity of the fluid, and the electrode 
geometry; and x a constant calculated theo- 
retically to be 113 for the tubular electrode 
and 1/2 for the planar electrode. 

For a given set of experimental condi- 
tions, k is constant, so 

i = Kv; (38) 

where K = nkFcb. 
The amount of analyte Q deposited in a 

glassy carbon electrode over the electrolysis 
period can be calculated from 

(39) 

where telW is the electrolysis time. 
In flow injection analysis, the sample is 

injected into the flow stream as a plug. There- 
fore, the time during which it is exposed to 
the electrode surface determines the effective 
plating time, which can thus be defined as 

where V, is the sample volume and V, the 
flow velocity. 

Appropriate combinations of Equations 
38 to 40 yield 

Q = i,telcc = i I  . - vs 

v f 

Q = KV,V;-' 

According to Equation 42, the amount 
of analyte plated out is inversely proportional 
to the flow rate. 

If the limiting current can be measured 
at various flow rates, a plot of log (v,) vs. log 

wise, if the amount of analyte deposited can 
be experimentally determined, a plot of Q 
vs. log (v,) will also give a straight line of 
slope x - 1. 

Buffle et al.69 related the rate of oxida- 
tion to the oxidant concentration by 

where dN/dt is the rate of oxidation, A the 
electrode surface area, D the diffusion coef- 
ficient, H the diffusion layer thickness, c b  

the bulk oxidant concentration, and Co the 
oxidant concentration at the electrode sur- 
face. 

If the oxidation process is diffusion-con- 
trolled and the bulk oxidant concentration is 
much larger than that at the electrode sur- 
face, Equation 43 simplifies to 

(44) 
dN - ADCb 
dt H 
--- 

Consequently, the rate dNldt remains 
constant provided the oxidant concentra- 
tion c b  remains unchanged. Bruckenstein 
and  colleague^^^^^^ and Jagner and col- 
leagues. 1,2.26.72.73 investigated the matter and 
found the simplification to be warranted. 
The following relationship was found to 
exist between Q (the amount of analyte 
deposited) and tsrrip (the time need for the 
amalgamated metal to be oxidized): 

ADCbts~rip Q =  (45) 

Therefore, the time required for stripping a 
metal from the electrode surface can be used 
to quantify the concentration of the metal in 
question. Because 

a plot of log (tshp) vs. log (vJ will also give 
a straight line of slope x - 1. 
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Research into FIPSA systems has been 
concerned primarily with the design of highly 
automated systems, the performance of elec- 
trochemical flow cells, and procedures for 
increasing the selectivity (by use of the ma- 
trix-exchange technique during stripping) and 
sample throughput. 

Hue et al.74 proposed an FIPSA system 
for the automatic determination of copper, 
cadmium, and lead in ground water and 
evaluated the performance of the matrix- 
exchange technique for the separation of 
close oxidation peaks. Heavy metals com- 
monly found in ground water, such as lead, 
thallium, cadmium, bismuth, and tin, were 
assayed in order to explore the scope and 
limitations of the method. Data generated 
during the stripping step were digitized and 
acquired at a high speed by a minicomputer 
equipped with a satellite processor, and the 
digital numbers obtained for each time inter- 
val were mapped into a data file, thereby 
increasing the memory cell’s content. Each 
memory cell represents a channel of a mul- 
tichannel analyzer. This provides the first 
derivative of the stepped potential scan, yield- 
ing “peak”-type data in a direct fashion. The 
number of counts accumulated in the 
memory-mapped multichannel analyzer de- 
pends on the oxidation rate of the analyte as 
well as the data acquisition rate of the ana- 
log-to-digital converter used. The recorded 
number of counts on a channel (or cell) is 
proportional to the data acquisition rate and 
resolution of the converter (in volts per chan- 
nel). It is inversely proportional to the oxida- 
tion rate, that is, the slope of the potential- 
time curve (in volts per second). This linear 
dependence of the observed signal on the 
data acquisition rate will have a unique slope 
that is characteristic of the oxidation rate at 
a given point on the potential time curve. 
Metals with different oxidation rates should 
exhibit a different dependence of the signal 
magnitude on the data acquisition rate. The 
relative magnitude of the signal-to-baseline 
ratio remains constant regardless of the data 
acquisition rate used. However, the absolute 

magnitude of the signal-to-baseline differ- 
ence does increase as the data acquisition 
rate is raised. In other words, the minimum 
quantity the technique can detect can be re- 
duced by using a high data-acquisition rate. 
The best analogy is the improvement in 
counting statistics in radiochemistry that re- 
sults from an increased observation period. 

