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- " _ ABSTRACT
_ DETERMINATION, OF TRACE LEAD 'AND CADMIUM
IN BIOLOGICAL MATERIALS BY. AUTOMATED
DIFFERENTIAL PULSE ANODIC STRIPPING

POLAROGRAPHY
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Steve Hon-Ying Seto
~ h \{
The application of automation tq electrochemical . -

stripping analysis was investigated via the quantitative

determinations of two trace heavy meta]s in two biological

s

samp]es, namely, lead and cadmium in fish muscle tissue and

in bovine liver. Differential pulse anodic stripping
polarography (DPASP) was embioyed for the current-sampling

at a hanging mercury drop electrode (HMDE), in an acetate

.

.‘supporting electrolyte' "Preiiminary analysis of the

relationship between the stripping current and the various

hstrumenta] parameters demonstrated that responses were

in accordance w1th the theory of DPASP The resu]ts

v

obtained from the analysis of the biological samp]es indi-
cated that the sensitivity and accuracy of the electro-

chemical technique were at least comparable to those of the

braphité-furnace, atomic-absorption spectrophotometry

(6F-AAS), and that better reproducibility could be obtained
by the former method with the aid of automation. Its

reproducibility and accvracy.were estimated to be 3% and
o
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.98%, respectively. The practical detection limits were v

found to be 0.05 ppb.'(na/ml) for lead and 0.02 ppb (ng/ml)

N »

for cadmium. - o - o L .
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The experimental work and observations have indicated

A .

that, in“terms‘éf equipment and ‘labour cost, and ‘of analysis

‘time, the automated DPASP technique has distinct advantages

dver the, GF-AAS technique for the .analysis of multi-elemental

“v
samples from the diffferent sources. = -~ ~ , .
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1.0 INTRODUCTION

The detection of heavy meta]é;in environmental
materials has long been of interest to analytical chemists,
.but emphasi§ on the health hazards 6{ heavy meta]s‘iﬁ
fecent years has -shifted the }ntereig\from a scientific

curiosity to a matter of grave concern.\ In the. past two

‘o s . . L. .
decddgs, 1ndustnfes, universities, apd governmental agencies

! . % k) 3 t . -
have .engaged in a vigorous search for sensitive and accurate-

metfods 6f determining he@vymmeta]s, in a vara€ty of
matrices, at vefy'Low-cohéentrationsl fWhere parts-per-
ﬁi]]ion’(ﬁpy) levels .of dgtection onc; sufficed, barts—pér-
*billion (ppb) and sub-bpb levels are now required almost
routinely. ‘

nTo meet these requirements, a variety of techniques
' ' .

exists. Anodic sfripping po]arography/vthammetry, colori-

metry, neutron activation analysis, atomic absorption, '

emission and,fﬁuorescencé spectrophotometries, ‘and the ﬁﬁ‘
. | - .

emission specé%ograph have been used*with -varying degreés

of success, convenience and cost.

As part of its interdiscip]iﬁary programme, the,
Aha]ytical Chemi;try Division of+the Department of Cﬁemistry
has' set dp methodologies for the Deparf%ent'of Biological
Scien@e, Fish onicS]ogj\Grohp,”associated with'thé'deter—
mination of t}ace heavy metals in fish tissues, fish foods

and fish tank waters. These methodologies have involved,

.

i
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" those where GFAAS methods of analysis are required, and

- particularly where the levelg approach the limits of detect-

-

. N
basica11y,.atomjs,abéorption spectrophometric, flame and

graphite-furnace~(FAAS/GFAAS) technigques.

When the levels of the trace metal analytes approach

t

-

\

jon of the graphite furnace technique, the absorbance values
obtained tend to become less precise, due to lamp-Source

intensity variations, the higher proportional influences .

of the .sample matrices, memory effects of the graphite tube

of ,the furnace, etc. Under these circumstances, it becomes

necessary to carry out multiplicate determ}gafﬁons for each

of the background so]utiéns, the standards and. the samples.

+ \\

In the determination of lead at Tow levels by the 1,

graphite-furndce‘techniqu&. for example,. for a set of

solutions consisting of one standard solution background,

five standard samples, one fish tissue sample background ;o>

and one tissue sample,ét least quadruplicate determinations.

lwohlﬂ be required. chluding three sp{kes of standard each

.furnace

‘samples

to the tissue background and the tissue sample, a total of

. fifty-six sample applications’(1njections) to the graphite-

atomizer would be needed. If four fish tissue
were to be analyzed for lead alone, this would
require a total of 104 injections, which is generally the
average life'tiﬁé of a pxro]ytic graphite tube.. For the
determination, therefore, on a per element basis, a period
a graghife'tﬁbe.

/'- ,

-

of about four hours of analysis time. and

—

~™
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at a ccst of about $15 per tube, wou]d be needed fer each

TR

' \ruﬁ. Under these cond1t10ns, both the analysis t1me and

cost factors become excess1ve for the analyses of mult1p1e

. J
'elemenfs by the GFAAS technqiues.

. -

= % 3 M
It is poss1b]e}”iﬂ/66§t cases, to determine many trace -

heavy meta]s s1mut£i:ejj;1y by polarographwc means under )

2 »

favourable conditions® ) ' :

o . .
Differential pulse polarography (DPP),. one of the most

w1de1y used quant1t1ve techn1ques, has a 1imit of detect1on
for heavy meta]s of approximately 2 5 ppb (ng/m]) .in" the
test solut1on. This detect10% limit, however. becemes
genera]ly inadequate_in cases where appreciably lower trage-
metal conpents may be encountered, as in some biological or

. o - -
-environmental samples. = -

|-

analytical methods:hqs ]ed to development of the technique

Research on . increasing the sensitivities of electro--

of stripping polarographic/voltammetric analysis. The

qnodic variant of Etripping,polarography (ASP) is a two-

' step process, in which-a metal ion in so]utfgn is first

deposited and preconcentratedlin the form of an amalgam

-_1n a HMDE and the- str1pped current i mon1tored by the E

) ‘polarqgraph1c ifstrument throqghout the anod1ca11y scanned
'botent1a1 range DPASP is current]y the most favoured \
techn{quei owing to the capab1l1ty of DPP of y1e1d1ng

‘ re]at ve]y h19her signal-to- noise (S/N) ratjos for. the .
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'dél stripping;pgak eurrent'than tho;e‘for the otﬁer.po]aro-
grabhic monitorihg modes. It is possible to detérmin% up

: to five elements simultaneously by the DPASP technique,
without*anj 1nterferepce, at concentrations as low as 0.008
ppb, in a 20-ml solution. In a 2-g. freeze-dried fish-
tissue sample, the value represents a deFection of 0.08 ppb.

”,,(ng/g), which is gene}ally better than competitive with the

‘GF-AAS (1,2).

.o Introduction of automation to DPASP instrumentation i§

a fairly recent development, and has given the electro-

analytical technique advantages of greater precision, lower
coit and time-saving relative to the GF-AAS method.

Y
Y

o ‘ »Considering again the case in which fouf samples of
{ fish tissue are to be analyzed by GF-AAS, as ngted before,
in order to &sterm1ne the contents of Cu, Pb, Cd, and‘in,
there w111 be requ1red a total of four graph1te tubes, and
o approx1mate1y 20 man-hours of analysis time, during which
per1od an operator must be present contlnuously to app]y the

?
A sample aliquot to the AA spectrophotometer. (Although

GF-AAS equipment can generally be supplied on reqdest with

automation to the graphite tube, solution [spiking operations .

still require the presence of the operator. One should

7 ) .
also not overlook the very considerable cpst increase for .
automated GF-AAS equipment.) With automdted DPASP, the four
metals can bé quantitated simultaneously in the'qourse of

u1ti-eiementaﬂ

wZLS to 3.-hours per sample by using the

»
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standard add1t1ons}(sp1k1ng) aﬁa]yzing technique For the *
same set of samp]e so]ut1ons, it will aonly require a: tota]f

of about 1.5 g. of super-pure, triple-distilled mercury at

(a‘cost of $120 per 3 kg and a total analysis time of not

more than 12. hours during which time, because of the autﬁ;
mated process, an operator can attend to other areas of
manual analysis and sample preparat1on, being needed only
for a total of 20 min. (5 min. each for every 3 hours, in
order to replace end set upethe:rew sample solutions on the”

DPASP analyzing stations).

It is apparent therefore that within limitations as
to the heavy metals requ1red to be determined, the DPASP

technique»has advantages qver the GF-AAS method in terme of:-

5
~

(a) Coét'of materials copsumed ‘in determination
(B) Cost of 1abour based on direct attention time

requ1red
C .
(c) Tota] elapsed tlme to carry ‘out a series of

<

,determInat1ons

’

"The capital cost layout for equipment is another factor

which must not be ignored, and which provides an advantage

for DPASP over GF-AAS. With automated injection

equipment for meltiple samp1e hardting, GF-AAS units would

w

¢

require capitel expenditures aﬁbroximéting $60,000 to $70,000.

Evern the best of DPASP equ1pment including & unit for

prepurification of the support1ng electrolyte, would not

~

n

)
A%
N
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Towmay be.Superior to-those of DPASP, parti§u1ar1y\wﬁth'respect

M -
' . - - " '

cost in excess of $30,060. WhiTe it can\be‘argued that ‘ N

iGF-KASgequipment has metal détérmination capabilities yhich‘ <

A &

.
. -

‘to the number of metallic elements determinable, it must y

. also be remembered ‘that the polarographic/voltammetric units

i . . . . .
have inorganic .anion and organic compound determination

capabilities not available at all with AAS or GF-AAS equip-
ment. - , : : ' /

2.0 THEQRETICAL PRINCIPLES

A4

2.1 General Theory

2.1.1 Ciassica] DC polarography

. The term voltammetry deals with the current-potential

hY .
. (i-E) behaviour of an electrochemical system. The i-E
A )

7 ]

curie arises as a résult of F]ectron—t%ansfer processes that ,
occur at the surface of a micro-electrode when diffusion is

the rate-determi\jng step in an electrochemical xeacfidﬂZAﬁ”*_‘““‘“__'“f_l
Polarography is a particular case of vo]tammétry in which

the measurements of the i-E curves are carried out at a

dropping mercury electrode (DME) or a hanging mercury drop

electrode (HMDE). I

e

The ®development of Qolarogrgphy began in 1922 with

the work of Heyrovsky (3,4), ands marked a significant : -

r

. advance in electrochemical analytical methodologies since it

-




C -

introduced the element of selectivity through control of
electrode potential, an element which was, largely lacking in
the older e]ectrochemica]sana]ytica] methods of potentioﬁetr

< ¢

and conductoﬁetry.

] . o

The fundam;ntal Dﬁ, or‘classical, paﬂarogr;phic “w |
teéhniques were acceptable for ana&ysié to Fhe approximate‘ :
Tevel of 10_? M, but suffered from lack of sensitivity whgn -
compared to atomic absorption spectﬁoPhotometry (AAS) and
other micro-analytical technfques which were later developed.
Iq-additian to the 1ack of sensitivit;, it'aISo suffered
froﬁ a number of thfects" which m;dé it less than ideal
for routine analytical purposes, and made the results
obtained somewhat difficult to interpret. The electronic
difficu]ties hindering the c]aséicai DC po{arographjc
tecﬁnique were overcome in the early 1960's with the intro-
duction of-]ow~cost; fast response aqd more stable operat-'
ionql amplifiers, a wider knowledge Ef electrode reactions,
impF;ved investfgation and measuring\%ethods, and the
introduction of more efficient electrodes. As a result,, X
the last tWO(azfQE;s has witnessed sophisticated teéhniques
such as alternating-current (A.C.)_po]arography,\square—
wave and pulses-wave forms of pd]arography, and stripping’
analysis. Investigations of such téchniques have demon-
strated £he utility and desiraBi]ity of the "new" polaro-
graphic methods for "fingerprinting" pufposes énd for trace

analytical applications. In addition to the extensive

scale on which polarographic/voltammetric methods are now
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used, their sianificance is re“lected by the vo]uée of
literature devoted to them. Some 2500‘papers‘on‘the squect
are being published yearly, and since HeyrpvskyLs-origina]
paper (4) was published in 1922, more than‘50,000 ;rtic1é$

and monograms have appeared. ) L -

-

In ?gléiggfaphy/vp1tammetry, a 1ineay1y-varyin§
poﬁentia] is applied across the electrodes of the.measuring
cell. The quantity which is actually measured and Teporded
on the.polarogramme is the diffusion current, idm The data
requi}ed for the qualitative and.quaﬁtifative detérmination'z
of the dissolved substance (the depolérizer or‘analyté) can

[}

be extracted fr%m the i-E curve.’

v

The half-cell reaction occurring at the working'microJ
electrode is:

Ox + ne” == Red - o ({)“
where: 0x and Red are therOXidiz;d and reduced‘states of
an eiectro-active species.‘resnective1y.

The relationshlip between the poténfial‘applied to a working
electrode and the activities of Ox and Red in the transition

i s
zone between the electrolyte and the electrode surface is

given by Nernst's equation: 4
a ox

Eo= B0 o« BLoan 20X | (2)
-where:” . E = cell poiential; . .‘
to = standard reduction potential;
" a = activity;
T = absolute temperature in Ok, /

P



| ‘ : )
/ ‘ 9.

b R = the gas constant; ‘
N | - n = no. of electrons involved in the transfer
A J_ process; ' : A
! F' = Faraday's ‘constant; ,
. . ’ ~
ol | Assuming that. the ratio of the activitieé generaliy equals

" to the ratio of the molar conéentrations? we have, at 25%¢,

" Equation (2) o e

[}

0 0.059 X .
‘ cE = B0+ 2 Tog €L /C g S

ﬂ.Equatiqp (3) shows that, if the potential.to the working
,e]ectrbde is altered, the ratio bétween the concentrations
> of O0x and Red is also qlfered. This change inevitably
involves a migration of electrons, which is measured asﬂa '
current, i: When ﬁhe app]iedupo;ential is sufficient to
ensure that a11'depolar%zers arriving at the electrode are
electrolyzed at once, than ; maximum concentration gradient
. is set up between the electrode surface and the surround{ng,
solution. 'This égtablishéé the diffusion rate for the |
depolarizer, .and hence the value of the diéfusion current,
iy. From Ikovic's eqidtion for i, (5), and according to
Héyrovsky also, the instantaneous current is given as,'
follows: ~

2/3t37601/2q

ig = 706nn! (25°c) (8)

0X

‘where: - o !

i4 diffusion current‘(uA)' .
n = electron tradsfer for Ox + ne == Red
rate of flow of mercury in capillary (mg.s'])

-

m




N
' ; 10.
t = _1ife-tiie of mercury drop (s.)
D = diffusion coefficient for the depolarizer
. 0x (cm
" . Cox = concentration of depolarizer (mM/L).
/ 706 = constant based on the Faraday, Hg dens1ty, s
and-etc. )

The important feature involved ip this interpretation

of the diffusion current at the DME are those re]ated to the

Lo ’/._4

]1naar relatygpshqp between iq and Cqy.

.o i

At an applied cathodic potential permitt?ng immediate °
reduction of Ox upon arrival at the electrode surface, and in
the very ear]y stages of drop iife of. a mercury drop, fhe,
relative rate of increase of the electrode surface area is
very high and the moverment of the'surface into the solution
is rapid eagygh ;o p}event any worthwhile concentration
gradient zone from beiﬁg established at the electrode surface.
The current increases rapidly here, at the‘earﬂy stages,
because of these conditions. As the drop grows lafger, the
relative rate of surface area increase and movement' into the~
solution decreases and, during a short but appreciable period
before drop dislodgement, a well-defined concentration zone

. v,
is established where Cqy (x=0) Cox and is approximately

equal to zero. This .establishes a value bf current which is
the diffusion, and depends only on the value of Cox. ( Cox(x=0)

is the concentration of Ox at the electrode surface, and 6°x'

is its concentration in the bulk of solution). Thia ig now

persists virtually unchanged
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drop falls ( d.f.)

