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Summar

In this work previous static ond flow injection voltommetric -
methods for the detenninotion of phosphate and silicate have been
developed for the determination of total phosphate and soluble silicate
- in‘commercial washing powders. Tﬁe method is based on the electro-
ehemieal reduction of heteropoly aeids at + 0.3 v. (vs. SCE) at a
- glassy carboﬁ electrode. _Anionie'detefgents are a constituent of
washing powders and are foend to‘reduce markedly the differential pulse
'voltommetr1¢”peok currenfs obtained for 12-molybdophosphote and -
12-molybdosilicate in:oqueous solutions. Use of a semple solution
40 - 50% in ethanol .was found to prevent this interFerenee. By this .

method soluble'siiicote has been determined in unhydrolySed solutions

" of washing powders and total phosphcte in hydrolysed solutions using

both static ond flow injection modes. _

" The flow injection analysis method for silicate requires the - 7
feacfion coil to be heated in a water bofh'qf 60°, vefy little reaction -
taking ploce'ct roam temberature. Thus'it 1s'possible to determine |
bhosphafe with the reacfieh coil at room temperature without interferehce‘
'Froﬁ silicate. The flow injectien‘system‘develeped For.silicote deter-
mindtion initially involved a cohverging'strecm"of mcnnitelreoletion
'to'prohibit Ehosphote intefference..;fhe'use:of-mannifel wos‘suEsequenfly
found to be ennecessory as the level ef free phospﬁdte'ih unhydfolyeed g
sampies.is net High enough to ihterfeee ﬁieﬁ the silicate determination.
The.reegeht stream used was the same for both silicate ond phoephote
onolysis. R _ | _

' The differentlal pulse voltommogrcms for lZ-phosg:molybdate ond B o
lZ-sxlicomolybdote are sufficiently diFFerent to observe one in the

'presence of the other. An attempt was made to determine phosphate.



" and silicate simultaneously; this was only partially successful, The
" heteropoly acids used for these determinations exhibit different
.voltammqgroms withﬂvoridtion of pH and ethanol content of the test

solﬁtions. The o and B isomers of phospho- and silicoﬁ§1ybdotes'

‘.: were thus identified by'different pulse voltammetry. The heteropoly

" acids shbwed an ability to be odsorbed onto fhé surface of the working
electrode, chd:this was the subjeét of a brief study. o
. An attempt has been made to gombine-an 6uf§analyzer hydfolysis
coil ﬁitﬁ the flow injeéiionrsystgm devéloped. A cunpieteiy'outomoted

system for total phosphate has met with some success.



Introduction

The analytical cHemistry of phosphates and silicates heS“ibeeh
dominated for mony years by the method of formlng a heteropoly acid
and reducxng it to Form a “"heteropoly blue" compound which is detected
c010r1metr1cq11y_(Boltz and Howell 1978). The colorimetric methods
heQé been developed for automatic eed Flew injection analysis(GrOSShofF,
ié?t- Ruzicka and Hansen, 1981) mqinly for phosphates. This intro- N
" duction reviews the chemlstry of heteropoly acids and their electro-- -
chemlcal behoviour at ccrbon electrodes, together with an overview of |
flow injection methods. |
1. The Anoly51s of Sil;cates | .

This work conflnes itself to the cnclysxe of - soluble 5111cutes,
" in particular the sodium silicates which were emplpyed 1n.the washxng
boWder industry as additives. A querter of the United.Kingdqm's H
pfdduction of sodium eilicotes is used in the mcnufactere'of detetgents
(Dent Glasser, 1982). In tHe solia phase the ;tructures of the meta~-
-eilicate hydrates (Na;Si0;.xH,0) are well known; all contain the di-.
hydrogen orthosilicate ion, H,$i0, " (tetrahedral).. In solution, ot low.
concentrations (<10 72M) monomeric species are thought to exist ot all

pH values.

L

The anclytlccl chemistry of silicon and its compounds has been
rev1ewed by Bennett (1977) and Myshlyoevo and Krasnoschekov (1974)
Apart frem heteropoly technlques other methods hqve been used to -
determine 51licctes, e. g . grav1metry, titrlmetry, potentlometry and .
1nd1rect spectroscoplc detectlon, ultra violet (Truedell ond Boltz,
1]963) and atomic absorption (Kirkbright et ol, 1947; Ramakrishna,
']969} Simon and Boltz, 1975; Sand et al, 1976). Indirect methods

Osdolly entail the extraction of a.heteropolYQcid with.aﬁ organic



solvent, for exomple, iso-butyl acetate.

Recently, Al;morin et al (1981) has reviewed the electrochemicol
methods in the analytical chemistry of heteropoly compounds 1nclud1ng'-.
a list of Voltommetric methods for silicon. - These methods have been
applied. to the onalysis of metals and metal ores as well as to solutions.
and organic solventé@bttkng‘ and Unlond, 1971). The most recenf N
application is thot.of Iyer et ol (1981) who.can detect.trcces of silica
in water down_to.lp ug/litre, by anodic stripping voltommetry.

interference to silicote_onolysis_is offected by phOSpHorus which'
is often present in high concentrofions and to a lesser extent the
trace elements‘orsenic and germanium. It is possible to.detecf all
four whenppresent in the same sample. Hahn ond ngenknecht (19461)
detected orsenic, germoniun,phosphorus and silicon by omperooecrie'-
'titration‘qt different potentials. Other workers have reported these
elements by selective extraction of heteropoly acids with organic |
solvents folloned by polorographic'QBoizi. and Bolti, 1976;:oninogo
and Maguosa, 1978), colorimetric:(ﬁaul, 1945) or atomic obsorption o
spectroscopic analysis (Kirkbright et ol, 1967). Mcdonald and Van de
| Voort.(l968) seporatedpsiiicate_From phosphcse by pretipitotion of |
phosphomolydbate leaving silicomolybdate in solotion Several workers _.
have managed by’ control of pH to selectively fom sxllcomolybdote |
in the presence oF phosphate (Greenfield 1959' Shen ond Dryoff 1962;
.Sorkor 1981) However reduction of any phosphomoWbdate Formed by
an organic oc1d (e g. citrzc, oxalic or tortcrlc) is the usuol mode of

removing 1nterFering phosphote species.

2. The Anolysxs of Phosphotes.
| I thls work we are concerned with the onoly51s of totol

phosphate in washing powders. Most of the phosphate 1n,wosh1ng powders.

A



is present as ;odium triphosphate in the range 5;25% w/w; itjis usea_
as a base for the synthetic surfactont (e.g. sodium alkyl benzyl |
sulphonate producing o.more efficient cleonsing.cgent (Toy, 1976).
Phosphateﬁ exist as phosphorus atoms surrounded by four oxygen
atoms. The ﬁxygén atoms may be shared between two phosphorﬁs étoms to
prodﬁce P - O - P bonds, these are called condensed phosphates (cf.
bdl&meric forms of silicon). Cbmpoundﬁvcontoihing a few phosphorus
atoms (1 - §) are readily soluble in water forming anions, higher
polyphosphctes (10 - 25 phosphorus otoms) are more inert and vitreous
'in nature (Corbridge, 1978). Polyphosphates are cble to sequester -

metal ions such as Mg ‘ ond Ca't which are responsible for the hardness

" in wuter.

The analysis of phosphates like silicates has been dominated by
the colorimetrlc determination of an “heteropoly blue complex (Boltz .
and Howell, 1978). Other methods, gravimetry, titrimetry and Xfroy
Fluorescénce have been reviewed by Halman (1972) and Young (1974).
Crawford et al (1973) éstimufed éhoéphote)by dtqmié obsorbtion spectroscopy -
- of a complex formed with magnesium. Two other sets of workers,qugg
and Knox (1966) and Kumamura (1947) .also used atomic obsorption.spectrOQ_
scopy, but on the heteropolyacid compound. Lueck and Boltz (1958)
extracted the heteropolyacid from aqueous solution into diethyl etherlﬁnd
iso-butanol then measured the ultru-vioiet.specfrﬁm - Alimarin (1981)
" has recénfly reviewéd electfocheﬁical techniqueﬁ Slmxlcrly, with the
onoly51s of szllcates, the determination of phosphate by an. heteropolycc1d
method is interfered with by its homologues, silicate, arsenate ond
germandte Only silicate is usually present in large enough quantxtles

to have any effect Mercuric mercury hcs also been observed to interfere



et low levelsf(Tillmcn and Syers, 1975). Extraction procedures. and
-centrol‘ofheﬁ_cdn eiininote 1nterfefences,' Johnson (1971) eliminoted |
drsencterinterference by reducing to assenite which does not form a
'heterepolyﬂcompound. Two'sets of workers have detefmined silicote
7: and phosphate'simultoneously‘ Shen and DryofF (1962) measured the |
- :rates of Formetion of - the "heteropoly blue" ogoinst obsorbonce cnd
- correlated against standards of phosphate and silicate. Downes (1978)
has deQeloped an autcmatie teehniqee for bhosphate in the presence of .
arsenic, silicon and mercuric ions The ursenqte 'ond mercury are |
removed by th;osulphate in acid solution and the silicate by includlng
a tartrote in the reagent strean.,' _
| Anelysing totdl Phosphate involves the hydrol}sis;oflhigher '
."condensed phosphates to orthophesphdte so that a heteronoly eompoqnd ‘
.con be produced. Theihydrolfsis processIIS'ttme_consuming dnd is o
- possible source of error. The hydrolysis of condensed phosphetes is
‘ discussed belew. : . | .

3. Condensed Phosphates.

"The term condensed Phosphate" is used to describe all phosphotes
whose OCldS contoin less water than orthophosphorlc acid (Greenfleld
and Clift, 1975). Cbndensed phOSphctes can be d1v1ded into two main
| groups, poly" or'"chain" phosphotes which can be defined by the |

‘ empi:ieal formula

: H(n'+ 2):ﬁ?(0_(3n:+h1)_
dndl“meto“ or_"cydiic? phosphdtes with the_genesol formula;f(HP03)n.
':The experimentoirstudy deserihed'leter,cencentfotes on_the detergent

~constituent sodtum tripolyphosphate (TPP), Nas P; 0;,, the simplest

"'linear condensed phdsphate: Cbndensed phosphates hdve been'the



subject of two recent texts by Greeﬁfield and Clift (1975) and Kulgev

(1979). Both works include a study of the structure of condensed.

phosphates, but a more extensive work was published by Thilo (1945).

The structures of two simple species are shown below (fig. 1).

0_® .0

Fs
\ /
7

g0 0
®o0— P——-—O—P-—-—O—IT——OH_

N ©° o
- So called "ultraphosphates" also exist as cross linked species

containing phosphorus atoms linked to three others by three oxygen"

atoms in a "tertiary arrangement".

3a. Complexing Pfqberties; _

| ~ The major chemical property of the condensed phOSphates is
thelr ability to sequester metal ions. Most generol texts deol with._'“
this topic (Corbridge, 1978; Griffith et al, 1973; Halmcnn,.l??Z;
Toy, T976). Recenfly Yoza et al (1975, 1980a) and Crawford éf_dl,'_.
(1973) have applied thls complexing property to analytical procedures

for the determlnotion of magnesium. Condensed phosphctes hcve been



-~ shown to camplex nearly oll the heovy metals (Werner ond Ebert, 1977)
‘present in the natural aqueous environment Reynolds and Rogers (194%)
and Rogers and Reynolds (1949) observed similar chemistry with pyro- |
phosphate forming insoluble products with most cationic species. Poly-
_ phosphate anions have also been shown to‘ossocioté with lorger complex
species such as the hexannlnocobolt (III) ion, [ Co(NH ds‘3+; (Matsuura;
- 1974). Sqlts of alkali metols are soluble in water, whereas solts of _
divalent species (e.q. Ba ’ Mg Pb ) are gcnerally insocluble.
Condensed phosphates are stoble_in neutral soluticn'conditions.l'
© 3b. Hydrolysis of Condensed Phosphates. | |

Hydrolysis occurs in soluticns Which'cre not neutrdl The
“P-0=P bond llberotes about 3K!/mol for all types of phosphates
upon hydrolysxs

|  The hydrolysis of polyphOSphates has been extensively studied as
it is a prerequisite.step in their analysis. The degr&dation of
sodium tripolyphosphcte.for excmplc, is a two-stage prccess:

| (1) Prolos- - P,0,*" +'P0»?-

(1) P0" - 20O

One triphosphate molecule does not break down to these orthOphosphate
. unlts directly The simultaneous hydrolysxs oF two P - O - P bonds

* does’ not occur, the 1ntermed10te product berng the pyrophosphcte species.
iLurger polyphosphotes behove in a s1mllcr fcshion - With cyclic phosphates.
however, the first step is'the scission of the ring structure The -

rate of formotion of crthophosphate_from_pOIYPhosphqtes in soluttcn isa

function of pH and temperature.



Figures 2a and 2b. The hydrolysis of sodium triphosphate

(Greenfield and Clift, 1975).

@

"« of total phosphorus
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0 16 20 30 ey 50
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The swiftest hydrolysis has been shown to occur at pH 1.5 and 100°C.
Slower hydrolysis will occur under dlkoiine'conditions. Figurés 2(a)
ond 2(b) demonstrate the chonge in rate of hydrolysis with pH. The
half reaction time (t%) for the hydrolysis of a straight chain poly-
phosphate at pH 1.0 is 10 minutes. Cyclic phosphates deg;ade to best
efféct at pH 3.5 (Huffmon ond Fleming;.196d). The conditions for hydro-
lysis have been summarised in the form of a nomograph by Griffith (195%)
(see fig. 3). Several attempts to catalyse the hydrolysis of poly-
phosphafes.huvé'been mode in order to accelerate the reaction. However
the use of metal ions _of: céppef, zinc ond molybdate have not
. improved the acid digestion method. Recently Haight et al (1979) and
Imomura et al (1979) used permenganate to oxidise vanadopolyphosphate
and manganese(II)polyphosphate to vaﬁadium(V)'ond mangohese(III)‘
respectively. This results in the release of on orthophosphate Qnit
from the polyphosphate chain. Fost hydrolyﬁis rates have also been
claimed for bloiog;cdl mechanisms, using bhosphatose extracted from
E.Coli, yeast and pec plants (Josse, 1968; Pierpoint, 1957). Enzymatic
hydrol}sis‘is reviewed by Kulear (1979) in His'recent text. These
methods are generally applied to the hydrolysis of biolbgicol chemicals
 such as‘odenosiﬁe triphosphate (ATP) ond the analysis of pyrophosphate
(Silcox and McCorty, i973; Baykor and Araera, 1982). The phosphatases
employed can be highly specific, The'raté of hydfoly;is cotulyséd
by unspecific eniymg;, hoﬁever, is not fast enobgh to challéﬁge the .
efficiency of acidhdigeétion;‘ Both inorganic and biologicdl hydrolysis
occur in the natural environment. In ihe_lctte: case the energf

carrying molecule ATP 1éses phosphate groups in such a process.

Hydrolysis of phosphates in surface waters has been studied by Clesceri

10.
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ond Lee (1965 (a), (b)), Roux ond Boutin (1975)fond Aibo and Ohtoke
(1976). In a polluted river such as the Rhine the holf l1fe of tr1- -

polyphosphate is opproximotely 2 doys-(Werner and Ebert, 1977).

._hdc. 'Anolysis of Condensed Phosphates |

. The usuol mode for onolysis of condensed phosphates is _

hydfolysis to orthophosphote via acid digestion followed by colorimetric.

determtnotion as bhosﬁhomolybdote. ‘Whilst:this methodiis efficient |

for inorgonic forms oF phosphote, organic or biologtcol moteriai, such as

' suréoce water samples, require-more drastic.methods;(e.g. vltra violet

.‘.itrodiotion ond autoclaving). Harwood et al (1969);hove.reviewed‘methods

_ tor.totol;phosphote onolysis; d - | _

It is?oFten‘necessory to determine individual polyphosphotes.

‘:Recently methodslhoee been deQelooed bosed'on an HPLC separotion using

anion-exchange oolumns, followed by acid hydrolysis ond oolorimetricll

detection (Scott and Haight, 1975; Yozo:et al, 1975, 1980a, b).

Other chromotogrophic methods have been used, including thin layer

techniques and’ Unforced onion exchonge.” Specific determinotlons_home”.‘ _

been corried out using enzymotic hydrol;sis -Highly specific phosphatases

have been employed to onolyse for pyrophosphate (SllCOX ond Mchrty, 1973

Bloemers et al 1970) ond trimetophosphote (Meyerhof et ol 1953) :Some'

chemical methods have been used. For exomple Hof fmon and Sorocz (1962) - | y

‘seporoted ortho, pyro and metophosphotes by produc1ng complexes wlth : 5 |

.the aid of chloronllic ocid solts. ‘ | |
Grovimetrxc methods have been employed but‘hove never.been completeiy

sotlsfoctory due to- the similarity of the properties of the dxfferent

.polyphosphotes. These methods use the precipltotion oF the phosphote

with heovy metals. anc can be used to separate pyrophOSphote as a

' precipltote from o solutlon olso contoining ortho- and trlphosphote .

12.



' _Tﬁe'tiiration‘curves_of‘the free acids of polyphosphates can be used

to diStingQish between species (Greenfield and Clift, 1975) (see fig.
4 below); . |

Trlm;fu Tetramala . ™ Pyro
1= : . (] . . "

. ‘ ( . NegPy0, Ortho
1w+ _ :

]
T u
{Ne Po'!,]
PH. gh (Na POl ) J
sle Nll’I-ltl',l}l o

- NaM,PO,

mi 01N titront |

Potentiometric titration curves of orthophosphate, pyrophosphate, tri-
- phosphate, trimetaphosphate and tetrametaphosphate from alkaline pH.

Figure 4. (Greenfield and Clift, 1975).

Electrochemicol detectioh'with which‘fhis work is concerned has
been used only to a limited extent. One amperometric method depends
another is the - -
on the insolubility of codmium pyrophosphote | amperometric titration
with hexammine cobalt(III)chloride'(Loitenen- and Burdett, 1951)

Buyers (1958) used a conductlmetric method to determine ortho-

‘13.



pyro~ and triphosphate in admixture. The method relies.on the fect that
‘orthophosphate reacts with 3 moles of silver ions tAg*), pyro'4 moles and;
- tri 5 moles. More pertinent to this study is the use of polqregruphici
_ methods. Al-Sulimany ond Townsend (1973) determined triphosphate by
the reductien of the cadmium wave which is propertionol to the tri-
phoshhute present in the sample. A similor indirect hethed was developed
by Shaw and Townsend {1972) using the reduction of the octyltin wave
in the presence oF triphosphate. The effect of phosphates, zricularly |
: pyrophosphcte, on polarographic Qaves has been extensivei;7 i'Iglogers.and
Reynolds (1949) and Reynolds and Rogers (1949) studied o wide range of
transition ahd heavy metols"polarogrophie behaviour in the peesence of
phosphates. More recent work hus come from Townsend (see above) Cbx
and Cheng (1974) on iron and Costley and Farr (1968) on zinc and lecd

The vse of some of the above techniques hove been developed for

.fldw injectlon and auto onalyzer methods; these are’ d;scussed later.

4. - Flow Injection Analysis.

Fiow_injection ahalysis has been developed in the main.by
Ruzicka and Hansen over the past eight years and their work together
with other eontributors has been‘reviewed by them in a recent publiection
(Ruzicka ond Hansen, 1981) and volume 114 ef Analytica Chimica Acta.

Flew injection analysis (FfA) entails the injectien of liquid
_samples into a centinuoue flowing non-segmented stream; usually consisting
 of su1tob1e reagents to enable detectxon at a flow through cell. ‘he |

Flow through cell is most popularly a spectrophotametric or electro-.
chemical device. We can make a direct comparison with the uir-segmented
”outoonclysis‘mejhdds. Figures 5, 4, 7 compare and contrast simple FIA ond
";cir-segmented'methode. The pump-mqnifpld'is.simpler for cfﬂFIA_sys#eh.

Quite often only one stream is required whereas automatic methods need

14,



Wi

Air-segmented continuous flow

system (a) designed for the same funciion

_- s the F1A system of Figs, 2.1and 2.2. The

record in (&) shows the analysis of five
samples with progressively increasing an- @

Recorder esponsse

alyte content. . —_—1

H,0

6. m

Molybdate

Ascorbic |o

Acid | |
A

0.075

oosof €

@ @ Time »

() Manifold for high-sensitivity determination of phosphate. The sample is injected into
an incrt carvier stream {(water) merged with the reagent sclution, and after mixing in the reaction coil
it measured spectrophotometrically. To obtain effective mixing without excessive dispersion of the
sample solution, a mixing point M is inserted immediately following the confluence point. All tubes are
0.5 mm ID, To increase the rate of reaction, the system is thermostated at 38°C. (5). At the left are the
records obtained by injecting Increasing volumes of sample of a 2 ppm P-PO4 standard solution (S, being:
8,23 ul; b, 70 pd; ¢, 115 l; d, 130 pl: and ¢, 320 pl), followed by the cutput for a 0.5 ppm P-PO4 sample
solution, where S, = 320 ul. To the right are shown peaks a-e, recorded at high paper speed.

)

7 * T - I

[} Bl

Signal ~

a Rw
[Wampling time™] mEmEnk

53'“["“'\2 frequency, sampling time. and signal form as recorded in a continuous Aow
analyzer based on air-segmented stream teflh and the recorder outpwl of u FIA system trights (13, For

details, see the rext.

Figures 5, 6 and 7, (Ruzicka and Hansen, 1981)
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‘at least four. It is usual for flow rates in'FlA to be much higher
~ giving sharp and more';eproducible responses. However tube lengths
(or reaction coils) are longet and of a narrower hore, Bores are typicolly'
0.3 e 0.8 mm internal diameter (i.d.)-whereos autoanalysis will use tubeS“
with diometers in the order of 2 mm.. The oir segnents in the qutoonalyier

system prevent the sample diffusing in the stfeom whilst the reaction is

occurring. . In FIA the norrower bore tubing and faster flow rates compenscte'

for this. Thus with‘FIA the makinun number'of discrete.saﬁples can be
anolyzed using the minimum quantities oF reagent and sample in the
'.'shortest time by controlling flow rate ‘and Optimising the bore ard length
of_the -condiits. of the system. FIA is often coupled with HPLC which is
-used to resolve many compounds into discrete bonds; FIA is well'suited_
“for such opplieations with the‘obility to minimize hond broadening.0nd'
nointoin_the effectiveness of the HPLC.. The performonce‘oF,FIA'is
governed by the control of somple disperSion. The Sensitivity can be -

| lchusted by vorying the volume of the sample inJected the i.d. ond

the length of the system. Degree oF dispersion 1ncreases With tube
length ond decreoses with diameter, so in contrast with air segmented l
methods residence time.is increosediin proetiee by slowing the flow'
rate as opposed to lengthening the reoction coils./ Toking this idea

to the extreme the flow can be stopped. such that the- somple slug is

held in the reaction coil or the detector ollow1ng for slow reoction
rates or the study of recction rotes  As the. reodout in FIA is a meosure
of peok height disper51on can be defined 05'the rotio between the-
originol somple concentrotion and the concentration ot the detector (or.
_ maximum peak height). RthOS ‘ l in the range 2 - 10 are most 7
frequently found in FIA, For example, for a dispersion ratio of 5.the-, )

'sample will have been diluted by the redgent 5 times:befofe'deteotion.

14.



FIA does not rely on measurement at o “steady state" as do air-segmented e
systems, but on reproducibility of scﬁple.injection, dispersion of the
. sample zone and tﬁe timing of the sample zone from injection to detection.
A dispersion valuve of 10 corresponds to 50% of a "steady 'state" signal.
As FIA-operates usually well below the "steady stdté“ and chemically not
at'eqailibrium, certain slow chemical reactions moy.limit the use of the
technique., The chemical reactionS'involvg& can be seén as a process of
1nteraction,_wheré concentration gradienfs are set up between the carrier
stream and the core of the sahple injectiqn.‘ Consequently the chemistry
may be complicated and will depend initially onn the rate of mixing.

A simpie version of FIA (seé'Fig.IB below) | '

mjwin o
Hg(SCN), tf  50em
w
Fe3* .
@ 0.50mm
A
ost
ta) Flow disgram for the spectropho-
tometric determination of chloride. S, point of
06} - sample injection; W, waste. (b} Record output
showing chloride analysis in the range 5 to 75 ppm
C1 with the system depicted in (a). To demonstrate
04r . the reproducibility of messurement, each sample
: was injected in quadruplicate. Injected volume, 30
. pl: sampling rate, approximately 130 samplesh,
0.2 The fast scan of the 30 ppm sample (Ryw) and the
" 13 ppm_sample (Rs) on the right shows the exiem
a ‘ of the carryover (less than 1%) if samples are in-
(()g : Jjected in & span of 28 s (difference between 5y and
: Sk : C :

Figure 8. (Ruzicka and Hansen, 1981).
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consists bf‘(l) Peristaltic Pump

(2)-Injection Val&e

(3) Reaction Coil

(4) Flow through detector.
'Peristoltic pumps are preferred in which high frequency pulsation of
low'omplitude generate low levels of noise by use of models operating
at high Speeds (= 40 rpm} employing at least 8 rollers on the rototing
eylinder. If any pulsing is observed, it may be removed by the use of
a pneumatic damper (Bergamin et cl, 1978), a small reservoir (10 - 20 ml
volume) is inserted {n'the sysfem between bump‘aﬁd injection port. The
‘1ﬁ{rodUCtionlof the sample is effected usually by either injection.through
a sebtum or more popularly by means of a valve system theh divertd the

Flow of the-etream through a smell volume of tubing (e.g. 100‘ul) into |

| which the sample had been introduced. The methods of detection are
| liﬁited to Sbeetrophotometry (Atomic Absorption, ulfro violet, visible,
fluorescence;.Flome.photometry) or electrochemical methods_(petentiometry
or vo1tommetry). Spectrophotometric hethods involve the.bossihg‘of the
stream through the optical cell of a suitable instrument. Electrochemicol
detectors consist of a working electrode (quite qften carbon boeed) to
whicb the carrier stream is preeented,'either flowing past the electrode
or being "fired" ot it in a wall-jet configurafion (see.Figures.9o, b,
=‘cmci 10).  The basic difference between these methods of deteetion is that-
in Specirophotcmetric methods the signal achieved reflecte*the cohpositien
of the bulk of the solution, wherecs eleefrochemicollmethods rely on the
..trqnsbort eflelectreactive species fo the.surfoee of the eleetrode. HeﬁCe
- the preference for the wdil-jef type of detector. However excellent the
system of FIA may be, malfunctions may sometimes occur. . Poor:reﬁroducibility
of tHe signal may occur from eorry-over between 1njeetiqﬁ§, this can be’

- eliminated by increosing the flow rate. Sluggish response mdy be duve to

18.