Schulze et al.75 investigated the use of 
the matrix-exchange technique in FIPSA. For 
this purpose, they measured the stripping 
potentials of cadmium, lead, thallium, and 
tin in various supporting electrolytes. The 
data obtained were used to optimize the com- 
position of the carrier solution for the simul- 
taneous determination of mixtures of these 
elements. Complexing agents such as cit- 
rate, tartrate, and ammonia led to a dramatic 
potential shift for bivalent ions, thus remov- 
ing hindrances on the simultaneous determi- 
nation. Among the nearly 40 different sup- 
porting electrolytes tested, NH,/KOH was 
found to be so good that the four elements 
(Cd, Tl, Pb, and Sn) could be determined 
simultaneously even at concentrations dif- 
fering by as much as one order of magni- 
tude. 

Frenzel and Bratter76 proposed a FIPSA 
system featuring extremely short residence 
times (less than 1 s) and a proportionally 
high throughput (up to 200 samples per hour) 
(Figure 24). Up to four elements could be 
determined simultaneously at concentrations 
from a few micrograms per liter to several 
hundredths. On-line sample manipulation 
(dilution and matrix modification) was pos- 
sible by using one- and two-channel flow 
systems. The utility of FIPSA was evaluated 
by comparing the response, sensitivity, and 
several practical aspects of four different 
flow-through cells: a Metrohm EA 1096 wall- 
jet detector, a laboratory-made wall-jet cell, 
a thin-layer cell, and an open thin-layer cell. 
The ensuing method was used successfully 
for the fast sequential quantitation of zinc, 
lead, and copper in tap water, and the direct 
determination of lead and cadmium in acid 
digests from biological samples with no pre- 
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Detector 
cell 

FIGURE 24. Two-channel system for on-line sample manipula- 
tion. (From Frenzel, W.; Bratter, P. Anal. Chim. Acta. 1986, 779, 
389-398. With permission.) 

treatment. Frenzel et al. checked for the theo- 
retical prediction of the FlPSA technique of 
a linear signal dependence on the residence 
time of the sample; they used times in the 
0.5- to 600-s range and different injection 
volumes, flow rates, and metal ion concen- 
trations. The prediction was found to hold 
for all four types of cell. In contrast to the 
theoretical predictions for flow-injection 
anodic stripping voltammetry, the stripping 
time in FIPSA is inversely proportional to 
the flow rate as long as this is not altered 
between deposition and stripping. This is a 
result of the increased plating efficiency at 
high flow rates being offset by the likewise 
faster transport of oxidant during stripping. 
In all cases, experimental verification was 
obtained for flow rates in the 0.2- to 6-ml/ 
min range except for the open thin-layer 
cell, where the maximum useful flow rate 
was 2 mumin (the filter strip was flushed 
away at higher flow rates). The question of 
which cell was best suited for FIPSA could 
not be answered unambiguously, however. 
The shape and length of the stripping curves 

were nearly identical under comparable ex- 
perimental conditions. With respect to re- 
sponsiveness and carryover, the laboratory- 
made wall-jet cell proved superior. For 
practical reasons, the open thin-layer cell 
(Figure 25) was found to be preferable be- 
cause disassembling for cleaning and remov- 
ing air or hydrogen bubbles was obviously 
unnecessary. 