3

id : e e { .

TIME

"Figure 1 : Current-time profile of repetitive and single drops,

id = Difflision current ( ua.,); ) ) ,
Id = Time-average diffusion current ( ua.); “l
T = Life-time of a single mercury drop ( s.);

. _ T 1Y ' N r.
and : T4-T =J 43t , . .
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. \
until drop dislodgement. Subsequent to dislodgement, the
* // concentration gradient zone formed around the drop is .
{ destroyed by the 1nrushinf solution and the forming of a

successive drop. Repetitive drops provide 1dentjak.id 4

values at drop dislodgements, since the amount of depolarizer
-reduced per drop is neg1lg1ble and “the stirring effect due

to drop fall is insign1f1cant The theoretical repet1t1ve
pattern is shown .in Figure 1. The curreng? as shown in
Figure 1, grows in the early stages of drop life. The . |
plateau section of current represents the id value which is

concentration-dépendent.

.

¥

2.1.2 The charging,'condenser, or capacitive current

If a DME disconnected from the externa] circuit is
1mmersed in a pure supporting e]ectro]yte such as KC1, for
examp]e, chloride ions w111 be preferent1a11y absorbed on
the surface of a drop and, as a result, the mercury in the
reserboi; will acquiréa negative charqge. This ﬁﬁ turn will
o be imparted to ;he'succébding drops, which:will hence
-~ .' - absorh fewer and fewer chloride %ons until équi]ibrium is

attaiged. The negat1ve charge accumulated by the mercury

Y

* e will en be just great enough to counterba1ance the tend-

ency for the adsorptlon of excess chlor1de ion to occur on
‘the drop surface. The electrostat1c potent1a] of the
mercury under this equ1]1brium cond1t10n is known as the

potential of.the electro-capillary maximum,qucm.
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. The Eecm varies with the nature of the'suppdrting .
eleclro1yte and is, for example, -0.46 .V vs Sé@;for'a 0.1 M
KC1. ‘At aph]ied potential either more*or Jess cathodic
than this, adsorption of‘pationgxor anions, respective]y,
-occurs on the surface of each mercurf'drpp. In order to _
polarize or charge the electrode -to a desired potential in

/s

the presence of depolarizers, a quantity of current is

“required to charge the capacitance of the e]ectrita] doub]e‘,'

layer created-as a }e%ggt of adsorption of the non-electro-

active .supporting electrolyte ions at the drop surface.

The"magnitude of the average charging current, i, during'

drop life is‘]arge enough to be recorded, and is ‘the limiting -

factor determ1n1nq the lowest concentrat1on that .can be
5

detected by the norma1 DC po]arography That ¥s to say, 1',C
const1tut§3 the detection l1mtt of the c]assida] technique,
and its values correspond to concentrations of about 107>

tolO'sMof the depolarizer, depending on/its electrode

. reactivity. In additien to its influence on the dgtéctioh,

limit of the c1assica1 technique, i- distorts the i-E curve

of an analyte (depo1ar1zer) it low concentrathn The
. .

differentfa] capac1ty of the electrical ﬂouble layer varies

"marke¢iy ‘with potent1a1, and the capacity current varies

+

accord1ng]y. As a.regu]t, the i~ E curves are d1storted and

the measured peak current is smad]énfthan the actual peakx
- ' o o

current (AB and ab, respectively, in Figure 2). {7
. ’ ’ G

ft is, however, possible to compensate for the charging

<
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Jigyre 2 : Distortion of the current-potentisl ( i-E ) curve by

. - the charging current, i, ' ( 6 ).
a 4 - . ) g : o
' ig = Diffusion current ( ua,);
e ~ i = Charging current ( ua,); o ! ( .
. a-b = actual’peak-current due to iq only; ' S .
, A-Bt = measured peak-current ( ig + i ).
)
’ - )
‘ , . » +
' ' [ 2
o ’ 8’
‘ ’
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¥

Eurfent by proper design of the recording device. Attempts

H 'z
to dvercome the influence of i . in the 50's led to the use

C
~+and development af wave forms different from and usually
more complex than the sfmp]y varying DC potential normally-

used in the ciassica} polarography.

2.2_' Stroke (Tast) Polarography (7,8:9) y , : . B

»

In classical polarography, the average current, i, is - . \§ o

measured'throughout the whole.drop life-time, during which

id increases broportipnaf]y to t:”6

1/3

while i_ decreases by a

N

rate proporfional]y to T~ (Fidure\3, Ref. 9). Thié'means,

that when the drop starts to'grow the ratio ]d/ic is .

‘considerably smaller than it is toward the end of the drop’

life-time, when the increase in surface area of the drop and ‘ i

the magnitude of i_ are both small. o It is apparent that the 1
.CUrrénf\§hou1d be measured on1j durifhg-a 'small fraction of °
the'dryp-1ife toward the end rather than throughout almost thé
who]e,dkop-]ife. .Thﬁs‘theofy formed the fpundation of

strobe or tast polarography,,aﬁd led to the. development of

square-wave polarography by Ba}kér and Jenkins (10).

The a%vantages of tast polarography over the convent- }

ional are€ as follows:

- -
’ . ~—
B .

(a)- Current oscil]a;ions due. to drop . falls are

minimized and, as a result, less instrumental

damping is needed. Po]arogramhes with well=-formed

]
%
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Lséd by about 3/2'order of magnitude over that of the conven-
tional DClpo}arography. This increase, however, re{ates only ".~§
to the minimization of ic: The other factors contribﬁtin@‘tv
the residual current, such ag faradaic current resultipg from E
impu}ities or'tracestofynxygéﬁ, are not compenséted. The

elemental resolvability and separation are not imQroved.’ o o,

2.3

pérformed-by Mulier et al (11). In this technique, a _small,
16wlfrequéncy a.c. voltage is superimpésed upon ﬁhe sTow,
’linearly-varyfﬁg d:c. pdteniial,ramp; and the alternating
current is plotted against the d.c. pgtential. Thf; leads

zo aﬂchrrent peak in the région of the ﬁ.c..pd]arography\ ‘ .
étep; with the'currgnt values both before and after the stepl

being much lower.

PN

~ + i-E curves- are obtained for better evaluation;

(b) Bebadse'ic varies almost linearly with potential .

o

in the measuring zone, the use of linear i, com-
pensation (as contrasted to the non-linear ig

compensation employed in the conventional method)

is much more suitabie,‘an& donsequeﬁtly the

utilizable data are increased somewhat.

il
t

The ovefall‘sehsitiviry of tast polarography is\inCEEa-"
[ ’ ’ -

PP

3

‘AMternating-Current (A.C.) Polarography - o »
The first experiments in A.C. polarography were

4

o, Pt

bXl




The theoretical principle of A.C. polarography may be

explained as follows At the foot of the ordinary d.c.

?

polarographic wave the a.c. islentire]y due to the charging

and dfscharging of the electrical double layer and is
relatively small. On the p]ateau'of the wave, analyté is

consumed as fast as it reaches the electrode surface ét any

-

time during a.c. voltage cycﬁz, and the a.c. is again due

| :

l ’ : -hainly to variations in the double layer potential. On the

“ | rising part of the wave, the a.c. depends oh fhe reversibility
gf an analyte's half-reaction. If the eiectfon—transfbf step
E .+ - is instantaneous, a ceréain equiJibrium is attained at the
: &er surfa@e atan instant when the a.c. voﬁfage is zero.
- As it becoﬁés;morewnegative, the rate of reduction increases
1. ) ’htvrépid]y and, at the same tfmg, the oiihafion rate.decreases

.

© -~ rapidly. A 1érgé incngase of the net cathodic current is

therefore obtained. The changes become reversed as the -

RN E ipstantaneous value of the a.cs voltage becomes more
. " ppsitive aﬁd tﬁk current becomes more anodgct The greategt /
' o ' variations fn the composition of the' Tayer' of solution
‘ around the drop occpr-at the half-wave potential, and
B} - consequently the maximum a.c. is ob§erved at this potential

(Figure 4). ' ~

,

“Since the magnifude of the a.c. peak is dependent
} . ' 1
also on the reverstbility of the half-reaction of the

analyte, it is much smaller for semi-reversible ot/lyFECer—

o . sible %ystems than for the reversible ones.
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The relationship between the DC and AC polarogrammes,

DC current ( ua,);
DC voltage ( v.);
AC current ( ua,);
AC voltage ( v.);
AC peak-potential
Half-wave potentia

(v.);
1 (v.)
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i ' §~' In the téchniQue, the d.c: componénf‘of the total
current is blocked out, and only the rectified a.c. componenp
is displayed as a function of the d.c. potential, and the
b . current can also be sampled during part of the drop-1life.

| As a resﬁ]t; the faradaic and charging currenf§ are separated
‘because of the phase difference between them. By employing |

a phase-sensitive lock-in amplifier, one can measure the

faradaic current alone, rejecting the condenser current. -

. - A.C. polarography gives a better ?esofution of closely-_
;spaéed i-E waves and is quantitatively more sensitive
" than d.c. po]a%oéraphy (with the detection'1iMit at about
19?;?).' However, since the technique respond%wmainly to
e

rsible electrode reactions, this limits™its applicability

“r

in qugpti;ative analysis. -

2.4 Square-Wave Polarography

+

- ! " :uSquare-wave po]arograpﬁy was devéloped by Barker and
Jankins (10) with the object of estab]ishfng a method

&

B - &
increase of sensitivity. In order to increase the sensiti-

‘ . héving the advdntages of A.C. polarography, but with an
i

vity in polarographic/voltammetric quantitaéive analysis,

ic’must somewhat be minimized relative to the current peing‘

- measured. In the A.C.\po]arography, there is a tondenser
current produced,by the periodic changes in'the Eha;ge of
the double 1ayer? in addition to the main-charging current -

' " resylting from the drop growth. The minimization of these

-

b .=
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two éompénents hence constitutes the basis of _the

o
’

square-wave polarography.

The principle of this method is essentially the same
as the A.C. polarography but with a rectan’gu_'lar sugerimposing
a.c. voltage. The minimization of i  may be explained by
reference/t/;_o/f/igure 5..The ffeaction faradaic current, if, |

/afrd”fc"éje shown on the same time scale, in the‘fi‘;_:;ure. as
the applied potential. Both curren’t,s, rise vertically at
the instant‘the periodically chang‘ing voltage switches from.
one polarity to another, and start to d“ecay exponentially
right after the a.c. voltage reaches its maximum magnitude.
Ic decreases much faster thap if, because the time constant

. dlf the network measﬁring circuit, the double layer capacity
is always so small so that ic is virtually equal to zero
‘long before-the voltage reversals. The 'if, on the other
hénd, decays at a much lower rate because of the diffusion
process involved. By curr:ent-samph'ng, as in tast polar-
ography, at the end of \the' drop-1ife and 'just before the
sw,itch-ove’r of the applied a.c. voltage, 1c of the a.c.
cpmponeﬁt can be rendered ineffectual. With the aid of
pﬁase-shift circuitry, the total 'ic from both the a.c. and
d.c. components can be effective]y reduced.. This consequently

_ provides f%or better sensitivity and detection limits

(5 «x 10"8M‘Q than those obtainable from (sinuscidal}) A.C.

polarography.
/,
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Figure 5 : Schematic presentation of the periodicity of the

super imposing square-‘wavelvoltage (14 ).

T = Drop life-time ( s,);

. i\
t' = Current-sampling period ( s.)
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2.5 Pulse Polarography

The concegs\of pulse polarography Qas‘originally
developed by Barker and Gardner (15) as an outgrowth of
their wqu on square-wave polarography. In all_the pulse
techniques, a single rectangular vo]tage pulse of short . ‘
duration is superimposed on the linearly changing d.c.
potential. The pulse is'repeated at regular intervals and
is synchronized with the maximum growth of each drop. Pulse
polarography utilizes the principle of the square-wave
pé]érography of minimizing the charging current and the fact

that the 1f/1C'ratio becomes more favourable with increased

duration of the square-wave pulse. The current -which is
measured depends on the position and du}ation ofuthe time
interval over which the measurement is made, aﬂd better
results can be obtained with longer pulse duration, or;
1ower‘pulse frequency - at one pulse per drop-life. This

forms the fuﬁdamenta] basis of pulse polarographic techniques.

\ \

Various kinds of pulse polarography may:be distin- ..
guished according to the applied voltage function and the
method of current measurement. The two most important ones

are the normal pulse and differential pulse techniques.

2.5.1 Mermal pulse polaroqraphy (NPP) - : -\

+

In normal pulse polarography, voltage pulses of

successively increa%ing‘amp11tude'qre applied to the DME at
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' Figure 6 : Diagrammatic presentation of the waveforms applied to
o - the working electrode in NPP,
\ ,
A g —

v

'i‘ypical ;arameters on the Metrohm E 506 Polarrecord
| T = Drop life-time ( at IME ) or modulating pulse cycle
o , ( at HMDE ), lowest T = 0.4 s.;
t = Pulse duration = 200 mg, ( constant );
' t' = Currént-sampling period = 20 ms. ( constant );
N . E,. = Pulse-base pot:ex;tial in volt ( adjustable ).
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one pulse. per drdp. Starting from a constant, adjustable

«

pulse baée veltage, the qmp1itudes of individually rising -

voltage pulses determine the'linear]y rising d.c. botehtia]

-

pulse ramp (Figure §). Owing to the fact that, in the

1]

intervals between pulses, the polarographic voltage returns

to the pulse base voltage, which may be either anodic or
cathodic to the half-wave potential of an analyte, no

depletion of material from the solution in the vicinity of !
thé drop takes'place since the electrode reaction does not

occur during these intervals.

™

Current sampling takes place only once during each
drop life, and occurs over the lasf few milliseconds of the
drop Jif; and Qu]se application. The resultant i-E curve,
resembles a conventional D.C. polarogramme. The measured
current signal is the faradaic current that flows at the .
pJ]se potentiai (i%l), minus any faradaic current flow due

to the- fixed d.c. potential (ifz).

e

) Sensitivity of NPP attains a 10-9M level and is
indepengent of the degree of reversibility of a reaction. -
The ‘gain in sensitivity is achieved through the virtual

elimination of the charging current.

2.5.2 Differential pulse polarography (DPP)
4
» / -

Iy

This pulse technique , which differs. from NPP,
copsists of superimposing a single, fixed amplitude voltage

pulse at regular intervals on ;he slowly varying d.c.

e
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Figure'7 ! Diagrammatic presentation of the waveforms applied to

the working electrode in DPP, , i

¢

.