Figure 9. {Ruzicka and Hansen, 1981)

i e,

3.2,

i

Spectrophotometric Now-through cells ta) Z, cell of the type used in HPLC: A, transparenl
wmdows B, Teflon body: C, celbhouse. {4} Hellma cuvette which [its into most commercial photometers,
The cells generully have an optical path length of 10 mm;, but are available with difTerent inner diameters
 {i.e,, different volumes).

>

{

Figure 10. Wall Jet Electrode (Stullck and Pacakova l98|b).

1. Inlet

yay Worklng electrode

3. Position of Reference Electrode

4, Outlet and position of auxiliary electrode.
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the dead volume of the detector being too lorge, a leak or blockége in
the system or contamination of the detector. In the case of}electro-
chemical detectors cbntomination of the electrode surface can manifest
itself as baseline drift. Noisy signéls can be the result of on electric-
ally noisy pump or pulsation in the flow streom. The signal peck may become
indistinct or doubled, this is due to insufficient mixing of the injected
sample and the carrie: streom; in this case reaction is only occurring |
ot‘the Lnferches of the saﬁple‘bolus with the strean. Negotive signals
may be observed. This is due to ailution of the carrier stream by the
somple injection, resulting in a decrease in-the background signal.

Many analytical methods have been adapted to flow injection systems
in recent years ond"geveral techniques have been developed: titrations,
stopped flow analysis, merging zones, solvent extrcbtion and gas diffusion.

5. Automatic Determination of Dissolved Phosphate and Silicate.

_ The automatic methods for determining phosphate and silicate
 nearly all use fhe formation of the hetéfopoly acid (yellow) or the
reduction to a "heteropoly blue" compound for a flow colorimetric method.
"This generoliSotion abplies equally to avtomatic oir.segmented and flow
injection methods. A simple FIA system for phosphate can be seen in Figufé
11, (Ruzicka and Hansen, 1981) using acidified molybdate and ascorbic
acid to produce a heteropoiy blue deteéted ot 440 nm.=.Figﬁre 12 shows a
simple dutocnquser system for siiicqte (Grasshoff; 1970) using acidic
molybdate as reagent stream, oxalic acid to mask inferfering phosphote
and metol to reduce the heteropoly acid to a blue compound.
However this study along with several others is concerned with total
- phosphate analysis which requires the hydrolysis ond/of thé sepora£ién

of condensed phosphates (see previous seﬁtion }. Using the gir segmented
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Figure 11. (Ruzicka and Hansen, 1981)

mlfmin
Molybdate| 06| 50cm ? 50cm
-Ascorbic Acid]| 06 w

@ c . 0.5mm OS5mm

A L0 Rio

gmin

0.6}

0.4}

0.2}

@ 0.0

fa} FIA manifold for spectrophotometric determination of phosphate, The two reagents are

- premixed in the first coil, whereupon sample is injected (30 pl). All tubes are 0.5 mm ID. (b} Lefy: record

obtained by injecting standards in quadruplicate, containing 5 to 40 ppm P-PO4; the record to the right

shows a scan where the time scale is expanded to show the peak shape when injecting 20 and 40 ppm

solutions. Note that it takes only 15 3 between sample injection S and peak maximum readout R, and

unother 13 s until the next sample (S:} can be injected. Hence the signal will be below the 156 level
before the next readout will be taken, and therefore there is no carryover even at a sate of 120 s/h.

Figure 12. Manifold for the continpdds flow analysis

of silicate {Grasshoff, 1971).

Wa.sh 2:1
3 Air

" 20turns 10turns 10 turns

Sample

Acid Molybdate

@%@@%

Oxalic acid

®

_ ‘ = Metol

3
3
3,

50 mm
880nm
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Technicon gutoanalyser system most of all P - O - P bonds of the
condensed phosphates are hydrolysed in an acidic medium (Nakamura
et al 1980). However, Hirai et al (1979} claims 95% hydrolysis‘
with his FIA system; Oné problem with the hydrolysis of condensed
phosphates-is whether different molecules are hydfoiysed to the same
aegree and at o similar rate. It is known that the peck areas of the
detector response are occurately prop§rtional to the phosphorus
contents of the samples. However i£ is also found that peak heigHt
will al#o givé good calibrations. Peck heights are easiér to onolyse.'
NGkaUFO et al (1980) further claim. thot 80% of all condensed
phOSphates are hydrolysed to orthothSphote at 97°C; higher temperatures
are required for the hydrolysis of oll phosphates., Also it hos been found
' that the signals at fhe detector may be umplified‘by the presence of sodium
chloride in the stream Flow,.though no e#planation is offered. Several
workers have separated the condensed phosphates from a mixture using HPLC |
before hydrolysis. Hirai et al (1979, 1980) and Yamaguchi et al (1979)
have eluted colﬁmns of ion exchange resin into an cir segmented systém.'
Surfactant is often added to the sysfem to facilitate smoother flow |
through the system. In similar fashion FIA sysfems héve been connected
to HPLC apparétus (Hirai et al, 1981) All the above systems used
GC1d1f1ed ammonium molybdate as reagent stream, but Basson et ol (1981)
used mobybdovanadate to similar effect and Yoza et ol (1980b) used
indirectl} compiexeé of cerium and magnesium with hethylthymol blue
“and xylen?{f orahge.r'As opposed to colorimetric detectibn Yoza et al
(1975) eluted a column equilibrdted in magnesiwﬁ,cHloridesqutiqn :
'through.dn atomic cbsprption spectrometer and the separate phosbhofes

were onolySedihdirectly' by the reduction in mdgnesium signal.
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Hydrolysis is‘dlwoys carried out by the sample flowing through a

‘long coil at high temperature under acid conditions or in the presence

of the molybdate réagent.(DOWnes 1978, Pavenello et al, 1977).

However strong conditions are sometimes required, so Goulden ond Brookshank

(1975) and Osburn et al (1974) employed an ultra violet digester. .
"Similar methods havé appeared for silicéte determination (Wilson,

- 1965, Brewer and Riley, 1944; Truesdale and Smith, 1974), mostly for

an oir-segmented systeﬁ, and only recently has any FIA work on silicdte,

been published. Hirai et al (1981) have described a FIA method with o

heated reaction coil and colorimetric detection at 400 nm whilst Hori

et al (1981) used colorimetric detectian with a column electrode ﬁacked

with glassy carbon fibre. The problem'of.phosphote interference is

- usually averted by manipulation of pH and the introduction of oxalic

aéid into the stream preventing formation of the phospho-complex with

. any excess molybdate reogent. Optimum conditions for promotion of the

| heteropoly acid f-silicomolydic  acid are at pH 2.0.
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6. Voltometry.

The theory and analytical opplicotions of veltammetry cre

'discussed in detoil in two recent texts by Bard ond Faulkner (1980)

and Bond (1980) ‘

| The electrocnenical propertles of solutions ore the basis of

a major series of onalyficol'methods; voltannetry is one of these.
Voltammetry (ond polarography) are methods of studying.the composition
oF‘dilute electrolytes by plottingicorrent-voltoge curves (seelfig. 13),
"~ Usyally the voltdge applied to a smoll ﬁorking.electrode relative to o

a reference electrode is increased or decreased within the range

- 2 0-+2.0V; the resulting current chorges are observed Voltonnetry

is the general name for this technique; polorogrophy is the term applied
_lo'voltommetric application of the dropping mercury electrode. Early
nvoltawnetry.begon with solid electrodes, the dropping mercury electrode
 did not come into use until 1923. The origins date back to 1893 with
the novel work of Le Blanc on the electrolysis of metals and the
.'deconpositlon voltages of acids and bases (see Adams, 1949). Soloman
in 1897 was the first to use current-voltoge.curves-ond indicated the .
existence of limiting currenfs. There has been a growth of interest in
solid electrode-voltammetry since 1950; this is allied to the development
" of modern cnalytiCol'tecnniques‘whicn employ such electrodes. Electro-
‘Chemistry at selid electrodes has Been discussed in detail by Adoms
" (1949). B | B

4a. Basic Princioles.

Voltommetric methods ore used to investigate phenomeno
ossocioted with a passoge of Faradaic current as a fonctiOn of the
| voltage opolied to o'working electrode (e.g; Glassy Carbon, or Haenging
Mercury Drop). Simple cells vsually consist of two electrodes, but |
" the passage of current requires modiflcotion to one of the electrodes

(reference) or the introduction of a third electrode. The electrode



Fiigure ]3.I .Typical DC Voltammagram

1 x 10°3M CdCL; in .IM KNO,

Figure 14. Ewing (1975).

© Two- nﬁd'thrée-électmde systems for voltammetry.
Wkg, working electrode; Ref, roference electrode; Aux, auxiliary
electrode, R '

—il
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" acting as both current corfie; and reference must be of low
resistonce to minimise errors; .o 10mV error can result from 10 pA
passing through 1000Q. Also the solution/electrode intérface will
have to have a much Iorger'surfoce ared tﬁan the working electrode
so current density ond polarization effétts.ofe maintained at a low
lével. The use of a third eléctfode is preferred;“it can be a simple
wire of platinuﬁ or silQer, or mercurylfor'exomple. The reference
electrode sincé:it does not carry current can be of any convenient
form (e.g. the standard calomel eleétrode). .The fwo and three electrode
Systems ore deéicted;in fig. 14.  The working electrode is made of
inert material copable of passing an eiéctricol curreht; the choice of
which is governed largély by.the likely range of poténtiol it will
be required to investigate. Figure 15 shbws the fdnge‘of limiting
potentials fé;'vqrioﬁs'working'qlectrodes and the convention for
plotting voltﬁmﬁetric curves. Carbon electrodes are more suited to
positive potentials, whilst mgrcury.electrodes??; hegctive potentials.
Mercﬁry is restricted to 0.25v on the positive side, due to anodic
dissolution. Use of platinum is fairly restricted; the oxidation
of water occurring 6t'+ 0.45v and hydrogen is liberated ot - 0.45v,
due to the high over-voltage for hydrogen egolution at mercury, it
is not liberated until - 1.8v in acid conditions or - 2.3v in basic
conditions. l |

* Consider o static system, for example,o plcne Tinert working ,‘
electrode in a deoerated unstlrred solution contoining 0.IMKCl and
1 x lO'?M Pl T with a soturated calomel reference electrode (SCE)
and a plqtinqm auxiliary electrode. The solution is deaerated because
“of interference from dissolved oxygen which exhibits two reduction

reactions at - 0,05v and - 0.9v; however when working at positive
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+4 F _ Region of eathodic reduction at microslectrode

+2 Pt H, Hﬂ
1 r- / (aclg;c} {basic)
= o|Gavanometer zero ' '
5 ;

-2 Pt Hy

-4} _ Region of anodlc oxidation at microelactrode

1 [] A 1 . i}
+154+10+405 0 —0.5—1.0—1.5—2.0—2.5-—3.0

Applied potentnal, V vs. SCE

Conventions for plotlmg voltammetric curves. The curves
labeled Pt or "Hg indicate the npproxlmlte potentul limits attainable at
these electrodes,

Figure 15, The potenticl ranges for pldtinum and

mercury working electrodes (Ewing, 1975).

Figure 14. The potential range for glassy carbon
in various electrolYtesl(Zittel and Miller, 1945).
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poténticls deaeration is not essential. ' If we opply 1.0v across the
eléctrodés (with the working electrode negotive) several things will
happen. K" and Pb'T ions will start to move in the electric fleldlr
" towords the:working eléctro&e, any negativé ions (e.g. C17) will move
in the 6p§osité direction to the guxiliary electrode. At this ‘
p;téntial Pﬁff‘ions aré reduced but K iogs are not; The kt ions form
ﬁ sheath of.oboui oné ion thick on the electrode surfuﬁe_qlmost completely
neutralising the field ﬁith respect to the bulk of the solution. The
. P5++;ions will be discharged.cnd.ﬂeposited on the electrode, this can
only happen by'diffusion of the Pb" ions to the vicinity of the
elecfrode-as the field has been neutralised by the K+ ions. Corres-
ﬁondingly the movement of anions in fhe opposite direction slows to

a low level equal to the diffusion of pott ions. The rﬁte.of movement

of species-by diffusion is‘proporticnal to the concentration gradient,

in‘colculdé, dC _ D d*C , | (I)‘
S dt o dx? | - |
this is Ficks Law.
C: Concentration of diffﬁsing speciés{
:Dz\ Diffusion coefficient.
(t refers to time and x to distance).
 Applying Fick{s Law to thélprocess of electrolysis gives the

relation, -
C - (2)

i eleétrolysis diffusion current at time t

n: number of electrons involved in the reaction at the electrode.

.



F:: Faraday Constant (9.45 x 10" coulombs per’mol)

C; Bblk concentration of the electroactive species in solution."
The cdqcent;ation is assumed to be zero at the electrode surface. ' The'
convention is to label i and n as positive for cathodié reactions and
negative for anedic reactions (see fig.14), The current is proportional
t6 concentration, so that the current obserQed for a particular electro-
chemical. reaction in.voltcmmetry can generally be scid to be diffusio&
limited. Potassium chloride is present as "supporting electrolyte",
whose function is to prevent occurrence of a "migration currént“. If
" the electroactive species is charged, its mass transfer will be modified
due to the passing of a current through the solution. Migration current
can be positive, negative or zero depending on the charge of the electro-
active species, and can affect the current observéd due to the oxidctioﬁ or
reduction reactions occurring at the electrode. These reactions are |
called ?fcfodaic processes"” because they obef Faraday's Law. The
magnitude of this current is governed by the mass tronsfer process and
is limited mainly by diffﬁsion and to a lesser extent by other processes,
for eﬁomple, electron tronsfer, chemical kinetics, and adsorption.

In the absence of an electrohctive Species (i.e. the working
elebtréde is at a potential where the species in solution are not
reduced or oxidised), ﬁharge cannot cross the electrode-solution
_ interface and so the electrode behaves like a capacitor. When a
potenticl is qppiied across a capacitor a current will flow until_it$
;Borge (qf'coulombs) satisfies the equation Cl=.q/E; where C is the
copacitance (farads) and E is poténtiol'tvolts). The electrode-

solution interface (electrical double layer) behaves like q capacitor.
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The electrical ‘double layer is a whcie arr;:ly of charged species and
oriented dipoles existing qf the electrode-solufion interface. Its
strﬁcture onl); loosely réserﬁtﬁes _’.c'wo. charged layers, At given potentials
the électrode-so].dﬂoﬁ-interfdce is cha;acterizéd by a double layer
capacitance. This is Ifypiucally in the ronge 10-40 uF/em?;  however
lunlike real .ccpot.:itors' this copacitance is often a function of potential.

The sélution side of "the double layer is thought to be made up of

~ several 1ayers, the innermost being solvent molecules and specifically

adsorbed species. This inner loyer is often colled the Helmholtz or

E Stern layer (see fig. 17 below).

| Figur.e 17. The Electrical Double Layer
(Bard and Faulkner, 1980). |

Diffuse layer

Solvated cation

B
B

Specifically sdsorbed anion

o O- Solvent moleculs

Proposed model of the electrode-sofution, double-layer region. -
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The voltammogrem of figore‘16 represeots tHe bockgroond current
due to a solution of‘dLOIM sulphuric ocid ot-o glassy carbon electrode. .
It is seen that infinite current flows between the potentials of 0 v..

, andil.é'v. This slowly increasing currentlis‘termed the "residuul
current®. It is present in all currentrvoltoge.curves to vorying'
degrees and is composed of (1), the Faradaic current From electro-
chemical reactions, (2), the charging current as mentioned above,

(3), currents from reactions of the electrode surface and (4), trace
currents from iﬁpurities‘in_the solution. No electrolyte is completely
free oF‘troce impurities which can be oxidised_or redoced'ot the |
:electrode.‘ According‘to electrochemical rate theory.(see for example:
Bond 1980) finite current will flow at poteotiols coneiderobly_remoVed
From the point ot which the sharp riselin current occurs. This Faradaic
current_is onlyAa small portion of the reriduol current ot.o solid |
electrode. _Moiniy,_residual currents are associated with extraneous
procesees primarily at the electrode surfoce. This may be connected
Qith the past history‘of the electrode, for example, olloyer of sorbed
gas on the surface. Also the act of forming a sorbed gas layer may give
" rise to a residual current. Such effects ot the electrode surfoce make
‘up the bulk of residual currents at solid electrodes which may lioit '

its use by masking the primary process under study.

.6b. Modes of Voltommetry.

f

Figure 13 illustrates the standord practice of plotting a
_vo;tommogrom (or current—voltoge curve). It is conventional procticer
to run voltamﬁogroms by varying the applied potential and meosurihg
' the‘resulting current; which'is normally expressed in microamperes (pA).
Aport from the droppxng mercury electrode (DME) ond the honging mercury

drop electrode (HVMDE) a variety of modes have been employed u51ng solid
electrodes, . '
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(1) Stationary Elect}odes, in (@) quiet solutions, (b) stirred
" solutions and (c) flowing electrolytes.
(2) Rotated Electrodes at a variety of rotation speeds.
(3} Vibrating systems.
(4) Ring disc electrodés in static, rotating aond flowing systems.

+

éb.1 Linear Sweep and Cyclic Voltommetry.

Initially linear sweep voltammetry (LSV) was the rapid

"sconning of potential within the lcst half second of the lifetime of

a mercury drop. Using solid electrodes the speed of the sweep can

[

o

r———re e,

be reduced and varied to best effect as regards the experimental
reqﬁireménts. Rupid scan techniques give rise to a characteristic
voltage-current curve shape (see fig. 18). The peck shape is 50‘
because the diffusion process is too Sldw'to supply electroactive
‘materiul to the electrode fast enough to keep up with the ropidly
increasing potential; thus a steady state is never attained. The

peak potential (Ep) is related to the half wave potential (Eg):

E =E, - 1.1.RT S (4

The current at the peck is given by an equation derived by

Randles and Seycik,
knt/z D fc VE (s .
‘ o o _

Current (uA)

i
p

whefe i

N P
A = Area of electrode (cm?)
v
k

Rate of potential change (V sec™!)

Randles-Sevcik constant

i

' C = Concentration of eléctrocctivg species in the bulk of the
Solution.(mol/cm'l) | .

D = Diffusion coefficient (cm?®- sec-!)

32,



0 ! . l 1 1
100 0 ~100 =200 =300 . =400 mv
. ‘ 5 N

Figure 18. A linear sweep voltammogram of a mixture

of electroactive species a and b..

Figure 19. A typical reversible cyclic voltammogram,
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T
R |
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EV . / . . ’ . P
Cyclic voltammogram at a stationary 't
Ancdic oot

electrode of oxygen in pyridine

(Bard and Faulkner, 1980),
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The value, 1p is directly proportional to the concentrﬁtion, C.
Cyclic voltammetry ig on extension of LSV, The'difection of

the potenticl scon is reversed following the reaction of interest
occurring at the electrode. A triangular potential wave is applied

‘as opposed to the single sweep which is just a simple ramp function.
A.typicoi curve is-shown for a révefsible syﬁtem (fig. 19). Iflthé i
electrochemical reoction is reQerSible then an dnodic current will be
observed equolly opposite to tﬁe_catho&ic current seen when sweeping :
the potential in the opposite direction. 'The‘differehce in pﬁtentials_
at which the current increoses are observed is related to the number
.QF electrons involved. For ekoﬁple a 2 electron reaction will show

a difference of 0.28 v at 25°C; this can be bredicted from. equation
w. o - | -
A feluted method to those above is anodic stripping voltometry

(ASV). This is the combinection of a concentration process where an
kelectroqctive specieﬁ {quite oftenlo trace metal):;s reduced at a
constant potential which is more.negotive thon the hdlf—one péientiql
" of the species to be investigated. This resﬁlts in the plating §f
this species.on'the ;olid_electrode or an amalgomcti;n if‘o HMDE 15‘
used. The concentration step is carried out for o precise time to
énsure_ieproducibility fdllowed by a poténtial_swéep'in order to oxidise
-the plated.mcterial; the resulting current is proportionclrto the v
~concentration of the'eleétroaétive species in the originol solution.

6b.2 Pulse Techniques:

Pulse methods of analysis have been the subject of tﬁO-
recent reviews by Osteryoung ond Osteryoung (1981) and Borman (1982). -
In pulsé voltommetry, millisecond pulses of successively increasing

potential amplitude are 6pplied to the working electrode, this is
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referred to os "normol pulse voltammetry" (NPV)., The initial potential
" is such that no reaction takes ploce. The current is measured usually | _

at the end of a pulse application. In DPV the potentiol is changgd

. slightly between each pUlSe and the pulse itself is of Constanf omplitude. :

‘The current is measured juﬁt before and ot o fixed time ofter the pulse,
the difference in the current is recorded (N.B. fhelfrequency of the
pulses is usvally in the raonge 0.5 - 10 sécs). The shape of the cufrent—‘
voltage curves for NPV and DPV cre compared to a copventionall(DC) |

~curve in figufe 20.

Figure 20, Comparison of c¢-v curves for various

B voltammetric modes (Osteryoung and Osteryogng,_!98}).



_.The sensitivity of the NPV mddé is about ten time; thdf of the conventional =
method. The limiiing current plateau in NPV and DC methods is directly
proportional to the concentration of species in solution that has diffused |
~ to ond reacted at the working electrode. The maximum cﬁrrent_in'DPV

is likewise proportional to the'concentration of material in the solution
“under test. The shobe of the curve obtained from DPV is that of 6 ‘
derivative of the NPV or DC methods. The DéV is the most favoured method
with a signal to noise ratio two order of mdgnitﬁde less thaﬁ.the'other
modes the detection Iimit in analytical upplicationﬁ is likewisenldwer.
_ | G.C.Barker is known as the father of pulse te;hniques {Barker and
Gardner, 1940} because of his work in the Fifties, but new techniques
lcontinue to emerge; for example reverse phase ﬁnd square ﬁove pulse -
.voltcmmetry. In reverse pulﬁe'voltcmmétry, instead of conventionally

- scanning in the negative diréction observing say for example the reduc-
tion of Fe(IIl), the scan is in the opposite direction beginning at a
negotive pétentiol‘where Fe(IlI) is reduced ot a diffusion controlled
rate. ‘Thﬁs‘the reverse scan will obsé:ve the oxidation of Fe(IIi)_
that had been gene}oted whilst the potential was at its initial value.
Alternatively we could coil this technidue anodic stripping pulsed
voltammetry. . Square wave voltommetry'is onbther fast method, and hdﬁ
only Seen applied to a dropping mercury electrode, though it is -
‘equally upplicébie-to:o ;olid electrode. After thg'me;¢0ry Arop has
been ollowgd to grow,for a precise time then a stairca;e ﬁith a square 1
wave is abplied.(sée fig._21). The current is.measured once in the .
forward pulse and once in the reverse pulse, and then displayed as the
forward ond.revgrse current on the difference (fig. 22). It is Q;rth'
noting that the plots resemble that of a cyclic voltommogkom_and fhe.

'difference current resembles the differential pulse methed.
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Figures 21 ond 22. Osteryoung and Osteryoung, 1981.
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The square wave waveform, E,, i1 the square wave amplitude, AE, the step height, 7 the square wave
period, and 4, the delay time at the initial potential before the initiation of the scan,
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_ Squarc-wave voltammogram of 0,52 mst Zn" in 0.1 & KNO;;7T m 2ms, AE = 5mV, E,, = 25mV,
(a) forward current, () reverse current, (¢) nct current,
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In conventional DC Qoltammetry the current wave flu;tuotes.once_
the limiting current has been reached. Tést (or sampled d.c.)} volta-
mmetry eliminates thisleffect‘by sampling the current near the end of
each pulse. Thus the DC method becomes more:accurate though no more
sensitive,

bc. Electrode Processes.:

Two types of processes occur at electfo&es. One kind is where
charges {e.g. electrons) ore tronsferred across the electrode-soluti?n
interface, thch causes oxidation and reduction to occur. As these
reactions are governed by Faroday's Law (1;e. the amount of cheﬁicdlr
;eaction caused by the flow_of current is proportional to the omount of

- _ electficify passed), they dre_cclled farodaic processes., Processes |
such as adsorption and'desorpfion.cdn occur,”ond tbé structure of the
‘electrode solution interface may be altered by changing potentiallor
solution conditions, These are termed non-faradoic processes; and
although charge does not cross the interface under these ééhditions,
a current flows. An electrode prqcéss is said to be electrochemiccllx
reversible if the current measured for the reduction of a species (e.g{
Fe(Ifl)'+ Fe(II)_is éga¢t1y equal and opposite fbr the reverse reaction
(i.e. o*idation pf Fe(Il) to Fe(III) (see-fig_ 23). The chemiéal potﬁ
connecting the two states (Fe(III) and Fe(II)) is thermodynamically
reversible and the rate of electron transfer for both oxidofion_and
reductidn is fdst enough so‘thot'at_oll boints oléng the path‘thé #ystém

777 ~-is in equilibrium; For a reversible reaction the curfent-voltcge :

curve can be defined in terms of the 'Né?ﬁﬁiequution,'

E=E°+RTIn OX (8
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‘Figure 23.. A cyclic voltammogram for a system such as .

| Fe(II)/Fe(III).