Locascio and Janata” designed and tested 
an automatic system for the determination of 
lead(I1) and cadmium(I1) in the to 10-6 
M range. It consisted of solid-state integrated 
circuitry containing a chemically sensitive 
field-effect transistor (CHEMFET) and a 
transistor control switch (Figure 26). Flow 
of solutions, application of potentials during 
the electrode preparation, plating and strip- 
ping periods, and data acquisition were con- 
trolled by an inexpensive microprocessor. 
Sample volumes of 200 p1 containing the 
metals at concentrations in the above- 
mentioned range could be processed in less 
than 2.5 min with a relative standard devia- 
tion below 10%. The detection limit was at 
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I 

FIGURE 25. Schematic diagram of open thin-layer cell. 
GCE, 1 mm glassy carbon working electrode; Pt, 0.2-mm 
auxiliary electrode; SCE, saturated calomel reference 
electrode; F, filter strip. (From Frenzel, W.; Schulze, G. 
Analyst. 1987, 112, 133-1 36. With permission.) 

the time restricted by the low sampling rate 
of the microprocessor used (a Commodore 
VIC20). Also, the upper value of the usable 
concentration range was limited by the maxi- 
mum practical concentration of oxidant. 

An electrochemical flow-cell suitable 
(Figure 27) for use with dual detection by 
PSA and atomic absorption spectrometry in 
a flow injection system was characterized by 
Schulze from its flow pattern and dispersion 
 measurement^.^^ The deposition efficiency 
could be altered from 1 to 2% to 24% by 
using a glassy carbon and a carbon felt elec- 
trode, respectively. Application to the deter- 
mination of lead in water showed that, after 
enrichment on carbon felt, the sensitivity for 
flame atomic absorption spectrometry was 
increased by one order of magnitude (en- 
richment factors of -5 and -30 at sampling 

frequencies of 60 and 12 h-l, respectively). 
Dual detection allowed some errors arising 
from apparatus malfunctioning or a wrong 
sample treatment in one of the methods to be 
identified, thus providing accuracy checks. 

Matuszewski et reported an FIPSA 
system using an IBM PCXT computer for 
rapid digital recording of potential-time 
curves. A straightforward high-volume wall- 
jet cell79 was used as detector cell (Figure 
28). Investigations of the influence of elec- 
trode pretreatment and solution delivery 
mode (i.e., by gravity flow, pumping, etc.) 
revealed these parameters to have a signifi- 
cant effect on the magnitude and precision 
of stripping times. The optimized system 
was applied to the simultaneous determina- 
tion of cadmium and lead in geological 
samples. 
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FIGURE 26. Circuit diagram of the integrated potentiomettic strip- 
ping system. The auxiliary electrode (Aux) is connected to the output 
of operational amplifier 1 and supplies the necessary current to 
maintain a constant potential on the reference electrode (Ref). A 
D/A converter that is connected to the positive input of the same 
amplifier sets the potential of the reference electrode. S l a  and S lb  
are switched by a DPTD relay, and S2 is switched independently by 
an SPDT relay. When S1 a, S1 b, and S2 are in the positions shown 
in the diagram, the CHEMFET is in the plating mode. When Sla, 
S1 b, and S2 are in their alternative positions, the CHEMFET is in the 
stripping mode. The output voltage of operational amplifier 2 is 
recorded during the stripping cycle. The value of feedback resistor R 
is 25.9 kQ. The part of the circuit inside the dashed line area is on 
one integrated silicon chip. (From Locascio, L.E.; Janata, J. Anal. 
Chim. Acta. 1987, 794, 99-107. With permission.) 

VI. INTERFERENCES IN 
POTENTIOMETRIC STRIPPING 
AN A LY S I S 

PSA interferences can be classified into 
two broad categories: those arising from 
the presence of metals and those intro- 
duced by organic substances in the 
samples. 

The interferences posed by metals can in 
turn be classified into four groups:*O 

1. Class 1 interferences arise from 
interferents, I, that decreased the ana- 
lytical signal of the analyte, A, through 
a parallel oxidative action of ionic I 
toward the deposited A. Obviously, I 
must be a stronger oxidant than A in 
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Banana plug 
, socket 

FIGURE 27. Flow-through cell for potentiometric stripping analy- 
sis. (a) working electrode; (b) reference electrode; (c) auxiliary 
electrode. (From Schulze, G.; Koschany, M.; Elsholz, 0. Anal. 
Chim. Ada. 1987, 796, 153-161. With permission.) 

the given ionic medium. The following 
reactions take place in parallel during 
the stripping of A: 

A(Hg) + (d2) Hg2+ + An+ + (d2) Hg(1) 
(47) 

m A(Hg) + n I"+ + m An+ + n I(Hg) 
(48) 

where M(Hg) denotes amalgamated M. 
The magnitude of the signal decrease 

will depend on the relative reaction- 
rate constants of the heterogeneous Re- 
actions 47 and 48, and the [Im+]/[Hg2+] 
ratio. 