Typical parameters on the Metrohm E 506 Polarecord :

T =  Drop life-time ( at IME ) or differential-pulse cycle
( at BMDE ), lowest T = 0.4 s,;

t = "Pulse duration = 60 ms. ( constant ); N\
- t' a Current-sampling period = 20 ms. ( constant );
‘.’ . Ugp = Differential-pulse amplitude = o

( adjustable : +100 mv, ------ -100 mv,)

: I L)

A . .
- . ~
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. v el - AWt by a Y eet Do sy
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v

potential ramp. The pulse is repeateq and sxnchronized
with the maximum growth of each drop. Current-sampling is
carriea out twice per pulse, each fbr an‘equaT duration,
one immediately befoére the apbiication of the uuTse,and the
‘_ 6ther at the end of the pulse durtné the’Tife ot_the same
drop (Figure 7). The first-current-sampling is essentiaTTy

(4

equivalent td what_woqu be obteined ih normal D.C.- polaro<'-
{

u

m

graph{ “that is, 1f due the d.c. potent1aT ramp. The second
current sample is the totaT 1F due to the #.e~ ramp and the
voltage pulse. These two currents are#largeTy unafgectedvby
perturbing jthuences such as 1',C from the d.c. and/or the

a.c. sources. The d1§ference betueen them deveToped by
apgly1ng two stored signals in the memories to a d1fferent1aT
,amp11f1epy\ns finally presented after ampT1f1cat1on to the T

output of the record1ng system

As in all other caseswhere a superimuosed'

voTtage is app11ed to the 11@ear1y changing d.c. potentia‘
ramp, the vo]tage pulse may cause an add1t1onaT faradaic
current fTow, if therapplied voltage has sudden]y induced a -
__change to:t%e equilibrium potential of an electroactive ‘
snecies whereby the equiTibrjum betwe®n Ox and Reéd is fhiftee.
ahhen‘bdth the‘potentiaTs invdlved Tie eithex before or after®.
the risinglportioniof thé polarographic wave, little or no '
change in if due'to-the nulse hiTT bejobserved in theAsecond
=samplingnend, consequently, zero current-dtfference will be .-
bresented anu”recorded as a horizontal line parallel to the

s

-




-

28,

.
)
i L )

potential axis in the polarogramme. However, when either

one of both the potential, of the d.c. ramp and the pulse,

.are on' the rising po}tion of the polarographic wave, a

£ flow takes place. Therefore, a

gradual increase in the current-difference will be recorded,

significant ge in i

" The current-difference reaches its maximum value at the

half-wave potential, E , of the analyte, and gradu§11y E
declines to a-lower value at the plateau portion.of the normal
i-& qurve; The differential pulse (DP) polarogramme hence

3

gives an i-E curve with peaks appearing at the E (s),

,‘qprresponding to the analyte(s) present 1n’thé solution.

The magnitude of the cgrrenf_peak is proportional to the

analyte concentration and the applied pulse amplitude.

. ~
The DPP technique provides so]utions to most.of the

1

praoblems which plague ' polarographers. The influence of
- " . ’

the ic is minimized by the pulsing and sampling processes,
and peaks -are Qbtained rather than sfeps, §o that resolution
is improved. Suéh probtems as po]arographgf maxima, poorly

S - r

Py

.defined waves and?sevérely-sloping background$§35e1ines.are

at \east partially resolvéed by the teEhnique. Subject to

. Yimitations relative to the duration of the applied pulse,
. v

§he technique is applicable to both  reversible Apd irreyér-

“

. sible reactions, and yie]d% peak shapes which c16?e1y .

épprox{mgte the- theoretically-predict derivative of .the ;

d.c. waveform in most cases. It thus permits one to obtain

»

the maximum possible resolution bétWeen\closely-spacedi

- W

' \
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waves, while permitting:examination of large and small

e

signals in the same scan.

In bfincip]e the DP mode-is less sensitive than the

NP mode, but:-the resolution” is better. It is capable of

-8

detecting concentrations at 10 "M, a 100- to 500- fold.

- -

inceease over the c1assfcq1 D.C. po]aroéraphy, and is by | -4~

far the most sensitive polarographic technique for direct

" quantitation without sample preconcentration.

~

]
2.6 Electrochemical Stripping Analysis - o ‘

2.6.1 General *

“To 1ncrease the sens1t1v1ty and accuracy of electro-

lytic methods by several orders of concentrat1on it is -

nedessary to preconcentrate the very dilute analyte solution.

~

In order to avoid the tediousland time-consuming process of

i

* continuous extraction and separation (and the danger of

a

loos%ng part of the sample and of'contaminating the
analyte(s)), it is far more advantageous to carry out the

preconcentration procedure directly in the system on which

" the measurement itself will be performed. This is the

principle of electrochemical stripping methods, in which
the analyte is concentrated electrolytically'on the working

electrode (in the form of an amalgam or mercuny-coﬁpound

layer with mercury woﬁkﬁng‘electrodes), and is then Erans—

ferred back into the solution by reversing '‘the electrolytic

13N

3
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process. VThis stripping process is monitored by a suitable
polarographic instrument. vSince there is now a substantially
higher concentration of analyte at the e1ectrode—so[ution

int®rface than that originally present in the solution, the

‘sensitivity and accuracy of the determination is increased

many times.

Electrolytic concéntration of an aﬁa1yte from a
dilute solution is most]y"perférmed at a coﬁétant potential,
which is chosen in such a way that the required electrode
reaction proceeds at a reasonable rate. The solution is
stirred during electrolysis to ensure a constant supply af

analyte from the bulk of solution. After a predetermined

set time, the sti}ring is stopped and the solution is left

to become quiescent and equilibrated. During this period,
the goncentration of the&ana1yte at the electrode surface
decreases, and consequently the magnitude of the ¢1ectro-‘

lytic current drops rapidly to the value of the stationary,

diffusion current over the concentration polarized zone.

After the "rest period", the stripping of the deposit

at the é]ectrode is carried out. ‘

-

Generally the stripping current is monitored as a
function of the electrode potential changing linearly w%fh
time. Current peaks are obtained on the résu]ting‘polar-
ization curve, the positions of which (Ep/z) are character-

istic of the given analytes (in analogy to Ey 1in classical

L
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Ep/2 .
' : DIRECTION OF VOLTAGE
SCAN,

L

Schematic presentation o\f the principles of electro-

. Figure 8 :
chemical stripping analysis ( 16 ). .

I = ¢ The electro-depositioh step; .

II = The stripping -step;

Eel. =  Controlled electrolytic ( depgsition ) potential ( v.);
"B m »Half -wave potential ( v,); ’ 3

Ep/a = Half-peak potential ( v.); '

ie. = Limiting ( effective electrolytic ) current ( ua,);

ip . = Strippfng-pe:ak current ( ua.), '

x5 nrson T vt
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po]arogéaphy), and their height (or area) is proportional

.

to the concentrations in the solution, when constant pre-
\! . "

electrolysis conditions are employed (16). The stripping

analytica] process is shown schematically in Fibhre_B.

Po]arogr{phic (or vq]tammetric) stripping techniqueé
are termed either anodic or cathodic, according to the

character of the stripping process (oxidation or reduction,

respectively).

1

¥

Generally two approaches can be employed -in stripping

analysis: ‘ ‘ s

(aj this approach involves thexcomplete electrolysis
of analyte(s) from the solution and monitoring
of the stripping current during the time period
necessary for the complete dissolution of the
deposit; | .
‘(b) this approach, which is at.present far'mo(‘. :
freqqéntly employed, fnvo]ves pre-electrolysis
carried out under reproducible conditions for a
certain time period, so that the -amount of

analyte(s) deposited at the electrode is a

reproducible fraction of the total initial

amount of analyte(s) in the solution. //////

The first approach secures very accurdte and precise
results under favourable conditions but suffers from the

drawback of being time-consuming, especially with large 1
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solutiop volumes.

The second approach requires maintainina a constant
mqss-transport velocity tpwar&s the electrode, and it fs
suitéble to choose the pre-electrolysis é@gditions so that
the fractionvdepositéd is only a very low percentage of the.
total amount present. Because of the rigid requirement of .
cénstant electrolytic conditions, automation becomes

favourable in the second approach.

2.6.2 Theory of anodic stripping (A.S.) analysis

)

“1In anofic stripping analy'sis, the preconcentration
;tep is a cathodic or reductive deposition/process,\and the
stribping Etep is an anodic or oxidative re-dissolution
process. Anodic stripping polarography/vo]tammetry‘is the
‘most Qide1y app1iéd versidn; mainly beéause of jts‘usefu]ness

in trace metal analysis in the fields of environmental

control and toxicology.

" For any e1ecfﬁode material émp1oyed iﬁ ;He anodicl
stripping polarographic (ASP) system, the same éeneral
electrolysis or plating theory applies. An elemen}ary 1-
evaluation of the theory governing the p]dﬂTﬁg procesé
affords an indication of the parameters which can be
adjusted to maximize the plating effic}ency, and ﬁence the

stripping urrent measured.

Al

Consideration will first be given to the preconcent-
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“ration step. It is assumed, for this treatment, that.a

copstant current is maintained during the cathodic deposition.
This will be the case if the concentration in the bulk
solution is not.appreciab]y altered during the course of
electrodeposition (17) and if the solutjqn is stirred at a
constant rate. For a hanging mercury drop‘e]ectrode,.HMDE,'\

the concentration of the reduced metal in the mercury, in

" the ama]gam‘form is given by the Faraday's law:

e

Ca = it/nEv o= 31.t/ﬂ,mrr:gF ’ "(6)
wherg:
| Ca = the concentration of analyte-amalgam (mO]FS/1);
§] = the reduction current (amp.); '
t = the preconcentration time (sec.);
V. = volume of the HMDE (mm3),

The reduction current, i, +s analogus to.the limiting

current in a diffusion - controlled process:

i = nFDCLA/S : (7
where: | \

D = the diffusion’coeffiﬁzyntl(sz/sec);

Chb = the analyte %oncentration'in“the'solution bulk
(M) |

A = the surface area of the working electrqde
(;nmz); ’

§ = the thickness of the diffusion layer (mm).

Since the salution is stirred, & will be affected by the
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stirring rate, cell geometry and thé electrode design. To

éﬁke this into account, Eq'n (7) becomes:

~

i = nmFDCA S _ (8)

where m is the mass transport coefficient, which iy/approxi—
mately proportional to the square root of stirring rate (17,

18). By substituting Eq'n (8) into Eq'n (6), Ca can be

expressed, after simplification, as#follows:
. .

Ca = 3mDCpt/r ’ (9)

where r is the radius of the HﬁDE.

In the electrodeposition.step the analyte-amalgam is

re-oxidized and stripped out of the HMDE. ‘Severél different

7

potential-time waveforms may be used to strip the deposited
analyte and obtain the quantitation parameter, the sfripping

\ peak current (i_.). By far the most common choice is the

p
linear ramp Of the potential. The behaviour at a HMDE may
be considered as analogous to that of potential sweep chrono-

amperometry in the case of a reveréib]e reaction (19). Thus,

- for a HMDE, 1p is expressed by the Randals-Sevcik equation:

o = 2.72 x 10° o3 2 ppl/2 M2 ¢

(10)

-—e
1

where 4

v the rate of potential scan (mv/s)

1

By substituting Eq'n (9) into Egq'n (10), i_ may be rewritten,

p
after simplification, as follows:

i = kmnd/2 p32 102

p Vrth ! (]]) )

s

e g




where: . .

k = 3.264 x 10%

fquation (11) delineates tHe nature of the current
_gfgna1,'but in an ASP'system there is "noise" as well, due
‘Yx:fdito the instrumental electronics, and the nature of a electro-
lyzed .solution. The total current flowing through the system
is: |
A I DU S 1 . (12)

' Where‘ib is ﬁbe béckground residual current’due to thg
_.oxidation ofkimpurities or decomposition of electfolyte.

'Togethgr,‘ic and ib make 'up thé residug]_cu}rent or electro- -
" chemical noisg in fhe system: IC is given, theoretically,

by the fo]]ohing equation: .
o= oa (e BN AE
where

‘aq/SE = the differential capacity of the double layer.
Equation§ (11) to (13) demonstrate the fact that, while the

abso]ute’signal can be enhanced by increasing A and v, ic

in the system is also increased. In the case of the HMDE,

P increases with v]/z

increases with v and rz.

the signal, i and r, whereas i

c
. ’

In th sekrch to increase the sensitivity of ASP, a
variét;‘of'approaches have been employed. Althauéh the
sensitivity can be increased by lengthening the deposition

time, this approaqh has only limited merit.  Inwaddition to
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the undesirabi]itygof long analysis times from a workload
standpoint, long depos}tion times present problems dué to

the diffusion of analyte up the mercury capiliary column of
the HMDE, increasing the memory effect. System and electronic

instabilities can alsp create problems over long deposition

times. . 3~

Se¥eral monitoring techniques have been used to
enhance the sensitivity of ASP analysis by minimizinguthe"
effect of i_ signal. The differential pulse (DP) method
has in recenf ye;rs become the most popular techniqde
applied to ASP, simply because of itg\advantages over the
5€her polarographic techniques (see previous sectipns). In
additian, the DP mode allows the use of very dilute support-
ing electrolytes, such as 0.05M HC1. This feature is very
important in stripping analysis, where trace impurities in
the supporting electrolyte compiicate thé quant;tation
p}ocess. D&ASP has been performed on waste water and sea
‘whter~samples without any additional supporting electrolyte
beyond a very low HNO3 or HCY concentration.

It if found that, when the DP mode is used? ip is
influ?nce@iﬁ}xfhe amplitude of the modulating pulse, Udp,

and a modification is needed for Equation (11) to give the

more appropriate expression:

o= kmn®/ 20320 1 2¢c udp . (1a)

e ® e e S il sl

P
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refine, extend or supplement human effort and facilities in

38.

3.0 AUTOMATION IN STRIPPING ANALYSIS

~

3.4 General

Automatic methods of chemical analysis were virtually

unknown a quarter of a century ago, but are now sufficiently

" commonplace to be applied to a greater or lesser extent in most

gna]ytica] Taboratories. Although maﬁy factors have contri-
buted to the overall stimulus tb develop automated methods,
two of* these have proved to be particularly significant.
First, where the volume of analytical information required

is large the réquirement of producing it as economically as

-

' possible becomes important.. Secondly, there are manf

instances, notably analytical services to industrial
processes, where the value of such information is greatly

enhanced when it can be produced and evaluated rapidly.

The term "automation", accorﬂing to the Commission
on Analytical Nomenclature of the Analytical Chemical
Division of the International Union of Pure and Applied
Chemistry, IUPAC (20), is defined as 'the use of combin-

ations of mechanical and instrumental devices to,replace,

»

P

the performance of a given process, in which at least one

major operation is controlled, with human intervention, by
a feed-back system.' In these terms there are, as yet,

relatively few completely gutomatic methods in laboratory

~

‘use. o ' v
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In control ana]ysis,.generally, chemical constituents
have been determined on Qrab éamp1es which are supsequently
analyzed' by cgnventional manual tec’ﬁ%ques with obvious
shortcomings in timé, economy, and /human-error possibilities.
More and more industrial processes, however, require constant
surveillance and.conf}o1 at each step in the process. Instru-
ments and methods are needed’po'provid% a dynamjc rather than
historical analysis. This requires either continuous, or at

least repetitive analyses of starting materials, intermediate

products, and end products for the desired component(s).