‘O'V_e

o)
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-

Figure 24,

REDUCTION OXIDATION

— = '
. - Differences between reveréible (Erlz) and {rreversible

(E, ,,) dc polarcgraphic waves. 1

‘172
Bond (1980)
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and diffusion equations relating current to concentration (discussed
earlier). An elect;ode,process may be irreversible due to either a slow
~electron tronsfer step, a slow chemical step, or odsorption, i.e. a
deviation from the conditions of the reversible reaction. In the
irreversible situation the potnway between oxidised ond reduced_stotes
is not an equilibrium one. The irreversible reoction can be observed d
in the normal voltammetric mode to have a much slower rate of increase
of current at the half wave potentiol'(Ez)~(see fig. 24), which is also
displaced. The pathway is now defined by kinetic factors; the rate
.‘jooﬁstonts of the oxidation and ;eduction reactions.

So far we have only discussed heterogeneous reactions at the
Aeiectrode surface (electrochemical reversibility). A'homogeneous chemical
.reaction might occur before or after the charge transfer steps, for '
exomple,if the product of the.electron transfer reacts with the solvent
or when an electrooctive species is formed from o non-active one. If
the homogeneous reaction Q;E"chemically reversible" is coupled with
a reversible chorge'tronsFer then theroveroll'process is reversible
and obeys the Nernst Equation (6).' If the chemicol'reoction.is |
irreversible then E, volues will be perturbed by a factor pertoining
to the homogeneous rote constant. The perturbotion will be positive
or negative depending on whether the chemical reaction precedes or
follows the charge transfer.; |

Testa and Reinmuth (1961) classified chemical steps‘"C" and electron'

o transfer steps TMEYTT Thus we' ‘get the convenient*notation—of—EC-for;a“ssm___ e

chemical reoction following an electrochemicol one. Thus for a

preceding reaction e.g.,



XA A+ne = B

™ ..

E.

'_A is :educed.oﬁly_ct the‘electfode surface and so disturbs the
‘equilibrium-oflthe o reoction and se more A is produced and consequently
converted-to B at the electrode. So the current flowing will be a -
function of the rate of the chemical (homogeneous) reaction. For the
EC reaction the cUrreﬁt is'a Function.of the electrode process ond the

rate a function of prodqction of P in solution.

A+ne:B B—=P

E.

+

10

_ée.] gggenerative Mechonisms.

In this type of process the originol material is regenerated
by a chemiccl reaction which occurs subsequently'to the charge tronsfer
step (E) In this case we can get electrooctive materiol being
- reduced (or oxidised more than once) producing sturting material at the
electrode surface by chemicol and diffusion processes. The limiting
current flowing through the cell will be larger than the diFFusion
.controlled value, the increase being u'function of the rate constqnt

of the chemieal process (C). For example,

D +e Touwy B
~ - -
ZU(V)*_U(VI) + U(Iv) e c_. |

_ In some medio “C“ is so slow that only "E" oceurs and in others
.. SO fast that it goes to completion and the electrode process |
becomes equivalent to :

U(VI) + 2¢ T U(IV).
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'Cutalyiical processes can occur, where the product of the electrode
reaction (B) reacts with on inactive species (Z) to regenerate the

active species "A",

A+ne = B _ E.
N
B+ Z = A : C.

Thefmodyﬁomically if B con be oxidised by‘Z‘eo A, then Z ought to.be
reduced at the eleetrode. However if this process for Z is very slow,
electrochemical reducﬁonccn be far more negative than predicted by thermo-
ldyncmics. Hence a catolytic process will erhonce limiting currents

- to an extent governed by the speed of the cotulytic recction.

”Adsorption Phenomeno

Non-linear calibration curves, inhibition of electrode processes,
perturbatlon of waves and other undesirable effects which are the bane
_of the electroanalytical chemist, _can oll arise from cdsorption processes
at the surface of %he working electrode. At the dropping mercury |
electrode such effects can largely be ignored, as fhe surface of the
electrode ie renewed every second or so. |
_ There are two types of adsorption: noﬁspecific, where long range
_ electrostatic forces disturb the distribution of ions near the electfode
__surfcce'ond specific, where a strong interaction between the adsorbate .
and the electrode material causes the formction of a layer on the
. electrode surface. Nonspecific adsorption affects the electrochemical
respehse-gecduee.it af fects the concentration of the ‘species as well
~as the potential distribution near the electrode. Specific adsorption
can hdve.severcl‘effects. If -on electrooct;ve'species‘is adsorbed, the

_theory must be modified to cater for the fact that an eleetrooctiVe species
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’ .arthe'surfoce is ot o‘relotively higher comcehtrotion thom in the Eulk
of ihe solution. Also_the_odsorbed species muy be more difficult to

. reduce than the same speciee in solution. If an inactive species is
adsorbed then the electrochemical response will be oltered, dve to a
bloEking layer forming at the electrode surface. In oddition @ process
of electrocatalysis may occur with the'adsorption of an unreactive -
material which then dissociates into reactive fragnents. |

The relotionship between the amount of substonce cosorbed on the

electrode per unit area (Pi), the octivity in bulk solution (a) and
‘the electrical state of the system at a given temperature is called

an odsorption isotherm. A general Form is given below,

- G°/
RT IB.oB - (7)

Y _
a = a.e
superscripts A ond B refer to adsorbed and bulk situations respectively,
AG° 1is the standard free energy of adsorption, The Langmuir Isotherm
assumes no interootions between odsorbed species; a homogeneousreurfoce

and at high bulk activities saturation coverage of the electrode by

adsorbate (a monoloyer) (P ).

5 | | | _ _
7 ir' = BoB, .. this isotherm can alsoc be written in terms .
s= T3 - .

(8)

of froctional coverage of the electrode surface 0, where 0 = I‘i/I's

to give;‘
| 2 =g : | BN .
1. - o S

' If the rate of odsorption is fast, then equilibrium is set up ot
the electrode surfoce. This equilibrium moy not be set up in cases

such as the DME or LSV vhose operation is of a rapid nature.
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.If a species is irreversibly adsorbed then cyclic voltommetry
will show increase in current amplitude with repeated sccn;. If
strong adsorption occurs a voltanmogrom moy show an additional peak
when the adsorbed material is reactive at a different potentidl.‘

Aiso a peak may occur after the peak of an electrooctive species; when
a product of the electrode reoction is strongiy adsorbed and is also
reactive. | | | | .

| Adsorption of an electroinactive species can lead to poisoning
' : of an electrode and form an impervious layer at the surface rendering :
the electrode inactive. However'it is possible that reaction may occur
at the "filmed" surfoce,the electrons'being transFerred.ftbough'olbeit
at a slower rate. The "film" may have sites Which are copable of

catalyzing reactions, thus increasing the effectiveness of the electrode '

d. Instrumentotion.l )

| Classical DC methods were opercted initiolly with two electrode
svstems (see fig. 14) where the cell is connected to a potentiometer ,
from which o voltoge is opplied across the working ond reference elec-
trodes. The current possing is then observed on a galvometer.

Modern equipment is more sophisticated and hds developed along with

the improvement of voltannetric methods. The initiol improvement was -
the three electrode system, this avolds problems of solution resistonce
" (i.e. reducing solution IR ‘drop) and provides greater flexibility in. .
the location of the reference ond working electrodes (see fig. 14).

Potentiol control is between the working electrode and the reference,

- but_the circuvitry is orronged so_that_the cell current posses between L,

. the working and auxiliary electrodes. _

 Potentiostatic control is maintained using the type of circuitry
(see fig. 25), using a high goin, high impoctxoperationol anplifier.
The_potentiol at the negctive_or inverting inpbt is maintained at a level

equal to the other input when the amplifier is connected in a feedback .
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‘Potentiostatic system including input voltage and

current readout.

Figures 25 and 26 (and, 1980).
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configerafion; No current will flow into the dnplifier'frem'the _
-negotive input, the amplifier behaving as if it had infinite input
impedance. - It is required that the output of the amplifier can be
inverted so its polarity will be opposite to that of the negative
‘input. Only a smell difference of potential need be applied between
the two inputs is required to obtain a measurable output due to the
high goin of the amplifier.

When current posses.thfough the_solution, the solution becomes
ﬁofe positive reict1Ve to the.grouhd.. The referenee electrode likeﬁise
becomes more positive, but the potenticl ot the reference electrode -
is applied to the.inverting or: negative input of the amplifier which also
becomes more positive, then the output will become: negaiive. So we‘have
a self—stabilising feedback system whlch avtomatically mckes the potential
‘of the reference electrode the same as thot applied to the posztive input
of the amplifier from the source voltage. The potential across reference
electrodelcnd the groune 15 equivolent at all times to thot applied by
-_the seurce volfoge to the positive input of the anplifler. As the '
working electrode is connected directly to the ground, the voltage across
the cell is equal to the source voltage. |

| For operat;on_the;three electrode systeﬁ_requires an input Veltoge,‘
a poteﬁtiostat,.o coﬁtrol s}steﬁ and a current'read ouf.' Figure 26
shows the location of the cell in o potentioetotic system; All current
-'flowing to the amplifier must flow through the feedback resistor to the
.oufppt and then to ground. So_the.ceexeﬁt is meosured_by this circuit

but the working electrode'is muinteined at the_ground potential at dil
times. ' | ' |

With the two electrode system the reference electrode requireez
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"~ Yow reSistance'and'a reference potenticl not of fected by the passage of
‘"current Now any electrode with an impedance that giVes reproducible _
) potential at zero current conditions can be used. The widely used |
saturated calomel electrOde may not be compatible-with the chemistry
oflthe‘test solution, so the SCE is kept remote of the test solution

By employing solt pridge connectors (e.s..Satt KCI/Agor). As KC1 is
'not always soluble in nonaquecus solvents its use is not universal and
the SCE will have to be replaced. - The auxiliary electrode does not
need to have a reproducible'potential and can be made of any metal or ..
‘inertrmaterial (e.gt Platinum, Grophite). There is the possibility of -
products from the auxiliary electrode diffusing to the working electrode.
HoWever.the time scale oF the experiment is usually.too short for any
interference'to‘occur, so the electrode is usuclly placed in direct
contact with the test solution;

7. Electrodes.

This review is confined to solid electrodes and in particular

carbon bqsed probes which are used in this project. Apart from carbon

solid electrodes are usuall} constructed oF a hard inert metal such as
gold or platinum. The electrode can be stationary in a quiescent
solution or one with forced convection or rotating in a quiet solution.

Recently solid'electrodeslhave'been used‘as detectors for flow injection

- systems and HPLC efFluent. The surface of the electrode is generally

.planar, but can be a variety of shapes, e. g. cylindrical or conical
‘ depending upon the. application.

Classical voltametry (or polarography) was carried out at a DME
or HVDE. The major difference to solid electrodes is that the mercury
drop presents a constantly renewable surface. The surface conditions

of the DME are highly reproducible,_whereas the surfoce of a solid
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electrode hoy be.oltered by the electrocheﬁicol reactions occurring.

“~Cleaning the surface of a solid electrode is very likely to alter the

surface téxture, the area and also the current as it is propoertional to

.'_the sorfoce area of the electrode. In some cases an insoluble film may be

“'deposited on the electrode surface moking results erratic and giving rise

to peck current shifts. Generolly the waves recorded at a DME are compar-

.oble to those ot a stationery electrode within the potentiol limlts of

- both electrode systems.

A range of moteriols for solid electrodes were investxguted by Alder
et ol (1971) and Lund et ol (1979) They found thot glassy corbon,

pyrolytlo graphite and plotinum performed the best out of all the

_materiols tested. Corbon ond platinum gave well defined oxxdatxon peoks

and showed little influence from surface effects. Boron carbide was tested

ond found to show a lorge onodic ronge comporoble to carbon and plqtinum

K

but the current generated was not reproducible. Dieker et ol (1978)

studied the residual currents oftseverol‘solld electrodes in normal and

.‘differentiol pulse modes, Thejcurrents were recorded frem a solution

of 0.05M potoSsium'chloride scohning from zero potentiol in both negative .
ond pos;tive directions. The'electrodes tested Were, gloSSy carbon

(GCE), mercury (HMDE), carbon paste (CPE), platinum Foil (PFE), gold foil

(GFE), a paraffin impregnated graphite rod (IGE), and glossy carbon with
; o;mercury film (GCHg). :The‘lorgest residual current was exhiblted by

the gold electrode and the lowest by the carbon paste. The order of _]
decreasing current was as follows : GFE, PFE, GCHg, IGE, GCE, and CPE.

It ie possible to obtain glassy corbon_from different‘monufocturere of

quite different qualities aond so quite dlfferent residual currents.
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7a. Corbon electrodes.

Carbon electrodes ore very popular in_electroonolyticol |
techniques; they are robust, versotile, cheop ond have ¢ wide potential
range. The best solid electrodes are those with low porosity.
Untreoted grophite electrodes dare very porous, ond give unreproducible .
results. Carbon electrodes are most often used in voltommetric studies,
but-hoveibeen'used forhpotentiometric titrotions,‘os'o'redox electrode
and for ocid-bose titrotiohs.'-Mojer et‘ol (1973)'studied the potentiometric
response of several different'grophite, pyrolytic and glassy carbon
_'electrodesﬂond Found that olossy carbon electrodes most closely. resemble
an ideal redox electrode.

| Exzse:g_:zt_gl_ilzzgl‘hove olso studied different corbon |
‘ electrodes, glassy corbon, untreoted grophite and grophite impregnoted
with poroffin or_qn epoxy compound. The impregnotion of grophite will -
reduce the porosity foctor_by a factor of 4 with an epoxy compound'ond
by 3 with paraffin, 'Evseevo et al show that residual current is lowest
for less_porous materials. lhe treating of graphite also extends the
‘working region of such an electrode giving it a performance comparable
to glossy corbon Grophite eleotrodes‘ ability to odsorh certain classes
of compound hove mode it possible to study the electrochemistry of |
: reoctonts irreversibly odsorbed on the electrode surfoce. The grophite
electrode is exposed to'solutiOns contoining_the reoctont for severol |
minutes, followed by differeotiol pulse or slow linear sweep volta-
-:mmetryt' This is achieved in the absence of any diffusing reactant in a:
 solution of electrolyte. The more sensitive noture'of DPV suggests.use
of this technioue for quontitotive purposes. | |

| Glossy corbon is impermeoble to gos, resistont to chemicol ottock
and electricolly conductive. Mony of its properties are common with

'.pyrolytic graphite but is isotropic rother thon;wﬂsotropic. The
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material, gloﬁsy carbon . is formed by means.of a carefully controlled
heating programme of o polymeric. resin (e.g. phenol-formaldehyde) in en
_inert atmosphere. Carbonization starts at about 300%and is complete
'_aftef roising the temperature to 1200°C, This process is accompanied by !
a shrinkage factor of 50%. The whole process must proceed slowly to
ensure that the gaseous ﬁfoductsccn diffuse to the surface. The structure
of glassy.corbon is made up of aromatic ribbon molecules_oriehted

" randomly and tongled in a complicated fashion (see fig. 27).

Figure 27. Lankelma and Poppe (1976).

Schematie stfuctqra.l model for glassy carbon,’

The eledtriéal_conto#t with glasSy cchon is a simple metal pressuré system
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(a Spring)'end becaese it is isotropic ne‘specific.erientqtion is
required. Most stationary electrodes are susceptible to poisoning
dufing voltametry. Glassy carbon was found by Zittel and Miller
(1965) not to show such properties. in solutions‘o;#;‘;eI;;;I;;*;Fh
inorganic ions. However they do mention that itlisrnecessefy, when -
recording a.wave with a glassy carbon electrode, to return the applied
potential to the original value and to allow sufficient time For'cny__
‘_meteriol to be remeVed from the surfece or for the aouble layer to |
disperse; -Glassy carbon electrodes behave as if tﬁey are totoily ihert
exeeet that they are HY sensitive due to adsorption of oxygen or oxygen

in solution,

'f\ Van der Linden ond Dieker (1980) hove reviewed the use of glassy

"cerbon electrodes in electroanalytical chemistry.- The applicction of glassy
carbon. to analyticol work was first reported by Zittel ond Miller (1945)

PR areme

with'Qoltdmmetric work with various transition metal ions. Other
'ftechniques to which. glossy carbon electrodes have been opplied are :
'stripp1ng voltcmmetry, omperometry, coulometry, potentiometry and flow
through electrochemical detection - (E(I))

| Glassy carbon electrode.surfoces can be oxidisedito carbonyl'and :
curbo#ylﬂgfoups;ﬁhere:ebbstitutiohs:coﬁ be affeeted by.eleetrecﬁemiedlly'
cctive‘speeies (R);such as.a porphyrin_. The Foilowiﬁg reaction seheme

presents the modification of on elecirqde surface (S)

s0C1, 0o

o, 0 S
S —- §- é - — S—C—Cl
o | A/mzR
i )
S——C—NHR



.Systems can_Be synthesized which exert intereSting and potenticlly

.useful electrocatalytic effects. Van der‘Linden and Dieker suggest

some pretreataent of glassy carbon electrodes before‘reproducible results
can be obtained. Depending on the quality of the material derived from
the care of its preparation microscopic pitting ¢can. be observed in the
surface. It is suggested that the surfoce is abraded with emery paper

”of ever inareasing fineness followed by paiishing with a silica or an .
‘alumina'suspension. Functional groups attaahed to the surface may be
‘removed-in this fashion. Semetimes‘a simple niping aF the surface with

a su*table solvent will rid the electrode of films and adsorbed species.

The grade of glassy carbon is obviously variable as Majer et al (1973)

found the surface of the electrode they were using not to show any pores -

or structure when studied under an electron microscope. -

dCarbon paste and wax impregnated'eiectrodes haVe‘the advantage of
the passibility of preparing a new surface, in a simple manner, ﬁhich is
unaFfeeted.by the history'ef the eiectrode Another important advantage
is the low background current which is smoller than that for glassy carbon
and pyrolytic graphite electrodes. The’ preparation of carbon paste
electrodes is simpler than wax'impregnated electrodes. A-well about 3mm
‘deep is prepared in.the end. of a'Teflon rod and a Wire'is run through the
‘rod to form an electrical connection with o platinum plate, this forms the
' bottom of the well A paste of graphite and nujol 1s prepared and then |
pressed into the well. It is tamped down forming a ‘smooth and relatively
firm surface. This construction is similer to the glassy carbon electrode.

‘Adams (1958) first introduced the carbon paste electrode which

ommarimh

-——-ﬂ"'""_"—
gained in popularity quickly as an alternative to other carbon electrodes.

‘Linqvist (]974) has reviewed the way different grades of carbon paste

can affect its operational parameters. Even with the some grode materiol
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it is very difficult to duplicate surface conditions exactly. A problem
"W“‘with paste electrodes is their stability Murcoux et al (1965) have studied

T ——

- the likelihood of the nujol (or similar material) base belng miscible with

solvents or reactive towards the species in solution. Olson-and Adams

L o

(l963) have described some applications of‘carbon paste electrod;;“tgiﬁ
cathodic reductions and stripping voltammetry. For aaodic axidations B
carbon paste is very versatile, possesslng Qirtually zero anodic residual
current. The potential limits of carbon paste electrodes are - 1. 1vto
+'I'IvinlMKC1 - |

+ Solid electrode voltanmetry is more sensitive and faster than polaro-
grapﬁy at DME, It can be used for trace onalysis'in,the stripping mode and*
to study the mechanism of electrode reactions. The cyclic potential scan’
mokes ltIPQSSible to investigate tae products and detect intermediates.ln
electrochemical reactions."Rooustness and reproducibility are of.prime ‘
importance when choosing on electrochemical sensor. Solid electrodes
fulfill this requirement especially when applied to‘modern methods,

for example, in flow inJectxon analysis detectors.

8. Electrochemical detectors for flowing liquxd systems,

The development'of flow cells stems from the'requirement

_ fbr-a sensitive detector of chromatography column eFfluents._ In'particular _
HPLC required a detector sensitive enough to match the high resolution _

of the column Electrochenical detectors are now cannonplace with |
HPLC systems; and_have begun- to replace colorimetric -flow through‘

‘cells on other‘automctic analytical set ups. The best'detector ﬁill-

have a low dead volume, a low signal to noise ratio, a stable repeatable. :

response and a fast and lineor response over a wide range of concentrations.
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Eleetrechemiccl detectors con be highly specific, for example, ion-
.'selective electrodes. The electfode'fitted in a flow eell may be
.susceptlble to adsorption, poisoning the electrode surface reducing long ‘
term stability and offecting the signol. The DME, os mentioned earl;er
'is not troubled by poisoning being easily reheﬁable, but is much noisier
electrically. Electrochemical detectors (ED) though very sensitive may
' euffer from poor resoiufion as similar species.quite often‘ore'fedﬁced et
Vpotentiuls close to ecch other.

Recently reviews of E(Ms in flowing systems have been published by
Hanekamp et al (1982), Rucki (1980) and Brunt (1981)."The first electro-
‘_ chemieul flow cell'wos:proauced by Mueiler (]947).dsihg a bldtindn
microelect;ode.. This was followed by the DME flow.cell by Kemula (1952),
Man'rj '(':1_957'): and Blaedel and Todd (1958). Robertus et al (1958) applied
e.DME fiow.cell to the effluent of a chromctogrophy-colﬁmn. Carbon based
and other solid:elect;odes did not appear until the late sixties, one of
the earliest was a:qqrbon paste electrode.descf;bed_by' Puﬁgcr and
_Szepesvory (1948). |

.8a.  Design of Electfochemical Detectors.

Flow cells using solid electrodes favour twe basic designs. -
~ The wali—jef‘electrpde,‘fer exompie the'producfs of EDT Research and.
Metrohm and the-thin layer.ceulometric-deteetor of Kipp-Aﬁalytica _
fA recent paper by Burmitz (1980) has listed and compared commerciolly |
available electrochemicol sensors (see fig. 28 a - d). |

T A lineor relationship between current and concentrction is only
found where the potential is constunt.. However this is not_olways so,
i.on IR drop may cause a decrease in the potential available at the inter-
face of the working eieefréde_end‘fheeSOIQtien. Thellﬁ.dfeeuw111'be o

caused  if an electrical current flows (Lankelma and Poppe, 1976). No



Figure 28. A comparison of some commgrcially available

electrochemical flow cells.
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problem is encountered when a solution of high conductivity is used;..thls
is generally undesiroble.‘lThe alternative is to use a cell in whichdthe

- ‘resistance between the working and reference electrodes is mlnimlsedr
Using a three.electrode system, as most modern cells do, the effect of

the ohmic drop is suppressed making the use of low conductivity soldtionsd
Cvicble. | -

Increasing the detector volume results in dllutlon of the somple

bolus causing unwanted bcnd broadening and peck reduction. The volume of

5 the detection in total might be lcrge, but the response volume must be

.kept smoll ensuring a sharp response. - The design and construction of
ECDs have been discussed by Stulik and Pccakovc (1981 c), Lankelma and
Poppe (1976) and Fleet ond Little (1974)

Apcrt from the wall Jet electrode and the thin layer electrode .

| vcrious flow cells have been constructed with a DME, some of which

B eredote HPLC. It is diffiéult to‘preserve'the relioble.functlon of the
. DME and keep a smcll dead volume. - Figure 29 deplcts a typical DME flow
| cell. Employing a very short drop time or on'RC filter will reduce the -
' cerreﬁt oscillotionsechsed by the dropping of ;he mercury. A varlety
of shopes'of eleofrodes for hydrodyhomic‘systems have been evolved, for -
example, tubuler and conical. The_tﬁin,lofer plate elecfrode, as described
.by Lankelma and Poppe (]976), has been used almost exclusively as. a
coulometric detector for the effluent'of HPLC columhs._.The use of lcrge-
area electrodes in-a thin loyer-cell COnfigurution makes a high degree
. of electrochemicol-cooVersion possible. The high sdrfoce oreo results
in a signal 20 times higher fhcn wlfh omberometric detectors. _

The electrode configuration found most effectide is the woll-jet
electrode, and it is this type which is used in this project. The

principle of the woll-Jet electrode was. first described by Yomadc cnd



Figure 29. Typical DME Flow Cell,.

1. DME working electrode, 2. Inlet., 3. reFerence ) -.l
electrode, 4. outlet ond auxiliary electrode (Stullck and
Pacakova, 1981).

Eléctrode
8 . I Ditfusion layer 0

v
¥

Figure 30. Schemotic Representotion of a wall Jet electrode,

u. velocity ond c. concentrotion (Yamodo and Motsudo, 1973)
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Matsuda (1973) and a schemqtic diogram of the velocity cnd concentratign

effects in a wall jet ore depicted 1n_figure 30, (see also fig. 28 <, d).

The term wellejet describes the flow due to a jet of fluid which spreads

| out over a plone surface, The wall jet electrode offers high sensitivity :
~and low solution hold up which makes it suitcble for measurements of

.n'flowing systems. ' The basic theory is expressed in the following two

‘equations, where v is the rodial velocity component in a Lqminar.woll jet,

B L X ¢ N ¢ 1)
2vx?' o '
W wheren = 13M Ay (1)
32v3ix5

_-x and y are distances along and normal to the electrode woll and v is'the_ ;,

kinematic riscdsity. M is the term for the flux of liquid estimated as,

M - 2 (veloeitf). (volume flow/radion)z
~and f is oeFUnctioﬁ of distance.from the electrode surface. Yanoda'ona '
Matsuda (1973) hove produced an equation for the limiting diffusion _
current {I) for the wall-jet disc electrode and verified its dependcnce B

on the parameters in equation {12) below. .