2. 

The proportionality between the 
analyte concentration is generally pre- 
served. Typical cases of class 1 inter- 
ferences are observed with the follow- 
ing A-(Il,12, . . .) pairs: Zn-(Cd, T1, In, 
Pb, Bi), Ga-(Cd, T1, Pb), Cd-(Pb, Bi), 
Tl-(Pb, Cu, Si), In-(Pb, Cu, Bi), Pb- 
(Cu, Bi), and Cu-Bi. On the other hand, 
no class 1 interferences have been de- 
tected for Zn-(In, Pb) in 0.1 M HC1. 
Class 2 is only observed if I is less 
oxidant than A and is capable of being 
plated, giving a stripping plateau pre- 
ceding that of A. An increase in the 
analytical signal is observed that can be 
attributed to the direct reduction of A" 
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B 

i 
t 

FIGURE 28. (A) Manifold used in flow injection measurements. C, carrier solution; 
R, reagent solution; D, detector cell. (B) Configuration of the measuring cell in flow 
injection measurements. W, glassy carbon working electrode with perpex cap in wall- 
jet arrangement; R, reference electrode; C, counter electrode. (From Matuszewski, 
W.; Trojanowicz, M.; Frenzel, W. FreseniusZ. Anai. Chern. 1988, 332, 148-152. With 
permission.) 

at the electrode surface by amalgamated 
I, which takes place in two simultaneous 
reactions during the stripping of I: 

I(Hg) + ( d 2 )  Hg2+ + I"+ + ( d 2 )  Hg 
(49) 

n I(Hg) + m An+ + m A(Hg) + n I"+ 
(50) 

In most instances, for the same time 
interval, Reaction 50 yields larger 
amounts of A(Hg) during the stripping 
of I than does the following reaction 
during the deposition step: 

An+ + n e- + A(Hg) (51) 

In contrast to class 1 interferences, 
class 2 interferences may be readily 
suppressed or completely circumvented 
by a judicious choice of the deposition 

potential. Thus, using a deposition po- 
tential between the stripping potentials 
of I and A will prevent deposition of 
the former. 

The proportionality between the ana- 
lytical signal and the analyte concen- 
tration is generally preserved unless 
other classes of interferences are in- 
volved. 

Typical class 2 interferences are ob- 
served with the following pairs: Cd-Zn, 
T1-Zn, In-Zn, Pb-(Zn, Cd, In), Cu-(Zn, 
Cd, In, Pb, Tl), and Bi-(Zn, Cd, T1, In, 
Pb). 
Class 3 interferences are observed when 
A and I form one or more intermediate 
compounds. These interferences are 
readily distinguished from class 1 and 
class 2 interferences because, in most 
cases, they appear at relatively low 
in terferen t concentrations. They usu - 
ally result in a dramatic decrease in the 

3. 
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analytical signal. An increased signal is 
to be expected, however, if the inter- 
metallic compound is stripped at the 
same potential as the analyte. Interme- 
tallic compounds are known to behave 
as separate metals and are reportedly 
oxidized at potentials between the oxi- 
dation potentials of the individual met- 
als or at the same potential as one of the 
constituent metals.81 

In the presence of low interferent 
concentrations, the analytical signal is 
linearly related, but not proportional, to 
the analyte concentration because ei- 
ther part of the analyte is consumed by 
the interferent to form the intermetallic 
compound or this is stripped together 
with the analyte. The analytical signal 
decreases or increases by a constant 
amount that is proportional to the 
interferent concentration. 