0ften monitored also are ﬁossible tontaminants that could be
damaging at various stages in the Frocess. 0n1; throﬁgﬁ
analyses of these types can produc#ion faciljties reduce
.off—specification.materia]s to a mﬂpimum. Remédia] action

can be taken within a short time with automated analyzers,
I \

Although automated instrumenfgtion costs are generally
high, they still represent a sﬁa]] fractiaon of plant or lab-
oratory costs. Because the limits oﬁ accuracy of both
process and laboratory work can be noﬁbetter than the
reliability of instruments used in maging measurements, high
costs are easily justif;ed. Other advantages to be gained
include greater safety of operation, greater time-savings
and operating/economy. Applicability of a method that
initially apbéars to be borderline may be actually proven

to be acceptable in service because the continuous samp]inghi

process tends to improve precision.
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The ?ié]d of electrochemical analysis emb;aces a
wide Fange of techniques inc]ud%ng potentiometry, tou]o;
* "metry, polarography/voltammetry and ion-sbecifié‘é]ectrodes,
By -a suitable choice of technique and'expefimenta1 conditions,
a high degree of analytical sensitivity and specificity can
,be achieved. It is therefore not surprising that electro-
.chemical techniques have found considerable favour in the

)

design of continuous and automatic methods, especially where

3

-~ trace components. of a sample are to be determined and where

their selectivity can reduce or eliminate the need for = -
pretreatment staqges . thereby simp]ffying the design of the
automated sygteﬁ. The range of eiectrochemica] methods
which are am;nab]e fo automation is extremely diverse,
{ncorporating the determination of organic and indrganic
materials in aqueous, non-aqueous, gaseous and molten salt
media. Oﬁe particular advantage of electrochemical methods
is their independence of 'sample colour. In many in%tances
thé' response of the sensing electrodes is a linear function
" of the analyte concentration. -

t

-

3.2 Automated Anodic Stripping Polarography

3.2.1 'Princ591es ’ “ ,

Automated laboratory methods enhance the ease of

carrying out analyses thai would be impossibly tedious b}
'

manually. controlled methods,aﬁd consequently increase the
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precision of results through precisely controlled procedure.
N . ,

1

Tﬁe determination of beavy metgal,at .thg parts-per-
" .billion (ppb) and sub-ppb levels by use of DPAS@ requires

" that ekperilmental parameters stch as\deposition time, drop

© . size of thq}HMDE, the system temperature, deposition‘vo1ta§e,

'-Etirring rate, and the size of "spike",. when the muitip]e
-sﬁikiﬁg_technique of quantitation is used, be care%d]]y;
controlled to achieve réﬁrﬁducib]e resu]té, ‘Some, but
usually not a]l.of fhége paraméters, can be contro]]éd bj'

devices connelted with

the electroanalytical instrument, or
=% . -

¢

by a microprocessor-controlled-instrument.

—

In practice, if the multiple spiking technique is

employed, a complgte anodic stripping analysis &onsjsts of .
the following stages in sequence: * |
1. The deaeration of the test solution. Inert gas, such as

"nitrogen or argon, is bubbled into the solution to

g& remove the dissolved oxygen.

-

2. The feed of a new HMDE of pre-set size. The ce]]f

botential of the system during this stage is held at a
value (U pause) which is more anodic tharf that of the '
analyie having theghighest anodic, or 5 e 1qwest

. cathodic, potential. ‘ .

3

3. The electrodeposition process. The potential of the

HMDE®is controlled at a‘predetermined,cathodic value,

Udep., throughout the stirring and the quiescent periods.

4

e

\ ' <

PN

x el
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4. _The anodic stripping step. The desired potential rdnge

L T is scanned at a preset rate of potential application.

‘~5: The stoppage of the stripping process, the dislodgement

o e

‘ of the used HMDE, and the start of the pause period.
Throughout the pause per%od, the cell potentia] i3 .
'i N ‘controlled at a va]ue equal to U pause, ¢ﬁT solution is
o stirred and purged once aga1n, and standard(s) may be
added }nto the system, 1f needed, upon the completion of
‘the . necessary num?er of rep]ica&léng for the same

olution. After the pduse period, the seqdence of .anal-

ye&ts is repeatqg until all necessary @data are-collected.

w In principle, hence, a controller for automated ASP

should possess the following basic functions:
§ ” - v

1. Control of gas valves for proper directional purge—gas~

flow through the system at different stages of ana]y§isf

2. Triggering the feed and dislodgement of the automated

. . . . 7

.- HMDE at the proper moments.
"3. Switching on»and off a magnetic stirrer.

. 4, Control of the t1mes of depos1tgon, potential scan. and
pause, and the~correspond1ng ce]l potentials at the

v i

.different stages. . l N

amounts of standard(s) (spiking solution(s)) into the

. ¥
analyte solution at the predetermined moments between

o v

| ‘ v the analyzing cyc1e§.

-

o,

%

T . 5. Triggering the pvoper device to'deliver necessary N
i
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“

[6. Term1nat10n of ana1y51s upon the comp]et on of the

ana1ys1s programme.

A

~

] “The Metrohm E608 VA-Controller is one such micro-
pnoceséor—control device. It is designed to be used in
conjunction with an adtomated polarographic stand consisting
df two operating stations, a po]arograph{c analyzer/recorder,

two automatic burettes, and a volume preselector.

’

4

3.2.2 Functional descriptions .

>

N.B. This section is .intended to give a orief description

<

on the opeQ§t1ona1 functions of each of the components ‘that

composed the 1nstrumentat1on for automated stripping analys1s
X

) 'EMphas1s is given to the VA Contro]]er, the central unlt

of the automated set-up.

L \ ]

¢
. ‘ .

3.27%2.1 General

.
A%

L
To conduct stripping analyses, the most basic, simple

equipment required cohsié;s of an e1ectrochemica1 cell for a

‘three-electrode system, a t@wer, and a polarographic analyzer/

recorder. To quant1tate an mna]ys1s by thhve use of the

standard additions (spikind) method; an automated burette is

.

usually employed for accurate and precise delivery of the
standard solutions. Finally, to automate a étripping

analyzing system, a‘Volume preselecting device and a
{ ' .
central command and control unit need to pe added to the

/

.y
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.

above basic assembly. These provide the basic instrument-
ation for automated stripping aha]ysis: Figures 9-11 show

the Metrohm devices involved.

3.2.2.2. E506 Polarecord (Metrohm Herisau) _

The polarographic analyzer/recorder comprises four
main functions: voltage generation, potentiostat, current

evaluation and current recording.

The polarographic vd]tage ramp is generated in
digital form by means of synchronized pulse generators, and
then converted to analog form with the aid of digital/analog

convertors. This gives it a “staircase" characteristic, and
| J .

4consequently presents great advantages relative tb polaro-
’

graphy/vo]tammetry‘(21,22).

The potentiostat is used to stabilize and maintain
the potential differences between” the working and reference

electrodes. >

Current evaluation is much simpler when working with.
the HMDE than with the DME. Synchrbhization of the drop
falls with the voltage steps of the staircase ramp is of utmost
importance in the latter form. With the HMDE, the s;mp]edl

current signal obtained during each pulse cycle (in the case

of pulse techniques)’ which is synchronized with each voltage \

" step, is integrated and fﬁd to the order 1nput after
suftab]e'amp]ification. . o
L]
. . .
L
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The current recarding is obtained with a built-in

strip-ch;>11recordér which’is driven by a stepping motor

“synchronized with the voltage steps. The Metrohm E626

-

Polarecord cgn also be used for DPASP.
\\\ .
/o

3.2.2.3 E542 Dosifix* (Metrohm Herisa )

The unit is a volume preselector intended for use as
an éuxiliary component to the E535 Dosimat, an automatic
burette equipped with an auto-changeover three-way valve.

Its enables any desired vo1uﬁe to be fed out from two

separate burettes conveniently, accurately, and reprodu;ib]y.

The pre-set volumes may be selected on the Dosifix by means

of two 4-figure selector switches, corresponding to the
burette capacity. By connecting to the VA-Controller, the
Dosifix is remotely contro]ied for use in automated feeding'

Pprocesses. -

3.2.2.4 E535 Dosimat* (Metrohm Herisau)

[ 4

This automatic burette, when connected to the
Dosifix, can bhe triggered to deliver accurately and repro-
ducibly a minimum volume of 20.0 wl, and to refill auto-

matically when the limitigwifch is actuated.

3.2.2.5 E607 Double Stand (Metrohm Herisau)

"This polarography stand is designed to be used

\

*See Appendix Il - Footnote (1) .
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specifica11} in conjunction with the VA-Controller for
automated stripping analysis. . It consi§{s of two operation
positions, each pf which functions independently, and

consecutively, with.an identical programme set on the

-

" controller.

3.2.2.6 E608 VA-Controller. (Metrohm herisau)

' This instrument functions as the central command un}t'
for the automated a§semb1y. In additiog to the basic»
principal functions necessary for multiple standard additions
quantitative analysis, it possesses also the functions of
switching over from one operation station to another upon the
completion of an analysis programme, allowing the deaeration’
of a new.sample solution while analysis is be{ng carried out
oh another samp]e, and, therefore, permits continuit&;gf‘the

analytical process and savings in analysis time.
/

On the VA-Controller, all the times of deaeration,
electrodeposition (with and without stirring), strihping;
and pause are pr;se]ectab]e by means of numeral switches,
each from zero to 990 sec. gg\entia] settings for periods
of deposition and pause are selected by means of two ten;~
turn potentiometers. The potential value, Udep., set for
deposition is added by the E506 or E626 Polarecord to its

own value set as the starting potential, Ustart, of the

voltage range to be scanned through in the actual deter-

. mination. The potentig] value §et for the pause period,
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The t607 VA-=Double Stand

Figure 10
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-0,...999 s
TAPPING
P
ULSE # CYCLES
> - 1....9,®
IMDE E 535
0.rvrnennd DOSIMAT
DEPOSITION E 542 REPLICATIONS
(stirring) DOSIFIX l,..9,®
0....990 s
DEPOSITION
(quiescent )
0....990 s EASURING
| PLACE
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0....999 s
L -

. TAPPING DEAERATT ON
PULSE 1...990s
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0....990 s SWITCH TO L
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Figure 12 :V Flow-chart of the E 608 VA-Controller funcéions (23 ),
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i

auses ©N the other hand, is added to the potential value -
at hichlthé scan stops. The potential settings, however,

" are indppendeﬁt of the parameter set on the Polarecord(s)

for the actual determination. The pause potentja] value 1is
usually selected in such .2 manner that the pause period'
fulfills the following functions: to purify the meréury

in the HMDE capillary by extending the anodic stripping
process; to prevent the deposition of analyte and homogenize
the sample solution once again, hence to ensure reproducible

electrolysis in the proper state; and, finally, to allow any

added standard solution to mix thoroughly with the sample

1

‘solution. The VA-Controller starts the voltage scan at
Ustart and stops it when the pre-set “Determination” time has

elapsed.

The sequence of the programmed functions of the \

controller can be -summarized and presented by F%gure 12 (23).

4.0 EXPERIMENTAL APPROACHES

1

This chapter is divided into three main sections as

follows:

1. Sample preparationsiﬁ

®

This includes the preliminary preparation of homogenized, .
frgeze-dried fish muscle tissue as the stock samples;
the preparations of sample solutions via wet and dry-ash

procedures; and the preparation of the standard spiking
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J‘
solutions.

2. Instrumental parameters:-

The AAS and DPASP instrumental parameters used are
L listed in these sections.
3. Experimental procedure§:-

-3
This section iné]udes brief descriptions of procedures

used in the AAS and DPASP applications.

‘4.1 Sample freparations : ‘ ;

4,].] Preparation of the fish sample stock

L]

4.1.1.1 Description of the whole fish specimen * v
*See Appendix II - Footnote (2)

4.1.1.2 Homogenizing and Freeze-drying of fish muscle tissue

Approximately 20 kg of whole fish were filleted to-
yield a quantity of fresh muscle tissue, weighing 6,297 g.
The amount of non-muscular tissues (e.g. bone and(skin)

adhering to the muscle tissue was kept to a minimum. *

The fresh muscle tissue was first homogenized Yith
adequate amount of de-ionized, g]ass-disti[]ed water (herein-
after referred toas H20), in a 450 m1 Nalgene beaker, in
200-250 g lots, by means of a,homogenizer (Polytron*,

P.T. 10-35, kinematica émbH, Switzerland). The homogenized

tissue was frozen on large watch-glasses {(15-cm diam.) before

-*See Appendix II - Footnote (3) . ,
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being freeze-dried. The freeze-drying process was carried

out in a lyophilizer (Varian 801, Vir Tis Co., Ltd., N.Y.),
at temperature of -60°C and réduced pressure 6} 100 mm" Hg,
for approximately 36 hours per batch. The toia] freeze-dried
tissue powder was weighed and mixeh thoroughly, by the
inquartaéion method, on the rotation unit of a ball mill
(Stonewarg, Ohio). A total amount of freeze-dried weight of
1,173 g - equal to 18.64% of the wet weight - was obtained.
Finally, the dried sample was stored in a freezer under

- . ;
anhydrous conditions. :

4.1.2 Sample ‘treatment by the dry-ashing method

To quantitate the heavy metal content of biological
materials by electrochemical or spectrochemical means,’ a
sample must be completely decomposed. This can be achieved
through oxidative digestion by dry or wet methods. The
merits of both methods have been published (24-26).
Experimental trials had shown that, in the case of fish -
tissue, dr; ashing was more advantageous than wet digestion
(26a). ’/ ‘ |

A m;taodo1ogy developed by De Luca (27) in preparing -
fish tissue sample solution was employed as a guideline.
Modifications were made during the course of the experimental
wq;k to suit the particuiar ashing characteristics of the
fish tissue material. The following is the moJ?fied

procedure:- ‘ -

XA




or until any carbon residue was completely oxidized.

54,
2.000 g samples were_ weighe& out in 50-m1 Pyrex beakers,
covered and placed in a muffle furnace (L1ndberu, Temp-
erature proqrammab]e) at 100°C for one hour " A sample

blank was provided and treated in the same manner as the

sample.

‘After the imitial hour, the furnace temperature was

®
raised gradually by adjusting the temperature control

according to the fo]]owiwg programme:

PN

“Boo°c “u| 60 min.
300°¢ \ ‘ 120 min.
50°C/30 min. to 475°C
475%C overnight {(ca. 12-14 hours)

3
A

After ashing, the blank and samples were removed from

the furnace and allowed to cool to room temperature.
»

Nitric acid (concentrated, 5 ml) was added for the
redissolution of the ashed samples .at a temperature just
under boiling, withoutsplattering, for about 30 min.,
(Where necessary, 3-5 ml of 72% HC10, were added 10 min.

after the reaction began to aid the digestion process).

After digestion, the acid solution was evaporated to

-

near-dryness, without any baking.

The ‘dried contents were allowed to cool before making
up the final test solutions with the addition of

appropriate solvents (for AAS analysis, 1% HNQB'in HZO
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) " was .used. The. supporting eiectro]yte, 21 HOPc/2M
: 7 . g

* NH,0Ac, was used for DPASP analysis). ‘ ¥
e 4.%.3" greparations of the standard stock solutions and -the
.. supporting,ekictrolyte S
R ‘ Standard stock solutions of Pb and Cd at concentrations

of 1000 ppm were prepared by d1sso]v1ng 1.000 g of each metal
(Risher, 99.9%), sepanate]x in 10. m] of conc 'd HNO,, b0111ng,

aAd then diluting volumetr1ca11y to 1 Titer with de1on1zed/

-,

-

glass distilled water,

~

The supporting Ntro]yte (2M each, HOAc and NH40Ac) '

was prepared by diluting a prepurified solution, containing
< » L
5M each of HOAc and NH,O0Ac, with deionized/glass distilled

- . water’ (see Appendix 1 for details of the electrolytic

purf?icatidn of the supporting e]ec@ro]yte). .

r,'.
4.2 Instrumental parameters -
. ' .