= (1. ek)hFCPbZ/s -5/12- V% 43 R% - ;'(]2)::
'The symbols are as for equations (5) and (ll) plus, _ |

R rodius of the electrode (assumed to be a disc)
) c diameter of jet nozzle. |

V volume flow rate of solution issuing from the nozzle,
“and'k = (k )‘ where k"is a proportioncl Fcctor ‘relating to M.
: ,Equation (12) does not have ony paraneter reloting tp the distance d -

between the nozzle of the jet to the electrode surface. The current



does however decreose.with increasing d, an effect which'is.most

- pronounced with low flow rates. Equation (12) indicates.thct the current

is.proportionol to the bulk concentraotion of the solution, assuming all

.'other parameters to be the same ond that current is reloted to the flow

rote | Yamada and Mctsuda also confirmed the observation that current‘

: ’1ncreosed with increosing radius of electrode . The current is inversely;

proportionol to the diameter of the nozzle, and depends on the viscosity

.. of the solution. The diffusion coefficient is inversely proportionol _
“to the viscosity (Stokes—Einstein relotion) and the kinematic viscosity
‘is equal to the viscosity divided by the density, thus from equation (12)
‘the limiting diffusion current (1) is-inversely proportionol to the ]3/12
power of viscosity. = : =

The woll-Jet electrode is. highly sens;tive, due to the ropid
convective diffusional mass transfer. The dead volume can be varied
ond cny type of solid electrode con-be used' .According to Fleet ond
.Little (1974) it is remorkobly free from problems caused by surfuce
adsorption effects.

Several workers have designed and operated flow cells that
incorporate two working electrodes; This type of system ccn-he used
toidetect.species_at one electrode Which%%e produced up streqn otdonother
(Bard' and Faulkner, 1980).‘ In this mode of operation eoch working .
electrode.hos,its“own.reference‘ondlouxilicry electrode ond occonpcnying_i
circuitry-(see fig. 31) for"schemotic diogran) Blcnk (1976) used a
_dual electrode system ot different potentials to seporote species
which overlopped on a HPLC column, e.g. dopomines cnd cotecholomines _
Beouchamp et al (1980) the developed a multi—use flow cell incorporating
_woll jet and. thin loyer electrodes.

- The mechanical limitotions of the DME in flow cells coupled with
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| Figpfe 31.. A schematic.diogrcm of a dual electrode
flow cell. (Bard and Faulkner, 1980)

Solutlon
flow
Auxllisry
electrode 1 :
' Refarence
. Worklng electrode 1. . cl‘octrodui 1 .
. Working electrode 2| ' Referance
N ' } electrode 2
Auxiliery - ’ _ ] .
electrode 2 '-

Figure 32. Electrochemical;f low cell ‘including a second auxiliary
_electrode (A2) required to supply cleaning pulses,

(Burmitz, 1980).

- Electrochemical flow cell.

W.E. Working Electrode. R.E. Reference Electrode. Al Aux"lliary Electrode 1. -
AZ . Auxiliary Electrode 2. : R - :
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its limited onodic range resulted in the development of the solid
electrode (e.q. glossy cerbon, impregnoted graphite) The'mointenonce
of a constantly active surface is the main ‘problem, odsorption of
products ond reactonts and film formotion for exomple, contribute to
varionce in the performance of solid electrodes. -Various techniques
for cleaning the surface Hove.been proposed} the most poouldr_being_
mechanicol cbrasion which in effect removes_the poiSoned surfoce;
‘Potential cycling is when the electrode is held at a ootentiol ot which
“any sorbed species are desorbed. - Burmitz (1980) proposed two methods,
* firstly o scrubbing with a 20% methanol/buffer solution ond.secohdly :
ithe opplicotlon of a cleohlng pelse of potentiol to.tHe electrode.

A electrochemicol detector was constructed (see tig. 32) wlth two
~auxiliary electrodes, thelcleoning pUlse-is‘opplied betweeo the second
ouxiliary electrode.ond'the working electrode between somple zones of
the.etreom. - | - o B

 8b. Types of electrode and their opplicotions.

| The thin layer configuration: developed by Takata and Muto (1973).
_has Found widespreod use as.a coulometric detector for. HPLC The most
populor moteriol for the electrode being glassy corbon, though other
‘moterials have’ been used corbon cloth, corbon paste, platinum gauze,
- silver wire netting ond Kel-F/grophite (Chesney et al,. 1981) The wall- .
‘_Jet electrode is the other populor configurotion, also using corbon 3 |
 electrodes. The applicotion of electrochemicol flow cells has been o
- discussed'in two reeeot papers by Ivaska and Ryan (T?Sl),dToth‘et_ol :
_ (1981) ond Van der Linden and Dieker (1980}, | | |

Glossy corbon electrodes are thus widely used for detectors Gpplled |
to HPLC and flow injection onolysis Lonkelmo ond Poppe (1976) have

- detected pharmaceuticals ¢ontaining umine_ond ester groups, Dieker et al
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‘(1979) onolysrng for noturol biochemicaols such as the cotecholanines
and Fogg ond Bhonot (1981) studied synthetic food colouring compounds
at glossy‘corbon electrode flow cells.  Apart from this study the same
_ reseorch group has been using glossy ccrbon flow detectors onolysing

: | for bromide and nitrite (Unrulr\‘ﬁlﬂecl V‘GS“-“‘-S)

| Carbon poste electrodes have alsohopplled to HPLC effluent
(Stulik et al, 1981b, Swartzfoger, 1976). Carbon paste electrodes

have also been usedliﬁ the determination of catecholomines (Freed

and. Asmus, 1977) and food colours (Fogg and Bhenot, 1981). Other'cqrbon
based electrodes have been used 1n flow cells to a lesser extent. be
impregnoted grophite (Fenn et ol 1978) and pyrolytlt graphite (Wightmon
et al 1978) have been used in HPLC detectors ond Pungor et ol (1975)
Xfused grophite impregnated sillcone-rubber in a detector for,continuous'
" flow analysis. Strohl and Curran (1979) used a retlculqted vitreous
corbon electrode, where the stream flows through porous glassy carbon

. olock Wong and Dewold (1982) clcim thot such an electrode is 20 times
as sensltlve and 11 times less nolsy thon a conventional wall-jet
electrode when detecting dopamlne cnd ferricyanide._;The surface oreo.
"{of-their electrode is estlmoted at 1. 26 cm? compared to the average V
. area for a woll-jet electrode of 0.049 em?, Graphite hos been used

for tubular electrodes in both amperometric ond coulometric detectors ;
for liQUld chromotogrophy (Mesch1 et al, 1981 o, b), as pure grcphite |
or as a polythene-corbon mixture (Armentrout et al 1979)

" The DME flow cell has seen relatlvely little opplicotion, a o
system described by Lund and Opheim (1975), Manekomp et al (1979 q,b)
and Koen et ol'(l970) was used for liquid chromotogrcphy_detection.

- Very recently Janata and Ruzicka (I?BZ)\hove'described a mercury

micropool electrode_For flow through systems (see fig. 33).' They.
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investigctéd d.c, voltomhetry, rcpid séon and amperometric fitratlons‘
qnha dispersed sample zone in motion.:_Chin and Chandran (1981) used
o.ring disc electrode in a_wall-jet'configurotion, made of an inert
metal (e.g. Platinum or Gdld).. This detector has been used to study

' eléctrochemicol reactions in the same fashion as the dual electrode

system already described.

Figure 33. Electrochemical flow cell featuring a mercury pool

electrode. :-

A, '_dutlet and Auxillarf éléétrbae. _

R. _.Reférence eléétrode;-l |

M. Micropool mercury working electrode.
_"d_.ﬂtémm.l . R _

" 8c.  Modes of Operation. .

The mode of opérqtibh‘is limited by the insf:uﬁénfctidn and
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"in order to achieve maximum sensitivity non-potentiostatic methods. have be
- been employed Hanekamp et al, 1982); Swartzfager, 1976). These methods

are usuolly pulse techniques, but AC measurement will also have the same

effect of reducing the'size of the reaction boundary layer, and so the

‘ signcl becomes less dependent upon flow rote

In pulse techniques the potenticl is opplied in short pulses,

thus reducing the time in which reaction is taking ploce at the surface

| of the electrode This implies that the reaction layer is thinner and

as current is proportional to the concentrotion gradient a larger signol

occurs. In the differentiol pulse mode the current is only meosured

for a short period at the end of each pulse. Hence, uny‘copocitive

currents are ollowed to decoy between pulses ond a more favourable rctlo

between faradaic and copocitive currents 15 achieved Copocitive currents

are filtered ot using a.c. measurements with a phase sensitive read-out.
Dieker et al (1979) have compared d.c, nommal pulse cnd_dlfferentiol pulse

modes.of operotioh;- The d,c.fmode was found to have the fostest'response

~ and the differential pulse mode the most sensitive but least reproducible.

For oll three modes the response ttme:was'lndependent of the flow rate

above 0.9 ml/min, using both carbon paste and glassy carbon electrodes.

' D.C. detection was shown to have the lowest bockgrouhd'noise. In d'c. and

- -normal pulse modes ‘all electrochemically active compounds thot will -react

near to the opplied potenticl contribute to the current observed ln

‘ differentiol pulse, particulcrly for reversible situotions, the contrib-

ution of a certoin.compound_will decrease quickly as the potential is
shifted from the peok potentiol Swortzfoger published chromotogroms
demonstrcting the selectivity of this method but without any

quantitotive results. It is expected as the actual time of reaction
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' witﬁ‘pblse mefhods-is much iess than for:the d.c. mode, electro-
CH;ﬁiEol adsorption will be reduced at the ﬁurfoée of the electrode.
The DME may have an advantage over gldssy cafbon in pulse techniques
| due to the fast responsé of mgfcury to botehtiol changes. As yet
poteniiostots‘do not provide the facility for difféfential and normal

pulse operation and it is necessary to use polarographic instrumentation,
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. 9. Heteropoly Acids and their solts. _

Heteropoly compounds oF molybdenum and tungsten have been
of interest to chemists ever since 1824 when Berzelius first prepored._
ammonium 12-molybdophosphate, The 12-heteropolymolybdates with .
heteroatoms of As(V), P(V) and Si(IV) have been widely used for the
colorihetric determination of the heterootom The heteropoly anions
‘can be used themselves (usuolly yellow) or they can be reduced to an
1ntense1y coloured heteropoly blue compound. lZ-Heteropolymolybdotes'
are also used as industriol cotolyst Flame retardants or as corrosion -
‘inhibitors. Other caunon » anions of this group ore the 6- §- ond
IB-heteropoly species. However this study will concentrote.only.on |
the IZ-molybdophosphate and lZ-molybdosilicote onions which are used
_in this work. Most of the studies on heteropoly ocids have been on the
molybdo- ond_tungstoccompounds, as in’ the review published by.Tsigdinos
(1978). Vonod04cohpouhds have been investigated; they are usually
mixed onions, such as vonodophosphomolybdote.'d

9a. Structure and Nature.

Heteropoly compounds generclly have very high molecular
.weights for inorgcnic electrolytes, ronging to over 4000 The free

_ ocids ond solts of heteropoly compounds are extremely soluble in woter

_ and sometimes very soluble in orgcnic solvents. Generolly the lurger

. the cation the lower the solubility For exanple the lorger olkaline
~ earth salts’ are insoluble. _Ethers, olcohols and ketones cre.usually
‘the best organic solvents; Dehydrated forms ore_reodily.soluble but -
”hydroted forms are insoluble. -The'crystolline free acids and salts .
 are always highly hydroted ond are quite often highly coloured
; occurring in many shcdes. '

" Heteropoly compounds are clossified by the ratio of_centralfotoms"
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to the peripheral molyb&enum atoms. Compounds with the same number of
‘atoms in the anion are usually isomorphous ond have similar properties.

" 1.U.P.A.C. nomenclature uses. this ratio as the prefix in naming the

" onions, with reference to the peripheral atoms;'molybdo-, tungsto- or -
vanado-.  For example 12—molybdophosphoric ucid‘ which hos the Fonnula‘

 [PMo; 20401 5TJ The general formulo for lZ—heteropoly acids is,

(X MO:zouo) €-n)-

| where X can be Ps A 5+ Si‘+ Ge"+

| Molybdenum can be totolly replaced by tungsten or portiolly by tungsten
‘or vanadium to give o mixed species, the structural ratio is alwoys
maintained. | |

The structural chemistry of heteropoly acids has been discussed in o
detail by Weakley (1974) and Evans (1971) ~ The structures of many
heteropoly anions were detennined originqlly by X-ray diffraction
-(Illzngworth_and Keggin, 1935).. Each heteropoly anion contains a
number ot MoO,octahedra (M = Mo,‘w,_V) sharing edges, curves and edges

" or corners and faces with one another. In addition every octohedron"

shares a corner with an X0, tetrchedron, an edge with an X0 octahedron
on a face with un X0121005°hedP°n (X = heteroatom) ' The lZ-hetero-"
polyocids_hqve,q structure postuloteo by Keggin 1n ]?34'tsee fig.. 34),

- cnd have the overall tetrohedral"symmetry-of the:centrol Xd;rgroups. .
Tnese_M-otoms are positioned"ot:the'corners'of'an almost regular cUbo—'
“.octoheoron. Although the anion is compact it will occommodate heteroions
- of - rodii ronging from 0 503 (Al ) to 0. 963 (Cu ) ond non—metel hetero-
atoms of covalent radii 0 85K (B) to 1. 223 (Ge) Experimentol distonces
reported for X-0 distcnces are (Wbakley 1974), = Si 1.43; P 1. 71 |
. Ga, 1.87; Colll, 1, 88 R,

"IZ-Heteropolyanions exist in two isomeric forms, the o and B'structures.

~
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Figures 34 ond 35. The structure of 12-heteropolyacids.

The X+nM 20,4018~ anion; the eggin structure, Let t; Linked-polyhedron
representation, Right: Tall model showing oxygens atoms only: same <cale

(Weokley, 1974}).

(o) ‘ (b}

. Polyhedral diagrams of the 12-A heteropoly anions: &, the a-'
isomer; b, the A.dsomer, " L ,

(Kasprzak et al, 1982},
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The stable a-form has the Keggin structure and the g-form has a
modification of this structure. Three M-O octchedra are rotated 60°
with.respect to the rest of the molecule (see fig. 35a, b). Recently
12-heteropolyanions have been studied by elect;on spin resonance
(Launcey et al, 1980); Fruchart et ol 1974) ond Roman spectroscopy
(Kasprzak 1982) confirming the Keggin structure. Both techniques are
able to distinguish between o and B isomers, Truesdale ond Smith
(1975) have distinguished between the 1somers_spectrophbtometricolly,
and several workers have done so electrochemically (see below).

9b. Formation and isomers of heteropoly acids.

Strickland (1952) loid down conditions for the formation of
hglybdosilicic acid which had gone unchanged until TrueSdole'cnd
Smith (1975a, b, 1974, 1977, 1979) published a series of papers
ré-appraising the sitoution. They rejected the work of Strickland
and replaced it with their own vigorous study, involviﬁg pH ond melybdate
concentration. Strickland was the first to show that there are two
possible forms of molfbdosilicic acid, and odvﬁnced the theor} ihot
if the ratio of hydrochloric acid to molybdate is less thon 1.5 then
| the o form is-prodﬁéed, whilst the g form is produced.ct a ratibtof '
more thon Z.b. |

Truesdale and Smi%h (19750)'§fitiéised this ruleldf thumb,
suggesting it was not possible for it to be applied through.thé whole
fdﬁge of acid and molybdate concentrations. The theory ;Mplies that
the reﬁction is unaffected by variations in aéid.or molybdcté concen;
tration of the reagent. Truesdale and Smith (1975a) found fhat the |
optimum pH values for the preparation_oflthé.é;isomer were 1.0 - 1.8
and 3.8 - 4.8 for the ¢ isomer. Figure 34 depicts the absorbance of
molybdosilicic'ocid at 370 nm ogoinst changes in pH. %0 minutes was
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Figure 36, The obsorbance of yellow molybdosilicic acid

formed at various velues for pH (Truesdale and Smith, 1975b).
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allowed for the completion of a—isomer qumation whilst only 5 ~ 20
minutes were requiréd for the g-isomer. The cbsorpt;on spectra of -

a~ ond B;molybdosilicic acid are very similor, supporting evidence

that the structures are not very‘different.  There is no set of
conditions ut'Which the absorption o% the two isomers are equal in the -
range 290 - 400 nm. So it is nét possible to develop a colorimetric
anaiyticai metﬁod which is independént of the isomér prqduéed, as
suggested by Garrett and Walker (1944). Tﬁe mechanism of the formation
of the a—Fohn'is suggested by Tfuesdale oﬁd Smith (19750) to be via

the Bform. However they found that formation via the g form is slower

"than by direct formation. The conversion of the B-isomer to the

g-form is a simple first order recction with respect to the concentration
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of the pg-form, A eelution of B-melybdosiliccte-at pH 1.8 is bqffered
‘to pH 4.2 with acetate to fom a-molybdosilicote.‘ Truesdale and
Smith (1977) fourd ththeodium chloride would accelerate the conversion.
Sodium chloride elters the ocid-base equilibrium constont preceding:the
transformation. The rote of the transformation was feund to be zero
with respect to molybdate concentration and to decreose‘os hydrogen ion
| coneentrotion 1ncreoses. The a- ond B~heferopblymolybdates have been
examined polarogrophically, this -is discussed later. The kinetics
of heteropolymolybdate formation has been discussed in detail by Hargis
(1970), Truesdale and Smith (197%) ond Kircher and Crouch (1982b).
Comparatively little work has been published on 12-molybdophosphate,
the existence of more than one isomer has only been demonstrated electro-
‘chemically. Kircher end Crouch (1982a) when determining the formation
constants of molybdophosphates'meke no refefence to the isomerism of
12~phosphomoiybdate. They suggesf that an equiiibrium exists between
the 9-, 11- and 12-forms. Chalmers and Sinclair (1965) indicote the
existence of two isomers of 12-phosphomolybdate on the evidence of
~ two discontinuities in a plot of optical-density against the [Hf]:EMoVI]
ratio in solution at 1.5 and 1.8, Ploger et al (1974) fiom.electro-
chemical data propose tﬁat 12-phosphomolybdate and 12-Arsenomolybdate
only exist as the g-isomers. However Tsigdinee (1978) shows the
.strueture of 12—phosphomolybdafe‘to be the same as g~12-silico-tungstate.
Andersonk(l958) seggested_a mechunism_wherees the 3-fo;m exists as a
transient species degrudiﬁg rcpidly to the u—ieomer. The formation
of .12-phosphomolybdate is much quicker thaon lZ-silicomolybdate {Chalmers
und Sincluir,,l966), but the rute of formation depends on the same parameters
(Kircher and Crouch, 1982 q, b); '
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Kj = [Heteropoly Acid]
[H;PO, or SiOH,] [Mo VI]!2

The stoichiometry of the formation of 12-molybdophosphoric acid (MPA)
is_oésumed to Ee governed by the fdliowing-equotion (Crouch ond |
Malmstadt, 1967; Kircher and Crouch; 1982a).

X HyPO, + YMo(VI) = 12 MPA + ZH'

Crouch ﬁnd Malmstodt reported values of X = 1, V= 6and Z =79
derived from experimentol results in strong acid cohditions. The
 later Work indicates a more comﬁlicated relationship. The nature
of'Mo(VI) ho; not yet been resolved and is not a simple dimer os first
thought. " It is suggested that it is a mixture of several ocfutedrally
co-ordinated hydroxy species. The lack of .accurate interpretaflon of
the molybdate $peciation in solution has resfricted thg dndefstanding
of the kineiiés of molybdosilicic acid formation_(Truesdcle, Smith
and Smith, 1979). Horgis (1970) proposed stoicﬁiometry for the
' formatiqh of Iz-silicomolybdoté (MSA),

Si(OH), + & Mo(VI) —~ QIZ—MSA + et
- and the following mechﬁnism wdS p;oposed,
1. Si(OH), + mo;." :..510.".Mo_0:— + sHT

2. $10,.MoOF ™ + SHMo,T —~ g12-MSA + 5H

3. B12-MSA ~T"o-12 MSA. - o

‘This mechanism ossﬁmes the molybdate to'be_in_the:fo:m of a dimer.
The sgcond step is the slow rate determining step, o stepwiSelcdditign
of 5 molybdate dime:g._ In the formation of I?-phosphomolybdqfe Crouch
" and Mqlmstodt'(l967) suggestrthe dimer converts to a higher polymer

which then reacts with phosphate. The mechanism is given below, ond, '
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§ Mo(VI) dimer ‘ﬁ: Mo(V1) polymer + H
Mo(VI) polymer + PO, "o 12-WPA.

it is suggested that .this explains why 12-MPA ih solution is stable

to concentrated mineral acids.

?c.  The Chemistry of 12-Heteropolyccids.

(1) Solubility .

The solubility of heteropoly compounds is attributed to very
low lattice energies and solvation of the cations (Tsigdinos, 1978).
The solubility is governed by the packing in the crystal structure,
small cations fit easily in between the spheres of the larée'negdtive
heteropoly anions, larger ions can also be accannodated. Large cations
such as RB+, C§+, A§+'prov1de a stable packing, lowering the lattice
enérgy sufficiently to produce insolubility in water. The free 12-‘
heteropoly ccids are remarkably solubld in water, dildte acid, alcohols
and ethers; for exomple 100 ml of wdter at room temperature will
.dissolve 700 a of IZ—molybdosilicic ocid' A heteropoly acid solutioh
'1n an ether (400 g in 100 ml) will form an oil when mixed with water,
it is thought that an etherate is formed. '

(i1) Hydrates. -

_ Free acids of 12-heteropoly ahiods form isomorphous 30-
hydrates which melt in their own water of hydration ot 40-100°C. Salts
of the free dcid; iose water of hydration up to 300°C. The_Free acids
12-molybdosilicic acid and.12-mol;bdophos§horié acid cdn.be dehydrated
ot 180°%C and rehydrated at 25°C, their. - ucids are 1sostructural in the
hydrated fonn. |

(1i1) - Basicity.
o 12-Heteropolymolybdates have a bdsiciiy of 8~n where n is
the oxidation state of the central atom. We then_egpect-fz phospho-
molybdates to be fribasic. It has been reported as heptabasic
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(Tsigdinos and Hallada, 1970) doe to the heteropolyanion being
extensively hydrolyzed 1h,solution, especially in dilute solutions.
lZ-PEosphomolybdote behaves as é - 7 basic when titrated against
sodiumdhydroxide. However the free oxides can be stabilized 1n.mixed'
solvents, for example water-acetone and water-ethanol. When 12f

_ molybdophosphoric is titrated ugoinsf.sodium hydrooxide in 50% Acetone/
:woter it behaves as a tribasic ocid; 12-Silicomolybdate is formed from
a tetra basic acid. However the oeutrolisation process 1is compiicoted'
by spiitting of the heteropolyooion. §1licomolybdic acid reacts
oocofding to the equations below.(Mysﬁlyaevo and Krasnoshchekov, 1974).

' Hu[SL Moy,0ug] + 4NGOH - Nay smouo..0 or
H,[Si Moy ;0407 + 24NaOH » 'IZNachO., + H,,Sio., + 12 H,0

with splitting of the heferopolyonlon.
. Data for pH in water ond orgonic solvents both show that 12-MSA is
a strong acid. A 2% solution gives pH 2,0 ond 12-MPA gives pH 3.2 - 3.7,
consistent with the phosphorous cunpound's lower hydrolytic stobility.
12-Heteropo1y acids with one or more of their central atoms replaced;
for exomple with vanodium atoms show a chonge in basicity depending
on the number of vanedium atoms preseot_(Cheu and Polotebnova, 1973).
(iv) Thermal stability. | | ' ‘ | .

12-MPA and 12-MSA following DTA and TGA, have been shown to

be stable up to 350o for 12-MPA and 200 - 300 for 12-MSA.. Stability is

not_significontly altered for the solts of heteropoly acids.
(v) Degradation. | - | '
Treatment of he?eropolymolybdotes wifh alkali results in the
degrodotion.to a product.with fowér Mo atoms, ih the titrotion‘of 12-MSA

with sodium hydroxide, excess alkali couses complete degrodation to
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._simple molybdates. The stability in solution of the 12-heteropoly-

" molybdates differs markedly.‘ 12-MSA is the most stable and can be
neetrulised intactt Degradation is only affected by excess alkali,
12-MPA on the'other hand; hes to be maintained ih”dcid soletion to
avoid hydrolytic anienic degradation, whtch will occur before neutral-
isotton can be completed. However lZ-MhA may alse be decomposed by an
 excess of strong mineraol ocid.

(vi) Oxidation and Reduction.

Very little oxidation of heteropolyucids has been studied
though a peroxy heteropolymolybdate_(NHQ)HZ(PMokOS(Oz)z) has been
“isolated (Tsigdinos, 1978)t Redection of MPA's is the basis of the
colorimetric methods for phosphqte and_siliccte analysis.' A variety
of reducing agents have been used to reduce a MPA to a 'Heteropoly
Blue' compound, examples are, 1-amino-2-naphthol-4-sulphonic acid
| (Crouch and Malmstadt, 1967), stannous chloride {(Morrison and Wilson
(1963) and hydrazine hydrate (Sen and Chatterjee, 1944). The
“heteropoly blues" are mixed valence complexes. Pope (]980) has
recently reviewed the subject cnd restricts the term to well defined
crystolline_molecules or ionic species, but still this encompasses
several hundfed cohplexes. The rate of fonnotion of heterOpoly blues
is dependent on the heteropolyacid concentrotion and the concentration

of the reductont (Horgis, 1970).