Typical instances of class 3 interfer- 
ences with a decrease in the analytical 
signal are observed with the following 
pairs: Zn-(Cu, Ni, Co), Ga-(Cu, Ni, Co, 
Zn), and Cd-(Cu, Ni, Co), while a sig- 
nal increase is observed with the Cu-Zn 
pair. This can only be partly ascribed to 
a class 3 interference, as the predomi- 
nant interference is of class 2. 
Class 4 interferences encompass all 
interactions not amenable to classes 1 
through 3. They may originate from 
various phenomena: 

4. 

A. Chemical interaction between A 
and I prior to the deposition step 
(e.g., inhibition of the deposition 
of A by coprecipitation with basic 
salts of I). Typical instances are 
observed with the following pairs: 
Zn-[Cr(III), All in acetate buffer at 
pH 4.0, Ga-[Cr(III),AI], Cd- 
[Cr(III), All, Tl-[Cr(III), Al, Ga)], 
and In-(Al, Ga). In all cases, addi- 
tion of the interferent after the 
deposition step has virtually no 
effect on the analytical signal. 

B. 

C. 

Formation of a separate crystalline 
phase of I on the surface of the 
mercury layer may also consider- 
ably influence the analytical signal 
in either direction. In most cases, 
E-t recordings are accompanied by 
noise that obscures the signal. Typi- 
cal instances are observed with the 
following pairs: Tl-(Ni, Co), In- 
(Ni, Co), Pb-(Ni, Co), and Bi-Ni. 
Interferences observed mainly with 
Ca, Mg, and Mn are not amenable 
to either of the above described 
phenomena. Such interferences are 
observed with the following pairs: 
Zn-(Mn, Ca, Mg), Ga-(Mn, Ca, 
Mg), TI-(Cay Mg), Bi-Al, and Bi- 
Cu - this is in contradiction with 
class 1 Cu-Bi, as a-class 2 Bi-Cu 
would be expected). 

Not only the proportionality, but also 
the linearity between the analytical sig- 
nal and the analyte concentration seem 
to be affected by class 4 interferences. 
The relationship between the analytical 
signal and the analyte concentration 
should be checked in each separate in- 
stance. 

It should be stressed that mixed-classed 
interferences are also likely to occur. One 
typical example is the Cd-Ga pair, where class 
2 and 3 interferences may compete with each 
other, resulting in an unusual, consistently 
nonmonotonic interference pattern. 

The specialized literature includes vari- 
ous procedures for the elimination of inter- 
ferences due to the presence of metals. Thus, 
Danielson et a1.** overcame the strong inter- 
ference of copper in the determination of 
zinc by adding gallium, which forms a more 
stable intermetaIlic compound with copper, 
thus allowing zinc to be oxidized at its nor- 
mal stripping potential. Copper(II) can thus 
be determined in the presence of zinc fol- 
lowing deposition at a potential where Zn(I1) 
is not reduced. 
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Hoyer and Kr~geI.8~ used the generalized 
standard-addition method (GSAM) to resolve 
overlapping signals and correct those affected 
by the formation of intermetallic intermedi- 
ates because the normal SAD provided in- 
accurate results if the analytical stripping 
signal was overlapped by one or more sig- 
nals resulting from the stripping of nonanalyte 
components. In addition, if an amalgamated 
metal takes part in the formation of an inter- 
metallic compound with plated nonanalyte 
components, care should be exercised to 
eliminate this effect prior to application of 
the normal SAD. 

On the other hand, these interferences 
can readily be overcome in many cases. 
Nearly coincident stripping signals can of- 
ten be well resolved by using another me- 
dium; also, their relative magnitudes can 
many times be controlled via the plating 
conditions. Flow techniques with medium 
exchange provide an additional means for 
controlling the selectivity. 

As regards the interferences posed by 
the presence of organic matter (OM) in PSA, 
the technique is much less markedly affected 
by adsorbed OM than are other stripping 
techniques such as ASV because, when OM 
covers the electrode, the diffusion of both 
the metal ion and the oxidant are similarly 
hindered, so the effects tend to cancel each 
other out. Moreover, organic redox com- 
pounds do not interfere with the analysis, so 
measurements of the electroactive fraction 
of the metal can be performed in complex 
media, which results in less complicated 
sample pretreatments. 