P
\‘

4.2.1 Atomic absorption sbectrophotometric analysis:

S »*

G

- . . ) . \
) a4.2.1.‘1 Instrumental -descriptions ) . ‘ \ >

. . aQ
Atomic absorption specprophotdmeter Perkin-Elmer’ 503

‘Graphite-furnace temperature programmer Perkin-Elmér HGA 260

-~

" &
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\\ Wavelength (Amax) ) r
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56,

Ré&corder re
. v
' By

Excwtation sources

1. Hollow cafhodellamp (h.c.1.) (Cd)

(Pb) ! N

Background-correction source

o t
\p2 continuum

4.2.1.2 Ana1y!1‘s for Pb

S1it width
Excitation source

~ o -~

« N .\ '\
Source energy

Purge-gas flow rate

'
"Recorder : range

-

chart speed

~

HGA 21000 Fempgrature programme

- N ~ temperature (?Ql
® Dryinf | . 120°
Charring . f ) 700°
" Agpmizing 2300° &
' t' ‘ ¢ ¥, "

4.2.1.3 Analysis for Cd

‘ , ) PV
Wavelength (A max) C »
T a

SVt width . . “

' '
v ] ‘ '

f.

2. E1ec}rode1éss discharge lamp'(e.d.l.)

Perkin-Elmer 56

¢+

Perkin—E]ﬁer

Perkin-Elmer

-

Y

Perkin-Elmer

~—

' 283.3 nm
' ) ha
4 0.7 nm

‘Electrodeless

discharge lamp

5 watts

5‘mv
10 mm/mi

8

n.

1

time(s)’
10 10
.20 B
8 0.
Y Y
228.8 nm
R | 0.7 nm
¢ b

&

~ e

Toe

30 units, continuous:

ramp  time (s}

-



Excitation source
Source energy

Purge-gas flow rate’

,hollow Eathode Tamp
2 ma.

30 units, continuous

Recgorder : range 5 my

chart §peed ¢ 10 mm/min.
HGA 2100 temperature programme \

- .
temperature (°C) .time(s) ramp time(s)

Drying I 1200 | 'IQ 10
Charring 250° L2000 0
Atomizing : 2100° 8 0

4.2.2  Automated DPASP ‘analysis 5 ; \

The following are the principal instrumental sgttings

used in the determination of the polarographic responses for

the’b1ologica1 samples.
ad’

L PR

" ‘ ’ ’
‘ wffectrochem1ca1 ce]l - _three-electrode syg{em

\

WOrking e]ectrode o

Reference electrode

- Auxilary electrode

'E506- Polarecord

éutomated HMDE (Metrohm EA. 290) -

' Ag/AgCl, sat'd KC1.with diaphran

Junct1on (Metrohm EA 407) -
micro-Pt (Mefronm EA 285)

Mode
Start potential (Ustart)

*potential range (AU)

41150 Y

DP '

1 . - ‘
-0.100 V )
- s
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*Drop lifestime (ty) 0.65 and 1.2
*Chart speed (mm/tdrép) ' "
Sensitivity T 0.25 - 1.00 nA/mn
Pu]sé amplitude (Udp) A +30mv and +50mv

Damping 1-2 units

*The three sétt%ngs combine to determine the potential'sean
raie acco?ding to the general formula given in the "E506

| Opgration Mahua]?;

- mm e

Scan rate (Mys) = Agﬂi———~—d¥09 x 103
. ' 250 X tgpqp ‘
o \
£508 VA-Controller
Deaeration ( 900s (N,) ’ :
Drop size (HMDE) 1 3-9 units. -~
Deposition (stirring) 60-300s
(abiescent)x | 30 /
Pause oL . 30s
AUdep ] ‘ - ‘0.]0_V ‘
© Mause : L0 -
~ 4 . e
E542 Dosifix .
Volume (per. addition) O.OZOJrl'
" E535 Dosimat
" Burette size. ' 5.:000 ml -8
E607 Double Stand
‘Ratational speed of magnetic e -
stirrer : 600 rpm ¢ '
i o R , . ’ ' ‘ 1
&
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4,3 Experimental Procedure
/

Y

4.3.1 AAS analysis

!

Only 'the fish muscle tissue samples were analyzed by
AAS. The contents of Pb and Cd were determined,separate]&,
in so]utionslof different dilution facfors, those being 5(
10.00 m1 volume for Pb, and 50.00 ml for Cd. Iﬁ both cases,
the metal contents were quantitated by means of. the mu]?ip]e
spiking method, due to the failure of tﬁe water-based
standard solutions to account for matrix interferences.
Quadruplicate determinations were ggrried out for each.
origing] sample and spiked sample , using an injectﬁon
volumggof 50 uf for each;determfnation: A micropipette

(Eppendorf, W. Germany) with disbosab]e tips was employed

for sample application. &

4.3.2 Aytomated DPASP analysis: .

-

4.3.2.1 Preliminary analysis for instrumental optimization

The pFeﬁiminary analysis inQo]ved'the determination
) & '
of the dimensional properties of the automated HMDE, ‘the
instrumental responses due to analyte concentrations,

amplitude, deposition times, and the radii of the HMDE .

The dimensional properties, i.e., radius, surface

area, and volume, weré established from the average wgight"

/

[

1 e i e o o
;




60,

of a single mercury drop. -The procedure was as follows:
Ten drops of mercury of each predetermined size setting were

extracted automatically from the HMDE and weighed. This

- was repeated four times for each drop size. The correspond-

"ing dimensions were calculated using the deﬁsity‘of mercury

=z

at the ambient temperature for the procedures.

The 1nftrumenta1 responses were recorded by psing

only one variable parameter at a time.

4.3.2.2 Analysis of the biological samples

In addition to the fish tissue material, a reference
sample, Bovine Liver (N.B.S. Material No. 1577), obtained

from the National Bureau of Standards,'was also used, in

order to substantiate the validity of the quantitative

method and evaluate the perfdrmance of the éutomatéd eléctro-
analytical instrument. In the case of the NBS samp]e, it

was found, after many trials, that dry—aghing induced a_
significant ioss of material, and that the wet:digestion~of
1.000 g samples with a 5.00 ml solution mixture of HN03—HCIP4

(1:1) yielded better and more corsistant results.

In any case, the following procedure:was carried out
' ; . .

after material decomposition: 50.00 ml of the supporting

electrolyte was édded\to dissolve each'sémple, and 25.00 ml

®

a]iquotsﬂwere transferred from each sample s&lution to
separate e]ect?oanalytica] vessels each of which had a

water-jacket that allowed ithé circulation of water of

N
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3

, | constant ;emperdture. Thermo§tatica11y controlled conditians
were preferable in the lengthy multiple spiking analysisin
;order to avoid any error caused by temperature fluctuation
(thg id can Vary.by 1-2% per %¢ between 15° dnd~50°C). The
two samples were mounted on the measuring'stétions on the
E607 polarographic stand, and were ready Eo be analyzed
according to the programme set on the VA-Contro]]er. The
analysis of\the sample by the prodfamme sequence was then
initiﬁted by one single tapping on the "start" button.

/s

5.0 RESULTS AND DISCUSSIONS

- s ~
. .
e .
.
p B .

5 5.1 .Em;‘] iminary Experimental Data

5.1.1 Dimensional properties of the automated HMDE

The dimensions of the HMDE at the different é608 size
séttings were calculated from the weight data of th ercury
drops obtained at 23°C, using the densjty of mercury, \and
: the dimensional formﬁ]ations for a $phere (Appendix YII).
These“are listed in Table 1 and diagrammatically presented

in Figure 13. ' _ .

These data demonstrated the important %act that thé
weighf, an& consequently the volume, of the average mercury
. d}op chéngeﬂ 1ine;r1y with the control settings (HMDE) on
thé Cbntro]Ter.t Because of the eiﬁstencg of the expo;ential

s relations in the dimensional Jformulae for a sphere, Fhé
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changes in drop radius and surface area were not linear with
reference to the weight, even though the cortelation coeffi- -
cients resulting from linear regression analysis of the data

indicated otherwise.

The conclusions drawn from the statistical analysis may
be considered~on1y partially valid, hgyever, since changes in
all dimensions become linear only when the mercury drop becomes
larger. Thfs imay be explained by consi@ering all the diﬁension-
g] changes in relation: to the change in the weight of mercury
drops. At the stages where the drop weight is small, thé
Qimensiog increases, in drop Fadius and surface area, per unit

Sy Qg}ghf_d}rhercdryiA;E?;éizi?VEﬁyAﬁfghéFf”Tﬁ*EEHBEFY§EH‘WTtﬁ”‘L’*‘“—“’f““”
those for larger drop volumes, where change is relatively cbk;

stant. As fﬁé mercury drop expands at a constant pace, tpe

rates of increase in the two dimensions decline, subsequently

reaching a point where the changes in the rates become so in-

significant that all the dimensional increase rate may be

regafded as constant,

It is of interest io note that a radius of 0.17 mm, and
surface area of 0.1 mm?, were estimated graphically at the
zero position, of the HMDE, through extrapolation of Figure
12, and that these values approximated the cross-sectionzl

dimeﬁsions of the capillary of the HMDE.

. It is also important to note that the calculated values,

shown in Table 1, for the dimensions of the mercury
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drops, did not take into consideration any retrac%fbn of the
mercury into the capiTiary, nor were those for the surface -
area corrected for the part of the area that was attached
to thé capillary and not in any way in contact with the
solution. The retractipn of “the mercury column always
occurs upon the dislgdgement of a drop, due, it is believed,
mainly to the surface tension of mercury (provided that
EA290 automated HMDE is set up properly). Since the degree
6f retraction is constant and undeterminable, its effect
becomes proportionally greater the s$maller the drop formed.
Consequent]j, a drop of reasonably large size is generally

used in order to minimize the effect of this constant error.

The accuracy of the experimental data acquired using
the average weights of mercury drops was .a confirmation of'
the measurements secured obtica]]y by the instrument manu-
facture:‘(zé), "Comparison between the two sets of data
yielded an overall deviation of 0.6%, wifh respect to the

manufacturer's values. ’ *
4

The overall relative standard deviation of 0.6%,,
shown in Table'l, on the other hand, represeqted the
reproducibility oé the sizes of mercury drops produced by

the EA290 automated HMDE.

)

i

' 5.1.2 Polarographic responses due to puylse amplityde (Udp)

Table 2 and Figure 14 contain the experimental data

obtained in tabular and in graphic form.

-




. - 6.

-

Table 2 : The effect of pulse amplitude (Udp) on the DPASP

response*
Udp Av. Pe;kICurrent + Std. Dev.'n (ip, nA)
. *my " Pb . cd
— 0 - 1.60 * 0.06 { 1.44 + 0.00
20 3.82 ¢ 0.12 2.94 + 0.12
30 4.46 * 0.62 4.70 + 0.34
30 6.31 0,13 '6.75 ¢ 0.16
' 50 7.99 * 0.07 - 8.84 + 0.02
60 11.32¢ 0.1 » 12.25+ 0.06
o\ 127+ 0.8 - 13.76 ¢ 0.09 °
80 15.90 ¢ 0.30 .. 17.51% 0.77
' 90 17.43+ 0.38 19.83 ¢ 0.17
’ Conc'n (ppb) 3.40% 0.64 2.1fi 0.05
. ;

* Sbecific parametric settings:
" HMDE ' + 5 units;

tdep (stirring) : 180 sec.;

(quiescent) : 30~sec.;
. Scan rate ¢ 5 mv/sec.;
Damping ’ ¢ 1 ynit.

4

** See Figure 14
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located peaks to be considered.

68.

e .
©

It has been theoretically predicted that, in general, -

[

the polarographic response increases proportionally with the

applied pulse amplitude (29,30). Consequently, the instru-

»
"mental sensitivity may be increased theoretically to a level

limited only by the e]ectrénic capacity of the instrument to
provide pulge amplitude vaLdest However,-tﬁe instrumenta]
éapacity;is not thelonly limiting factor.

In the derivative mode, bb]érographic response is -
presented in terms of the §ize of 'a beak; whﬁcb/is-the .
product of its height and>its half-width. BJ convention,
the peak height is expressed in terms of the quantity of
current in amperes, whereas the peak H%Tf—wiath may be given
either in terms of potential kin volts) or time (in seconds).

In any case, any increase in response means the increase of

a peak in both dimensions. In reversible syﬁ;ems, such as

~ Pb and Cd, for example, the increase in peak height is

usually much greater than @ggt in the half-width. Therefore,

"?t,is sufficient to expr%ss the peak height as the response

signal for reversible systems.' ~Nevertheless, the peak half- |
width does increase alaong with its height; and this increase
is more significant in irreversible systems. This results .in

a reduction in resolutiof between two po]arograbhic signals

(31) and this is undesirable when there are two closely-

4

)

[

The modulating pulse has, in'genéfal,jthe effect of,

.amplifying the.polarographic response as a whole. This means
. - ] .

v

/

4

‘
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that backéround;ndisgs from both chemical and electronic

-

media are also amplified in the §aﬁe proportion as the polaro-
- . -
graphic signa]“dﬁé to thg analyte. This consequently reduces
~ the %ne§itivity and leads to the steepening of the baseline of

7 > Q P Ayt
the polayograhme. making it difficult to quantitate it. A

- A . v ~

>. Fdrwprécticél reasons, it is thus desirable to apply
pulses of .Tow amp]iludes in order.to yield the most easily
analy%ed polarogrammes. In fact, the improved model of the
'Po{;rgcord (E626), designed for industrial use, offers a
choice of only two pufses amplitudes, one of 10 myv Snﬁ the

other of 50 mv.

5.1.3

LY

Polarographic responses due to analyte concentrations

14

The DPASP responses for Pb and Cd in the acetate sup-

porting electrolyte were secured in terms of families of con-

-

) o ,
centration-calibration curves at varigus electrode sizes (with

—- constant Ugp and tgep) -and deposition times (with constant Udp -
”énd HMQE), and are presented in Fidures 15-]8‘and Tables 3-6,
A linéér linear re]atioﬁship betw;en tHe’stripping-peak cur-
rent, ip, and the analyte concentration was established.with-
in the concentration range chosen for the aﬁalxses. It had
been foﬁ;d that this linear working limit could be extended to_
a considerablyushigher concentration level for most heavy

" metals. For example, in the case of Cd, "this could be up to a

concentration of approximateiy 600 ppb, af]evql«whicﬁ may

# i
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) - .
be quantitated accurately and simply by direct }u%sed“polaro-
s graphic techniques. Since the DPASP method is mainly used

for trace guantitations, it was thus logical and practical

. to put more emphasis on thg-lower concentration levels.

»

L. 0 )
Close examination of the ca]ibrationlcurves revealtd
_ , that all their least-square lines intércepted the current

axis at negafive values. If,theorecticelly, all‘}he back-

ground-corrected calibration curves should rise from the
| forigin, this might mean that they curved of f at the low
-
i

concentration region, stafting 4t approximately 0.5 ppb. It

¢ seemed tHat each curve was camposed of two different parts, -

with the lower part having a parabolic slgpe .function and’
+the uppeF part a ]}near one. (This condjtion persisted

‘ thnoughout the tourse of the investi§}¢jon, but’ thé cause

{ ] is nﬁt known. Unfortunately this was not fully realized
i

EN

. until ¥ecent1y, when the equipment used for this thesis work-- <
) { . . ’ *
N had been returned to its owner, and was no longer ‘accessible).

. /
{ . Possible explanations. have been postulated for this
It

! T -
‘ occurrence. - o
§ A" ! , -7
I . .
|
i

1. Ii was known that the concentratjon of analyte-

: amalgam became homogeneoﬂs throughout the HMQE during thé

‘ . quiescent period (32). The density distribution of the

é “ émh]gam at the end of this period was therefore higher in a
) ( mercury .drop having a higher concentration of amalgam than'

e

in one of lower amalganm cqncentratidn. For this reason,” it

- would take a longeg time to remove a fertain amount of analyte

.
v Y
i - A
8




out of an“VMDE containing a low concentration of amalgam

than out of the one with a higher amalgam concentration.