4[Betero Blue]
at .

k [lZ-HPA][Reductont]

Crouch and Malmstudt indicate some_sort of interaction between sulphate
and heteropolyacids and that some interference is detected with the
colorimetric deteminations of phosphate (Guyon and Cline, 1965 and

Dehne and Mellon, 1945).
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| Mixed heteropalyacids like molybdovanadophospﬁaﬁic acids form
heteropoly blues in the sane manner. Cheu and Polotebnova (1973)
ihvestigated such blue complexes aad their redox potentials, which
tend to increase with increase ln'vahadium content of the complex.
However'these workers suggest that on reduction of the heteropoly
acid the blue product contoins only molybdenumﬂhatoms (no more than
three). The yanadiam is first reduced in the comple% and then

eliminated. The reaction is represented belew,
(P Mo(vi)m"\i,,o.,.,)s-'+ 43H7“ + 276+
s 5(P Mo (VI, Ma\v),o.,o)" + 12 vort + 24H20 + PO,"

10. Electrochemistry of Heteropoly acids.

. The ability of heteropoly acid to undergo oxidation and
reduction is their most important property. It is widely used to
study their structure and Formatlon, and their salts, also the
identification and determination of their constituvent elements
| This account is mainly concerned with voltametric methods, .electro-
chemical methods in general have been reviewed by Alimarin et al (1981)

" 10a. Redox behaviour of Heteropoly acids.

" The characteristic of a redox system is the standard potentialy
(E®), this is generally calculated fram the equilibrium constant of the
system. Due to the complexity of MPA systems such calculations have
_,inot been carried out._ Experimentally the detenninationcf g° requ1res
the removal:of influences of secondary processes and the taking into
account of actiyity coefficients. It is practically impossible to
achieve this and the formal potential of whole systems are measured
(Ej) with the oxidised and reduced forms at equilibrium.

(1) Reversibility; |

There are several factors which affect the reversibility of
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a system., Heteropolyacids can be irreversibly destroyed or'restructured
at the electrode by the'Formotidn of new Compounds,_specific adsorption
or a chemicol reaction in the layer near the surface of the electrode.
The principal factor of the heteropolyacid redox 'system is the symmetry
of each octohedron foming the heteropolyacid co~ordination sphere.

Those with a Keggin type structure have octchedrons with one terminal
bond which ore reduced and oxidised ;eversibly without any change to . -
the original structure. &-Heteropolyacids in contrast behdvé irreversibly,
the reduced spgcies are thopght.to be'uh;tﬁble_in solution (Tsigdinos,
and Hcllddc;'l974).' The reversibility:of 12-hetefopolyocids is indicatéd
by cyclic voltametric dato (see fig. 37). The voiues of the'peok
current and.the potential ot whidh theyxoccur'ore almost the same for
both reduﬁtion cnd oxidation processes. Secondary processes occurring
_in aqueous solutions can lead to slight deviations from complete
réversibiiity. |

(ii) Redox potentials of Heterqpolyacids.

| " The redox potentiols of an HPA can be detemined using
_potentiometric and veltametric methods.' The potentiometric method
entoils the oddition of either the oxidised or reduced form of an HPA
to half fhe-amount oF:titrdhf required‘for eqpi#aleﬁcg. The EqUivcience |
point is found qccérding to:tﬁé'fiiEétion curve, and hence the .
- potentiol (E) The voltammetric method produces a value cailed the ’:
| hulf wove potential (Eg) in the case of polarogruphy or the potentiol
at peak maxima in the case of pulse, AC and linear sweep methods.
Typicul‘voltuﬁmogfaﬁs Qf.lZ-MPA areVSHOWn 1n figﬁre”38 ﬁs -
cathodic réduﬁtions. An HPA in d required stdterof reduction can‘be
obtained by elgctrblysis ot a controlled potentiul, The oxiéation

and reduction of an HPA is a stepwise procéss (see voltammogram fig. 39).
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Figures 37, 38 ond'?'o?,'depic'ting the reQersibiliiy ond stepwise

nature of . the eléctroch.emi.col reduction of 12-phosphomolybdic acid,
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Each step is o two electron process, the first three'represent reductions
of the HPA, which ore reversible, the fourth step as can be seen from
the cyclic voltommogram is not.

10b. Factors Affecting the redox potentials of Heteropolyacids

(i) Influence of ligands.

As previously quoted, it has been found that the redox
potential varies with choice of the central atom of the HPA. If the
_ central atom is reduced at o lower potential thon tne ligand atoms,d
electrons are added first to tne central otom, resulting'in formation
of complexes of elements in unstable oxidation states_(e.g. Cu(I),
Co(l1l1)). Heteropolymolybdates are more easily reduced than hetero-
| polytungstates. Mixed anions - (e.g. molybdotungstates) will exhibit
properties of both types of HPA, the more molybdenum atoms present,
the higher the potential. The redox potential increases when a
areater‘oxidising elemeni (e.g: vanadium) replaces‘eitner melybdenumn
" or tungsten. If-the proportion of vanadiun in the complex increases
the charge on the anion increases,‘causing a shift of the potential
in the negative direction (hence a decrease in Eg values)

(ii) Structural Influence.

In all cases HPA a~isomers are reduced at more negative
potentials than B-isomers. Cbntrasting all previous work Ploger et al
(1974) and Unland et al (1973) indicate that a—isaners are more easily
‘reduced and that 12-MPA at a more negative,potential than 12-MSA. .

(iii)'Solvent Effects;

Reversibility is improved-in'the presence of-certain organic
solvents which suppress the secondary processes occurring in aqueous
solutions. A solution containing 50% acetone, dioxane or ethanol will

prevent dissociation and isomerisation of most heteropolyacids.
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Generally the inclusion of such solvents does not offect the potenticl
at whioh heteropolyacids are reduced. A solvent with a high di-
electric constant such as dimethyl fonnanide will not af fect the potentials
of any dissociation products, which are not detected iy a 50% ethanel
solution. If the solvent has a long aliphatic chain structure the
current or height of the wave may be increosingly'reduced as the number
of carbon atoms in'the StrUCture increoees.‘ The diffusion constont is
perturbed by changes in the viscosity of the solution.

{iv) Influence of pH.

The hydrogen ion concentration will affect the electrochemistry
of heteropolyacids. Protonation in solution will result in the formotion
of new:redox systems. The amount of odsorption of an HPA at the
eleotrode eurfuce can be affected by chunges in the pH. This results
'in complications of the electrode reaction, consequent irreversibility,
dieproportionotion and shifting of redox potentials. Protonation of

reduced forms of HPA couee an increase in potential (Ep):_

Ep(pH) - = 0,058 pH S

As pH is increased the peok potentiol (E ) shifts in the negative
direction. At a high enough pH, the potential becomes independent ond
the waves become one electron steps (i.e. the 2 electron steps are split).
The products of two electron steps are the same as for one 2 electron

‘ eteo. Figure 40 a ond b demonstrate the effect of pH on the peok
potentiol and the splitting of the peoks. Fruchort and Souchoy (1968)
demonstrate this for o- ond B 12-MSA in acetic acid at a plotinum |
working electrode.

10c. The effect on reversibility hz_ghemicol foctorsr

A number of processes influencing the equilibrium of an HPA in

solution have been discussed.
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Figure 40, The effect of ch.anging.pH on current, ‘p‘e'éuk pot'erit:l:cls and.
~the s;:')“.litting”qf pot.e-ntic.ul' peaks for a--(cl:)”arid g-(b) molfbdbsiiicic_ acid'
(Fri.rcharf and .S_ouchay, 1948). o |
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(1) Dissociation.

~ The dissociation of HPA may lead to the formation of the original
ions, isopolymolybdates (Souchay, 1945) and complexes like molybdo;
tungstates upon the fragmentation of mixed HPAs. Hydrolytic dissociation
is perceived by an increase in eH. Molybdosilicie acids are most staBle
and heteropolytungstates are more stable than heteropolymolybdates. The
dissociation products may undergo electrochemicel reactions which will
- complicate and mask the‘principal reection'being obServed.
(2) Isomerism. o
An HPA with the Keggin structure is characterised by a-B ‘isomerism
with the qffonn more thermodynqmically stable. eAs pH is increased the
rufe.eonstcnt for pra _iransfqrmetion incfeosee; As the isomers have
' slightlf diffefenf_voltawnet;ic waves and;the'reduced form is more
sfcble in the B foﬁn-the llkelihood o?.ﬁixed 1soﬁefs is high. However
the sfstem can be stobilised with the use of ergenic Splvente.which
lower the dielectf;c constant of the solutions thus inhibiting
~ dissociation and isomerisation. ' .. |

(3) Heteropoly Chemistry.

The reduction of an HPA results in an increase of negative charge
.ond strong retention of protons. g-Isomers hold protons more tightly
than a-isomers despite having identicul-chcrge - This 15 due to the
inequivalence of the Mo(VI) atoms in the B-isomers structure, which is :
attributed to the non-uniform distribution of surfcce charge.‘ In
orgonic-woter solvent mixtures they remain unossocioted in 100% aqueous
solutions heteropolyacids are strong electrolytes.

It is-possible to get transition from:one-series'ef heterbpolyaeide
to another; for exomple if the pH is iﬁcfeqsed a 13-HPA will transfoﬁn
into a 11-HPA. It is olso khowh for a ?-HPA to dimerise producing a |
_pseudo 18-HPA.
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Catalytic properties of HPA are known, and_may'result in the
irreversible deeomposition of solvents. The hydrolysis of butyl
'acetete is catd;ysed by 12-MPA es is the decomposition of ketones.
10d. The Effects on reversibility of electrochemical factors.

(l) Electrode Material

- The electrochemistry of heteropolyacids has been 1nvestiguted

at bbt;-;elid ond dropping mercury electrodes,e The choice of electrode
is governed by the restrictions of the system to be ipvestigated. Thel
" DME is avoided for heteropolymolybdctee, mercury‘will'reduce'them and
their dissociation pfoducts, heteropoiytungsfqtes remain unaffected.
Y?The current volfoge curve in alkaline conditions is practically identical
for the piatinbm and droeping mercury electrode, this is thougﬁt just
to be coincidence. -HoweVer the redox pbtentials‘of heteropoly compounds
(0.1 - 0.4 v. vs. S;C.E.)_coincideJiWith_the'petential range for the
~ double layer of the pletinuh'eleetrode}.1deel conditions for a reyersible
reaction. - -‘ | | |

In acidic eonditions the wave of an HPA differs considerably
when comparing a pletinbm eiectrode_to e DME. At the DME.the eiectro-
chemical redction is slowed from ﬁelybdeﬁdm and ﬁixed anions, The |
resulting overvoltage is ossociuted with irreversibility of an HPA
at a DME. .

(2) Adsorption effects;e

Adsorption effects of heteropolyucids hove not been reported .
except at a UAE this is a polorographic effect. The small difference
in peok potentiol between the reduction and oxidation wave of ae.HPA may
be attributed to a degree of_odsorption;'due to either'isoﬁerism or

a decrease in adsorption of the reduced form.
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(3) Effects in the layer near the electrode.

If a chemical reoction is occurring in the layer close to the
‘.electrode, complicotion of the electrochemical conversion on HPA may
occur, For example, a chemical reaction may be proceeding ot a.
faster rate than the diffusion to the electrode.

10e. Voltametric investigations of Heteropoly Acids.

Recently Alimarin et al (1980) have reviewed the voltammetric
work in this field ot platinum working electrodes. B

The voltommetric wave for 12-MSA and IZ-MPA (see fig. 38)
'represents three 2-electron reduction steps whicharenormolly totally
‘reversible and a fourth step which is irreversible.. The generol
form of the work was found to be similar for all the 12- -heteropoly-
ocxds, although it is possible to make quolitotive distinctions between
| them, The fourth step in the wave has not been‘osc;ibed to any chenicul
process to date, it occurs close to the pointhof‘evolution of hydrogen
and the wove of oxygen. It is possiole'to distinguish between a ond

B isomers from their voltommetrie behaviour. The'thtee:two—electron

steps are as follows for IZ-MSA
Hn[SiMolzouo] + 2e + M+ H [SiMozzouo]
_' Hs[SiMOHOI.o] + Ze + 2H + Ha [SiMoquo]
HaESiMolzonu] + 2e7F 2H" > H10E51M°1204n]

" In each. step one Mo(VI) otom is reduced to Mo(IV) Lounoy et al (1974)
have followed the tronsfonnotion of the g-isomer to a-form electro-
chemicqlly, by reoo:ding voltannogrom at set times oFte: the addition
of the reducing agent, stonnous.chioride. ‘The pure o ond:B.forms only -
give two steps in the reduction wave but their mixtures are more com-
plicated (see fig. 41). The isomers of 12-MSA have been studied electro-

_chemicolly by many workers with consistent.results.
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Figure 41, Transformation, g + a molybdosilicic_oéid

(Lounay et al, 1974).

EV) . :
Evolution 8~ a[SiMo,,0,,)*~ Each curve is shifted 0.3 V with respect to the preceding one.

Times, f, arc in mif,

The typical potenfiols {v.) 6f_a voltaﬁnetriglﬁavé at a plotinum electrode
are as follows (D.C. vs SCE, Tsigdinos and Hallada, 1974). |

" Wave Procession a~isomer ~ p-isomer
1 | 0.32 042
2 019 o031
3 -0.06 A1)
4 0.3 . -0.12

'lOf#'AnalyticuI'Eléctrobhemist:x_pf phoﬁphate'dﬁd Siliccte.:‘,
‘.‘Polorography of heteroﬁolfdcids at the DME has been applied to the
Zdetefminatibn of phosphate ond dilicate'despite the DME shértéomings.

Recently cnclytical methods have been published emhloy;ng me;cgry'
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electrodes. . Fujinaga ond Magaosa (l§74) e#tructed 12-MPA and_lZ-MSA
into various orgonic solvents before polarographic dnalyeis. Iyer et al
- (1981) preconcentrated 12-MSA on an HDE at -0.2v fellowed by stripping
at -0.3év, levels, of 10~'M S10; are detected by this methed. Polarographic
methods of analysis have been reviewedlby Aiimarin et dl (1980). The
majority of the methods are by normal DC mode, a few are AC and two are
differentiol pulse. . |

Fogg cnd‘coworkefs (1978, 19810, b; e)‘have used veitammetry:Et a
Qldssy corﬁen electrode to determine phosphate ohd'silicqte by the
differential pulse mode. Scanning from zero in. the positive direction
they were oble to record voltommogrohs without the need'ef deoxygenate.
-Cox and Cheng (1974 1978) have also used glassy carbon electrodes For'
,the determination of phosphate as 12-MPA using cothodic stripping voltom-
metry. Most of the methods for the determination of silicate and phosphate
can also Ee applied to arsenic aond germanium. The eensitivity and selec-.
tivity of the methods_can be improved by extraction techqiques with
_specific solvents. | _ _ _ |

(1) Indirect electrochemical methods

“ Bazzi and Boltz (1976) decomposed IZ-MSA ond 12-MPA and extracted
molybdate which is determined at a DME The' complexing noture of tri-
;polyphosphate has been used to reduce polcrographic wave heights of
:octyltin (Shaw and Townshend 1973) and cadmiun(AI Sulimany :'rond
| Townshend, ]973),‘calibrating fer tripolyphosphate_in the presence of -
" pyro and orthdphbsphote; Similarly the wave ef'hexdmmine cdbalt(iII)
- is reduced by complexation with polyphosphates (MOtSUUI'U et-dl 1974).
. Pyrophosphate can be determined by complexution of metals, lineorly
reducing the polqrogrophic wave of copper leod ond iron (Reynolds and
Rogers, 1949). |
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(2) Electrochemicol Titrotion.‘

Amperometric titrotions usuolly involve the precipitotion of an HPA
with an organic bose in o‘strict stoichiometric reaction. The titrotions_
are carried out according to the reduction current of the.HPA on a DME
or the oxidation current ot a platinum electrode, |

Lorge concentrotions.df silicate hove oeen determined potentiometrically
and lower cohcentrotions in cloudy or coloured solutions,‘where_oiternote
methods are inopolicoble._ Generolly, the slow establishment of o constant
potential and the chemical.instobility‘of the reducing titrants limit the
opplicotion of potentiometric titrations.

Coulometric titration of heteropolymolybdates of silicon, phosphorus
and germanium by tin(III) generated at o platinum electrode has been
used. The end point in this method is determined photometrically (Alimarin,
1980). | '

Instrumentation used.

The instrument used throughout this project-wos‘the E.G,&.Ga/PARC
Model 174A_polorogrophio cnalyzer. It is capobie of performihg normal
and sompled de, normal and differentiol pulse, lineor sweep and anodic
stripping voltametry. In the Model l74A the output romp pulses are
summed with the initial potential and a feedback signol from the =
reference electrode._ The potentiostot in turn oppiies a potential to
the ouxiliory electrode and drives it to whatever potentiol is required
to mcke the reFerence electrode equol and opposite to the sum of the
output and initiol potentiols.'

Any current that Flows through the working‘electrode is converted
to a Voltoge wl'iioh is then .applif:led and cpplied to t.he. ny oxir. of an
X-Y recorder, in this case a Gould_Advonce HR2000. The "X" axis is
driyen by a stgnol from the.scoo-potenttol-generotor of the Model 174A.
| . In the pulse mooe the current is somoled during the last I7hsifot-the
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timing period. The specifications of the instfument'ﬁre as follows:

(i) Initial Potential, A confinuously adjustable from 0 to t Sv.

(1) Scan Rc:i:t;-.,lO.I_mv/s"1 to 500 mv/s™} ( |

.. (1i1i) Scan Range, 0.75; 1.5 or 3.0v of either polarity. ;

(iv) _Operation;"lnitial",_“hold“, "scan" and "scan reverse”
:ore.the modes available. o - | |

v Current r;;nge, 0.02 A to 10mA full scole deflection.

(vi) Overlood. The'malfunction indicator operates whenever the
output amplifier, current converter'umplifiér or the potentiostat
are driven fo the limits.of their copability.

(vii) Modulation. 5, 10, 25, 50 or 100 mv pulsés are available
- for the differeniiul pulse mode. | 7
{viii)Clock. A choice of 0, 0.5, 1, 20or5 se;ond controlled drop
time when the instrument is used with a DME or pulse times with the
-relevant modes of operation, o |

(ix) Offset. A continuously odjustable offset of 0 to ¢ 1600%:of-
..fﬁll scale oﬁtput. This is u;ed to nullify'large non-signal differential
outbuts. | _ | . o -

| (x) Low.pass fiiter. Filter time conﬁfants.of O,.0.3; 1.0 and

3.0'sec6ndsloré available; The fiitef determines fhe‘respbﬁﬁe time
of fﬁe signal amplifier and is used to.smodth 6§er.sighai fluctvations.
It is better to use fhe'sambléd mode to reﬁove fluctuations as the low
" pass filter con produce distortion of the reodout. -The low pass fi1ter :
provides an RC network which Fiiters the oQtput signal before it is .
- applied to the recorder. |
(xd) Cell selector, three pqsitions,.?offﬂ, "external cell" ond
. "dummy cell”. The dummy cell provides a 109 resistor used for instrument

check out and trouble shooting.
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(xii) Display direction. This allows for a positive output signal
of either an anodic or cathodic current.
The injection value used the flow injection system was a Rheodyne
Type 50 Teflon Rotary Valve. The valve used_qu the sample injection:
model (see fig. 42), it is of convenient ussembly'(see exploded v;ew,
fig. 43) with easily reploceable components.' It is possible thaf the -
rotor and stctor ccmponents ‘may become scratched during operation and
require replacing. The operation of the valve is facilitated by the
rotation of a flat Teflon rotor ogcinet a flat Teflon stator. The
switching pottern is shown in‘figure 42.“ All the wetted parts of the -
valve dre of Teflon construction, the remainder is stainless steel and
poiypropflene. Flenged tubes are Fitted flush to each of tHe six ports.
If a lodp‘is fitted between twelports, say nos. |1 and 4, a somple contained
in the loop can be {ransferred to_the main carrier stream cppliee across
parts 2 and 3. The rotor only moves between two positions through 40°,
The eleetrechemicul detector ueedlih the'flpw'lnjectioﬁ system was a
"Met rohm" deteetor‘eell which works on the woll-jet principle (see |
figures 28 and 30), The cell 15jmade‘eut of o bleck of polytrifluorethylene
with the electre&es inserted in cevities bofed into the block. The |
| workihg electrode is hade of glessy corbon.deﬁigned‘specificciiy for this
detector cell, The cell originclly designed as a detector. for HPLC has
a dead volume of less than l ul. . The Metrohm glossy carbon electrode
was also used for static voltammetry, as was a carbon paste electrode
manufactured by E.D.T. research. |
The carrier streah for the FIA work w05'dr1ven by an "Ismatic"
Mini S peristoitic pump. The barrel has-eight rollers and can
accommodate three pump tubes providieg fhey ere 011 of the same dianetef.

The "Ismatec" pump is recommended for FIA work, it generates a low

el
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FiQureS 42 and 43. The switching pattern and éxploded-viéw
of the Rheodyne sanple injection valve (Rheodyne Inc.

operotlng instructlons)
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amplifude pulsing produéing a low level of signal noise at the detector.
A more sophisticated pump, the "Gilson Minipulse 2" was used to drive .
the stream connected with an autoanalysis hydrolysis coil._ The Gilson
has a ten roller barrel and variable speed control. The "Ismatec"
model has very limitea means to change the flow rate, having a screw
tightening ciamp on the pump tube. Different_Flow rates can be achieved
by chcnging.the diameter of the pump tubes. 25 |

A "Téchnicon Aﬂtoanclyzer" heating bathjwas used for air segmented
continuous flow hydrolysis of pqlfphosphqtes. The‘qufoanalyzer consists
bf_twp reaction céils,-7nx1n length'and.me.and 3mm.interndl diometer,
résting in o silicone oil bath. The.dufdcnai}zer ;s-fitted ﬁith a
'sfifrer/heate;_and can operate at a maximum témpércture of 95°, The
stream is air segmented, the oir'segments being fccilitqted by‘standdrd :
Technicon fittings (bubbler-and debubbler).
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‘Expetinental. and Results)

" The starting point for the experimentol workﬂwaszthe method for
determining phosphote and silicate developed by Fogg et al (1981 a, h)
Orthophosphate and soluble silicate combine with acid molybdote reagent
| to form heterOpoly acid compounds. These compounds exhibit an anodic
voltcmmogran in the potential range 0 - + 0.6 v. Figures 45 a and b
depict the chcrocteristic waves of the cbove procedure. '

1. Hydrolysis of Polxghosphotes. d

In order to determine total phosphate/necessory hydrolysis step is
frequired to convert all the polyphosphctes thct may be present in the
| sanple to orthophOSphote. The heteropoly dacid will only be produced with -
_orthophOSphote. Much work has been published concerning the hydrolysis
of polyphosphates (see Greenfield and Clift 1975), and no better method
'~ than an acid digestion at pH 1.0 has been achieved
Attempts were made to 1mprove the hydrolysis step by vorying pH

ond acid concentration. The use of-high concentrctions of acid is not
favoured; not only as more core is required in handling, but because
high concentrotions of acid interfere with: the formotion of the hetero~
"poly acid and increase the background current of~the voltommogram,
Alkaline and copper catalysed methods were also tried without any success,

" The heteropoly ocids and réloted_compodnds are known to have
"catolytio proparties, sc hydrolyses were carried. out in the presence
of the dcid.molybdote redgent in an qttemptrto seltrcatolyse the
hydrolysislreoction. Acid molybdcte Soiution (30 gpl sodium molybdate
and 24 gpl tartaric acid in lﬂ HC1) (10 ml) is odded to 10 ml of
semple solution (Woshing Powder) and digested on a steam bath for

P

0 to 60 minutes. The extent of hydrolysisﬁis measured as ¢ function of
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Figure 46. Voltammetric waQes for (a) 12-MPA and (b) 12-MSA used for

the determination of phosphate and silicate. The heteropolyacids were

#ormed accofding'to'Fogg et ol (1981b).
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peak height of the voltammogram due to IZ-MPA.'_The sample is diluted

to 50 ml ond the potential is scanned from d to+ 0.6 v. The final
sintion-is o‘dork green colour, in the absence:of tartaric acid it

is a deep blue. The tartaric acid is present to prevent interference
from 12-MSA. The rate of hydrolysis; however, was no faster than any of

" the previous methods. Hydrolysis was complete within 30 minutes.'

After cooling to room_temperoture_the'solution-is ready to be determined.
The hydrolysis of tripolyphoSphote in solutions of ‘washing powders was
achieved by the addition of M sulphuric acid (5 ml) to'the-somple‘
solution (20 ml) and digested on a steam bath for 1 hour. The hydrolysis
of tripolyphosphate in washing powders by sulphurio.acid is not bettered
by the method using molybdate/tertaric acid reagent.

. 2. . Surfactant interference.

| The analysis of a woshtng powder -sample was attempted using the
phosphate methods from Fogg et al (1981a).  The sample had been analysed
by colorimetric methods at Unilevef Research Ltd., the result of the
above method was ;0% less thon expected. lSurfoctont compounds are
known to be octive as maximum 5uppressors 1n'nonnal mode ‘voltammetry.
The effect of surfoctont was then investigoted on the methods _proposed
.by Fogg et al (1981 a, b, c) -In genercl it was found that the
presence of surfoctonts in. the test solution reduced the amplitude of
the wave due to the heteropoly ocid and thus a low result 1s obtained.
_The surfoctcnts used were sodium lauryl sulphote (B D. H Chemiccls
Ltd.) ond a sodium alkyl benzyl sulphonote, supplied by Unilever as
typical of that used in washing’ powders. |

The investigotion was carried out by preparing test solutions as in

the prescr;bed methods contoining varying concentrotions of surfoctont

keeping the phosphote or silicate level constont. The range for the
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surfactant was 0 - 0.03 ‘gpl for the sodium olkyl benzyl sulpﬁonate
(SABS) and 0 - 2;5.gpl for sodium lauryl sulphate (NalS). The typical
level of surfactont in a commercial washing powder is 14% by weight.