The adsorption of proteins and surfac- 
tants or the accumulation of reaction prod- 
ucts at the electrode surface can result in a 
gradual loss of electrode activity when a 
mercury electrode is used for the determina- 
tion of heavy metals in complex mixtures. 
Obvious ways of improving the selectivity 
in PSA include using modified electrodes to 
protect their surfaces from adsorptive inter- 
ferences, a matrix-modifying solution, or the 
S A M  in the analyses. 

With voltammetric techniques, soluble 
reversible redox couples may pose interfer- 
ence problems. The equilibrium concentra- 
tions of such couples at the working elec- 
trode are determined by the controlled 
electrode potential according to the Nernst 
equation. When the electrode potential ex- 
ceeds the characteristic potential of the 
couple, a rapid, transport-controlled redox 
conversion takes place and a Faradaic signal 
is obtained as a result. Reversible couples 
may often exist as intermediate products 
when natural samples containing traces of 
organic matter are subjected to voltammetric 
analysis. With pulse voltammetric tech- 
niques, where rapid potential steps are em- 
ployed, the effect is more pronounced than 
with slow potential sweeps. 

In PSA, where the sample contains ex- 
cess oxidant, dissolved reversible couples 
only exist while potentiostatic control is 
maintained (i.e., during the plating period). 
During stripping, when potentiostatic con- 
trol is abandoned, only the oxidized form 
can exist, the reduced form being converted 
so rapidly that no characteristic plateau or 
peak is observed. The transport rate of oxi- 
dant toward the working electrode is of little 
consequence here because the reduced form 
is not preplated on the electrode and there- 
fore is at a low concentration relative to the 
concentration of oxidant immediately avail- 
able at the electrode. Nevertheless, the ana- 
lytical signal may be decreased as a result of 
the organic compound concerned having a 
reduction potential similar to the analyte 
oxidation potential. The decrease is usually 
insignificant, provided the SAM is used for 
quantitative work. 

VII. APPLICATIONS OF 
POTENTIOMETRIC STRIPPING 
ANALYSIS 

PSA is not as general an analytical tech- 
nique for the determination of metal traces 
as is graphite-furnace atomic absorption spec- 
troscopy, for example. However, in samples 
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containing high concentrations of inorganic 
salts, the PSA technique seemingly surpasses 
spectroscopic techniques for the determina- 
tion of some elements. Typical samples are 
body fluids, mineral acid digests from bio- 
logical materials, saline waters, and chemi- 
cals for purity testing. Table 1 summarizes 
selected applications reported after the lit- 
erature review by JagnerI4 was published. 
Of special note in this context is the recent 
work of Ostapczuk et al.6*84 and Labaqg5 who 
assessed the present potential and limita- 
tions of the determination of trace elements 
by PSA in various types of samples of both 
clinical and environmental interest, and re- 
ported the results obtained in interlaboratory 
quality-control experiments. 

A second area of application for PSA is 
the determination of the different chemical 
forms of trace elements in samples,14 in com- 
mon with nearly every electroanalytical tech- 
nique. By proper adjustment of the potentio- 

static deposition potential, the working elec- 
trode can be made to respond only to hydro 
or chloro complexes of the trace metal and 
not to the EDTA complex, for example. 
Applications of this type include those re- 
ported by Jagner and h e n g 6  and F a ~ y a d , ~ ~  
who determined the conditional stability 
constants for the EDTA complexes of Pb(II) 
and Bi(III), and the dissociation potentials 
of the Bi-NTA and Bi-EDTA complexes 
(NTA denotes nitrilotriacetic acid), respec- 
tively, using computerized flow-injection. 

The PSA technique can also be used as 
a complementary analytical technique in 
conjunction with atomic absorption spectros- 
copy for analysis of a wide variety of samples 
in order to comply with the results dictated 
by national legislation boards, which are 
increasingly demanding that samples be ana- 
lyzed by two different analytical techniques. 
For many toxic trace metals, PSA seems to 
be the best complement. 
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