Conversely, with the same\strippiEEAigyEé (i.e., potential-

scan rate), the amount of re-oxidized analyte being stripped"

out would be higher in the case of high amalgam concentration
than for that of a lower amalgam concentration, within the
séme time per%od Po]arggraph1ca11y, this g1ves rise to the

anodic stripping current, which is actually dependent on the

concentration of analyte-amalgam in the HMDE. Experimenta]]y,-

there seemed to be a threshold amalgam concentration, below

-which 16 increased parabolically but, above and beyond which,

i increased linearly at a greater constant rate.

N
K * *
n

2. The ionic concentration of supporting electrolyte

. ‘migﬂt pe part of the cause. In a supporting'electrolyte of

‘high ionic concentration, the fonic mobility would be gener-

aliy low, because the high mass distribution could ‘reduce the

e

degree of freedom for mass transport * There might exist an
4

N .
opposing force which would- retard the diffusion of the

analyte cations, befng stripped out of the HMDE, into the
solution Eu]ku The magnitude ofdthis retardationfforce
might not be high, Hdwever,%t,coh]d‘sign%ficantly reduce the
momentum of diffusion of the analyte when the amalgam

" concentration was low. As the amalgam congpntration
increased, the divergently diffusing momentum might also
increase,gnd reach a point at which the retqfdation force

£

exerted by the pon-electroactive species in the solution
- [N

B e T

R T VSR
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% b&]k became ﬁeg]igible. Because ;ﬁ this constant reduction

i in(the momentum of ana{yte diffusioﬁ; the resulting diffusion-

% limited ip could assume a parabolic rise below the threshold

% point,and a linear increase at and beyond it.

3; «

; The two factors, described above, might exert their

% \ influences separately, but the resulting effects could be a

§ / combined one since there could be interaction between these

! factors. . : ‘{
The problem would be simply solved by increasing -

; the amou;t of analyte amalgam formed in the HMDE, and thisj

could be accomplished in two ways; by employing a larger

- .

mercury drop, or a longer dépo§1tion time, or a combination ,

of« the two parameters. A larger mercury drop has a greater -

t

surface area,and thus a higher effective depogition
1

current (Ilkovig¢'s equation). However, the parameter is

e ¢ e e G, W

hampered by the limitations of the automated instrument,and,
most of all, by the maximum size of the hanging mercury

drop which can maiAtain a réasoqab]y spherical shape,and
still be attached to the mercury capillary column. - A longe#
 deposition time inéreaags the amount of deposit, aqco}ding
to Faraday's law, but it also means‘running the risk of
significantly depleting the bulk concentration of analyte

in the test solutionafteronly a few m%as%remeﬁts, resulting
in non-reproducip]e data. In addition, it 1engihens the

. ‘analysis timg, making it too time-consuming and, to an

extent, impractical. Apparently, a combination of these.

| | ' / {
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parameters af compromisé settings may be the only solution.

. In the case of supporting electrolyte concentration, it may
be intrinsic only to those ;OIutionsof high ionic concentr-
ations, and might be simply resolved by using lﬁwer

concentrations, say, in the 10-1M range.

In spite of the presence of the curvature in the.
concentration-ca;ibration curves, the techniqugof DPASP
showed a superior sensitivity which was more than adequate
for the anaiysis of biological samples, and other samples
Cohtaining trace levels of heavy metals. The detection
limits, unlike tho;e of most other trace analytical
techniques, are normally dictated by the magnitude of the
blank value of the backgroqnd supporti%é electrolyte in
thch the, samples are analyzed, and not by the-instrumental
- sen;itivity (33). The detection limit of DPASP using the
HMDE has béén theoretically calculated to be, for example,
0.005 ppb for Cd and 0.001 ppb for Pb. These findings were
estimated based on three times the values of sfandard

deviation of the blank.

To attain these detection limits, an ultrapure
supportiﬁg elecd¢trolyte containing the minutest possibie
tracé“of the analytes, and almost no trace at all of any
nohparticipaiing electroactive species, must be used. In

raddition, a large HMDE, long tdep’ large U and a low

dp
1nstrumenta1'sensitivity have to be used in order to secure

a set|of polarogrammes with smooth baselines and high S/N

R

e e s

LS



s ———————Lo s e

5

o ‘ 74. ' ’

{

ratios. A11 of these requirements are not reasonable, since

it is time-cbnsumind and impractica] to secure:such levels of
impurities in a support1ng electrolyte genera]]y prepared from
commoe laboratory reagents (see Appendix 1). Of-course, one

can use the.highly expensive, suberpure gradelgeagents as start-
ing materials. This, hohever. makes the procedure uneconomical
for’routine work. In practice; most of the samples from various
sources centa1n the trace metals at concentration levels which
cen be quantitated quite accurately in supporting e]ectro1yte§
of reasonably high purities“ Throughout the course of th;s
research, electro?ytica11y purified electrolytes containing Cd
and Pb at 0.1-0.3 ppb were used, and the practical limits of
detection of 0.02 and 0.05 ppb for Cd and Pb, respectively,

" were then easily attained

&

Comperisons between the unit-responses* of Cd and Pb
have been made, and are presented graphically in Figures 19
and 20, and Tables 7 and 8. It was found that DPASP. responses
fer Cd were higher than those for Pb. Spec{fically, the formek

were generally about one and one-half times those of the. -

latter,
A , L

i

* See Appendix II - Footnote 3 for explaination. B

Y
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Figure 15 : Concentfation-calibratign curves of Pb at the various
constant mercury-drop sizes,
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Peak Current ( i, nA )
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Figure 17 : Concentration-calibration curves of Pb at the various

constant deposition 'ti.me, tdep.
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_ Slépe (nA/min-ppb} % 0.-6324"
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" x» See Fig. 20. .
** See AppePdix IV’- Parameters 2.
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***‘See Append1§bII\- Footnotes 3.

.N.B. : A]l.dafa points above are the slope values of the
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11 and 12, and Figures. 23 and 24.
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“during the'e]ectro]yéic process. Since the coulomb, Q, . is

© 87,

5.1.4"° DPA%P respdnses due to the electrode radius and the

deposition time:-

The dependence df the DPASP. responses on the

:dimensions of the AMDE and the g}ectrodeposﬁtibn time can be

111ustrated‘by cqnsjdering'the'analyte-amalgan concentration

'1njthe‘HMDE. This concentration is the actual factor that

dictates ip, the anodic stripping current response.'l

* According to Faraday's 1aw of electroplating, the

_amount of amalgam formed in fhe mercury drop e]eétrode is

compjefe1y dependent on the ‘number: of coulombs that are used

-

a product of the effective e]ectro]yt1c current, i, and the

¥

deposition time, tdep .

“ Q

. 1‘tdep * ; (]5)

~

where i is the reduction current described by Equation (8),

from which one may say that i_ is fndirectly proportiomal |

P
to the size of HMDE;

P - -

The. exper1menta1 findings confirmed the theoretical

predict1on that rp was 11near1y proportiona] to the HMDE , -
radius. r, and to tdeb These relat1onsh1ps are presented
in Figures 21- 24 and Tab]es 9 12 for Pb and Cd, in the
acetate supporting e1ectr01yte system, at different an&Tyte\

concentnations. The comparisons with the qﬂit-concehtration

_responses* of Pb and Cd at various drop radii and debosition

times are also shown in Figures 25 and 26, and Tables 13
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Figure 21 : The polarographic responses at the various électro‘de L
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Figure 22 : The polarographic responses at the varios electrode

radii and concentrations of cadmium,
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Figure 23 :.The polarographic responses at the various deposition

L
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Electrode Radius (x, mm,)
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Figure 25 :- The unit-concentration responses at the various

4

electrode radii,
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‘Table 14 The effect of the -deposition times on the unit-

. . concentration respo%sgs***.

L Deposition Time R Unit-Concentration Response‘(nd/ppb)f
( ‘ i ‘ '
(taep> min.) | Pb ¢d.,

R . 0.9356 1.4228
.2 .. . 1.5609 2.3834
3. T 2.1040 ! 3.1793
S " 2.8850 4.3924
& "3.3873 4.9835 °
'quf. Coefficient “ . 0.9982 0.9983
- s F-3 - o /
Slope (nA.ppb“min.) 0.6228 0.9120
x:  See Fig. 26, - . ‘
**  See Appendix IV - Parameters 2.
. ‘ ' o, ) .
**%*," See Appendix Il - Footnotes 3. »
* N.B. : ATl data points above are the slope values of the
peak-cdrrent’vs concentration plots, i.e., Iap?es 5
- . , . oL
\ an'd 6, and Figures '17 and 18. ,
. ‘
\ . . -
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Unit-Concentration Response ( nA/ppb ) .

\

Legend : " b

y -
0.304 ) N A -
Deposition Time ( ti.n, min,
Ery :
b Figure 26 : The unit-concentration responses at the various

depositién times,

fa\
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and 14, respectively. Again an average ratio of approx-

Y
imately 1.5 was obtained in favour of the Cd response.

0

‘The reproducibi]ity of :the automated DPASP technique

~

can be repreSented by the overa]l average relative standard
dev1at1on which was calculated from the individual standard- o
deviations listed in Tables 3-6, and was found to be 2.0-"

. 3.0% for the ana]ys1s of Pb-and Cd, in the synthet1c samples.

s s

5.2

The "Analyses of the Biological Samples

The exper1menta1 resu]ts obtained from the compar-
‘e

at1ve ana]ys1s of Pb and Cd in the b1olog1ca1 _samples

-~

verified the\@ccuﬁacy of DPASP technique,‘and substantiated

1  the suita?i]it} and applicability of the automated electro-

chemical instrumentation for the analysis of trace heavy

metals infsamples from diverse sources. '

Tﬁe experimerital mean valueS(t 1 standard deviation),

" obtdined from the analysis of eleven l-g sampﬁes of the
N.B.S. material,

Boving Liver No. 1577, are shown in Table

(ug. per ¢ dry weight) for

0.028 ppm for Cd.

15 and were 0.328 * 0.045 ppm

" Pb }nd 0.267. 1% " They yielded the relative

deviation of 3.5% and 1.1%; respectively, in comparison

with the N.B.S. values of 0.34 * 0.08 ppm for Pb and 0.27 °

’

0,04 ppmifor Cd. These latter values were obtained from
o

the determinations involving 6-12 samples by at least two

> s

* See Appendix II - Footnote 3 for explanation.
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Table 15 : Experimental results of Pb and Cd in the N.B.S.
ﬁg Material - Bovine Liver (No. 1577).

. - .
Amount of Analyte Found (ug. per g. dry weight)

. Analyte  _ Exptal.,Values N.B.S. Values* % Deviation

P
N = . 6 -=nn- 12 u
Xt S = 0.328 + 0.045 0.34 + 0.08 - 3,5
S/X = 13.7% . 23.5%
¢ =
N s no 6 —-m-m 12
' X £.5 = 0.267 £ 0.028 0.27 +40.08 - . 1.1
S/X, . * 10.5% 14.8% ‘
~ | ;\. . o 2
_where : N = the number of ‘data’values; ‘ .
, . .
XS a\ the mean value *‘'standard deviation;
' ‘ , .S/X = the relative standard deviatien.
; *  See Reference 34.. . . ’ - - U o

& .

*x Sée\Appéndix V - A for.the treatment of the experimental,
- @data.‘ ' '
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.
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4

Table 16 :.prefimeﬁtal results of the.fish tissue sample.

Analytical Tecﬁnfque . Amount of Analyte Fdund (ug/g) ;
: ‘ — b

b _ "\
"~ Pb td
1. GF-AAS N = 9% 3
X £S = 0.156 + 0.041 0.055 o.gaé%
X':s' = 0.029 + 0.008 0.010 + 0.003
E _ S/X = 26.3% 29.1%
~2: Automated DPASP. /
Programme 1 : _ N 2 38 39 5
Ugp =+ 30 mv.; X £ = 0.163 + 0.040¢ 0.052 t“o.ms
tgep = 120's. X*'+$' =,0.030 *0.008 0.010 -t 0.003
S/X - =0 26.5%. 28.8%

. Programme 2 : N ; = 10 " | 9 .
Ugp = * 50 mv.; X £S i 0.164 t.'o.ozs" 0,054 * 0.006
tgep = 300s. X 2 s' = 0.030 0.005 0.010 £ 0:001 .

. S ) S 15. 2% 11.1%

'Overali,Average ;X = 6:161 - 0;054__u, N
: T _

* 0.030 0.010

%

*  More than 15 results were rejected due to their very high
*spread from the norm of data. These values were undoubt-

fully the result of Eontamination,and the loss of material

through sample-digestion.
*% See Appendix V - B for the.treatment of experimental .data.

AL IR the,mean‘va1ué + standard deviation - based on

the fresh (wet) samd]e weight.

e ~
N 1
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L@

_ different trace analytical tifhniqgesl

Table 16 shows the experimental results for the

analysis of fish muscle tissue samples by the GF-ASS gnd'

-

the ‘automated DPASP techniques.. Good--agreement was obtained

¥

Eb} the values of Cd via the two methods. As for Pb, infer-
ence (t-) tests at the 95% confidence level indicated that
the deviation between the values was statistically insignif-

icant (Appendix IV - C).

The precisibn of the electrochemical technique was

, found generaliy to be comparable té that of th'e GF-AAS method,

but it had an advantage over the latter method in that the
prec1;10n could be further improved-by 1ncrea§ing the
analyte;amalgam concentration in the HMDE, the amp]itude.
.Qé the modulatjng pulse, or bdth, as demonstrated {n Table
16. .

\

It had been observed that there existed, in DPASP,

non4$pégif1c interactions whose effects qou]d be uti]j;eq

N ’
A

fo improve ‘the precision of the technique. These inter-

actions might be purely physical (i.e., electronic) inter-

actggﬁs existing between some of,thé instrumental parameters;
physicochemical intéractidns duefto the analyte, and its
surrouhding electrolyte, andwinteffacial'phenomena at the
e1éctrodé surface, -that is, e]ec%rode-apalyte;and e]ectrer-‘
suppbriing éHectro?yteuinterfaces. These interactions are

¢

generally sensitive and would give rise to ﬁif%erent

]
’
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effects with different combinations of experimental para-
meters, such as the constitution, ionic sifehgth and
concentretion of a supportjng electrolyte, pH of a ;amgle
solution, geometry, chemical,and physicalamake-up of a
-'Wworking electrode, instrumental settings, and so forth,
Consequently, various precision 1eve1e might be obtaieed.
‘based on differences in interacting effects,leveﬁ at 2

constant-analyte-concentration.

The reproducibility of the DPASP technique,- based
on the re1ative's;anda;d deviations of the experimental
mean values of the biological samp]es,.varied from 24%’for
’1ead.toI29% for cedmium. These precieions compare Qith
tho;e obtained for ghe GFAAS work, 26% for lead,and 29% for
'éadmium; quite, favouiab1y They are not as good as those

obtained with the DPASP work invo]ving 1onger depos1tion

times and higher pu]se amplitudes, these being 15% for lead,

‘and 11% for cadm1um. They are very sign1f1cant1y poorer
{

than the precisions of 4% for lead, and 2% for cadmium
obtained in the exploratory work ihvolving synthetic

[N

solutions.