If a 0.5 g sample was dissolved in water (100 ml) of which 20 ml was
hydrolysed and diluted to 100 ml., a:test somple of 5 ml of this solution
" diluted to 50 ml would be 0.048 gpl. in SABS. The effect of the surfact-
ant increased with concentrotiqn"until a minimum value for the wave |
height was achieved. All the methods ﬁefe of fected thus except for

the method where the test somple‘was'SO%Lépetone where neither NaL$

ror SABS offected the wave.heighf. Table I summarises these results

and Figbres'46 and 47 illusirdfe the;efféct;' One 6? the.methods

using a reagent of mixed molybdate and vanadate gives a mo:é complex wave
where the heigh{ 6f_the foﬁrth beok at - 0.02 v, is oniy sligﬁtly
affected by the increasing concentration of SABS (Figure 48) or NalS.

Table 1, Summary of the effect surfactant has on the voltamnetric

wave of a lZ-HPA.Q'

Medium Surfactant Conc. at which min., effect % Suppression.ot

is observed (gpl). this point

100% Water  SABS 0.008 40
100% Water  NaLS$ - 1,150 » 70
50% Acetone SABS - 0

50% Acetone Nal$ - _ 0

20% Ethanol SABS 0.012 20
40% Ethanol SABS - 0

100% Water! SABS- ~ 0.008 3 N 958
100% Water! NalS © 0.001 959
10% Acetone? Nal.S- 1.150 50
10% Acetone? SABS 0,030 75

100% Water!’*SABS- - 0.010 5
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Figure 46. Wave height due to 12-MSA derived from 2 x IO:fM silicate

in the presence of increasing surfactant concentration.

9
o
Q

o
3

SABS  10-2 gpl,

Figure 47. Wave height due to 12-MPA derived from & x IO‘ﬂthosphote

) iq the presence of increasing surfactant concentration,

o - —
2 4 3 8 10 12

SABS 10~3gpl. -
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Figure 48. JVoltommétfic wave of 12-molybdovanadophosphate.

l (3 X IO-I'M POQ,)-
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(ii)
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Figufe 49. _Voitgmmetric wave for lfémolybdoianddbphqsphdte in 40%

Ethanol/water. {Surfactont present without suppression).

200 b
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Notes: In all cases the heteropoly acid was 124molybdpphosphoric
except for _ |
: 1. iZ-molybdovancdophosphoric ocid and

2. lZ-molybdosilicic acid.

3. The first three pecks of the wave are reduced by 95%, the
fourth peck by only 40% (SABS) and 30% (NalS). |

4, qumolly the test solution is scanned'From + 0.8 to 0.2 v.
Iﬁ this case the scan was in the oppositerdirecﬁion. The wave 15 quite °
different (Figure 4%). | |

Surfcctunt was added before and after the fomation of the
heteropoly compoﬁnd. The height-of the resultant ﬁcve was the same
in each case, The-wove produced_in the presence of surfactant has a
variability ef 2.3% in totally aqueous conditions and 0.38% in 50%
acetone.

2.a. Other inferferences.

Another censfituent of washing powdere. sodium perborofe, was
'eISO'Found to'euppress the wave:of-d heteropoly ocid.. In 100% oqueous.
solution the presence of perborate did not suppress the wave until

a level of 0.05 gpl was attained. At higher concenfrations the

wave is completely suppressed (2.5 gpl) (Figure 50). In the‘preseece
of organic solvents.(ucetone'or etﬁonol) no_suppression_wus observed,
;odium perborate is approximately 25% by weight of cemmerciol Qaehing
powder EDTA is also present (> 1%), it was not found to affect the
results of silicate and phosphote anolysis.

3. The effect of solvent concentration,.

The method with a sample solutien which was 50% acetone/water was
the only determination not to be affected by the presence of surfcctant.

Thus the modification of other methods was carried out.
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Figure 50.

Wave height due to 12-MVPA derived from 6 x10~* phosphate in

.the pr_ésence of perborate.

i
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The first to be modified was the 10% ocetone method for silicate
(Fogg et al 1981 b). The level of acetone in the final test solution
was varied from 0 to 50% for silicote samples contcining just silicate
and silicate plus surfactant. The‘objeet'wds to find how much solvent
Qqs requfred to nullify the suppressing effect of the sutfoctont; The
potential use of ethcnol and n-prepanol was also studied, the resvlts

are given below.

" Table 2. Phosphate. 2 solvent.required to negute

surfactant effect.

Acetone 20 and above

Ethanol | 40 and above

n~propanol _ 40 and above
Silicate

Acetone _ 35 -45

Ethanel [ . 44 - 48

3a. Solvent effect on wave shape.

_.It.was observed that when the ethanol concentration ef.o
phesbhote test saﬁple was Qaried the.resﬁltcnt wd?e was also alfered,
the first peck being strongly increased at 10% ethanol then gradually
reduced through to 50% ethanol. The second peak gradually increased
to a more or less constunt level ot 30% ethanol, and the appearance
of a third peak from 40% ethenol. These veriations are shown in. figure 51 and
52 - depicfing the ehange_in'ethonol concentrotion and the wave height
due to ihe heteropelyunion with cnd.wlthoUt surfoctont.present. '
Similarly the voriation of acetone cbncentrotions.olters the waove,

the first peck being almost completely absent ot_50%(aeetone with the
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Figure 51. Waves of 12-MPA prepared from 3 x 10~*M phosphate in (a) 100%

oqueous (b) 20% acetone ond (c)} 50% acetone solutions.
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Figure 52. Effeét of ethanol concentration on the differential
pulse voltammetric peaks of 12-molybdophosphate and on the

suppression of the action of sodium alkylbenzenesulphonate.

_ orthbphdsphote concentration = 6 x 107*M
sodium alkylbenzenesulphonate concentration = 0.02 gl™

(gurves B and D only)

A and B. Pedk at +0.14 V, dominant in aqueous solution.

A without detergent, B with detergent.

‘Cand D. Peck at + 0.23 V. C withouf detergent, D with detergent,

‘Figure 53..Effect of acetone concentration on the diffefgntial_

pulse voltammetric peaks of 12-molybdophosphate .

orthophosphate concenfration = & x 107*M
A.  Peck at + 0.14v, |
B. Peak-at.+ 0,23v,

C. Pekoat.f 0.32v,

Figure 56. Effect of ethanol conéentratioh on the differential
p@l;e voltommetficrpeok at + 0.28 V of'lz-molydosilicute and on

"the suppressive action of  sodium alkylbenzenesulphonate. .
silicate conéenfrdt;oh =3 x 10°*M
- sodium alkylbenienesulphonote concentration = 0.020 g 151.

~ (curve Bﬂonly)‘i

A without surfactant, B with surfactant,

1
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growth of o third peak from 25% upwards. The seéond peak is very.
feduced vnder 100% aqueous éonditions (see Figf 53). The gréph of
ethanol ; behaviour shows a discontinuity at 22 - 23% ethanol, a
closer examination of the rdﬁge 20 - 24% eth&nol was carried out

to show a break in the curve dt 22,4% (Figu;é 54). Acetone does not
exhibit this effect. _ _

The waves for silicute graduolly chcnge through the basic shapes o
as acetone increases in concentration (see-Figure§_55 a, b, c . and
table 3) . In the preSence of Surfoctant'the wave grddually increases .
in size until its suppressing effect is overcome‘(Figure 55). Tﬁe
curve is smooth with no discontinuities. |

3b.7 Summary.

The results show that the presence of an orgahic solvent in ihe
test sblﬁtibh radically changes the shape of the voltammogram for.
phosphate determinotions but.not for siliéotg. The current peaks of
the ﬁa&é are summarised below. |

Table 3. Current peaks of.Voltannograns,of heteropoly anions derived =

from;phOSphate and silicate

,_Anion Solvent = . . Current peaks (+ V. unless otherwise shown)

C12-MPA  H,0 0. 14(5), 0.31 (m)
" 50% Ac,0 - 0.14(w), 0.23 (s) 0.32 (w)
R 50% EtOH 0.14(m) 0.27(s)  0.37(w)
" 0% nPrOH . 0.15(w) 0.26(s) ~0.36(w)
12-MSA  H,0 . 0.1(m) " 0:25(s) T0.34(m)
" 50% EtOH - 0.24(s)  0.30(m)
12-MSA  30% Ac,0 . 0:23(s) 0:29(s) 0.45(w)
" - 50% Ac,0 0.20(s). 0.28(m) 0.33(m) 0.45(w)
12-MPA  H,0 0.13(m) 0.24(s) .0.32(s) 0.56(%)
"o 50% EtOH  0.05(w) 0.29(s) 0.38(s) 0.48(w)"
12-MVSA  H,0 0.17(m) 0.26(w) 0.36(m) 0,49(w)"

(s) strong, (m) medium, {w) weak.
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Figure 55. Wave of 12-MSA formed from 3 x 10-*M silicate in various solvents.

~

(a) water . | R (b) 10% n-propanocl -~ (e) 50% n-propanol (d) 50% isopropanol
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Note (+) These heteropoly anions were prepared from the molybdovanadate
reagent (Fogg et al 1981 c). All the waves were recorded by differenfial
pulse voltametry, | |

e, Apblicotion of the Revised determination.

.The methods of Fogg et al (1981b) for the determination of silicate
and phosphate were modified, so that the tesf solution for phosphqte was
40% ethanol and 47% ethanol for silicate. Samples of washing powdér
were analysed for soluble silicate and total phosphate. The results were
in good agreement with the figures fof‘routine colbrimetric‘analyses By
Uniiever Research {see tdble 4, section 4a). The cqlibrotion curves at'.
10™°M or lower levels were rectilinear, but at higher concenfrotions the
calibration slopes gradient tailed of f towards the end of thé fdnge (see
fig. 57). The lowes£ concentration ot_ﬁhiqﬁ o reproducible silicate deter-
mination could be mode was at 10 ™°M. The'limftof detection is 10°7M for
phosphate. - The coefficient of yariution'wﬁs 2.5% for.the'ﬁﬁbébhate
method and 2.2% Foéi{he silicate method. Soth figurés were arrived at
from six sepafate deténﬁinations. The full methods ore described later
in the‘expé:imentul section. |

4. Flow Injection épclysis.

The methods just described were converted into flow injection
techniques. o o |

4a. Preformed flow injection.'

A very simple f;ow system'wds'set vp to inQestigatg the behaviour
of the detector. The heteropoly anions were brepared-as_For the static
method (see sectionr3c) and injected into a stream of electrolyte.
(0.005M H,50,) and detected at a woll. jet electrode. The conduit from
~ the injection valve to the detector cell wus_kept.as short os-possible”

(15 em) to reduce response time and thus keeping dispérsiou to a minimum



Figure 57. Calibration curves for . silicate by stdtic.

voltammetry at 0.14v.
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(Fig. 58 below)

_Eluent {L— ———— —ECD w

S

P. Pump ' W. Elov;' to waste '
S. Sample Injection = EM. Electrochemical Detector

- Figure J8. Simple Flow Injection System.

The first requirement was to determine the most convenient N
potehtiul at which to detect the heteropoly sp’écies. Injections were
made of test solutions derivéd from 3 x 10°*M phoﬁphate and 2 x 10°*M
-silicate at péteq}ials from 0 to + 0.5 v. .Figures 5? and 40 show the
results compafed t§ injections of blank reagenﬁ. The figure for
phosphd{e injections shows a platecu between 0;14 dhd 0.18 v, recording
a current of = 15 pA, A smali picteau is seen fof silicdte followed by
a steady dec;ease'in the signdl from 23 yA at O.l vitoOoat+0.45v.
Defermihutioﬁé of ﬁhosphate and silicﬁté in washiné.powdef were ccrfied

' out by preformed injection det'e'ct.:l.ng‘dt +.0.15 v. The".results showed
d good comparison with the colorimetric.method and an increase in

reproducibility compared to the static method.

~
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?igdre 59. Current signal due to injections of preformed

12-MPA into a stream of 0.005M H,S0, at increasing potentials.

Figure 0. Current signal due to injections of preformed
12-MSA into a stream of 0,005 H,50, at increasing poténtiuls.
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Table 4. Wcshing powder analysis by the preformed injection method.

and static DPP method.

(a) phosphate as % P;0s m/m
sohple' Static o Preform. Colourimetric,
B 9.7 19.8 9.9
c 18.6  18.2 8.6
D 18.1 18.1 | 18.5
F 9.4 9.6 ,, 9.0
(b) Silicate . 05'3_5102 m/m.
A 3.64 410 - 409
B 7.05 4.90 . ‘6.91
E 362 35 3.9
G 6,30 607 a4

The coefficient of variability on six separote determinations for
phosphate was 0. 9% and 1.2% for silicote. Initially the carrier
flow was generated by a gravity food system but this was superseded
| by a peristaltic pump. This resulted in q foster flow rote and o
sharper response at the detector cell

4b, Development of flow injection system.

A flow system was orrived ot for direct injection of phosphate
or silicate scmples into o stream oF reogent blank, which would react
in a delay coil before being presented to the detector (see below)
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. Molybdate p ' ' I I _
Reagent ] \ANV\ —ECD w

S

RC. Reaction Co.tl .

s Figure 61. Flow injeetien.éysteﬁ.with heated redction&coil;
The flow rete at the-detector.For.the simple system (see_ |
Fig. 59 ) with gravity feed-wos 3.1 ml/min, and with d Gibson minipuls
2 a moximum of 10,7 ml/min 1n 011 cases the flow is measured with the
'loop in the stream. The 1njection loop severely restricts the flow
rate; a maximum ofy22.2 ml/min was achieved with the injection loop
‘bypassed. For most of'the‘wofk on“Ismatec Mini S peristaltic pump
was used. When used with a delay coil (3m x 0;58 mm) there was a
flow rate of about 3 ml/min.lot_the detector.
| ~ The flow - “vof the streom uffects'the responee at the
E detector. Fast Speeds are preferred giviﬁg sharp trqces and the most
| stgble base line ~ The slower the flow rate'the brocder the respoese
band is. More dispersion occurs as the sample bolus is in the coil
for longer periods. The rateofflow will drop off when the pump
manifold tube begins to wear out the tube becomes permonently mis~
shupen. | " | | | o

. With the pump employed noise due to ‘pulsing was minimal. The

'oppearance of bubbles in the stream, another source of noise,. is
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obviated by degassing at a wcter pump.
This is more important if- the reaction coil is heated. In.the

prepcrotion of the carrier stream the mixing of organic solvents
with water often causes o.good deal of effervescenee. The use of the
low pass filter on the polarograph will also dampen a noisy trace, ot
0.35 the fiiter reduces the signol by‘lese tﬁan l%}

o Solutions of 3 x 10 ~*M phosphate ond silicute were injected and
gdve the foiiowing current vdiues at different settings of'ihe low
‘pass filter (LPF); :

LPF 5°2 " Signal pA
R T
0 - 12,4 3.75
0.3 - 125 3.55
1.0 121 . 3.4
3.0 o s4 25

N;é; The use of 3m heated reaction coil fer;silicote, phosPhafe. |
at R.T. The choice of peristaltic tube also oFfected;the level of
Sigﬁdl noise. .The tubing coded.bluelblue (2 i.d.) proved to be the
 best with a minimum response (injection—signol time) of 12 seconds,
using the system in Figure 81, huving less noise thcn the tube coded
: purple-white (4mm i, d ) (min. response 7 secs. .), and a lower response
time thon the white-oronge tube (1mm £. d ) with a response of 27
seconds, o h '

The reaction coils used were made of Teflon and 3 - émin length
- with an i.d. of 0.58 mm, a smcll i. d is required to keep dispersion
to a minimum. The coil is immersed in a water bath at 40° or room

temperature.



4c. Development of flow injection analyﬁis of phosphate.

. Initiolly phosphate samples were injected in a stream which
consisted of blank reogént;'i.e.'lo ml of acid molybdate (Z% ammonium

i molybdbfe in Z;SM H,50,) diluted to 100 ml with distilled.water. For

actual determinations the stream was 40% ethanol/water and acid moly-

bdate (10 ml). “However ‘consecutive work by Fogg and Bsebsu (1982)

found that the optimum coil leng{ﬁ was 3m. The same workers varied
the acid and molybdate level in the carrier stream, finding 0.11M
' w/

H,50, was the most effective level for théJacid and 0.2% "' v ammonium
molybdate. The change in ocid concentration is described in Figure 62,

shoﬁing a maximum at 0.1M. Injections of hydrolysed woshing powder

. samples were made into a stream of 10% Acid Molybdate reagent, 40%

Ethanol and 50% distilled water to give results comparable to colmrimetrlc
me{hods,'qging d\:3m reaction coil at room temperature (chle 5).
Rectilinear calibration was obfoined‘at‘the 10-5M and 10 M. Level.

At higher concehtidfions the culibration graphs were seen to have o
"dog-leg" shape, both halves being linear (see Figure §3).

Table 5, Flow 1njection determination of phosphcte at 0.15 v. as %.

v, P05
Sample Colorimetric Determinotion. Flow injection mnalysis.
A 223 nk 20
c 8.6 o wa
D 18.5 ... 18.6,18.3, 1818
F 9.0 104, 9.6,9.5, 9.6"

+ final test solution 10™M w.r.t. phosphate, all others 10 "M,
In an ottempt to increase the sensitivity of the method the

reaction coil was held at 60° in a woter bath. It was eStimated
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Figure.62. Current due to 3 x 104“M'si1icate at + 0.15v with varying levels of sulphuric acid.
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Fiéure 63, - Calibration curves for phosphate FIA at + 0.15v.

1T - 2
" Phosphate X 10-“M (A), X 10-5M(B)



that only 64% of thglphosbhdte was feacting in the coil. The current
due to formation of 12-MPA from an injection of 0.1 ml 3 x 107°M
phosphate was 12.6 LA with the reaction coil at rooﬁ temperature ond.
20 JA with the coil at 60°% Iniinjection of preformed 12-MPA yielded
u'cdrrent of 31 pA with the heated coil. Some imbrovemgnt was achieved
by lengthening the reaction coil to ém at 40°C. This resulted in
27 pA compared to the.preformed value of 30 pA.' However the longer the
coil is the less opplicable it becomes;'ds in washing powders the
silicate will react sufficiently to interfere with the signal for the.
phosphate, Injecting 3 x 1075M phosphate into ém of‘coil at 40° could
tolerate a maximum of 1.5 x 16'5M silicate present in the test solution.
Table 4 compares variations in the flow system for phosphate analysis.

The stotic voltammetric method.iﬁcludes.tdrtaric aeid in the test
sample to prevent the formatien of IZ-MSA In washing powders the use
of tartoric acid is not required in the direct injection mode. The
silicate is not cancentrated enough to interfere._ A reugent streom
cdnfoinihg 0.25% tartaric'acid‘reduées'fhe‘signol by 30% and the signcl
noise compared to the reagent stream without tartaric acid. The limit
of detection using tartaric acid 1n the reagent streom is 3 X lO“M |
Using tortaric acid means that higher levels of silicate can be
- tolerated (x 10), however such an excess of silicote is not likely in
woshing powders.

Fogg ond Bsebsu (1982) varied molybdate and acid concentrotion in

' the_corrier sfream of their phosphate FIA method.
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Table 6. Variotions in the flow system for the analysis of phesphate.

System Conditions . Molarity ‘CorfRident of. Current
' ’ - : o voalrigion
M A
Static (DPP) - 2°  3x10t 25 245.0
Prefonﬁ.FIA‘ No Coil -~ 22° Ixl0t. 0.9 - 173
" | C3meoil  80°  3x10* - 310
"  émcoil . 60° 3 x 10% - -+ 30.0
Direct FIA Imcoil - 22° Co3xa0t 1.68- 2.6
" L 0°  3x10" - 58 20,0
" “ o 2° 48x107° 08 2.6
L " &° 4.8x10% 2.34 L 4a -
" . émcotl  &°  3x10™ 277t 270
- ° 3x100° w34
“ 2 3xwt ot o 1Ba

+ Pedk broadening



It was proposed in this case to use a 40% EtOH instead of 100%
aqueous carrier stréom the experiments were repeoted with slightly”
different results. - - |
Table 7. Injections of 3 x 10=*M Phosphate.

Stream conditions  Molarity H,S0, = Current pA.
100% oqueous - 0.10 16.0
40% EtOH 0.10 4

40% EtOH 0.12 17.0

- Table 8. Variation of acid and molybdate concentration in the

FIA streum for phosphate anolysis.

| %‘recéent H,50, . | _ Currént LA,

in streom ' M | |
10 0 o Mes
10 .11 17.9
10 o002 18.5
12 002 - 15.4
12 03 . 16.3
12 004 145
13 | 015 7.5
15 | 0.17 ‘ 18.5
2 0.2 s
20 0.24 - 17.5

N.§. 0.1 ml 1njections of 3 x IO M phosphote with 3m reaction :
coil at 60 ond reagent 1s Z% acid molybdote ,

Increqsing the molybdute recgent resulted in a sloping bdseline,
but little increase in current., By odding an extra 1 or 2 ml _
of 2M H,SO, the baseline is stobilised ond some increase in reoction



is observed These results were used when considering the constitution
for the reagent stream of the final method (see experimentol section) suitable

for both silicate and phosphate determinations. The effect of organic

- solvents to remove suppression of the signal by surfactonts also applies

" to the direct injection mode. No suppression is found if solvent streams
- of 40% EtOH/Woter'ere'used. At lower concentrations of ethonol suppression
is observed to a lesser extent than with the stotic system. In 100%
aqueous conditions the static method is suppressed by 44% in the FIA
mode only 29%, _ ' ‘

4d. Development of a flow injection method for silicate. .

Initially, silicate samples wereninjectedlinto a strean of blank
reagent from the stotio method. However very little reaction was:
observed so the reaction coillwos heated to.promote sofficient reaction
for on analytical method. At room tempercture with a 3m reaction Coil;
the signal from an 1njeetion of 3 xVIO‘“M silicate was 1.4 pA, at
3 x 107°M the signol_wos totally due to woter.l Changing the constitution
of the reagent streom, i.e. increosing the moledcte coneentrotton
or using orgonic solvents (e.g. 40% EtOH or 50% Acetone) had little
effect at room temperoture.

The reaction coil was held at 60 in a water both and an injection
of 3 x 10- “M silicate resulted in a signal of 4.6 HA This wos then _
repeated holding'the bolus of somple in the reoction coil Fo: 2 minutes;r
An unreliable signol 1n the range 7 - lOu ‘A was obtained. The reoéent
stream used 10 ml in 100 ml water of 2% reagent as the 4% reagent govet
an unstable boseline signol Using a heated coil oppeored to increase -
the noise in the baseline.. This wcs_reddoed-by employing the low pass
filter of the 1nstfument at setting 0.3s.. The temperature of a 3m. coil .
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was varied and the current.resulting from an injection of 0.1 ml

3 xVIO'“M silicate is shown by the graph, Figure 64, The optimum length

for the reaction coil was found to be ém; an 8m coil gave a slightly

higher current but the signal is broader and less reproducible, see

below (table 9)

Table 9. Cbrrent due to 3 x lO’“M silicate injections ‘with varying

 of coil length. o.“ 60",

Reaction Coil
~length

3m
ém
8m
1lm

Current'

pA.

"4.85. .

8.2

8.5
8.5

Table 10. Residence time in rotation coil compared to deteétor‘

signal (EA)

Time 1H.c011, sl

65

40

29

23
N.B. Potential of detector, + 0.15 v,

Cbrrent, uA;

9.5

' 8.45
4.05
3.6

Table 10 ;hews the increase in reaction egeinst the time the.eanple

bolus spends in the reaction coil.

A compromise has to be found,

mcintcining a shdrp response tdgether with a suitobly large dbrrent

to enoble an effective: calibration group to be constructed, with

grodlent approximating to 1.

In an attempt to increase the omount

- of reaction occurring, experiments were carried eut'with a coil prior
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Figure

44, Current derived from injections of 3 x 10-%M Si 03,7"" ot increasing coil temperdtures.




to the injecticn point 1n'water'bathfat'30°"'0 5"1 and 2m lengths
'of 0.58 mm i.d. tubing were used, currents of 4.68 4,73 and 4,52
respectively were achieved ccmpared to 4,65 with no pre—injectian coil
This was taken as no significantnimprovement. It was estimoted that 41% of
of the silicate'injected reacted_in the cm reaction coil at 40°C and
23% with the 3m coil, The preformedlinjection of suppcsedly completely‘
reacted silicate gave a current signal of 20 uA and 19 pA for the 3m
and ém coils respectively whilst direct injections of silicate solution
gave 4.65 ond 7.8 pA, Rectilinear calibrations were obtained for
10-“M and 10" levels of silicate. The solution injected is 100%
_aqueous. ‘The signal- is only half as strcng when injecting a 46% |
Ethanol solution into a stream which is 46% Ethanol,this eFFect was also
noted with phosphate injections.

The signal at the detector was;improved by changing the
constitution of the reagent stream in the phosphate determination.
A similar study was carried out using silicate injecticns. The results
are set out in the following tables, Il and 12, Increasing the
molybdate reagent in the ccrrier stream._ o '

Table 11. Signal variaticn from injections (0.1 ml) of 3 x 10-*M

$i0; at.different stream acid concentrations. (At 0.15 v

and 40% EtOH).

Molarity of stbu - Signal yA,
0.26 | 0.35
0.22 ‘  2.00

10.18 . 420
0.14 - | 7.75
0.10 - 9.75

0.05 6.6
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Table 12. Signal variation frem injections.(o.l ml) of 3 x 10-*M

$10, at different stream molybdate concentrations. -

(At 0.15 v and 40% EtOH).

% molybdate Molarity of Signal
reagent .  H,S0, . A,

10 o  0.10 75
2 oa2. - 10.20
13 | 013 10.40
15 05 120
20 020 1110

;olthough'increusing tﬁe fesponee the baseline wds'found to be noisier

ond the peaks are broaoder, i.e. dispersion is greater. fhe increase

in the acid ievel of the.etrean ;fobilised‘the‘boseline which exhibited
signal decay for low levels (0.05 and 0.1M). The presence of ethanol ;
increases the signal for both phosphdte and silicate.. The signol produced
by the heteropoly.molybdate formed in a 3m coil at 60°C is increased by
27% for silicate and by 10% for- phosphote..

4e.‘ Silicate flow injectiOn analysis in the presence of phosphate.

In the. static method any heteropoly molybdate produced by phosphate
present in the sumple is destroyed by the addition of mannitol.’ A

flow system iqcluding mannitol For_this purpose was devised.
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Figore 65. Flow injection system including a stream of monnitol for

the removal of interference from phosphomolybdate.

_ - o 160*  6my S
Molybdate PL 1 A 1 ‘ N ‘
" Reagent _ 3 ] (R (P S
. : Vo] . { .
Mannitol - -RC__ V V —|EC D—=W
- Solution ' .

SC _ 0+15v.

SC. Secondary Coil 2.1 m. at RT.
Flow rates: . |
" Recgent Stream 2.7lml/min.
Mannitol Streom 0.8 ml/min;
Flow rate at detector 3.4'ml/min;
The monnitoi stream (10% w/v) converges nith the reagent streams
after the formotion of the heteropolymolybdotes. If;the-monnitol is
included in the reoéent.streom_no signci.for the siliconolybdate is
observed and the signal due to'phosphomolybdafe:1s”reduced by 3é%,
If the coil ofter the convergence of the streams is heated the signal
due to silicomolybdoie'is reduced. The system requires two separate
pumps as the type employed connot cope with two pump tubes of dlfferent )
diometer required to produce the different flow rates. The flow
rcte of the monnitol streom was minimised as the dilution of the
moin stream would cause excessive reduction 1n the signol The monnitol
- stream also contains ethonol ot the same level os-the reagent stream.
" If an injection of 0.1.ml 3 x 10-*M PO, is made ond the converging
stream contoins no monnitol then 11, 1 pA of signol is recorded
increosing the concentrotion of mannitol in the converging stream

- reduces the signal to a constant value after which the signal is
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vnaffected by increasing the level (see table 13 below).

Table 13. Mannitol (%) in convergigg strean and signol due to

phosphomolybdote..

% Monnitol , 519501 HA.
0 . 1.1
o 3.5

0.3 - 1.2
0.5 o 100
0.7 DY X
1.0 - o8
v 0.8
2.0 - 0.8
4,0 ' 0.75
10.0 S ,o 75

The dimensions of the second coil were optimised at 2.8 m in
length and 0.8 mm i;d.. The internal diamete; has to be greater
than the.conduits_leudiog‘to the point of conyegonce to_avoid'on
increose.io back pressure; The length of tbe’eoil is tbedmoximum
before any substantial reduction in'signal-oﬁd increase in bond width

oecurs._ It is evident From the toble. above thot the phosphomolybdate

" is never completely destroyed, stopping the flow with the sample bolus =

in the second coil for 3 minutes completely destroyed the phospho—
molybdate._ However a silicote signul similarly treated was reduced by
10% and the bond showed increosed dispersion.‘ Hence reproducibility wos- _
also reduced. »The_effect of phosphote on silioote:ihjectioos'wos studied f
- using the ém reaction coil and a test solutioﬁ_of 3 x 10‘5M silieate.;‘

The siiicate'solution gave a signal of T.I5 uA which only increased to
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1.20 pA in the presence of & x 10-5M phosphate. At'higﬁer levels
increased phosphate led to o redoction.in the sigool,'for exanple:
| | '3 x 10-5M phosphate : 0.25 A,

-

3 x 10-*M silicate : 5,] pA
3 x 107*M silicate + 3 x 10’?M phosphate : 3.7 pA,
3 x 1075M silicate + 3 x IO'SM'phosphoto : 1.18 pA,

3 x 10°M-silicate : l.ls-uA.

On injecting samples which‘contoin:unhydrolysed tripolyphosphote T
some Hydrolysis is expected in the heated reaction coil onder acidic
conditiohs. A Solution of sodium‘tripolyphosphote (0.02 gpl) ls injectod L
into the ém coil at 60°. A signal representotive oF 9.2 x 107"M phosphote
is recorded. Complete hydrolysis would yield 2.1 x IO'"M phosphate.
However colorimetric analysis of the tripolyphosphate showed 0,3% of |
free ortho-phosphate (correspood;ng to 8.4 x 10-™M in the test solution);

It was found that the levels of free phoSphaténin the silicate
determinations of woshing powdois does not_reqoiro a treatment from =
' moonltol-ln the flow injection system, .Sa@ples injected.contoining less
' than 9.5 x 10-5M silloote can be oétefmined‘provided.they.contoin less
~than 5 x 10-¢M phosphole Rectilineor silicate calibrations can be
obtained for 10~ SM solutions ond good results were obtained for the
determination of woshing powders.' For exomple Somple A contoining 22.3%
‘phosphote (colorimetric method) gave the following results.

Single ém coil system : . L |

22,0, 22.3, 22.3, 21.7, 22.1‘,':2'2.1‘;. _vuri_cb;ii_ty,_ L%

Double coil mannitol system: _ .. .

21.9, 22.0, 22.1, 21.7, 22.1, 22.1, 21.8; variability, 0.7%.

The two systems ofe_thUS proposed;'(o)-a single coil.system (ém x 0.58 mm)
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at 60° for silicate samples containing less than 9.5 x 10 -5M silicate
and 5 x 10~°M phosphate. The reagent stream is 0.2% ammonium molybdate
in 0.12M sulphuric acid. | _

(b) The above system is modified by including a stream of 0.1% mannitol
converging on the reagent stregm after the reactioﬁ coil ond a further
‘coil following (2.8 x 0.8 mm) at room tempercture. This second system
enables the same level of silicate to be determined in the preSence:of
high concentrations of phosphate up to 1 x 10-%M. The flow at the _
detector 1512.8 ml/min (a) and 3.4 ml/min and the responsé time lapse is
25 sec. (a) ond 32 sec. (b). The working electrode (glassy'cafbon) in-
the detector cell is held at +0.15 v,

4f.  Effect of surfuctdnt on flow injection onalysis,

Subpression of the current dve to the ;eduction'of heteropoly
acids occurs in flow injection analysis, but the effect 1is not so
extreme, Figure 46 compares the suppression 6? DPP wave with the FIA
signal for 3 x 10-"M phosphote. Tcble 14 (below) is the percentage
suppression of 100% aqueous deteminations of 3 x 10-*M phosphuté by
0.4 gpl SABS. | |
Tabie 147,

Mode of Ahalysis; % supbression due to .
. - | 0.4.gp1 SABS. -
Differential Pulsé | 44% .
' ‘Lined? Sweep | 5%
Direct FIA o _ : : 292"
" Preform Iﬁjection . S P S P

The same concentration of ethanol obviates the effect of the sUrfoctoﬁt.'g_:”’ 

'as“inwthe static method (40%‘for pﬁosphcfe, 48 - 48% for siliﬁote).
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Fiéure 66, Suppressidn of current signal by surfdctant on phosphate
. FIA at 3 x 10-'M. | |
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4g. Reverse injection method.

Work in this loboratory and by Johnson and Petty (1982) reverses
the flow injectioe system,'injecting the reagent into o stream of sample,
The baseline is very stcble and very little odsorption will occur at the
electrode. Generclly the signal is identical to the normal method of FIA
but the response is;cleaner and sharper. The stream of scnole is 47% and
the reagent is 100%'cqueous. Six.portions of'sample‘A‘were-onolysed to
give a mean result of 21.95% phosphate with d,coefflclent of vcrialféhf;:
of 1.46%; | o

3. Adsorption at_the Working Electrode

| The working electrode in the stctic methods requlres cleoning af ter
each voltummogrom hcs been recorded Sluiclng the glassy carbon electrode
in dilute alkali destroys the heteropoly acid odsorbed onto the surfoce of
the electrode. The electrode is then washed with distllled water and
wiped with a tissve. This procedure ensures reproducibility of the trace.
This treatment of the electrode was not totally successful and occasionally
more abrasive action is required to clean the surfoce. 'In_Fcct the
electrode surface is removed by polishing on a flat cloth with en
oluminium/ethdnol slurry. Excessive pollshing was found to wear down
the Teflon sheath holding the glassy corbon disc; this exposed more
of the disc ond thus increased the surface area of the electrode and the
cement which held the.disc in place Increasing the surface of the" |
electrode gave rise to a larger signol from the electrochemicol reoction
und also increased odsorption. Well used electrodes built vp higher
bockground currents ond thus becane of little use. In same cases it wds
~ possible to clean the electrode electrochemically by holding the elec-
trode at a high potehtiul, say +1 v, 1h electrolyte to desorb species
electrochemicolly; this was not always successful. 0ld electrodes were

regenerated by more drastic action; removal of the surface of the
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| electrode with a glass lathe, followed by polishing with a series of
emery papers of increasing fineness resvited ih o flat shiny surface.
An electrode- treated in this way showed no background current and
behaved as new. |
" In flow injection analysis the electrode behaved satiSfactorily if
cleaned ofter every 30 injections. In this case only distilled water
is used and followed by wiping with a tissue. If the electrode was
washed in alkali the electrode exhibited an_initially high background
and it took'several minutes for the baseline signallto becoﬁefstatic. |
Carbon paste electrodes were used and found to be initially
successful with a generally higher sensitivity and.the problemlof
adsorption negated by the fact that the surface was easily renewed.
However when washing powder sqnples:were analysed,thefsurface of the‘
"electrode tended to swell and disintegrate,; the surfactant in the
. washing powder reacting with the dlycerol or nujol with which the
carbon paste is prepared Carbon paste electrodes were not found to
Abe suitable 1n the metrohm detector cell used For flow injection
analysis. Quite often the surface was damaged on insertion into the
cell block, and in the wall jet mode the surfaCe is disrupted by the
jet oF the carrier stream. |
| Following some work by Fogg (1981) the adsorption phenomena were
studied with the intention of developing an analytical technique."A'
glassy carbon electrode is held in-a solution containing a heteropoly
molybdate For a set “time and removed washed with 0. lM H,50, and then a
voltammetric 'scan is performed ot this electrode in 0.001M HZSOH
Differential pulse scans yielded a high background and linear sweep
voltammetry was found more vuseful. The voltammograms represented those

produced earlier for phospho—_and silico-molybdate'species. A carbon
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pasteelectrode was seen to exhibit larger current peaks-than o glassy
carbon electrode. However the reproducibility of the carbon paste
electrode was poor. The scon after soaking‘the electrode in phospho-
molybdate showed three well defined. peaks at + 0.24, + 0.10 ond ~ 0.12 v.
Silicomolybdate gave one broad peak at about - 0.05v. The-voltannogrom
snowed the electrochemical reaction to be 40% reversible, Increased acid
molybdate concentration resulted in a higner.currentlrecorded,fbut this
was due to a blank signal from the neat reagent. |

A 0 2 gpl acid molybdate solution gave a current of 1.7 uA at + 0.1 v,
whereas o solution of reagent and 6 x 10~ M phosphate only " yielded
.3.0'pA. A calibration of this region; 0-46x 10'5M‘phosphate gove a.

shallow curved graph.

é. ‘Investiggtion of o and B isomerism of Heteropolyacids.

The conditions.for_the'formation of a and ] isomers is reported to be
controlled by thé acidity.of the reaction mixture (Truesdale etlal 1977;.
1979).. Chalmers and Sinclair (1964) maintain that the use of acetone or
'ethanol stabilises'the's form; Differential pulse_voltommetry'was usedld
to study the_Formation'of-a and B heteropolyacidst

The inclusion of ethanol in the reaction mixture gives rise to a
voltammogram with two strong current peaks compared to only one. for a
100% aqueous reaction mixture The presence of acetone will also affect
the shape of the voltammogram, the results oF these solvent effects have |
already been reported in the section 3. a. ‘: |

As pH is varied the current peaks change potential and the amplitude
of the wave is reduced with increase in pH. The amplitude of the silico-
molybdate uave7is at a maximum.when pH= 1.4 (see Fig. 67). The shape of
tne wave formed at pH 1.7 is sharp-and well defined whilst that formed _
at pH 4.2 is veck ond indistinct. This applies to both 12-MSA and 12-MPA.
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Literature suggests that the B isomer is formed ﬁt pH 2.0 or less and the
o« form at pH 4.0 - 4.4, At high pH values the heteropolyacid will decompose.-
At EH 1.7 lZ-phospﬁo- and lz-silicomolybdaté were brepared by the
addition of 2% acid molybdate {5 ml) to stondard solution of ammonium
phosphate dhdlsgdium silicate. The f;nal_solution would be 3 * lO“fM
in stcnddfd;' After_fo;mation.q differeﬁtidilpﬁls§ yo1tommograh was recorded
. Eetweeh@!O;é.cﬁd‘- d.Z. The solutidﬁs weré'then odjusféd.to pH 4.2 ﬁnd
the wave rerecorded after 3, 30 and 60 minuteé‘(Séé Figs. €8 and 49).
Also the heteropolyacids were prepared at pH 4.2 and acidified to pH 1.7
(the reaction time allowed at pH.{.2 was»l hoOr) (see Figures 70 aﬁd 71).
The changes in wave shope are reversible for both 12-MPA and 12-MSA. A
flow chart can be ;onStructed for the differén£ forms present in solution.
Assuming‘thdt the Bfisomer exists ut.pH I.Z.Gnd fhé a form at pH 4.2,
we‘get thelfolloﬁihg,' | - ‘ w |

RS B:in EtOH/Hzo " a.in EtOH/H,0

| R .ot

—r

B in Hzo -— a in H20

The conversions are all instantaneous except for B12-MPA to

o=12MPA, which ;gqoires at least 30 minutes.
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Figure 68. Wave for g-MSA (a) eonverted to B-MSA ('B). -
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- Figure 69. Wave for oc-MPA' (o) converted to B-MPA (b).
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Figure 70. Conversion of 8-MPA (b) to o~-MPA after
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Figure 71. Converﬁion of B?MSA (b) to a-MSA (a).
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~ Table 15, Current peaks of the DPV waves of (a) 12-silicomolybdate

_Solution | Potentials of Current Peaks (v;)l
Conditions ‘ |

40% EtOH pH 1.7 0.19 |

40% EtOH, pH 4.2 0.12,-0.02, -0.2.

szpn 1.7 038 T (-0.18),

H,0 pH 4.2 | - 0.23,-0‘.01',

(b) IZ-phospHomolybdote

40% EtOH pH 1.7~ 0.27, 0.16 .
| 40% EYOH pH 4.2 C - 0.04, -0.13

H,0 pH 1.7 0.36, 0.11,

H,0 pH 4.2 0,09, -0.11,

The change in « and B forms is. gruded with pH chonge, thct is ct
pH 2.7 mixtures of the isomers will be formed | N

7. Simultaneous determination of phosphate and silicate.

VThe differential pulse voltammograms of 12-MPA and 12-MSA are
sufficiently different to suggest that a mixture of phosphote ond
' sillcate may be determlned simultaneously.z

7.a, Stotic methods.

| Fogg et al (198i5).use acid’molybdate'reagents to produce hetero-
poly ucids; the feagent is 2% molybdate for phosphate and-4% for
silicate determinations. Howevér {he.4% mblybdate reagent is too
strong for use with phosphotes causing a yellow precipitqte of IZ-MPA
Conversely the 2% reogent is too weak For any. substanticl amount of

reaction to occur with silicate.
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A colibrotion of phosphate in the presence of silicate was found
to be possible (see-Fig.I72). The ievel of silicate should not be
higher than 4 x IO‘SM‘ond the,level of phosphate no lower thon 1 x 107° M, |
12-MPA in the sample gives rise to a current peok ot + 0l09 only |
background current is observed at this potentiol for 12-MSA. All volto-
mmetry in this section is in the differentiol pulse mode. Similorly
a rectilineor colibrotion was also achieved for silicate (not less than
1 x 10°5M) in the presence of phosphote (not more thon 3 x 10 M) (see
Fig. 73). The current peck at + 0.25 v was used, phosphate only gives a o
slight peak at this potential. “The heteropoly acids were prepored in.
| aqueous conditions with 1 ml of 4% acid molybdate reogent as in.Fogg et
al (1981b). o '

7.b. Flow injection systems.

Preformed sanples of 12-MPA and IZ-MSA give different currents when
injected into an electrolyte strean qnddetected ot a glassy carbon
electrode cell. At-o potential of-f 0.35 the signecl for 12-MSA is
negligible and the signal from a mixture was totally from 12-MPA.
However the signois Fo} IZEMPA and 12-MSA are not ‘additive. It was
thos-not possible'to“detenmine the'silieote'content of the mixture at
+0.15 v by subtiacting the signal due to 12-4PA,

_‘8. Complexing of polyphosphotes with metals.

Al-Sulimany ond Townsend ond Shaw ond Townsend used the polorogrophu: _
wave of metols-to_onolyse for tripolyphosphate. The tripolyphosphote
would complex the metol thus reducing the current peaks of the wove.r 4

' To.solutions containing l'x'IO"M Cdxf”cnd 0.1M KCl as supporting
electrolyte, sodium tripolyphosphote is added (Finol concentration
in the ronge 5 - 13 x 10 I'M) The solutions are deoxygenated for 15

minutes and the wave is recorded at o glossy carbon electrode'From
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Figure 72. Current due to silicate in the presence of

phosphate at 3 x 107°M,

0 1 2 3 4 5 6
Silicate x 10-°M

Figure 73. Current due to phosphate in the presence of
silicate at 3 x 10-5M o

4

0 ] 73 7 3 5
Phosphate X 10°°M
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- 0.6 to - 1.2 v. After each wave the electrode is held at - 0.6 v to
strip off any plated materiol for 3 minutes.: The wave due to codmium
at - 0.?1 v is reduced, but'not.reproduciblf. Sodium pyrophosphoteh
also. reduced the cadmium wove; but ortho'-Ond'trimetoohosphate had no
effect. _ . _ | _
. To a solution of Cu(II) (1 x 10-*M) various phosphates are added
to a level of 1.2 x lO‘“M Eoch phosphate offected the differentiol
pulse wave of copper in a different monner ‘or to a greater or lesser o

‘ extent. Toble 16 summarises these results. '

. Jable 16. Reduction of quper Wave due to phosphate complexotion

~ inO0.MKCL
Phosphcte._ Current_(uA) ' éurrent (pA)
Species | | at + 0.56 v. N at + 0.95‘v.
none 46 - 54.5
Ortho- : 17 | o 8
Pyro- (- 2 : : 7
Tripoly- ‘. 8 | '.{ 18.5
Trimeta- | 3 -

_ 9. Automotlc Hydro;ysis of PolyphOSphotes.

An attempt was made to combine on air segmented continuous Flow
hydroly51s coil with the Flow injection system developed for the

determinot1on of phosphote.'
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Figure 74. The combination of autoonalysis hydrolysis apparatus

with o flow injection system,

rt. 3m.
M "R C '
...9_5..0_.....7..“1.:. o |
r\\ P ;——hs l ‘ | _
ot * L _Re_ i

% recgent streom

sh, stream prior to hydrolysis
hs. hydrolysed stream

. Qq., air.

D. Debubbler

A sample slug is passed intohthe hydrolysislooil‘for 10 minutes
Followed by 10 mlnutes of distilled woter. The sample ls resident for
45 minutes ln the hydrolysis coil at 95°. At this.point the flow is
segmented. The output of the hydrolysis coil is controlled by the same
pump as the input. The output has to be controlled as thelexpression
of the coil liquxd ond air-segments entering the coil occelerotes the
possoge of the somple. This results in an increased pressure within
the coil. The st;eam is then debubbled ottef'the pump and passes
through the loopiof the.injection valve of the flow-injection system
described in Figuoe o}; .The‘somple slug 1s'identifled b} a small pre-
cursor holus of 0}5% methylene hloe; short sections.of glass condult.
are required to ylsuolise the slug as the olootic.toblnglbecomes stained.
The sample solution is made up in 0.1M sulphuric ocid'for_the hydrolysis.
A few drops of detérgent sclution are added to mointoin the'integrity
of the air segments. The saomple stream flow1ng.ot 0.25'm1/minlis-ollowed'.
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to flow through the injection loop of the valve for 45 sec0nds._-

The inJection loop is then switched into the molybdate stream; 12 seconds
lapse before the signal is recorded. The molybdate reagent is 0.2% with‘
respect to ammonibm mblybdote and 40% ethanol. No.ocid is included in this
‘reagent as the sample slug is olready 0,1M 5013h0r195C1d- It is possible
to mcke an injection once every 60 seconds. Figure 75 showslo typical

series of injection signols.

1 min.

‘ F1gure 75, Current signdls.from 0, 1.5, 3 0 and 4 5 x 10'5M phosphcte

us;ng flow system including the hydrolysed coil

. The signal For'a:solution of 8 x iOf“M orthophosphate was 12.4 uA whilst
that for 8 x 107°M was 3.9 yA. The limit 6fwdete¢tion is 3 x 10
(2.6 pA)-dSIO blank givés 2.3 yA. The use of hYdrolfsis coll reduces the
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-effectivé‘sighcl byyZS%. A sample of phosphafe which had not been through
the co;l gave 16.4 LA as opposed to 12.4 ﬁA for one that had. A series

of tests on solutions of sodium tripoiyphosphatg found that the degree of
hydrolys;s to be 92% aond the coefficient of_vdridtﬁﬁ%:;'of the signal
J.ﬂ%.' The totel time Fgr the analysis of one ;omple %oﬂlng three

determinations is cpbroximately 75 minutes.
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1RébomﬁeﬁdeﬂrAﬁalfficailprocgdupeEJ'

The proeedores described in this section are those finalised for
- determinations of soluble.eilieote ood.totol phosphotegirgeommerciol
washing powders. h

1.  Steotic voltommetxic procedures. -

la. Reagents | ‘ o , o
Standard orthophosphate solufioh, 3 x 10-3M (285 u_glml’1 of

Po.20) | | |
Dissolve 0.408g of analytical reogent'grode‘potossium dihydrogen

orthophosphate in water and dilufe to f lzin.o eolibfoted'flosk. This

solution is 3 x lO'fM'in orthophosphate. Less concentroted standard

eolufions were prepored by dilution.

Standard siiico solution, approximately 0.15 mg;SiOz:nl"

Weigh accurately about 0.15g of quartz into a platinum (or nickel)
crucible and fuse it with cbout 2g of sodium carbonate. Cool the melt,
~dissolve in woter,‘oilute'to 11in o calibrated flask and store in
polythene. (A3 x-lb“ah solution of sodium metosilicote‘wos also used
‘os a stondard solution ofter comporison with this solution)

| Dissolve 15g of sodium molybdote dihydrote and 12g of tortoric
ocid-in_woter, add 45 ml of concentroted-hydrochloric acid and dilute -
to 500 ml. A brown colour develops in the reogent solution ofter a

few days: discard it three days of ter preparation.

Ammonium molybdate/sulphuric acid solution

Dissolve 40g of ammonium poromolybdote heptohydrote in 500 ml of
prwoter in a polythene beoker ond odd 500ﬂﬂ- oF Y sulphuric ocid |

solution. Mix and store in polythene
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1b.

le.

Dissolution and HydrOlysis of Sample.
~ Dissolve an amount of commercial washing powder containing
approximately 50-150 mg of total phosphate (as orthophosphate) and
15-30 mg of soluble silicatetas SiOg) in_about 60 ml of water and
heat at 80-90°C'in a water bath with stirring until the sample has
dissolved.  Traces oF 1nsolub1e silica may remain undissolved -Transfer
the solution to a calibrated flask and dilute to 100 ml Take an aliquot
of this solution for soluble silicate analysis.

To 20 ml of the solution contained in a flask add 5 ml of M
sulphuric acid solution and heat for 1 hour on a boiling water bath
to hydrolyse the polyphosphates. Cool and dilute to 100 ml in a
calibrated flask. Take an aliquot of this hydrolysed solution for
total phosphate deternination; | | |

In the present study, 0.5g of detergent powder was taken, a 5 ml

aliquot of the unhydrolysed solution was token for silicate determination,

" onda 5 ml aliquot of the hydrolysed solution was taken For phosphate

determination.

Preparation of calibration gggphs and analysis of samples
| Determination of silicate

of unhydrolysed sample solution containing less than 1. 8 mg of 810
to a mixture of 10 ml of amonium molybdate/sulphuric acid reagent
and 23 ml of ethanol.. ' l : |
'.Mik, and after.PS minutes add 10 ml ofllo% mannitol.solution,
mix again, and ofter a further 15 minutes dilute to 30 ml in o
calibrated flask. BT
Obtain o differential pulse voltammogrem of eaah solution scannina

from 0 to +0.6'V_or_inject 100 1 of the solution into o stream of blank



1d.

solution prepared as above in larger volume but omitting the silicate.

. Prepare a calibration graph using the differentiol'pulse peck ot +0.31 V .
| or the signol obtoined at + 0. 15 V (see Figures 76 o, b)

Determination of phosphate

Add oliqUots_of standard phosphate solution (O-Ib ml) or an aliquot
of hydrolyeed eomple solution contuining less than 3 mg of orthophosphote
toa mirture of 10 ml of sodium molybdoteetartoric ocid-hydrochloric acid
reogent.ond 15 ml ofhethonol. Mix‘ond.ofter 15 minutes-dilute'to 50 ml
in a calibrated Floek. H ‘d o l | |

Obtain a differential pulse voltammogram of each solution scohnihg
from —0;05-t0{5 V or inject 100 Ul of the solutionlihto a stream of
blank solutionlprepored as cbove in lorger volume “but omittinolthe
phosphate. Prepore a colibrotiod grdph using the differentiul oUISe .
peak at +0.18 V or the signal obtained ot +0 15 V (see Figures. 77o b).