»

. While it is possib]e to give some thought to the
possibility that the bulk fish tissue samp1e may have
'suffered from a lack of. homogene1ty due to incomplete batch
mixing, etc., it is more likely that the poorer precision
obtained for all fish tissue.specimens reflects the

perturbation possibilities arising out of the much more

s
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complicated matricesof these specimens. ‘
. , N ,' ™
It is worth noting that the DPASP technique'canf
yield improved precisions by the application of longer

deposition times and higher pulse amplitudes. This results,

\

"of course, from the much higher current peaks obtained and

the much improved signal-to-background ratio obtained. ,

670 CONCLUSION AND SUGGESTIONS FOR FURTHER WORKS .

-2 g

6.1 Conclusions

-

(a) The automated DPASP technique was found to yield.

satisfactory results in the determination of lead and’

v

cadmi&m,in N.B.S. Bovine Liver No. 1577. The values found

were: -

’ ’ NBS vhlue'(ppb)_~_, - DPASP value (ppb)
Lead 0.34 * 0.08 0.328 0,04
Cadmium  0.27 * 0.08 ~0.267 + 0.028
s . Precision (%) | Precision (%) Accuracy (%)
: . : - ‘ -on_NBS
LeadL ) | C %24 t14 © o -3.F
Cadmi un ¥

15 t10 -1.1

It was noted that the prgéjsion for the automated DPASP
method was §hperidf'f9r each element. to that obtained for

the NBS standard. v

1N -

4

, (b) - The automated DPASP techniquéiwas'foun& to yield

-~
- -
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+

satisfactory values in_the determination of lead and" .
ca&mium in ultratrace amounts in fish (yellow perch) muscle
tissue, when compared with the data obta1ned from appl1c- .;

atﬂon of the GFAAS. method .The values were -
| .

Lead (with s)(ppb) | ~Cadmium_(with s)(ppb)
) ’ jium f
Method dry tissue wet tissue dry tissue wet tissue
GFAAS 0.15% £ 0.04'  0.029 *0.008 0.05° *0.01%.0.010 * 0.003
Precision * 268 Vi toey  t2z 0 1o
DPASP .

120s dep” 0.16° *+ 0.067 0.030 * 0.008 0.05% t 0.01° 6.010  0.003
~+ 30mV ST

™

\ ’ . ' . L
Precision t 242 t uy T ooy * 293
DPASP n
7 ' -
300s dep" 0.16% £.0.02° 0,030 £ 0.005 0.054 * 0.006 0.010 * 0%001
+ 50my : | -
. brecigion  t 158 © + 15% + 114 t 113

(c) The precision data for the GFAAS and DPASP methods
were comparable for the automated DPASP technique inv01v1ng
‘a deposition time of 120 seconds, and a pulse amplitude of
+ 3b’mv. They were not felt to be particdﬁar1y good.

~

H%Qever} a very significant 1mproveﬁent in precision
was noted for the automated DPASP technique involving a
300-second deposition ;imé,qnd‘h pulse amp1itude of + 50mV.

The conclusion is that ~ better precision values can be -

, obta1ned with the app]ication of 1ncreased deposition times

and h1gher pulse amplitudes The increased signal 1nvolved
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lyte was essential, as was mimimal concentrations of any

107.

provides for improved signal-to-background and.signal

-uncertainty factors.

(d)' Aithough experimental work was not specifically
carried éut to determine the influence of supporting electro-
lyte concentration on both precision and 1imit of detection .
factors, it was reagonab]y apparent that lower supporting
electrolyte concentrations than that used (2M each o}

NH40Ac and HOAc) would very ‘likely improve both factors.

Values of about 011” or 0.05M for each supporting electro-

>

lyte component wéﬁgisuggested.

RS
A
~

It was apparent that the gbsence of appreciable
concentrations of the analytes in the supporting electro-

’

interfering ;ybgtance. “This must be achieved by the use of:-

. 1. Supporting electrolytes previously purified by a

;r pre-electrolysis process. Such purified solutions
. *must be stored in alass bottles with dla#s stoppers,

. and should not be kept beyond a 24-hour period.

\

2. Preﬁaratian of the supporting electrolytes from
superpure grades of reagents. Again, stofage must
be in glass bottles with glass stoppers for

1]
periods not exceedingI24 hours.

(f) F}om the points of view of time-gf-analysis,
capital cost, material cost, limits of detection,and

precision,the autbmated‘DPASP technique offers distinct «

1
L}

S
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advantages over the automated GFAAS method in the deter-
mination of all heavy metals adabtable to the DPASP approach‘
and in ultratrace amounts in biological tissues and other

; _ ,

/s

mgdia.

(g) “The limitations relative to the determination of
ultratrace heavy metals in fish tissue by‘thé automafed
.DPASP method are concerﬁed more with the metal element'
involved than with other factors such as nature‘of the}
matrix, etc. The technique will become progressivel& less®
‘sensit1Ve as the electrode reaction is more irreversible.
ﬂ For ‘example, dbder normal aqueous solutdion conditions,
cobé]t.cannot be determined by the énod1c,str1pp1ng method

because of the high degree of {irreversibility of the
2+

reaction,Co“" + 2e + Co. P,
kﬁﬁ.é ' Suggestiens for further works
s As suggested in Section 5.1.3, the causes of the

L parabblic beh;viour of the DPASP response at sub-ppb levels
of ana1jte-goncentrat10n might be due to two factors :
(a)A the scan rates used may be too fast to allow
’ } the proper divergent diffusion of analyte-
| amaigam to the electrode-solution inteffaqe
\) so that analyte.cafions,could be stripped out
| of the HMDE as a linear function of potential

' changes;

e
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(b) the retardation force from the non-participating

3

supporting electrolyte concentration which . -

, lowers the momentum of diffusion of the out- /

/ - rushing cations into the solution bulk. )

It was supposed that, in the first case,-a scan "
rate which is slow enough may allow proper amalgam diffusion
in mercury, so that a Tinear responsefmay be“obtained. In
the seéond case, the retardation force may be’minimizeq by
v the lowering of supﬁorting electrolyte concentration. These

suggestions were not tested due to lack of the appropriate

data. Hence, it is_proposed, as a suggestion. for. further -

research in DPASP, that replicate sets of data on the

concentration-response curves be secured at:

Co .
(1) several scan rates lTower than 5 mV/s, and
(2) +various concentration levels of the acetate
supporting electrélyte, 1ower than-2M in

acetate ion.

It has been found the stripping éurren&fof a'DPASP
resﬁonse sidna] can be a function of chemical féctdk;ﬁsuch
as pH, composition (36), and concentration of suppor?ing
e]edtront -(33). For example, lowering the pH of an

’acetéte b@)fer solution reduces the conductivity of the
solution (through protonatibn'bf the anion), and decreases
the effective stability of metaT-acéfate_comb]eges, and

the combiﬁed effect results in enhancement of copper 1p°as

~ 7 °

ic3

iy
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the pH decreases. The pH effect ts less ‘pronounced in a

nitrate base e]ectro]yte. where conductance is 1ncreased by

the additional protons. ) - .

o
’ . .

If the effects of the chemical factors*weregunder-
stood, in addition to the role of thetxgrious instruhental

‘parameters, there would be a possibility ‘of enhancing

Further the selectivity and sensitivity of .the. DPASP tech-

nique in quantitative ‘determination of trace heavy metals.

B

.The role of these chemical” factors has been-studied at the

thin film mercury electrodeq but not 50. systematic as with

-

the HMDE Sgkis suggesfed 'that, then, a systematic 1nvesti-
k‘
gation in this area should also be attempted as the next

step ' in the research involving the DPASP technique.
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APPENDIX I :,THE PURIFICATION OF SUPPORTING ELECTROLYTE -
METHODOLOGY AND INSTRUMENTATION.

The most typical impurities from tﬁe pdint of view
of anodic stripping analysis are the heavy metals, which
are'geﬁeré]]y present in all the so-called analytical grade
reagents, at the levels that are not suitable for di;ect use.
Purification of base electrolytes made of these chemicals

.can be carried out mpst effectively and satisfactory by

controlled potential e1ectroiysis at" the mercury pool cathode.

The advantages of electrolytic purification over
other more efficient methods are: comparatively less time-
comsuming, simpler 1nstrumentatioh:and consjderably less
equipment cost. The basic inéirwmentation for~contro]1ed
poté:tiﬁ] electrolysis consists of an electrolytic cell with
a 3-electrode system, and a potentiostat. The 3-e1ec;rodé.
system is composed of a mercury pool caihode, a reference,
electrode, and a platinqm ancde. The potentiostat may
sihp]y consist of a potentiométervﬁnd a dc power supply.

The equipment used for this wofk is shown ianigureg 26 and

27, and is listed in Table 17.

. The base supporting electrolyte &¥ployed ¥or this

é

work was 2M HOAc/2M NHgOAc. For purification purposes, this

é1ectroiyté was prepared at a concentration containing 5M

-~ N b
each of the constituents, and the working concentration was
then obtained by diluting the purified~5M solution with

i

—— -
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deionized-glass-distilled water.

o 3

The process was carried out as follows:

An appropriate voiume,‘approx. 250-390 ml, fpr
example, was placed info ‘the cathode and anode
cohparfments, until the solution levels became equq].
Deaeration of thé so}utions in both compartments

was conducted by passing N, for at least 30 min.

with constant sti}}ing, atl300;450 rpm. ‘ |
After de-oxygenation, the dc power supply was
switc%ed on and adjusted until a voltage of -1.20v
was shown on the potentiometer to sidna] the

begining gf the electrolysis.

The trdce heavy metal levels in the electrolyte

were monitored at 24-hour intervals during the

" electro-purification process. An aliquot of 10 ml

was withdrawn from the cathodic compartment. After

dilution to give;ZM concentration, the solution was

$

examined by means of the automated DPASP instru-
mentgtion. In the normal run of events, with the
starting concentrations of Pb and Cd in the 2ZM
supporting electrolyte at about 8-9 ppb, the .

following decay trends would be approximated:

)

v
ik ot kbt bad

'é
|
i
2.
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Lo t.

' . ) %\::"" _lrw. \
E1pcé§o]ysis time (hrs) - Lonc'n-in the dil'n (2M) electrolyte (ppb)

P T
0 S . 8.5 8.0
24 - 3.0° 1.6
ol TR S 0.4

72 o 0.5 .- 0.2
96 N 0.3, 0.1

Remarks:
1.  The purif{batioﬁ procedure m&y Se terminated wﬁen-
S S : ever the levels of Pb and Cd have attained

| va1ue§ safisfaétofy relative to the concgntrations
expeéted\for the samp]ef{n hénd.

»

*2. ' Inorder to avoid contamination.of the purified
. ! B
electrolyte, it is advisable to use -<it within 6

hours “a&fter the stoppage of~;he~bur1fication. The

" following demonstrates the re-contamination of

purified 2M electrolyte upon storage in pre-cleaned A

E2

Nalgene bbtt]eé: . : :
-Storage time (hrs) ‘ -Conc'n in the 2M electrolyte (ppb) .
‘ & BE _c_d‘ EA )
, 0 - 0.3 0.1
C 28 1.8 1.0
Y 1 5.6 C, 8.3
. | 72" ., 1.0 6.2
"‘ ' '
2 ) ‘\ / .
v 6
™ )

———
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TABLE 17 -

IS

MERCURY CATHODE CELL - PURIFIbATION OF SUPPORTING ELECTROLYTES

[ fém\

1
é
3

10
11
12
13

14

15

‘Rubber stopper. Size 9 with appropriate holes. .

+ E620 (new model) Metrohm pH/mV potentiometer.

600 m] beaker. approx. 9 cm diam. by 12.5 cm long
Fused in Pt wire to Hg pool. approx. 1 mm diam.

Hg pool cathode. approx. 1.5 cm deep by 9 cm 'diam.
approx. 64 sq. cm:

Teflon-coated magnetic stirring bar. 9 mm diam. by
40 mm long

Anode compartment. 60 m1 fritted-disc Pyrex No. \
N 36060 funnels cut to size
Approx. 7 cm diam. by 12.5 cm

o i ro——

long.
Pt gauze cy]indrica],andde. Approx. 3.2 cm diam. by ;
o~ ) " 3.4 cm long. Surface
A area, both sides taken
as solid, approx. 68 ‘ 1
S sq. cm. ’

Reference electrode. Ag/AgCl (sat. KC1) with
-7 ] extended frit tube
Rubber stopper. 'Size 14 with appropriate holes '

Solution requiring electrolytic purification

Nitrogen -gas inlet tubes. Approx. 1-2 mm bore
Nitrogen gas outlet tubes. .Approx. 1-2 mm bore ]

Potentiostat.  Hewlett/Packard Series STB, Model 6113A
5-digit thumbwheel programmer, 12 V,
2.5 A or 1.2V, 0.25 A.

E3008 (01d model) Metrohm pH/mV potentiometer or ,

Frit at .base of anode compartment.

S
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Figure 27 : The mercury-pool-cathode electrolytic cell ( for the

purificatinog?gf supporting electrolyte -~~~ gee list
in Table 17.)
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APPENDIX II : Féotnotes
—_—*
I1 -"1. Additions to the Metrohm Automated Stripping
Analysis Equipment :

In the latest modgls of the Metrohm automated . . ."
stripping analysis equipment, the E 542 Dosifix ar‘xd ;;yvo
E 5.:35' Dosima{:s are all replaced by two E 6455 micr'op.rfoceSSed
Dosimats controlled directly from the E 608 VA-Controller. * -
The E 655 has seven (7) programmable functions and is

capable of providing the- following minimum \foli{n}‘é injections

with, of course, selected higher volumes :-
L Y

Total Burette Volume (ml) Minimum Volume Injection (ul) o
‘ Mini., Vol. Resolution 1
" ) 0.1° o o
~5 . . 0.5 - 1 ,
10 o B R [ S 3
. g
20 4 2 10
9 . . . . [ ,
50 ' 5 .10 -

C—h

I1 - 2. ge_script«i'on of. the Whole Fish Specimen*

bl .

Name . ~: Yellow perch (perca Flavescens) ;

Sample origin .. : Lake Memphremagog '—=--- South Basin;

Method of collection : Netting (monofilament gill neKs);

Size of specimen : 15 - 25 cm. (head-to-tail); ,,
Amount used’ . Approx. 20 kg. ' ‘ iy

’ ! L) \

% 0
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. DPASP cyrrent-response based on a per unit quantity of a’ X lq
variable para@wze} It represents the overa]] average X ' ‘

‘response signifRas that due to the afialyte-concentration

~values of the fam1T1es of calibration curves shown in

‘ Tab]es 5 - 6 and 9 --"12, .and F]gures 15 - 18 -and 21 - 24, 1

124,

-, ¢ ' N
*Remark: SR . A Do . .

"The bulk samplé of whele fish was col]ectéd and : -

provided by the L1mno]ogy Research Group (Lake Memphremagog
\

Progect) of McG]]] Unlver51ty, Department of qulogy

-

\’ ‘ ¢

2

II‘ﬁ 3. The .polytron was'eeuipped with Teflen béarings‘when‘ -

,i originally ordered, anh this wasitg'avoihisamp1e‘contamin- RN |
Ation effects whjeh;nou]duhave pc?:%ned Wieh the regular o §
bronze bearfhg equipped model. ‘ ~ - r//// -

. oA + .