Voltommetric Meosurements

Voltawmogroms were obtained using a PAR 174 polarographic onolyser

‘(Princeton Applied Reseorch) with three electrode operotion (glassy

corbon electrode, platinum counter electrode ond calomel reference
electrode). For differential pulse voltommetry a sweep rate of 5 mV s-!
a pulse height of 50 mV and a pulse frequency_of_O.S s were used. Between

scans the glassy carbon electrode was cleaned with IM sodium'hydrokide'

~“solution, ond'occoSionolly, as required bylpolishing with the addition

of water or ethanol on a polishing cloth Voltommograns were recorded
with o Gould HR 2000 x-y-t recorder. | |

Preformed Flow Injection Analysis

A Metrohm detector cell (EA 1094) was used with a Metrohm glassy

corbon electrodel(EA 286) fitted. The detector cell was portiolly

‘1mmersed in electrolyte (0.01M sulphuric ocid solution) contained in



Figure 76. Silicate calibration in the 10~*range.
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Figure 77. Phosphate calibration in the

10°M range
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a bedker and contact with the counter and reference electrodes used in
the static work was made by means of solt bridges. Eluents were degassed
by means of a vacuum pump. Injections were made by means of a Rheodyne
sdﬁblem;hjection valve (5020) with loop capacity 0.1 ml. The glassy

. earbon electrode was cleaned with IM sodium hydrexide solqtion da;ly
after oppreximctely 50 injections or when Changihg eluents. The
potenticl of the detector cell was centrelied by means of the PAR 174 |
polarographic onalyser; current peaks were recorded with the Gould

HR 2000 x-y-t recorder. |

birect.Flow Injection Anolysie

3a. Eluent Constitution

The eluent.preposed'is suitable for phosphate and silicate
determindtioﬁs.- An.ocid molybdate feogen{ is breﬁared by disSolVing'
2g ammonium molybdate heptahydrate in'30_ﬁlAdiSt111ed water. To this .
55 ml of 2M,$ulphuric acid isludded, fhe_mixture i;_trqnsferred toa
colibroted flask and.diluted to 100 ml with distilled water. The
elvent is then prepared by diluting 10 ml of the acid molybdote with
46 ml ethanol and 44 ml distilled water.

The stream of mannitol for'the_silicete'determination'cohsists
.of 10 ml of a 10% aqdeeus'mcnnitol-solution,‘46 mi'ef.ethonbl and 44 ml
distilled wqfer. |
3b. Systems Used-

In all Flow injection determinations the eluent is driven by an
"Ismatrec Mini S" peristcltic pump fitted with a blue/blue coded pump
‘tube. . The volume of the injected bolus 1s 0. I ml in all cases. The -
| pefent;al of the elect;ochemical detector is +0.15 v.for both phosphcte
and silicate detefmindtionsLe_ | N N B

PhosEhate
| The detennination of total phosphote uses the system described by
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Eigure 61, results section 4b. The reootionfcoil is‘held ot room temperature
'and is 35 long.t If unhydrolysed samples ore injected free orthophosphate
in the sample is determined.

Silicate, Method A

The determination of soluble silicate in samples containing not
more than 1 xle:&M.orthophosphate the system used is the same as for
the-phosphote method obore. The reaction coil is ém long and held at 40°
" in a water bath. o
Silicate, Method B

This procedure uses the system described in Figure é5 including the
streom of monnitol solution The reaction coil-is os cbove, the'second coil
is 2,4m long by 0 8 m.m., i.d. and at'room temperatdre. This procedure
is suitcble for somples containing up to 3 X IO‘SM_orthophosphote. The
mannitol solution is propelled using a purplefyellow cotied‘pump tube.

Autohydrolysis of total phosphate

.10 Aliquots of unhydrolysed woshing powder solution (10 ml) from
above are diluted to 100 ml with 5 ml 2M sulphuric ocid, 1 ml 0.2%
SABS (detergent) and 84 ml dietilled water;'.lheistream is driten by
a 'Gilson Minipuls' producing a Flow rate of 0.25 ml/min. Initidlly _
the stream is distilled water. The stream is switched to 0.3% methylene
_blue for 1 minute then to the test sample for 10 minutes, fhis-is
followed by distilled water for unother 10 minutes, qfter which the
cycle is repeated for as many times as there_are‘somples. The re51dence
.time in the.hydrolyeiéﬁcoil is 50 minotes;r.A?ter the hydrolysis'the
scmple bolus is identified by the preceding slug of methylene blue

- direct
and directed through the somple loop of the injection valve as in the/ .

. injection method of phosphate (see obove). The somple loop is opened _

to the hydrolysed stream for 45 seconds befére injecting into neutral
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Figure 78. Preformed injection of 0, 1.5,73.0 and 6.0 x 10='M

~ silicate at + 0._15v;

3'.0.

"1 min,
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Figure 79. FIA of silicate, (i) 9, (ii) 17.5',. (1ii) 3.0,' (iv) 4.5 and
(v) 6.0 x 107°M, at + 0.15v. '
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(iii)
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. Figure 80, FIAof (0, (ii) 1.5, (1if) 3.0, (iv) 4.5
and (v) 6.0 x 10-5M phosphate, at + 0.15v.

TuA

() (i) (v)
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.stredm of 0.2% ommonium molybdate in 46% ethonol/water.
.Figures 78, 77 and 80 depict calibrotions'for_the phosphate
 method, silicate method B and the outohydrolys1s of total_phosphcte.

Discussion

1. The Hydrolysis of Polyphosphotes .'

| The hydrolysis step in the determinotion of total phosphate is the
" rate determining Factor as regards ( devising a speedy onolyticol method.
The menual ccid digestioﬁ still remains the most convenient procedure
when anolysing a small number of samples. : However acid digestion is
time consuming and tedius if more than half a dozen sanples are to be
dete;mined. Autoonalyser systems using air segmentation have been devxsed
_Foffexomble; Hiroi et al (1780, 19810),'using recction ceils at_temper- :
atures in excess of 1006. Consequently the pressure is increosedrin
the reaction coil, this roises alsefety droblem considering thot the
elvent can.be up to 4M ih sblphuric ccid.. These conditions are required
h0wever if the.scmpie residence time in the'recctioh is to be less than
10 minutes. The results of section 9 show that it is possible to combine
an autoonalyser hydroly515 coil with flow injection techniques The ;o
use of flow injection analysis reduces the time required for the formation
of phosphomolybdate becuuse of the much faster flow rate (12 seconds
in the case of the proposed methed). In continueus_flew systems the |
dfleW'rate is generally constant thfougheut the system, any increase
will be due to'cohvergehee'reogent streams. However only the start up
of the continuous flow system is slow, i.e. the time lag until the First
scmple is detected . ‘

The mixed air segmented/flow injection system used is no faster

thon the mdnual'digestion followed by flow injection. The equipment



ovoiloble‘operoted at a moximum_of'95° and hence a slow flow rate was required
for complete hydrolysis. Under conditions of higher temperoture a cooling
coil would be : required before transfer to the flow injection section. This
is to guorontee no interference from the silicate in washing powder samples.
A cooling coil was not worronted in the system used here. The flow rate
was slow enough for eluent to cool sufficiently in the connections and pump
tubes between the hydrolysis coil and the flow injection valve.. ‘The eluent
ot the flow injection system in this case is nevtral, the sample bolus
‘injected is 0.1IM sulphuric'ocid.' | .
Several other methods of hydrolysis have been'considered. Hydrolysis .
in the presence of molybdate reagent was found to be’effective. In order
to preuent formotion'of\interferiﬁg*lZ-molybddtosilicote, tartoric ocid.r.r
hos to‘be included._iThe use of‘tortoric ocid will olso.reduce the sidnal
at the detector._ | | | » o |
Catolytic methods using tronsition metols (e.g. vonodium, Haight
et ol 1979) or enzymes (phosphotoses, Clesceri and Lee, 1965) offer no
| procticol improvement on acid digestion. Some specific polyphosphotoses
'dre available (Bloemdrs,'l??O) ond could be useful in determining pyrophos_

~ phate content.

2.. . Static Determinotions ond the effect of surfactant in washing

“powder somples.‘

Aithough superseded by the flow injection methods devised the
stotic voltammetric determinotions are an important point in their
development The surfoctont constituent in woshing powders was found
to be the cause of low results when determining phosphate and silicate
by oqueous methods (Fogg et ol, 1981b) Itiis thought that the
Surfoctont molecules are adsorbed onto the electrode surface. In

effect a microlayer of surfactant forms on the surface of the electrode.
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rendering it remote to the electrochemicolly‘ocflve species in solution
(heteropolyacid). Surfactants are long choin'ulkyl molecules with a
Ichorge at one end (negative 1n this case) associated 1n solution with |
a positive species (e.g. No ). A plot of surfoctont concentrotion ogoinst
wove.height in aqueous conditions shows thewove height to fall quickly
to o low concenfrot;onﬂto reach a conetdnf'mogimun value for any further
‘incfeoses in surfoctant. The reduced elect;ochemicol'reoction could be
due to the surfactant reducing the effective surface area of the electrode
by adsorption. The observed current_due to an electrochenicoi reaction
is proportional to the'oreo of .;the electrodes.surfoce 1n'contfost'with-
the solution. o | 2 ..

The inclusion of an orgonic solvent such as acetone or'ethonolpin the
_ test eolutions remove the effect of suppression by the,surfoctont;_ The
effect is groduollv tenoved by increasing the,eolvent level unfiilthe
' wove is the'sone heith whether surFoctont is present or not; A A%
“ethonollwotef test solution ehowe no sUporession oflthe wave for 12¥molybdo---
. phosphoric acid; 12—molybdosilicic acid requires a 46—48% ethonol/wuter :
Amixture. Increasing the level of ethanol in. the test solution above 40%
will groduolly reduce the wave height, but the surfoctont hos no eFfect
on the wave due to 12-molybdophosphoric ocid Above 48% ethonol the
wave for lZ-molybdosilicic ocid is. omplified slightly, 1n the presence
of surfoctont._:

In the presence of ethonol the surfoctont molecules will be more
soluble thon in purely aqueous conditions. -The behoviour of the surfactant
species will then be different. It is‘possible that the eurfoctont molecules
will then be more likely-to reside in true solution.

Surfactants therefore do not offect the fonnotion of the heteropolyocid;

they reduce the omount of electrochemlcol reoction. It 1s possible to
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construct a lineor colibration with the totallyiaqueous methods in the .
presence of surfactant.d Sodium perborate is also present in washing
powders and suppresses the voltammetric wove for lZ-molybdophosphate only

in aqueous conditions. Satisfoctory ‘methods for mannitol were also found
to reduce the background or blank current

Under certain conditions a mixture of silicate and phosphate will

give a_mixed voltammetric‘wave with current_peaks:attributable separately.
to the formation of 12-WPA and 12-MSA. = The current peck due to 12-MPA

is calibratable in the presence'of 12-MSA and vice versa.- The calibration
curves do not cut the axis at zero. This is due to the current of one
-heteropoly acid always having.some effect on the 'blank' or zero concen-
tration.current of the other. This mahes the use of this technique
inaccurate For_analytical purposes. unless the concentration of one of .
the heteropolytcids is known. However it is possible to determine one '

in the presence of the other.

3. The‘effect of- solvents and G'B isomerism of'heteropolyccids.'
| Organic solvents, in this case acetone and ethanol will nullify

the suppression oF the wave “due to heteropoly acids as. described above.

o Also the shape of the wave changes as the content of ethanol increases.

Initially at low levels the ethanol will enhance the amplitude of the

wave (5—20% ethanol) but generally the solvent will reduce the amplitude

of the wave (75-60% ethanol), after 60% solubility problems are ‘encountered.
In the presence of organic solvents the polarity of the somple solution -
Will be reduced. ‘This may be aFfecting the‘solubility and_stability of

the heteropoly.anions and theirjdiffusion from'the bulk solution to the
:working electrode Chalmers and Sincloir (l?éé)-propose that ethanol |

and acetone will stabilise the B-isomer which appear to be less stable

,lto electrochemical reduction. The shape of - the wave in aqueous conditions

-
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isrquite different'to that in 40% ethonolg-'lt is thought thot in aqueous
conditions a miXture of the isomers is ohtoined The g form is stabilised
by organic solvents and the o form stabilised by a pH of . 4 to 7
~ When a plot of % ethanol ogainst wove height for 12-phosphomolybdate

s construoted the graph disploys a discontinuity between 24 and 25% ..
 ethanol. It could be that ot this point the 8 isomer,'stqbilised by the
ethonol becomes the dominoting species in solution. |

Lower levels of. ethonol and acetone are required to obviote the
) surfoctont b suppression for phosphote thon for silicote. It has been.
observed (see above) thot lZ-silicomolybdote behoves slightly differently
From lZ-phosphomolybdote. The structures of these heteropoly species will
be slightly different as are the parent oxo anions; silicate (5103 ‘)
ond phosphate~ (PO“J“) '

The iqterconversion of .the isomers wos-ochieved‘bv manipulation of
- the pH of the solution. The g form formed ot pH 1. 7 in 40? ethonol was
| eosily converted to the o Form ot pH 4. 2 ond the reverse was true for the
a form prepared ot pH 4,2 ond totolly oqueous conditions. These .
conversions oppeored to be reversible,_ It is likely thot the g form when
prepored in'totollv cqueous conditions is not pure due-to decomposition
to the more thermodynomicolly stoble o isomer. The conversion from B to
o i slow in 40% ethonol but instontoneous in pure woter.

'4 Electrode Performonce

The glossy corbon electrode was used throughout this work and its
" convenience of use ‘is opporent compared ‘to the:mercury_drop. The mo;or
disadvontage of the solid carbon electrode is the odsorptidn'of species
on the surface. This requires the regulor cleoning'ot the electrode. |

In the.stotic determinations the electrode has to be.cleoned af ter

. every separate determination. Sluicing of the electrode in dilute sodium
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hydroxide decomposes odsorped acidic molybdote species It wos found
that not only the heteropoly acid thaot was odsorbed but the ocid molybdote
also become sorbed onto the electrode surface, In flow injection analysis
- the electrode is cleaned oboutreVerf 50 injections and onlf nith distilled
~ water, ‘The surplus water is removed with a tissue followed by’o gentle
polish ~In flow injection‘onolysis tne'electrode is not poisoned to the
same extent° this is probably due to the scrubbing effect of ethonol
in the carrier streanm,
The abrasive polishing of the electrode with ethanol and olumina

is to be used ohly occasxonolly. This procedure wears down the plastic
sheoth and the epoxyrresin holding the glossy corbon disc in place.
Excessive polishing exposes an increosingly greoter area of the glassy
corbon, thus modifying the electrode performonce .

It was once thought that the adsorption phenomeno could be used as
an onolyticol technique for low levels of silicote and- phosphote.
However it was Found that the acid molybdote also odsorbs at the electrode
surface. This results in a high blonk-signol too high to moke analytical
use of the.ideo.: An anodic stripping technique has been devised by Iyer
et ol (198]) for silicate. Silicomolybdote is preconcentroted ot a
_ honging drop ot 0.2 v for 2 minutes followed by stripping from -0.2
to -0.8 v. Iyer suggests that the lZ-silicomolybdote anion should hove
odsorptive properties on occount oF its. moleculor size. Moreover the
reduced_form is“olso-strongly‘odsorbed._‘The_detection,limit‘of this
method 1s noted at 1 x 10~"M, using the g-isorer stabilised by the
presenCe-of:methylethyl ketone, | | L

g; Flow Injection Systems

Flow injection analysis is simple, cheop ond eosy to use, There are

however, several parameters which require optimisation before the system
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becomes operational. .

The problem of signal noise in this work was avoided by.the degassing
of -the eluent, small bubbles can form in the stream especially“if the
reaction.is heated, These bubbles when presented to the electrode cause
a fluctuation in the baseline signal The pumps used in this work -
generated a low amplitude pulsing, use of the low pass filter on the
instrument nullified any electrical and pulsing interference., Inclusion
"of mannitol in the eluent also reduced signol noise. The low pass filter
.,facility of the analyser was found sufficient to reduce.noiSe‘to give
a stoble base line' At a setting of 0.3s the observed currents were
. only reduced by 0. 5%.. The use of an anti-pulsing chamber between the
'pump and the injection valve was found to be unnecessary.

_ The reproducibility of the signal from the detector is 1mportant.
The integrity ofgthe sample bolus must be maintained fast flow speeds
yield sharp signals with low dispersion However sufficient time must
be allowed for reaction in the coil before the sample reaches the detector.
If the sample requires heating of the reaction coil the dispersion will |
'increase and the reproducibility falls off Larger signals were obtained
by slowing the flow rate but this only resulted in getting broader, less
well-defined signals.: This is not advantageous reducing the effective-
- ness of the flow injection system. - If the.reaction coil was too short
or of too narrow a bore the sample did not mix‘thoroughly_with the reagent
in the eluent. . This was manifested as a split signal the front ond rear
or the sample bolus reacting more to give a: larger signal thon the centre
| of the bolus. ' )

The flow rate of the eluent could be nodified'bv the position‘of
the‘rotor.in the.injection valve. When the flow is directed through the
sample loop more resistance is encountered and the flow rate is reduced.’

It is also importont that the sample loop is full of undiluted sample
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_before injecting,as the stream has.to passrthrough the sample loop.
The”bearihgs of,the injection valve.are'protectedeith a light grease,
This grease can become dislodéed ond can causefa blockage‘in the.system.
A danger of. foreign objects fouling the system isfeverepresent,‘especially.
_ where converging streams are employed Solid matter'showed a tendency to
‘collect in the’ T-junction employed. The valve is eosily dismantled for
cleaning. However;‘this virtue means that the whole system can work loose
‘and affect the sample slug shape. The valve is easily retiahtehed; care
is required not to over-tighten,. The valve‘hecomes difficult to turn
and shearing of the stainless steel_lockihglpin is possible. The Tefloa
- rotor parts may also weor dowh, - ' |

The maintenance of a constant flow rate will be,impaired by the
ageing of the tubes of the.peristaltic pump. lhe walls of the tube
become weakened aFter a week of heavy use, Though they return to their
original shape ofter use, further use will soon reweaken them, Ta
prolong the lifetime of the pump tubes it is important to release them
from the ‘pump barrel when not in use. " o | | 7

The flow rate through the detector is also important too slow and

the signal response will be sluggish and broad. A swift flow rate is required,

| presehting as much of the somple to the‘electrOde'5urface in the shortest
“time possible. A cell used in this work was supplied.by Metrohm, .If -
all the three electrodes are. in place the floW'eXits'via a small bore duct.
" This presentsla cohsiderable resistance‘to'thelflow.“The reference ond
 auxiliary électrodes.were removed and the'cellfimmersed'in a beaker of.
electrolyte. .The reference and auxiliary.electrode Were connected
electrically via salt bridges made from agar gel and saturated potassium
chloride. The remoteness of the auxiliary ‘and reference electrode had

no effect on the signal. The result was that the flow through the



' detectorlis less restricted and able to exit from the cell through the |
ports provided for the'electrodes. The signol observed is increased

by opproximotely four times. However this system is less tidy. Electro-
chemical cells are available with less restricted Flow than the "Metrohm"'
cell. The product of . EDT Research Ltd. has a relctlvely wide bore exit |
tube ( 3mm) constructed of steel which also octs as the ouxiliary electrode.
.é, Preformed Injection Anglysis of Phosphate and. Silicate.

- As a prelude to developing the direct injection flow analysis, the
heteropoly acids of phosphate and silicate-were lnjected into a stream
of very dllute sulphuric acid (0. OOSM) The potential of the detector was
_varied to determine the best value at which to detect the heteropoly
acids' The polarogrephic anclyser was used in the DC. mode and the variation
: of current against potential was a smooth line decaying to zero at about |
‘+ 0 4 v, The current due to 12-silicomolybdate decays at a relatlvely
constant rate. The plot for l2-molybdophosphate has a ploteau between
+ 0 1v and + 0. 2 v where the current is constant. The detector potential
was set in the middle of this plateau at + 0 15 V. The shapes of these |
plots do not correspond to a’ normal DC voltannetric current-voltage trace.‘
The PARC 174A analyser also has the'facility for‘sompled-DC normal
and. differential pulse detectlon. These modes are not suitable For flow
1nJection work In pulse techniques the potential is only opplied for
a fraction of a secord and in the sampled 0 mode the current is only
-sampled for a fraction of a second. ' The result of this is that the point
| at uhich the concentratlon of the-sample slug is at_a maximum may not
be‘detected. The DC'mode applles of constant-potentlallobserving the
whole oflthe sample slug. | |
Z;.f’ Direct Injection of'Phosphate.'

Direct injection of phosphate would react to form an heteropoly acid
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in the reaction coil at_foom temperature.. At room tempercture there is
no interference from silicate which shows very little reaction. . However
the phosphate.determinations are not carried out at elevated temperatures
to avoid the silicate present in the WQshing‘powder sanples from reacting.
As the silicate shows:negligible reaction at roomdtemperoture in o 3m |
lilong-reaction.coil there is no need for tarta:ic'acid to be included in
the reagent stream, ‘Under these conditiOnc'only 45% of_the injected phosphate
reacts. The‘feaction is reproducible and therefore is applicable to an
analytical tecnniqae.. The injected sample solution does not contain ethanol
as does the eluent. Injecting sample solution: which is also 46% ethanol
' givec 20% lower Signals than 1f the sample is 100% aqueous. The mixing
of the'eluent with the sample nust Ee complete, tne signal'is.not suppressed
by the surfactant and.a sharp response is observed.i The mixing of ethanol
and water is exothermic and may accelerate the formation of the heteropol}
acid. _

Recently Johnson and Petty (1982)'suggested that if the reagent
was injected into.a strean of somple the oerformance.is increosedt The
signal in this work was found to be identical for botn methods, .THe
_ baseline signal was loﬁer ond completely free of noise however. This is
due to the lack of reagent in the stream, and the electrode surface
w111 be much less affected by adsorption. In the methed proposed using
| acid molybdate as the eluent the baseline is the blank Signal. When the
sample is the eluent an additional injection has to be made to determine:
the reagent blonk ' | | '
8. . Direct Injection of Silicate. o

The eluent used for phosphate determinations (0 1M sulphuric acid
and 2% ammonium molybdate) is satisfactory for silicate determinations

as well. The formation of 12-silidoﬁolybdote is facilitated in a reaction

140



coil ém in length heated in a water bath at 60°. However we can expect
phosphate to interfere. At very low levels (say 10'7Ml phosphate will
not interfere with silicate determinations (10°°M). Frequently the free
orthophosphate in washing powders will give higher.concentrations than
'.this. The addition of a mannitol stream to the system converging after the
reaction coil serves to remove phoSphate interference. The oddition oF
this stream and the use of a wider bore secondary delay.coil lengthens /{//
the response and broadensthe band width That is, the signal will be
lower due to dilution and increased dispersion The streom of mannitol
has to be 46% ethanol as well as the main stream eluent The secondary
coil (2 1mx0.8 mm, ) is mointained at room temperature. lt it is heated

the silicomolybdate will be destroyed along with the phosphomolybdate. |
| " The use 'of mannitol appeors to reduce signal noise and the electrode
of thetietector-is much more stable. It is possible that the mannitol
complexes the unused reagent which would otherwise react at the electrode
surface. The suppression of signal due te surfactant_is not as extensive
in the case of the flow system as in the static system. In the static
system the surfactont will be in contact with"the electrode for the whole
determination. In the flowing systems the sample is only in contact with
the electrode for a couple of seconds.

It is essential that the sample injected is of non-hydrolysed ‘

material when determining silicate. If the sanple hos been hydrolysed
the phosphate signal will swamp that of silicate. Some hydrolysis of the
polyphosphate is expected when making silicate determinations, as the
‘ coil is heated and the streom is 0 IIM in sulphuric acid. In fact very
little hydrolysis oceurs and does not interfere with the signal For
silicate, ' |
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9. Final Comment.

The'improvement of the hydrolysis of polyphosphates is_not very
likely. .The‘use‘of pressurised flow systems in acid at elevated temperatures
is the best option open‘today.. The hydrolysis coil would be heated by an
oil bath, this is inconvenient from the safety point of view. It is possible
that the oil bath can ‘be replaced by a metal heating block Likely areas
for further investigation are, catalytic hydrolysis with transition metals,
w irradiation, enzymatic catalysis. The use of enzymatic methods may
facilitate-the separation:of individual polyphosphates, specific enzymes
hydrolysing a particular phosphote. It is possibletto separate‘poly-
_phasphates on ion exchange resins or chelating resins and determine them
individually via a hydrolysis coil It is necessary for the hydrolysis

to be complete as certain phosphates will be decomposed to orthophosphote
faster than others. | SR |

 The Flow injection systems devised must be compared with the

continuous analyser,methods in general use taday. ’lt is the intention of
the author to propose.the developed systems_as an clternative. The_flow
injection system propdsed is compact andlcontains no glassware and so is
very durable. A.possible'disadvantage of.using plastic components is the
likelihood of adsorption onto the walls of the apparatus. In this methed
there is no chemicol-reduction step to the "heteropoly blue". Coloured
‘ solutions present no problems with the use of an electrochemical detector,
A disadvantage oF using solid electrodes is that the surface can become -
contaminated. The electrode is usually easily:removed'from the system and
‘cleaning is normally a'simple and short proCedure. rAport from the hydrolysis
step. flow injection analysis is much faster than qutoanalyser methods; -

12 seconds for phosphate and 32 seconds for silicate. The light and robust
| nature of flow injection equipment make it ideal for use in the field

As the signal is current it could be directly fed-into a microprocessor.
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It is possibie that o small computer might be used to'déconvolute the signals
obtaiﬁed simultaneously for one sample injéct;on for‘phosphaté and silicate.
The system employed cduld_have dual détecto;s at different potenticls ﬁt
which the behaviéur of phosphate and silicate heteropoly acids is standard-
ised. It is likely that there exist conditions of streom reagent where the
signals due to silicote and phosphcte are additive.A _

Flow injectlon anolysis offérs a cheap reliabie alternotive to more
traditional methods for use in thg loborato:y, field or works. 'The'
proposal of ihjeéting'reagent into a stream of sample is.explicable to
on-line monitoring. The use of multi-electrdde deieétors for the

determination of mixture'components is a likely application.

G.C.CRIPPS,
~ Loughborough,
September, 1982,
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