IT - 4. Unig éesponse: ’ C - . F' ) 3

v . - )
] ©
' ' .~

-The term, "unit ‘response", may be defined as the

response due to a part1cu}ar var1ab1e under the conditjons“

in wh1ch all other parameters are held. constant:w Thereﬁore,

by def1n1t1on, the un1t rad1us response\\ﬁ,the average

value of current- @gsponse due to the size of the HMDE at a
}.

radﬁus of 1 mm.; the unit- (ﬁEpos1t1on;) time 1s_that due to'

3

a deposition time of 1'm1@.; and the unit-concentrdtion

of 1 ppb. , ’ : . . \ -

The values of unit responses nay‘be considergd as

norma11zed average- va]ues, which aréd actua]ly the s]qpe
d /.
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"The main purpose of using these values is that one
R . . s N ;
can compare the DPASP responses of two or more anaTytes,

due to thg combined'effects of ana]yte-‘cbnéentrations and

-

one other variaple paranieter, witfxout regard to the

differences in theﬁtual analyte-concentrdtions. o
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APPENDIX III : FORMULAE AND CONSTANTS

P B

(A) Formulae.of a Sphere.

¥ . ) . .
T 1. Volume : "V o= %‘nr3' in‘mm3;
Mo . * : ) ’ )
- . . N A ’
‘2. Surf. Area : A = 4 mr? in mmz; ‘ :
. ' \
» . , !
"~ 3. Radius : r-= (%%)]/3 = (I%)]/Z’ in mm.
N
} ' i
(B) Density of Mercury (35). i
0 . . ' 3 3,
At 22°°C : DHg = ~13.5413 . g/cm” or mg/mm*;
' ) \
At 24°C : Dy = 13.5364  g/cnd or mg/mm3; ) 1

Al

At the experimental lemperature, ca. 23.09 ¢ 012°C, by

)

interpoTation : Dy = 13.5389 ¥ 0.0005 mg/mm3.

\
. 1
¢ -

3

(T) Volume of a Mercury Drop at 23.0° * 0.2% ‘ o

~

v. = Av. Weight of a Mercury Drop - . Ce

' ‘ ) : DHg
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APPENDIX 1V : SPECIFIC PARAMETRIC SETTINGS USED IN THE

\

PRELIMINARY ANALYSES

e

Parameters 1

HMDE

4

tdep-(quiescent)
. (stirring)

Ugp

- Scan Rate

H

Damping o
Tables

Parameters 2 :

HMDE

. tdep (quiescent)

~ (stirring)

Udp

Scan Rate

Damping

‘Tables

[}

»

varied (as:indicated in tﬁe‘
Tables listed below.);

30 sec.;

180 sec.;

+ 30 mv.; .

2 units;

+ 5 mv/sec;

3, 4, 7, 9, 10, and ‘13.

5 units (

30 sec.i

r 1

+

0.360 + 0.001 mm.)

varied (as indicated in the :
Tables listed below.);

+ 50 mv.}

+ 5 mv/sec;

1 unit;

5, 6, 8, 11, 12, and 14.

<

-

PYs

e
5
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APPENDIX V : TREATMENTS OF EXPERIMENTAL DATA FOR THE

" BIOLOGRCAL SAMPLES.*

V (A). : Determination of Pb and'Cd in-Bovine Liver'

@

(N.B.S. Material No. 1577)° - * - .-

1

Technique : Automated DPASP . : - 1 T
: ] S/ ) . , L ,
1. Results of Pb (ug. per g. freeze-dried sample) - ; ~\‘ -
CL |

b

0,266 - .0.280  '0.284 0.293° 0.306 - 0:332 _‘*

-

:0.347 0365  0.370 - 0.372  0.398 o

N=11, X =0.328 S = 0.045

A1l values accepted based on * 2S, test.

2. Results of Cd‘(ugi'pér.g. Fﬁeezg-drfed sample)

0.233  0.236  0.253  0.255  0.256  0.260
0.260- 0.272- 0.279  0.312 - 0.319

[N o . -
v i

N=11 ¥ =0.267 S =0.028

A11 values accepted based om t 25, test.,

*N.B. : A1l the individual data points were obtained
éhrough the‘quantitation method of standard add-
1:~ itions. Each set of experimental data consisted of
V~ . tajplicate detefﬂinations‘of each of a sample

solution.and four,(4) "spfked“ solutions of the .

same sample, and résu1téda s1ngle'dqta point.‘~

. !
! ' ' . v
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v (8)

V (B-1)

J
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: Determination of Pb and Cd in Fish Muscle TiQSUe.'

T \-(/ \"'A’]lv
: Determination of Pb ~ SR
GF-AAS analysis (ug/g dry weight.) ' T co g
0.107 0.152 0.117 0,118 0.190
0.110  0.118 0.168 0.176 0.123 - n 4
0.170 0.17 0.179 0.244*  0.213-
0.214 0.228*  0.109 0.185 0.187
N** = 20 X = 0.161 S = 0.045
Range (t 1.58) = 0.094 ---- 0.244 R
* Doubtful figure : 0.244 0.228
t
Test : N = 18 " Values " ‘Deviation
X =0.152 0.244  0.092 =25,
. %
= 0.038 0.228 . 0.076 = 25

Conclusion : value 0.244 rejecfed,:aﬁd the accept-

able result is

o

N=19 X =0.156 5.5 0.041 '1{

N.B. : Dry weight of the fish muscle tissue i
= 18.64% of its' fresh (wet) weight.

Thus : [Pb2+] = 0.156 * 0.041 ug/g on the dry weight o
‘ basis; | . 4 e

0.029 ¥ 0.008 ug/g on the wet weight//
basis. I

-

**  More than 15 results were rejected due to ;héfr very

high spread or deviation from the norm of data. These

&

,// '
/

7

"
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values were undoubtfully the results of contamination

- and the 'loss of material through sample-digestion.

a

(1-b) Automated DPASP analysis of Pb,

Programme 1 : ' ' i

i

U + 30 nmv.; i

dp

-tdep

1}

120 s. (stirring) + 30 s (quiescent)

N

Experimental results : [Pb2+],/ug. per g. dry weight

0.220 0.171 0.158 0.157 0.190 0.194
0.160 0.164 0.160 0.114 0.}04*  0.124
. 0.196 0.180 0.100%  0.119 0.123 0.249%
| T 0.167 0.112 . 0.103*  0.215 oéj76 0.230%
EE 0J204 0.103*  0.225 0.222 01133 olizs‘ -
0.230*  0.194 0.148 0.197 0.153  -0.161 ; :
0.116 0.163°  0.164 o o L %
N=39 .X=0.165 S = 0.063 :
Rangé (* 1.55) = 0.103 ---- 0.228 il
h Y ’ . :'
~ *Doubtful values "~ Test | ' Deviation ;
0.104 . - N=32 | 0.062 < 25
q.ioo X =0.166 0.066 < 25,
0.103 . $=0.034 - 0.063 < 2§
0.103 25 - 0.068 ,  0.063 < 25
. 0.230 | " 0.064 < 25
. 1 0.230 r o 0.064 > 25
. 0.249 . 0.083 > 25
. d , ‘ ‘
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~

‘

Concluéién : vatue 0.249 rejected, and the accéptab]e result

-
kY

is _ A '
‘ ) N'= 38 X = 0.163 S = 0.040

2+

Thus : [Pb°*] = 0.163 * 0.040 ug/g on the dry weight basis;

0.030 ¥ 0.008 ug/g on the wet weight basisl.

(1-b) Automated DPASP analysis of Pb.

Programme 2

U + 50 mv.;

dp f ‘ .
300 s. (stirring) + 30 s.

‘(quiescent).

tdep

Experimental results :‘[szf], ug. per g. dry weight

0.164 0.132 0.192 0.164 0.199

" Thus : _[Pb%+]

0.181 0.144 0.169 0.172 0.122
"N =10 . X =0.164 S = 0.025
— j' N
Conclusion : all values dccepted based on 2S.

e ——
P ey

'0.164 * 0.025 ug/g on the dry weight basis; -

n

0.030 * 0.005 ug/g on the wet weight basis.

A /
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k)

‘Thus : [Cd

K}

2+]

v (Q-Z) Determination of Cd.
- , ”'_’4\\
(2-a) GF-AAS analysis (ug/q dry weight)
0.030 0.050 - 0.025% 0.075 0.059 0.036
0.084* 0.085* 0.052 0.026* 0.076 0.083.
0.062 0.052 0.066 0.029 0.075 0.049
0.054 0.062 0.051 0.076 +0.095* 0.047
0.037 0.054 0.033 0.048 0.042 0.057
0.057 0.015* 0.069 0.043 0.072 0.034
0.072 0.060
N = 38 X = 0.055 S =0.019
Range (* 1.5S) = 0.026° «---- 0.083°
*Doubtful values ' Test Deviation 2
0.026 N .= 32 0.029 < 25
0.984 X = 0.055 0.029 < 25
0.085 ' S = 0.015 0.030 = 25§
0.015 25 = 0.030 0.040 > 28
' 0.025 0.030 ='2$
0.095 A 0.040 > 25
Conclusion : walues 0.085, 0.025, 0.015, and 0.095 are.

rejected, and the acceptable result is

N = 34- X = 0.055 S = 0.016

u

H

0.055 ¥ 0.016 ug/g on the dry weight basis;
0.010 * 0.003 ug/g on the wet weight basis.

v




e ’
133,
(2-b).: Automated DPASP analysis of Cd.
6 - Programme 1 . .
- L]
'( Udp =+ 30 mv.; ‘
tdep = 120 ST (stirring) + 30 s
; ) (quiescent)

‘ Experimental results : [Cvd2+], ug. per g. dry weight
0.067  0.068 0.072 0.036 0.082 . 0.034
0.084 0.040 . 0.036 0.037 0.037 0.069
0.076 0.034 0.040 0.050 0.045 0.058
0.034. 0.038 0.058 0.037 0.056 0.055
0.057 0.088* 0.054 0.034 0.047 0.044

- \

0.049 0.068 . 0.064 0.044.  0.034 +0.059

0.062 0.048 ‘ . 0.068 * - 0.047  * 0.089* 0.098*

0.112% 0.090% o : -, |

N = 44 X = 0:057 S = 0.020

Range (% 1.5S) = 0.027s---- 0.087

.*Doubtful values Test + ’ Deviation .

0.088 - N =39 . 0.036 > 25 -
0.089 . X = 0.052 . 0.037 > 25
0.098 - S=0.015 . , 0.046 > 25
OfHéF///f 25 =0.03 ' 0.060 > 25
0.090 - = .- . - 7. 0.038 > 25

L]

Conclusion = values 0.088, 0.089, 0.098, 6.112, and 0.090
‘ are rejected, and the acceptablie result is

N=239 'X-=0.052 S = 0.015

“ -

—a
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.

Thus ) [Cd2+] '0.052 * 0.015 ug/g on the dry weight basis;

0.010 * 0,003 ug/g on the wet weight basis. . ‘

(2-b) : Automated DPASP analysis of Cd.

~

Programme 2

Udp = + 50 mv:; d . ‘
tdeE = 300 s. (stirring) + 30 s LG i
(quiescent) - ‘ :
. : [
Experimental results : [Cd2+], ug. per ga dry 'weight f
0.055 ,.0.058 0.088* 0.047 " 0.055 ( )
0.046 0.058 0.067 0.054 - 0.051
N= 19 X = 0.058 S =0.012 (
Doubtful Value ,fest Deviation -
0.088 ‘ N=29 0.034 > 2S (=0.012)
X = 0.054
S = 0.006 o 3
Conclusion : value 0.088 rejected. ’ . 1
ihus : [Cd2+] = 0.054 ¥ 0.006 ug/g on the dry weight basis;

0.010 * 0.001 ug/g on the wet’weight basis.

o




Y \ . . 135,

Vv (C) : Statistical (Inference, t-) Test on the Values of .

- ) Pb Obtained by the 'Two Methods

* ' 2
. Experimental Results : [Pb

¢

*1, ug/q dry weight

' . Technique

GF-AAS ( Y.) \ Automated DPASP ( X )
) Programme
| 1 2.
~ . A\
19 38 10
X 0.156 0.163 0.164
S X Y 0.041 ‘ 0.040 0.025
52 0.0017 0.0016 0.0006
t-Test : (Y . 7)2
72 e e e em e mmmmmmmmmmamm—————
b (N, - 1)-82 + (N~ -1).s2 1 1
X X .y Y .(__ + _)
1 -
N+ Ny’ 2 SN,
Case 1: (0.163 - 0.156)%
B . | - (37.X.0.0016) + (18 X 0.0017) _ 19 + 9
| , y 77 S 3T X190
. t = 0.617 (B = Ny + Ny - 2 = 55)
Case 2:

t = 0.54]1

For Case 1 : t* (¢

= 0.05
= - =~ 2.000 t = 19 + 38 - 2
8 = ,50 ) ! >> (E ' )
= 0.617
\For Case 2 t* (Z : 2505) = 2.052 >> t (R =19 + 10 - 2)
= 0.541
»

L ' Cooe ' ‘e LR L . [, . N vy N
‘ . . 7 M ARSI O a0, e it
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~ Conclusion : Based on t%e t-tests (2-tailed) at the 95%
confidence level, it is con'tluded that there

was no sig

ificant deviation betWeen the

s ' values of [Pb obtained by the two different
' . ' L * .
' ' techniquefs., '
¢ . .
] ’ ’
SR I ,
- > , .
13
! Q R \
. ]
A .
" L)
" i ! / i
. ’ L)
~ v
J
' . - ) ’ /
L4
Dl - * r t
3 +




*e

iw
+

137,

APPENDYX VI : Sample Calculation for.an N.B.S.- Material
(&bviqg Liver - No. 1577) °

A. Instrumental Settings ' /
1. E506 Polarecord o | RN
Ugrart -0.80 v. (vs. Ag/AgCl -.sat'd kc1) ;o
Au ¢ +#1.50 v. - : A i
B | . »
tdrop‘ 1.2 s.
mm/tdrop A o : o,
Scan rate v 5 mv/s ‘ S
Sensitivity : 1 «x }O']O A/mm (= 0.1 nA/mm) 5
Udp : 430 my. SRR ! ‘
.2., E608 VA-Controller C I
“. . Deaeration : 10 min. (Nz) L

HMDE ~ ° : 5 units (r= 0.360 * 0.001 mm)

Depositi&n : (stirring) 90 s ---- for sample

77
) 120 s ---- flor blank
. (quiescent) 30 s ‘ ; L,
Determination: 92 s -
Pause ;. 30 s ' .
Ayep -0.30 v. . T
BUp s i ¥0.10 v | o
* Udep = Ugpape * gudep = -1.10 v.(v§ Ag/Agci - KC])"
3. E542 Dosifix - . - S
Volume of spike/addition = 0.025 ml (= 25 ul) i
1 v o I‘ -4 S ‘ \"‘ - \ :
- : " ‘\ .\

. . meat et A
B e i - s MG ARRERL o < W
i AR :

—~sr o -
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3 g s dV.
' , " ,
B. . Expe}"imenta] Parameters : .
1. Volume of test solutmn = 25 00 0 02 m] o
* Al a [y ‘ - .
2. Goncentratlon of. staondard "sp1k1ng~“ solutqon: - -
+ . " .
_— 3
) Q[sz ] 4.94 ppm
’ s 2+ an?
; [Cd" ] = 4.90"ppm :
. . lu“' > o ) v ) . .
N.B.: Experimental results are calculated and'presented in
“Table 18 and Figuré$ 29 and 30. .
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a

cd
18.60nA

A : Sample ( no add'n.)
B : Sample + 1 spike
Amount added
[ Pb’"] = 4.9 ppb
T Cd2+]~ = 4.902ppb
i
|
cd Pb
|
—~
E
d
e
-
\.ﬁ
=
:
o

POTENTIAL ( E, VOLT )

™~

Pb
11.00n4

Figure 30 : Determination of Pb and Cd in N.B,S. Bovine liver 1577,
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